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Annotation 

 
Ticks are increasingly important vectors of human and animal disease; however, the role of 

their glycans and glycoconjugates in host interaction, pathogen transmission and allergy remains 

insufficiently understood. This study describes the presence, localisation and origin of sialylated 

glycans in Ixodes ricinus ticks, their organs, and the tick cell line.  

Using a combination of microscopic techniques, mass spectrometry, and biochemical 

analyses, sialylated glycans were found to localise predominantly in salivary glands and the gut, 

suggesting that most sialylated structures are host-derived and are transported from the blood meal 

through the gut to the salivary glands. Quantitative analyses of sialic acid, including its 

metabolically incorporated analogues, further demonstrate that most of the sialylated molecules in 

adult ticks originate from host blood rather than de novo synthesis, a conclusion supported by 

similar observations in tick cell cultures.  

Despite earlier reports indicating minimal sialic acid presence in arthropods, genomic and 

biochemical analyses in this study identified active sialyltransferase genes and confirmed the tick’s 

capacity to synthesise its own sialylated glycoproteins, further demonstrated through in vitro 

feeding experiments and Click chemistry-based confirming tick-origin sialylated glycoproteins in 

all life stages, from eggs and larvae to adult females. 
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1.1 General background on Ixodes ricinus and its medical 

importance 

 
1.1.1 Tick systematics 

 Ticks, together with mites, belong to the subclass Acari, class Arachnida, subclass Chelicerata, 

phylum Arthropoda. According to Guglielmone and co-authors (2010), the order Ixodida consists of 

896 species divided into 3 families: Argasidae, Ixodidae, and Nuttalliellidae. Nuttalliellidae is a 

monospecific family represented by a single species, Nuttaliella namaqua, which is known only from 

specific areas of South Africa and Tanzania (Mans et al., 2011). The family Argasidae, sometimes called 

“soft ticks”, includes 193 species, distributed across the genera Antricola, Argas, Nothoaspis, 

Ornithodoros, and Otobius. The family Ixodidae, called also “hard ticks”, comprises 702 species in 14 

genera: Amblyomma, Anomalohimalaya, Bothriocroton, Cosmiomma, Cornupalpatum, 

Compluriscutula, Dermacentor, Haemaphysalis, Hyalomma, Ixodes, Margaropus, Nosomma, 

Rhipicentor, and Rhipicephalus (formerly Boophilus). Argasidae and Ixodidae differ significantly not 

only on the molecular level but also morphologically, in their life cycles, feeding strategies, and the 

pathogens they transmit. 

 

1.1.2 Ixodes ricinus and other tick species in the Czech Republic 

Ixodes ricinus, the castor bean tick, is the most widespread and abundant tick in the Czech 

Republic. The distribution of I. ricinus extends beyond the Czech Republic into much of Europe, as well 

as neighbouring areas of North Africa and the Middle East, northward to Iceland and eastward into 

Russia. Its wide geographic range suggests it can live in diverse environmental conditions. I. ricinus 

occurs mainly in forests, grasslands, parks, and gardens, where suitable hosts are abundant. It prefers 

high-humidity areas and is largely absent from the Mediterranean, where hot and dry summers prevail. 

I. ricinus ticks don't have eyes, ornamental signs and lack festoons along the back part of the body. They 

possess a tough scutum that covers part of the female body and the whole male body (Sonenshine & 

Roe, 2014). 

I. ricinus can transmit a variety of pathogens, mainly tick‑borne encephalitis virus, Borrelia 

burgdorferi sensu lato (s.l.), Anaplasma phagocytophilum, Babesia spp., and Rickettsia spp. upon their 

infection while feeding on an infected host to another host in the next life-stage (transstadial 

transmission) or larvae upon infection of eggs by an infected female (transovarial transmission). 

Another Ixodid tick present in the Czech Republic/Central Europe is Dermacentor reticulatus 

(ornate cow tick, meadow tick), associated with wetlands, meadows, and floodplains, currently 

expanding to the lowlands of the Czech/Slovak Republic, and a vector of B. canis and R. raoultii 
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(Kubelová et al., 2011); D. marginatus can also be found in Central Europe, but only rarely. Two 

bird-associated Ixodid species, I. arboricola and H. concinna, co-occur with the hedgehog tick, 

I. hexagonus, in the Czech Republic (Ghodrati et al., 2025). These animal-associated species can 

transmit Rickettsia spp. or, rarely B. burgdorferi s.l. (Spitalská et al., 2011). 

 

 

1.1.3 Life cycle and feeding of Ixodidae 

The family Ixodidae is defined by the presence of a scutum. This sclerotised shield covers part 

of the female's dorsal surface and the entire male's surface. Ixodidae undergo developmental stages: egg, 

larva, nymph, and male and female adults. Larva differs from the other active stages in having six legs, 

whereas both the nymphal and adult stages have eight. 

I. ricinus is a three-host tick as each of the active life stages (larvae, nymphs, adult females) 

feeds on various hosts that range from insectivores, rodents, birds, pets, deer, to horses, and humans. 

Females after/during mating, ingest a significant volume of blood and increase the size of their bodies 

to more than 100 times their initial weight (Sauer et al., 1995). I. ricinus ticks and the vast majority of 

Ixodidae have a 3-host cycle (Fig. 1).  

 
 
Figure 1. Three-host life cycle of Ixodidae. Larvae feed on a first host, drop off and moult into nymphs. Nymphs 

then find a second host, feed, detach, and moult into adults. Adult females feed on the third host, mate, and, once 

fully engorged, drop off the host to lay eggs before dying.  

 

All stages that can suck blood feed on various animals and live freely between feeding intervals. 

Unfed larvae seek their first host, which is usually a rodent or a lizard. After feeding (2-4 days), larvae 

drop off from the host and moult to the nymphal stage. Unfed nymphs seek a host, may attach to the 
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same or a different host, feed (3-5 days), drop off, and moult to the adult stage. Adults find their host; 

females feed for 7-10 days and mate. After reaching full engorgement, females detach from their host, 

lay thousands of eggs, and then die. The entire life cycle typically spans 4 to 6 years, but only 2 to 3 

years in the southern regions of its territory (Kahl & Gray, 2023). All three blood-sucking stages are 

parasitic and capable of transmitting tick-borne pathogens.  

During evolution, ticks have developed mechanisms to enable prolonged feeding and to 

overcome the host’s immune and defence responses. Ticks suppress host defence mechanisms during 

feeding through a sophisticated array of salivary molecules that target multiple components of the 

immune system (Ribeiro, 1995). They produce a range of molecules that suppress the host's natural 

blood-clotting system, ensure proper blood circulation, and prevent or modulate immune responses 

(summarised in detail in Brossard & Wikel, 2004; Ribeiro, 1987; Schoeler & Wikel, 2001; Wikel, 2013). 

Several Ixodid ticks exhibit a two- or one-host cycle. A tick with a two-host life cycle stays on 

the host in the larval stage and moults into a nymph, which feeds, engorges, and drops off the host. A fed 

nymph moults into an adult in the environment. An adult tick attaches to a second host, feeds and mates. 

Females drop off to lay eggs and die. The representatives are, for example, H. anatolicum and R. bursa. 

In the case of one-host life cycle ticks, all parasitic stages (larva, nymph, and adult) feed and moult on 

the same individual host. The tick remains on that host continuously until the adult female drops off to 

lay eggs. The representatives include R. microplus and D. nitens (Apanaskevich & Oliver, 2014). 

 

1.1.4 Feeding of Ixodidae  

Generally, Ixodid ticks are considered 'slow feeders,' requiring several days or even weeks to 

become fully engorged. As a result, they feed on blood in a manner distinct from other blood‑feeding 

parasites in the phylum Arthropoda. To successfully feed for such a long time, ticks must overcome 

mechanical, physiological and immunological barriers.  

Starving ticks use Haller's organ to locate their hosts by detecting carbon dioxide (CO2), heat, 

and other chemical cues. Once on the host, the tick's hypostome penetrates the host's skin. This structure 

is equipped with backwards-facing barbs that act as an anchoring mechanism, securely holding the tick 

in place while it feeds. The hypostome tears host tissues, creating a feeding lesion. As pool feeders, 

blood and tissue fluids accumulate around the mouthparts. 

Detailed 3D reconstructions of the I. ricinus feeding apparatus, provided by Vancová and 

colleagues (2020), illustrated how the tick cuts and damages the host’s skin and dermal vessels and 

cycles between salivation and blood uptake during engorgement. During feeding, saliva is injected into 

the lesion, while blood is aspirated into the pharynx without mixing with saliva. This process is enabled 

by coordinated muscular contractions of the salivarium and the pharyngeal valve (Vancová et al., 2020). 

Additionally, ticks of the Ixodidae family produce a cement-like substance that enhances their 
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attachment, allowing them to remain on the host and feed slowly for several days to weeks (Kemp et 

al., 1982). 

In the first 24 hours of feeding, the body mass of the female tick increases only slightly. Then, a 

phase of slow engorgement occurs, during which a new cuticle is produced to accommodate all 

incoming blood meals. Over the last 12 to 36 hours, the female organism consumes most of its blood 

meal (Sonenshine et al., 2014). This allows it to ingest a significant amount of food and increase its 

body mass by 100-200 times its unfed weight. As a result, ticks must cope with oxidative stress, detoxify 

host-derived molecules, and restore tissues (summarised in Lou et al., 2026). Transcriptomic studies of 

I. persulcatus reveal significant shifts in metabolic pathways across the unfed, semi-engorged, and fully 

engorged stages (Lou et al., 2026). 

The process of acquiring blood is not simply about consuming blood; it involves a precisely 

regulated, dynamic exchange of fluid, ions, and molecules between the parasite and the host, which is 

under the tick's control. The blood is concentrated 2–3 times, while excess water, Na+, and Cl- are 

returned to the host by the salivary glands, as the main aim is to acquire sufficient nutrients (Bowman 

& Sauer, 2004). After the successful feeding, the female drops off the host and lays thousands of eggs. 

Male I. ricinus can attach to the host and take small amounts of blood, but their primary goal is to find 

a female to mate with.  

 

1.1.5 Tick salivary glands, saliva composition, and 

immunomodulatory effects 

Tick salivary glands 

Tick salivary glands (SG) and saliva play central roles during tick feeding, host immune 

modulation, and pathogen transmission. Structurally, SGs consist of multiple cell clusters called acini, 

categorised into types I–IV depending on tick species and sex. These acini contain specialised cells that 

produce, secrete, and store saliva during feeding, which contribute to distinct physiological functions.  

In Ixodid ticks, females possess acini types I, II, and III; males also have acini type IV (Kaufman, 

1989; Kemp et al., 1982; Nuttall, 2019). Acini type I play an important role in water and ion absorption, 

particularly during periods when ticks are not feeding. They are responsible for maintaining water 

balance, allowing the ticks to correct fluid imbalance when they are not sucked into the host (Kaufman 

& Phillips, 1973a, 1973b, 1973c). During the feeding phase, type II and III acini enlarge and regulate 

the absorption of water and electrolytes from the surrounding haemolymph through their epithelial layer, 

while simultaneously secreting excess fluid back into the host (Fawcett et al., 1981; Meredith & 

Kaufman, 1973). Moreover, acini type II express cement proteins with many glycine residues that firmly 

anchor the tick to the host’s epidermis, ensuring stable attachment for prolonged feeding (Kemp et al., 

1982). Acini type IV play a role in male tick mating and contribute to the successful transfer of the 
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spermatophore to the female genitalia (Sonenshine & Roe, 2014). 

 

Tick saliva composition and function 

Tick saliva represents a unique liquid in which, after tick feeding, dozens to hundreds of host 

and tick bioactive molecules are mixed. It is rich in water and ions (Na+, Cl−), derived from the host's 

blood. It also contains non-peptidic molecules, such as adenosine, prostaglandins, endocannabinoids, 

and microRNAs (Anatriello et al., 2017; Fezza et al., 2003; Hermance et al., 2019; Sá-Nunes et al., 

2007). Additionally, tick saliva includes various tick peptides, such as variegins, hyalomins, and 

madanins (Iwanaga et al., 2003; Koh et al., 2007; Wu et al., 2010), as well as several tick proteins, 

including chitinases, mucins, ixostatins, cystatins, defensins, glycine-rich proteins, hyaluronidases, 

Kunitz-type proteins, lipocalins, and metalloproteases (Beaufays et al., 2008; Francischetti et al., 2002). 

Furthermore, it encompasses host proteins like immunoglobulins, haptoglobin, transferrin, and 

exosomes. As a complex biochemical cocktail produced by salivary glands during tick feeding, tick 

saliva accompanies important processes connected to tick feeding, pathogen transmission and host 

response. 

During feeding, ticks acquire a large volume of host blood; for example, D. marginatus females 

can process 400 times their body weight in blood (Kaufman & Sauer, 1982). For this reason, maintaining 

homeostasis through the salivary glands and saliva is critical for Ixodid ticks. In females, the salivary 

glands function as key osmoregulatory organs, regulating internal hydrostatic pressure by eliminating 

excess water and electrolytes absorbed during blood feeding (Bowman et al., 2008). Moreover, SGs also 

produce rehydration saliva, which enables unfed ticks to absorb atmospheric water vapour and thereby 

avoid desiccation.  

Soon after the hypostome penetrates the host skin, ticks produce a white substance that rapidly 

polymerises into a solid cement cone, sealing the feeding site, preventing fluid loss, and anchoring the 

tick for prolonged attachment (Gregson, 1960; Kemp et al., 1982). Different tick species also differ in 

the composition of the cement cone, although the glycine-rich cement proteins remain the main common 

component (summarised in Suppan et al., 2018). Other functions of cement-associated proteins include 

roles in embryo development (Leal et al., 2018) and in pathogen transmission, which are potentially 

interesting for anti-tick vaccines and biomedical adhesive applications (summarised in de Souza et al., 

2024). 

Regulation of host responses is an important part of saliva's functional repertoire. As a cocktail 

of various bioactive molecules, it can control host pain, blood clotting, inflammation, immune responses 

and wound healing. All these functions overlap, creating significant complexity. Before the beginning 

of feeding, ticks irritate the skin of the host using hook-shaped chelicerae and sink the chelicerae into 

the wound. Tissue damage activates coagulation factor XII (fXII), triggering a cascade that releases 
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bradykinin, which induces the pain sensation. To suppress painful skin disruption, ticks excrete 

analgesics, such as endocannabinoids and bradykinin inhibitors (Fezza et al., 2003; Ribeiro & Mather, 

1998). 

The components of tick saliva also suppress host haemostasis to maintain prolonged and 

uninterrupted feeding. By producing a bunch of anti-haemostatic molecules secreted into the wound, 

the whole process, including clot formation, is affected at several levels: inhibition of platelet function, 

disruption of the coagulation cascade, and promotion of fibrinolysis. 

To prevent platelet adhesion, activation, and aggregation at the site of skin disruption, ticks 

produce molecules that inhibit ADP- (adenosine diphosphate), collagen-, and/or thrombin-induced 

aggregation. Extracellular ADP is one of the components on which platelet aggregation relies. I. ricinus, 

I. scapularis, and ticks from the group Rhipicephalus spp. express in their saliva apyrases that hydrolyse 

ADP and ATP (adenosine triphosphate) into AMP (adenosine monophosphate), thereby inhibiting 

platelet production (summarised in Stibrániová et al., 2013). Among other platelet aggregation inhibitors 

are disintegrins and RGD (Arginine-Glycine-Aspartic acid)-containing proteins. Many of these block 

αIIbβ3 (GPIIb/IIIa), such as Variabilin from D. variabilis saliva. Variabilin binds this integrin via its 

RGD motif and competitively blocks fibrinogen binding (Wang et al., 1996). 

In the subsequent phase of haemostasis, both the extrinsic and intrinsic coagulation pathways, 

as well as clot stabilisation, are inhibited by tick salivary proteins that primarily target thrombin and 

factor Xa (fXa). These central enzymes are essential for the conversion of fibrinogen into fibrin and are 

effectively blocked during tick feeding by serine protease inhibitors (serpins), thereby preventing fibrin 

formation and maintaining blood fluidity at the feeding site (Blisnick et al., 2017; Chmelař et al., 2017). 

A variety of inhibitors of factor X and factor Xa were identified in Ixodid ticks. I. scapularis 

protein Penthalaris inhibits the activation of fXa by the complex of tissue factor (TF) and activated 

factor VII (fVIIa). A new mechanism in thrombin initiation, the factor Xa (fXa)-activated factor V (fV) 

pathway, was described by the identification of the Tick Inhibitor of fXa towards fV protein (Schuijt et 

al., 2013). Additionally, I. scapularis proteins, including fXa inhibitor Salp14 and Ixolaris, that bind fX 

and fXa and inhibit the complex TF/fVIIa complex, likely act together to suppress coagulation at 

multiple points (Francischetti et al., 2002). Regarding thrombin inhibitors, several molecules have been 

described. R. microplus ticks produce Boopihilin, a Kunitz-type protease inhibitor that blocks both 

active site and exosite I of thrombin (Macedo-Ribeiro et al., 2008), and Microphilin, a 3 kDa inhibitor 

(Ciprandi et al., 2006), and Boophilus microplus anticoagulant protein (BmAP) (Horn et al., 2000). 

Moreover, Variegin (Koh et al., 2007) and Avathrin (Iyer et al., 2017) were described as components of 

A. variegatum saliva/salivary glands that function as thrombin inhibitors. 
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Tick modulation of the host immune system during the feeding 

Besides enabling prolonged feeding, ticks have evolved mechanisms to overcome the host’s 

immune defences (Ribeiro, 1995). The key players are immunomodulatory molecules secreted from tick 

saliva into the host during feeding. These bioactive molecules include anticoagulants, vasodilators, and 

immunomodulators. Vasodilators and anticoagulants maintain blood flow and inhibit clot formation at 

the feeding site; immunomodulatory proteins suppress host immune responses (summarised in Ribeiro, 

1987; Sauer et al., 1995). Furthermore, the salivary glands and saliva serve as pathways for pathogen 

transmission. 

In the early stage of feeding, immediately after the skin has been damaged by the tick's 

hypostome, the components of innate immunity migrate to the site of injury. In response to the host's 

early inflammatory immune response, ticks produce numerous immunomodulatory molecules. 

Sialostatin L from I. scapularis inhibits neutrophil infiltration (Kotsyfakis et al., 2006) while I. ricinus 

Serpin-2 (IRS-2) and Iripin-1 suppress neutrophil and monocyte recruitment (Chlastáková et al., 2023; 

Chmelar et al., 2011). I. ricinus Iripin-3 reduces inflammation by lowering macrophage IL-6 production 

(Chlastáková et al., 2021). Some molecules have more than one function, and some of them also affect 

adaptive immune responses. For example, Iristatin from I. ricinus inhibits adaptive immunity by 

blocking cathepsins, reducing ROS, and decreasing cytokine levels (Kotál et al., 2019). Ricistatin from 

I. ricinus and Sialostatin L from I. scapularis block dendritic cell maturation (Lieskovská et al., 2015; 

Martins et al., 2023; Sá-Nunes et al., 2009). Moreover, Sialostatin L suppresses interleukin-9 expression 

in mast cells and cytokine secretion (Klein et al., 2015). Ricistatin has been shown to decrease pro-

inflammatory cytokines in macrophages (Martins et al., 2023), and R. sanguineus Evasins inhibit the 

movement of immune cells by targeting both CC and CXC chemokines. The combined action of these 

molecules results in lowered inflammation and accumulation of immune cells at the sites of tick bites 

(Déruaz et al., 2008; Frauenschuh et al., 2007). 

The host immune response includes complement activation, which is counteracted by tick 

salivary molecules. CripA from R. pulchellus inhibits Properdin, whereas I. ricinus anti-complement 

proteins I and II (IRAC I, IRAC II), I. scapularis anti-complement (ISAC), and salivary protein 20 

(Salp20), inhibit the alternative complement pathway (Braunger et al., 2022; Daix et al., 2007; Hourcade 

et al., 2016; Valenzuela et al., 2000). In addition, the I. ricinus serpins Iripin-5 and Iripin-8 also function 

as complement (Kascakova et al., 2021; Kotál et al., 2021). 

During the prolonged feeding phase, adaptive immune responses are activated to evade an 

unwanted ectoparasite. However, tick saliva contains molecules that affect T cell and B cell responses 

in multiple ways. T cells can be suppressed by Sialostatin L and Iristatin (mentioned earlier), or by IrSPI 

(Ixodes ricinus Serine Protease Inhibitor) and IRS-2 (Ixodes ricinus serpin 2), which both suppress Th 

responses (Blisnick et al., 2019; Páleníková et al., 2015) or by Iripin-3, which reduces CD4+ T cell 
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survival and Th1 response (Chlastáková et al., 2021). The well-characterised I. scapularis Salp15 affects 

T cells on various levels. It blocks calcium signalling and transcription factors (NF-AT, NF-κB), binds 

directly to CD4, and promotes the expression of CD73 and adenosine production. It also interacts with 

DC-SIGN on dendritic cells, thereby attenuating T cell activation, proliferation, and cytokine production 

(Anguita et al., 2002; Hovius et al., 2008; Tomás-Cortázar et al., 2017). 

Salivary gland molecules also affect B cells, which play a significant role in the tick's 

antimicrobial immune response. During the feeding of Ixodid ticks infected with B. burgdorferi, the 

B-cell inhibitory protein (BIP) was found to interact with B cells. BIP was identified in I. ricinus saliva 

as the factor responsible for saliva-mediated suppression of B-cell proliferation. Hannier and colleagues 

(2003, 2004) showed that BIP suppresses LPS-induced B-cell proliferation by inhibiting B-cell 

responses to OspA and OspC. BIP was identified and described in Hyalomma asiaticum asiaticum, and 

its role as an inhibitor of LPS-induced murine B-cell proliferation was shown (Yu et al., 2006). 

 

 

1.1.6 Ixodidae and their role as a vector of pathogens 

Generally, Ixodid ticks are highly effective carriers of pathogens, and their transmission 

mechanisms are closely linked to their feeding behaviour and saliva composition. They infest every 

class of terrestrial vertebrates – including mammals, birds, reptiles, and amphibians. Among arthropods, 

they transmit the greatest variety of disease-causing medically and veterinary important pathogens.  

Tick-borne viruses transmitted by Ixodida include several medically important members of 

different viral families. The pathogen repertoire includes mostly RNA viruses that can cause encephalitis 

or haemorrhagic disease. Within the family Flaviviridae, ticks transmit tick-borne encephalitis virus 

(TBEV), mainly transmitted by I. ricinus and I. persulcatus, which causes encephalitis and represents a 

major public health problem in Central and Eastern Europe and Russia. Other flaviviruses transmitted 

by ticks include Powassan virus, vectored by I. scapularis in North America (Ebel, 2010; Hermance & 

Thangamani, 2017), as well as Omsk haemorrhagic fever virus transmitted by genus Dermacentor 

(summarised by Růžek et al., 2010) and Kyasanur Forest disease virus vectored by 

genus Haemaphysalis (Chakraborty et al., 2019), which are responsible for severe febrile and 

haemorrhagic illnesses in endemic regions.  

Within the family Nairoviridae, ticks, particularly species of the genus Hyalomma, transmit 

Crimean-Congo haemorrhagic fever virus (summarised in Gargili et al., 2017), a highly pathogenic virus 

that causes severe haemorrhagic disease with high fatality rates. The family Phenuiviridae, which 

includes additional tick-borne viruses such as severe fever with thrombocytopenia syndrome virus, is 

transmitted by H. longicornis and R. microplus (Yu et al., 2011), and Heartland virus is transmitted by 

A. americanum (Pastula et al., 2014), both associated with acute febrile illness, thrombocytopenia, and 
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leukopenia. Finally, Ixodid ticks also transmit viruses from the family Reoviridae, most notably 

Colorado tick fever virus transmitted by D. andersoni (Florio et al., 1950), which causes a biphasic 

febrile illness and can be associated with neurological complications. 

Among the bacterial pathogens, Ixodid ticks serve as vectors for the Borrelia burgdorferi sensu 

lato complex (B. burgdorferi s.s., B. afzelii, and B. garinii), the causative agents of Lyme borreliosis, as 

well as for Relapsing fever Borrelia, such as B. miyamotoi or B. recurrentis. Another major group 

comprises bacteria of the order Rickettsiales, such as Anaplasma phagocytophilum, responsible for 

human granulocytic anaplasmosis, and Ehrlichia chaffeensis and E. ewingii, which cause different forms 

of ehrlichiosis. In addition, numerous species of the genus Rickettsia are transmitted by Ixodid ticks, 

including R. rickettsii, R. conorii, and R. helvetica, leading to spotted fever and related rickettsioses. 

Ticks also serve as vectors for bacteria of the family Francisellaceae, most notably Francisella 

tularensis, the etiological agent of tularaemia. Furthermore, they act as natural reservoirs for Coxiella 

burnetii, a bacterium that causes Q fever; although ticks play an important role in maintaining this 

bacterium in nature, transmission to humans occurs predominantly via inhalation of contaminated 

aerosols (summarised in Sonenshine & Roe, Chapters 8, 9, 10, 2014). 

Hard ticks transmit several protozoan pathogens belonging mainly to the phyla Apicomplexa 

and Kinetoplastida. Among the Apicomplexa, Babesia spp, including B. microti, B. divergens, and 

B. venatorum, are of major medical importance, as they cause babesiosis, a disease characterised by 

fever, haemolytic anaemia, and flu-like symptoms. In addition, Theileria spp., which are also 

transmitted by hard ticks, are of major veterinary importance, causing severe and often fatal diseases in 

domestic and wild ruminants (Pérez de León et al., 2014). 

Pathogens can be transmitted transstadially, transovarially, via saliva-assisted and co-feeding 

transmission. Additionally, Ixodid ticks can carry multiple pathogens simultaneously, leading to co-

infection. Pathogens enter the midgut of ticks when ticks feed on infected hosts. Bacterial pathogens 

multiply in the gut, then they cross the gut epithelium into the hemocoel and further to the salivary 

glands. Viral pathogens try to escape from the gut as soon as possible to avoid digestion and tick immune 

responses. This step is critical for the viruses. If viral pathogens evade tick immunity and reach the 

salivary glands, they replicate there. For all types of pathogenic agents, SGs are the main site where 

pathogens settle and wait until the subsequent feeding, when they are released into the new host. The 

extended feeding period allows pathogens to be transferred either from host to tick or from tick to host. 

The main helper in this process is tick saliva, which contains a mixture of bioactive molecules that help 

enhance infectivity, suppress host immune responses and create a favourable environment for pathogen 

survival and transmission. This process is called saliva-assisted transmission (SAT).  

Pathogens manipulate both tick biology and host immunity to promote their own survival, 

transmission, and replication. For instance, Kim and colleagues (2021) demonstrated that I. scapularis 
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salivary protein levels rise following infection with B. burgdorferi and Hoxmeier and colleagues (2017) 

identified 114 metabolites differentially regulated in B. burgdorferi-infected versus uninfected 

I. scapularis nymphs. B. burgdorferi alters tick metabolism, leading to the production of salivary 

proteins such as IsC1ql3 (Ixodes scapularis complement C1q-like protein 3), TSLPI (tick salivary lectin 

pathway inhibitor), and IpSAP (Ixodes persulcatus salivary protein), which suppress host immune 

responses by interfering with complement activation and T cell signalling (Jin et al., 2022; Schuijt et 

al., 2011; Tang et al., 2022). 

Moreover, Salp15 and its homologs bind to Borrelia surface proteins, enabling the spirochetes 

to evade antibody-mediated killing (Bierwagen et al., 2021). In addition, the tick serpins IxsS41 (Ixodes 

scapularis salivary serpin 41) and IxsS17 (Ixodes scapularis salivary serpin 17) inhibit inflammatory 

and complement-related proteases, which further protect Borrelia and support host colonisation 

(Bencosme-Cuevas et al., 2023; Nguyen et al., 2024). 

Several tick-borne viruses utilise tick saliva to suppress host immunity and enhance 

transmission. Tick saliva rapidly reduces early skin inflammation and antiviral T cell responses, thereby 

facilitating viral replication (Maqbool et al., 2022). Tick-borne encephalitis virus (TBEV) and Crimean-

Congo haemorrhagic fever virus (CCHFV) interact with dendritic cells to modify adaptive immune 

response (Lieskovská et al., 2018; Rodriguez et al., 2018). Moreover, TBEV interferes with 

sphingomyelinase D in I. scapularis, leading to lipid accumulation that supports membrane-associated 

viral replication (Regmi et al., 2020). 

Non-protein components of tick saliva, such as extracellular vesicles and microRNAs, can alter 

host immunity during both bacterial and viral infections. For instance, extracellular vesicles from 

I. scapularis can interact with macrophages, thereby enhancing the ability of A. phagocytophilum to 

infect the host. On the other hand, they help reduce F. tularensis infection (Oliva Chávez et al., 2021). 

Furthermore, tick saliva microRNAs (miRNAs) influence host responses during Powassan virus 

infection, possibly facilitating viral dissemination (Hermance et al., 2019). 

Several studies also showed the importance of salivary gland components during the 

transmission/infection of protozoan pathogens. A study performed by Antunes and colleagues (2018) 

identified 36 genes in R. bursa salivary glands that were differentially regulated during infection with 

B. ovis. Silencing three genes for vitellogenin-3, a cement protein, and lachesin led to higher tick 

mortality, unsuccessful tick attachment, and reduced Babesia levels present in tick SG. 
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1.2 Glycobiology Basics Relevant to Arthropods and 

Vertebrates 
 

1.2.1 Glycosylation 

The fundamental principle, known as the central dogma, accompanies research in molecular 

biology. It states that biological information is carried from DNA to RNA to protein. This concept is 

unique because it is precision-based on the DNA template, enabling us to manipulate one type of 

molecule by understanding another. Many proteins are, after translation, converted into glycoproteins 

in the ER by covalent attachment of short oligosaccharide side chains. This process is carried out by 

glycosylation enzymes (glycosyltransferases and glycosidases), and it is one of the major co- and post-

translational processes in proteosynthesis in Eukaryotes. 

Glycosylation (the attachment of glycans/saccharide chains) is a common and important protein 

modification that occurs in more than 50 % of all proteins in eukaryotic organisms, and it also rarely 

occurs in Eubacteria and Archaea. The biological roles of glycans include functions crucial to the 

development, growth, functioning, or survival of the organism (Varki et al., 1999). The conformation 

of monosaccharide rings, their orientation around a glycosidic bond, and the placement of side chains 

attached to these rings affect molecular shape, distribution of partial charges, intra- and inter-residual 

hydrogen bonding, solvent accessibility, and the capacity to interact with various biomolecules (Rao, 

2019). The variability of glycans is so great and has such potential that it is possible to observe different 

glycosylation patterns even between evolutionarily related organisms, and these patterns differ even 

further between tissues within the same organism. 

The biological functions of glycans are diverse, ranging from those of little importance to those 

essential for the development, growth, functioning, or survival of the organism that produces them. The 

functions of glycans can be divided into two categories: modifications of protein structure and specific 

interactions of glycans with other molecules. In some cases, glycosylation appears to enhance a protein's 

primary function rather than, for example, triggering or blocking it. On the other hand, glycosylation 

enhances the basic properties and functions of proteins (summarised in Varki et al., 1999). 

 

1.2.2 Types of glycosylation 

The linkage between the first monosaccharide of a glycan part and the amino acid of a protein 

part defines the glycosylation class. The linkages could be via the nitrogen atom of the Asn amino group 

(N-glycans) or the oxygen atom of the Ser or Thr hydroxyl group (O-glycans). N- and O-glycosylation 

are the most common types and contain most of the glycosylation machinery associated with the 

pathogenesis and progression of disease. 
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O-glycosylation  

The O-glycosylation process is initiated in the endoplasmic reticulum (ER) or in the Golgi 

apparatus (GA) with the addition of a glycan to Ser/Thr residues by GalNAc transferases. The first 

GalNAc can be extended by various monosaccharides, and the formed disaccharide represents the core 

structure of eight basic mucin-type glycan classes. Depending on the first glycan being attached, the 

glycans form groups as mucin-type O-GalNAc (N-acetylgalactosamine), O-GlcNAc (N-

acetylglucosamine), O-Mannose (O-Man), O-Fucose (O-Fuc), O-Galactose (O-Gal), and O-Glucose (O-

Glc) glycans (Patsos & Corfield, 2009). Sialic acid is often added to O-glycans at the final stages of 

biosynthesis, resulting in the formation of sialylated O-glycans.  

 

O-GalNAc (Mucin type)   

Mucins are classified among glycans characterised by the addition of GalNAc to the protein 

chain. The length of O-GalNAc glycans varies from a single GalNAc residue to more than twenty sugar 

residues and may include blood group and other glycan epitopes (Patsos & Corfield, 2009). The 

attachment of GalNAc to Ser/Thr is regulated by O-GalNAc transferase, which creates an O-glycosidic 

bond. Typically, mucins are involved in normal cell-cell and cell-matrix interactions, moisture retention, 

and barrier formation in the respiratory, gastrointestinal, and urogenital tracts; however, abnormal 

glycosylation occurs in various tumours, autoimmune disorders, and neurodegenerative diseases 

(summarised in Yue et al., 2023; Zhang et al., 2022). 

 

O-GlcNAc  

O-GlcNAc glycosylation is a dynamic modification of proteins with nucleolar, mitochondrial, 

and cytoplasmic localisation in various multicellular organisms. During this process, O-GlcNAc is 

added/removed rapidly due to the activity of O-GlcNAc transferase (OGT) and O-GlcNAcase (OGA) 

(Hart, 1997; Hart et al., 1989). OGT adds the GlcNAc moiety to proteins using UDP-GlcNAc as the 

donor sugar, while OGA removes it, rendering this modification reversible and highly dynamic (Varki 

& Press, 2022). O-GlcNAc-type glycosylation was documented in fungi, worms, insects, plants, and 

humans. It seems that O-GlcNAc is also present in several prokaryotes, such as Listeria monocytogenes 

(Schirm et al., 2004), but OGT and OGA enzymes are absent in yeast Saccharomyces cerevisiae or 

Schizosaccharomyces pombe (Kreppel et al., 1997; Lubas et al., 1997). 

 

O-Man  

O-mannosylated glycans were reported in various species, from fungi to humans (summarised 

in Haltiwanger et al., 2022). O-Man can be further decorated with various monosaccharides, such as 
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GalNAc, GlcNAc, Sia, and Fuc. It is characteristic of certain mammalian tissues (neural tissues), where 

it represents one-third of all O-glycans. Changes in O-mannosylation in humans are also connected with 

several diseases. For example, impaired O-mannosylation of α-dystroglycan leads to several types of 

congenital muscular dystrophy (CMD), and the loss of these glycan structures has been associated with 

cancer metastasis (summarised in Losasso et al., 2000; Martin, 2007). The structures of O-Man-type 

glycans vary significantly. Mammalian O-Man glycans can be complex or simple, whereas in yeast, 

they form poly-mannose chains. Nevertheless, the O-Man glycans in yeasts and prokaryotes are poorly 

understood to date. 

 

O-Gal 

O-galactosylated structures commonly decorate hydroxylysine residues in collagen or proteins 

with collagen-like structures. The monosaccharide is attached by galactosyltransferase in the Golgi 

apparatus (GA). The glycan modification often continues by the attachment of Glc upon formation of 

the disaccharide Glcα1-2Galβ- (Spiro, 1967). The O-Gal modification is crucial for maintaining 

collagen stability and ensuring the integrity of the extracellular matrix. O-Gal has been identified in 

collagens from different organisms, including invertebrates (e.g., Muir & Lee, 1970; Spiro & Bhoyroo, 

1980), bacteria (Gerwig et al., 1993), plants (Lamport et al., 1973), and humans (summarised in 

Haltiwanger et al., 2022). 

 

O-Fuc 

L-Fuc is added to the Ser/Thr in the specific domains of the protein backbone. The process takes 

place in the ER with the help of fucosyltransferases that mainly target Epidermal Growth Factor-like 

domains in metazoans (Luo & Haltiwanger, 2005), Thrombospondin Type 1 Repeats (TSR) (Hofsteenge 

et al., 2001), and newly found Elastin Microfibril Interface domains (Houlahan et al., 2024). 

O-fucosylation impacts the folding and secretion of proteins containing TSR, including Notch receptors, 

and affects ligand binding and signalling, which, in turn, influence cell fate, proliferation, and 

differentiation. Defects in O-Fuc lead to the formation of congenital disorders, bone malformations, and 

cancers. 

 

C-mannosylation 

C-mannosylation is a unique type of glycosylation in which mannose is attached to the indole 

ring of the first Trp in the sequence Trp-Xxx-Xxx-Trp/Cys via a rare C-C bond in the ER (Krieg et al., 

1998). The process is catalysed by C-mannosyltransferase, originally discovered in C. elegans (Buettner 

et al., 2013). Later, several homologs were found in mammals and other animals, but not in bacteria and 

yeast. C-mannosylated proteins belong mainly to the TSR and type I cytokine families (summarised in 
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Haltiwanger et al., 2022). There is limited knowledge about the biological function of C-mannosylation, 

but it is known to influence protein folding, stability, and secretion (Shcherbakova et al., 2019). In 

Plasmodium, C-mannosylation is crucial for transmission (Lopaticki et al., 2022), and in humans, it may 

serve as a receptor in some types of cancer (Kobayashi et al., 2025; Mizuta et al., 2019). 

 

N-glycosylation 

N-glycan biosynthesis is a complex process that occurs in the ER and the GA. N-glycans are 

bound via GlcNAc to the amide nitrogen in the Asp side chain in a specific signal sequence, called a 

sequon. In eukaryotic organisms, this sequence is Asn-Xxx-Ser/Thr (Marshall, 1974), where Xxx can 

be any amino acid except Pro. N-glycans may be of the oligomannose, complex, or hybrid type, 

depending on monosaccharides attached to the first GlcNAc and their bonding.  

 

N-linked glycans biosynthesis 

Synthesis of Dolichol-linked oligosaccharide precursor 

The process consists of several key steps and starts with the synthesis of the Dolichol-linked 

oligosaccharide precursor (Dwek, 1996; Lis & Sharon, 1993; Mitra et al., 2006). Two GlcNAc residues 

are added to Dol-P, followed by the addition of five mannose residues, forming Dol-PP-GlcNAc2Man5. 

The glycolipid is then flipped to the ER lumen, where four more mannoses and three glucoses are added, 

creating the final Dol-P-P-GlcNAc2Man9Glc3 precursor (Helenius & Aebi, 2004; Kornfeld & Kornfeld, 

1985). Oligosaccharide precursor is then transferred to the Asn within the sequon Asn-X-Ser/Thr by 

Oligosaccharyltransferases (OSTs). In Eukaryotes, OST is a complex of transmembrane subunits that is 

highly conserved from yeast to humans. The yeast OST complex was among the first to have its 

individual components identified (Karaoglu et al., 1997; Spirig et al., 1997). It possesses several 

subunits (Ost1p, Ost2p, Ost3p/Ost6p, Ost4p, Ost5p, Stt3p, Wbp1p, and Swp1p) that have homologs in 

mammals (ribophorin I, DAD1, N33/IAP, OST4, STT3A/STT3B, Ost48, and ribophorin II) 

(summarised in Kelleher & Gilmore, 2006). The STT3 subunit possesses catalytic activity, while other 

components aid in stability, substrate delivery, and regulation of specificity (Roboti & High, 2012). 

STT3 has STT3A and STT3B isoforms. STT3A attaches N-glycans to the nascent proteins during 

translation (co-translationally). STT3B can attach glycans to the sequons that STT3A skips during 

translation, or it can add N-glycans to the sequons located at the C-terminus after translation is complete 

(post-translationally) (Ruiz-Canada et al., 2009). 

 

Trimming and elongation, oligomannose type N-glycans   

After the attachment of the tetradecameric N-glycan precursor to the protein, further reactions 

are required to trim and consequently elongate the glycan to produce the final structure. Trimming starts 
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in the lumen of the ER almost immediately after the attachment of the oligosaccharide precursor to the 

nascent protein, where the α-glucosidases I and II sequentially remove glucose molecules. α-glucosidase 

I hydrolyses the terminal α1,2-linked glucose; α-glucosidase II removes the two inner α1-3 glucoses; 

and the proteins are controlled to ensure they fold correctly by the calnexin/calreticulin system. If the 

protein is properly folded, α1,2-mannosidase cleaves the terminal mannose from the central arm to 

obtain Man8GlcNAc2, after which the protein is translocated into the Golgi apparatus. Trimming of 

α1-2Man residues proceeds in the cis-Golgi by MAN1A1, MAN1A2, and MAN1C1 mannosidases. The 

resulting Man5GlcNAc2 is called the core structure of N-glycans and is a crucial intermediate in the 

process of producing hybrid and complex N-glycans. Some Man5-9GlcNAc2 glycans are not processed 

in the cis-Golgi and remain as oligomannose-type N-glycans attached to the mature proteins (Zuber & 

Roth, 2009). 

 

Complex and hybrid type N-glycans 

The biosynthesis of hybrid and complex N-glycans starts in the medial-Golgi with the MGAT1 

transferase, which attaches a GlcNAc in an α1-3 bond to Man of the core. Then, α-mannosidase II 

enzymes trim N-glycans by removing specific terminal α1-3Man and α1-6Man, forming 

GlcNAcMan3GlcNAc2. This trimming can only occur if MGAT1 has acted first. Next, MGAT2 attaches 

another GlcNAc in an α1-6 bond to Man in the other arm of the core to create the precursor for complex 

N-glycans, GlcNAc2Man3GlcNAc2. Hybrid N-glycans form if α-mannosidase II does not act on the 

glycan, resulting in hybrid forms like GlcNAcMan4GlcNAc2. If peripheral GlcNAc is cleaved, 

paucimannose glycans are formed (Stanley et al., 2022). They are present in plants, in invertebrates, and 

in vertebrates. In mammals, their levels can be increased in response to cancer, inflammation, and during 

the development of stem cells.  

Di-antennary complex N-glycans are formed by prolonging the two branches of the 

GlcNAc2Man3GlcNAc2 glycan, while complex glycans with more branches are the result of further 

branching by the addition of Man in α1-3 (MGAT4A, MGAT4B, MGAT4C) or α1-6 bonds (MGAT5) 

(Abdel Rahman et al., 2015). 

 

Maturation of N-Glycans  

During the maturation of N-glycans in the Golgi complex, monosaccharides can be attached to 

the glycan core and/or the GlcNAc branches can be extended. In most of the complex and hybrid 

glycans, branch extension occurs through the addition of Gal to the initiating GlcNAc. The resulting 

Galβ1-4GlcNAc (LacNAc) may be added sequentially. β-linked GalNAc, instead of Gal, is attached to 

the initiating GlcNAc, forming the LacdiNAc (Stanley et al., 2022). Elongated branches can be further 

decorated. The monosaccharides usually present in animal N-glycans are Man, Gal, Glc, GlcNAc, 
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GalNAc, Fuc, and sialic acids, which are usually formed by α-linkages.  

Moreover, further addition of these monosaccharides during glycan maturation expands the 

limited repertoire and creates a wide range of hybrid and complex mature glycans that affect various 

biological processes. 

Fucosylation is a typical modification. In vertebrates, fucose is typically attached to the terminal 

or internal Gal/GalNAc residues, or to internal GlcNAc in various types of glycans found in 

glycoproteins and glycolipids. Vertebrate N-glycans typically undergo fucosylation at the N-glycan core 

in the α1-6 position by FUT8. Fuc can also be added as a terminal saccharide, preferentially to the α1-

2, α1-3, or to the α1-4 position (Grewal et al., 2021).  

 

1.2.3 Sialic acid 

Sialic acids (Sia) are a type of α-keto acid monosaccharide that consists of a 9-carbon backbone. 

To this date, more than 90 forms of Sia have been documented (summarised in Guin et al., 2022). They 

are found across a wide range of organisms, primarily in higher Eukaryotes, especially mammals and 

humans. Sia is widely found on the surfaces of vertebrate cells as a component of glycoproteins, 

glycolipids, and oligosaccharides. They play key roles in neural transmission, immune response, and 

cellular recognition, and are also present at lower levels in invertebrates (Ghosh, 2018; Paschinger & 

Wilson, 2019), microorganisms (Dudek et al., 2022), and microalgae (Wagstaff et al., 2018). 

 

Diversity of sialic acids 

The complete repertoire of sialylated glycans on a particular cell is called the sialome. Sia is 

attached terminally to the N-glycans, O-glycans, glycolipids, and GPI anchors. Even within the same 

organism, the sialome can differ between cell types, tissues, or regions of the same cell. This high 

variability is evident at both the structural and functional levels; it is dynamic, and the composition of 

the sialome can change in response to environmental changes. The complexity of Sia occurs at several 

levels: Sia structure, linkage, the underlying glycan chain, glycan class, and spatial organisation at the 

cell surface (Cohen & Varki, 2010; Lewis & Varki, 2009). 

 

Sia synthesis and structure 

All Sia have a common core structure comprising a carboxyl group at C1, giving it a negative 

charge at physiological pH, and a glycerol side chain at C6–C7–C8–C9. The most commonly occurring 

Sia structures are 2-keto-3-deoxynononic acid (Kdn) and two derivatives of neuraminic acid:  

N-acetylneuraminic acid (Neu5Ac) and N-glycolylneuraminic acid (Neu5Gc). All of them have a nine-

carbon structure with the difference at the C5 position in Kdn and Neu (Fig.2).  
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Figure 2. The most common types of neuraminic acid (adapted from Lewis et al., 2022). 

 

Sia synthesis 

In vertebrates, NeuAc synthesis begins when the precursor UDP-GlcNAc is converted to 

ManNAc-6-P by UDP-GlcNAc-2-epimerase/N-acetylmannosamine kinase (Varki & Press, 2022). 

Then, Neu5Ac-9-P is formed after the reaction of ManNAc-6-P with phosphoenolpyruvate by Neu5Ac-

9-P synthase. Finally, the phosphate group is removed from the molecule, and Neu5Ac is released into 

the cytoplasm. To form Kdn using the same pathway, Man-6-P is used instead of ManNAc-6-P. 

 

Modifications of Sia 

2-keto-3-deoxynononic acid, Kdn 

Kdn is also referred to as deaminated neuraminic acid. It is biosynthesised de novo from 

mannose. Man is converted to Man-6-P, which is then further converted to CMP-Kdn, an activated form. 

Using Kdn transferases, Kdn is transferred to an acceptor glycan to a terminal position. Kdn is widely 

present in amphibian eggs (Iwasaki et al., 1990; Maes et al., 1995; Strecker et al., 1992), fish gametes 

(Nadano et al., 1986; Song et al., 1991), and skin mucus (Kimura et al., 1994; Nakagawa et al., 2001). 

Moreover, Kdn was found in capsules and cell envelopes of pathogenic bacteria (Gil-Serrano et al., 

1998; Knirel et al., 1989), in toxin-producing microalgae (Wagstaff et al., 2018). In mammals, Kdn 

represents a relatively uncommon type of Sia. It was found in pig submaxillary glands (Inoue et al., 

1996) and in rat liver (Angata et al., 1998). In humans, it exists as a free glycan, with elevated levels in 

foetal red blood cells and cancer cells (Inoue et al., 2011; Inoue et al., 1998; Yabu et al., 2013) compared 

to maternal and normal cells. Its location indicates that it may play a role in various cancer types, as 

well as in reproduction and embryonic development. 

 

Neuraminic acid 

Neuraminic acid is widely distributed in vertebrates, including humans. In vertebrates, two 

variants predominantly occur: N-acetylneuraminic acid and its hydroxylated form, 

N-glycolylneuraminic acid (Fig. 3) (Angata & Varki, 2002). 
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Figure 3. Two predominant forms of sialic acid in vertebrates – N-acetylneuraminic acid and its derivative 

N-glycolylneuraminic acid, formed by CMP-N-acetylneuraminic acid hydroxylase (CMAH) (adapted from 

Sterbova et al. 2026a).  

 

N-acetylneuraminic acid, Neu5Ac 

N-acetylneuraminic acid is the most prevalent Sia (Lundgren & Boddy, 2007; McNaught, 1997). 

The backbone is chemically composed of nine carbons with a carboxyl group and an N-acetyl group 

that plays a crucial role in facilitating hydrophobic interactions. The side chain C7-C9, with a hydroxyl 

group attached to each carbon, enables hydrogen bonding. Each of these components plays a role in the 

binding specificity of Sia-binding proteins and the functions of glycans containing Sia. Neu5Ac is found 

in a wide range of organisms, from bacteria and fungi to protozoa and higher animals, including humans 

(summarised in Ghosh, 2018). 

It is a predominant glycan in higher animals, including humans. As a crucial component of cell 

surface molecules, secreted glycoproteins, glycolipids, and bacterial surfaces, it mediates various 

intracellular interactions, including cellular recognition, cell-cell interactions, and cell-pathogen 

interactions. 

   

N-glycolylneuraminic acid, Neu5Gc 

Neu5Gc is a sialic acid whose presence across organisms is largely determined by whether they 

encode a functional Cytidine monophosphate-N-acetylneuraminic acid hydroxylase (CMAH) enzyme, 

which converts CMP-Neu5Ac to CMP-Neu5Gc. Neu5Gc is widely produced by most mammals, but it 

is also present in many fish, amphibians, reptiles, and birds. CMAH enzyme has been found in 

Echinoderms, such as starfish and sea cucumbers (Gollub & Shaw, 2003; Peri et al., 2018). Among 

organisms that do not synthesise Neu5Gc are Old World monkeys and apes, which lost the ability to 

synthesise it during evolution. Humans possess a nonfunctional CMAH pseudogene with a fixed single-

exon deletion (Varki, 2001). As a result, humans do not synthesise Neu5Gc endogenously; however, 

small amounts are present in human cells and tissues (Bardor et al., 2005; Tangvoranuntakul et al., 

2003). These traces come from ingested food, as Neu5Gc levels in mammals are significant. Healthy 

humans then possess anti-Neu5Gc antibodies that can interact with another Neu5Gc derived from food. 
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The triggered immune response, called xenosialitis, may contribute to the development of inflammation 

and atherosclerotic cardiovascular disease (Kawanishi et al., 2019). Moreover, Neu5Gc can contribute 

to the elevated risk of colorectal cancer progression (Lopes et al., 2025; Samraj et al., 2018; Samraj et 

al., 2015). Due to these consequences, Neu5Gc is used as a cancer marker.  

 

Sia linkage 

The complexity of the sialome partly arises from various α-linkages between Sia C-2 and the 

underlying structures; Sia can be attached via α2-3 linkage to Gal or via α2-6 linkage to Gal/GalNAc, 

or via α2-8 to another Sia (Lewis et al., 2022). The attachment is mediated by various sialyltransferases. 

The differences between linkages reflect the different recognition by glycan-binding proteins (GBPs). 

Moreover, a combination of Sia attachment and specific modification of underlying glycans, such as the 

attachment of Fuc or sulphate groups, together with the possibility of attachment of such epitopes to 

different glycan classes (N-glycans, O-glycans, glycosphingolipids), contributes to increased diversity. 

The type of glycan class can influence the presentation, localisation, and density of Sia. For example, 

erythrocyte-binding antigen EBA-175 from malaria parasite Plasmodium falciparum binds specifically 

to Neu5Acα2-3Gal on O-linked tri- and tetra-saccharides present in the mucine domain of glycophorin 

A of human erythrocytes (Tolia et al., 2005). 

Additional Sia derivatives, originating from the primary core structures mentioned above, can 

arise by modification at one or more -OH groups located on C-4, C-7, C-8, and C-9 with O-acetyl, 

O-methyl, O-sulphate, O-lactyl, or phosphate groups (summarised in Cohen & Varki, 2010). All these 

modifications can influence how Sias are recognised by proteins, as well as their biological roles and 

recognition by pathogens or immune cells.  

 

Sia functions in mammals/humans 

Sia-containing glycans belong to the most abundant glycans of mammals, predominantly 

decorating the surface of almost every mammalian cell. Their strategic location, abundance, and 

chemical properties enable them to perform a wide range of biological functions. Sias at the terminal 

positions of various molecules functions as an imaginary bridge between cells and their extracellular 

matrix. Sialoglycans affect biological processes via carbohydrate-protein interactions and/or their 

negative charge. The negative charge characteristic of Sias creates electrostatic repulsion, giving the 

cells anti-adhesive properties. For example, it helps red blood cells move freely through blood vessels 

without interacting with other molecules or with each other (Eylar et al., 1962; Pollack & Reckel, 1977). 

Sia is also commonly present at high density on mucins as part of O-GalNAc-type glycans in the 

airways, gastrointestinal and urogenital tract. The hydrophilic properties of O-GalNAc, along with the 

anionic charge of Sia, allow them to serve as a hydrating and protective barrier at tissue surfaces in 
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contact with the environment (Lewis et al., 2022). 

Sialylation also plays an indispensable role in the vertebrate immune system at multiple levels. 

Receptors for Sia recognise sialylated molecules as “self,” inhibiting immune system activation and 

preventing the immune system from attacking its own tissues. Firstly, a well-known mechanism 

involves Factor H, which binds to “self” cell surfaces and thereby suppresses activation of the alternative 

complement pathway (Blaum et al., 2015). Notably, the type of glycosidic bond through which Sia is 

connected to the glycan affects the effectiveness of Factor H binding (Johnston et al., 2008; Ram et al., 

2011). Secondly, Sia receptors known as Siglecs (Sialic acid-binding immunoglobulin-like lectins) 

expressed on immune cells can influence immune response regulation. Siglecs are present on 

macrophages and leukocytes, and their activation may either suppress or promote inflammation (Angata 

et al., 2022). Thirdly, the interaction between Sia and selectins (heavily glycosylated membrane 

proteins) is essential for guiding the leucocytes during the early steps of their movement during the 

immune response (Sperandio, 2012). 

And finally, the increased sialylation of Fc fragments of immunoglobulin G (IgG) negatively 

affects their functionality. IgGs can mediate Ab-dependent cellular cytotoxicity (ADCC) and 

complement-dependent cytotoxicity (Scallon et al., 2007). Moreover, IgG Fc fragments with α2,6-

linked Sia exhibit enhanced anti-inflammatory effects (Anthony & Ravetch, 2010). 

Sia is also a promising drug target for the treatment of cancer, viral infections, and neurological 

disorders at multiple levels. In cancer, Sia-based strategies focus on targeted drug delivery, nanoparticle 

conjugation, and the development of antimetastatic drugs. In viral infections, Sia-based drugs inhibit 

viral entry and sialidase activity. Sias are further investigated as markers of inflammation, for example, 

in Alzheimer’s and autoimmune diseases. 

 

Sia in cancer 

Sialylation is a player with multiple roles in the whole cancer process, with an abnormal 

sialylation as a typical feature of cancer cells. The upregulation of sialyltransferase expression that 

causes hypersialylation guides cancer progression, metastasis, and immune evasion in a variety of 

cancer types (breast, lung, pancreatic). For these reasons, Sias are an excellent candidate as biomarkers 

and therapeutic targets. 

The key feature of cancer progression is increased levels of α2,6-sialylation caused by the 

overexpression of ST6Gal1 (α2,6-galactoside sialyltransferase 1) and ST6GalNAc1 

(N-acetylgalactosaminide alpha-2,6-sialyltransferase 1), described in various types of carcinomas 

(Akamine et al., 2004; Amado et al., 1998; Gc et al., 2022; Liu et al., 2011; Munkley et al., 2015).    

Cancer cells with aberrant sialylation can also bind to Siglecs to protect themselves from immune 

cell-mediated destruction (Ghasempour & Freeman, 2023; Hudak et al., 2014). Various authors have 
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shown that elevated sialylation enables cancer cells to bind to macrophage or natural killer cell receptors, 

thereby sending a "don't eat me" signal (Barkal et al., 2019; Huang et al., 2024; Ibarlucea-Benitez et al., 

2021), which can inhibit their uptake (Hudak et al., 2014). α2,6-Sia linked to the terminal Gal on N-

glycans can also inhibit the galectin pathway by covering Gal epitopes. Using this strategy, tumour cells 

from various cancers can progress, evade the immune system, and metastasise (Cagnoni et al., 2016; 

Peixoto et al., 2019; Zhuo & Bellis, 2011). 

Hypersialylation also alters the physical properties of the glycocalyx, which, when Sia levels are 

elevated, strongly influence membrane dynamics, tension, and signalling. A thick glycocalyx, rich in 

sialylated and bulky glycans, forms, often accompanied by elevated mucin expression (Woods et al., 

2017). Elevated O-glycan sialylation also drives cancer aggressiveness, while its reduction decreases 

tumour progression at multiple stages (Park et al., 2024). 

Neu5Gc was also found to be incorporated into the glycocalyx of rapidly dividing cancer cells, 

altering their immunogenicity by making them targets for circulating anti-Neu5Gc antibodies (Altman 

& Gagneux, 2019). Additionally, in a mouse model lacking CMAH, anti-Neu5Gc antibodies probably 

promote the growth of new tumours by increasing tumour-associated inflammation through the 

induction of “xenosialitis” in the humanised mouse model (summarised in Dhar et al., 2019). 

 

Sia in neurological diseases  

Sialylation is highly prevalent in the vertebrate central nervous system (CNS), particularly in 

gangliosides (65 %) and glycoproteins (35 %) such as NCAM (Brunngraber et al., 1972). Polysialic acid 

is present in glycans of specific neural cell types, such as neurons, Schwann cells, and stem cells. The 

dynamic regulation of sialylation affects memory formation, stress responses, and various neurological 

diseases (summarised in Lünemann et al., 2021). 

For example, elevated ST6Gal1 activity leads to over-sialylation of the amyloid precursor 

protein (APP) and thus increases the extracellular levels of the amyloid-beta peptide (Abeta), which 

arises from sequential cleavage of APP (Nakagawa et al., 2006). Abeta is the crucial component of 

amyloid plaque characteristic of Alzheimer's disease. Amyloid plaques are suggested to affect neuronal 

activity and reduce cognitive abilities (Sadigh-Eteghad et al., 2015). The infectious prion protein PrPSc, 

which causes prion disease, appears to be highly influenced by sialylation. The infectious form is 

composed of misfolded and aggregated PrPC, and the negative charge of Sia on PrP proteins affects the 

interactions between PrPSc and PrPC, particularly the structure and infectivity of PrPSc (Katorcha et al., 

2015; Katorcha et al., 2014). Partially desialylated PrPSc fails to induce prion disease in animal models, 

with no prions detected in their brains (Srivastava et al., 2017). Moreover, Bate and colleagues (2016) 

showed that PrPc with unsialylated glycosylphosphatidylinositol (GPI) anchor resists conversion to the 

disease-associated PrPSc. 



- 23 -  

Receptors for pathogens  

As Sia is a major terminal modification of glycans on the surface of mammalian cells, many 

pathogens use it as a receptor. Viruses attach to sialylated glycans to enter cells; bacteria synthesise 

adhesins or toxins that bind to host cell sialic acids; and protozoa utilise them to avoid immune 

responses. 

 

Viruses 

Influenza viruses have several molecules that play key roles during infection of the host. 

Hemagglutinins (HA), neuraminidases (NA), and the hemagglutinin esterase fusion protein (HEF) are 

the major viral surface proteins that interact with Sia, which serves as a receptor for all influenza virus 

subtypes (Gamblin & Skehel, 2010; Shah, 2004). Sia linkage (α2,3- vs α2,6-) and the underlying sugar 

chain structure are critical for viral recognition by hemagglutinins (HA). HA of avian Influenza virus 

type A (IAV) recognises α-2,3-linked Neu5Ac (Nobusawa et al., 1991; Rogers & Paulson, 1983) while 

human IAV binds mainly α-2,6-linked Sias (Gambaryan et al., 1997; Matrosovich et al., 2000). Viral 

neuraminidases cleave Sia residues from host glycoproteins, helping release newly formed viral 

particles from infected cells and facilitating viral entry into new cells (Air & Laver, 1989; Matrosovich 

et al., 2004). From the other Sia-binding viruses, the Middle East respiratory syndrome coronavirus 

(MERS-CoV) binds α-2,3-linked Neu5Ac (Li et al., 2017). In the case of SARS-CoV, sialic acids appear 

to inhibit infection, whereas in SARS-CoV-2, the spike protein interacts with α2-6-linked Sia (Saso et 

al., 2022). SV40 virus attaches to the Sia-containing GM1 ganglioside via its VP1 pentameric capsid 

proteins and binds more strongly to Neu5Gc-GM1 than to Neu5Ac-GM1 (Campanero-Rhodes et al., 

2007). 

 

Bacteria 

Bacterial species that use Sia as a receptor use two different strategies. First, they produce 

molecules, usually toxins with affinity for Sia; second, they produce sialidases that hydrolyse Sia, 

revealing the rest of the glycan and thus facilitating adhesion to host tissues, biofilm formation, and/or 

tissue invasion. 

Salmonella typhi produces a two-subunit AB5 six-component toxin type that binds to Neu5Ac 

(Song et al., 2013). The production of this highly immunogenic toxin is significantly increased upon 

bacterial invasion of host cells (Spanò et al., 2008). Another member of the AB5 toxin family is the 

subtilase cytotoxin, produced by Shiga toxin-producing Escherichia coli (STEC). It binds to sialylated 

glycolipids decorated with terminal α-2,3-linked Neu5Gc. Interestingly, as Neu5Gc is not synthesised 

in humans, the presence of such a receptor is influenced by the host’s metabolism, which incorporates 

Neu5Gc from dietary sources. This makes the toxin’s target dependent on external nutritional factors 
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(Byres et al., 2008). Helicobacter pylori expresses several adhesins specific for sialylated gangliosides, 

such as the SabA adhesin, which shows a preference for α-2,3-linked Neu5Ac in the sialyl-Lewis x 

antigen (Mahdavi et al., 2002). Pseudomonas aeruginosa uses sialidase (NEU 1) to remove Sia from 

mucin 1 to interact with human airway epithelial cells and immune cells (Jeffries et al., 2016; Lillehoj 

et al., 2015). Clostridium botulinum produces a toxin complex that includes the botulinum neurotoxin, 

hemagglutinin components (HA), and some other components. The HA portion can bind to α2-3- and 

α2-6-Neu5Ac on intestinal epithelial cells, facilitating the absorption of the entire toxin complex into 

the body and enhancing the toxin's oral toxicity (Nakamura et al., 2008; Yamashita et al., 2012). Vibrio 

cholerae uses both strategies mentioned above. It produces cholera toxin (CTx) and a neuraminidase 

enzyme (VcN). CTx is part of the AB5 toxin group and specifically binds to GM1 gangliosides that are 

monosialylated with Neu5Ac or Neu5Gc (Lanne et al., 1994; Merritt et al., 1994). However, human 

epithelial cells predominantly express gangliosides with two or three sialic acid residues. To overcome 

this, V. cholerae uses its sialidase to cleave α-2,3 and α-2,8- Sia, converting complex gangliosides into 

GM1, which facilitates toxin binding (Moustafa et al., 2004). Streptococcus pneumoniae possesses 

several virulence factors, among them sialidases. They cleave both α-2,3- and α-2,6-Neu5Ac on the 

T-antigen surface (Coats et al., 2011). This triggers an immunological reaction, resulting in 

pneumococcal haemolytic uremic syndrome. 

 

Protozoa 

Protozoan parasites that cause severe diseases in humans and animals often produce sialidases 

or proteins that specifically recognise Sia. In contrast to viruses, protozoa seem to use more sophisticated 

strategies during their interactions with hosts. Entamoeba histolytica uses its transmembrane sialidase 

to hydrolyse α-2,3-Neu5Ac and α-2,8-Neu5Ac (colonic acid) (Nok & Rivera, 2003). The removal of 

Sia exposes the host receptors that facilitate binding of the E. hystolytica toxin (Feingold et al., 1985). 

Toxoplasma gondii secretes several microneme proteins that bind to Sia on the host surface – TgMIC1 

binds α-2,3 Sias, TgMIC13 binds 4-O-acetylated Sias and α-2,9 Sias (Baba et al., 2015; Friedrich et al., 

2010). Moreover, the TgTCP-1 chaperonin and the tachyzoite surface Sia-binding protein 1 interact with 

Sia. P. falciparum uses EBA-175 and EBA-140 proteins to bind Neu5Ac to invade the host erythrocytes 

(Klotz et al., 1992; Orlandi et al., 1992). Moreover, experiments with human erythrocytes enriched with 

Neu5Gc showed that P. falciparum can bind Neu5Gc as well as Neu5Ac without preference for one or 

another. 

 

Molecular mimicry 

Another pathogen strategy is to use Sia on its own glycans to evade host immunity. Sia can be 

acquired by the pathogen from the environment or the host (e.g., P. aeruginosa, Haemophilus 
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influenzae) or synthesised by the pathogen itself (E. coli K1, Neisseria meningitidis, Campylobacter 

jejuni, H. pylori). Pathogens coated with Sia can hide their antigenic sites, leading to immune cells 

receiving inhibitory signals and reducing innate immunity. Trypanosoma cruzi, for example, expresses 

a transsialidase TcTS, which cleaves α-2,3-linked Neu5Ac or Neu5Gc from host cells. Then it transfers 

them to the β-Gal on parasites’ mucins, maintaining the same α-2,3 linkage, thus aiding immune 

response evasion (Agustí et al., 2007; Ruiz Díaz et al., 2015). 

 

The differences between vertebrate and invertebrate glycans 

Bacterial species that invade the vertebrate host display Sia, usually on capsules and 

lipopolysaccharide O-antigens, or as part of flagella, pili, the cell wall, or the S-layer. E. coli K1 and N. 

meningitidis, for example, express capsular α2-8-polySia (Hammerschmidt et al., 1996; Vimr et al., 

1995). Group B streptococci display α2-3-linked Neu5Ac on their surface (Carlin et al., 2007), which is 

further modified by O-acetylation (Lewis et al., 2004). H. influenzae incorporates Neu5Gc to its surface 

glycans (Taylor et al., 2010). These sialylated bacterial glycans can then interact with Siglecs on host 

immune cells, thereby suppressing immune signalling. The host immune system also responds to 

bacterial mimicry by producing ficolins, which recognise Sia and trigger the lectin complement pathway 

(summarised in Kjaer et al., 2011; Matsushita & Fujita, 2001). The representatives of the group 

Tripanosomatids (genera Trypanosoma and Leishmania) evade the host immune system by utilising 

host Sia with α2-3 and α2-6 linkages and incorporating it into their own surface glycans (summarised 

in Cavalcante et al., 2021). 

Vertebrate and invertebrate glycans differ significantly in their structural complexity, terminal 

sugar residues, and anionic modifications; while vertebrates exhibit complex sialylated glycans, 

invertebrates often exhibit simpler mannosylated structures, high levels of fucose, and diverse, non-Sia-

originating negative charges. 

Sialic acids are common terminal residues on vertebrate N- and O-glycans, essential for various 

cellular processes. In contrast, Sias are rare in most invertebrates, occurring only in specific tissues or 

at early developmental stages. While Fuc is present in both vertebrates and invertebrates, it is more 

dominant and diverse in invertebrates. Invertebrate N-glycans frequently contain core α1,3-Fuc, along 

with α1,6-Fuc, which is commonly present in invertebrates (Thomès & Bojar, 2021). Vertebrates 

generally use Sia to provide a negative charge, whereas invertebrates usually rely on alternative 

modifications to generate a similar charge, such as sulphation, glucuronic acid (GlcA), or zwitterionic 

groups like phosphorylcholine, phosphoethanolamine, and aminoethylphosphonate (Paschinger & 

Wilson, 2019). Finally, vertebrate glycans are generally characterised by complex and hybrid type 

N-glycans with antennal elongation. Invertebrate N-glycans are often dominated by high mannose and 

paucimannose types. 
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1.3 Glycosylation and glycans of arthropods  

The investigation of glycomes in arthropods over the last decade has experienced a boom, 

coinciding with improvements in mass spectrometry (MS) analytical methods. It revealed high glycans 

variability, especially among insects. As many arthropods are hosts, vectors, or parasites themselves, it 

is not surprising that they possess a wide range of N- and O-glycans that may be involved in various 

processes. 

 

1.3.1 N-glycans in Arthropods 

Generally, high-mannosylated/paucimannosidic, hybrid/pseudohybrid, and complex glycans 

constitute most structures identified in arthropod glycomes. Additionally, unique modifications 

indicating the extensive diversity of N-glycans have also been described. The most in-depth analyses 

were conducted in mosquitoes and D. melanogaster. 

Highly mannosylated/paucimannosidic glycans are typical and dominant glycans of 

invertebrates, found across different arthropod species, especially in insects. A large amount of these 

glycans bear core-fucose attached in the α1,6- and/or α1,3-position. Paucimannosidic glycans were first 

identified on bee venom glycoproteins (Kubelka et al., 1993), and later also in A. gambiae and A. aegypti 

larvae (Kurz et al., 2015), D. melanogaster with and without fucosylation (Aoki et al., 2007), and in 

T. castaneum (Walski et al., 2016). 

Moreover, in some species, N-glycosylation was shown to be essential for the transition between 

developmental stages. For example, T. castaneum N-glycans participate in metamorphosis, and the 

N-glycan composition changes during the development from pupa to adult towards more trimmed 

glycans (Walski et al., 2016). N-glycome featured a high proportion of highly mannosylated glycans, 

which comprised 70 % in the larval stage, but only 40 % in the adult stage. In comparison, Tribolium 

larvae and adults produce significantly more difucosylated glycans (up to 17%) than D. melanogaster 

(Walski et al., 2016). 

In addition to trimmed glycan structures, bi- and tri-antennary complex N-glycans have been 

reported in A. gambiae and A. aegypti larvae, further modified with fucose and, unusually, with sulphate 

or GlcA residues. Anionic modifications were also observed in the glycans of D. melanogaster larvae 

and lepidopteran species. Glycans with GlcA attached terminally were confirmed in D. melanogaster 

(Aoki & Tiemeyer, 2010). Kurz and colleagues (Kurz et al., 2015) showed the presence of sulphate on 

α1,6-linked Man and GlcA on non-reducing β1,3-Gal. The authors also speculate that these glycosylated 

structures function as anionic ligands in the parasite-host relationship. In the D. melanogaster genome, 

Kim and colleagues (2003) identified three glucuronyltransferases and showed that they are catalytically 

active. Furthermore, in-depth MS analysis of cabbage looper (Trichoplusia ni) larvae, cabbage looper 

High Five cells, and Lymantria dispar larvae revealed α1,3-fucose and up to 5 % of anionic and/or 
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zwitterionic glycans (Stanton et al., 2017). 

 Fucosylated glycans are attached to the invertebrate glycans in three different ways: α1,6-

glycosidic linkage to proximal GlcNAc (common in mammals), α1,3- linkage to proximal GlcNAc 

(common in plants and insects), and formation of a LacdiNAc structure with α1,3-bound Fuc. In the 

phospholipase A2 of the bee Apis mellifera, all three types of fucosylated glycans have been found 

(Kubelka et al., 1993), as well as core-difucosylated N-glycans (Staudacher et al., 1992). Subsequently, 

difucosylated glycans have been described in other bee (Kubelka et al., 1995), hornet (Kolarich et al., 

2005), D. melanogaster (Rendić et al., 2010), mosquito (Kurz et al., 2016) and tick (Park et al., 2020) 

glycoproteins. Core-fucosylated glycans were also found in C. elegans, but only in a minority (Natsuka 

et al., 2002). 

 

1.3.2 O-glycans in Arthropods 

Identification of O-glycans is more complicated than that of N-glycans because O-glycans have 

several different cores. They can be categorised into several types based on the identity of the first 

monosaccharide that is attached to them. O-glycan profiles have been primarily studied in model 

organisms such as D. melanogaster (Aoki et al., 2008; Kurz et al., 2015), T. castaneum (Li et al., 2022), 

mosquito (Kurz et al., 2016), and silkworm (Soya et al., 2016). The published glycomic data showed 

that O-glycans are composed mainly of GalNAc, Gal, GlcNAc, Fuc, Man, Glc, GlcA, and Xyl (xylose) 

monosaccharides (summarised in Li et al., 2020). There is limited knowledge about O-glycosylation 

during the entire life cycle of arthropods. The O-glycan profile across various developmental stages has 

been investigated only in T. castaneum (Lewis et al., 2022). 

The most detailed studies, performed on the D. melanogaster embryo and all developmental 

stages of T. castaneumi, show that mucin-type O-glycans are dominantly present. Aoki and colleagues 

(2008) identified predominantly core 1-type O-glycans, and further core 2-type O-glycans, a single 

O-Fuc glycan, and other glycans with HexNAc-HexNAc cores in D. melanogaster. O-linked GalNAc, 

GlcNAc, Glc, Man monosaccharides, as well as the Xyl-Glc disaccharide, were also observed. 

Corresponding transferase enzymes in D. melanogaster were identified and characterised (summarised 

in Zhang & Ten Hagen, 2019). 

 Mucine-type O-glycans are characterised by the attachment of a single GalNAc to the peptide. 

If a single GalNAc is added to the amino acid, it is called the Tn antigen. O-GalNAc can be further 

extended with Gal to create core 1-type O-glycan (T antigen) (Lin et al., 2008; Müller et al., 2005; 

Yoshida et al., 2008).  

The corresponding enzymes are produced in certain tissues during various developmental stages 

(Tran & Ten Hagen, 2013). O-GlcNAc modification is catalysed by O-GlcNAc transferase, which is 

present at very low abundance in D. melanogaster embryos (Aoki et al., 2008); besides that, O-GlcNAc 
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is involved in neural processes (Hart et al., 2011), it is important for viability (Sinclair et al., 2009) and 

embryonal development (Radermacher et al., 2014). In T. castaneum O-glycome, mucin-type O-glycans 

dominate, making up more than 80 % of total glycans. Tetra- and pentasaccharide mucin-type O-glycans 

were present in high amounts during the pupa stage, indicating a change in the O-glycan profile during 

the metamorphosis of T. castaneum. In total, O-GalNAc and O-GlcNAc glycans covered 16 % of 

identified glycans (Li et al., 2022). Mucine-type O-glycans with the chains extended with 

HexNAc-Hex-HexA were also identified in A. gambiae and A. aegypti larvae with or without terminal 

sulphate or internal phosphoethanolamine (Kurz et al., 2015). 

O-Fuc-type glycans were found in D. melanogaster as well as in T. castaneum (Aoki et al., 2008; 

Li et al., 2022). One Fuc extended with GlcNAc and GlcA constitutes 17 % of the Tribolium glycome. 

In D. melanogaster, Aoki and colleagues (2008) detected O-Fuc glycan structures, accounting for 11 % 

of the total glycan content. Furthermore, O-Fuc extended with Glc or GlcNAc was identified (Li et al., 

2022). O-Fuc is attached either to EGF repeats or to thrombospondin type 1 repeats (TSR). O-Fuc 

attached to the EGF repeats of Notch can be further modified by GlcNAc, which is transferred to the 

target protein thanks to the Fringe transferase (3-beta-N-acetylglucosaminyltransferase) (Moloney et al., 

2000); Correia and colleagues (2003) showed that the loss of Fringe is lethal for Drosophila. 

Although O-Man was identified in D. melanogaster at less than 1 % of total O-glycans, it is 

crucial for Drosophila viability. O-mannosylation is carried out by dPOMT1 and dPOMT2 (Ichimiya 

et al., 2004; Lyalin et al., 2006), homologs of mammalian O-mannosyltransferases. O-mannosylation is 

essential for muscle development and for the proper function of dystroglycan (DG), a glycoprotein 

involved in muscle integrity and interactions with the extracellular matrix (Haines et al., 2007; 

Nakamura et al., 2010). 

O-glucosylation, a special type of O-glycosylation, is catalysed by the glycosyltransferase Rumi, 

which transfers Glc to EGF repeats. In the D. melanogaster embryo, O-glucosylated structures belong 

to a rare class of glycans but play a crucial role in embryonic development by modifying the Notch 

receptor to regulate signalling (Acar et al., 2008). Rumi has an important role in trafficking Notch out 

of the ER (Ishio et al., 2015) and targets other proteins with EGF repeats, such as Crumbs (Crb) and 

Eyes shut (Eys), which are involved in photoreceptor development (Haltom et al., 2014). O-glucosylated 

glycans can be further extended by the addition of two Xyl residues, with the first one, added by the 

enzyme Sams transferase, playing a crucial role in regulating the balance between Notch activation and 

inhibition (Lee et al., 2017). Additionally, this modification may reduce Notch cell-surface expression 

in certain tissues (Lee et al., 2013). 

O-linked glycans were also found in Bombyx mori using lectinoblot with PNA lectin.  Proteins 

bearing O-glycan modifications were observed at various developmental stages, with the highest 

abundance in the pupal stage (Soya et al., 2016). Additionally, the functional enzyme PGANT 
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N-acetylgalactosaminyltransferase, which initiates O-glycosylation, was discovered in cultured 

silkworm cells (Xu et al., 2018). Furthermore, GalNAc or GlcNAc and the core 1 structure 

Galβ1-3-GalNAcα1-Ser/Thr were identified as the most abundant glycans present (Morio et al., 2023). 

 

 

1.3.3 Sialic acid in Arthropods 

Sialic acids, typically abundantly present in vertebrates, are generally absent or present at low 

levels in arthropods. While some studies indicated the presence of Sia in protostomes, including insects 

(Hollister & Jarvis, 2001; Malykh et al., 1999; Roth et al., 1992), other studies have failed to find 

evidence of sialylated glycans, the CMP-Neu5Ac donor (a substrate for sialyltransferase), glycoproteins, 

or glycolipids, and sialyltransferase activity in insect cells (summarised in Koles et al., 2009). From the 

1990s to today, only limited information on Sia in arthropods is available.  

The controversy was partially resolved when endogenous Sia in D. melanogaster was 

convincingly demonstrated. Mass spectrometry analyses revealed the presence of Sia in the embryonic 

stages and in the central nervous system of adult D. melanogaster (Aoki et al., 2007). Studies addressing 

this issue suggest that the sialylation pathways of vertebrates and insects share a common evolutionary 

origin and are therefore very similar (Fig. 3). Findings from studies of D. melanogaster support the 

hypothesis that sialylation in insects is a specialised, developmentally controlled process that likely 

plays an important role in proper nervous system function (summarised in Koles et al., 2009). 

 

Figure 3. De novo sialylation biosynthetic pathways in vertebrates, Drosophila, bacteria and I. ricinus ticks 
(adapted and edited from Koles et al., 2009; Sterbova et al., 2026b). Question marks replace unknown or 

hypothetical enzymes and pathway steps. In Drosophila, the absence of a UDP-GlcNAc 2-epimerase/ManNAc 

kinase gene makes the synthesis of ManNAc-6-P unclear. The question mark next to Man-6-P suggests a possible 

alternative pathway, similar to that in lower vertebrates, that may bypass the epimerase/kinase step. CG15771-P 

denotes the protein encoded by the Drosophila melanogaster CG15771 gene. In the I. ricinus tick, the enzymes 
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from the classical pathway via ManNAc kinase, N-acetylneuraminate synthase (NANS), and sialic acid 

phosphatase (NANP) were not found in the published genomes (marked in red circles); the Neu5Ac lyase-like 

protein was identified together with the CMP-Neu5Ac synthetase and two putative sialyltransferases.  

 

 

Glycoconjugates containing Sia, specifically α2,6- and α2,8-linked Neu5Ac, have been found in 

Malpighian tubes of cicada Philaneus spumarius larvae (Malykh et al., 1999). Histochemical staining 

of larval tissues with antibodies and lectins specific for Sia was complemented by MS and gas-liquid 

chromatography analysis. Using microscopic, histochemical, and mass spectrometric methods, 

lactonized Sia (Neu5Gc7,9Ac2) was detected in the prothoracic glands of Galleria mellonella (Karacali 

et al., 1997).  The first direct evidence of Sia in Arthropods was reported by Aoki et al. (2007), who 

found complex sialylated N-glycans in D. melanogaster embryos. These glycans, carrying α2-6-linked 

Sia to terminal Galβ1-4GlcNAc, are found at very low abundance in both early and late embryos (Aoki 

et al., 2007). However, quantification of their relative abundance suggests that they increase during 

embryo development (Aoki et al., 2007). Moreover, Sia was quantified by capillary LC-ESI-MS/MS in 

the silkworm B. mori haemolymph across all developmental and ageing stages, with an increase in its 

amount seen during the pupal stage and in 3rd instar larvae (Soya et al., 2017). A responsible 

α2,6-sialyltransferase was also identified in B. mori (Kajiura et al., 2015). 

Neu5Ac was also detected in A. aegypti tissues, and gene sequences encoding CMP synthase 

were identified. Authors also hypothesise that Sia in the salivary glands could facilitate dengue virus 

entry into mammalian cells (Cime-Castillo et al., 2015).  

 

1.3.4 Glycosylation and glycans in Ixodid ticks 
 

The very first information about tick glycans was obtained through indirect analyses. Using 

Schiff staining, glycosylated structures were found in many tick species, including D. variabilis (Coons 

& Roshdy, 1973), R. microplus (Binnington, 1978), or R. appendiculatus (Walker et al., 1985). Lectin 

staining on western blot membranes or microscopical samples revealed the presence of glycan-

containing structures in I. ricinus (Uhlír et al., 1994; Vancova et al., 2006), A. polonicus (Grubhoffer & 

Dusbábek, 1991) or R. appendiculatus (Kamwendo et al., 1993). Later, N-glycans containing Man, Glc, 

GlcNAc, Gal and O-glycans with Gal, GalNAc were observed in I. ricinus larvae and nymphs. 

Moreover, fucosylated glycans were described in nymphs (Uhlír et al., 1994). In organs of partially fed 

females, several proteins were stained using different lectins. In the gut, Malpighian tubules, and ovaries, 

glycosylated proteins were stained with ConA, PSA, PNA, and WGA, indicating the presence of high-

mannose and complex glycans containing Man, Glc, Gal, GlcNAc/Sia, and Fuc (Uhlír et al., 1994). The 

salivary glands of partially fed I. ricinus females were also examined by the lectin affinity labelling and 

visualised using electron microscopy (Vancova et al., 2006). Lectin staining showed differences in 

glycan composition between secretory granules of b/c2 cells (Man, GlcNAc, Gal, GalNAc, Sia), c1 cells 
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(Man, GlcNAc, Sia), and f cells (GlcNAc, Man) of Acini type II/III (Vancova et al., 2006). The surfaces 

of acini types II and III of R. appendiculatus also showed the presence of glycans, particularly Gal, Man, 

and Glc, with galactosylated structures localised only on acini type III (Kamwendo et al., 1993). 

Salivary glands and the gut became intensively studied tick organs. The presence of fucosylated 

glycans was confirmed in the salivary glands and midgut of fed nymphs of the tick I. scapularis (Pedra 

et al., 2010). MALDI-TOF/TOF analysis of SG from fed nymphs revealed N-glycans with core 

α1,3-linked Fuc. Moreover, MS analysis showed the presence of less complex oligosaccharides, 

especially a series of highly mannosylated structures. Hybrid, biantennary, and triantennary complex 

glycans were detected in small amounts. Protein extracts from SGs and midguts also showed a strong 

signal after western blot with anti-HRP antibodies that recognise the core α1,3-Fuc (Pedra et al., 2010). 

A unique combination of fluorescence and scanning electron microscopy localised α1,3- and α1,6-Fuc 

on the basement membranes of acini types II and III of partially fed I. ricinus females, as well as in the 

small secretory granules within the cytoplasm of “F” cells. Nevertheless, only α1,6-Fuc was detected in 

the secretory granules of acini type II, from which the active molecules are released to the host during 

feeding (Vancova & Nebesarova, 2015). 

The presence of various Sia types in N-glycans was investigated in various tissues of partially 

fed female I. ricinus using mass spectrometry (MS), Western blotting, and immunolabeling with anti-

Neu5Gc antibodies (Vancova et al., 2012). Western blot analysis confirmed a sialylated (Neu5Gc) 

95 kDa protein in tick saliva. Moreover, a protein with the same molecular weight, together with a 

72 kDa protein and other proteins stained at lower intensity, was detected in SG homogenates from fed 

and unfed females. In the SG extract, but not in saliva, MS analysis identified a monosialylated glycan 

(HexNAc₄Hex₅Neu5Ac). In the guts of 3- or 6-day fed females, di- and triantennary mono- or 

desialylated glycans were detected; both Neu5Ac and Neu5Gc were present in the N-glycans. 

Immunogold labelling localised Neu5Gc within the basement membranes and cytosolic structures of 

SG acini and in digestive cells and the gut lumen. Based on the glycan structures, their location in tick 

tissues, and the type of tick samples, the authors speculate on the host origin of the identified glycans 

(Vancova et al., 2012). To quantify both total and metabolically incorporated Sia in tick tissues, three 

different methods were employed. Using a commercial Sia quantitation kit, the total amount of Sia was 

determined in the gut, SG, and OV, expressed as mmol Sia/g protein; in contrast, the enzymatic assay 

showed the amount of tick Sia to be less than 1000x lower. The authors therefore conclude that the 

majority of the Sia in tick tissues is of host origin (Sterba et al., 2014).  

Based on the experimental data, it is likely that tick glycans play an important role in the 

tick-pathogen relationship. Hebert and colleagues (2017) assume that A. marginale outer membrane 

protein A targets fucosylated residues on tick ISE6 cells. The hypothesis was supported by Vimonish 

and colleagues (2022) using the D. andersoni primary midgut cell culture system. They showed that the 
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expression of tick α-1,3-fucosyltransferases A1 and A2 (responsible for core α-1,3-fucosyltation) is 

regulated by A. marginale infection of midgut cells. Moreover, the amount of core α-1,3 Fuc, along with 

the sensitivity of uninfected cells to infection, was lowered after the silencing of 

α-1,3-fucosyltransferase A2. 

The complex analysis of A. americanum N-glycome showed distinct patterns in N-glycan 

structures depending on sex and feeding stage, including in fully fed females and, somewhat 

surprisingly, in carcasses (CC). In CC, the glycan profile is predominantly composed of paucimannose 

structures. In female CC, non-fucosylated paucimannoses account for 77 % of their total N-glycan 

profile. Male CC show a higher degree of fucosylation, with 61 % of their N-glycans being core 

monofucosylated, and an additional 17 % being di-fucosylated. High-mannose and complex glycans are 

rare in male CC, comprising only 2 % of the total glycan content. SG samples are generally rich in high-

mannose and complex glycans. These include structures containing the αGal epitope and xylosylation 

at the core mannose. Additionally, trace amounts of glycans bearing NeuAc and NeuGc have been 

detected in the SG of male ticks. However, the authors do not discuss the reliability of these results – 

part of the fed ticks’ N-glycome could originate from host glycoproteins, and, in the case of carcasses, 

degradation could be considered (Park et al., 2020). 

 

Immunologically important tick glycans 

The glycan molecules found in various tick species can initiate an immune response, thereby 

significantly affecting their interactions with the host. The enzymes responsible for glycan maturation 

in the Golgi apparatus vary among ticks, insects, and their vertebrate hosts, resulting in distinct glycan 

profiles in ticks. These structural differences in glycans play a crucial role in how ticks interact with 

both their hosts and pathogens. On one hand, these glycans can engage in molecular mimicry and 

mechanisms that help reduce the host's immune response and other defence mechanisms. On the other 

hand, due to their unique structures, they can activate the host's defence systems, contributing to 

conditions like delayed red meat allergy, or aid in pathogen transmission. 

Glycan structures that are present in ticks but absent in humans, the so-called cross-reactive 

carbohydrate determinants (CCDs), may trigger an immune response, particularly mediated by IgE 

antibodies (Aalberse et al., 1981; Wilson, 2002). These include α1-3-linked core Fuc (α1-3 core Fuc), 

Gal α1-3-linked to Gal (α-Gal epitope), sialic acid variant NeuGc, and β1-2-linked Xyl, which have 

been identified in several tick species and in some of them, the immunological importance has been 

proved (summarised in Sterbova et al., 2026a). 

The most medically relevant CCD is the α-Gal epitope, which can cause α-Gal syndrome (AGS) 

in humans after feeding of several tick species (Amblyomma, Haemaphysalis, Hyalomma, Ixodes, and 

Rhipicephalus), including ticks, for which humans are an accidental host, such as A. reflexus (Rolla et 
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al., 2018). AGS occurs when tick bites introduce α-Gal into the body, which sensitises the human 

immune system. Following this sensitisation, ingestion of red meat or exposure to products containing 

α-Gal can trigger an IgE-mediated allergic reaction (Van Nunen et al., 2009). The symptoms of AGS in 

humans can vary significantly, from no symptoms to mild reactions, and in some cases, it may lead to 

severe anaphylactic shock (Kleine-Tebbe et al., 2006; Miadonna et al., 1982). Till these days, AGS 

remains the first allergic disease caused solely by a carbohydrate, triggering IgE-mediated allergic 

reactions. AGS is primarily associated with American tick species; the lone star tick, A. americanum, is 

responsible for most cases recorded in the U.S. A crucial study by Cabezas-Cruz and colleagues (2018) 

demonstrates that I. scapularis ticks naturally produce α-Gal through the expression of 

galactosyltransferase genes b4galt7, a4galt-1, and a4galt-2. Their knockdown confirmed these genes 

are essential for the ticks' endogenous production of α-Gal. Moreover, the elevated α-Gal levels were 

observed during A. phagocytophilum infection, suggesting its role in the pathogen transmission. 

Antibodies targeting the α-Gal were observed to attach to this epitope in the salivary glands of 

A. americanum and I. scapularis. Furthermore, tick protein extracts containing α-Gal prompted basophil 

activation in individuals with a red meat allergy (Crispell et al., 2019). 

The significance of α1,3-core Fuc was highlighted by Pedra and colleagues (2010), who 

demonstrated that α1,3-fucosylated glycans are crucial for A. marginale survival in I. ricinus ticks. They 

also found that this bacterium modifies the expression of three α1,3-fucosyltransferases. Furthermore, 

silencing the genes encoding these fucosyltransferases significantly reduces Anaplasma colonisation of 

tick cells (Pedra et al., 2010). 

Neu5Gc and β1,2-xylose are other known CCDs. In Ixodid ticks, their presence was shown in 

A. americanum, A. maculatum, I. ricinus, and I. scapularis ticks (Crispell et al., 2019; Park et al., 2020; 

Vancova et al., 2012). The presence of both structures in the saliva/salivary glands suggests their 

potential role in tick-host interactions. Nevertheless, the role of these epitopes in tick physiology and 

tick-host-pathogen interactions needs to be further elucidated.  
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Over the last few decades, there has been a boom in technologies and methods concerning 

increasing sensitivity and specificity. As a result, the research on glycosylation and other post-

translational modifications is coming to the forefront. Glycosylation is a posttranslational modification 

in which monosaccharides are covalently attached to the mature glycan. Glycans are not encoded 

directly in the genome, but they provide significant proteomic diversity and can confer additional 

functions to a single protein (summarised in Critcher et al., 2022). Continued investigation of 

glycosylation has underscored its growing importance. As a common protein modification (in 

Eukaryotes), it plays a role in many cellular processes in both vertebrates and invertebrates, as well as 

in interactions among hosts, parasites, and pathogens (summarised in He et al., 2024a). 

 Ticks are blood-sucking parasites, meaning their only source of food is the host's blood. During 

their life cycle, most of the Ixodid ticks change from larva to nymph to adult after each feeding. Ticks 

also transmit pathogens of medical and veterinary importance, and, due to their parasitic lifestyle, they 

produce a variety of active molecules that affect the hosts, the ticks and the pathogens they transmit. 

Among them, glycosylated proteins and enzymes of the glycosylation pathways deserve greater 

attention, as they play a key role in cell-cell communication, development, pathogen transmission, and 

human disorders. 

Sialic acid, a negatively charged nine-carbon saccharide, is a specific, multifunctional molecule 

present mainly in vertebrates, including humans. Research on sialylated glycoproteins and Sia itself has 

focused mainly on humans and other higher animals, because it has long been known that Sia covers 

the surfaces of most vertebrate cells and is involved in their cellular processes. In invertebrates, however, 

their occurrence, diversity, and function are more variable and historically overlooked. 

This thesis provides a comprehensive overview of Sia in the I. ricinus tick, the most common 

tick in the Czech Republic and a parasite of humans and addresses the challenge of distinguishing host- 

and tick-origin sialylated molecules. 

 

The origin of I. ricinus Sia 

To date, Sia has been described in organs of a few arthropod species - in Malpighian tubules of 

cicada P. spumarius (Malykh et al., 1999), in prothoracic glands of honeycomb moth 

Galleria mellonella (Karaçalı et al., 1997), in D. melanogaster embryo (Aoki et al., 2007), in the 

haemolymph of the silkworm B. mori (Soya et al., 2017), in A. aegypti tissues (Cime-Castillo et al 2015), 

and in a mosquito cell line (He et al., 2024b). 

As ticks receive mammalian blood as their only source of nutrients, the origin of sialylated 

glycans is debatable because they could come from both the host and the tick source. The origin of 

sialylated glycans in ticks is thus a key question in tick glycobiology. 

Research over the last few decades has shown that host-derived proteins are present in both tick 
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tissues and saliva during and after feeding. These are acquired from the blood meal and selectively 

retained, transported, or even re-secreted. For example, Tirloni and colleagues (2014) identified 68 

bovine proteins in R. microplus saliva alongside tick proteins, and Liu and colleagues reported 40 host-

derived proteins in H. flava haemolymph (Liu et al., 2022). 

We firstly reported the observation of Sia in SG and in the gut of partially fed I. ricinus females 

using an electron microscope (Vancova et al., 2012). In combination with MS analysis and western blot 

using a specific antibody/lectin, two Sia types were detected, Neu5Ac and Neu5Gc. However, some 

evidence suggests that the detected molecules are of host origin. The structure of the identified sialylated 

glycans, whether bi- or triantennary, resembles that of mammalian glycans more than that of sialylated 

glycans found in Drosophila that feature sialic acid residues attached to only one antenna (Aoki et al., 

2007). Park and colleagues (2020) also identified both Neu5Gc and Neu5Ac glycans composed of two 

or three branches in A. americanum that correspond to our findings; nevertheless, the origin of the 

identified glycans was not elucidated. Moreover, NeuGc attached to the end of four glycan branches 

was found in A. americanum males. 

The structure of Sia glycans of I. ricinus differs from the sialylated glycans detected in partially 

fed females of A. americanum tick (Park et al., 2020), as the sialylated glycans from I. ricinus females 

lack α1,3-core fucose. α1,3-core fucosylation, a characteristic feature of invertebrates, belongs to the 

group of so-called cross-reactive carbohydrate determinants that are responsible for the IgE production 

in humans. Humans lack α1,3-core fucose, so their immune system considers this epitope foreign. 

α1,3-core fucosylated glycans have also been observed in I. scapularis salivary glands, but without 

Neu5Gc/Neu5Ac (Pedra et al., 2010) and with Neu5Ac in A. americanum partially fed female (Park et 

al., 2020). 

The host origin of the reported NeuGc in I. ricinus tissues is supported by its localisation in 

digestive cells, in the cytoplasm and in small vacuoles. Their path was recorded as it passed through the 

gut basement membrane (Vancova et al., 2012), which is consistent with the observations that several 

host glycosylated proteins can survive tick digestion and may be incorporated into tick tissues or 

transported into saliva (Ackerman et al., 1981; Fujisaki et al., 1984; Valenzuela, 2002; Wang & Nuttall, 

1994). Host plasma proteins typically found in ticks include albumin, immunoglobulins (IgG, IgM), 

complement components, fibrinogen, and other clotting factors; some of them also bear Sia in their 

glycans. For example, transferrin can carry up to four Sia on its N-glycans (van Dijk et al., 1994), and 

about 5 % of IgG molecules feature core-fucosylated biantennary complex glycans with two Sia residues 

(Routier et al., 1998). In human serum, sialylation of plasma protease C1 inhibitor, orosomucoid, 

haptoglobin, caeruloplasmin, a1-antitrypsin, and many other glycoproteins has been identified (Alley & 

Novotny, 2010; Taniuchi et al., 1981). Regarding other potential mammalian hosts for ticks, Neu5Gc 

occurs in horses, as well as in deer and cattle, being highly variable among species (Contò et al., 2025; 
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Nemanichvili et al., 2022).  

Neu5Gc was also detected in low amounts in the gut of unfed tick females (Vancova et al., 2012). 

As hard ticks can digest the host blood gradually, which is made possible by the tick’s specialised slow 

intracellular digestion based on lysosomal degradation. This enables intact host proteins to persist in the 

tick environment, allowing ticks to survive without feeding for extended periods. Additionally, 

host-derived proteins can stay in the tick body for extended periods, lasting several months after feeding 

and moulting (Wickramasekara et al., 2008). 

Neu5Gc was detected in acini type III (cytoplasm) and in f cells (basal labyrinth and microvilli) 

in SGs, suggesting the possible excretion from haemolymph to saliva. Moreover, Neu5Gc was stained 

in granular acini type II (basement membrane), which is responsible for the secretion of many tick 

salivary components. Finally, the different intensity of anti-Neu5Gc staining was reported between 

tissue homogenates of fed and unfed I. ricinus females in comparison to guinea pig serum (Vancova et 

al., 2012). 

To address the question of the origin of sialylated glycans, we used two different biochemical 

quantification methods – the thiobarbituric acid assay (TBA; Warren, 1959) and metabolic labelling 

using NeuNAz to determine the content of Sia in ticks, tick organs, and a tick cell line (Sterba et al., 

2014). Thus, we compared the amount of total Sia content to tick-derived metabolically created Sia 

(NeuNAz). The TBA method, compared with NeuNAz quantitation, showed Sia levels several orders 

of magnitude higher in all tick tissues and homogenates. The Sia content measured by the TBA assay 

ranged from 1.3 to 8.5 mol Sia/g of protein in tick organs and approximately 60 mol Sia/g of protein 

in whole tick homogenates; the gut was washed to remove the lumen, which contains the ingested blood. 

This difference can be explained by the nature of the TBA assay, which measures total Sia released after 

hydrolysis and therefore includes both host-derived and endogenous pools, and the inclusion of the gut 

lumen in the whole tick homogenate (Sterba et al., 2014). In contrast, metabolic labelling with NeuNAz 

specifically reflects newly synthesised sialylated glycoconjugates (Chang et al., 2009). The NeuNAz 

level was about 3 orders of magnitude lower in OV and SG, and even less in the gut and in whole tick 

homogenate (Sterba et al., 2014). Taken together, Sia levels were lower in individual organs than in the 

whole tick homogenate and, overall, were markedly higher than the tick-produced NeuNAz content. 

This indicates that the whole tick – particularly the gut – contains substantial amounts of sialylated 

molecules derived from the host, whereas sialylated proteins produced by the tick itself are more 

abundant in the salivary glands and ovaries. The lower levels of NeuNAz compared to total Sia strongly 

support the conclusion that the majority of sialylated glycans present in ticks originate from the host 

blood meal rather than from tick biosynthesis. This interpretation is consistent with our previous study, 

which demonstrated that ticks internalise sialylated glycans (derived from the host) and transport them 

from the gut to other organs, including the salivary glands (Vancova et al., 2012).  
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The amount of Sia and NeuNAz was also examined in the tick cell line IRE/CTVM19. Sia 

content exceeded that in the full tick homogenate, reaching 86 µmol Sia per gram of protein (Sterba et 

al., 2014). The presence of Sia in a tick cell line is not surprising and can be linked to the binding of 

sialylated proteins from bovine serum in the culture medium to the tick cells. However, it was not 

possible to quantify NeuNAz in the cell lysate (Sterba et al., 2014). Later, we confirmed NeuNAz in the 

IRE/CTVM20 cell line after optimising conditions for metabolic incorporation and bioorthogonal 

labelling (Sterbova et al., 2026b). 

As mentioned above, to differentiate between host- and tick-derived sialylated molecules, we 

used a bioorthogonally labelled Sia precursor, N-azido-mannosamine (ManNAz). ManNAz, containing 

a small inert azido-group, can be metabolised to N-azido-neuraminic acid and incorporated into glycans, 

provided that the corresponding synthetic pathway is present. Despite the predominance of host-derived 

glycans, the presence of NeuNAz in tick tissues and IRE cells suggests that ticks possess a functional 

capacity for de novo sialylation, and corresponding genes can also be found.  

In Eukaryotes, there are two possible pathways for the synthesis of Neu5Ac. The classical 

pathway includes ManNAc-6-kinase (EC:2.7.1.60), N-acetylneuraminate-9-phosphate synthase 

(EC:2.5.1.56/57), and sialic acid (N-acetylneuraminate-9-phosphate) phosphatase (EC:3.1.3.29). The 

less common synthetic pathway involves the N-acetylneuraminate lyase-like enzyme (EC:4.1.3.3). 

ManNAc (N-acetylmannosamine) enters both pathways as a precursor and is metabolised to Neu5Ac. 

Then, CMP-sialic acid synthetase (CMAS EC:2.7.7.43) creates CMP-Neu5Ac, which is transferred to 

the mature glycan by SiaT (sialyltransferase) (EC:2.4.3.1 and EC: 2.4.3.6). Searching for the various 

databases – our Oxford Nanopore Technology polished long read assembly (BioProject ID 

PRJNA1028502, previously published assemblies of two I. ricinus isolates (Bioproject ID 

PRJNA816462) and our comprehensive transcriptomic data from multiple life stages of I. ricinus 

(GenBank ID GIDG00000000) (Vechtova et al., 2018), we did not find homologues of these enzymes. 

Additionally, none of the D. silvarum, R. sanguineus, and R. microplus species listed in the KEGG 

database (Kanehisa et al., 2024) possess homologues of this enzymatic pathway.  

On the other hand, an annotated N-acetylneuraminate lyase-like enzyme was found in all of 

them. This enzyme is a homolog of 4-hydroxy-tetrahydrodipicolinate synthase (EC:4.3.3.7), a pyruvate 

and L-aspartate-4- semialdehyde condensing enzyme capable of Neu5Ac synthesis from ManNAc. We 

propose that this enzyme can perform a reverse condensation reaction, similar to its usual activity, by 

using pyruvate and N-acetyl-D-mannosamine as substrates. Based on this, we suggest that this enzyme 

can synthesise Sia in ticks. In I. ricinus, four sequences corresponding to fragments of a Neu5Ac lyase–

like gene are present in the Transcriptome Shotgun Assembly (TSA) database. Additionally, in the 

closely related species I. scapularis, an N-acetylneuraminate lyase sequence is available under GenBank 

ID XM_002410163. 
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For glycosylation, CMP-Neu5Ac-synthetase is then required for the attachment/activation of 

Neu5Ac as a next step. This enzyme or its fragments were identified in five TSA assemblies 

(GIXL01003653.1, GFVZ01001309.1, GIDG01027528.1, GANP01000285.1, GCJO01002967.1) and 

in five assemblies in the Whole Genome Shotgun database (JBDHMW010008074.1, 

JAZHYW010054697.1, JBDHMV010017173.1, JXMZ02167595.1, JAZHYW010010247.1). 

Furthermore, two genes and protein entries were found in the closely related I. scapularis 

(XP_029849120, EEC15406).  

Attachment of Sia to glycans is the final step in protein sialylation. We confirmed the expression 

of two SiaT isoforms in various I. ricinus developmental stages as well as in IRE/CTVM20 cell lysate 

and SiaT activity in the tick cell line (Sterbova et al., 2026b). The putative α2,3-sialyltransferase 

(GenBank EEC07371) and α2,6-sialyltransferase (GenBank ADO17789) were also found in the genome 

of I. scapularis and in A. americanum (JAT98667.1) (Park et al., 2020). In other Arthropods, SiaT has 

been identified in the D. melanogaster genome (Koles et al., 2004), where its expression and functional 

activity have been confirmed, along with the crucial role of sialylated glycans present in neural tissues 

during development (Repnikova et al., 2010). 

To test our assumption that ticks can synthesise their own sialylated glycans, we used metabolic 

labelling in combination with biorthogonal chemistry. Using this approach, we were able to detect 

tick-derived Sia in every life stage – from fed I. ricinus females through eggs to larvae and nymphs. As 

a precursor, ManNAz in tetraacetylated form (Ac4ManNAz) was used. It has already been applied as a 

bioorthogonal probe to label and subsequently detect sialylated glycans in various organisms, including 

ticks (Sterba et al., 2014) and Drosophila (Granell et al., 2011). Other precursors, such as 

N-levulinoylmannosamine (Charter et al., 2000), have been successfully used previously (Du et al., 

2009; Prescher & Bertozzi, 2006). 

For our purpose, ManNAz was added to bovine blood during in vitro feeding or to the tick cell 

growth medium. DMSO instead of ManNAz was used as a control. Generally, this modified sugar 

precursor competes with the natural substrate ManNAc in the Sia biosynthetic pathway and is converted 

to NeuNAz. NeuNAz is then incorporated into newly synthesised sialylated glycoproteins, introducing 

a small, bioorthogonal azido group derived from the administered ManNAz. This azido group can 

subsequently be covalently coupled via a triazole ring (Tornøe et al., 2002) using a copper-catalysed 

1,3-dipolar cycloaddition (Click reaction) with Alexa fluorophores carrying an alkyne group. NeuNAz 

incorporated into tick glycoproteins was thus tagged with Alexa Fluor 488 and subsequently detected 

using Western blotting and fluorescence/confocal microscopy. Metabolically derived sialylated 

glycoproteins were detected in IRE cells and in various stages of I. ricinus (Sterbova et al., 2026b). 

In the tick cell line, the signal from NeuNAz was localised particularly in vacuoles and areas 

close to the nucleus and inside the cytoplasm of some cells, which suggests that Sia is produced in small 
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amounts. Newly synthesised proteins visualised by western blot ranged from approximately 45 kDa to 

150 kDa; for several of them, MS identification was performed alongside the prediction of glycosylation 

sites (Sterbova et al., 2026b).  

In eggs collected at various time intervals after oviposition, glycoproteins with NeuNAz were 

detected by Western blot. Additionally, a change in the amount of these glycoproteins was observed, 

with the highest levels at egg laying, gradually decreasing until the larvae hatched. It is therefore 

possible that these glycoproteins play a certain role in embryogenesis. This result corresponds to 

research on sialylated glycoproteins in the fruit fly. Here, Sia was detected during embryonic 

development, where it plays a role in nervous system development (Roth et al., 1992). We further 

examined the presence of NeuNAz in eggs/embryos and larvae using confocal microscopy. A positive 

signal was detected at the cell membranes and in numerous scattered clusters within vacuoles (Sterbova 

et al., 2026b).  

The larval stage was prepared as 5-μm-thick sections, in which the signal was displayed in 

specific structures located on both sides of the larval body. Although larval anatomy is only partially 

described in the available literature, the structures appear to correspond to structures stained with DAPI 

located in the vicinity of the anterior legs, as observed using an Olympus BX-60 microscope (Sterbova 

et al., 2026b). The elevated levels of sialylated glycoproteins produced by ticks during the larval stage 

are consistent with observations in Drosophila. Studies by Koles and colleagues (2004) and Repnikova 

and colleagues (2010) highlight the crucial role of sialylated glycoproteins and sialyltransferases in 

nervous system formation during embryogenesis, as well as the highest occurrence of sialylated glycans 

in early embryos. Accordingly, the occurrence of protein sialylation in tick-derived cell lines is expected, 

given that these lines originate from tick embryos (Bell-Sakyi et al., 2007). 

In the I. ricinus tick and the tick cell line, our recent studies have identified sialyltransferase 

activity and demonstrated the metabolic incorporation of a Sia precursor into tick glycoconjugates, 

confirming that ticks can synthesise their own sialylated molecules. Notably, the distribution of NeuNAz 

suggests that endogenous sialylation is more active in early developmental stages, particularly in eggs 

and larvae. Moreover, we quantified and compared the total amount of Sia and the amount of 

metabolically created Sia (NeuNAz). The amount of host-derived Sia exceeded that of tick-derived Sia. 

We showed that tick gut and salivary glands contain NeuGc glycans, pointing to the host origin of the 

detected molecule.  

 

Immunologically interesting glycans 

In parallel to our research on Sia, glycomic studies appeared to be a very relevant tool for 

revealing and describing the mechanisms of pathogen transmission and host-parasite interactions. 

Despite growing interest in protein glycosylation and arthropod glycans, major knowledge gaps remain 
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to be filled regarding the nature and specific functions of glycoconjugates in the tick-pathogen-host 

triad.  Ticks transmit a broad range of bacterial, viral and protozoan pathogens, making 

pathogen-specific vaccines expensive and difficult to develop. A promising alternative is a general 

anti-tick vaccine, potentially exploiting tick glycoproteins such as the midgut antigen Bm86, which is 

more immunogenic in its glycosylated than in its non-glycosylated form (de la Fuente et al., 2006). 

Vaccines based on this antigen, TickGARD and Gavac, protect cattle against R. microplus by reducing 

tick numbers and decreasing egg production (Willadsen, 2008). Additionally, an anti-tick vaccine based 

on recombinant Ferritin 2 and native tick protein extract showed promising results (Hajdusek et al., 

2010; Knorr et al., 2018). 

Modern glycomic approaches have revealed that tick glycosylation is more extensive than 

previously assumed, and unusual combinations of glycans are present (Park et al., 2020). Some glycan 

epitopes are increasingly recognised as immunologically relevant, contributing to allergies and offering 

promising targets for diagnostics, therapies, and broad anti‑tick vaccines. Among them, CCDs absent in 

humans have emerged as clinically relevant epitopes that contribute to allergy, anaphylaxis (e.g., α-Gal 

syndrome), and diagnostic interference. One prominent example is the α-Gal epitope, which is involved 

in delayed allergy to red meat associated with tick bites known as α-Gal syndrome. AGS cases have 

been reported in increasing numbers worldwide, but the reason for this rapid rise remains unclear. From 

a clinical standpoint, anti-αGal vaccines have been proposed both to reduce anti-αGal IgE production 

and basophil activation and as potential broad-spectrum vaccines targeting multiple vectors and 

pathogens (summarised in Petry et al., 2026). 

The presence and immunogenicity of CCD epitopes in tick tissues and saliva pose an obvious 

paradox, as ticks need to suppress the host’s defensive responses to feed successfully. Our hypothesis 

is that inhibitory signals, including sialylated glycoproteins derived from the tick or the host, can 

modulate the immune response and, through molecular mimicry, mask highly immunogenic 

tick-specific glycans. Ticks may transport undigested host sialylated proteins and glycans from the gut 

to their salivary glands and saliva. This may allow them to present host-like glycan patterns at the 

feeding site, helping to suppress host immune activation while still utilising immunogenic carbohydrate 

complexes for other functions (Sterbova et al., 2026a; Vancova et al., 2012). 
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4. Conclusion and future prospects 
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Over recent years, the occurrence of ticks, tick-borne pathogens, and tick-borne diseases has 

increased worldwide. Due to climate change, various tick species are spreading to higher elevations and 

into areas where they were previously not found (Daniel, 1993; Daniel et al., 2003), thereby posing a 

threat to a greater number of people, wild animals, and cattle. Due to the increasing incidence of 

tick-borne diseases and AGS, the development of new strategies to control their life cycles is a hot topic. 

To gain a deeper understanding of the complex interactions between parasites, pathogens, and hosts, it 

is essential to examine the role of individual components at the molecular level. More recent work at 

the tick-host-pathogen glycobiology interface highlighted the broad importance of glycans and 

glycan-binding molecules in vector competence and in the development of anti-tick vaccines 

(summarised in Vechtova et al., 2018). 

In this study, focused on sialylated glycoproteins from the Ixodes ricinus tick and cell line, 

NeuAc and NeuGc were shown to be present in tick saliva/salivary glands, and the gut, and their host 

origin was suggested. Their transport from the blood meal through the gut into the haemolymph and 

salivary glands was visualised. Subsequent research quantified Sia in different tick organs and tick cell 

lines, showing that host sialylated molecules dominate in gut and whole-body homogenates, whereas 

metabolically incorporated Sia is more enriched in salivary glands, ovaries, and embryo-derived tick 

cell lines. Additionally, genomic and transcriptomic analyses identified tick sialyltransferases, 

CMP-Neu5Ac synthetase, and an N-acetylneuraminate lyase-like enzyme, supporting a non-canonical 

endogenous Sia biosynthetic pathway. Using a bioorthogonal precursor (ManNAz) and Click chemistry, 

the study provided evidence that ticks synthesise their own sialylated glycoproteins, particularly during 

embryonic and larval stages and in tick-derived cell lines. The tick glycome emerges as a dynamic, 

composite system shaped by both endogenous biosynthesis and the incorporation of host-derived 

glycoconjugates. Sialylated glycoproteins of host origin seem to be recycled, potentially even reattached 

to tick proteins, while endogenously produced sialylated glycoproteins seem especially important during 

early tick development. This complexity underlies key aspects of tick biology, including long-term 

survival without feeding, immune evasion at the feeding site, pathogen transmission and the induction 

of allergic responses in the host. 

In parallel, the coexistence of immunogenic CCDs with inhibitory, often sialylated, 

glycoproteins from both host and tick sources supports a model in which ticks use molecular mimicry 

and glycan-mediated signalling to suppress host defences while still eliciting carbohydrate-specific 

immune responses. As tick ranges expand with climate change and tick-associated allergies and 

infections continue to rise, a deeper understanding of tick glycobiology, including sialic acid 

metabolism, glycan-mediated interactions and immunogenic carbohydrate epitopes, will be essential for 

designing new diagnostic tools, vaccines and therapies, and for improving the management and 

prevention of tick-borne infections and associated allergies such as AGS. 
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The roles and mechanisms in the glycobiology field in ticks remain incompletely understood; 

therefore, translating this knowledge to benefit humans remains a challenge for research. To complete 

the overall picture of Sia in the I. ricinus tick, one crucial piece of this puzzle remains to be solved: the 

question about host-derived Sia in tick tissues and cells. Therefore, our future research will aim to clarify 

how ticks selectively recognise and transport host sialylated glycoproteins, how endogenous and 

host-derived glycans are integrated into the tick glycome and how these processes impact immune 

modulation and pathogen transmission. 
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