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Ticks are blood feeding arthropod parasites transmitting a wide variety of pathogens to their vertebrate hosts. The vector
capability of ticks is tightly linked to their immune system. Ticks can defend themselves against microbial infection with a
variety of antimicrobial peptides comprising lysozymes, defensins, and unique molecules not found in other arthropods.
Lysozymes are hydrolytic enzymes, characterized by their ability to cleave the β-(1, 4)-glycosidic bond between Nacetylmuramic acid and N-acetyglucosamine in peptidoglycan, the major bacterial cell wall polymer. A full-length cDNA
encoding lysozymes was obtained from cDNA libraries of salivary glands of the ixodid hard tick Haemaphysalis
longicornis and designated as HlLysozyme. The HlLysozyme sequence represents an open reading frame for a putative
signal peptide and the mature protein composed of 121 amino acids. The calculated molecular weight of the protein is 13.7
kDa, and the theoretical isoelectric point is 9.85. HlLysozyme shares a 41-79% amino acid sequence identity with the
lysozymes of other organisms. Elevated gene expression of HlLysozyme was observed when female ticks were challenged
with bacteria, suggesting the possible roles of lysozymes in the innate immunity of ticks against microorganisms. This
study would provide a starting point for an immunological examination of tick-pathogen interactions.
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1. Introduction
Ticks (Acari: Ixodida) are parasitic mites that suck from their vertebrate host. Systematically, they belong to the Phylum
Arthropoda, Class Arachnida, Subclass Acari, Order Parasitoformes, and Suborder Ixodida [1]. Until now, more than
900 tick species have been described and divided into two major families, Argasidae (argasids, soft ticks) and Ixodidae
(ixodids, hard ticks) [2]. Soft ticks, Argas or Ornithodoros, are multi-host parasites with several nymphal stages (2-8),
all of which feed rapidly on their hosts (from minutes to hours). The adult ticks can feed repeatedly, and the females,
which mate away from the host, deposit a limited number of eggs (a few hundred) after each feeding. The life span of
argasids is long (up to several years), and they can live without food for years between individual blood meals as
nymphs or adults. Hard ticks, Amblyomma, Dermacentor, Haemaphysalis, Ixodes, and most Rhipicephalus, are threehost ticks; in each stage, they can feed on a different host. The hard ticks feed slowly for several days, depending on the
stage and species. The adult females typically mate on the host, and, after full engorgement, they drop off. The blood
meal is digested within several weeks, and the female oviposits thousands of eggs and dies.
Invertebrate arthropods lack an adaptive immune system, and, for their defense against potential pathogens, they rely
on a network of cellular immune reactions and humoral factors involved in pathogen recognition and elimination. The
molecular details of this innate immune system are elucidated in Drosophila fruit fly [3] and provide a base for further
investigation of immune responses and parasite transmission in important insect disease vectors, such as mosquitoes [4]
and tsetse flies [5].
In contrast to model and/or blood-sucking insects, the innate immunity of ticks of ticks has not been thoroughly
understood. Early studies emphasized the role of hemocytes and cellular immunity in innate defense of ticks against
infection [6]. However, this has changed in recent years, since numerous studies have identified the sequences of a large
number of tick immune proteins and peptides. In ticks, the invasion of foreign organisms induces or upregulates
expression of molecules that act in concert to regulate the infectants [7]. They are secreted into the hemolymph plasma
and termed humoral factors. There are a variety of antimicrobial peptides, lectins, lysozymes, coagulation factors,
proteases, and protease inhibitors in nature. Particularly, many aspects concerning the biological role of lysozymes,
such as the impact of peptideglycan fragments released by the lytic action of this enzyme in bacteria-host interactions,
are not completely understood. In this review, different types of lysozymes recently found in several species of ticks are
discussed, particularly in terms of their biological role.

2. Different types of lysozymes
The bacteriolytic function of lysozymes is widely employed in the innate immunities of both animals and plants;
therefore, this enzyme is probably one of the defense molecules investigated in greatest detail [8]. Lysozymes hydrolyze
the 1, 4-glycosidic bound between N-acetylmuramic acid and N-acetylglucosamine in cell-wall peptide glycans of
Gram-positive bacteria. However, it was recently demonstrated that the antibacterial activity of lysozymes operates
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independently of its muramidase activity [9]. Animal lysozymes have been categorized into the chicken (c)-, the goose
(g)-, and the invertebrate (i)-type, according to their possession of type-specific amino acid sequence features and their
species of origin [10]. The expression of c-type multi-gene families of a number of animal species is known to be
regulated in response to bacterial challenge on the innate immunity of humoral defense. In a recent study, eight c-type
lysozymes have been characterized in Anopheles gambiae mosquitoe [11]. The transcript abundance of each c-type
lysozyme was determined by RT-PCR. Lysozymes c-1, c-6, and c-7 are expressed constitutively in all developmental
stages from egg to adult. Lysozymes c-2 and c-4 are also found in all stages but with relatively much higher levels in
adults. Conversely, lysozyme c-3 and c-8 transcripts are the highest in larvae. Lysozyme c-1, c-6, and c-7 transcripts are
present in nearly all the adult tissue samples, while lysozymes c-2 and Lys c-4 are more restricted in their expression.
Lysozyme c-1 and c-2 transcripts are clearly immune-responsive and increase significantly 6-12 hours post-challenge
with bacteria. The functional adaptive changes that may have evolved during the expansion of this gene family are
briefly discussed in terms of the expression patterns and gene and protein structures.
Lysozymes are ubiquitous proteins that have been studied in many species of invertebrates and vertebrates and have
been characterized and demonstrated to be immune-associated molecules [12], digestive enzymes [13], and
multifunctional molecules [14]. Lysozymes (HlLysozyme) isolated from ixodid Haemaphysalis longicornis ticks
showed the closest alignment to a group of immune-related lysozymes isolated from Bombyx mori [15] and other ixodid
ticks, Dermacentor andersoni and D. variabilis [16]. A comparison of the amino acid sequence reveals that arthropod
lysozymes, except Triatoma infestans-2 [17], share the common characteristic of having 8 cystein residues that form 4
disulfide bridges as well as the conserved catalytic sites of the glutamic acid and asparatic acid residues. These
conserved common structural features in insect and tick lysozymes suggest that they play a major role in arthropod
survival. Lysozymes in the arthropod midgut play a role in carbohydrate digestion while simultaneously regulating the
proliferation of Gram-negative bacteria in this region.
Through comparative molecular BLAST analyses, we established a classification for the highly conserved expressed
products identified as c-type lysozymes from the ixodid H. longicornis and D. variabilis ticks and the argasid
Ornithodoros moubata tick (Fig. 1). NCBI database searches and multiple-sequence alignment analyses demonstrated
that the translated lysozyme sequences of H. longicornis, D. variabilis, and O. moubata are more similar to various ctype lysozymes than to those of the α-lactoalbumins and the other i- and g-type lysozymes [18]. However, some
differences were observed between the translated sequences of the HlLysozyme and other tick lysozyme sequences
reported to date. The most notable difference was the presence of the conserved aspartic acid residues required for Ca2+
binding in Ornithodoros lysozyme-translated sequence. However, these residues were not present in the hard tick
Haemaphysalis and Dermacentor sequences.
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Fig. 1 Phylogenetic analysis of the amino acid sequences of lysozymes from Haemaphysalis longicornis (GenBank accession
number AB558270), Dermacentor variabilis (AAO23571), Ornithodoros moubata (AAL17868), Anopheles gambiae (AAC47326),
Triatoma infestans (ABI94387), Drosophila melanogaster (NP_476828), Bombyx mori (NP_001037448), Streptopelia senegalensis
(ABC49680), Gallus gallus (NP_990612), and Homo sapiens (AAP97222). *Identity
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3. Biological function of lysozymes
Lysozymes of different types are widespread among animals. Most organisms have the genetic capacity to produce
multiple lysozymes of different types, and it is presumed that these lysozymes may have complementary or even
different functions. A widely recognized function of lysozymes is their contribution to antibacterial defense. The
distinct role of lysozymes is their participation as a digestive enzyme in some animals. In general, indications for the
function of lysozymes can be derived from the special expression and regulation patterns of genes and enzyme activity.
Lysozymes contributing to antibacterial defense are generally expressed and upregulated in tissues and body fluids after
being exposed to microbial environments, while those potentially involved in a digestive function are highly expressed
in the stomach or gut. Typically, defensive lysozymes have a neutral pH optimum and pI values of 8.0 or higher, while
digestive lysozymes tend to have a low pH optimum and a higher resistance to proteases [19].
The lysozyme gene in salivary glands and fat bodies of adult H. longicornis ticks was up-regulated at the
transcriptional level by blood feeding [20]. Alekseev et al. [21] examined the lysozyme lytic activity for hemolymph,
gut contents, and homogenates from the whole body of the soft ticks Ornithodoros (Alveonasus) lahorensis and
Ornithodoros papillipes against the bacterium Micrococcus lysodeikticus. They found that the lysozyme activity
increased (a typical increase of 8–10-fold over the control with sterile blood) only in ticks infected with M.
lysodeikticus, whereas the level of lysozymes did not change in sterile fed animals. Certainly, further experimental work
based on well-defined sterile vs. infectious feeding conditions and comparison with the regulation of other tick gutspecific genes of digestive proteinases, such as longepsin [22], has to be conducted to obtain a basic understanding of
this complex problem.
Recombinant HlLysozyme expressed in Escherichia coli displayed lysozyme-like activity in lytic-zone assays using
the bacteria M. lysodeikticus. Heat stability is a commonly found feature in the majority of insect lysozymes [23].
Alekseev et al. [21] reported that heating at 100◦C for 3 minutes reduced the activity of Ornithodoros lysozymes by
10% and 45% when performed in an acidic (pH 5–6) and an alkaline (pH 8–9) medium, respectively. We have also
investigated the heat stability of recombinant lysozymes [20]. After heat treatment for 30 minutes, recombinant
Hllysozyme was stable from 10 to 60◦C, whereas its activity was destroyed at a temperature of about 90◦C. The
optimum pH of recombinant HlLysozyme was found to be 3 and 6, whereas the optimum pH of chicken egg lysozyme
was reported to be pH 4 and 7 [8]. Our results indicate that recombinant HILysozyme is hardly active at pH above 8;
thus, an increase in pH would theoretically suppress the lysozyme activity. To explain the optical pH of HlLysozyme,
we need to know the exact distribution of pH and the localization of lysozyme activity as they occur in the tick in vivo.

4. Lysozymes in the defense against bacteria
As opposed to the highly specific adaptive immune system of vertebrates, the immune defense in invertebrate
arthropods cannot rely on a memory effect to combat invaders. However, arthropods have a very competent inducible
immune defense system, which is regarded as a useful model for studying innate immune reactions. On bacterial
challenge, insects synthesize a number of bactericidal proteins and peptides in the hemolymph. Inducible lysozyme
activity in the hemolymph has been demonstrated for many insect orders, including Diptera [24], Lepidoptera [25],
Orthoptera [26], and Coleoptera [27]. In addition to their activity against Gram-positive bacteria, some insect c-type
lysozymes are antibacterial against Gram-negative bacteria. Moreover, other antimicrobial proteins and peptides, such
as cecropins, defensins, and attacin, which are also induced by bacterial infection, can broaden the antibacterial
spectrum of lysozymes through synergistic effects. These antimicrobial proteins and peptides are known to adversely
affect bacterial cell membranes [28]. Therefore, together with these molecules, at least the c-type lysozyme is likely to
play an important role in the insect’s defense against bacteria.
In holometabolous arthropods, basically all larval tissues are degraded and replaced by new structures of the adult
animal during metamorphosis [29]. Since this is a vulnerable stage in the insect’s development, several immune
functions, including lysozyme production, are ubiquitously upregulated to prevent the systemic spread of bacteria.
Accordingly, high lysozyme levels are detected in the midgut in full-grown larvae of the cotton bollworm, Helicoverpa
armigera [30]. Lysozymes are stored in granules in midgut cells and released into the midgut lumen just before
metamorphosis is initiated [31]. Although the process of metamorphosis is less radical for hemimetabolous arthropods,
upregulation of lysozyme expression in the bug Triatoma infestans and the soft tick O. moubata was also found
immediately after moulting [32, 33].
Clear evidence for the role for lysozymes in tick innate immunity was demonstrated in hard ticks, D. variabilis, in
which the transcription levels of a 121 amino acid-long (mature protein) C-type lysozyme were elevated in hemolymph
following injection of E. coli, reaching a 17-fold increase within 72 hours post-challenge [16]. A comparison of tissue
transcription levels showed that D. variabilis lysozyme was most abundant in the hemolymph but expressed in very low
levels in the midgut or other organs. Blood feeding did not result in increased lysozyme expression in the D. variabilis
tick, consistently with the findings of the lysozyme transcript but not of the active protein in the midgut of this species
[16, 34]. In the hemolymph, lysozymes of D. variabilis may act synergistically with defensins in disrupting the bacterial
cell wall, thereby greatly accelerating the killing action and perhaps broadening the range of bacteria inhibited by the
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activity of the antimicrobial peptides [35]. Lysozyme antimicrobial activity has been reported from the hemocytes of
hard ticks Ixodes ricinus, from cell lines derived from Ixodes scapularis and D. andesoni, and from homogenates of
Ixodes persulcatus [36, 37]. Most reports showed that lysozymes acted on the cell wall of Gram-positive bacteria. A
noteworthy finding was that lysozyme expression was not upregulated in I. scapularis or D. andersoni cell cultures in
response to challenge with Rickettsia peacockii, but expression was upregulated after stimulation of the cells with E.
coli and M. luteus [37]. This may indicate that endosymbionts in ticks, such as R. peacockii, could avoid recognition by
the host innate immune system.
The immune-inducible characteristics of HILysozyme were confirmed by injection of Staphylococcus aureus into the
hemocoel [20]. The HILysozyme gene was upregulated transiently in the fat bodies, midguts, ovaries, and hemolymph
at 8 hours and 12 hours after S. aureus injection into the hemocoel, and the gene transcript levels decreased at 24 hours
post-injection, and, by 24 hours, the transcript levels dropped back to those of 0 hour. On the other hand, the
HILysozyme transcript levels in the fat bodies, midguts, ovaries, and hemolymph increased to a maximum at 24 hours
after E. coli injection into the hemocoel. These results suggest that E. coli might survive in fat bodies, midguts, ovaries,
and the hemocoel and is not more adversely affected than S. aureus by the normal physiological levels of HILysozyme
or other molecules expressed in these tissues. However, the reason that S. aureus or E. coli injection showed no
difference in the HILysozyme transcript levels in the salivary glands from 0 to 24 hours is not clear. They may not
stimulate an increase HILysozyme gene expression level even though they can survive in the salivary glands. Further
studies are required to resolve whether hemocoel components, such as HILysozyme, can reduce E. coli viability at a
later time post-injection.

5. Lysozymes as a digestive enzyme
In the ruminant stomach, the function of lysozymes was determined to be to digest symbiotic bacteria that provide
nitrogen and phosphorus molecules for milk production [38]. A similar adaptation of lysozymes to a digestive function
has been reported from the midgut of D. melanogaster [39] and Musca domestica [40]. In general, these digestive
lysozymes are the c-type [41] and are different from non-digestive lysozymes with regard to several features, namely, a
lower number of basic amino acids (low pI values), resistance to proteases present in the alimentary tract (such as
pepsin in the vertebrate stomach or cathepsin D in the insect midgut), and optimum pH in the acidic range.
Kang et al. [42] noticed a striking similarity between A. gambiae lysozyme c-1 and Drosophila Lys P. Reverse
transcriptase PCR analysis of the A. gambiae lysozyme gene revealed much higher expression levels in sugar-fed adults
compared to female adults that imbibed a blood meal. In contrast, Li et al. [11] described this lysozyme c-1, together
with the lysozyme c-2, among the now known seven c-type lysozymes of A. gambiae, as the best candidates for an
immune function. Since their research revealed highest transcript levels for lysozymes c-3 and c-8 in larvae that ingest
bacteria as part of their diet, Li et al. [11] proposed a digestive function for these lysozymes. Adaptations resulting in an
acidic pI were not present (pI value of 8.46 for both lysozymes c-3 and c-8); however, they were not expected either,
since larval mosquito guts are weakly to strongly alkaline [43]. Besides the eight c-type lysozyme genes that exist in A.
gambiae [11], Paskewitz et al. [44] characterized two i-type lysozyme genes in this mosquito species. An increased
transcript level of these lysozymes was found in the midguts after a blood meal [45]; thus, a digestive role for these itype lysozymes is possible.
In the lysozyme from the midgut of the soft tick O. moubata, the features of an antibacterial activity seem to be
combined with a digestive function. Grunclova et al. [13] reported an upregulation of the lysozyme at the transcriptional
level by a blood meal uptake, and Kopácek et al. [32] showed an 8-10-fold increase in lysozyme activity in whole body
homogenates 24 hours after feeding on blood infected with different bacterial species than after sterile blood meal.
Although phylogenetic analysis showed this lysozyme is more closely related to the family of the Drosophila digestive
lysozymes than the other c-type lysozymes and the pH optimum of the O. moubata lysozyme is rather in the acidic
range (pH 6.0), some characteristics, including a more acidic pI attributed to digestive lysozymes, are not present [13,
32].
Recent findings in D. variabilis demonstrated a differential regulation of defensin-like peptides in response to the
oral vs. hemocoel route of bacterial challenge [46]. Therefore, there may be a differential regulation of c-type
lysozymes as well. However, HILysozyme is independent of blood meal uptake and digestion. It was not shown to have
a significant mRNA abundance level of these c-type lysozymes in the midgut. These findings might be very important
because they demonstrate a crucial difference in the transcriptional regulation of HILysozyme from that of
Ornithodoros lysozyme, which was reported to reach maximum levels of transcript abundance at 16 hours post-blood
meal uptake in the gut tissues [13]. Based on these findings, the amino acid sequence DRCSLA within the
Ornithodoros lysozyme is conserved in the digestive lysozymes of several Dipteran insect species, leading to the
conclusion that the O. moubata lysozyme may act as a digestive adaptive c-type molecule [13, 32].
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6. Conclusion and perspectives
Ticks are exposed to a variety of microorganisms in their life cycles, and, to avoid the pestiferous growth of
microorganisms, such as bacteria, viruses, and parasites, they possess and develop efficient protective defense
mechanisms. Until now, several antibacterial molecules have been shown to play a defensive role in ticks. The
expression of defensin-like antibacterial molecules has been found in hard and soft ticks [47, 48. 49]. However, the
precise nature of the anti-microorganism mechanisms in ticks remains unclear. The molecular structures of the innate
immune systems of numerous arthropod vectors [50] have potential for the development of effective chemotherapeutic
measures against arthropod-borne diseases.
Eighty years after its discovery and 40 years after the resolution of its three-dimensional structure, lysozymes
continue to attract the interest of scientists in disciplines such as structural enzymology, evolutionary biology,
immunology, and microbiology. Although the role of lysozymes in antibacterial defense is now well established in
some experimental models (using lysozyme knockout animals), a more detailed insight in the spatio-temporal
expression of lysozymes and the precise contribution of lysozymes to antibacterial defense in different tissues is
lacking. Furthermore, the observation that most animals have two different types of lysozymes, at least at the gene
level, raises the question of whether these would have a complementary role in antibacterial defense. An interesting
development is the increasing number of indications that lysozymes may have acquired other functions besides their
role in innate immunity. For example, there is good evidence that, following one of more events of gene duplication, the
enzyme has been recruited for a digestive function in several animals, both invertebrate and vertebrate. Furthermore,
lysozyme-specific peptidoglycan fragments released by the action of lysozymes may act as agonists of inflammatory
pathways by binding to molecular pattern receptors of the innate immune system. Finally, the important role of
lysozymes is also reflected by the discovery of an increasing number of specific lysozyme-inhibitor proteins in bacteria.
The role of these inhibitors in bacteria-host interactions needs to be further established, but, in view of their specific
inhibition of the c-, g-, or i-type lysozyme, these inhibitors will be useful tools to help in distinguishing the role of the
different lysozymes produced by most animals.
Here, we confirmed through molecular characterizations that HILysozyme underwent differential regulation specific
to bacterial challenge. Our specific interests are the functional elucidation of immunity-related molecules of ticks and
tick-borne pathogen transmissions. This study would provide a starting point for an immunological examination of tick–
pathogen interactions.
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