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Abstract
Background  The lone star tick, Amblyomma americanum, is a three-host species widely distributed across North 
America and a vector for multiple human pathogens. Bites from this tick is also associated with alpha-gal syndrome, 
underscoring its growing public health importance. Adult female ticks undergo a prolonged feeding cycle divided 
into preparatory, slow-feeding, and rapid-feeding phases. Tick salivary glands are essential for successful blood 
feeding, producing a complex mixture of molecules that modulate host hemostasis, immunity, and tissue repair. The 
dynamic remodeling of the salivary gland transcriptome and proteome, termed the sialome switch, is thought to 
support prolonged feeding and immune evasion. To investigate the molecular mechanisms underlying the sialome 
switch, we performed high-throughput transcriptomic profiling of salivary glands from A. americanum adult females 
across the feeding cycle.

Results  Unlike previous studies that described the sialome switch in A. americanum by pooling ticks according 
to time post-attachment, we classified individuals based on average body weight, defining seven feeding stages 
encompassing unfed, slow-feeding, and rapid-feeding ticks. We identified 18,704 putative coding sequences (CDS) 
and revealed five distinct transcriptional profiles corresponding to different feeding stages. Unsupervised clustering 
indicated that most CDS were stage-specifically expressed, with temporal shifts observed in different protein families, 
including Kunitz-type, lipocalins, metalloproteases, and evasins. The transition from unfed to the slow-feeding phase 
corresponded to expression of a distinct subset of CDS within the signal transduction class, suggesting potential 
signaling pathways responsible for regulating this dynamic process.

Conclusions  This study provides a high-resolution view of transcriptional dynamics in A. americanum salivary glands 
and identifies candidate molecular pathways regulating the sialome switch. These findings advance understanding of 
tick feeding biology and shed light on strategies ticks use to evade host defenses during prolonged blood meals.
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Background
The lone star tick, Amblyomma americanum, is a three-
host tick species that is widely distributed across North 
America, with specimens reported from 39 states and the 
District of Columbia [1, 2]. A. americanum can act as a 
vector for several pathogens that pose significant risks to 
human health, including Francisella tularensis [3], Bor-
relia lonestari [4], Ehrlichia chaffeensis [5], Heartland and 
Bourbon viruses [6]. Bites from this tick are also linked 
to the development of alpha-gal syndrome [7]. Given its 
extensive distribution and capacity to transmit a variety 
of harmful pathogens, the lone star tick represents an 
increasing public health concern.

The feeding cycle of the adult female ixodid tick is tra-
ditionally divided into three main phases. The first phase, 
known as the preparatory phase, involves attachment to 
the host and the establishment of the feeding lesion. The 
second phase, or slow-feeding phase, marks the onset of 
blood ingestion. This phase typically lasts several days, 
during which the female concentrates the blood meal 
and experiences a moderate weight gain. The final phase, 
called the rapid-feeding phase, occurs during the last 12 
to 36 h of feeding. During this phase, the size and weight 
of the adult female increase exponentially, often exceed-
ing 100 times the weight of an unfed adult tick [8]. The 
total weight gain achieved during a complete feeding 
cycle of adult females is unparalleled by any other blood-
feeding arthropod, underscoring the distinctive hema-
tophagic biology of ticks [8].

An essential component of blood feeding on a verte-
brate host is the tick salivary gland. These glands pro-
duce saliva that contains a complex mixture of peptide 
and non-peptide molecules capable of modulating host 
hemostatic, immune, and tissue-repair responses. It has 
been nearly four decades since the first reports describing 
the antihemostatic, anti-inflammatory, and immunosup-
pressive activity of tick salivary proteins were published 
[9]. Since then, significant progress has been made in 
characterizing the pharmacological arsenal of tick sali-
vary proteins and their potential role in blood acquisition 
[10]. It is now well established that, as feeding progresses, 
tick salivary glands undergo morphological changes [11, 
12], accompanied by alterations in its protein composi-
tion [13, 14]. This phenomenon, unique to ticks, is known 
as sialome switch [15] and is hypothesized to support 
tick feeding on different hosts [16, 17] and to evade host 
defense responses mounted during their extended feed-
ing period [15]. To date, the sialome switch has been 
examined primarily through transcriptomic and pro-
teomic approaches of pooled ticks from different feeding 
stages [18–20], providing a partial understanding of this 
process.

In Amblyomma americanum, the sialome switch has 
been described through transcriptomic, proteomic, and 

immunoproteomic analyses [14, 19, 21], all of which 
relied on collecting ticks based on time of attachment. 
It is important to note, however, that the duration 
required for an adult female tick to achieve full engorge-
ment varies considerably among species and hosts [22]. 
For example, Ixodes ricinus feeding on sheep complete 
their feeding cycle within 7 to 11 days. In contrast, Hae-
maphysalis concinna feeding on rabbits require 7 to 12 
days, while Dermacentor silvarum feeding on both rab-
bits and guinea pigs, take between 6 and 12 days to fully 
engorge. In the rabbit model, Ixodes scapularis require 6 
to 10 days, Amblyomma americanum 10 to 15 days, and 
Dermacentor variabilis 6 to 12 days [23]. These observa-
tions indicate that, at any given point during the feed-
ing process, individual ticks may be at different stages of 
engorgement. Consequently, categorizing ticks solely by 
“days of feeding” or “time post-attachment” may intro-
duce grouping bias.

Moreover, although substantial research has focused on 
identifying and characterizing tick salivary proteins, rela-
tively few studies have investigated the molecular mecha-
nisms that regulate the sialome switch. In this study, we 
conducted a high-throughput analysis of transcriptional 
changes in the salivary glands of A. americanum adult 
females throughout feeding. Rather than pooling ticks 
with varying feeding durations, we classified them based 
on average body weight, creating seven distinct groups 
comprising unfed ticks, slow-feeding ticks, and those in 
the rapid-feeding phase. Beyond providing a higher res-
olution view of the sialome switch, our aim was also to 
identify potential signaling pathways responsible for reg-
ulating this dynamic process.

Methods
Tick rearing and salivary gland dissection
Amblyomma americanum ticks were purchased from the 
tick rearing facility at Oklahoma State University (Still-
water, OK, USA). Unfed ticks were maintained at 21  °C 
and 80–90% relative humidity before infestation. Adult 
ticks used for salivary gland extraction were restricted to 
feed onto the outer part of the ear of four naïve female 
New Zealand White rabbits secured with an orthopedic 
stockinet. A total of 15 adult females and 15 males (30 
ticks per ear, 60 ticks per animal) were placed into the 
tick containment apparatus and allowed to attach. To 
group ticks by a blood feeding index, partially fed ticks 
were collected from host during the feeding, selected 
based on their engorgement size, and sorted by their 
average weight in biological triplicates: group unfed (UF, 
4.7 ± 0.62  mg, 10 ticks per sample), G1 (6.4 ± 0.60  mg, 
5 ticks per sample), G2 (16.4 ± 1.82  mg, 5 ticks per 
sample), G3 (24.7 ± 3.24  mg, 5 ticks per sample), G4 
(67.2 ± 7.30 mg, 5 ticks per sample), G5 (373.9 ± 34.48 mg, 
3 ticks per sample), and G6 (577.0 ± 88.50 mg, 3 ticks per 
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sample). After removal from the host, ticks were rinsed 
with 1% bleach, nuclease-free water, and 70% ethanol, 
followed by a final rinse with nuclease-free water. Ticks 
were dissected within two hours after removal from the 
host. Tick salivary glands (SGs) were dissected in a fresh, 
ice-cold nuclease-free phosphate-buffered saline (PBS), 
pH 7.4 (Invitrogen, Waltham, MA, USA). After dissec-
tion, SGs were gently washed in fresh nuclease-free PBS, 
pH 7.4, containing 4 U/mL of RNAse inhibitor (RNase-
OUT, Thermo Fisher Scientific, Waltham, MA, USA) and 
a protease inhibitor cocktail (Sigma Aldrich, St. Louis, 
MO, USA). After washing, dissected SGs were imme-
diately stored in RNAlater (Invitrogen, Waltham, MA, 
USA) until total RNA extraction.

Library preparation, sequencing, and data analysis
Total RNA was isolated using the AllPrep DNA/RNA/
Protein mini kit (QIAGEN, Germantown, MD, USA) 
according to the manufacturer`s instructions. RNA 
integrity and quantification were assessed using a 4200 
TapeStation system (Agilent Technologies, Santa Clara, 
CA, USA). Due to poor RNA quality (RIN value lower 
than 7), one biological replicate of group 6 was removed 
from this study. The Illumina libraries were constructed 
using the NEBNextUltraTM II (Directional) RNA with 
polyA selection library prep kit and sequencing was per-
formed in an Illumina Novaseq 6000 DNA sequencer. 
The quality of raw Illumina reads were checked using 
the FastQC tool (0.12.1) (​h​t​t​p​​s​:​/​​/​w​w​w​​.​b​​i​o​i​​n​f​o​​r​m​a​t​​i​c​​s​.​b​​a​
b​r​​a​h​a​m​​.​a​​c​.​u​​k​/​p​​r​o​j​e​​c​t​​s​/​f​a​s​t​q​c​/). Low-quality sequences 
with a Phred quality score (Q) below 20 and the Illumina 
adaptors were removed using TrimGalore (0.6.7) (​h​t​t​p​​s​:​
/​​/​g​i​t​​h​u​​b​.​c​​o​m​/​​F​e​l​i​​x​K​​r​u​e​g​e​r​/​T​r​i​m​G​a​l​o​r​e). Subsequently, 
reads were merged and assembled de novo using Trinity 
(2.9.0) [24], in single-stranded F mode (forward read-pair 
orientation), and ABySS (2.3.6) [25] with k values ranging 
from 25 to 95, with increments of 10. The final assemblies 
were merged, and sequences sharing at least 95% identity 
were consolidated using the CD-HIT tool [26]. The DNA 
coding sequences (CDS) with an open reading frame 
(ORF) of at least 150 nucleotides were extracted based on 
BLASTp (2.2.30) results from several databases, including 
a subset of the non-redundant protein database, the tran-
scriptome shotgun assembly (TSA), and RefSeq-inverte-
brate (​h​t​t​p​​s​:​/​​/​w​w​w​​.​n​​c​b​i​​.​n​l​​m​.​n​i​​h​.​​g​o​v​/​r​e​f​s​e​q). The CDS 
were extracted if they covered at least 70% of a matching 
protein. Additionally, all ORFs starting with a methionine 
and with a length of at least 40 amino acids were analyzed 
using the SignalP tool (V3.0). Sequences with a putative 
signal peptide were mapped to the ORFs, and the most 
5` methionine was selected as the starting point of the 
transcript [27]. Relative quantification of each CDS was 
performed by mapping the trimmed Illumina reads to the 
final set of CDS using RSEM [28] and CDS with a TPM 

(transcripts per million) ≥ 3 in at least one biological con-
dition were selected for downstream analysis. Functional 
annotation of the selected CDS was carried out using an 
in-house program that scanned a vocabulary of approxi-
mately 450 words and their order of appearance in the 
protein matches obtained from BLASTp/RPS-BLAST 
against various databases, including Transcriptome Shot-
gun Assembly (TSA), a subset from the Non-Redundant 
(NR), RefSeq-invertebrate, RefSeq-vertebrate, RefSeq-
protozoa (​h​t​t​p​​s​:​/​​/​w​w​w​​.​n​​c​b​i​​.​n​l​​m​.​n​i​​h​.​​g​o​v​/​r​e​f​s​e​q​/), ​U​n​i​P​r​o​
t Knowledgebase (UNIPROTKB - ​h​t​t​p​​s​:​/​​/​w​w​w​​.​u​​n​i​p​​r​o​t​​.​o​
r​g​​/​h​​e​l​p​/​u​n​i​p​r​o​t​k​b), CDD, SMART, MEROPS, and PFAM 
[29]. This annotation process included percent identities 
and coverage information [30]. The databases utilized 
in this study were updated in December 2024. The final 
annotated CDS are available for download as a hyper-
linked Excel file (Supplementary file 1). Transcriptome 
completeness was evaluated using the Benchmarking 
Universal Single-Copy Orthologs (BUSCO) utilizing the 
Arachnida database as reference [31].

Statistical analysis
The multidimensional plot and the pairwise differen-
tial expression analysis were carried out with the edgeR 
package [32] for R [33]. Statistical significance was con-
sidered when Log2FoldChange (LogFC) was higher than 
2 or less than − 2, and a false discovery rate (FDR) less 
than 0.05 were obtained. The heatmap plot was gener-
ated with the pheatmap package using the TPM values 
and the volcano plots were generated with the ggplot2 
package for R. Unsupervised clustering of the filtered 
CDS, based on TPM values, were performed with the 
Expander tool using the CLICK method [34]. Ortholog 
detection was determined by the reciprocal smallest dis-
tance (RSD) method [35], run with a coverage ≥ 80% and 
an e-value ≤ 0.1.

Data availability
The transcriptome data was deposited to the National 
Center for Biotechnology Information (NCBI) under Bio-
Project PRJNA1225697 and BioSamples SAMN46899977 
- SAMN46899996. The raw reads were deposited to 
the Short Reads Archive of the NCBI under accessions 
SRR32398692 - SRR32398711. This Transcriptome 
Shotgun Assembly project has been deposited at DDBJ/
EMBL/GenBank under the accession GLLI00000000. 
The version described in this paper is the first version, 
GLLI01000000. The supplementary file 1 can be down-
loaded from ​h​t​t​p​​s​:​/​​/​p​r​o​​j​-​​b​i​p​​-​p​r​​o​d​-​p​​u​b​​l​i​c​​r​e​a​​d​.​s​3​​.​u​​s​-​e​​a​s​
t​​-​1​.​a​​m​a​​z​o​n​​a​w​s​​.​c​o​m​​/​t​​r​a​n​​s​c​r​​i​p​t​o​​m​e​​/​A​a​​m​e​r​​i​c​a​n​​u​m​​_​S​G​_​2​
0​2​5​/​A​a​S​g​_​S​u​p​D​a​t​a​_​1​.​z​i​p.

https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://github.com/FelixKrueger/TrimGalore
https://github.com/FelixKrueger/TrimGalore
https://www.ncbi.nlm.nih.gov/refseq
https://www.ncbi.nlm.nih.gov/refseq/
https://www.uniprot.org/help/uniprotkb
https://www.uniprot.org/help/uniprotkb
https://proj-bip-prod-publicread.s3.us-east-1.amazonaws.com/transcriptome/Aamericanum_SG_2025/AaSg_SupData_1.zip
https://proj-bip-prod-publicread.s3.us-east-1.amazonaws.com/transcriptome/Aamericanum_SG_2025/AaSg_SupData_1.zip
https://proj-bip-prod-publicread.s3.us-east-1.amazonaws.com/transcriptome/Aamericanum_SG_2025/AaSg_SupData_1.zip
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Results and discussion
The sialome switch of A. americanum adult females
Based on the experimental design illustrated in the Fig. 1, 
Illumina-sequencing of the 20 libraries from A. america-
num salivary glands collected at different feeding stages 
resulted in 1,096,404,568 high-quality reads, from which 
we identified 119,982 putative transcripts. To investigate 
the quality of our dataset, we employed the Benchmark-
ing of Universal Single Copy Orthologs (BUSCO), which 
exhibited a completeness of 74.8% (62.1% single, 12.7% 
duplicated), 5.2% fragmented and 20% missing based on 
the Arachnida database.

Mapping of the trimmed Illumina reads to our puta-
tive CDS resulted in similar mapping rates across all 

samples (33.99% ± 6.54%, Sup. Table 1). It is important 
to note the overall high number of unmapped reads, 
approximately 66%, could be due to reads from 5’ and 3’ 
UTR regions that are removed during our CDS extrac-
tion step, reads from non-coding RNA or CDS that were 
not extract due to the lack of homology with previously 
deposited sequences, absence of a putative signal pep-
tide or exhibited an open reading frame with less than 
150 nucleotides. For downstream analysis we focused on 
the putative transcripts that presented an average TPM 
above three in at least one feeding stage, resulting in a 
final set of 18,704 putative CDS (Sup. File 1).

A previous longitudinal sialome of A. americanum 
identified 5,792 putative CDS and defined four major 
transcriptional profiles based on expression patterns: 
unfed ticks, partially fed ticks attached for 12–48 h, par-
tially fed ticks attached for 72–144 h, and ticks that had 
fed for 11 days [19]. In our study, we identified 18,704 
putative CDS, greatly expanding the catalog of salivary 
gland transcripts. Our analysis also revealed five distinct 
transcriptional profiles (Fig. 2A). In addition to the four 
stages described previously – unfed (UF), attachment 
and beginning of feeding (G1), slow-feeding phase (G2 
– G3) and rapid-feeding phase (G5 – G6), our approach 
also captured a distinct transition stage between slow 
and rapid-feeding (G4). Furthermore, the dimensional-
ity reduction analysis revealed high consistency across all 
biological replicates, supporting average tick body weight 
as a reliable proxy for feeding stage classification [36, 37].

Exploration of transcript abundances across differ-
ent feeding stages (Fig.  2B) provides further insights 
into the dynamics of the sialome switch phenomenon. 
For instance, several putative transcripts that are highly 
expressed in the salivary glands of unfed ticks are down-
regulated once feeding begins, remaining at low levels 
throughout the feeding cycle. In contrast, we identified 

Fig. 2  Overview of the sialome switch phenomenon in A. americanum adult females as feeding progresses. A Dimensional plot based on the TPM of 
the 18,704 putative transcripts that exhibited a TPM ≥ 3 in at least one biological condition. B Heatmap plot based on the normalized TPM of the 18,704 
putative transcripts. The TPM values of each transcript can be found in the Supplementary file 1

 

Fig. 1  Graphical representation of the experimental design regarding A. 
americanum adult female feeding on rabbits
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transcripts that exhibit stage-specific expression, being 
predominantly abundant during either the slow- or 
rapid-feeding phases.

Functional annotation of the 18,704 putative tran-
scripts into 24 functional classes (Fig. 3) revealed that the 
“secreted” functional group, comprising transcripts with 
a predicted signal peptide and potential salivary proteins 
involved in tick attachment and feeding, was among the 
most abundant class across all feeding stages, in align-
ment with previous sialome studies [19, 36]. Specifically, 
this class accounted for 14% of the total transcripts in 
unfed ticks and ranged from 33% to 43% in fed ticks. This 
suggests that unfed ticks possess a set of salivary pro-
teins primed for attachment and the initiation of feed-
ing. However, once feeding begins, there is a significant 
increase in salivary protein production that is maintained 

high throughout the feeding cycle, likely aiding in over-
coming host defenses and supporting prolonged feeding.

It is important to acknowledge the challenges associ-
ated with functional annotation pipelines in non-model 
organisms. In our classification strategy, we included 
an “unknown” functional category, which accounted for 
approximately 20–28% of transcripts across all samples 
(Fig.  3). This category comprises transcripts that either 
share similarity with previously deposited sequences of 
unknown function or exhibit low to no similarity with 
known sequences. As such, these transcripts may repre-
sent potentially novel sequences and reflect the overall 
knowledge gap regarding the function of salivary proteins 
from ticks, emphasizing the need for further efforts to 
characterize these proteins.

Fig. 3  Functional annotation of the 18,704 putative transcripts with TPM ≥ 3 that were identified in the salivary glands of A. americanum adult females at 
different feeding stages. Dots represent the average TPM (as percentage) of the transcripts classified within each functional class. Error bars represent the 
standard error of the mean from the three biological replicates for each feeding stage
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To systematically identify stage-specific transcripts, we 
performed differential expression analysis between spe-
cific feeding stages (Fig. 4) alongside unsupervised clus-
tering of 18,704 putative transcripts based on their TPM 

values across different feeding stages (Fig. 5). The transi-
tion from unfed to fed ticks exhibited the highest number 
of modulated transcripts, 4,036 CDS (Fig. 4, G1 – UF). 
Indicating that attachment and beginning of feeding are 

Fig. 5  A: Unsupervised clustering of the 15,728 CDS based on their TPM in A. americanum salivary glands at different feeding stages. Dots represent the 
average Z-score of the TPM while error bars represent the standard deviation of the mean. B Bubble plot representing the functional annotation of the 
CDS identified within each cluster. The size of each sphere indicates the number of CDS

 

Fig. 4  Volcano plots representing the differentially expressed transcripts identified in the salivary glands of A. americanum at different feeding stages. 
Transcripts were considered differentially expressed when a logFC ≥ 2 of logFC ≤ -2 (vertical lines), alongside an FDR < 0.05 (horizontal line) was obtained. 
Transcripts upregulated are represented as blue dots, transcripts downregulated are represented as red dots and those non-modulated as gray dots
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major triggers for transcriptional regulation in tick sali-
vary glands. When comparing the G2 – G1 groups, we 
identified 1,327 modulated transcripts, reflecting fur-
ther adaptations in the salivary glands during the initial 
stages of feeding. However, as feeding progresses, no 
significant differences were observed between the com-
parison G3 – G2, indicating that the gene expression 
profile of the salivary glands becomes relatively stable 
during the slow-feeding stage. Additionally, the substan-
tial number of modulated transcripts in the G4 – G3 
and G5 – G4 comparisons, along with the differences in 
average weight between the groups (G3: 24.7 ± 3.24 mg, 
G4: 67.2 ± 7.30 mg, G5: 373.9 ± 34.48 mg), supports the 
notion that G4 represents a transitional stage between 
slow- and rapid-feeding phases. Interestingly, ticks in 
G4, with an average weight of 67.2 mg, may have reached 
the critical weight (~ 10-fold the weight of unfed ticks), 
as previously reported for Amblyomma hebraeum [38]. 
This critical weight is associated with the transition from 
the slow- to rapid-feeding phase and is accompanied by 
several behavioral and physiological changes, including 
alterations in hemolymph ecdysteroid titre, salivary gland 
degeneration, ovary weight, oocyte length, and oocyte 
vitellin content [38].

Similarly, our unsupervised approach clustered 15,728 
CDS, approximately 84% of all CDS, into four clusters 
(Fig.  5A). Cluster 1, containing 7,973 CDS, was pre-
dominantly expressed in unfed ticks. Cluster 3 (2,098 
CDS) and cluster 4 (772 CDS) showed increased expres-
sion during the slow-feeding stage, while cluster 2 (4,885 
CDS) was enriched during the rapid-feeding phase. Func-
tional annotation of the CDS in each cluster revealed a 
high abundance of transcripts classified as “unknown,” 
“secreted,” and “transcriptional machinery” (Fig. 5B).

Although informative, it is important to recognize the 
limitations of RNA-sequencing data, specifically that 
transcript abundance does not always correlate with 
protein abundance, highlighting the need for further 
proteomic validation. Similarly, additional validation 
of selected transcript abundances by qPCR is required. 
To our knowledge, McSwain and colleagues [13] were 
the first to investigate proteomic changes in the salivary 
glands of A. americanum adult females during feeding. 
In their seminal study, authors identified major differ-
ences in protein expression between unfed and partially 
fed ticks weighing 10 mg. Additional proteomic changes 
were observed between ticks weighing 10 mg and those 
reaching 100 mg. Findings from a more recent longitu-
dinal proteomic study, which analyzed tick saliva com-
position every 24 h over the first eight days of feeding 
[14], revealed dynamic and progressive changes in pro-
tein profiles throughout the feeding process. Together, 
these proteomic studies provide partial validation for 

transcriptomic data presented here, despite the inherent 
limitations of RNA-based approaches.

To provide further insight into the sialome switch in 
A. americanum adult females, the following subsections 
offer an overview of the CDS enriched at each feeding 
stage, with a focus on their potential roles in blood-feed-
ing and in driving the sialome switch.

The transcriptional landscape of salivary glands of unfed 
ticks
To describe the salivary gland composition of unfed 
ticks we opted to focus on the unsupervised clustering 
data, which identify 7,973 putative CDS enriched in this 
stage (Fig.  5, cluster 1). The functional classification of 
such transcripts revealed that most of them fall into the 
“unknown”, “secreted”, “transcription machinery”, and 
“signal transduction” categories (Fig. 5B). However, based 
on their TPM values, the most abundant categories were 
“unknown”, “protein synthesis”, “secreted”, and “transcrip-
tion machinery” (Fig. 3).

Within the “protein synthesis” category, we identi-
fied several CDS encoding putative ribosomal subunits 
among the most abundant transcripts in unfed ticks, 
with TPM values ranging from 4,527 to 11,186 (Sup. File 
1). While in the “transcription machinery” category, we 
detected CDS encoding putative transcription initiation 
factors, helicases, and RNA-binding proteins, all show-
ing consistently high expression levels (TPM > 1,000). In 
line with previous studies [18, 19], we also identified sev-
eral CDS encoding putative secreted proteins, including 
lipocalin-like sequences, peptidases inhibitors from the 
Kunitz-type and cystatin families, 5’-nucleotidases, and 
metalloproteases [39]. Members of these protein families 
have been implicated in blood acquisition, specifically by 
modulating host immune [40, 41] and hemostatic [42, 43] 
responses. Also enriched in unfed ticks, were CDS cod-
ing putative glycine-rich proteins, which were shown to 
be key constituents of tick cement [44, 45]. Furthermore, 
the presence of such proteins has been confirmed to be 
present in the saliva and cement cone of A. americanum 
by mass spectrometry assays [14, 17, 44].

The overall abundance of transcripts related to “pro-
tein synthesis” and “transcription machinery” supports 
the idea that the salivary glands of unfed ticks are already 
transcriptionally active or primed for rapid protein pro-
duction upon host attachment and the initiation of feed-
ing, initially supported by the expression of these putative 
secreted proteins.

It is noteworthy that adult ticks can remain unfed 
for several days or weeks before encountering a suit-
able host. This raises an interesting question: are these 
abundant transcripts continuously transcribed through-
out the unfed period, or are they produced early in the 
adult stage and maintained at high levels until feeding 
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begins? Longitudinal omics studies focusing on unfed 
ticks will provide a better understanding regarding the 
stability, turnover and regulation of tick salivary glands 
transcripts.

Although the sialome switch phenomenon has been 
described in several tick species, the molecular mecha-
nisms regulating this process remain unknown. Classical 
signaling pathways and epigenic events have been pro-
posed as potential contributors [46]. Therefore, the “sig-
nal transduction” category is of particular interest, as it 
may shed light on these regulatory components. Notably, 
497 putative CDS were assigned to this functional group, 
accounting for 2.7 ± 0.26% of the total TPM of unfed 
ticks. Furthermore, these CDS exhibited a distinct tran-
scriptional profile, with higher expression levels in unfed 
ticks compared to fed individuals (Fig. 3).

Among the “signal transduction” CDS within cluster 
1, we identified several components of classical signaling 
pathways. These included multiple sequences belonging 
to the seven-transmembrane G protein-coupled receptor 
(GPCR) superfamily (CDD: 14964: 7tm_GPCRs), which 
transduce extracellular signals – via binding of peptides, 
lipids, hormones, and neurotransmitters – into intracel-
lular second messenger responses. The identified GPCRs 
could be further classified into three subfamilies: D2-like 
dopamine receptors, GAR-2 muscarinic acetylcholine 
receptors, and frizzled-like receptors, which are activated 
by the Wingless/Int-1 (WNT) lipoglycoproteins.

Previous research has shown that dopamine is a potent 
in vitro stimulant of fluid secretion in tick salivary glands 
[47]. Subsequent work identified a dopamine-sensitive 
adenylate cyclase, suggesting that cyclic AMP is likely the 
second messenger responsible for this secretory response 
[48]. Similarly, injection of pilocarpine, a muscarinic 
acetylcholine receptor agonist, is known to promote 
salivation in ticks [47], and more recent studies suggest 
a specific role for this signaling pathway in type I acini 
[49]. Together, these studies suggest the role of D2 dopa-
mine and GAR-2 muscarinic receptors in tick salivation. 
In contrast, the function of frizzled-like receptors has not 
yet been specifically explored in the context of tick sali-
vary gland physiology.

In addition to GPCRs, we identified multiple tran-
scripts encoding calmodulin-like proteins, serine/threo-
nine phosphatases and kinases from various subfamilies, 
including protein kinase C (PKC), Serine/Threonine 
kinase (STKc), Phosphoinositide-3-kinase (PI3K), and 
protein tyrosine kinase (PTKc). Furthermore, tran-
scription factors belonging to the basic Helix-Loop-
Helix (bHLH), basic Leucine Zipper Domain (BZIP), 
BTF3-like, HMG-Box, LHX and zinc-finger (ZF) were 
also enriched in the salivary glands of unfed tick. From 
an epigenetic perspective, multiple transcripts encod-
ing putative histone acetyltransferases, deacetylases, 

demethylases and lysine-methyltransferases were also 
identified within cluster 1 (Sup. File 1).

The current understanding of signaling pathways and 
transcriptional regulation in ticks remains limited, with 
only a few kinases having been identified and function-
ally characterized to date. These included STKc members 
of the cyclin-dependent kinases (CDK) family, which play 
an important role in cell cycle regulation [50]; cAMP-
dependent kinases associated with salivary secretion 
[51]; and ecdysteroid signaling, which contribute to sali-
vary gland degeneration [52–54]. By contrast, although 
epigenetic mechanisms have been documented in ticks 
in responses to pathogen infection [55, 56] and embryo-
genesis [57], the role of histone modification in tick sali-
vary glands, in the context of feeding, remains completely 
unexplored.

Nevertheless, considering that the transition from 
the unfed to the fed stage triggers major transcriptional 
changes in tick salivary glands (Fig.  2), and given the 
overall abundance of GPCRs, kinase-like sequences, and 
several transcription factors families in unfed ticks, as 
well as the presence of several putative enzymes capable 
of mediating histone post-translational modifications, 
it is likely that some of these components participate in 
regulating the sialome switch phenomenon. Overall, the 
identification of specific signaling pathways and potential 
epigenetic regulators within the salivary of ticks opens 
a largely unexplored field of research that may yield key 
insights into the molecular mechanism governing the 
tick sialome switch and could ultimately be leveraged to 
develop novel strategies for disrupting tick feeding. Tar-
geted knockdown of specific genes and/or pharmacologi-
cal inhibition of components of the pathways identified 
here, individually or in combination, would provide a 
more direct approach to testing the role of these path-
ways in the sialome switch phenomenon.

The sialome of slow-feeding A. americanum adult females
The slow-feeding stage of adult female ticks spans mul-
tiple days, during which the tick concentrates its blood 
meal, resulting in a modest increase in body size and 
weight [37]. Although tick feeding is traditionally divided 
into three phases, clear distinction between the attach-
ment phase and the onset of feeding remains challenging. 
Given the high number of differentially expressed tran-
scripts identified between G1- UF and G2 – G1 (Fig. 4), 
we hypothesized that ticks in the G1 group may partially 
represent this transition phase and opted to include them 
in this section.

As previously mentioned, attachment and the ini-
tiation of blood feeding are major triggers of transcrip-
tional changes in the tick salivary glands, as reflected 
by the highest number of modulated transcripts (Fig. 4, 
G1 – UF). Functional classification of these transcripts 
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revealed that those associated with the “extracellular 
matrix” and “secreted” categories were the most upregu-
lated, showing overall TPM ratio increases of 4.62- and 
3.02-fold in G1 relative to UF, respectively. Notably, the 
“extracellular class” was found only upregulated in our 
G1 ticks, indicating a specific temporal regulation. In 
contrast, the most downregulated transcripts belonged 
to the “transcription machinery” (TPM ratio of 0.25) 
and “transporters” (TPM ratio of 0.21) functional classes 
(Sup. Table 2).

Within the upregulated CDS classified into the “extra-
cellular matrix” functional group, we identified seven 
glycine-rich proteins, as well as putative cuticle proteins 
and GP1 cell wall proteins (Sup. File 1; Tab DEG_G1 – 
UF). Previous studies have reported multiple glycine-rich 
proteins in the cement of several tick species, includ-
ing A. americanum [44], Haemaphysalis flava [58] and 
Rhipicephalus microplus [59], and have shown their 
upregulation in partially fed ticks compared to unfed 
ones. In addition to their role in cement formation and 
tick attachment, some glycine-rich proteins have been 
proposed to possess antimicrobial activity [60]. Given 
the pivotal role of cement in tick attachment, and con-
sequently in feeding and pathogen transmission, several 
studies have evaluated glycine-rich proteins as vaccine 
candidates, with varying phenotypic outcomes such 
as reduced attachment rates, increased mortality, and 
decreased egg mass and hatch rates [61–63]. Notably, 
the “extracellular matrix” functional class was found spe-
cifically enriched within G1 ticks with all other feeding 
stages exhibiting expression levels similar to unfed ones 
(Fig. 3). Overall, this specific upregulation of CDS related 
to cement further supports the interpretation that the G1 
group partially represents tick in the attachment phase 
and beginning of the slow-feeding phase.

Within the “secreted” class, the four most upregulated 
CDS (logFC 19–20) encoded putative Kunitz-type inhibi-
tors (Sup. File 1). Notably, AaContig_166984 and Con-
tigSigP-190588 maintained high TPM levels throughout 
the entire slow-feeding stage, whereas AaContig-214190 
and ContigSigP-106321 showed peak expression at G1 
(Sup. Figure 1). Also upregulated at G1 was a type 2 cys-
tatin (AaContig_21303), a cysteine peptidase inhibitor. 
Tick salivary cystatins have been shown to modulate host 
immune response by interfering with cytokine produc-
tion, T-cell proliferation, and leukocyte recruitment [64, 
65], thereby creating a favorable environment for blood 
acquisition and pathogen transmission.

Previous omics studies have demonstrated that lipo-
calins are major components of the salivary glands in 
several tick species, including A. americanum [14, 19]. 
Corroborating with these findings, we identified multiple 
transcripts encoding putative lipocalins that were upreg-
ulated in both the G1 – UF and G2 – G1 comparisons 

(Sup. Figure 2). Tick lipocalins were initially character-
ized as high-affinity histamine-binding proteins [66] and 
as binders of other biogenic amines [67], thereby con-
tributing to blood acquisition by interfering with host 
homeostatic responses. Subsequent studies described a 
lipocalin from the soft tick Ornithodoros moubata capa-
ble of binding fatty acids associated with inflammatory 
response and inhibiting complement activation through 
specific interactions with C5 [68], further expanding the 
proposed role of tick salivary lipocalins in successful 
blood-feeding.

The “signal transduction” functional class was among 
the most downregulated in the G1–UF comparison (TPM 
ratio of 0.32; Sup. Table 2), with several kinases, GTPases, 
and phosphatases showing logFC values between − 2 
and − 6. The observed upregulation of classical signaling 
pathway components in unfed ticks, followed by their 
pronounced downregulation upon host attachment and 
feeding, suggests that these transcripts are maintained 
at high levels in unfed ticks to facilitate rapid molecular 
responses required for feeding initiation after host recog-
nition. We hypothesize that, upon host recognition and/
or attachment, these components are translated and acti-
vated, triggering major transcriptional shifts that deter-
mine the fate of tick salivary gland cells. Supporting this 
hypothesis is the upregulation of the “transcription fac-
tor” functional class in the G2–G1 comparison (TPM 
ratio of 2.97), likely reflecting activation of specific signal-
ing pathways. Further proteomic and phosphoproteomic 
analyses will not only test this hypothesis but also clarify 
the specific pathway(s) involved in this process.

As feeding progresses, we observed further transcrip-
tional changes within the salivary glands of A. ameri-
canum adult females, represented by G2 – G1 pairwise 
comparison (Sup. Table 3). Functionally, the highest 
number of modulated CDS belonged to the “secreted” 
group (585 transcripts), although the overall TPM levels 
were similar between both groups (TPM ratio of 0.79), 
whereas the second functional class with the highest 
number of modulated transcripts within the G2 – G1 
comparison was the “unknown” group (488 CDS), under-
scoring the limited knowledge existing regarding tick sal-
ivary proteins.

Among the most upregulated and downregulated 
putative “secreted” CDS were those annotated as puta-
tive Kunitz-type and lipocalins (Sup. File 1). These find-
ings highlight a defining aspect of the sialome switch 
phenomenon, in which different members of the same 
protein family are preferentially expressed at specific 
feeding stages (Sup. Figures 1 and 2). Given the extended 
feeding cycle of ticks, it was hypothesized that this tem-
poral variation in salivary protein expression may func-
tion as a “smoke-and-screen” strategy against the host 
immune system. As the host mounts an effective immune 
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response to antigens expressed during the early stages of 
feeding, the tick shifts to expressing alternative members 
of the same protein family, thereby evading immune rec-
ognition [15]. Further studies to determine whether these 
proteins possess redundant biochemical functions are 
needed, which would help elucidate the role of the sia-
lome switch as an antigenic variation strategy that sup-
ports prolonged feeding on a vertebrate host.

Lastly, when comparing the G3 and G2 groups, no 
transcripts were found to be differentially expressed (Fig. 
4). This suggests that, although the slow-feeding stage 
spans multiple days, the transcriptional landscape of A. 
americanum adult females remains relatively stable dur-
ing this period. Similar findings have been reported in 
the salivary glands of R. sanguineus [36]. 

Overall, the data presented here provides a higher-res-
olution view of the sialome switch phenomenon. Specifi-
cally, our grouping strategy enabled the identification of 
an intermediate transcriptional state between unfed and 
slow-feeding ticks, representing the transition associated 
with host attachment and the onset of feeding. Charac-
terizing the tick proteins enriched in this specific group is 
of considerable interest, as these molecules could serve as 
potential targets for disrupting tick feeding at its earliest 
stage. Moreover, the identification of specific enriched 
classical pathways provides a valuable foundation for elu-
cidating the molecular mechanisms associated with the 
transcriptional regulation and the sialome switch. 

The sialome of rapid-feeding A. americanum adult females
The rapid-feeding stage, also known as the “big sip,” 
occurs during the final 12–36 h of feeding and is charac-
terized by the ingestion of a large volume of host blood, 
resulting in a dramatic increase in tick weight and size. 
In our dataset, this stage is represented by groups G5 and 
G6, which displayed nearly identical expression profiles, 
while ticks within group G4 exhibited an intermediate 
transcription profile (Fig. 2). Based on average tick weight 
and the substantial number of differentially expressed 
transcripts observed between G4–G3 and G5–G4, we 
propose that group G4 represents the transition from 
the slow- to the rapid-feeding stage (Fig. 4) and opted to 
include the G4 data in this section.

The transition from the slow- to the rapid-feeding 
stage, represented by the G4 – G3 and G5 – G4 pair-
wise comparisons, exhibited the second-highest number 
of modulated transcripts in our dataset, with 965 and 
3,607 CDS, respectively (Fig.  4). These extensive tran-
scriptional changes underscore the physiological shifts 
occurring in the salivary glands to accommodate the last 
feeding stage. Functional annotation of the differentially 
expressed transcripts between G4 – G3 and G5 – G4 
revealed that the “secreted” class contained the largest 
number of modulated CDS (Sup. Tables 4 and 5), despite 

displaying relatively stable overall expression levels (TPM 
ratio of = 1.2). The second most modulated class was the 
“unknown”, with 344 (G4 – G3) and 1,556 (G5 – G4) tran-
scripts. Notably, these two categories accounted for 65% 
and 61% of the total TPM in group G4 and G5, respec-
tively, highlighting their abundance during this feeding 
period.

In the G4 – G3 comparison, the most upregulated 
transcripts in the “secreted” were those annotated puta-
tive lipocalins, metalloproteases, and Kunitz-type inhibi-
tors. Among the most up-regulated CDS in the G5 – G4 
comparison, we identified two putative metalloproteases 
belonging to the M12B subfamilies as the most strongly 
modulated transcripts. AaContig_198533 and AaC-
ontig_26069 displayed logFC values of 16.4 and 15.5, 
respectively. Metalloproteases are known to be among 
the most abundant salivary proteins in feeding ticks 
across multiple species [14, 19, 36, 69]. Consistent with 
other secreted proteins, we observed several putative 
metalloproteases that were differentially regulated at spe-
cific feeding stages (Sup. Figure 3), suggesting that mem-
bers of this protein family are expressed throughout the 
full feeding cycle of adult females.

Functionally, tick salivary metalloproteases have been 
shown to degrade gelatin, fibrinogen, and fibronectin, 
thereby disrupting host homeostatic responses triggered 
by tick attachment and feeding [70, 71]. Recent work 
further demonstrates that rabbits can mount antibody 
responses against salivary metalloproteases, and that 
inhibition of these enzymes reduces tick engorgement 
weight at feeding completion. Notably, this phenotype 
was not observed in artificial feeding experiments, indi-
cating that metalloproteases likely act on host-derived 
components that are absent from artificial feeding sys-
tems [72]. Together, these studies underscore the impor-
tance of salivary metalloproteases in blood acquisition. 
Their high abundance, larger number or paralogs, and 
stage-specific expression patterns all point to a major 
functional role in feeding. It is also important to note 
that only a fraction of these metalloproteases has been 
functionally characterized to date. Thus, additional, yet-
undiscovered roles for members of this family in the con-
text of blood acquisition remain possible.

Also enriched in the salivary glands of fast-feeding 
ticks was a putative evasin-like (ContigSigp-103596), 
which reached an average TPM exceeding 15,000 in G5 
(Sup. Figure 4). Evasins constitute a large family of tick 
salivary proteins that can be classified into three main 
groups – A1, A2, and B – based on their primary struc-
ture features and their CC- or CXC-chemokine-binding 
activity [73]. Functionally, the first evasin to be character-
ized was evasin-1 from Rhipicephalus sanguineus, which 
binds the CC chemokines CCL3, CCL4, and CCL18 [74, 
75]. Subsequent work revealed additional specificity 
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profiles within the family: evasin-3 binds CXCL1 and 
CXCL8, whereas evasin-4 binds CCL5 and CCL11 [76]. 
Because chemokines play central roles in cell recruit-
ment, immune responses, and homeostasis, their neu-
tralization facilitates prolonged tick feeding. The high 
abundance of evasins and the presence of multiple para-
logs in tick salivary glands suggest an ability to simulta-
neously neutralize diverse chemokines, thereby reducing 
the inflammatory responses at the tick bite site.

Lastly, virtually no difference in transcript expression 
was observed between G6 and G5 (Fig.  4), supporting 
the notion that the salivary transcriptional landscape 
of fast-feeding ticks is largely conserved. Nevertheless, 
examining the corresponding protein profiles is still nec-
essary to confirm this hypothesis. Although advances in 
omics technologies and the availability of high-quality 
tick genomic data enabled us to assemble and identify 
potential CDS, many remain functionally uncharacter-
ized, as reflected by the high prevalence of “unknown” 
annotations across all feeding stages. Continued char-
acterization efforts will facilitate the discovery of novel 
pharmacological activities and mechanisms employed 
by tick salivary glands to support their unique hema-
tophagic behavior, ultimately informing new strategies 
for tick control.

Conclusion
In the current study, we present a longitudinal transcrip-
tomic analysis of the salivary glands of A. americanum 
adult females across different feeding stages. The data 
provides a higher-resolution view of the sialome switch, 
highlighting distinct expression patterns of several sali-
vary proteins whose activities are associated with blood 
feeding. Moreover, our analysis identifies components 
of classical signaling pathways as well as epigenetic 
regulators in tick salivary glands that may contribute to 
regulating the sialome switch. It is well established that 
some tick-borne pathogens require a defined transmis-
sion window. Therefore, understanding the mechanisms 
that govern the sialome switch is critical, as it may reveal 
targets for disrupting both tick feeding and pathogen 
transmission Future longitudinal proteomic and phos-
phoproteomic studies will further elucidate the molecu-
lar mechanisms underlying this phenomenon and may 
ultimately support the development of novel anti-tick 
strategies.
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