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ABSTRACT

Rhipicephalus microplus, a highly host-specific tick that primarily feeds on cattle, posing a significant threat to
livestock production. The investigation of tick physiology is crucial for identifying potential targets in tick
control. Of particular interest adult female ticks undergo a significant expansion of the midgut during feeding,
leading to an over 100-fold increase in body weight. Beyond the functions of storing and digesting blood meals,
the tick midgut plays a crucial role in acquiring and transmitting pathogens. However, our understanding of tick
midgut physiology remains limited. In this study we conducted a comprehensive longitudinal transcriptome
analysis of the midgut from adult female R. microplus ticks collected at various feeding stages, providing an
overview of the transcriptional modulation in this organ as feeding progress. By employing a de novo assembly
approach followed by coding-sequences (CDS) extraction, 60,599 potential CDS were identified. In preparation
for functional annotation and differential expression analysis, transcripts that showed an average transcript per
million (TPM) > 3 in at least one of the biological conditions were extracted. This selection process resulted in a
total of 10,994 CDS, which were categorized into 24 functional classes. Notably, our differential expression
analysis revealed three main transcriptional profiles. In the first one, representing the slow-feeding stage, the
most abundant functional classes were the “protein synthesis” and “secreted” groups, reflecting the highly active
state of the tick midgut. The second profile partially accounts for the rapid-feeding stage, in which a high number
of differentially expressed transcripts was observed. Lastly, the third transcriptional profile represents post-
detached ticks. Notably the highest number of modulated transcripts was observed up to 48 h post-
detachment (hpd), however no major differences was observed up to 168 hpd. Overall, the data presented
here offers a temporal insight into tick midgut physiology, contributing to the identification of potential targets
for the development of anti-tick control strategies.

1. Introduction

h of feeding (Franta et al., 2010). During the last feeding phase, the
mated female ingest vast amounts of blood increasing its body weight

The behavior of blood-feeding has evolved independently multiple
times within the Arthropoda phylum (Mans, 2011). In the case of the
Acari subgroup, it is proposed that hematophagy has a monophyletic
origin (Mans and Francischetti, 2016). Specifically, in female ixodid
ticks, blood feeding is traditionally subdivided into three main phases:
the preparatory feeding, in which the tick attaches to the host’s skin and
establishes the feeding lesion; the slow-feeding which spans multiple
days; and the rapid-feeding phase, which takes place in the last 12 to 24
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over 100-fold (Sonenshine, 2013).

As feeding progresses, the tick midgut undergoes dramatic
morphological alterations. Initially, the midgut of unfed adult females is
typically described as a “small tube-like extension” with an almost
empty lumen primarily composed of a monolayer of undifferentiated
cells (UC) (Agyei and Runham, 1995). However, as the tick begins to
feed, the lumen gradually expands, and the UCs differentiate into
digestive cells (DC) (Sonenshine, 2013) (Agyei et al., 1991). These
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specialized cells possess the ability to specifically recognize and inter-
nalize hemoglobin (Lara et al., 2005). In contrast to many other
blood-feeding arthropods, ticks process hemoglobin intracellularly,
utilizing cysteine and aspartic peptidases (Horn et al., 2009). In fully fed
ticks, the digestive cells are fully stretched and exhibit multiple cyto-
plasmatic vesicles. In some instances, these cells are observed “floating”
in the midgut lumen (Franta et al., 2010). Moreover, the tick midgut also
plays a pivotal role in the tick’s vector competency. When a pathogen
enters the tick midgut, a series of specific interactions between pathogen
and tick molecules must occur to ensure pathogen survival and prolif-
eration (Maeda et al., 2017; Rachinsky et al., 2008; Pal et al., 2004;
Yang et al., 2021).

Rhipicephalus microplus is an ixodid tick species known for its high
host specificity to bovines. This tick species spends its entire parasitic
life cycle attached to a single host, leading to significant losses in live-
stock production (Lew-Tabor and Valle, 2016; Grisi et al., 2014).
Currently, tick control relies mainly on acaricides, which has potential
drawbacks such as the selection of resistant tick populations (Becker
et al., 2019; Li et al., 2007). This highlights the need for cost-efficient
and environmentally friendly alternative control strategies. Notably,
in the case of R. microplus, immunological control has been shown to be a
viable alternative. Vaccination of cattle against a tick midgut protein
(Bm86) resulted in an effective anti-tick response (Rand et al., 1989;
Willadsen et al., 1989). However, it is essential to emphasize that the
level of protection achieved can vary depending on the specific tick
population (Andreotti, 2006). This observation underscores the impor-
tance of identifying antigens that can induce an effective protection
against various tick populations or species, a challenge that remains a
bottleneck in the development of anti-tick vaccines (Rego et al., 2019).

Therefore, to advance our understanding of tick midgut physiology,
which may lead to the identification of potential targets for the devel-
opment of new methods for tick control, we conducted an in-depth
temporal transcriptome analysis of the R. microplus midgut. This anal-
ysis covered sequential feeding times, spanning both the slow- and
rapid-feeding, as well as multiple time points post-detachment. Our
study not only showcases the extensive repertoire of midgut transcripts
but also offers valuable insights into the temporal organization and al-
terations in the expression profiles of key metabolic pathways within the
midgut as feeding progresses.

2. Materials and methods
2.1. Ethics statement

The research was conducted in strict adherence to ethical and
methodological guidelines, in accordance with the International and
National Directives and Norms by the Animal Experimentation Ethics
Committee of Universidade Federal do Rio Grande do Sul, Brazil
(UFRGS), under project number 27,559.

2.2. Tick rearing and midgut dissection

Rhipicephalus microplus ticks (Porto Alegre strain) were obtained
from cattle housed in insulated boxes at UFRGS. Calves were infested
with larvae, and after 21 days, partially engorged and fully engorged
adult female ticks were collected (Reck et al., 2009). Organ dissection
involved manually removing partially engorged females from the cattle,
weighing approximately 38.9 + 4.48 mg (G1), 60.8 + 10.1 mg (G2),
94.7 + 9.0 mg (G3), and 192.9 + 12.4 mg (G4). Fully engorged females
were dissected at 0, 24, 48, 72, 120, 144, and 168 h post detachment
(hpd) from the host. The midguts were separated using fine-tipped for-
ceps and then washed with diethyl pyrocarbonate-phosphate-buffered
saline (DEPC-PBS) at pH 7.2. These dissected tissues were washed
with cold DEPC-PBS and added in RNAlater solution, stored at 4 °C for
24 h, and subsequently stored at —70 °C until RNA extraction.
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2.3. Library preparation, sequencing, and data analysis

The total RNA was isolated using the AllPrep DNA/RNA/Protein
Mini Kit (QIAGEN), following the manufacturer’s instructions. Illumina
libraries were prepared using the NEBNextUltraTM II (Directional) RNA
with polyA selection, and library sequencing was conducted on an
[llumina Novaseq 6000 DNA sequencer. The quality of the raw reads was
assessed using the FastQC tool (https://www.bioinformatics.babraham.
ac.uk/projects/fastqc/). Low-quality sequences with a Phred quality
score (Q) below 20 and the Illumina adaptors were removed using
TrimGalore (https://github.com/FelixKrueger/TrimGalore). ~Subse-
quently, reads were merged and de novo assembled using Trinity (2.9.0)
(Grabherr et al., 2011), in single-stranded F mode, and ABySS (2.3.1)
(Simpson et al., 2009) with k values ranging from 25 to 95, with in-
crements of 10. The final assemblies were merged, and sequences
sharing at least 95 % identity were consolidate using the CD-HIT tool
(Fuetal., 2012). The DNA coding sequences (CDS) with an open reading
frame (ORF) of at least 150 nucleotides were extracted based on BLASTp
results from several databases, including a subset of the non-redundant
protein database, the transcriptome shotgun assembly (TSA), and
Refseqg-invertebrate. The CDS were extracted if they covered at least 70
% of a matching protein. Additionally, all ORFs starting with a methi-
onine and with a length of at least 40 amino acids were subjected to 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 (Bendtsen et al., 2004). Relative quanti-
fication of each putative CDS was estimated using the transcript per
million (TPM) parameter by mapping the trimmed Illumina reads to the
final list of CDS using RSEM (Li and Dewey, 2011). Functional annota-
tion of the selected CDS was carried out using an in-house program that
scanned a vocabulary of approximately 400 words and their order of
appearance in the protein matches obtained from BLASTp/RPS-BLAST
against various databases, including Transcriptome Shotgun Assembly
(TSA), a subset from the Non-Redundant (NR), Refseqg-invertebrate,
Refseqg-vertebrate, Refseq-protozoa, UNIPROT, CDD, SMART, MER-
OPS, and PFAM. This annotation process included percent identities and
coverage information (Karim et al., 2011). The final annotated CDS are
available for download as a hyperlinked Excel file (Supplementary file
1). Transcriptome completeness was evaluated using the Benchmarking
Universal Single-Copy Orthologs utilizing the Arachnida database as
reference (Simao et al., 2015).

2.4. Statistical analysis

Differential expression analysis was conducted using the edgeR
package (Robinson et al., 2010) in R (Team, 2020). Statistical signifi-
cance was considered when the Log2 (fold change) was greater than 2 or
lesser than -2, and the false discovery rate (FDR) was less than 0.05. The
heatmap plot was generated using the pheatmap package, using the TPM
values represented as percentages, while the volcano plots were gener-
ated using the ggplot2 package in R. Unsupervised clustering of the
filtered CDS was performed using the Expander tool with the CLICK
method (Shamir et al., 2005), utilizing the number of mapped reads of
each CDS.

3. Results and discussion
3.1. Overview of the longitudinal transcriptome of R. microplus midgut

After excluding the Illumina adapters and low-quality sequences
(Q<20), we obtained a total of 1125,836,934 high-quality reads from
midgut samples collected from R. microplus ticks at various stages during
the blood feeding and post detachment (Fig. 1A). Utilizing a de novo
assembly approach that combined results from Trinity and ABySS, fol-
lowed by our CDS extraction pipeline, enabled the identification of
60,599 potential CDS. To assess the relative abundance of each CDS, we
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Fig. 1. Overview of the transcriptome profile of Rhipicephalus microplus midgut at different feeding stages. (A): Representative images of the collected ticks by their
average weight or hours post-detachment. Each dot represents 1 mm. (B): Multidimensional plot of the transcripts with transcript per million (TPM) > 3 in at least
one of the biological groups. (C): Heatmap plot using the normalized TPM values of each transcript. Each column represents a biological replicate. G1 — G4 indicates
partially fed ticks that were collected and grouped based on their average weight; (G1) 38.9 + 4.48 mg, (G2) 60.8 & 10.1 mg, (G3) 94.7 £+ 9.0 mg and (G4) 192.9 +
12.4 mg. While 0 h — 168 h represents ticks collected at different time points after their natural detachment from its host.

used the RSEM tool to map the trimmed Illumina reads to the extracted
CDS. It is important to note that all biological replicates of each bio-
logical condition exhibited similar mapping rates (Supplementary
Table 1) and demonstrated coherent clustering within their respective
biological groups (Fig. 1B). These results collectively underscore the
absence of significant bias in our sample set. Furthermore, employing
the Benchmark Universal Single Copy-Orthologue (BUSCO) analysis,
using the Arachnida database as reference, revealed a completeness
assessment of 57 % (49.0 % single and 7.1 % duplicate), 2.4 % frag-
mented and 40.6 % missing. In preparation for functional annotation
and differential expression analysis, we extracted transcripts that
exhibited an average TPM > 3 in at least one of the biological conditions.
This selection process yielded a total of 10,994 CDS (Supplementary file
1).

Prior investigations of tick midgut contents have provided limited
insights into the evolving dynamics within this organ during feeding,
often focusing on isolated time points (J. Perner et al., 2016; Landulfo
etal., 2017; Schwarz et al., 2014). More recently, our group conducted a
longitudinal transcriptome study of the Ixodes scapularis midgut,
covering different phases during the feeding process (Lu et al., 2023).
This analysis unveiled four main transcriptional profiles, characterizing
the unfed, slow-feeding, rapid-feeding, and early post-detachment

stages. However, in the current dataset, the dimensional analysis
(Fig. 1B) indicates the presence of only two prominent transcriptional
profiles. Specifically, the X-axis accounts for 50 % of the variance, while
the Y-axis explains only 7 %, effectively categorizing our samples into
two distinct groups. The first group comprises pre-detached ticks,
regardless of their weight, and recently detached fully fed ticks (0 h).
The second group consists of ticks that have surpassed 24-hpd. Similarly,
the heatmap plot of the normalized TPM values for each transcript
(Fig. 1C) reveals a similar dichotomous pattern. Transcripts that are
abundant in the early feeding stages become nearly absent in the later
stages, and vice versa. It is important to note that transcript levels do not
always correlate well with actual protein content in a given sample, and
further proteomics studies are necessary to validate the contents of tick
midguts.

To gain further insight into R. microplus midgut physiology, we
classified the final 10,994 transcripts into 24 functional classes (Sup-
plementary file 1). Notably, our classification strategy also includes the
“unknown” class, which accounts for transcripts that were not classified
within the other groups. Transcripts within this functional group are
those that exhibited a high degree of similarity to previously deposited
sequences of currently unknown function or displayed no or low simi-
larities with previously deposited sequence, thereby representing



S. Lu et al.

potential novel sequences from ticks. Remarkably, this functional class
consistently emerged as the most abundant across all biological condi-
tions, comprising 25 to 38 % of all transcripts (Fig. 2). This result un-
derscores the overall knowledge gap in our understanding of tick
physiology and emphasizes the necessity for further exploration of this
tissue. Such exploration is significant not only in the context of the tick’s
life cycle but also in terms of pathogen acquisition, establishment, and
transmission.

Furthermore, exploration of the relative abundance of each func-
tional class across different feeding phases (Fig. 2) provides an overview
of the dynamic changes that take place in the midgut, offering a glimpse
of how important metabolic processes are temporally organized and
transcribed in the tick midgut as feeding progresses. The “cytoskeletal”
functional group, which contains transcripts coding for putative myosin,
actin, tubulin, dynein, and other structural cellular components, was
highly prevalent in the early stages of feeding, followed by a pronounced
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decrease at the 24-hpd group. A somewhat analogous trend was
observed in the “extracellular matrix” functional group. This pattern
appears to harmoniously align with the morphological changes that
accompany the feeding progression of R. microplus adult females. It is
reasonable to assume that during the slow-feeding phase, the tick must
prepare to synthesize the necessary proteins to facilitate the expansion
of its body. Furthermore, this “preparatory” phase assumes paramount
importance, especially considering that tick engorgement occurs swiftly,
necessitating the presence of all essential components for accommoda-
ting the blood meal.

In contrast, the “storage” functional class, which includes several
lipoproteins, ferritins, and putative vitellogenins, displayed an inverted
trend. It exhibited minimal expression during the initial feeding stages,
followed by a consistent increase after tick detachment (Fig. 2s). This
notable surge appears to represent the final steps of the blood meal
digestion, as the tick initiates the synthesis of proteins capable of
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Fig. 2. Relative quantification of the 24 functional classes over the different biological groups of Rhipicephalus microplus midgut. Dots represent the average TPM (%)
of each functional group. Errors bars represent the standard error of the mean. G1 — G4 indicate partially fed ticks that were collected and grouped based on their
average weight; (G1) 38.9 + 4.48 mg, (G2) 60.8 + 10.1 mg, (G3) 94.7 + 9.0 mg and (G4) 192.9 + 12.4 mg. Meanwhile, 0 h — 168 h represent ticks collected at

different time points after their natural detachment from their host.
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binding and transporting heme, lipids, and carbohydrates, ultimately
playing a pivotal role in heme acquisition (J. Perner et al., 2016) and
embryo development (R.D. Mitchell et al., 2007). Notably, the majority
of the functional classes exhibited a biphasic pattern, characterized by
their abundance in the midgut of ticks prior to detachment, followed by
a decrease after 24-hpd. Only the “secreted” and “storage” classes
deviated from this trend, presenting an inverse profile (Fig. 2Q and 25).

To systematically uncover the transcriptional changes induced by the
blood meal at each phase of the tick feeding covered here, we performed
pairwise differential expression analysis. This involved comparing the
transcripts of each feeding stage with the preceding condition (Fig. 3).
Analogous to our longitudinal analysis of I. scapularis midgut (Lu et al.,
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2023), we observed a limited number of differentially expressed tran-
scripts throughout the slow-feeding stage, denoted here by the G1 to G3
groups, indicating an overall conserved transcriptional profile during
the initial days of feeding. The comparison between G4 and G3 revealed
the second-highest number of differentially expressed transcripts (247 in
total, with 118 upregulated and 129 downregulated). Considering the
average weight of ticks in the G3 (94.7 + 9.0 mg) and G4 (192.9 + 12.4
mg) groups, it is reasonable to suggest that this comparison partially
characterizes the rapid feeding phase of R. microplus ticks. It is important
to clarify the distinction between ticks in the G4 and 0 h groups.
Currently, in our R. microplus feeding experiments on cattle, fully
engorged female ticks exhibit a weight variation ranging from 187.5 to
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Fig. 3. Volcano plot panel illustrating the differentially expressed transcripts found between in Rhipicephalus microplus midgut collected at different feeding stages.
Statistical difference was considered when a transcript presented a Log,(Fold change) higher than 2 or lesser than -2 (vertical dotted lines) and a false discovery rate
(FDR) < 0.05 (horizontal dotted lines). Up-regulated transcripts are shown in blue, down-regulated transcripts are shown in red and transcripts that were not
considered differentially expressed are shown as gray dots. G1 — G4 indicates partially fed ticks that were collected and grouped based on their average weight; (G1)
38.9 + 4.48 mg, (G2) 60.8 + 10.1 mg, (G3) 94.7 + 9.0 mg and (G4) 192.9 + 12.4 mg. Meanwhile, 0 h — 168 h represent ticks collected at different time points after
their natural detachment from their host. The post detachment versus before detachment comparison includes 24-168 hpd versus G1-0-hpd groups.



S. Lu et al.

312.5 mg, encompassing ticks in both G4 and 0 h. Therefore, the pri-
mary difference between these two groups lies in the fact that G4 ticks
were still attached to the host during collection. However, it is plausible
that such ticks are on the brink of detachment, which could explain the
nearly identical transcriptional profile between the two groups (Fig. 1C
and Fig. 3). This observation emphasizes the relationship between tick
weight and the actual feeding stage, further reinforcing the concept that
categorizing ticks based on their weight can provide accurate repre-
sentations of their biological condition.

As expected, detachment of tick from their host, represented here by
the 24-hpd versus 0-hpd comparison, is accompanied by the highest
number of differentially expressed transcripts. In this context, there
were 1696 upregulated and 775 downregulated transcripts observed.
Subsequently, there are more subtle alterations observed up to the 48-
hpd mark (Fig. 3). It is worth noting that the absence of differentially
expressed transcripts in later time point comparisons can be attributed,
in part, to the notable variability of our samples. This variance was
particularly prominent within the 72-hpd and 144-hpd groups (Fig. 1B).
Nonetheless, it is pertinent to consider that our multidimensional plot
primarily segregates the fully engorged samples along dimension 2,
which accounts for only 7 % of the overall variance (Fig. 1B). Based on
dimensional analysis and our heatmap plot (Fig. 1C), it is plausible to
suggest that the midgut transcriptional profiles of ticks during the later
stages after detachment exhibit a certain degree of similarity.

Considering our initial data exploration (Fig. 1), which suggests the
presence of two prominent transcriptional profiles, we chose to conduct
a comparison between the midgut of ticks before detachment (G1 - 0
hour) and those post detachment (2 h — 168 h) (Fig. 3). This comparative
analysis resulted in the identification of 2472 differentially expressed
transcripts (Table 1). As expected, within this pool of modulated tran-
scripts, a significant portion (580) was attributed to the “unknown”

Table 1
Functional classification of the differentially expressed transcripts in the midgut
of ticks from partially (PE) and fully (FE) engorged Rhipicephalus microplus ticks.

Class No. of modulated PE FE TPM FE/PE
transcripts TPM' TPM
Up Down

Cytoskeletal 48 17 2339.5 931.46 0.4

Extracellular 33 11 4358.6 1815.4 0.42
matrix

Immunity 34 17 1340.8 4931.7 3.68

Met/aa 46 11 962.35 1735.6 1.8

Met/carb 43 9 285.27 1038 3.64

Met/energy 37 28 1159.2 395.38 0.34

Met/int 15 10 278.31 193.78 0.7

Met/lipd 80 23 2056.4 1725.4 0.84

Met/nuc 10 6 577.64 330.72 0.57

Nuclear export 0 7 39.95 3.51 0.09

Nuclear 15 22 471.01 162.44 0.34
regulation

Oxidant 52 23 14,683 16,086 1.1
metabolism

Proteasome 36 11 254.35 420.92 1.65

Protein export 103 13 820.78 1859.1 2.27

Protein 51 29 6222 2162.2 0.35
modification

Protein synthesis 17 27 598.9 228.36 0.38

Secreted 290 151 79,560 444,002  5.58

Signal 156 22 904.58 2781.2 3.07
transduction

Storage 10 4 1219.9 55,986 45.89

Transcription 2 1 6.27 6.33 1.01
factor

Transcription 87 55 2480.8 1485.7 0.6
machinery

Transporters 131 29 1894 1192 0.63

Transposable 42 28 253.26 1170.2 4.62
element

Unknown 358 222 58,877 200,198 3.4

! TPM:Transcript per million.
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functional class. Subsequently, the second most prevalent modulated
class was the “secreted” group, which contains transcripts commonly
reported in the salivary glands of ticks (L. Tirloni et al., 2020; L. Tirloni
et al., 2020; Ribeiro and Mans, 2020) encompassing peptidases, pepti-
dases inhibitors, lipocalins, esterases, lipases, and mucins.

Apart from establishing a foundational understanding of tick midgut
physiology, the findings presented in this study hold implications for
identifying potential targets that could be utilized in development of
new approaches for tick control. The identification of new proteins plays
a pivotal role in advancing tick vaccine and acaricide development, as
these proteins hold the key to understanding tick biology, enabling
targeted interventions that can mitigate the spread of tick-borne diseases
and reduce the reliance on chemical control methods. Moreover,
currently, the only commercially available anti-tick vaccine is based on
the midgut protein Bm86 (Rand et al., 1989; Willadsen et al., 1989),
which serves as a proof of concept for the use of midgut proteins in
anti-tick control strategies. In the following subsections, we will focus on
the three main transcriptional stages identified in R. microplus midgut,
focusing on the differentially expressed transcripts and their potential
role in tick physiology.

3.2. The partially fed stage

This phase accounts for a significant portion of the tick feeding cycle,
spanning multiple days. During this stage, the tick gradually ingests
moderate volumes of blood, leading to the steady expansion of the
midgut lumen (Agyei and Runham, 1995). The host red blood cells are
ruptured in the midgut lumen by a yet-to-be-discovered mechanism
releasing hemoglobin, which is assimilated into larger endosomes
within the digestive cells by an unknown, yet specific, cell receptor
(Lara et al., 2005). During this stage, hemoglobin degradation becomes
evident through the emergence of hemosomes, membrane-delimited
organelles that contain vast amounts of heme (Lara et al., 2003).

Due to practical challenges associated with feeding R. microplus ticks
on cattle, we were unable to collect unfed female adults. This observa-
tion bears relevance, as previous studies have demonstrated that the
initial interaction between the tick midgut and the host’s blood triggers
substantial transcriptional changes within this organ (J. Perner et al.,
2016; L. Tirloni et al., 2020; Stutzer et al., 2013). However, it was also
recently demonstrated in I. scapularis midguts that a significant portion
of such changes are maintained throughout the slow-feeding phase (Lu
et al., 2023). Considering that only a marginal number of transcripts
were found to be differentially expressed in the pairwise comparison of
midgut from ticks within the slow-feeding phase (Fig. 3), it is likely that,
similar to I scapularis, the transcriptional changes induced by the blood
meal of unfed R. microplus are sustained during the slow-feeding stage.

To systematically identify abundant transcripts in the different
feeding stages, we conducted an unsupervised clustering of the final
filtered putative CDS. This analysis resulted in the formation of five
primary clusters (Fig. 4) based on the transcripts pattern across various
biological conditions. Notably, cluster 1 contained 4703 transcripts and
exhibited a predominant presence prior to tick detachment, with smaller
abundance in the 0- and 24-hpd groups and negligible expression in
subsequent time points. Cluster 2, comprising 1343 transcripts, exhibi-
ted marked abundance specifically within the 24-hpd group. Notably,
transcripts grouped in clusters 3 (1428 transcripts), 4 (54 transcripts),
and 5 (43 transcripts) exhibited high variability in their TPM values at
all (cluster 3) or at specific time points (clusters 4 and 5, Fig. 4).
Therefore, is likely that such clusters are artifacts of the unsupervised
method utilized and do not provide substantial biological insights into
R. microplus midgut physiology. As a result, similar to our previous
analysis (PCA and differentially expression), the unsupervised clustering
highlight two primary transcriptional patterns: one characterized by
abundant transcripts prior to tick detachment (cluster 1), and another
showcasing transcripts that are abundant in the early day post-
detachment (cluster 2).
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Fig. 4. Unsupervised clustering of the transcripts that presented an average transcript per million (TPM) > 3 in the midgut of Rhipicephalus microplus midgut at
different feeding conditions. The dots represent the average Z-score of the TPM from the transcripts contained within each cluster at each feeding stage. The errors
bars represent the standard deviation of the mean.
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Fig. 5. Relative quantification of the 24 functional classes of Rhipicephalus microplus midgut transcripts within cluster 1. The average TPM, as percentage, is rep-
resented by the size of each sphere. G1 — G4 indicates partially fed ticks that were collected and grouped based on their average weight; (G1) 38.9 + 4.48 mg, (G2)
60.8 + 10.1 mg, (G3) 94.7 + 9.0 mg and (G4) 192.9 + 12.4 mg.
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Consequently, to better describe the transcriptional profile of slow-
feeding adult R. microplus females, we chose to focus on the tran-
scripts present in the cluster 1, mainly those that were abundant in the
G1 thought G4 groups. As expected, further exploration of the functional
classification of these transcripts revealed a similar pattern in all four
conditions, with the “unknown” (27 - 35 %), “protein synthesis” (15 —
25 %), “secreted” (11 — 14 %), and “energetic metabolism — Met/En-
ergy” (7 — 10 %) classes being the most abundant (Fig. 5). The elevated
presence of the “protein synthesis” class appears to reflect the active
state of the tick midgut, where its machinery is constantly producing
proteins necessary to accommodate and process the blood meal.

Within the “secreted” class, we have identified putative peptidases
and peptidases inhibitors that play a pivotal role in the degradation of
hemoglobin. In contrast to other hematophagous arthropods, ticks do
not process their blood meal within the midgut lumen. Instead, intra-
cellular hemoglobin digestion occurs in the digestive cells through
cysteine and aspartic peptidases (Horn et al., 2009). As expected, we
have uncovered several transcripts encoding putative cysteine (Sup-
plementary figure 1) and aspartic peptidases (cathepsin D) with mod-
erate to high levels of TPM throughout the slow-feeding phase
(Supplementary figure 2). Furthermore, within the putative cathepsin
p-like peptidases, Rm140393 and Rm140397 exhibited notable simi-
larity to BmAP (Boophilus microplus Aspartic Peptidase), known to
generate antimicrobial peptides (hemocidins) from hemoglobin (Cruz
et al., 2010). Highlighting that such peptidases not only contribute to
hemoglobin degradation but also to the tick’s immune response. In the
current dataset, BmAP (Rm140392) displayed substantial variability
during the early feeding stages and is moderately abundant within the
midgut of post-detached ticks. This observation aligns with the concept
of “early” and “late” digestive peptidases, similar to what has been
described in mosquitoes (Barillasmury et al., 1995) and kissing bugs
(Henriques et al., 2020). This underscores the presence of a sophisti-
cated regulatory mechanism that orchestrates blood meal digestion in
ticks.

Within cluster 1, we have also detected multiple transcripts encoding
putative serine peptidases from the MEROPS SO1A subfamily, encom-
passing trypsins and chymotrypsin-like peptidases. It is worth noting
that while most serine peptidases exhibited low TPM values, five pre-
sented moderate levels, of which four were found in cluster 1
(Rm114855, Rm135900, Rm32624 and seqSigP-43,736) (Supplemen-
tary figure 3). Although similar transcripts have been reported in pre-
vious RNA-sequencing studies of tick midgut (J. Perner et al., 2016; Lu
et al., 2023; L. Tirloni et al., 2020), their contribution to blood meal
digestion remains unclear. Recent finds have indicated that midgut ex-
tracts from unfed and partially fed I. scapularis adults lack trypsin-like
activity, but this activity is present in detached ticks (Reyes et al.,
2020). Although, an in-depth biochemical characterization of
R. microplus peptidase activity at different feeding stages is not available,
based on the moderate levels of TPM, it is possible that these transcripts
might not undergo translation or that the proteins are maintained as
zymogens during the early feeding stages.

Lastly, in addition to the peptidases, we also observed multiple serine
and cysteine peptidases inhibitors. Within the serine peptidase in-
hibitors, cluster 1 presented moderate levels of transcripts encoding
putative serpins and Kunitz-type inhibitors (Supplementary file 1).
These inhibitors are thought to serve as regulators of host serine pepti-
dases involved in hemostasis (e.g., thrombin), thereby promoting the
maintenance of the ingested blood in a fluid state (Soares et al., 2012;
Liao et al., 2009). Corroborating with this notion, all transcripts
encoding putative Kunitz-type inhibitors within cluster 1 possess an
Arg-residue at their P1 position, strongly suggesting that they could act
as thrombin inhibitors. This mechanism, in turn, would favor the
digestion and processing of the blood meal. Furthermore, among the
inhibitors, we have observed the presence of cystatins, which are
tight-binding cysteine peptidase inhibitors. The cystatins are tradition-
ally categorized into three subfamilies based on their molecular weight

Ticks and Tick-borne Diseases 15 (2024) 102304

and number of disulfide bridges (Barrett et al., 1986). Currently, mul-
tiple type-1 and type-2 cystatins from R. microplus midgut have been
characterized (Lima et al., 2006; Parizi et al., 2013) and suggested to
function as endogenous regulators of tick cysteine peptidases (Parizi
et al., 2015; Cardoso et al., 2017), in addition to potentially interfering
with peptidases originating from tick-borne pathogens (Lu et al., 2020;
Wei et al., 2020).Beyond providing a basic understanding of tick midgut
physiology, the current dataset can also be leveraged for the identifi-
cation of antigens suitable for the development of anti-tick control
methods. Disrupting the activity of proteins within cluster 1 could
potentially impede the initial feeding stages of ticks, thereby preventing
significant harm to the cattle. As of now, the sole commercially available
vaccine is based on the midgut protein Bm86 (Willadsen et al., 1989).
Furthermore, Bm86 (Rm132620, Supplementary figure 4) was clustered
within cluster 1, indicating that it is more abundant in the early feeding
stages of R. microplus. (Pipano et al., 2003) This observation underscores
a proof of concept, suggesting that targeting midgut proteins abundant
in the slow-feeding phase could prove to be a potent strategy for tick
control.

3.3. Rapid-feeding stage

During this phase, the mated female tick ingests a substantial volume
of blood within a relatively brief period, spanning from 12 to 24 h
(Roberts, 1968). This phase of rapid feeding is accompanied by a drastic
expansion of the tick’s body size, resulting in an increase of nearly 100
times in its overall body weight (Sonenshine, 2013).

Functional classification of the 248 differentially expressed tran-
scripts between the G4 and G3 ticks revealed a prevailing down-
regulation trend (G41py/G31pm < 1, table 2). This observation sug-
gests that, as ticks approach the fully engorged state, a shift occurs in the
overall transcriptional activity within the midgut. Notably, a similar
trend was also observed in the midgut of I scapularis adult females (Lu
et al., 2023), indicating the conservation of this transcriptional regula-
tion pattern across ticks of different species. Upon closer inspection of
the TPM ratios between the G4 and G3 groups, we observed that the
most upregulated functional classes were “energetic metabolism —
Met/Energy”, “storage” and “oxidant metabolism” (Table 2). However,
it is important to note that, with exception of the “oxidant metabolism”

Table 2
Functional classification of the differentially expressed transcripts in the midgut
of Rhipicephalus microplus ticks from G4 and G3 groups.

Class No. of G3TPM' G4 TPM G4/
modulated G3
transcripts

Up Down
Met/energy 1 0 0.01 0.36 53.50
Storage 1 0 35.75 663.85 18.57
Oxidant metabolism 4 2 123.4 1829.2 14.83
Met/int 3 0 5.54 75.71 13.66
Transcription machinery 1 0 0.39 3.82 9.72
Transposable element 4 1 25.06 124.29 4.96
Met/carb 4 0 18.39 91.02 4.95
Met/aa 2 1 23.18 104.70 4.52
Transporters 12 11 130.02 361.87 2.78
Unknown 33 35 38,190.6  27,915.78  0.73
Signal transduction 4 2 44.59 19.05 0.43
Immunity 9 9 2048.16 832.27 0.41
Met/lipd 4 7 268.21 98.26 0.37
Secreted 33 51 53,404.6 16,584.51 0.31
Extracellular matrix 3 7506.68 1378.17 0.18
Protein modification 1 1 90.43 12.40 0.14
machinery
Protein export machinery 0 1 4.88 0.56 0.11
Cytoskeletal 0 1 1.11 0.00 0.00
Nuclear regulation 0 1 1.96 0.00 0.00

! TPM:Transcript per million.
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class, these classes displayed overall low TPM levels, which may not
accurately reflect the major transcriptional changes occurring in the tick
midgut during the rapid-feeding phase. When considering moderate
levels of TPM, it becomes evident that the most affected classes are
“unknown”, “secreted”, and “oxidant metabolism” (Table 2).

As feeding progresses, the degradation of hemoglobin is followed by
the release of significant amounts of heme that can potentially induce
oxidative damage (Citelli et al., 2007). During the rapid-feeding phase,
we observed two transcripts coding for putative glutathione S-trans-
ferases (GSTs) that were highly modulated (LogFC ~ 4.1). GSTs are
found in all eukaryotes and are responsible for elimination of toxic
substances (Shahein et al., 2008). In ticks, they have been implicated
with permethrin detoxification, pyrethroid resistance, and antioxidant
responses (Duscher et al., 2014; Nandi et al., 2015; Freitas et al., 2007)
Therefore, it appears that their increased transcription during this
feeding stages is likely a response to the increase of heme-related
oxidative stress originated from hemoglobin digestion.

As mentioned previously, the “secreted” class contains proteins
bearing a putative signal peptide. Although we observed an overall
reduction of this functional group during the rapid-feeding phase
(Table 2), we also observed multiple transcripts encoding putative
peptidases and peptidases inhibitors that were upregulated. Notably,
three putative cathepsin D-like peptidases (Rm102236, Rm51154 and
Rm57951) exhibited moderate to high values of TPM in ticks belonging
to the G4 group. Furthermore, these three transcripts were not identified
among those observed during the slow-feeding phase (Supplementary
figure 2). Upon comparing the transcriptional pattern of these enzymes,
it becomes evident that they are divided into two groups, “early” and
“late”, with Rm102236, Rm51154 and Rm57951 belonging to the latter.
A similar dichotomic pattern was also found for multiple transcripts
encoding putative serine peptidase inhibitors from the Kunitz-type
subfamily (Supplementary figure 5), in which the ones prevalent dur-
ing the slow-feeding phase were distinct from those in the rapid-feeding
stage. Moreover, peptidase inhibitors can be important in tick vaccine
development (de la Fuente et al., 2008; Parizi et al., 2020; Costa et al.,
2023) as they enable the precise modulation of key biological processes,
offering a promising strategy for disrupting tick-borne pathogens
transmission and enhancing vaccine efficacy.

Lastly, the presence of “early” and “late” inhibitors underscores the
notion that a specific regulatory mechanism governing not only pepti-
dases but also peptidase inhibitors are present in the tick midgut.
Further studies focused on the identification and characterization of
promoters and transcription factors are likely to be the next steps in our
quest to comprehend the triggers and signals that temporally regulate
the expression of peptidases and peptidase inhibitors orchestrating
blood meal digestion in ticks.

The collection of ticks that distinctly characterizes the demarcation
between the slow- and rapid-feeding phases is challenging due to their
close temporal proximity. This is particularly true in the case of
R. microplus, which is a one-host tick that feeds exclusively on cattle,
introducing additional practical difficulties. As a consequence, the cur-
rent dataset provides only a partial representation of the rapid feeding
phase through the comparison between the G4 and G3 groups, which
accounted for the second highest number of differentially expressed
transcripts (Fig. 3 and Table 2). Consequently, further studies focusing
on the collection of ticks weighting between 100 and 190 mg are
necessary to provide a higher resolution regarding the intricate alter-
ations that unfold in the tick midgut during the transition from the slow-
to the rapid-feeding stages.

3.4. The detachment and post-detachment stages

Tick detachment stands as a significant milestone in the tick life
cycle, occurring after completion of feeding. Within the present dataset,
this phase is represented through the 24-hpd and 0-hpd comparison,
which yields the highest number of differentially expressed transcripts
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Table 3
Functional classification of the differentially expressed transcripts in the midgut
of Rhipicephalus microplus ticks from 24-hpd and 0-hpd groups.

Class No. of 0-hpd 24-hpd 24-hpd/0-
modulated TPM' TPM hpd
transcripts
Up Down

Storage 5 0 529.48 18,844.78 35.59

Transcription factor 1 0 1.235 11.345 9.19

Immunity 17 5 208.05 1499.185 7.21

Secreted 167 131 27,372.11 165,198.9 6.04

Protein export 63 5 466.82 2320.03 4.97

machinery

Met/carb 29 2 168.25 777.13 4.62

Met/lipd 51 8 353.025 1477.67 4.19

Extracellular matrix 34 7 298.655 1179.875 3.95

Met/aa 29 5 499.67 1664.375 3.33

Met/nuc 12 7 222.66 737.32 3.31

Met/int 11 3 59.495 188.29 3.16

Transporters 69 13 553.71 1008.33 1.82

Proteasome 24 17 655.015 757.895 1.16

Protein modification 28 11 1747.45 1518.75 0.87

Unknown 234 307 118,770.7 101,993.5 0.86

Nuclear regulation 16 10 201.025 150.195 0.75

Transposable 31 37 974.95 584.995 0.60

element

Nuclear export 1 2 22.505 10.485 0.47

Transcription 58 28 5402.18 1946.09 0.36

machinery

Oxidant metabolism 27 8 82,256.12 27,612.92 0.34

Signal transduction 79 14 16,454.48 5026.965 0.31

Protein synthesis 18 35 33,321.93 9689.125 0.29

Cytoskeletal 39 17 17,401.63 3283.835 0.19

Met/energy 23 22 79,090.43 14,026.96 0.18

! TPM:Transcript per million.

(Fig. 3). Among the 1760 modulated transcripts between the 24-hpd/0-
hpd groups, we observed that the most upregulated transcripts with
moderate to high TPM values belonged to the “storage”, “immunity”,
and “secreted” functional classes (Table 3).

Within the “storage” class, we identified five upregulated transcripts.
However, two of them, Rm22740 and Rm98262, account for 99.6 % of
the total TPM for this class, and both encode putative hemelipoproteins
(Supplementary file 1). These proteins typically exhibit a high molecular
weight (>200 kDa) and are associated with heme, lipid, and carbohy-
drate binding. In ticks, it has been demonstrated that hemelipoproteins
are primarily synthesized in the fat body while the midgut is considered
a secondary production organ (Khalil et al., 2011; R.D. Mitchell et al.,
2007). While traditionally associated with embryo development (Ume-
miya-Shirafuji et al., 2019; Seixas et al., 2018), the notable abundance of
these hemelipoproteins in the midgut at this feeding stage suggests a
different role — specifically, their involvement in heme binding. At this
point in the tick’s feeding cycle, the midgut displays its highest pro-
teolytic activity (Franta et al., 2010), indicating rapid degradation of
hemoglobin, which is followed by the release vast amounts of heme.
Consequently, it is likely that Rm22740 and Rm98262 serve as detoxi-
fication proteins by binding to heme. Furthermore, it is likely that they
are also related to the acquisition and distribution of heme. This function
is particularly critical for the tick physiology since ticks lack the capa-
bility to produce heme on their own (J. Perner et al., 2016; Braz et al.,
1999).

During the initial 24-hpd, the second most modulated functional
class was the “immunity” group, showing a 7.2-fold increase (Table 3).
Within this category we observed multiple transcripts that encode pu-
tative microplusin-like antimicrobial peptides (Supplementary file 1).
Microplusin was originally isolated from the hemolymph of R. microplus
and demonstrated to possess antimicrobial activity against gram-
positive bacteria (Fogaca et al., 2004). Further investigations have
suggested that microplusin’s bacteriostatic activity can be attributed to
the presence of histidine-rich regions within the peptide. These regions
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have the capability to bind and sequester metal ions, such as copper
(Silva et al., 2009). The heightened transcription of antimicrobial pep-
tides at this stage is likely linked to the accumulating blood meal in the
tick midgut lumen, creating a favored environment for the proliferation
of bacteria and/or other microorganism that requires regulation.

Finally, within the upregulated transcripts of the “secreted” class,
similar to previous feeding stages, we have identified multiple serine
peptidase inhibitors from the Kunitz-type subfamily, along with several
digestive peptidases, including putative legumains, cathepsins D and L.
This high abundance of digestive peptidases suggests that the midgut of
fully engorged R. microplus adults exhibits its highest proteolytic activ-
ity, similar to what has been shown to Ixodes ricinus (Franta et al., 2010).
Notably, R. microplus possesses a substantial number of transcripts
coding for putative Kunitz-type inhibitors. Most of the inhibitors that
were upregulated in the rapid feeding phase displayed even higher TPM
values in fully fed ticks (Supplementary file 1). Furthermore, upon
inspecting their putative P1 residues, it becomes evident that these in-
hibitors likely target multiple serine peptidases. This is supported by the
identification of P1 residues such as val, ser, gly, arg, lys, met, asn and
tyr (Supplementary file 1). Therefore, it is possible that these Kunitz
inhibitors possess the capability to inhibit other host serine peptidase
cascades that could potentially pose a threat to the tick midgut, such as
complement activation and neutrophil degranulation (Barros et al.,
2009). Further investigations focused on these inhibitors will enhance
our comprehension of their broader role in tick midgut physiology.

Notably, when extending our analysis to the midgut of ticks up to
168-hpd, we observed a moderate number of modulated transcripts only
up to 48-hpd (Table 4), with little to no difference at later time points
(Fig. 3). This overall absence of differentially expressed transcripts in
post-detached ticks suggests that the midgut maintains a conserved
transcriptional profile beyond 48-hpd.

The 48-hpd/24-hpd comparison exhibits an overall reduction in the
transcriptional activity within the tick midgut. Most of the functional
classes show a downregulation trend (Table 4). The exceptions to this
pattern included the “lipid metabolism - Met/Lipd”, “amino acid
metabolism — Met/AA”, and “secreted” classes. However, it is worth
noting that only the “secreted” class exhibits moderately high levels of
TPM at approximately 3000. Among the most abundant transcripts in
this class are Rm145420 and Rm20292, which encode putative type-1
cystatins. As previously mentioned, these intracellular cysteine pepti-
dase inhibitors are recognized as regulators of tick digestive peptidases
(Parizi et al., 2015; Lu et al., 2020). Therefore, their upregulation likely
signifies the onset of the final stages of hemoglobin digestion, during
which peptidase activity must be carefully controlled to prevent unin-
tended proteolysis. This event aligns with the macroscopic changes
observed in the tick midgut, which gradually decreases in size and mass
at later time points post-detachment.

4. Conclusion

Tick feeding is divided into three key stages: a preparatory stage
during which the tick attaches to its host and creates the feeding lesion, a
slow-feeding stage spanning multiples days, and a rapid-feeding stage in
which the adult female ingests a large volume of blood in a short-time
frame. Here, a comprehensive longitudinal transcriptome analysis of
the midgut from adult female R. microplus ticks collected at various
feeding stages was performed. We have identified distinct transcrip-
tional profiles that can be associated with both the slow- and rapid-
feeding stages. Furthermore, our observations reveal that the initial
days following tick detachment (up to 48 h) exhibit the highest number
of differentially expressed transcripts. However, no major transcrip-
tional changes were noted in subsequent periods. This temporal, organ-
specific dataset serves as a robust reference for investigating crucial
aspects of tick midgut physiology in addition to favor the identification
of potential targets that could be used to inform anti-tick control
methods.
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Table 4
Functional classification of the differentially expressed transcripts in the midgut
of Rhipicephalus microplus ticks from 48-hpd and 24-hpd groups.

Class No. of 24-hpd 48-hpd 48-hpd/24-
modulated TPM' TPM hpd
transcripts
Up Down

Met/lipd 2 1 43.715 210.6267 4.82

Met/aa 2 1 59.24 209.49 3.54

Secreted 13 7 1332.13 3050.42 2.29

Unknown 14 34 3272.56 3092.223 0.94

Protein modification 1 7 471.13 124.0133 0.26

Immunity 2 3 17,126.88 2589.507 0.15

Cytoskeletal 0 4 1087.23 137.76 0.13

Oxidant metabolism 2 6 2316.165 270.29 0.12

Signal transduction 0 4 12.93 1.366667 0.11

Storage 0 1 381.1 40.10333 0.11

Nuclear export 0 3 9.395 0.973333 0.10

Transcription 0 18 570.12 57.03667 0.10

machinery

Met/int 0 2 32.775 2.91 0.09

Nuclear regulation 0 3 18.91 1.666667 0.09

Protein export 0 2 8.04 0.536667 0.07

Proteasome 0 1 1.07 0.063333 0.06

Protein synthesis 0 4 10.58 0.6 0.06

Met/nuc 0 2 43.495 2.156667 0.05

Met/carb 0 1 1.61 0.076667 0.05

Transporters 1 3 111.65 3.246667 0.03

Met/energy 0 3 71.3 0.963333 0.01

Transposable 0 1 1.625 0 0.00

element

! TPM:Transcript per million.
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