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Abstract

Rhipicephalus microplus is a hematophagous ectoparasite that significantly affects para-
sitized cattle. As a one-host tick its entire life cycle consists of free-living and parasitic forms.
Its extraordinary ability to survive during prolonged off-host periods has been related to the
process of cytoplasmic degradation called autophagy. In order to deepen our understanding of
this process during R. microplus non-parasitic stages, we determined the expression dynam-
ics of a set of five autophagy-related genes (ATG genes) during embryonic development and
over an increasing larval starvation period of 50 days. We found two apparent successive
waves of ATG genes transcriptional activation, which paralleled key embryonic changes such
as cellularization and organogenesis, as well as nutrient utilization. Moreover, during increas-
ing larval starvation, ATG genes were up-regulated cyclically every 10-15 days. Taken
together, our results suggest that autophagy is playing a major role in embryo development
and energy metabolism during starvation in R. microplus.

Keywords Cattle tick - Rhipicephalus microplus - Autophagy - Gene expression -
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Introduction

The tick Rhipicephalus microplus is an obligatory hematophagous ectoparasite that causes

major losses to bovine herds. R. microplus is a one-host tick and its life cycle consists
of the free-living and the parasitic forms. The free-living form is composed of engorged
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female ticks dropped off the host to the ground, laid eggs and free-living larvae, whereas
the parasitic form is characterized by larval, nymphal and adult development on a single
bovine host (Nuiiez et al. 1985). Tick embryo development and survival of free-living lar-
vae depend exclusively on maternal nutrients packaged into the oocytes during the pre-
oviposition phase (Campos et al. 2006). While embryonic development under laboratory
conditions lasts approximately 24 days (Davey et al. 1980; Senbill et al. 2018), the host-
seeking period for eclosioned larvae can last from a few days to many months (Nuiiez et al.
1985). This exceptional ability of ticks to survive for extended periods without food has
been related to the process of intracellular protein degradation called autophagy. In order
to advance our understanding of autophagy in R. microplus, during non-parasitic stages, in
the present study we determined the expression dynamics of ATG genes reported so far for
this tick, namely, RmATG3, RmATG4, RmATG6, RmATG8a and RmATGS8b, whose prod-
ucts participate in the autophagosome formation and maturation (Flores et al. 2014, 2016),
during embryonic development and over increasing larval starvation. We propound poten-
tial connections between ATG genes transcriptional activation, developmental changes and
energy metabolism.

Materials and methods
Ticks and sample collection

Engorged adult female R. microplus ticks were collected from naturally infested cattle in
Tapalpa, Jalisco, México. Ticks were washed in distilled water, placed into Petri dishes
and incubated at 28 °C and 85% relative humidity (RH) throughout the egg-laying period.
The length of the oviposition period averaged 14 days. Dead specimens were daily retired
from dishes. Eggs (1 g per sample) were daily transferred to glass tubes with cotton plugs
and incubated under the above-mentioned conditions. Eggs were collected and processed at
0, 5, 10, 15 and 20 days after oviposition (these time points covered the entire embryonic
development period). Larvae were collected and processed at 0, 5, 10, 15, 20, 25, 30, 35,
40, 45 and 50 days after hatching. These time points are representative of an increasing
larval starvation stress. It is worth mentioning that all the eggs and larvae evaluated in the
study came from different females.

RNA isolation and cDNA synthesis

Total RNA was extracted from eggs and larvae immediately after collection using RNe-
asy Mini Kit (Qiagen, Germany) and following manufacturer’s recommendations. Briefly,
100 mg of eggs (~2000 eggs) or larvae (~1000 larvae) were independently mixed and
crushed using a pellet pestle homogenizer. RNA integrity was determined by denaturing
electrophoresis on 1% agarose gels. RNA was quantified by using a ND-1000 NanoDrop
spectrophotometer (NanoDrop Products, Wilmington, DE, USA). cDNA was synthesized
from 2 ug of RNA using the Superscript III® First-Strand Synthesis System (Invitrogen)
following the manufacturer’s instructions.
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Gene expression by quantitative PCR (RT-qPCR)

To determine the expression profiles of RmATG3, RmATG4, RmATG6, RmATG8a and
RmATGS8b genes in eggs and larvae of R. microplus, specific primers were designed
(Table 1). PCR was initially standardized by final point PCR and observation in 1% aga-
rose gels to validate the primers at an average Tm of 64 °C. f-actin (ACTB), elongation
factor I-a (ELFIA), ribosomal protein L4 (RPL4), acidic ribosomal protein PO (P0O) and
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) genes were used as reference genes
(Nijhof et al. 2009; Umemiya-Shirafuji et al. 2014). RT-qPCR amplifications were per-
formed as described previously (Flores et al. 2016) with some modifications. Briefly,
amplifications were carried out in 96-well plates using SYBR Green detection chemistry
in a StepOnePlus™ RT-qPCR System (Applied Biosystems/Ambion, Austin, TX, USA).
Each single reaction (20 ul) contained 0.4 ul of first strand cDNA template (100 ng pl™"),
0.5 ul of forward and reverse primers (10 uM), 10 pl of SYBR Select Master Mix and
8.6 ul of sterile deionized water. Cycling conditions consisted of initial holding stage at
48 °C for 30 s, followed by denaturation step at 95 °C for 10 min followed by 40 cycles at
95 °C for 15 s, 60 °C for 1 min and 72 °C for 30 s. Amplification was followed by melting
curve analysis to confirm the specificity of the reactions. Baseline and quantification cycles
(Cq) were automatically determined using RT-qPCR System software. PCR reactions were
run in triplicate for each sample in three independent experiments. We routinely run no
template controls (NTC) in all our PCR plates, as well as blank controls. Together with
reference and testing genes for each plate. Relative expression was calculated using the

Table 1 Primers used for quantitative PCR

Genes Sequences of primers (5’ to 3') GenBank acces- Product
sion number size (bp)

RmATG3 Forward CGAACCTGGCTCTTTAGACG KP317124 163
Reverse GTCCTGGCTGATGTCCTCAT

RmATG4 Forward AGCTTGCAGTTGACCTGGAT KR822806 197
Reverse CTCGAACAATGGCTGTTTCA

RmATG6 Forward GGCAACCACTCGTACCTGAT KR822807 217
Reverse TGTTGCTGTCCTCGATCTTG

RmATG8a Forward TTCGCAGGAAGTACCCTGAC KF724567 196
Reverse GGGGGAATGACATTGTTGAC

RmATGS8b Forward CGGTGCTTCAAGGATCAAAG KF724568 214
Reverse AGGCACTGATCTGGAGCCTA

ACTB Forward CCCATCTACGAAGGTTACGCC AY255624 140
Reverse CGCACGATTTCACGCTCAG

ELFIA Forward CGTCTACAAGATTGGTGGCATT EW679365 109
Reverse CTCAGTGGTCAGGTTGGCAG

RPLA Forward AGGTTCCCCTGGTGGTGAG CV447629 149
Reverse GTTCCTCATCTTTCCCTTGCC

PO Forward TCCCACCAAGATCTCAAAGG KC845304 201
Reverse TCCTCTGGTGTGATGTCCAA

GAPDH Forward ACGGAGATGTTCACGAGGAG CK180824 203
Reverse GGGAGCAGAGATGACCACAT
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comparative quantitative cycle method (Livak and Schmittgen 2001), where the endoge-
nous reference gene ELFIA transcript level was utilized to normalize the expression for the
different ATG genes, which turned out to be the most stably expressed control gene during
the experiment.

Bioinformatic analysis

Primers were designed with the Primer3 software v.4.1.0 (http://primer3.ut.ee/; Untergas-
ser et al. 2012). NormFinder algorithm was used to identify the optimal normalization
gene among the set of reference genes (Andersen et al. 2004). Alignment and phylogenetic
reconstructions were performed using “build” of ETE3 v.3.0.0b32 (Huerta-Cepas et al.
2016) as implemented on the GenomeNet (https://www.genome.jp/tools/ete/). Maximum
Likelihood tree was inferred using RAXxML v.8.1.20 ran with model GTRGAMMA and
default parameters (Stamatakis 2014). Branch supports were computed out of 100 boot-
strapped trees.

Statistical analysis

Expression data of RmATG3, RmATG4, RmATG6, RmATG8a and RmATG8b were ana-
lyzed by one-way ANOVA using Statgraphics™ Centurion XVLI software. Tukey’s test
was used to determine significant differences of each gene at different time points dur-

ing development of R. microplus. PCR data were expressed as mean + SEM in the method
(2—AACT)'

Results and discussion

We determined the expression stability of the set of candidate normalization genes, during
the experiment period, using the NormFinder algorithm (Andersen et al. 2004). According
to their expression stability values, candidate genes were ranked as follows: ELFIA <ACT
B<RPL4<GAPDH < P0. The candidate gene most stably expressed (which had the small-
est stability value) was ELFIA; therefore, it was used to normalize the expression of ATG
genes.

Expression of ATG genes during embryogenesis of Rhipicephalus microplus

Life cycle in the one-host tick R. microplus occurs in two phases, being the first a free-
living phase and the second a parasitic phase. This study focuses only on the first one.
Once the eggs have been laid embryonic development commences. Under laboratory
conditions this stage lasts approximately 24 days (Davey et al. 1980; Senbill et al.
2018). In our study, we observed that embryonic development lasted 23 days under our
experimental conditions. We determined the expression profiles of ATG genes on egg
samples collected every 5 days. Freshly laid eggs (HO sample) showed low expression
of all ATG genes but RmATGS8b (Fig. 1). Umemiya-Shirafuji et al. (2014) reported that
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Fig. 1 Expression profiles of RmATG genes during embryogenesis and increasing larval starvation in Rhi-
picephalus microplus. a RmATG3; b RmATG4; ¢ RmATG6; d RmATG8a; e RmATGS8b. Total RNA was
extracted from eggs (samples HO-H20) and larvae (samples LO-L50) at indicated times and used for the
cDNA synthesis. The relative expression levels of RmATG genes were determined by RT-qPCR and nor-
malized by the expression level of ELFIA. Data represent the mean + SEM of triplicate samples from three
independent biological replicates. *Significant up-regulation and # significant down-regulation (P <0.05).
Note the different scales on the y-axes

HIATG3, HIATG4, HIATGS and HIATG12 genes were expressed at the highest level in
developing eggs on day zero after oviposition in Haemaphysalis longicornis tick. These
transcripts are most likely maternally inherited to the eggs. In sharp contrast, RmATG3,
RmATG4, RmATG6 and RmATG8a mRNAs were significantly up-regulated on eggs at
5 days of embryonic development, whereas, RmATGS8b mRNA showed a diminished
expression. This up-regulation parallels the embryo cellularization, which character-
ize the cellular blastoderm stage (Campos et al. 2006). In Drosophila melanogaster
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embryos, a burst of spatially regulated autophagy during late cellularization has been
observed, which is controlled via the autophagy-initiating kinase Atgl and downstream
Atg proteins (Kuhn et al. 2015). In both organisms, autophagy might participate in the
degradation of maternal proteins during the maternal to zygotic transition and/or in sup-
porting embryo development by supply of nutrients derived from cytosol, organelles,
lipids and carbohydrates catabolism. In accordance with this hypothesis, it has been
reported that the total lipid and carbohydrate content decreased between the Sth and 7th
days and between the 7th and 9th days of R. microplus embryo development, respec-
tively. Conversely, total RNA amount increased between the 6th and the 9th days after
oviposition, indicating the activation of zygotic transcription (Campos et al. 2006). Fol-
lowing embryonic development, most ATG genes were down-regulated on H10 samples.
However, a second wave of ATG genes up-regulation (all but RmATG8b) was clearly
evident on H15 sample, whereas on H20 sample, RmATG3, RmATG8a and RmATGS8b
genes were also up-regulated (Fig. 1). These expression patterns concur with develop-
mental changes in R. microplus tick embryos, such as fourth leg pair regression and its
eventual disappearance, fading of the transient ventral furrow, opisthosomal cells dor-
sal migration and surrounding of the yolk mass and finally dorsal closure (Santos et al.
2013). With regard to energy sources, the end of embryogenesis is characterized by
lower total lipid and sugar contents compared to early embryonic development (Campos
et al. 2006). Moreover, it has been estimated that during R. microplus embryo develop-
ment about 40% of vitellin, the major yolk protein, is consumed. Vitellin is intensely
degraded during the first five days and in the last week of development, when organo-
genesis has been completed (Logullo et al. 2002; Campos et al. 2006). In H. longicornis
tick, HIATG3, HIATG4 and HIATG12 genes were down-regulated before or at the onset
of organogenesis. In contrast, HIATGS gene was up-regulated from 10 days after ovipo-
sition and its expression was sustained until the end of embryogenesis. This augmented
expression seemed to be concurrent with the onset of the differentiation of larval organs
(Umemiya-Shirafuji et al. 2014). However, how autophagy participates in the energy
metabolism and/or in the tick embryonic development at present is unknown. Evidence
from other organisms suggests that autophagy may be essential in regulating both pro-
cesses. For example, during Caenorhabditis elegans embryogenesis, maternally-loaded
germline P granule components in somatic cells undergo selective autophagic degrada-
tion (Zhao et al. 2009). Moreover, autophagy-dependent degradation of ribosomal RNA
is essential for maintaining nucleotide homeostasis during C. elegans development (Liu
et al. 2018). In D. melanogaster, null mutants for diverse ATG genes are differentially
affected on their development. For example, null mutants of Arg2 and Atgl8 exhibit
late pupal/pharate adult lethality. Similarly, mutants of Azgl, Argl3 and FIP200 die as
pharate adults. Atg6, Vps34, Vpsl5 and UVRAG mutants die as L3 stage larvae. Inter-
estingly, null mutants of Arg7, Atg8a and Atgl6 are viable but exhibit a shorter lifespan
and increased stress sensitivity (reviewed by Mulakkal et al. 2014).
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Expression of ATG genes under increasing larval starvation

In order to proceed to further developmental stages, newly hatched larvae must find
a suitable host. However, the host-seeking period can last from a few days to several
months. It is known that R. microplus larvae can survive up to 240 days without food, at
22 °C and 90% relative humidity (Hitchcock 1955). In the absence of exogenous nutri-
ents, their survival depends exclusively on the remaining nutrients brought from the egg.
As an example, it has been calculated that exhaustion of remaining vitellin (~60%) is
reached at 40 days old larvae (Miranda—Miranda et al. 2009) Under such a scenario, we
assessed the expression level of the ATG genes under study, on larvae collected every
5 days during 50 days (recreating an increasing starvation condition). Newly eclo-
sioned R. microplus larvae (LO sample) showed low expression of all ATG genes evalu-
ated, excepting RmATGS8a (Fig. 1). Low expression remained on L5 and L.10 samples
(5 and 10 days after eclosion, respectively). However, from L15 sample onwards, suc-
cessive waves of transcriptional activation of ATG genes were observed. RmATG3 and
RmATG6 genes were up-regulated on L15, L25 and L40 samples; whereas RmATG4 and
RmATGS8a genes were up-regulated on L15, L25, L40 and L45 samples. With regard
to RmATGS8b gene, this was up-regulated on L15, L40 and L45 samples. This cyclical
pattern of positive gene regulation occurred roughly every 10-15 days, as starvation pro-
gressed. This transcriptional activation appears to be necessary for sustained autophagy,
particularly to replenish consumables such as Atg8 proteins, which are degraded along
with captured cargo in autophagolysosomes (Deretic et al. 2013). Recently, Rosendale
et al. (2019) examined the bioenergetics, transcriptomic and behavioural changes of
female American dog ticks, Dermacentor variabilis, over the course of prolonged starva-
tion (up to 9 months post-blood meal). They found that several ATG genes were differ-
entially expressed during starvation. Particularly, seven genes (ATG2A, ATG4B, ATG8b,
ATGY9A, ATG13, ATG14 and ATG16 X1) tended to increase their expression with starva-
tion. In another study, a set of ATG genes (ulkl, Ic3b, atg7 and atgl2) was monitored
during a long-term fasting (60 days) in European eel (Anguilla anguilla). Inspected
genes displayed a non-random fluctuating expression pattern (Bolliet et al. 2017). Of
note, the five ATG genes here studied are present in other ticks and in other arthropods.
We performed a phylogenetic analysis including sequences of different ATG genes from
several ticks (H. longicornis, R. microplus, Ixodes scapularis, D. variabilis) and insects
(D. melanogaster, Apis mellifera) (Table 2). The phylogenetic tree showed that ATG
sequences form distinctive clusters (e.g. ATG3, ATG4, ATG6, ATGS), suggesting that
these genes are homologous among species (Fig. 2). Taken together, these results suggest
that autophagy is playing a significant role in nutrient regulation during starvation. The
observed cyclic alternating expression pattern of ATG genes, under increasing starvation,
indicates that the genetic program of autophagy operates on demand, as nutrients are
required to permit tick survival, in the absence of exogenous nutrients. The elucidation
of mechanisms through which autophagy control nutrient availability and utilization is
an active field of research.
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Fig.2 Dendrogram based on sequences of different ATG genes from several ticks and insects. Hl—Haema-
physalis longicornis; Rm—Rhipicephalus microplus; Is—Ixodes scapularis; Dv—Dermacentor variabilis;
Dm—Drosophila melanogaster; Am—Apis mellifera
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