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ARTICLE INFO ABSTRACT

Keywords: Ehrlichia spp. are obligatory intracellular microorganisms that infect hematopoietic, endothelial or blood cells of
Anaplasmataceae mammals. Ticks are the only vectors of these agents in nature. To date, the role of birds and their associated ticks
Ehrlichia as reservoirs of ehrlichiae remains almost unexplored. In this study, we performed a molecular screening for
Ixodes bacteria of Anaplasmataceae family in samples of spleen (n = 72) and lung (n = 17), recovered from 72 car-
Seabird . . . . . . . .

Chile casses of Magellanic penguins (Spheniscus magellanicus) in Brazil and Chile. One apparently unengorged tick

(Ixodes uriae) was also collected while wandering upon one of the carcasses and submitted to molecular analyses
as well. Through conventional and nested PCR protocols three genes (16S rRNA, dsb and groEL) of a new
Ehrlichia sp. were partially characterized upon organs of three penguins and in the tick coming from Magdalena
Island (Chile). First matches after BLASTn comparisons showed that our sequences share 99.4% (16S rRNA),
94.6% (groEL) and 79.3% (dsb) of identity with “Candidatus Ehrlichia ornithorhynchi”, Ehrlichia sp. NS101 and
Ehrlichia canis CCZ, respectively. Matrixes of genetic distance including other representatives of the Ehrlichia
genus point a 99.4%, 94.0%, and 80.0% of identity with 16S rRNA, groEL and dsb genes from Ehrlichia sp. It25,
Ehrlichia sp. NS101, and Ehrlichia chaffeensis San Louis, respectively. A Bayesian phylogenetic analysis of
Anaplasmataceae 16S rRNA gene places the detected Ehrlichia sp. into a group with Ehrlichia sp. BAT and
Ehrlichia sp. Natal. Although depicting different topologies, Bayesian unrooted phylogenetic trees constructed for
groEL and dsb genes position this Ehrlichia sp. into well-supported branches, which reinforces the finding of a
new taxon. For the moment, any pathogenic effect of this new Ehrlichia sp. on penguins is still unknown.
However, this fact becomes important to assess from a conservation point of view since populations of
Magellanic penguins are currently threatened and in an ongoing decrease.

1. Introduction

The genus Ehrlichia is composed by small a-proteobacteria that
naturally infect hematopoietic, endothelial, or blood cells of mammals
and use ticks as vectors (Kersters et al., 2006). Six species are currently
recognized (Parte, 2018), some of them causing severe disease when
transmitted to naive hosts, such as domestic animals and humans (Rar
and Golovljova, 2011). Based on molecular techniques, contemporary
research has unveiled the occurrence of further genetic variants, and
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novel species such as “Candidatus Ehrlichia shimanensis” (Kawahara
et al., 2006), “Candidatus Ehrlichia khabarensis” (Rar et al., 2015),
“Candidatus Ehrlichia occidentalis” (Gofton et al., 2017), and “Candi-
datus Ehrlichia ornithorhynchi” (Gofton et al., 2018) have been pro-
posed. It is evident then that the specific richness of this genus might be
much underestimated.

Mammals constitute so far the only competent hosts and reservoirs
for ehrlichiae in nature (Rar and Golovljova, 2011; Gofton et al., 2018).
However, several findings point that bacteria of this genus would
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naturally infect a wider array of vertebrate and invertebrate hosts. In
fact, Ehrlichia DNA has been detected in ticks associated with reptiles
(Andoh et al., 2015; Munoz-Leal et al., 2019) and also in reptiles
(Tijsse-Klasen et al., 2010). A striking and open-to-question finding
corresponds to the detection of ehrlichiae commonly associated with
ungulates and carnivores in blood of wild birds in Brazil (Machado
et al., 2012). Reinforcing the role of birds as hosts for haemotropic
Anaplasmataceae, a new Candidatus taxon belonging to Ehrlichia’s sister
genus Anaplasma was recently characterized from blood of South
African penguins (Spheniscus demersus) (Vanstreels et al., 2018).

Magellanic penguins (Spheniscus magellanicus) reproduce in
southern shores of Argentina and Chile during austral summer, and
swim towards northern latitudes during austral winter in search for
food in warmer conditions (Boersma et al., 2013). The current con-
servation status of the Magellanic penguin is of concern. By-catch
during commercial fishery and oiling incidents correspond to the main
threats affecting their populations (BirdLife International, 2018).

Like many seabird species that breed in Subantarctic and Antarctic
latitudes, penguins are often parasitized by ticks. In particular, a
common hard tick associated with these birds in austral ecosystems
corresponds to Ixodes uriae (Ixodidae) (Munoz-Leal and Gonzalez-
Acunia, 2015). While this hard tick can act as a vector for some viruses
and spirochetes, bacteria of Anaplasmataceae family have never been
reported on it (Mufioz-Leal and Gonzélez-Acuna, 2015).

In an attempt to contribute with the knowledge on the natural
Anaplasmataceae harbored by seabirds, in this study, carcasses of
Magellanic penguins obtained from different sources and a tick were
PCR-screened for bacteria of this family. Our results describe the de-
tection and molecular characterization of a novel Ehrlichia sp.

2. Materials and methods
2.1. Collection of samples

During the years 2014 and 2015, 54 necropsies were performed on
Magellanic penguins that perished after stranding lesions or further
complications while hosted in the “Centro de Reabilitacdo de Animais
Marinhos do Espirito Santo (CRAM-ES),” municipality of Cariacica,
state of Espirito Santo, Brazil (20°19’53”S, 40°21’34”W). In addition, 18
necropsies were performed in situ during January 2016 on conspecific
dead penguins scattered among the colony that yearly breeds at
Magdalena Island, Magallanes’ Strait, “Regién de Magallanes y de la
Antértica Chilena,” in Southern Chile (55°55’08”S; 70°34’37”W)
(Fig. 1A). Fragments of ~1 cm? of spleen and/or lung were collected
from each necropsied specimen in 1.5 mL plastic tubes and stored at
-20 °C until processing in the laboratory. While samples of spleen were
collected from all 72 penguins, lung fragments were obtained only from
17 birds in Chile. In addition, one apparently unengorged hard tick was
collected while walking upon the feathers of a dead specimen at Mag-
dalena Island (Fig. 1B), and placed in a vial with 100% ethanol. The key
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from Nava et al. (2017) was used to identify this tick by external
morphology. In Brazil, all procedures were authorized by local autho-
rities (99/2011-DFyFS-SRRN, N° 083 SsCyAP/12) and approved by the
Animal Ethics Committee of the University of Sdo Paulo (CEUA-USP
601415). Necropsies of penguins performed at Magdalena Island were
authorized by permits 2799 and 039/2016 given by the “Subsecretaria
de Pesca y Acuicultura (SUBPESCA)” and by the “Corporacién Nacional
Forestal (CONAF),” respectively.

2.2. Molecular analyses

Spleen and/or lung samples collected from penguins in Brazil and
Chile, and the entire tick were submitted to DNA extraction using the
Wizard Genomic DNA Purification Kit Protocol (Promega Corporation,
Madison, WI), following manufacturer’s instructions. Successful DNA
extractions for penguins and the single tick were confirmed by a con-
ventional PCR targeting penguin mitochondrial hypervariable region I
and tick mitochondrial 16S rRNA genes, respectively. In order to de-
termine Anaplasmataceae-positive samples, a conventional PCR tar-
geting the Anaplasmataceae 16S rRNA gene was performed. Positive
samples were submitted to different Ehrlichia-specific conventional and
nested PCR protocols in order to amplify fragments of groEL (60 kDa
chaperonin) and dsb (disulfide oxireductase) genes. All primers used in
this study are listed in Table 1. A mix of 25l (12.5pl of DreamTaq
Green PCR master mix [2X, Thermo Fischer Scientific Baltics UAB,
Vilnius, Lithuania], 1 pl of each primer [10 pmol/ul], 8 pul of ultrapure
water and 2.5l of template DNA) was prepared to conduct conven-
tional PCRs. Nested rounds were pipetted in a separated room and
performed using 1 pl of DNA from the first reaction and 9.5 pl of ul-
trapure water. All reactions ran without positive controls and included
ultrapure water as negative controls. PCR products were resolved in
1.5% agarose gels and visualized through UV-transillumination. Ana-
plasmataceae and tick mitochondrial 16S rRNA products were treated
with ExoSAP-IT (Affimetryx/Thermo Fisher Scientific, Santa Clara, CA),
prepared for sequencing with Big Dye Terminator Cycle Sequencing kit
(Applied Biosystems, Foster City, CA), and sequenced in an ABI 3500
automatic device (Applied Biosystems/Thermo Fisher Scientific, Foster
City, CA). Obtained sequences were assembled with Geneious R9
(Kearse et al., 2012). BLASTn analyses (www.ncbi.nlm.nih.gov/blast)
were performed in order to infer closest identities with organisms
available in GenBank (Altschul et al., 1990).

2.3. Phylogenetic analyses

Obtained sequences for 16S rRNA, groEL, and dsb genes were in-
dividually aligned using CLUSTAL W (Thompson et al., 1994) with 37,
35, and 27 homologous GenBank-retrieved sequences, respectively.
Divergences between different Ehrlichia spp. were assessed by visually
reading heatmap matrixes of genetic identity constructed for each
alignment with Geneious R9.

Fig. 1. In situ photographs from in Magdalena Island: (A) View of Magellanic penguin colony; (B) Wandering tick collected upon the feathers of one dead penguin.


http://www.ncbi.nlm.nih.gov/blast

S. Murioz-Leal, et al.

Table 1
Primers used in conventional and nested PCR.
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Targeted gene Primer name  Sequence (5' to 3)

Reference PCR protocol (primer forward/ primer reverse):

amplicon size

Mitochondrial hypervariable regionI  L-tRNAGlu CCTGCTTGGCTTTTYTCCAAGACC Roeder et al. (2002)  Conventional PCR (L-tRNAGlu/H-Dbox): 654 bp
H-Dbox CTGACCGAGGAACCAGAGGCGC Roeder et al. (2002)
16S mitochondrial rRNA 16S + 1 CCGGTCTGAACTCAGATCAAGT Mangold et al. Conventional PCR (16S + 1/16S-1): = 460 bp
(1998)
16S-1 GCTCAATGATTTTTTAAATTGCTG Mangold et al.
(1998)
16S rRNA Anaplasmataceae EHR16SD GGTACCYACAGAAGAAGTCC Inokuma et al. Conventional PCR (EHR16SD/EHR16SR): 346 bp
(2000)
EHR16SR TAGCACTCATCGTTTACAGC Inokuma et al.
(2000)
groEL GRO607F AAGATGCWGTWGGWTGTACKGC Takano et al. (2009) 1% round PCR (GR0607 F/GR01294R): 688 bp
GR01294R AGMGCTTCWCCTTCWACRTCYTC Takano et al. (2009)  2"¢ round PCR (GR0677 F/GR0O1121R): 445 bp
GRO677F ATTACTCAGAGTGCTTCTCARTG Takano et al. (2009)
GRO1121R TGCATACCRTCAGTYTTTTCAAC Takano et al. (2009)
dsb DSB-330 GATGATGTCTGAAGATATGAAACAAAT  Doyle et al. (2005) 1st round PCR (DSB-330/DSB-728): 401 bp
DSB-728 CTGCTCGTCTATTTTACTTCTTAAAGT Doyle et al. (2005) 2nd round PCR (DSB-380/DSB-728): 349 bp
DSB-380 ATTTTTAGRGATTTTCCAATACTTGG Almeida et al.

(2013)

" primers used in the initial PCR screening.

Sequences of Anaplasma spp. (U02521; AY048816) were used as
out-group for Anaplasmataceae 16S rRNA gene phylogeny. Not in-
tending to infer evolutionary relationships but rather to depict whether
the position of the sequences resulted in well-defined branches or not,
unrooted phylogenetic trees were constructed for groEL and dsb genes.
Nucleotide substitution models were calculated with MEGA 5 (Tamura
et al,, 2011). While general time reversible (GTR) with invariable
gamma distribution model was used to obtain Anaplasmataceae 16S
rDNA phylogeny, we employed the GTR model combined with gamma
distribution to run groEL and dsb trees. Phylogenies were constructed
using the Bayesian method implemented in Mrbayes 3.2.5 software
(Huelsenbeck and Ronquist, 2001) with 1,000,000 generations; each
tree was sampled every 1000 generations, ran four times and began
with random starting trees. In all phylogenetic inferences, the first 25%
of the trees represented burn-in, and the remaining subset of trees were
used to calculate the Bayesian posterior probability.

3. Results
3.1. Positive samples and BLASTn comparisons

All spleen and lung extractions were positive for penguin mi-
tochondrial hypervariable region I PCR, and the single collected tick
yielded positive amplicons for mitochondrial 16S rRNA PCR. Only three
spleen samples, each obtained from one penguin at Magdalena Island
were positive for Anaplasmataceae 16S rRNA, groEL, and dsb genes;
lung samples from two out of these three penguins yielded the same
PCR results. The sole collected tick was identified as a female of I. uriae
by external morphology. This diagnosis was confirmed by sequencing a
partial fragment of 16S rRNA gene that showed 98.52% of identity
(402/408 bp, 1 gap, 100% query cover, 0.0 E-value) with I uriae from
Sweden (AB087746) and 97.31% identical (398/409 bp, 2 gaps, 100%
query cover, 0.0 E-value) with conspecific ticks from the Antarctic
Peninsula (MH183257). Remarkably, the female tick was positive to all
three Anaplasmataceae loci as well. Sequences obtained from penguin
organs were identical to sequences retrieved from the tick for each of
the three genes. After BLASTn comparisons, first matches for homo-
logous sequences in GenBank were as follows: 1) Anaplasmataceae 16S
rRNA gene: 99.4% identical (345/347 bp, 99% query cover, 0 gaps, 8e-
177 E-value) with the sequence of “Ca. E. ornithorhynchi” (MF069159);
2) dsb gene: 79.3% identical (279/352 bp, 97% query cover, 7 gaps, 6e-
59 E-value) to E. canis CCZ (MG772657); and 3) groEL gene: 94.6% of
identity (316/334 bp, 99% query cover, 0 gaps, 6e-143 E-value) with

Ehrlichia sp. NS101 (AB454077). GenBank accession numbers for the
sequences generated in this study are: MK049838 (dsb), MK049839
(groEL), MK049840 (Ehrlichia sp. 16S rRNA), and MK570083 (tick mi-
tochondrial 16S rRNA gene).

3.2. Genetic identities and phylogenetic analyses

Compared with other representatives of the genus Ehrlichia, per-
centages of genetic identity calculated for each of the three constructed
alignments point that the Ehrlichia sp. detected in the present study
(now onwards “Ehrlichia sp. Magellanica”) showed identities (mini-
mum-maximum) of 96.8-99.4%, 84.5-94.0% and 75.8-80.0% for 16S
rRNA, groEL and dsb genes, respectively. Moreover, compared with
valid species of the genus (E. canis, E. chaffeensis, E. ewingii, E. mina-
sensis, E. muris, and E. ruminantium), and with four Candidatus taxa (“Ca.
E. shimanesis”, “Ca. E. occidentalis”, “Ca. E. ornithorhynchi” and “Ca.
E. khabarensis”), the highest nucleotide similarities for each of the
three characterized loci of Ehrlichia sp. Magellanica were always below
the minimum level of intraspecific genetic similarities for each of these
species (Tables S1, S2, and S3).

Phylogenetic analysis of Anaplasmataceae 16S rRNA gene clearly
shows our sequence belonging to the Ehrlichia genus (Fig. 2A). The 16S
rRNA tree indicates that Ehrlichia sp. Magellanica forms a polytomic
clade with Ehrlichia sp. BAT and Ehrlichia sp. Natal, the former detected
in the bat-tick Carios vespertilionis in France (Socolovschi et al., 2012)
and the later characterized from an opossum’s spleen in Brazil (Lopes
et al., 2018). On the other hand, unrooted dsb and groEL phylogenies
show Ehrlichia sp. Magellanica sequences in two different positions
within the genus. Although both analyses differ in their topologies, they
coincide in placing Ehrlichia sp. Magellanica into well-supported bran-
ches, thus confirming a new genetic variant (Fig. 2B, C).

4. Discussion

Magellanic penguins are South American migratory birds that sea-
sonally shift their populations between Brazilian shores and southern
territories from Argentina and Chile, where they reproduce during
austral summer (Boersma et al., 2013). Although in this study we in-
cluded samples from both populations, only penguins from Magdalena
Island were positive to Ehrlichia PCR targeting 16S rRNA, dsb, and groEL
genes. Such a result indicating that infected penguins occur only in the
southern range of their distribution should be carefully interpreted
since we analyzed a limited number of specimens from both localities.
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Fig. 2. Bayesian phylogenetic analyses inferred for partial fragments of 350 bp, 354 bp and 335 bp of the genes (A) 16S rRNA, (B) dsb, and (C) groEL, respectively.
Bayesian posterior probabilities are indicated upon or arrowing each branch. The position of Ehrlichia sp. Magellanica is highlighted within a grey rectangle. Scale bar

indicates the number of substitutions per nucleotide position.

Noteworthy, identical sequences for all three loci were retrieved from
an apparently unengorged female of I. uriae collected in Magdalena
Island as well. Although this fact suggests that this tick species may
correspond to the vector of this agent, studies on vector competence are
needed before reaching any conclusion. Notwithstanding, Ixodes spp.
have already been recognized as vectors of Ehrlichia spp. in other eco-
systems (Shibata et al., 2000; Pritt et al., 2017), a fact that reinforces
this hypothesis. As in the Southern Hemisphere I uriae parasitizes
seabird in Subantarctic and Antarctic lands (Munoz-Leal and Gonzéalez-
Acunia, 2015), infected ticks in Magdalena Island could directly increase
the probability to find a positive bird, which would explain the results

of our study.

Last decade research on Anaplasmataceae bacteria has put in evi-
dence that the diversity of the genus Ehrlichia is underestimated (Rar
et al., 2015; Gofton et al., 2017, 2018). Although in the current study we
characterized relatively short sequences of 16S rRNA, dsb, and groEL
genes, calculated percentages of interspecific genetic identities support
that Ehrlichia sp. Magellanica correspond to a novel genetic variant
(Tables S1, S2, S3). In particular, a 99.4% of identity (i. e., 2 bp-differ-
ence) between Ehrlichia sp. Magellanica and Ehrlichia sp. It25 was ob-
served after comparisons of a 350 bp fragment of 16S rRNA gene, which
could be suggestive of conspecificity. However, given the conservative
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nature of this gene and the shortness of our analysis, =99.4% values
were also observed between well-accepted species within the genus
(Table S1). Therefore, a definitive conclusion on the identity of Ehrlichia
sp. Magellanica based on 16S rRNA gene must rely on the analysis of
longer sequences. On the other hand, unlike other intracellular micro-
organisms transmitted by ticks (i. e. Rickettsia spp. [Raoult et al., 2005]),
an algorithm for separating species based on genetic identities for a set of
genes still lacks for the Ehrlichia genus. The discovery and further char-
acterization of novel variants of ehrlichiae should contribute to the
construction of such a classification in the future.

Phylogenetic uncertainty in the form of polytomies is expectable
when performing phylogenetic analyses whit short nucleotide se-
quences, as depicted in the topologies of all three phylogenetic trees
herein obtained. Despite this limitation, phylogenetic analyses support
that obtained Anaplasmataceae 16S rRNA sequences do belong to
Ehrlichia genus. In fact, although Ehrlichia sp. Magellanica forms a
polytomic group with Ehrlichia sp. BAT and Erhlichia sp. Natal, two
genetic variants that also need further molecular characterization, the
trichotomy is well supported (0.97, Fig. 2A). Additional evidence for a
novel variant can be inferred by observing the topologies of unrooted
dsb and groEL phylogenies, in which Ehrlichia sp. Magellanica appears
as a well-defined evolutionary lineage within the genus under high
Bayesian posterior probabilities values (Fig. 2B, C).

Discounting some exceptions that suggest reptiles and reptile-ticks
as possible hosts for ehrlichiae (Tijsse-Klasen et al., 2010; Andoh et al.,
2015; Munoz-Leal et al., 2019), mammals have been the sole vertebrate
group demonstrated to sustain Ehrlichia infections in nature (Rar and
Golovljova, 2011; Gofton et al., 2018). Remarkably, the evidence
compiled in the current study points that ehrlichiae also infect birds and
might be transmitted by avian ticks. Noteworthy, a similar ecologic
scenario for an haemotropic Anaplasmataceae was recently reported in
South African penguins, yet in this case the vector remains unknown
(Vanstreels et al., 2018). These discoveries underline the role of sea-
birds and their ticks as reservoirs for Anaplasmataceae bacteria, and
give place to questions on an incipient diversity of these microorgan-
isms that could be possibly associated with this niche. For instance, an
Anaplasma-like microorganism has been detected in Ornithodoros sphe-
niscus, another penguin-associated tick (Mufoz-Leal et al., 2019).

Finally, Anaplasmataceae bacteria infecting wildlife generally cause
asymptomatic infections (Rar and Golovljova, 2011; Gofton et al.,
2018). Considering this, we are unaware if penguins from Magdalena
Island that were positive to Ehrlichia sp. Magellanica perished because
of the infection with this bacterium. However, a pathogenic effect
triggered by the exposure of these birds to a stressful milieu should not
be overlooked. This caveat becomes particularly important from a
conservation viewpoint, since populations of Magellanic penguins are
currently decreasing (BirdLife International, 2018).
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