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Abstract Brown kiwi (Apteryx mantelli Bartlett), a
ratite endemic to New Zealand, is currently listed as
“Vulnerable” under the IUCN classification system
due to predation by introduced mammals. Operation
Nest Egg (ONE) raises chicks and juveniles in
predator-proof enclosures until they are large enough
to defend themselves. These facilities experience an
environmental accumulation of coccidial oocysts,
which leads to severe morbidity and mortality of
these kiwi. Four species of coccidia have been
morphologically described from sporulated oocysts
with additional opportunistic descriptions of endoge-
nous stages. This research continues the morpholog-
ical descriptions of these species of Eimeria with an
additional novel morphotype also morphologically
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described. It also provides the first genetic character-
isation targeting the mitochondrial cytochrome ¢ oxi-
dase I (COI) gene. Based on these findings, it was
determined there are at least five morphotypes of
Eimeria that infect brown kiwi and co-infections are
common at the ONE facilities surveyed. The COI
amplicon targeted for this study was sufficient to
provide differentiation from other members of this
genus. Sanger sequencing yielded ambiguous bases,
indicating the need for more in-depth sequencing.

Introduction

Brown kiwi (Apteryx mantelli Bartlett), a ratite
endemic to New Zealand, are listed as “Vulnerable”
under the IUCN classification system (BirdLife Inter-
national 2017). Predation by introduced mammals,
particularly domestic dogs (Canis lupus familiaris
Linnaeus), stoats (Mustela erminea Linnaeus) and rats
(Rattus spp.), has played a major role in population
decline (McLennan et al., 1996; McLennan et al.,
2004). To limit predation on juvenile kiwi, the
“Operation Nest Egg” (ONE) programme was devel-
oped to bring eggs and recently hatched wild chicks
into captivity, where they are raised in a predator-free
environment until they reach at least 1kg before being
released (Colbourne et al., 2005). Unfortunately, due
to a build-up of environmentally resilient Eimeria spp.
oocysts (Apicomplexa: Eimeriidae, Schneider 1875)
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and increased density of immunologically naive hosts
in Operation Nest Egg (ONE) facilities, the juvenile
brown kiwi suffer morbidity and mortality delaying
the programme’s ability to release kiwi into the wild
(Williams, 2001; Yabsley, 2008; Morgan et al., 2012;
Morgan et al., 2013). Although, coccidia infections of
kiwi were first reported in the 1970s, in-depth,
morphological descriptions of oocysts and endoge-
nous stages were not described until more recently.
Morgan et al. (2017) provided descriptions of four
species (Eimeria mantellii, E. kiwii, E. paraurii, E.
apteryxii) from sporulated oocysts shed by six captive
brown kiwi from two ONE sites. Other reports of
coccidia in kiwi include four unsporulated morpho-
types described by Thompson and Wright (1978);
three morphologically distinct gametocytes found in
the intestinal tract (Morgan et al., 2012); one game-
tocyte reported in the renal system; and meronts in
multiple visceral organs (Morgan et al., 2013). These
reports likely overlap, describing stages of the same
morphotype; however, these connections require fur-
ther verification.

Accurate detection of coccidia in individual birds
provides vital information regarding treatment and
control of disease within kiwi rearing facilities. More
detailed identification of coccidia to a species level
would enable key insights for management of disease
within and between kiwi populations, including issues
such as treatment efficacy; translocation of disease
between populations; and determination of
pathogenicity of individual parasite species (Morgan
et al., 2013; Morgan et al., 2014; Taylor et al., 2019).
When, for example, a brown kiwi tests positive for a
particular species of Eimeria that is known to be
highly pathogenic, decisions around management can
be made. These decisions may include a delay to a
planned translocation of that individual as the stress
involved with this may increase their chances of
experiencing severe clinical disease post-release.

Historically, species of coccidia have been classi-
fied only on morphological descriptions and seldomly
providing both exogenous and endogenous descrip-
tions (e.g., Medina et al., 2019; McAllister and Hnida,
2020). This methodology is limited by morphological
similarities between oocysts of different Eimeria spp.
and does not provide any information regarding
endogenous development and subsequent pathology.
In order to definitively connect clinical disease with
sporulated morphotypes, experimental infection and
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pathogenicity trials have been undertaken in domestic
host species, such as the Barbary partridge Alectoris
barbara (Bonnaterre) and chickens (Gallus gallus
domesticus Linnaeus) (Fernandez-Alvarez et al.,
2016; Jenkins et al., 2017). However, this approach
is not possible in species such as the brown kiwi,
which, from a conservation perspective, are consid-
ered to be nationally “At Risk: Declining” (Robertson
et al., 2017). The use of molecular tools could be an
effective approach to link morphological identifica-
tion with key questions about the epidemiology,
virulence, and pathogenicity of these species. A
previous study by Morgan (2013) explored this
approach and used Sanger sequencing to target the
18S rRNA gene, and ITS-1 and ITS-2 regions. Whilst
the 18S rRNA sequences confirmed the genus, the
ITS-1 and -2 regions were found to be extremely
variable in length (ITS-1, 195-515bp; ITS-2,
60-714bp). While some variation in target sites is
needed to differentiate species, discerning the points
of variation that differentiate genetically distinct
species of FEimeria can be exceedingly difficult
especially if the target gene varies greatly within a
single species of coccidia. More recently, the success-
ful molecular identification of Isospora spp. Schneider
1881 and FEimeria spp. using the mitochondrial
cyctochrome ¢ oxidase subunit 1 gene indicates that
this gene provides higher resolution than 18S rRNA
gene and ITS regions for phylogenetic studies (da
Silva-Carvalho et al., 2018; McAllister et al., 2019;
Woodyard et al., 2019; da Silva-Carvalho et al., 2020;
Maronezi et al., 2022) Therefore, the following
research presents additional morphological descrip-
tions of oocysts shed by brown kiwi and documents a
novel morphotype and provides partial mitochondrial
cytochrome ¢ oxidase I (COI) genes analysed with
Sanger sequencing.

Methods

Sample collection

Seven brown kiwi faecal samples from five locations,
collected between 2017 and 2018 collected from
routine diagnostic and transportation health screen-
ings, were chosen for this study based on a combina-
tion of factors including: location, the success of
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Table 1 Brown kiwi (Apteryx mantelli) pooled dropping samples used for morphological and molecular characterisation of kiwi

Eimeria species

Sample Region Location Year Month Collected Kiwi Age
K1 Manawatu Pukaha 2017 December adult

K2 Manawatu Piakaha 2018 October juvenille
K3 Manawatu Nga Manu Nature Reserve 2018 December Not known
K4 Canterbury Orana Wildlife Park 2017 August adult

K5 Bay of Plenty NKHA 2018 April Not known
Ko6* Bay of Plenty NKHA 2018 February juvenille
K7 Waikato Warrenheip 2017 October juvenille

oocyst sporulation, oocyst load (oocysts per gram;
OPG), amount of sample remaining, and diversity of
coccidial morphotypes (Table 1). All seven samples
were pooled droppings that were collected from
outdoor enclosures using sanitary, single-use collec-
tion bottles. Pakaha National Wildlife Centre, Mount
Bruce, Wairarapa (40°43'35.0”S 175°38'23.6"E; n =
2); The National Kiwi Hatchery Aotearoa, Rotorua
(38°06'33.5”S 176°13'14.3"E; n = 2); Nga Manu
Nature Reserve, Waikanae (40°51’40”S 175°03'40”E;
n=1); and Orana Wildlife Park, Christchurch
(43°28'02"S 172°27'40"E; n = 1) house ONE kiwi in
enclosures containing one or two individuals at a time
prior to release into a creche. Warrenheip, Cambridge/
Waikato (37°56'19.7”S 175°43'08.5"E; n = 1) is a
16-hectare creche that can accept up to 12 juvenile
kiwi at a time. All samples were kept at room
temperature and sent to Massey University, Palmer-
ston North, New Zealand within one month of
collection. On arrival at Massey University, all
dropping samples were assigned a code based on
location as well as an identification number that
reflects the individual kiwi host or group of hosts, if
known. If unknown, a new identification number was
assigned to that sample. Repeat sampling from the
same host(s) were differentiated by the date of
submission. All samples positive for coccidia were
processed as described below.

Oocyst detection, sporulation and storage

Samples were screened for coccidia using the Mini-
FLOTAC technique, as described in Coker et al.
(2020). The oocysts were sporulated as described by
Duszynski and Wilber (1997). Briefly, small aliquots
of droppings were mixed with 2% aqueous (W/v)
potassium dichromate (K,Cr,O;) at a minimum 1:5

ratio. After distributing these mixtures thinly over the
bottom of Petri dishes (100 mm x 15 mm) to ensure
oxygenation, the samples were incubated for 15 days
at room temperature. Distilled water was added as
needed to keep the contents moist and regularly
agitated for gas exchange during the incubation
period. Sporulated oocysts were stored at room
temperature in 25 ml, sealed flasks.

Sporulated oocyst isolation and measurement

One ml aliquots in 1.5 ml microcentrifuge tubes
were spun at 18,800 x g for 7 min to form a pellet. The
supernatant was removed and replaced with 1 ml of
dH,O, vortexed, then centrifuged again. This rinsing
was repeated 4-6 times until the supernatant was
colourless, then 500 ¢ 1 magnesium sulphate solution
MgS0O,, SG 1.28) was added. The sample was
homogenised with a disposable pipette and left to rest
for at least 1 min. Drops of this mixture were
suspended from the underside of a coverslip that was
carefully placed on a cavity slide. The coverslip was
temporarily adhered to the cavity ring using water.

Using a light (LEICA DM750) microscope at
1000x with a LEICA ICC50W mounted camera
(Leica Microsystems GmbH, Wetzlar, Germany)
calibrated with a 1.0mm stage micrometre (Olympus
Optical Co. Ltd., Tokyo, Japan), pictures of individual
oocysts were taken under oil immersion at multiple
focal points. Morphological features were measured
using ImagelJ, v1.51s (Schneider et al. 2012) and
described for up to 84 oocysts following the guidelines
provided by Duszynski and Wilber (1997). Sporocysts
were only measured if the entire length was in focus.
Type imaging was performed on an Olympus IX83
microscope outfitted with DIC optics using a 100x
(NAL1.4) objective lens. All images were captured with
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a Retiga 6000 monochrome camera (QImaging)
controlled by cellSens Dimension software (v1.18;
Olympus) with a 2x2 bin resulting in apparent pixel
sizes of 90.8 nm.

Molecular analysis
Controls

Immucox® Breeders and Layers (Pacificvet, Christch-
urch, New Zealand) live vaccine (sample IMMU) that
contains Eimeria acervuline (Tyzzer 1929), Eimeria
maxima (Tyzzer 1929), Eimeria necatrix (Johnson
1930), and Eimeria tenella (Railliet and Lucet 1894)
was used as a positive control for the PCR reactions.
Sterile water controls were included as negative
controls for the extraction process and PCR reactions.

Extraction of DNA

Aliquots (0.15 g) of samples that were included in the
morphological descriptions (n =7) were stored at -80°C
for 12-24 hrs; cycled 3x between liquid nitrogen and
100°C for 5 min at each temperature; and incubated
overnight with 40 u 1 Proteinase K (ThermoFisher
Scientific, Waltham, MA, USA) at 56°C to break open
the unsporulated oocyst walls. DNA was extracted
using the ZR Quick-DNA Fecal/Soil Microbe DNA
Miniprep Kit (Zymo Research, Orange County, CA,
USA) according to the manufacturer’s instructions.

COI DNA amplification

A nested PCR protocol targeting the mitochondrial
cytochrome ¢ oxidase I (COI) region was adapted from
Yangetal. (2013) and Ogedengbe et al. (2011) (Table 2).
The primary amplification was a 50 u 1 reaction with 1 x

PCR buffer, 2.5 mM MgCl,, 0.2 mM dNTPs, primers
Cocci_COI_F and Cocci_COI_Rev each at 1.0 mM,
0.2 mg/mL BSA, and 2 U Platinum 7aq DNA
Polymerase (Invitrogen) with an initial denaturation
at 96°C for 5 min; 40 cycles of 94°C for 20 sec, 59°C
for 30 sec, and 72°C for 90 sec; and a final extension at
72°C for 10 min. The secondary protocol used a 50 1
reaction with 1 x PCR buffer, 2.5 mM MgCl,, 0.2 mM
dNTPs, 0.2 mM COIF2, 0.2 mM COIR2, 0.2 mg/mL
BSA, and 2 U Platinum 7aq DNA Polymerase
(Invitrogen). The secondary conditions had an initial
denaturation at 96°C for 5min; 40 cycles of 94°C for
20 sec, 54°C for 30 sec, and 72°C for 90 sec; and a final
extension at 72°C for 10 min (Yang et al., 2013).

Sequencing

Amplicons were run on a 1.5% w/v agarose gel
containing Invitrogen UltraPure Agarose (Thermo-
Fisher Scientific, Waltham, MA, USA) and visualised
with RedSafe Nucleic Acid Staining Solution
(iNtRON Biotechnology, Gyeonggi-do, South Korea).
Samples with bands at the correct size (~ 465 bp) were
purified using PureLink PCR Purification Kit (Invit-
rogen) and submitted to the Waikato DNA Sequencing
Service (The University of Waikato, Hamilton, NZ)
for initial Sanger sequencing. If one or both of the
reads had an ABI % quality score below 50%, the
samples were reamplified and sent to the Massey
Genome Service (Massey University, Palmerston
North, NZ) for resequencing.

COI phylogenetic analysis
The COI sequences obtained in this study and 61

reference sequences (including FEimeria Schneider
1875) spp., Toxoplasma gondii (Nicolle & Manceaux

Table 2 Primer sets used for amplification of partial COI genes from kiwi coccidia

Gene Target Primer Name Primer Sequence

Amp. Size  Reference

Col 1" Cocci_COI_For 5’- GGT TCA GGT GTT GGT TGG AC -3’ ~780 Ogedengbe et al. (2011)
Cocci_COI_Rev  5'- AAT CCA ATA ACC GCA CCA AG -3
2’ COIF2 5'- TAA GTA CAT CCC TAA TGT C -3 ~465 Yang et al. (2013)

COIR2 5'- GTC ATC ATA TGR TGT GCC CA -3’

“K6 is a sample collected from a bird infected The National Kiwi Hatchery Aotearoa that had been sent to Wildbase Hospital, Massey
University, Palmerston North for treatment for high coccidial burdens. Pikaha refers to Pukaha National Wildlife Centre; NKHA

refers to The National Kiwi Hatchery Aotearoa.
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1909), Neospora caninum (Dubey et al. 1988),
Isospora sp. (Schneider 1881), and Hammondia
spp.(Frenkel & Dubey 1975) obtained from the
GenBank database were aligned using ClustalW
(Thompson et al., 1994) and trimmed to 459 bases
(including spaces) using Geneious v11.0.5 (Biomat-
ters, Auckland, New Zealand). This alignment was
used to build a maximum likelihood tree in Geneious;
the Tamura-Nei 93 distance model with 1000 repli-
cates was used to calculate branch length. Toxoplasma
gondii served as an outgroup.

Results

Morphology

Overall, 191 individual oocysts from pooled brown
kiwi droppings (n = 7) were measured for this study
(Table 3). All samples (7/7) contained coinfections,
ranging from two to five morphotypes per sample, and
all previously described Eimeria spp. were identified
(Morgan et al., 2017). No single morphotype was
associated with a particular sample. The only sample
that contained five morphotypes (WPO01), included a
single oocyst resembling the previously characterised
E. paraurii (Morgan et al., 2017).

Of the oocysts characterised for this study, 84
morphologically similar oocysts, named Eimeria
paopaoii (Fig. 1) for the purpose of this study, did

Table 3 The number of Eimeria oocysts measured from
brown kiwi (Apteryx mantelli) collected from 2017-2018 in
New Zealand

Eimeria species Kl K2 K3 K4 KS5S K6 K7 Total

E. kiwii 1 - 2 2 16 3 10 34
E. mantellii - 7 1 1 - 2 2 13
E. apteryxii 4 35 1 8 - 7 59
E. paraurii - - - = - - 1 1
E. paopaoii* 1 5 - 4 51 1 22 84
Total 6 47 4 15 67 13 39 191

“E. paopaoii is a new fifth morphotype (M5) reported in this
study

not fit the descriptions of the species reported by
Morgan et al. (2017). While similar to E. kiwii, this
novel fifth morphotype, E. paopaoii, has a smooth
rather than striated wall. This qualitative distinction
was reliably discernible under oil immersion and
occasionally discernible at lower magnifications. In
addition to this novel morphotype, the measurements
of E. mantellii and E. apteryxii taken in the present
study showed these morphotypes to be less distin-
guished by size than previously described (Fig. 2;
Table 4). The average dimensions of E. mantellii were
reported to be 17.9 x 10.7 ¢ m with a 1.7 length/width
(L/W) ratio (Morgan et al., 2017), whereas the current
research reports a mean of 18.8 x 13.9 g m and a L/'W
ratio of 1.4. While the sizes of these two reports are
relatively similar, the L/W ratio provides a better
metric for shape and indicates an overall difference.
This inconsistency is illustrated in the increasing
overlap in L/W ratio between E. mantellii and E.
apteryxii (Fig. 2c).

Morphological descriptions

Family: Eimeriidae Minchin 1903

Genus: Eimeria (Schneider 1875)

Isolate name: Eimeria paopaoii — (Fig. 1)

Host: Brown kiwi, Apteryx mantelli Bartlett; Burbidge
et al. 2003, Juvenile.

Localities: Pukaha National Wildlife Centre, Wairar-
apa, New Zealand (40°43'35.0"S 175°38'23.6"E);
Warrenheip, Waikato, New Zealand (37°56'19.7"S
175°43'08.5"E); and The National Kiwi Hatchery
Aotearoa, Rotorua, New Zealand (38°06'33.5"S
176°13'14.3"E).

Deposited material: Photomicrographs and oocysts in
K,Cr,07 and frozen at -80°C are deposited in the
Massey University Parasitology Collection under the
reference: E. paopoaii (morphotype 5) 2018/1
Prevalence: 86% (in 6 of 7 specimens).

Sporulation time: Exogenous. All oocysts were
passed unsporulated and sporulated within 15 days at
room temperature.

Site of infection: Unknown; retrieved from droppings.
Sporulated oocyst: Oocyst shape (n = 84) circular to
elliptic: 10.6-18.4 um) x 9.8-17.2 um (14.6 x 13.9 u
m; length/width (L/W) ratio 1.0-1.2 (avg 1.1). Smooth
wall, 0.5-0.9 u m) (avg 0.7). Micropyle, micropylar
cap, and oocyst residuum absent. 1 polar granule
present.
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Fig. 1 Line drawing and photomicrograph of the novel morphotype (E. paopaoii, n=84) reported in brown kiwi (Apteryx mantelli).
Key: sc = sporocyst, srb = sporozoite anterior refractile body, pg= polar granule, sr = sporocyst residuum, sb = Stieda body
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Fig. 2 Six plots comparing coccidia from brown kiwi (Apteryx mantelli) from this study and Morgan et al. (2017). Plots “a”, “c” and
“e” are from this study whereas plots “b”, “d” and “f” are from Morgan et al. (2017). Plots “a” and “b” are violin (density) plots
comparing the oocyst length/width ratios. Plots “c” and “d” are scatterplots sorted by oocyst length and length/width ratio with data.
Plots “e” and “f” are violin (density) plots comparing the oocyst length of morphotypes. Morphotypes E. kiwii and E. paopaoii (MS5)
are distinguished by a striated and smooth wall, respectively. E. mantellii and E. apteryxii are distinguished by size and the absence and
presence of a visible micropyle, respectively

Sporozoite: Two sporozoites, not measured; large
sporozoite refractile body at the posterior end.

Sporocyst: Sporocysts (n = 106), 5.8-11.5 ym x 3.6-
6.7 um (9.4 x 5.1 um); length/width (L/W) ratio 1.3-

2.2 (avg 1.9); stieda body present; sporocyst residuum
present, generally clumped.
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hatch”, this isolate was found at Operation Nest Egg
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Table 4 Comparison of the morphometrics of kiwi Eimeria in the present study (A) and those reported by Morgan et al. (2017) (B).
Values not reported in Morgan et al. (2017) were retrieved from Morgan (2013)

Oo. Length x Oo. Sporocyst  Sporocyst ~ Wall No. PG PG Size Micropyle
Width (avg) um L/W Length L/W (avg) Width (avg) (avg) u m (avg)p m
(avg) (avg) um (avg) pm
E. kiwii A 10.6-18.7 x 12.7-  1.0- 6.7-120x 1.4-2.3 0.6-1.0 1 1.1-2.8 x 0.9-  Absent
(n= 16.7 (16.7 x 1.2 4.1-6.4 (1.8) (0.72) 24 (2.1x
34y 137 (1.1)  9.1x5.0) 1.6)
B 11.6-22.0 x 10.6-  1.0- 6.5-13.6 x 1.5-2.3 0.5-1.2 1-2 1.5-2.0 x 1.0- Absent
(Il - 19.0 (148 X 1.2 3.6-7.4 (19) (079) 2.1 (21 X
1000 139 (1.1) (9.4 x 4.9) 1.6)
E. A 16.4-22.3 x 12.5- 1.3- 7.8-125x 1422 0.5-0.9 1-5 0.6-2.4 x 0.6-  Absent
mantellii (n= 15.7 (18.9 x 1.6 4.7-6.7 (1.9 0.7) (2.667) 22 (1.5x
13) 139 (14) (109 x L)
5.7)
B 16.1-19.8 x 9.6- 1.4- 79-100x 1.6-2.4 0.4-0.8 1-2 0.9-2.1 x 0.4- Absent
(Il - 12.9 (179 X 2.0 3.9-5.2 (20) (062) 1.6 (15 X
500  10.7) (17) (92 x4.5) L.T)
E. A 19.2-27.5 x 12.7-  1.3- 85-13.6 x 1.2-33 0.4- 0.9 1-7 0.6-3.2x 0.5- 1.1-3.2
apteryxii (n - 16.1 (222 X 1.9 3.8-9.0 (20) (070) (2900) 24 (16 X (20)
59) 14.4) (1.6) (114 x 1.2)
5.9)
B 19.3-28.2 x 12.7-  1.2- 8.0-174x 14-24 0.6-1.2 1-7 1.2-29 x 0.8- 1.6-24
100) 149 (1.6) (117 x 1.3)
6.0)
E. A 33.6 x 20.5 1.7 17.8 x 8.0 2.2 1.1 1 (N/A) 32x28(N/ 3.1
paraurii (y = (N/A) (N/A)  (N/A) (N/A) (N/A) A) (N/A)
D
B 26.2-44.0 x 16.4-  1.3- 11.7-20.6  1.5-2.3 0.8-1.7 1-2 Not measured ~ Absent
(n= 23.0 (322 x 2.8 X (2.0) (1.2)
100) 19.8) (1.6) 6.8-9.2
(16.2 x
7.9)
E. A 10.6-18.4 x 9.8- 1.0- 58-11.5x 14-22 0.5-0.9 1 1.1 -3.3 x 0.9- Absent
paopaoii (n= 17.2 (14.6 x 1.2 3.6-6.8 (1.9) 0.7) 24 (23 x
84) 13.9) (1.1) (9.4 x 5.1) n=106 1.8)

National Hatchery locations which collect eggs from
the wild, hatch and care for kiwi chicks until they can
be safely returned to the wild. Te Reo Maori is the
language of the indigenous people of New Zealand.
Taxonomic remarks: This is similar to E. kiwii
described by Morgan et al. (2017); however, this
species is characterised by a smooth wall rather than a
striated wall.

Molecular analysis

COI gene

The COI protocol provided sufficient amplification to
yield high-quality chromatograms although overlap-
ping peaks, indicative of co-infection with multiple
Eimeria spp., were present in three of the seven
samples and the Immucox® Breeders and Layers
control. The novel kiwi Eimeria isolates (K1-7) have
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been submitted to the NCBI database (Accession#
ON690109-ON690115, respectively). Consensus
sequences confirmed that the sequences generated
from the coccidia from all seven samples and the
Immucox® Breeders and Layers control fell within
the genus Eimeria (Fig. 3).

However, the sequence obtained from sample K4,
which was collected from Orana Wildlife Park in
Christchurch, was 99% similar to a mouse coccidia
sequence FEimeria ferrisi Levine & Ivens 1965
(GenBank MH777579.1) and grouped with another
species of mouse coccidia, Eimeria falciformis (Eimer
1870; GenBank HM771682.1). Thus, with the excep-
tion of K4, which was likely environmental contam-
ination, the remaining six kiwi coccidia sequences fell
into three main clusters, which have been grouped into
clusters A-C (Fig. 3). This clustering includes the
ambiguous bases, ranging from 1 (0.2%) to 16 (3.5%),
that occur in four of these sequences.

Cluster A contained K2 and K3, which had a
nucleotide sequence identity of 95%. The samples in
this cluster originated from the Manawatu region.
Cluster B contained K6 and K7, which shared 98%
identity; both originated from the Waikato region.
Cluster C, which contained K1 and K5, was the most
divergent; these nucleotide sequences were no more

0.05

than 93% identical with each other or any other sample
from this study.

With the exception of the K4, the kiwi samples did
not share strong nucleotide sequence identity with
records documented in GenBank at this COI site. The
most similar nucleotide sequence was from K2, which
was 91% identical with an Eimeria mundayi Barker,
O’Callaghan & Beveridge 1988 (GenBank
MK?202808.1) from a woylie (Bettongia penicillata
Gray) in Australia.

Discussion

Morphology

In this study, five Eimeria morphotypes were reported
from the seven pooled faecal samples from brown kiwi
with one novel morphotype (E. paopaoii) described. It
should be noted that there is some size and shape
variation of several Eimeria species reported in this
study compared with the previously described exam-
ples by Morgan et al. (2017). It is likely this variation
is due to the limited number of oocysts measured (1,
13, or 34 oocysts) in this study compared to the larger

*Toxoplasma gondii JX473253.1
K10N690109

K5 ON690113 | C

K7 ON690115

K6 ON690114 | B

K3 ON690111 | A

K2 ON690110

Eimeria sp. KT184380.1 Branta canadensis
E. reichenowi MF503493.1 crane

Eimeria sp. JX464222.1 pangolin

Eimeria sp. JQ993710.1 Sorex araneus

E. trichosuri JN192136.1 marsupial

E. KT184375.1 T:
K4 ON690112

E. falciformis HM771682.1 Mus musculus
Eimeria vermiformis HM771683.1 Mus musculus
kereru ON690116

E. innocua HG793049.1 turkey

E. dispersa HG793048.1 turkey

Eimeria sp. KT305929.1 pigeon

E. praecox HQ702483 .1 chicken

E. brunetti HM771675.1 chicken

E. maxima FJ236432.1 chicken

E. acervulina FJ236443.1 chicken

Eimeria acervulina FJ236419.1 chicken

Eimeria acervulina HM771674.1 chicken

Immucox

Eimeria sp. KJ547710.1 Numida meleagris
Eimeria sp. MG595960.1 Tetrao urogallus
Eimeria sp. KJ547708.1 Phasianus colchicus
E. pavonina JN596590.1 peafowl

Eimeria necatrix EU025108.1 chicken

E. tenella FJ236431.1 chicken

Eimeria tenella EF174186.1 chicken

Eimeria sp. KJ547709.1 Perdix perdix

E. gallopavonis HG793051.1 turkey

Eimeria sp. HM117017.1 Meleagris gallopavo
E. adenoeides FR846201.2 turkey

Fig. 3 Maximum likelihood consensus tree of kiwi coccidia at the mitochondrial cytochrome ¢ oxidase I gene (459 base pairs) with
Toxoplasma gondii as the outgroup. Tamora-Nei, 93 distance model with 1000 replicates was used to calculate branch length (scale);

bootstrap values range from 8.6 to 100
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sample size (100, 50, or 100 oocysts respectively)
presented by Morgan et al (2017). It is expected that as
the number of oocysts identified and measured for
each species increases, the degree of error will
decrease, improving morphological identification;
thus, the addition of this data should be considered a
continuation of the characterisations of these species
as the differences may reflect natural variation.
Furthermore, the main distinction between examples
of these morphotypes from the present report relies
heavily on the absence/presence, respectively, of a
visible micropyle. The possibility remains that the
present or previous study relies on technology (such as
imaging software) that increases or decreases the
likelihood of micropyles remaining unobserved. Dif-
ferences in oocyst isolation for imaging may also have
had an impact on characterisation. For example, the
integrity of oocysts may be affected by the osmotic
pressure of the flotation solution, an effect that
increases the longer the oocysts are exposed (Ballwe-
ber et al., 2014; Zajac and Conboy, 2012).

Similarly, although the same methods were used by
Morgan et al. (2017) as the present study, the addition
of the E. paopaoii morphotype in this report could
reflect operator variation, rather than the absence of
this morphotype in the previous dataset. Nevertheless,
the clear differences between the smooth and rough
walls confirm the presence of at least five morphotypes
in brown kiwi.

Interestingly, only one E. paraurii oocyst was
identified in these samples, whereas it was identified in
all (6/6) samples examined by (Morgan et al., 2017).
E. mantellii was present in 71% (5/7) of samples
examined in this study and only 17% (1/6) previously.
Alternatively, the prevalence of E. apteryxii and E.
kiwii were similar (86% and 100%, respectively)
between these reports (Morgan et al., 2017). This
variation in prevalence indicates the species compo-
sition of coccidia infecting kiwi probably varies over
time and location.

Molecular analysis

The differentiation provided by the COI gene confirms
the presence of novel species of Eimeria in brown
kiwi. The sequences grouped in clusters A-C (Fig. 3)
potentially representing two or more of the morphos-
pecies reported here. Unfortunately, Sanger sequenc-
ing tends to lead to the detection of only the most

common sequence (Altimari et al., 2013; Cereb et al.,
2015; Magalhaes et al., 2015) which was highlighed
by the Immucox® Breeders and Layers PCR control
aligning mostly closely with E. acervulina despite
containing four distinct Eimeria species (Fig. 3).
However, combining the morphology data (Table 3)
with the percent identities of the most common
sequence may enable predictions to be made between
a morphotype and a particular sequence. For example,
the samples in clade A, K2 and K3, were the most
similar with a 98% identity. Sample K2 contained
predominately E. apteryxii (74%, 35/47 oocysts),
whereas sample K3 only contained 25% (1/4 oocysts)
of E. apteryxii. Thus, the K2 sequence may represent
E. apteryxii, as it contained only a single ambiguous
base. On the other hand, the K3 sequence had no
ambiguous bases and contained three morphotypes.
Sanger sequencing has been shown to preferentially
yield the most dominant sequence, leading to missed
variation (Altimari et al., 2013; Cereb et al., 2015;
Magalhaes et al., 2015). This tendency is further
illustrated by the K4 sample, which yielded an
unambiguous sequence from mouse coccidia even
though microscopically, the sample contained four
kiwi Eimeria morphotypes (Table 3). The oocyst
length of Eimeria ferrisi from mice ranges from 12-22
wm (17 p m) with a width ranging from 11-18 u m
(Ankrom et al., 1975). The length to width ratio of this
species is 1.22 (1 to 1.6) and spherical to ovoid with a
smooth wall. The sporocysts of E. ferrisi measure 8-11
pm (17 pm)inlength and 5-7 pm (5.9 ¢t m) in width.
This description most resembled E. paopaoii oocysts,
however, while the oocyst and sporocyst sizes were
similar, the L/W ratio of the E. paopaoii morphotype
ranged from 1.00-1.19 (1.05). The difference in oocyst
L/W ratio as well as the description of E. paopaoii in
other kiwi faecal samples suggests that these oocysts
were properly morphologically identified as E.
paopaoii. Interestingly, the COI gene sequence from
this sample was clean with no overlapping peaks. This
preferential sequencing of a non-target species of
Eimeria demonstrates the importance of using several
methods for the identification of oocysts in novel
hosts.

Half (n = 3) of the samples successfully sequenced
for the COI gene target contained many ambiguous
regions, supporting the presence of co-infection. The
similarity (88.9%) between the sequences enabled
enough variation between the samples to provide
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meaningful comparisons between species of kiwi
coccidia in brown kiwi, while remaining conserved
enough for further diagnostic testing development and
use in comparison to other Eimeria. The small sample
size and the number of ambiguities in the COI
sequencing results encourages further research into
the genetic variation of these kiwi Eimeria. Increasing
the sample size and range would encourage a greater
representation of the diversity of coccidia infecting
brown kiwi. A deeper sequencing analysis (e.g., Next
Generation Sequencing) is encouraged to produce a
truer representation of the variation within and
between samples, especially as producing a guaran-
teed, single-species infection in naturally infected kiwi
is unlikely.

In the absence of experimentally infected kiwi, the
best replacement would be single oocyst sequencing,
which allows for definitive connections between
morphotypes and particular sequences. However,
extracting DNA from a single oocyst can be unreliable
(Morgan, 2013). Amplifying the DNA from a single
oocyst has been approached in several ways. The first
relies on the dilution of a high concentration of oocysts
to the equivalent dilution of a single oocyst (Molloy
et al., 1998). Alternatively, the dilution of DNA (e.g.,
Eimeria spp. in chickens; Vrba et al., 2010) to the
concentration of a single haploid Eimeria spp. cell can
also be used; however, this method may be more
useful for testing the reliability of a particular
amplification assay, rather than the reliable amplifi-
cation of a single oocyst. Unfortunately, this dilution
method is imprecise; with each dilution, the errors
associated with manipulating small volumes
increases, leading to progressively poorer estimates
of true concentrations (Grgicak et al., 2010). Thus,
physical visualisation and manipulation of individual
oocysts provides a potential solution. The main tools
that have allowed for the development of this method
is micropipettes and micromanipulators. For example,
Dolnik et al. (2009) used microscopic confirmation
and micropipettes to isolate individual Isospora spp
(Schneider 1881) oocysts for amplification. This
resulted in 72% (n = 39) successful, unambiguous
sequences. Similarly, Sturbaum et al. (2001) described
a method using a micropipette, micromanipulator, as
well as microscopic confirmation to isolate Cryp-
tosporidium parvum (Tyzzer 1912), which have
oocysts up to 6 u m in diameter, with an 89% success
rate. The lower success rate of detection and unknown

@ Springer

reliability of the selected primers to amplify Eimeria
endemic to New Zealand led the authors to pursue the
more reliable form of extraction (i.e., many oocysts at
a time). This removed controllable factors of uncer-
tainty. For example, even if a single oocyst is isolated
from a sample, the possibility remains that liquid in the
sample contained DNA from another, morphologi-
cally distinct oocyst. Thus, as an initial description, the
authors believed it more important to establish the
ability to detect these Eimeria and to provide baseline
molecular references for future comparison.

Management implications

Future morphological research should focus on
describing coccidia in other species of kiwi. For
example, Haast tokoeka (A. australis “Haast”, Shaw
1813) also rely heavily on ONE for continued
population growth and are commonly raised in
facilities that house brown kiwi on site. Determining
whether these species of coccidia also infect other kiwi
species would determine the extent to which these
parasites need to be managed. The host specificity of
kiwi coccidia is currently unknown.

Additionally, as Okarito kiwi (rowi, Apteryx rowi
Tennyson et al.) are most closely related to brown kiwi
(Weir et al., 2016), Eimeria species that can parasitise
brown kiwi are most likely to be capable of reproduc-
ing in rowi. There are a number of examples where a
species of Eimeria is capable of infecting closely
related host species (e.g., Eimeria gruis Forrester et al.
1978 and Eimeria reichenowi Courtney et al. 1975 in
hooded cranes Grus monacha Temminck, white-
naped cranes Antigone vipio (Pallas), sandhill cranes
Antigone canadensis (Linnaeus), and whooping cranes
Grus americana (Linnacus) (Honma et al., 2011a;
Honma et al., 2011b; Novilla et al., 1981). While the
last known land bridge between the North and South
Island occurred only 20,000 years ago, the glacial
period drove rapid diversification of kiwi through
geographic isolation and bottlenecking (Weir et al.,
2016). During periods of geographic isolation and
diversification, it would be expected for the coccidia
of kiwi to also diversify. Whether or not some (or all)
of these parasites differentiated enough to become
specific to a particular species of kiwi has yet to be
determined.

Conclusions
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This study provides insight into the genetic variation
of coccidia in kiwi and demonstrates the complexity of
studying coccidia in kiwi. The samples included in this
study are all from a small number of kiwi in captivity
or créches and, therefore, likely do not reflect the
variation found throughout New Zealand. Identifying
coccidia in wild populations of high conservation
value would ensure novel parasites were not intro-
duced into naive populations through the release of
captive-reared kiwi potentially carrying coccidia.
Further, ONE facilities frequently house multiple
species of kiwi, and knowledge of host-specificity will
identify the risk of exposure of kiwi to novel, highly
pathogenic species of Eimeria via cross contamination
of enclosures. This introduction to naive populations
could not only lead to decreased reproductive success
of the kiwi but could also lead to the introduction of an
invasive parasite that could outcompete the endemic
Eimeria. Therefore, characterisation of coccidia in
other kiwi species should be a priority. Additionally,
the development of rapid, non-invasive, highly speci-
fic tools to monitor treatment efficacy is vital to
ensuring ONE uses resources wisely. Such a tool
needs to account for as much of the variation in kiwi
coccidia as possible to ensure rare, but highly virulent
species are not overlooked. This variation is likely to
be missed unless more in-depth sequencing technolo-
gies are used.
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