
1 
 

Molecular and morphological description of Haemoproteus (Parahaemoproteus) bukaka 1 

(species nova), a haemosporidian associated with the strictly Australo-Papuan host Subfamily 2 

Cracticinae. 3 

 4 

W. Goulding*ab, R.D. Adlard b, S.M. Cleggc and N.J. Clarkbd 5 

 6 
a The Landscape Ecology and Conservation Group, School of Geography, Planning and 7 

Environmental Management, University of Queensland- St Lucia, Queensland 4072 Australia 8 
b Biodiversity Program, Queensland Museum, PO Box 3300, South Brisbane, Queensland 9 

4101 Australia 10 
c Edward Grey Institute for Field Ornithology, Department of Zoology, University of Oxford, 11 

South Parks Road, Oxford, OX1 3PS, United Kingdom 12 
d School of Veterinary Science, University of Queensland- Gatton, Queensland 4343 13 

Australia 14 

  15 

*Corresponding author 16 

Email address: w.goulding@uq.edu.au 17 

Ph +61-7-33461651, fax +61-7-33656899 18 

 19 

Running title: Haemosporidians in cracticines 20 

 21 

Word count: Total = 6411 22 

Abstract = 244 23 

Main Text = 4671 24 

Acknowledgments = 157 25 

References = 1249 26 

Number of references = 46 27 

Number of tables = 2 (including Appendix) 28 

Number of figures = 3 (including Appendix) 29 

 30 

 31 

 32 

 33 

 34 

mailto:w.goulding@uq.edu.au


2 
 

Abstract. 35 

Linking morphological studies with molecular phylogeny is important to understanding 36 

cryptic speciation and the evolution of host-parasite relationships. Haemosporidian parasites 37 

of this Australo-Papuan bird family Artamidae are relatively unstudied with only one parasite 38 

species from the subfamily Cracticinae having been described, and this was based solely on 39 

morphological description. This is despite many Cracticinae species being easily observed 40 

and abundant over large ranges and in close proximity to human populations. We used 41 

morphological and molecular methods to describe a new Haemoproteus species (H. bukaka 42 

sp. nov.) from an endemic Butcherbird host (Cracticus louisiadensis) in a relatively unstudied 43 

insular area of high avian endemism (Papua New Guinea’s Louisiade Archipelago). 44 

Phylogenetic reconstructions using parasite cyt-b gene sequences placed the proposed 45 

Haemoproteus bukaka sp. nov. close to other host-specialist Haemoproteus species that infect 46 

meliphagid honeyeater hosts in the region, e.g. H. ptilotis. Distinct morphological characters 47 

of this haemosporidian include macrogametocytes with characteristic large vacuoles 48 

opposing a subterminal nucleus on the host cell envelope. Among 27 sampled individuals, 49 

prevalence of H. bukaka sp.nov. was high (74% infection rate) but strongly variable across 4 50 

islands in the archipelago (ranging from 0-100% prevalence). Parasitaemia levels were low 51 

across all infected individuals (0.1-0.6%). We suspect host density may play a role in 52 

maintaining high prevalence given the close proximity and similar physical environments 53 

across islands. The findings are discussed in the context of the host genus Cracticus, and 54 

theory relating to parasite-host evolution and its conservation implications in Papua New 55 

Guinea. 56 

 57 

Keywords: Papua New Guinea; Haemoproteus; parasites; endemic birds; islands; Artamidae. 58 
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1. Introduction. 69 

 70 

The Australo-Papuan region represents one of the least sampled and most underrepresented 71 

global regions in the study of avian haemosporidians to date (Clark et al. 2014). However, the 72 

Australo-Papuan region supports evolutionary distinct avifauna that would be expected to 73 

host equally distinct haemosporidian diversity. This is particularly likely with Haemoproteus 74 

species, which tend to show a greater level of avian host specialisation than Plasmodium 75 

species (Clark et al. 2014; Zhang et al. 2014; Reeves et al. 2015). To date, only one 76 

Haemoproteus species in Australia has been described using both molecular and 77 

morphological techniques (H. ptilotis; Clark et al. 2015).  To increase global knowledge of 78 

the diversity of these parasites and the evolution of host-parasite relationships, further efforts 79 

combining both techniques are required from poorly studied biogeographic regions (Adlard et 80 

al. 2004; Matta et al. 2014).  81 

 82 

Avian haemosporidians are intra-erythrocytic parasites that infect a diverse array of avian 83 

hosts worldwide and are transmitted by biting dipteran vectors (Valkiūnas 2005; Atkinson et 84 

al. 2009).  Microscopic methods have traditionally been used to describe their morphological 85 

characteristics and have resulted in the description of more than 206 species (Valkiūnas 86 

2005). However, the application of molecular Polymerase Chain Reaction (PCR) techniques 87 

largely targeting portions of the haemosporidian Cytochrome-b gene (cyt-b) have rapidly 88 

expanded the global knowledge-base of these parasites and revealed potentially hidden 89 

diversity (Atkinson 2009; Bensch et al. 2009). There are now over 2 000 genetic lineages of 90 

avian haemosporidian parasites (Leucocytozoon, Plasmodium and Haemoproteus; Order 91 

Haemosporida) registered with the global MalAvi Database (Bensch 2015). However, 92 

determining the diversity of these parasites using the species concept is hampered by the 93 

large knowledge gaps in complete life-cycles and the lack of combined molecular and 94 

morphological descriptions (Clark et al. 2014; Outlaw and Ricklefs 2014).  95 

 96 

The avian Subfamily Cracticinae (genera Cracticus, Strepera and Peltops) has members with 97 

endemicity restricted to Australia and New Guinea (Kearns et al. 2013). The most speciose 98 

and prominent amongst these are the Butcherbirds (Cracticus spp.). Members of this genus 99 

are not cryptic in behaviour, often abundant and widely distributed. Cracticus species occur 100 

from the cool, temperate island of Tasmania in the south of Australia to the tropical islands of 101 

New Guinea in the north. There are conservatively eight species recognised in the genus 102 
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Cracticus (Christidis and Boles 2008; Kearns et al. 2013). Three of these are found solely in 103 

Australia (C. nigrogularis, C. mentalis and C. torquatus), two in both Australia and New 104 

Guinea (C. tibicen and C. quoyi), and two restricted to New Guinea (C. cassicus and C. 105 

louisiadensis; Kearns et al. 2013). Most are widespread in open forest and forest 106 

edge/disturbed habitat, except for those found typically in dense forest, the Black Butcherbird 107 

(C. quoyi) of northern Australia and New Guinea, and the Hooded and Tagula Butcherbirds 108 

of New Guinea (C. cassicus and C. louisiadensis, respectively).  109 

 110 

Investigations of the haemosporidian parasites of Cracticus species are limited. 111 

Leucocytozoon artamidis is the sole haemosporidian species described that infects birds in 112 

this family in Australia (F. Artamidae; Peirce et al. 2005). These infections were 113 

characterised using light microscopy to identify parasite morphological characters. Identified 114 

Cracticus hosts were C. torquatus, C. nigrogularis, C. tibicen and the closely related Pied 115 

Currawong in southeast Queensland, Australia (Strepera graculina; Peirce et al. 2005). Other 116 

investigations in Southeast Queensland recorded a prevalence of 14-40% in cracticines in that 117 

locality but none of these were described or identified beyond genus level (Adlard et al. 118 

2004). Haemoproteus spp. were responsible for the most infections in the Cracticus species 119 

sampled in this study. Molecular descriptions based on sections of the cyt-b gene have 120 

identified a further Leucocytozoon lineage (GenBank JN792176; Dodge M. et al. 2011), two 121 

Haemoproteus lineages (CRAQU01; Beadell et al. 2004; GenBank JN792186; Dodge M. et 122 

al. 2011) and a Plasmodium lineage (CRAQU02; Ewen et al. 2012). All were found in Black 123 

Butcherbird (C. quoyi) hosts that were sampled in Papua New Guinea and northern Australia. 124 

Parasite morphological features were not identified as a part of these molecular studies. To 125 

our knowledge, this is the extent of published material on the haemosporida in Cracticus 126 

species.  127 

 128 

The fragmentary knowledge of haemosporidian parasites of Cracticus species is exacerbated 129 

by the two methodologies used for their identification. For instance, it is not known whether 130 

the Leucocytozoon sp. found in Cracticus hosts in southern Queensland by Peirce et al. (2005) 131 

is the same as that found in C. quoyi (PNG) by Dodge M. et al. (2011) because 132 

complementary molecular and morphological descriptions of the parasites are lacking. Here 133 

we present a morphological and molecular assessment of a novel Haemoproteus parasite 134 

found in C. louisiadensis, a species endemic to small forested islands in the Louisiade 135 

Archipelago of Southeast Papua New Guinea (Fig.1) and considered to be Data Deficient by 136 
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the International Union for Conservation of Nature (IUCN 2012). This is the most 137 

geographically restricted of the Cracticus species. To gain perspective of the avian host-138 

specificity of this new Haemoproteus parasite, we also screened a range of sympatric bird 139 

species from these islands and compared our findings to parasite data from other more 140 

widespread Cracticus congeners we captured in Brisbane, Australia. This paper forms a 141 

platform for future elucidation of Haemoproteus spp. infections in this relatively unstudied 142 

yet prominent Australo-Papuan bird group. 143 

 144 

2. Methods. 145 

2.1. Sample collection 146 

A range of bird species, including C. louisiadensis, were captured using mist-nets during the 147 

breeding periods of October –January 2013-2015 in the Louisiade Archipelago of Papua New 148 

Guinea (11° 27’ S, 153° 25’ E). Cracticus spp. hosts were also targeted for capture during 149 

2015 in Brisbane, Australia (27° 30’ S, 152° 59’ E). Blood samples of approximately 50 µl 150 

were collected by brachial venipuncture (27g needle) of the vein crossing the ulna joint on 151 

the underside of the wing. Blood was collected via capillary action into 75 µl micro-capillary 152 

tubes and ejected into 1.5ml microfuge tubes with 300 µl of lysis buffer for storage (10 mM 153 

EDTA pH 8.0, 10 mM TRIS pH 8.0, 20 mM NaCl, 1% SDS). Three blood smears per 154 

individual were also taken and air-dried as quickly as possible to retain natural parasite 155 

morphology (Valkiūnas 2005). Blood smears were fixed for three minutes in the field in AR 156 

grade 100% methanol and, following return from the field, postfixed again in methanol for a 157 

minute before staining for 45 minutes with 10% Giemsa’s stain (Gurr improved R66 solution, 158 

VWR International, Muruarrie Queensland, Australia).  159 

 160 

2.2. Morphological assessment 161 

Visual assessments of blood smears were made following Valkiūnas (2006) and 162 

morphological measurements taken following Valkiūnas (2005) to identify morphology, 163 

assess prevalence in the host and reduce the potential for false negative or positive 164 

assessments from molecular techniques. Blood smears from infected individuals were closely 165 

scrutinised for disparities in parasite morphology that might indicate mixed infections. 166 

Parasite morphology was assessed using a Leica DM1000 stereomicroscope with Leica 167 

MC170 HD camera, and Leica Application Suite V4 with the additional Interactive 168 

Measurements Module software.  169 

 170 
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2.3. Molecular assessment 171 

We extracted DNA from blood samples using a salting out extraction method (Ammonium 172 

acetate / ethanol precipitation), modified from Richardson et al. (2001). Briefly, 173 

approximately 50 µl of blood/lysis buffer mix was added to 250 µl of extraction buffer (100 174 

mM EDTA pH 8.0, 100 Mm TRIS pH 8.0, 10 Mm NaCl, 0.5% SDS) with 10 µl of Proteinase 175 

K (10mg/ml) and digested for 3 hours at 56 °C or overnight at 37 °C. Following addition of 176 

180 µl of 7.5M ammonium acetate samples were chilled at -20 °C for 20 minutes, then 177 

centrifuged for 12 minutes at 13,000 RPM. DNA was precipitated via two rounds of cold 178 

ethanol, first with 100% followed by a 70% dilution. These were centrifuged at 13,000 RPM 179 

for 20 minutes before removing supernantant at each step. Samples were then re-suspended 180 

with 150 µl of low TE buffer (10 mM TRIS, 1 mM ETDA, pH 8.0) and left to resuspend 181 

overnight at 4°C. 182 

 183 

We used a number of PCR protocols as part of this investigation which are detailed in 184 

Appendix 1a. We determined the sex of birds using PCR primers 2550F-5’-185 

GTTACTGATTCGTCTACGAGA-3’ and 2718R-5’-ATTGAAATGATCCAGTGCTTG-3’ 186 

developed by Fridolfsson and Ellegren (1999). These PCRs also served to eliminate the 187 

possibility that false parasite negatives were due to failed DNA extractions.  188 

 189 

For samples that returned positive amplifications from the avian sexing PCR, we carried out a 190 

detection PCR to screen for the presence of haemosporidian parasite DNA (Plasmodium and 191 

Haemoproteus spp.) by amplifying a 150bp fragment of the Cytochrome oxidase I gene 192 

(COI) using primers MalMito_F1-5’-193 

AGCCAAAAGAATAGAAACAGATGCCAGGCCAA-3’ and MalMito_R1- 5’-194 

AGCGATRCGTGAGCTGGGTTAAGAACGTCTTGAG-3’ (developed by Anders 195 

Goncalves da Silva at Monash University, Victoria, Australia).  196 

 197 

For samples that returned positive amplifications from the parasite detection PCR, we 198 

amplified a 1000bp fragment of the parasite cyt-b gene using primers Prim3_F2-199 

5’ACTGGTGTATTATTAGCAACTTGTTATACT-3’ and Prim3_R1-5’ 200 

GCTTGGGAGCTGTAATCATAATGT (developed by Anders Goncalves da Silva at 201 

Monash University, Victoria, Australia).  202 

 203 
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Where positive infections did not amplify using the above technique, we employed a nested 204 

PCR technique following Waldenström et al. (2004) to amplify 485bp of the cyt-b gene. 205 

Reaction conditions and cycling profiles for the nested PCR followed methods outlined in 206 

Clark et al. (2015b). All PCRs were carried out on a GenePro Thermal Cycler (Bioer 207 

Technology Co. Ltd., Tokyo, Japan) using Queensland Museum facilities (Brisbane, 208 

Australia). 209 

 210 

Gel electrophoresis was used to identify successful PCR amplifications from all PCRs. PCR 211 

products were sequenced using the primers Prim3_F2 and Prim3_R1 (1000bp fragment) at 212 

the Australian Genome Research Facility Ltd (AGRF; Brisbane) or for the smaller 485bp 213 

fragment using the reverse primer HAEMR2 (Waldenström et al. (2004) at Macrogen Inc 214 

(Seoul, South Korea). Sequences were aligned and edited using the software program MEGA 215 

6.0 (Tamura et al. 2013). These were then compared with sequences lodged with the 216 

databases MalAvi (Bensch 2015) and GenBank (Benson et al. 2015).  217 

 218 

The phylogenetic relationships of parasite lineages were constructed using Bayesian Markov 219 

Chain Monte Carlo (MCMC) analysis in the BEAST software (Drummond et al. 2012). All 220 

parasite lineages that have been linked to described morphospecies were included in our 221 

phylogenetic analysis to assess whether our lineages formed a monophyletic clade along with 222 

Haemoproteus lineages previously recovered from Cracticus hosts. Single Haemoproteus 223 

lineages recovered from other south Pacific avian hosts were also included to clarify host-224 

parasite relationships in the region. A General Time Reversible (GTR) substitution model, 225 

and a site heterogeneity model of Gamma + Invariant sites with a lognormal relaxed clock 226 

(uncorrelated) were used. The process was initiated with a random starting tree and a yule 227 

speciation prior. Two runs of 20 million iterations were completed, logging parameters every 228 

1 000 iterations. Ten percent burn-in from each run were removed and combined runs using 229 

the program LogCombiner v1.8.2 (Drummond et al. 2012). TreeAnnotator (Drummond et al. 230 

2012) was used to generate a consensus tree and Tracer v1.6.0 (available at 231 

http://tree.bio.ed.ac.uk/software/tracer/) was used to visually inspect chains and to generate 232 

estimated sample sizes (ESS) for each parameter (with values greater than 200 indicating 233 

chain convergence). The consensus tree was edited in FigTree (available at 234 

http://tree.bio.ed.ac.uk/software/figtree/). Genetic distances between parasite lineages were 235 

assessed using the Jukes-Cantor model in MEGA 6.0 (Tamura et al. 2013). 236 

 237 

http://tree.bio.ed.ac.uk/software/tracer/
http://tree.bio.ed.ac.uk/software/figtree/
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3. Results 238 

We captured and sampled individuals of 32 different bird species across the study islands, 239 

which included 27 C. louisiadensis (18 males and 9 females). C. louisiadensis were the only 240 

hosts screened that carried H. bukaka sp. nov.. Individuals were captured across the four 241 

island populations of this host species distribution (Fig. 1). Overall infection prevalence with 242 

H. bukaka sp. nov. was high at 74% (n = 20/27) and parasitaemia within infected hosts 243 

ranged from < 0.1- 0.6%. However, on two of the four islands (Panawina and Panatinani; 244 

Fig.1), only one of seven (14%) C. louisiadensis sampled was infected with H. bukaka sp. 245 

nov., compared to a prevalence of 80% on Sudest (n = 5) and 100% on Sabara (n = 15). All 246 

partial cyt-b sequences were identical, representing a novel Haemoproteus lineage according 247 

to MalAvi and GenBank. A single Plasmodium lineage (lineage GRW15; GenBank 248 

DQ368380), detected in an individual on Panawina Island, was the only other 249 

haemosporidian lineage detected in this host species using molecular methods.   250 

 251 

Higher taxonomy (following Valkiūnas 2005) 252 

Phylum: Sporozoa (Leuckart 1879) 253 

Class: Coccidea (Leuckart 1879) 254 

Order: Haemosporida (Danilewksy 1885) 255 

Family: Haemoproteidae (Garnham 1966) 256 

Genus: Haemoproteus (Kruse 1890) 257 

Subgenus: Parahaemoproteus (Bennett et al. 1965) 258 

 259 

Morphological description of H. bukaka sp. nov. 260 

3.1. Macrogametocytes (Fig.2a-e) 261 

These present greater variation in morphology than microgametocytes. Mature 262 

macrogametocytes (Fig.2a-c) never fully encircle erythrocyte nucleus and display consistency 263 

in halteridial form (Bennett and Peirce 1988). Gametocytes touch the erythrocyte nucleus 264 

along the internal margin. The cytoplasm can appear heterogeneous and amorphous near the 265 

erythrocyte envelope. Approximately half (48%, n=55) are in contact with the envelope along 266 

the entire outer margin and half (52%) are not. Typically those that are not in continuous 267 

contact with the envelope, exhibit a deviation near the middle of the gametocyte (Fig.2a-b). 268 

Uneven pigmentation can obscure this margin, making contact hard to discern. The 269 

gametocyte outline is smooth to wavy, very rarely amoeboid. Gametocytes are typically 270 

positioned medially within the erythrocyte. A small-proportion are situated slightly toward a 271 
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pole. Mature gametocytes may come close to, but touch neither pole (40%; Fig.2b), both 272 

poles (30%; Fig.2c), or through either positioning or development come very close to both 273 

but touch only one (30%: Fig.2a). Parasite nuclei in fully-grown gametocytes are consistently 274 

sub-terminal and touching the host cell envelope (Fig.2a-c). Only very rarely might they be 275 

terminal or touching the host nucleus. There is usually a single large sub-terminal vacuole 276 

touching the envelope in a similar position (same side) at the opposite pole of the gametocyte 277 

(Fig. 2a-b). However, variation can occur and up to three or more small vacuoles may be 278 

present, including terminally (Fig.2c), and rarely (uncharacteristically), with a small vacuole 279 

at the gametocyte’s nucleated end terminus. Typically, vacuole/s are located at the non-280 

nucleated end of the gametocyte. Pigment granules are usually oval, occasionally round, 281 

generally uniform in size and in the transition between dust-like - medium sized (≤ 0.5 – 282 

0.7µm; following Valkiūnas 2005). Granules usually form loose aggregations around the 283 

growing vacuole and parasite nucleus in young gametocytes that end up appearing random in 284 

the fully-grown gametocyte. Gametocytes cause moderate lateral displacement of the 285 

erythrocyte nucleus. 286 

 287 

3.2. Microgametocytes (Fig.2h-l) 288 

Microgametocytes differ from macrogametocytes in the typical sexually dimorphic characters 289 

and features (Valkiūnas 2005). They also show greater consistency in form than 290 

macrogametocytes. Mature gametocytes are halteridial in form and never completely encircle 291 

the erythrocyte nucleus (Fig.2i-k). Gametocytes typically have smooth to wavy ends and 292 

touch both the erythrocyte nucleus and envelope along each margin. Most are positioned 293 

medially (85%, n=33) with a smaller proportion slightly toward one pole (15%).  However, 294 

approximately two-thirds (61%) of gametocytes bend around the erythrocyte nucleus 295 

narrowly missing touching either pole (Fig. 2j-k). Approximately a third (32%) extend to 296 

touch one pole. Occasionally a gametocyte may be in contact with both poles (7%; Fig.2i). 297 

When stained with Giemsa, pale pink nucleated material appears to form a large central mass 298 

extending from the erythrocyte nucleus to reach the envelope (Fig.2h-l). This often takes a 299 

long snaking form, running along the margin of the host-cell nucleus before doubling back. 300 

Pale lilac/blue cytoplasm is restricted to each pole of the gametocyte and contains the oval to 301 

round pigment granules (≤ 0.5 – 0.7µm). Pigment granules are usually in a clump at both 302 

ends but one with the majority of granules and the other with just a few (Fig.2i,k); or the 303 

granules are clumped at just one end (Fig.2j). Gametocytes cause moderate lateral 304 

displacement of the erythrocyte nucleus. 305 
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 306 

3.3. Young and growing gametocytes 307 

Young gametocytes appear to be variable in their form and placement. Defining features 308 

include opposing vacuole and nucleated material (Fig.2f-g). Growing gametocytes often take 309 

on a dumbbell appearance (Fig.2d-e), constricted between the nucleated material and vacuole. 310 

Granules usually form loose aggregations around the growing vacuole and parasite nucleus in 311 

young gametocytes. Depending on gametocyte placement, contact usually begins with the 312 

erythrocyte nucleus before growing outward to the envelope (Fig.2d-e, h). 313 

 314 

Table 1 summarises the morphometrics of gametocytes and infected/uninfected erythrocytes. 315 

 316 

4. Molecular description of H. bukaka sp. nov. 317 

Partial cyt-b sequences extracted from infected type-hosts, C. louisiadensis, were identical (n 318 

= 20). This new lineage CRALOU01 (GenBank KX100323), representing the proposed 319 

morphospecies H. bukaka sp. nov., sits within a well-defined monophyletic clade that 320 

includes other Haemoproteus lineages recovered from members of Cracticinae (Fig.3). We 321 

found low genetic variation (3-4 bp) amongst the three members of the clade (≤1.6%; mean 322 

1.3% Jukes-Cantor distance).  A lineage (CRAQUO01/Genbank AY714192) found in the 323 

allopatric C. quoyi hosts on mainland PNG (unknown location) was the least genetically 324 

different from the type lineage in C. louisiadensis (0.8%; Beadell et al. 2004). Interestingly, 325 

the other lineage that was also found in Black Butcherbirds on mainland PNG (lowlands 326 

around Mt Bosavi) differed by 1.6% from both (CRAQUO01/Genbank AY714192) and the 327 

newly identified Louisiade lineage CRALOU01. All lineages within the Haemoproteus-328 

Cracticinae clade differ by less than 5% genetic distance, the cut-off figure proposed by 329 

Hellgren et al. (2007) to represent distinct morphospecies. Within the parasite phylogeny, the 330 

clade containing H. bukaka sp. nov. was closest to the primary clade representing the 331 

Australo-Papuan H. ptilotis (4.1 % among-clade mean genetic distance), the clade containing 332 

H. balmorali/H. attenuatus (4.3% among-clade mean genetic distance) and a clade restricted 333 

to Australo-Papuan host species from the genus Myzomela (5.3% among-clade mean genetic 334 

distance). The full, un-collapsed phylogenetic tree can be found in Appendix 1. 335 

 336 

5. Taxonomic summary 337 
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Etymology. The species name bukaka is proposed as a noun in apposition. This represents 338 

Bukaka, the local language name for the avian host on Sabara Island.  339 

 340 

Type avian host. Tagula Butcherbird Cracticus louisiadensis Tristram 1889 (Passeriformes, 341 

Artamidae). 342 

 343 

Type locality. Sabara Island, Louisiade Archipelago, Milne Bay Province, Papua New Guinea 344 

(11° 08’ S, 153° 06’ E). 345 

 346 

Site of infection. Mature erythrocytes; no other information. 347 

 348 

DNA sequence. GenBank accession number KX100323. 349 

 350 

Type specimens. Hapantotype number G466189; parahapantotype numbers G466190 and 351 

G466191; Lodged in the collection of the Queensland Museum, Queensland, Australia. 352 

 353 

Distribution and hosts. Found in the insular endemic host C. louisiadensis on islands in the 354 

Louisiade Archipelago, Papua New Guinea. It is likely to be representative of a 355 

Haemoproteus clade that also infects other Cracticid hosts in the Australo-Papuan region.  356 

  357 

6. Observations from more widespread Cracticus species. 358 

Individuals from closely related C. nigrogularis (n = 17), C. torquatus (n = 7) and C. tibicen 359 

(n = 9) from Brisbane (SE Queensland) were screened using the same methods. One C. 360 

tibicen was infected with gametocytes morphologically congruent to the H. bukaka sp. nov., 361 

but a clean parasite sequence could not be obtained for molecular determination. A further 362 

new Haemoproteus lineage was found in C. nigrogularis (CRANIG01; GenBank KX100322) 363 

which closely aligned (9 bp; base-pairs difference) with lineage PTIVIC02 (GenBank 364 

JX021542), recovered from a Victoria's Riflebird (Ptiloris victoriae) and Yellow-breasted 365 

Boatbill (Machaerirhynchus flaviventer) from north Queensland (Zamora-Vilchis et al. 366 

2012). This clade sits near those that include H. pallidus (mean genetic distance 2.3%). 367 

Furthermore, a novel Plasmodium lineage (CRATOR01; GenBank KX100325) was found in 368 

both C. torquatus and C. tibicen in Brisbane, differing 9 bp from lineage CRAQUO02 369 

(GenBank JQ905579) that was found in the congener C. quoyi in north Queensland (Ewen et 370 

al. 2012). 371 
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 372 

7. Discussion 373 

We have presented both morphological and molecular evidence to support the proposal of 374 

Haemoproteus bukaka sp. nov. as a distinct species of haemosporidian parasite. This is the 375 

first described species of Haemoproteus parasite from the strictly Australo-Papuan bird 376 

group, Cracticinae. Moreover, we have identified three new genetic lineages of 377 

haemosporidian parasites that infect Cracticus species (2 Haemoproteus spp., GenBank 378 

KX100322-323; 1 Plasmodium spp., GenBank KX100325), data that will be useful for 379 

contributing to our knowledge of haemosporidian diversity in an understudied bioregion.  380 

 381 

The combination of features in H. bukaka sp. nov.is similar to both H. nucleophilus and H. 382 

quiscalus /H. monarchus when using the morphological character key described by Valkiūnas 383 

(2005). Despite some features in common, H. bukaka sp. nov. macrogametocytes display 384 

both unique features and unique structural arrangement. These include opposing positions of 385 

a large vacuole/s (>1 µm; following Valkiūnas 2005) and the subterminal nucleus on the 386 

host-envelope.  387 

 388 

Vacuoles are a defining yet common feature in many haemosporidian parasites (Valkiūnas 389 

2005). However, the vacuoles in Haemoproteus species that sit close to H. bukaka sp. nov. 390 

(e.g. from Meropidae hosts) are characteristically smaller and randomly placed (e.g. H. 391 

manwelli  Bennett 1978; H. gavrilovi Valkiūnas 2005). According to our phylogeny, the most 392 

closely related parasite to H. bukaka sp. nov. is H. ptilotis, a parasite that infects Meliphagid 393 

honeyeater hosts in Australia and has previously been described both with and without small 394 

vacuoles (Valkiūnas 2005; Clark et al. 2015). These two species can be distinguished in 395 

blood smears by the lack of a large vacuole opposing the parasite nucleus in H. ptilotis 396 

macrogametocytes. Microgametocytes of H. ptilotis also have a similar number of pigment 397 

granules at both poles, compared with all, or most concentrated at one pole in H. bukaka sp. 398 

nov.. Haemoproteus spp. that have similarly large vacuoles to H. bukaka sp. nov. are found in 399 

other hosts but these are geographically and genetically distant to the Australo-Papuan 400 

Cracticinae. As examples, haematozoa infecting members of Anatidae (H. macrovacuolatus; 401 

Matta et al. 2014) or Cracidae in South America (H. ortalidum; Bennett et al. 1982). The 402 

closest morphological match to H. bukaka sp. nov. that we have observed to date, is the 403 

Haemoproteus sp. reported here from the single C. tibicen individual in Brisbane (Australia). 404 

These gametocytes shared similar placement and morphology, including opposing large 405 
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vacuole/s and nuclei on the host cell-envelope. The congeneric host and morphological 406 

similarities provide compelling evidence that the infection in C. tibicen was likely from the 407 

same parasite species or a closely related lineage that sits within the H. bukaka sp. nov. clade. 408 

Nevertheless, molecular sequence data are needed to confirm this hypothesis.  409 

 410 

Just a few base pair differences in haemosporidian cyt-b sequences can potentially represent 411 

different species (Hellgren et al. 2007). Yet evidence also suggests a 5% genetic distance is 412 

likely to result in morphological variation (Hellgren et al. 2007). We found low genetic 413 

distances between morphologically different but phylogenetically close species to H. bukaka 414 

sp. nov.; for example, the H. ptilotis clade (4.1%) and the H. balmorali/H. attenuatus clade 415 

(4.3%). We also observed 3-4 bp differences within the clade of H. bukaka sp. nov. infecting 416 

Butcherbirds. Clearly, even minimal genetic variation may be reflected in morphological 417 

changes. Moreover, the variation observed from only a few lineages recorded in Cracticus 418 

hosts could be evidence for cryptic speciation, a facet of haemosporidian taxonomy that is 419 

gaining increasing attention of late (Sehgal et al. 2006; Palinauskas et al. 2015).  420 

 421 

The strong avian familial associations often demonstrated for Haemoproteus species (Beadell 422 

et al. 2004; Valkiūnas 2005; Olsson‐Pons et al. 2015) support our observation of a close 423 

genetic relationship between H. bukaka sp. nov. and the two lineages previously found in 424 

Black Butcherbirds in PNG (C. quoyi; JN792186, AY714192). The genetic difference 425 

between the two C. quoyi lineages in PNG (1.6%) is of note and might be evidence for local 426 

host-parasite coevolution due to the high level of divergence and population structure 427 

observed in C. quoyi populations in PNG (Kearns et al. 2011). This cannot be confirmed due 428 

to the lack of locational data for one of the C. quoyi lineages and deserves further 429 

investigation. However, considering the occurrence of apparent specialist Haemoproteus 430 

lineages (that only seem to infect a single avian host species) in this bioregion (Clark et al. 431 

2015), we expect these C. quoyi lineages will reveal morphological characteristics similar to 432 

H. bukaka sp. nov.. We also expect future investigations will discover further lineages that 433 

are part of this clade infecting Butcherbirds and their allies. 434 

 435 

The low parasitaemia levels we observed with H. bukaka sp. nov. suggest these were chronic 436 

infections (Atkinson 2009). However, these parasitaemia levels were significant given 437 

samples were collected during the breeding period when C. louisiadensis might be immuno-438 
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compromised and a relapse of parasitaemia might be expected (e.g. Applegate and Beaudoin 439 

1970; Valkiūnas et al. 2004). This parasite species was not identified in any of the other 31 440 

sympatric bird species we sampled in the type locality, showing high prevalence in the one 441 

host (74%). This supports the Trade-off Hypothesis (e.g. Drovetski et al. 2014), where 442 

overcoming the expected costs of host immune responses might limit host-breadth of a 443 

parasite, allowing for high prevalence but reduced physiological cost to the avian host 444 

(although see Hellgren et al. 2009). Few other studies from the region have encountered such 445 

high prevalence with the exception of those observed in Australasian robins (Petroicidae)  in 446 

north Queensland, Australia (76-82%; Zamora-Vilchis et al. 2012; Laurance et al. 2013). In 447 

general, a high prevalence from the region could be considered to be in the vicinity of 50%, 448 

and these seem to occur predictably in certain bird groups such as Zosteropids, 449 

Ptilonorhynchids and Petroicids (Beadell et al. 2004; Ishtiaq et al. 2010; Ewen et al. 2012; 450 

Zamora-Vilchis et al. 2012; Laurance et al. 2013; Olsson‐Pons et al. 2015).  451 

 452 

The high prevalence we observed might partially reflect the greater opportunities for 453 

infection that are thought to occur year-round in the tropics (Valkiūnas 2005). We do not 454 

know the vectors for H. bukaka sp. nov., but Culicoides spp. biting midges 455 

(Ceratopogonidae) are thought to act as vectors for Haemoproteus spp. of the subgenus 456 

Parahaemoproteus (e.g. Valkiūnas et al. 2002; Valkiūnas 2005; Atkinson 2009). In the case 457 

of Culicoides spp. that feed on people in the type location, local residents report spatial and 458 

temporal variation across islands. Consequently, similar patterns in variation might also be 459 

expected for Culicoides spp. that feed on avian hosts in these islands (e.g. Bensch and 460 

Åkesson 2003; Bensch et al. 2007).  461 

 462 

We lack data to test whether vector abundance or density differed across islands, and thus 463 

cannot assess whether this accounted for the patterns in prevalence we observed. The small 464 

island/host sample sizes require caution in interpretation. However, samples were collected 465 

during the same time period across islands, removing temporal variation as contributor to the 466 

near-absence of H. bukaka sp. nov. on the two central islands. Climate, close proximity 467 

between islands and forest types are similar across islands, as are the general habitats used by 468 

the host, C. louisiadensis (WG unpublished data). Furthermore, the high prevalences were 469 

identified on both the smallest and largest of the islands within the distribution of the host. 470 

This reduces support for an influence of island size/habitat complexity on H. bukaka sp. nov. 471 
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presence. We suspect host population density may be contributing to the pattern observed, as 472 

host density is an important contributor to the persistence of haemosporidian parasites 473 

through low transmission periods (e.g. Siraj et al. 2015). The lower population densities of C. 474 

louisiadensis observed on the two central islands (WG unpublished data) may reduce 475 

successful transmission and hence prevalence, or initiate local parasite extinction. 476 

 477 

Climate change and associated shifts in vector distributions are an important concern for the 478 

conservation of endemic avian species, particularly those that are restricted to small islands in 479 

a single archipelago. The threat of impacts on C. louisiadensis from the arrival of related 480 

hosts carrying novel Haemoproteus lineages (e.g. CRAQUO01), i.e. those that infect 481 

mainland PNG and Australian congeners, are unknown. Significant divergence across 482 

Australia and PNG has occurred amongst other members of the host subfamily Cracticinae, 483 

particularly with the fluctuating climates and biogeographical barriers of the Pleistocene 484 

(Kearns et al. 2010; Kearns et al. 2011; Kearns et al. 2013). However, the lack of 485 

investigations in this host group mean we can only speculate whether the high level of host 486 

specificity observed in Haemoproteus spp. in the region has also resulted in high divergence 487 

of genetic lineages.  488 

 489 

We have used morphological and molecular methods to propose the erection of H. bukaka sp. 490 

nov.. This species currently includes a single genetic lineage (CRALOU01/GenBank 491 

KX100323). This parasite demonstrates high host specificity and high prevalence but low 492 

parasitaemia in a single endemic host. In light of the dearth of haemosporidian investigations 493 

in the Australo-Papuan region, we hope this description will form a platform to promote 494 

study of host-parasite relationships in this diverse region. 495 

 496 
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Table 1: Morphological measurements of H. bukaka sp. nov.. All measures are the mean ± SE 749 

(range). Nuclear Displacement Ratio (NDR) follows (Bennett and Campbell 1972). 750 

Uninfected erythrocyte (n = 85) Host cell Host cell nucleus Gametocyte 

Length (µm) 11 .81  ± 0 .06 
(10.19 - 13.43) 

5.91 ± 0.05 
(4.88 - 7.02) - 

Width (µm) 7.25 ± 0.05 
(6.11 - 8.14) 

2.58 ± 0.03 
(2.16 - 3.38) - 

Area (µm3) 66.19 ± 0.56 
(53.71 - 78.13) 

11.91 ± 0.13 
(8.40 - 15.75) - 

Proportion of host cell (%) - 18.07 ± 0.21 
(14.14 - 22.45) - 

Microgametocyte (n = 33)    

Length (µm) 12.86 ± 0.13 
(11.36 - 14.54) 

5.74 ± 0.08 
(4.89 - 6.96) 

12.19 ± 0.16 
(10.51 - 14.36) 

Width (µm) 7.30 ± 0.08 
(6.39 - 8.04) 

2.37 ± 0.04 
(2.03 - 2.73) 

2.79 ± 0.08 
(2.01 - 3.97) 

Area (µm3) 73.94 ± 1.06 
(63.87 - 85.86) 

10.75 ± 0.18 
(8.63 - 12.98) 

34.03 ± 0.91 
(26.63 - 46.15) 

Proportion of host cell (%) - 14.55 ± 0.28 
(10.91 - 18.33) 

46.58 ± 1.33 
(32.61 - 63.14) 

Pigment granules (n) - - 6.86 ± 0.22 
(4 -10) 

NDR - 0.84 ± 0.02 
(0.60 – 1.03) - 

Macrogametocyte (n = 55)    

Length (µm) 12.95 ± 0.11 
(11.12 - 14.97) 

5.57 ± 0.04 
(4.92 - 6.37) 

12.64 ± 0.10 
(10.46 - 14.50) 

Width (µm)  7.11 ± 0.08 
(5.70 - 8.27) 

2.36 ± 0.04 
(1.68 - 3.10) 

2.74 ± 0.09 
(1.72 - 4.63) 

Area (µm3) 73.83 ± 0.66 
(61.93 - 86.11) 

10.34  ± 0.15 
(8.38 - 14.33) 

38.41 ± 0.72 
(27.48 - 49.65) 

Proportion of host cell (%) - 14.06 ± 0.24 
(11.26 - 19.82) 

52.13 ± 0.97 
(38.21 - 67.93) 

Pigment granules (n)  - - 11.01 ± 0.25 
(6 - 16) 

NDR - 0.75 ± 0.02 
(0.43 - 1.00) - 

Vacuole (µm3) - - 3.64 ± 0.20 
(1.49 – 7.96) 

 751 
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 752 

 753 
 754 

Figure 1. Location of the study islands in the Louisiade Archipelago, Papua New Guinea. The 755 

four islands that support the type host C. louisiadensis are labelled from the largest, Sudest in 756 

the south, to the smallest, Sabara in the north. Sample sizes are in parentheses. 757 
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 758 
Figure 2. Morphological features of H. bukaka sp. nov. gametocytes from multiple 759 

individuals of C. louisiadensis. N = Nucleus; V = Vacuole; G = Pigment granules. Scale bar 760 

shown at (l) bottom right = 10 µm.  761 

 762 
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 763 

 764 
Figure 3 - 0.5 page figure. Bayesian phylogenetic reconstruction of Haemoproteus spp. 765 

lineages linked to described morphospecies. Included are MalAvi codes followed by their 766 

GenBank accession numbers (in bold in parentheses). Six Plasmodium and one 767 

Leucocytozoon species are included as outgroups. The number of lineages in collapsed clades 768 

are given in parentheses. Node labels are Bayesian posterior probabilities ≥ 50%. The node 769 

containing the proposed new Haemoproteus species is shaded and new lineages identified in 770 

the current study are denoted with *. The full figure without collapsed clades is included as 771 

Appendix 1b. 772 
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Appendix 1a. PCR reaction conditions used to screen for avian haemosporidians. TopTaq used = Qiagen TopTaq polymerase mastermix 773 
Purpose Primer  Sequence Temperatures Reaction Reference 
Sexing PCR 2550F 5’-GTTACTGATTCGTCT 

ACGAGA-3’ 
94°C (5 min), 35 cycles of 94°C (30 sec), 51°C (40 sec), 72°C (40 sec), 
72°C (5 min) final extension 

10µl reactions: 5µl TopTaq, 0.75µl each 
primer (10mM), 2µl H20 and 1.5µl DNA 
extraction. 

Fridolfsson and Ellegren (1999) 

Sexing PCR 2718R 5’-
ATTGAAATGATCCAGTGC
TTG-3’ 

94°C (5 min), 35 cycles of 94°C (30 sec), 51°C (40 sec), (40 sec), 72°C 
(5 min) final extension 

10µl reactions: 5µl TopTaq, 0.75µl each 
primer (10mM), 2µl H20 and 1.5µl DNA 
extraction. 

Fridolfsson and Ellegren (1999) 

Detection PCR MalMito
_F1 

5’-
AGCCAAAAGAATAGAAA
CAGATGCCAGGCCAA-3’ 

94°C (5 min): Touchdown; 10 cycles 94°C (30 sec), 66°C (30 sec, drop 
1°C per cycle) and 72°C (30 sec); 30 cycles of 94°C (30 sec), 56°C (30 
sec), 72°C (30 sec), final extension 72°C (5 min). 

13µl reactions: 6.5µl TopTaq, 0.5µl each 
primer (10mM), 1µl H20 and 4.5µl DNA 
extraction 

Developed by Anders Goncalves 
da Silva at Monash University, 
Victoria, Australia 

Detection PCR MalMito
_R1 

5’-
AGCGATRCGTGAGCTGG
GTTAAGAACGTCTTGAG-
3’ 

94°C (5 min): Touchdown; 10 cycles 94°C (30 sec), 66°C (30 sec, drop 
1°C per cycle) and 72°C (30 sec); 30 cycles of 94°C (30 sec), 56°C (30 
sec), 72°C (30 sec), final extension 72°C (5 min). 

13µl reactions: 6.5µl TopTaq, 0.5µl each 
primer (10Mm), 1µl H20 and 4.5µl DNA 
extraction 

Developed by Anders Goncalves 
da Silva at Monash University, 
Victoria, Australia 

Full cyt-b 
amplification 
(1000bp) 

Prim3_F
2 

5’-ACTGGTGTATTATT 
AGCAACTTGTTATACT-3’ 

94°C (5 min): Touchdown; 4 cycles 94°C (30 sec), 56°C (45 sec, drop 
1°C per cycle) and 72°C (45 sec); 25 cycles of 94°C (30 sec), 53°C (45 
sec), 72°C (45 sec), final extension 72°C (5 min). 

20µl reactions; 10µl TopTaq, 0.5µl each 
primer (10mM), 6µl H20, 3µl DNA 
extraction 

Developed by Anders Goncalves 
da Silva at Monash University, 
Victoria, Australia 

Full cyt-b 
amplification 
(1000bp) 

Prim3_R
1 

5’-
GCTTGGGAGCTGTAATCA
TAATGT-3’ 

94°C (5 min): Touchdown; 4 cycles 94°C (30 sec), 56°C (45 sec, drop 
1°C per cycle) and 72°C (45 sec); 25 cycles of 94°C (30 sec), 53°C (45 
sec), 72°C (45 sec), final extension 72°C (5 min). 

20µl reactions; 10µl TopTaq, 0.5µl each 
primer (10mM), 6µl H20, 3µl DNA 
extraction 

Developed by Anders Goncalves 
da Silva at Monash University, 
Victoria, Australia 

Nested PCR1 
(outside reaction) 

HAEMN
F 

5’–
CATATATTAAGAGAATTA
TGGAG-3’ 

94°C (3 min): 30 cycles of 94°C (30 sec), 53°C (30 sec), 72°C (45 sec); 
final extension 72°C (5 min). 

20µl reactions; 10µl TopTaq, 0.25µM each 
primer, 3µl DNA  

Waldenström et al. (2004) 

Nested PCR1 
(outside reaction) 

HAEMN
R2 

5’-
AGAGGTGTAGCATATCTA
TCTAC-3’ 

94°C (3 min): 30 cycles of 94°C (30 sec), 53°C (30 sec), 72°C (45 sec); 
final extension 72°C (5 min). 

20µl reactions; 10µl TopTaq, 0.25µM each 
primer, 3µl DNA 

Waldenström et al. (2004) 

Nested PCR2 (inside 
reaction) 

HAEMF 5’-
ATGGTGCTTTCGATATAT
GCATG?-3’ 

94°C (3 min): 30 cycles of 94°C (30 sec), 51°C (30 sec), 72°C (45 sec); 
final extension 72°C (5 min). 

20µl reactions; 10µl TopTaq, 0.25µM each 
primer, 0.8µl outside PCR1 product 

Waldenström et al. (2004) 

Nested PCR2 (inside 
reaction) 

HAEMR
2 

5’-
GCATTATCTGGATGTGAT
AATGGT-3’ 

94°C (3 min): 30 cycles of 94°C (30 sec), 51°C (30 sec), 72°C (45 sec); 
final extension 72°C (5 min). 

20µl reactions; 10µl TopTaq, 0.25µM each 
primer, 0.8µl outside PCR1 product 

Waldenström et al. (2004) 
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Appendix 1b. 774 

 775 
(Full page fig.) The full consensus tree of 142 lineages showing the current 52 776 

Haemoproteus species recognised using morphological and molecular methods 777 

(Bensch 2015). This Bayesian phylogenetic reconstruction was generated in BEAST. 778 

Node values are posterior probabilities ≥ 50%. New lineages are indicated with * and 779 

the clade containing the proposed H. bukaka sp. nov. is highlighted with shading. Six 780 

Plasmodium and one Leucocytozoon species are included as outgroups. 781 

 782 
 783 
 784 
 785 
 786 


