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HAEMO-PROTOZOA: making biological sense of molecular phylogenies HAEMO-PROTOZOA
P: Euglenozoa Apicomplexa
1
‘ [ 1
C: Kinetoplast Ci id Haematozoa
0O: Kinetoplastida  Adeleina Eimeriina H poridia  Piropl: id
G: i L Garnia Biguetiella Babesia,
Sauroleishmania Hepatozoon Lainsonia Progarnia Bioccala Theileria
Cryptobia Cyrilia idlit
(Trypanoplasma)  Desseria Atoxoplasma Fallisia Johnsprentia  Haemohormidium|
Hemolivia (Isospora) Billbrayia ie ( I
Karyolysus Mesnilium Haemoproteus ~ Sauroplasma
Dactylosoma it idit
Babesiosoma Hepatocystis  Parahaemoproteus
Nycteria Simondia
Rayella Leucocytozoon
Dionisia (Akiba)
Polychromophilus
P - -
Peter O’Donoghue, The University of Queensland, Brisbane 1,700 species in more than 40 genera
Taxonomic characters ‘ HAEMO-PROTOZOA
P: Euglenozoa Apicomplexa
Conventional ‘ |
Biological (phenotypic) f !
Hosts (occurrence /geography/range/specificity) C: Kinetoplastea Coccidea Haematozoa
Morphology (structural/deveIopmentallreproductlve) ‘
Modes of tr fi ilative)
Biochemistry/Physiology (nutritional requirements) O: Kinetoplastida  Adeleina Eimeriina poridia  Piropl id

f’ .P_. f"l'. "-s‘ﬁ

Immunology (antigen/antibody specificity)

Contemporary
Genetic (genotypic)
Proteins

DNA sequences extracellular intracellular

* Molecular t.ax'onomy:' ‘ nucleated/anucleate rbc ‘ anucleate bc ‘
Speciation (strains/genotypes....)

« Population genetics:

P! g P . . N . . . " asexual sexual recombination

Recombination, immigration, in-breeding, epidemiology (mastigote N with (fusion of

* Molecular phylogeny: fission) L yngamy : __
Ancestry/kinship/clock mam:ﬁllfig!mem no syzygy ray bodies

Molecular mining:
Genomics, proteomics, transcriptomics, metabolomics ‘

in which hosts?

| EUKARYOTES redefined | HAEMO-PROTOZOA
P: Euglenozoa Apicomplexa
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HAEMO-PROTOZOA Paleozoic (ancient iife) Mesozoic (middie iife) Cenozoic (recent ife)
e arary
. FOSSIL
P: Euglenozoa Apicomplexa Pgw Ne | PI l Ho | recoro
| Palsogene | Neogens prisioene | Holocene
st s aw am o wme  oame  ome s o x 28 oo 0w
C: Kinetoplast Coccid Haematozoa o st amben, Protozoa
flagellates
,—‘—‘ ,—‘—‘ PR— alveolates
00w 353 Plasmodium
O: Kinetoplastida  Adeleina Eimeriina H. poridia  Pirog i ﬂfosswmmwambw» (mosquio i amber) o
leeches
mites

——— iCKS

¢ Vertebrates
Yy, sharks
? TS teleosts
-

f;§§<iﬂa o, B -

crocodiles
turtles
amphibia
reptiles

birds
HAEMO-PROTOZOA camivores
————(Odents
—— D[\ tES
— — 25
injected — CUMiNaNtS
s hOMINIS

mode of transmission

ingested
(injected)

injected,
contaminative
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| HAEMO-PROTOZOA Molecular phylogenies ‘

Origins? Evol
Phylogenetic relationships inferred from DNA sequence comparisons using various algorithms

« must consider three organisms (protist - invertebrate - vertebrate)

Genes examined from multiple genomes: ‘

« presumably free-living protist taken up and became parasitic + nuclear
SSurRNA (188 ribosomal RNA),
« firstly monoxenous, then heteroxenous transfer 9GAPDH e y
hsp70 (heatshock protein 70)
polA i ide from DNA A)
« but which host first (invertebrate or vertebrate)? roolILS (large subunit RNA polymerase Il)
gp63 (glycoprotein 63)
cpb (cysteine protease B)
What evidence? as/ (adenylosuccinate lyase)
er2 (nuclear elongation factor 2)
cet7 i ining t-compl ide 1)

p
« fossil record? (range of membrane proteins)
+ mitochondrial
. bi i cytb (cytochrome b)
biology (comparative morphology, developmental cycles, host ranges...) cox (cytochrome oxidase)
« apicoplast
« molecular phylogenies (informative sequences, trees...) clpC (caseinolytic protease C)

« co-evolution (comparative trees, tanglegrams...)

‘ look for phenotypic patterns (morphology, biology) in phylogenetic trees
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« asexual (longitudinal binary fission)

trypanosomes
(single flagellum)
parasites of animals/plants
(monoxenous or dixenous)

« ancient lineages of eukaryotes (among first to contain mitochondria)

« kinetoplast = extranuclear DNA = mitochrondrial DNA

bodonids
(two flagella)
most free-living bactivores
(aquatic/terrestrial habitats)

Kinetoplastid phylogeny:

« free-living species (green)
* monoxenic parasites (

« dixenic parasites (red)

13

mastigotes: a-

Developmental stages ‘ @ é

choano- pro-  opistio-  epi-  trypo-

Lukes et al. 2014
ssurRNA

226 Trypanosomatida
aratrypanosoma

60 Neobodo®, Bodo*
Neobodo*
Actuariola
Cryptaulax

1

1

1

1 Azumiobodo

1 Cruzella

1 Phanerobia

5 Dimastigella

16 Rhynchomonas

10 Rhynchobodo

1 Kiosteria

9  Neobodo*

2 Bodo*

10 uncultured eubodor

8  Bodo saltans

2 Trypanoplasma

Jarrellia

2 Procryptobia

1 Neobodo'

7  Parabodo
Cryptobia

metakinetoplasids

Perkinsela + uncultured

Hosts (monoxenic spp.)

mosquito

ascidian

nids

fish

e~

) >
fish

'amoebae
fish B
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Monoxenous (mainly insects)

Trypanosomatid
phylogeny:

biodiverse
ininsects

Tr

A

Leishmania *
L

monoxenic ( )

dixenic* (red)

Crithidia

* (flies, bugs, aBpe

Invertebrate hosts

leeches)

(flies)
(insects) %

(bees) *

Her

Phytomonas *

ithidia

Strigomonas

—— Angomonas
— Sergeia
— Wallaceina

Lukes et al. 2014
ssurRNA

¢ Paratrypanosol

(flies) _
(bugs) [=""3
(bugs) ="

(mosquito) P

(mosquito) P

(midges) /’
(flies) *&
(flea) '

yma (mosquito) !
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Crithidia a c
Leptomonas a P
Herpetomonas a P o
Blastocrithidia a P e
Dixenous (invertebrate — animal/plant)
Phytomonas a P
Leishmania a 3]
Endotrypanum a P e
Trypanosoma a P e t
Kinetoplastids of blood
« dixenous (2-host) parasites
« extracellular in vertebrate blood
« luminal in invertebrate vector (flies, bugs, leeches)
* some 600 species in 2 families
* based on host occurrence, vectors,
transmission, developmental stages,
pathogenicity, culture . . ..
Assemblage Genus No. Vertebrate hosts Invertebrate
species vector
FoTr i Tr 520 | mammals, reptiles, frogs, | arthropods,
birds, fish leeches
F: Trypanosomatidae | Leishmania 35 mammals arthropods
F:Tr i A jé 10 lizards/snakes sandflies?
F: Bodonidae Cryptobia 52 fish leeches
(Trypanoplasma)

early studies revealed
separate clades for
dixenous species:

Jackson 2005

15

consensus tree

Trypanosoma brucei
Trypanosoma congolense -
Trypanosoma vivax
Trypanosoma cruzi B
Trypanosoma rangeli
Trypanosoma grayl =
Trypanosoma theileri
Angomonas deanei
Strigomonas culicis
Phytomonas serpens
Crithidia fasciculata
Leptomonas pyrrhicoris

Leishmania australensis

Leishmania panamensis
Leishmania braziliensis

J iz i

Salivaria

(fore-gut) flies

Stercoraria %

Leishmania mexicana
Leishmania denovani

Leishmania infantum

Leishmania major

Paratrypanosoma
confusum

(hind-gut) bugs

Leishmania "2

complex 3
sandflies

18
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EU185834 Trypanasoma ophiocaphel
0444415 Typsnosoms sinpercs:

EF7Sa82 Tiypancsoms 59 (CYprns carpi)

Ad620534 Trypanosom s Mary (Cypinus carph)

EFa7S883 Typancsoms sp RVRISc) (PBUCODSGTES dECt)
- AJE20552 Typanosoms ganiosum Portigel

AJE20555 Typancsoms sp. CLAR (Clarss angoionsts)
warisor opsmesora s freshwater fish
Als20554 Trypanesoms sp. 76 (Abiams brame) o=

| AJe20853 Typanosoma sp. To-TEHOD (Tica Soca)

AJ09143 Toparosoms cobiss

Als20$51 Typanosoms greaubaum LK

A TsSoL

| Ati20558 Tipeassoms sc. Te-Ab-T8 (Abram's brams)

other clades
associated with:

« hosts
 environment

1aosssnol

99

T8l
40820565 Trypanos

Lt

o marine
fish
AT

amphibians
Hayes et al. 2014 V
SSurRNA

Apicomplexa

apical complex facilitates host cell invasion
(conoid, rhoptries, micronemes...)

mitochondriate

apicoplast

subpellicular alveoli

Alveolates:
« Dinoflagellates (free-living and symbiotic)
« Ciliates (free-living and symbiotic)

« Apicomplexa (parasitic)
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studies on Leishmania
supported 3 subgenera:

*
L donovani

L. major L L. (Leishmania)
New & Old World
cutaneous & visceral*
i supra-pylorian (foregut)

in Phlebotomus
L. mexicana

L. temenitaloe 5— L. (Sauroleishmania)

L. foinsoni

L guvanensi

o

L L. (Viannia) Q
New World
cutaneous &
weamendt | mucocutaneous*
peri-pylorian (hindgut)

Main groups Hosts
« gregarines marine worms, insects (gut/body cavity)
« coccidia marine invertebrates, vertebrates (gut/tissues)

« adeleorine coccidia mostly vertebrates (gut/tissues/blood)

(incl. haemogregarines) (reptiles/amphibia*, leech/arthropod vectors)
« eimeriine coccidia vertebrates (gut/tissues)
(incl. haemococcidia) (reptiles/amphibia*, leech/arthropod vectors)
« haematozoa vertebrates (blood/tissues)

« haemosporidia (mammals/birds/reptiles*, dipteran vectors)

« piroplasms (mammals*, arachnid vectors)

Fraga et al. 2010 in Lutzomyia
hsp70 -
Trypanosomes Invertebrate Vertebrate
:Trypanosoma i flies (salivarian) ' mammals w
' C K
\ Trypanosoma bugs (stercorarian) @  mammals ®a

Trypanosoma leeches, sand flies reptiles ¢
Trypanosoma leeches V amphibia
H P
| Trypanosoma leeches fish -

family sp""
|—- L.(Leishmania)

L

‘ comparative studies provide compelling case for ‘vector-first’

CEFF=—  gimastigotes <EE— trypo-mastigotes

5

sandflies (suprapylorian)  mammals ,‘"'I

'
1 L.(Saur
'

sand flies? o reptiles o0
N " " i

.(Viannia) sandflies (peripylorian) mammals :wl“
_________________ l <= pro-mastigotes @ a-mastigotes

e

free-living - monoxenic (insects) — dixenic (insects — vertebrates)

[check placement of species from aquatic environments with leech vectors]
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DEVELOPMENTAL CYCLES

Three types of division:
« merogony (= schizogony): asexual multiplication

« gamogony: formation of gametes
[fertilization = syngamy, fusion of gametes]

« sporogony: formation of sporozoites

fertilization

which stage in which host?

24
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» Some 400 species (taxonomic mess!)
h i (many pl. its disputed cycles unk )
aemococcidia . F garit stricto (turtles-leech:
* H: garinasensu latu diles, snakes, lizards, birds) — Hepatozoon
TYPE OF HOST - . i
* 4 families recognized (based on pattern of sporogony in vector)
DH= '(’:;:‘J:;’Z::;‘ ot i (sporocy ysts in vector)(some spp. with PH)
« Kary: i (sporoki in vector eggs)(transovarian)
h ines IH = intermediate hosf » Haemogregarinidae (sporocysts absent, sporozoites in leech tissues)
4 gamogony (asexual dev.) D . . N "
« Dactylosomatidae (sporocysts absent, oocysts in leech intestines)
Assemblage Genus No. Site of development in Vertebrate hosts Invertebrate
species vertebrate
‘meronts ‘gamonts
F: Haemogregarinidae | Cyrilia 4 erythrocytes | erythrocytes fish leeches
F: Haemogregarinidae | Desseria 40 erythrocytes | erythrocytes fish leeches
X bt N
h poridia ‘ ‘ 1 F ni 26 ythrocy ythrocy turtles leeches
PO inver (OH) "bm | bm = blood meal . _ _
(parasite F: Hepatozoidae Hepatozoon 300 Viscera | erythrocytes, | mammals, birds, Teeches,
fertilization ingested) leucocytes | reptiles, amphibia, fish | arthropods
9 F: Karyolysidae Hemolivia 4 RE cells erythrocytes. lizards, tortoises, ticks
ve = vector eaten F: Karyolysidae Karyolysus 5 | viscera+rbc | erythrocytes lizards ‘mites
bmi = blood meal -
«_ (IH), (parasite " * T T oo foeches
propiasms Cspoogony samogony e g i |
sporogony | =i cbrate ©or) gamogony : y y y y rogs, fisl leeches,
fertilization

25 28

v Host  Vector
g rega r cladistic analyses:
, Reryolyrws lacerive Lizard romesn
* suggested haemogregarine <
groups associated with vectors e T o
« may be function of environment Heparszonn sp. Repile  Acarine
(aquatic/terrestrial) Devsria myasocephali Fih iy
Heemoprogwrinaball Repile Lioch
Mg clelandi Repile. Laech? V
[P S
Tpe— ™ Diperan
" gt Note D -
" i rarefaciens. Reptibe. Dipteran !
s spoten wepte Do
" i et Weptte Dipiran
78 . erhardovac Mammal Flea
\ it gttt E—
Clppninn Rple A
Jakes et al. 2003 " Hemolivie m aurismnicum Reptile Acarind Q
cladistics
" molecular analyses e e e
Haemogregarmes suggested: o L4
P:  Apicomplexa « clades diverged
C: Conoidasid (well-formed conoid) with vertebrates i
SC: Coccidiasina (gamonts small/intracellular)
O: Eucoccidiorina (with merogony) * but polyphyletic
SO: Adeleorina (gametes develop in syzygy)

vertebrate blood-meal invertebrate )
[merogony], fertilization, k
gamonts in oocyst - e L

blood cells vector formation

w ingested
e 3
reeriy gl

* 3 AN .,

L ; 1 - Hakl -Kocike etal.2014
Hepatozoon Haemogregarina SSUrRNA

27 30
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two Hepatozoon clades

separated from

P: Apicomplexa

Haemogregarina C: Conoidasida (well-formed conoid)

SC: Coccidiasina (gamonts small/intracellular)
Hemoliviaintermediary 0: Eucoccidiorina (with merogony)

SO: Eimeriorina (gametes develop independently (no syzygy),

numerous microgametes formed)

dactylosomes
paraphyletic

blood-meal

vertebrate
merogony,
gamogony,
sporogony

invertebrate

no
development

%
.

vector
ingested

-

=
Lankesterella Schellackia

(Bt

Atoxoplasma

Kvicerova et al. 2014
ssurRNA

31 34

i
J

Haemogregarines Invertebrate Vertebrate
e mmmm oo '
' ' i i
Z( acarine carnivores . .
:Hepalo oon A H - L * many enteric coccidia (monoxenous)
H ] . Rz . macro-merozoites - some tissue-cyst-forming coccidia (heteroxenous)
1 Karyolysus p e eI gl - a few blood-borne coccidia (heteroxenous)
! families confounded [ sporokinetes
\ Hemolivia | acarine tortoiseilizards < s . o -
! [ « ~ 30 species recognized in 2 families
\HepatozoonB | acarinelleeches non-carnivores (ﬂ’ * Lankesterellidae  (sporozoites enter blood cells)
! ! « Eimeriidae (merozoites disseminate in blood cells)
leaches amphibialfish ‘
H g Sporccye V Assemblage Genus No. Site of developmentin Vertebrate hosts | _Invertebrate
' Haemogregarina | leaches turtles & species vertebrate vector
P — meronts ‘gamonts
F: Lankestorelidae | Lankesterelia B RE cells RE cells izards, frogs Teeches,
Cyrilia/Desseria/Haemohormidium? leech - fish F: Lankesterellidae | Lainsonia 2 RE cells RE cells lizards mosquitoes
F: Lankesterellidae | Schellackia 13 intestines RE cells lizards, snakes, mites,
frogs i
sexual development in vector F: Eimeriidae 2;2;;2:/::::) 5 intestines | blood cells birds none
(other adeleorines and gregarines in invertebrates)
evidence suggests vector-first, then divergence with vertebrates
[leeches to arthropods?] [ aquatic to terrestrial?]
PR ——
i ]
il s
coccidia divided into: o e
= L
monoxenous B0, H.E& | heteroxenous
o . i coccidia
enteric coccidia i}
(faecal-oral transmission) =m o= o=
{5 OB
i 2=
heteroxenous = == -

==
tissue cyst-forming coccidia g
(predator-prey transmission)

few haemococcidia
blood coccidia
(vector-borne transmission)

monoxenous

[~ coccidia

n;::;igigumgigﬂ;ﬁlﬂiiﬂl‘!{liiiiii

EE!EiHﬁilliﬂ!ﬂHiﬂ!!Hﬁ!“"!l‘i!ilm

Morrison et al. 2004
ssurRNA
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haemococcidia in separate clades o Ao
(Lank ellaand Schellackia) e
+ l : - M
g ic d = L
Py
- - e
i idi ,‘ m.m«.(gsmm"x'“"""""‘“"”“
enteric coccidia = o
i " e S
including Atoxoplasma L g
w S i
g

. (s
s i 0163

N CR——

oy
s Ssamrs (913D
e e (1025

e i BN L ankesterctta &
et

) g
- s P Cagel
Schellackia @~ P

T oo oo

Megia-Palma et al. 2014
SSurRNA
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Vertebrate Invertebrate

sporozoites in rbc ﬁ
frogs, lizards leeches
et | S

Caiyospora reptiles e

* merozoites in rbc 5
Eimeri: 0 (Atoxopl: vertebrates N none
Eimeria 3 birds e,
Eimeria 2 frogs ‘

frogs,reptiles‘ mosquitoes 74

Eimeria 1, Goussta wildlife, fish »&mm

evidence suggests haemococcidia evolved in vertebrates from gut coccidia,
and recently involved invertebrates as paratenic hosts

(PH also discovered for other coccidia: Cystoisospora* Caryospora*)

38
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P: Apicomplexa

C: Aconoidasida (lacking conoid, except in some ookinetes)

O: Haemospororida (gametes develop independently (no syzygy),
zygote motile, no sporocysts, heteroxenous,
dipteran vectors)

vertebrate blood-meal invertebrate
fertilization,

[merogony],
gamonts in
blood cells

oocyst
formation

F injected

a & a e
Plasmodium Haemoproteus Leucocv_tozoan

Haemosporidia (> 540 species)

21 genera in 4 families recognized on basis of:
site of development, host/vector occurrence, haemozoin pigment*

Assemblage Genus No. Site of developmentin Vertebrate hosts | Invertebrate
spp. vertebrate vector
ronts gamonts
F:Plasmodiidae | Plasmodlum 200 | liver, blood | erythrocytes® | mammals, snakes, | _diptera
lizards, birds
F: 25 Tiver ; i midges
F: 6 viscera er bats nycterids
F: i Nycteria 7 liver ; bats 7
F:Plasmodiidae | Biguetiella 1 liver erythrocytes® bats 7
F: i Bioccala 1 REcells | erythrocytes™ bats 7
F:Plasmodiidae | Dionisia 1 Tiver erythrocytes® bats 7
F: i Rayella 3 liver erythrocytes* flying squirrels ?
F: Billbraya 1 erythrocytes lizards ?
F: Mesnilium 1 REcells | blood cells* fish Teeches
F: i 6 | REcells | erythrooytes” | lizards/tortoises | arthropods
F: Haemoproteidae | Haemoproteus 20 | REcells | erythrocytes® birds Touse flies
(Halteridium)
F: 150 | _RE cells birds midges
1 RE cells fiying foxes ?
Simondia 1 RE cells turtles insects
2 1 REcells | er bats 7
+ Leucocytozoidae | Leucocylozoon | 100 | RE cells blood cells birds blackflies
(Akiba)
F: L i viscera lizards if
F: Garniidae Garnia lizards arthropods
F: Garniidae Progarnia blood cells blood cells ?
F: Garniidae Fallisia lizards arthropods

41

molecular analyses
revealed major clades
for Plasmodium
in vertebrates

African Apes 5

} Humans ﬁ *
P. knowlesi Asian Monkeys
P. fieldi (etc.) Asian Monkeys
P. cynomolgi Asian Monkeys

Laveraniasp.

P. falciparum

P. vivax Humans, African Apes

Humans 2

Humans *

Rodents \&
Bats v

P. ovale

P. malariae

P. berghei (etc.)

P. cyclops (etc.)

P. gallinaceum Birds “_\
&%"r:r')exlcanum Lizards ¢

(etc.)

Keeling & Rayner, 2015
consensus (nuc+mit+api)

42
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P agamae (D —_—
. S et | =l
paraphyletic 1. sp AYO9903)
clades for ES Al g Haemosporidia Vertebrate Invertebrate
Plasmodium = |
. . . ' "
in birds Py ] \ Plasmodium !\ mammals ﬁ mosquitoes \
and reptiles blood H ! A
schizogony | L! Hepatocystis (-) | mammals Nt midgds k
3 H 1
‘ 1
'
\ Plasmodium ! birds, Iizar;s\ mosqfiitoes _én
. i [
pigment -~ bi -y_\ " N
_ irds midggs A
or— P herghei| f
oA aiherari | - birds louse flies *
Pmctmmwi] Primates = —y\
2 falciparin | Plasssodian
o Plamodun birds — Te black flies 5%
w spAYO9033 | puserifrmes il
s S | Plasmocioms (e} ‘x
8 5kt S (15 genera missing)
T floridonse i
o~ P chiricalure
P mexicanunt
P 5p AYO94T ® ia K_%
T OLTpe ATV i strong case for evolution of haemosporidia in vertebrates (from coccidia),
siml—F. . A
i ﬁwmﬂ  AYO99055, then transfer to invertebrate vectors (few coccidia in vectors)
" DAVOROH U] passrifornes
Yotoko & Elisei 2006 E,“ %0 3| asndn ™SS
cztb - -

43 46

ed more
studies on bats|

[ e Loucocylozoon
1_'., ,—"-—-_‘— Parahaemoproteus

squamate Plasmodium
- squamate Plasmodium

Parasite Para-

L " " "
Hosts birds birds birds birds/lizards mamr;als bats
] avian Piasmodium _x _x _x x ?

N
=t

Polychromophilus
genera in bats P e Nycteria
paraphylectic Haemozoin - + + + + +
00 Hepatocytis
Blood R R R + + R
- Echizogony
i + + + + - -
generain . > Plasmodium (Plasmodium) blood cells
reptiles and birds s
pleisiomorphic simulids —3 hippoboscids—3yceratopogonids — — = = = = = = = — = — > ceratopogonids
10 Plasmodium (Vinckeia) ‘ (blackflies) (louse flies) (midges) (midges)
3 Vectors. \ culicids —> Anopheles =

* * (mosquitoes)  (mosauitoes) *
—M<Plasmodium{LaveraniaJ J Q \ N\

Schaer et al. 2015

concatenated (ef2, as/, dgb’, nw
44 47

y analyses r
strong associations with Plasmodian ‘(
vertebrate hosts | Bt
gl

o rinae
o Rodent

B - —
A Liaa

< Bid -

and vectors:

Purahaemoproteus \\

|
= | o~ yay

Martinsen et al. 2008
consensus (nuc+mit+api) ! N




:  Apicomplexa

P
C: Aconoidasida
O: Piroplasmorida

(lacking conoid, except in some ookinetes)

(gamogony not proven conclusively,
strahlenkorper, zygote only diploid stage,
zygote nonmotile, heteroxenous cycles, ticks)

vertebrate blood-meal
[merogony],
gamonts? in

blood cells

invertebrate

fertilization,
sporozoite
formation

“ injected »

Babesia

49

plasms

*> 130 species
« 3 families of blood parasites in mammals, and some birds and reptiles
(based on site of development in vertebrate host)
« Babesiidae (erythrocytes, mammals, some birds)
« Theileridae (lymphocytes then erythrocytes, mammals)

ot 'midiiidae ( ery ytes, reptiles)

« vectors include 1-, 2- and 3-host ticks, involving
* horizontal (trans-stadial) transmission in ticks

« vertical (trans-ovarian) tr ion in ticks (Babesiidae)

Assemblage Genus No. | Site of developmentin Vertebrate | Invertebrate

spp. vertebrate hosts vector
meronts gamonts
F: Babesiidae Babesia 100 | erythrocytes | erythrocytes [ mammals, birds | ticks
F: Theileridae Theileria 15 | lymphooytes | erythrocytes mainly ticks
ruminants,

F: Theileridae Cytauxzoon ) vascular | erythrocytes | carnivores ticks

F: Haemohorm Sauroplasma 3 i ticks?

F idii idli 12 tortoises, frogs, | leeches

fish
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separate clades
for babesids
and theilerids

Sivakumar et al. 2014
ssurRNA

Japanasa seros (NBGOZERD)
o (ABGOZBBT)

Theilerids w

. 7 Shasp (JF710815)
L7 munans, Catto gaFozss)
alena sp., Wiilo-lailed dear (XY 735131)
tnoBsz22)

70 |—Gytauxzoon reis, Cat (L19080)
— B bovis, Gatlin (MB7565) :|

bigorning,
s . torse @215104)
B awergons, Catlle (ZAB751)
&5 giisae, Dog (AF1 75300, Babesids
el B cas. Dog (AY 072626)
0B gisors, Dog (AFZ31350)

Uhtisiop. vasmn (ovadianey ] Protothellerids

9 -
7 armrt Dog (1 10 \
B sodhairs, Small mammals (MaTses) | Arehaeopiroplasmids
B. jeo, Lion (AF244911)

29/04/2021

6 major clades
recognized

R
{
v |Bavesia ss.

(carnivores/rodents)

e -

V' Thatfaria 5.5 (bovids) w

v 7 ing) ! i
b_
Theileria’Cytounzoon|felids)
i y
\ ,‘
1“8 microt? (rodents) -

-

IT Westorn clads (US daer/dogs)

Schnittger et al. 2012
SsurRNA
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Piroplasm: Vertebrate hosts Invertebrate hosts

trans-stadial + trans-ovarian

2 merozoites v m Q

i —
carnivores, rodents ticks

'
' .
1\Babesia s.s.
I

 family split

+pre-erytrnc i schizogony

{ <*
ungulates/felids ticks

4 merozoites
o o W e
rodents/carnivores/deer ticks

Hepatozoon?

theory moots piroplasms evolved in ticks,
then transmitted to mammals (radiation with rodents, grazers, predators)

little support, no extant ‘intermediates’,
best molecular clock estimates (ticks ancient, mammals recent)
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HAEMO-PROTOZOA
« invertebrate-first ~ 7
« trypanosomes « then vertebrates .
: ! | aquatic,
o terrestrial
. O g «invertebrate-first &~
+ haemogregarines € ,;0(‘ «then vertebrates @&
%0, ]
Y Y

- - vertebrate-first <
« haemococcidia ver ‘g

« then invertebrate

paratenic hosts
- terrestrial

« haemosporidia « vertebrate-first
« then invertebrates ‘%

« piroplasms - invertebrate-first @

« then vertebrates  terrestrial
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Future studies

MORE of everything

* more parasites

* more ‘relatives’

« more hosts

« more locations

* more genes

« more bioinformatics

« more biology

(missing taxa)

(free-living & monoxenous species)
(better representation)

(better representation)
(consensus trees)
(coevolution/host-switching)

(need to determine vectors for most species)
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