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Samples from wild apes (for SIV)

Faecal samples (in RNAlater)
from which:
- host DNA
mtDNA — species
amelogenin (X vs Y)
microsatellites

- viral antibodies
- viral nucleic acids




Sample sites

Chimpanzees, Bonobos, Gorillas (>5000 samples)
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Other pathogens?
SFV, HBV

Plasmodium?




The malaria parasites: Plasmodium

Plasmodium species are protozoa
(Phylum Apicomplexa)

- transmitted by Anopheles mosquitoes

Plasmodium species infecting humans:

P. falciparum Africa, Asia

P. vivax Asia

P. malariae Africa
P. ovale Africa
P. knowlesi SE Asia (monkeys)

Other Plasmodium species known infecting
other mammals, and birds and reptiles

Plasmodium falciparum

Anopheles mosquitoes




Phylogeny of malaria parasites

Plasmodium species
infecting humans
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P. fieldi
P. inui
21 _p. hylobati
P. fragile
= P. coatneyi

Primate parasite group 1

P. yoelii

:l Rodent parasites

. —— F chabaudi
Laverania 100

:I Primate parasite group 2

P. reichenowi
P. mexicanum
P. floridense

Sub-genus Laverania
(BRAY 1958,1962)

55'L P. juxtanucleare Bird/reptile parasites
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Phylogeny from: HAYAKAWA et al. (2008) Mol.Biol.Evol.25:2233




What might we find in apes?

Ape Plasmodium species:

Parasites from chimpanzees and gorillas
Eduard Reichenow in Cameroon ~1917
Saul Adler, Donald Blacklock
in Sierra Leone ~1922
- three morphologically distinct species:
Human parasite Ape parasite
P. falciparum P. reichenowi ONE isolate in culture

P. malariae P. rhodaini no samples
P. vivax OR P. ovale P. schwetzi no samples




Origin of Plasmodium falciparum ?

P. vivax

P. cynomolgi
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Plasmodium reichenowi from chimpanzees 5

- co-divergence?

- common ancestor @ at ~7 Myr ago ?
ESCALANTE & AYALA (1994) PNAS 91:11373




Plasmodium sequence amplification

:
Weimin Liu  YingyingLi |
Plasmodium mtDNA Plasmodium
5967 bp mitochondrial genome
950 bp cytB gene
3.4 kb half genome
3.3 kb half genome

apicoplast genome
390 bp cIpC gene

nuclear genome
780 bp Idh gene




OLLOMO et al. (2009) PLoS Path. 5:e1000446
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Blood samples from 17 chimpanzees (Gabon) — wild-born pets
Detected Plasmodium (PCR and microscopy) in 2 chimpanzees
PCR: full length mtDNA (6 kb) for one, cytB (866bp) for second




RICH et al. (2009) PNAS 106:14902
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KRIEF et al. (2010) PLoS Path. 6:e1000765

“The origin of malignant malaria”
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PRUGNOLLE et al. (2010) PNAS 107:1458

“..gorillas are naturally infected by ....
P.falciparum”

TK060

Laverania

sg50moeb
P.falciparum
BQ 654
reichenowi_isolate_Rafiki_2

MP1309
_|—P.r-eichenowi *
BQé42

reichenowi_isolate_Nino 7 P. reichenowi
reichenowi_isolate_Dibamba
reichenowi_isolate_Gabon
reichenowi_isolate_Rafiki_1
1 r BQ2341
L BQses J P. GorB

reichenowi_isolate_Bana

P. falciparum

3\

— Pmalarice

P.ovale
Pchabaudi
P berghei

P.yoelii
POl
P.gonderi

P.vivax
P.simium
P.simiovale
Pcynomolgi
Pknowlesi

reichenowi_isolate_Max
MB753 :
0.90 MAB783 ~ P. gaboni

P.gaboni

reichenowi_isolate_Loukoum
BQ2367
0.96 | cp1a26 P. Gord

— BQ638

“Our results corroborate the recent proposal that
P.falciparum likely originated from P.reichenowi following a
host transfer.”
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DUVAL et al (2010) PNAS 107:10561
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Plasmodium from apes

CONFUSION: - How many Plasmodium (Laverania) species ?

- Which are natural hosts ?

- Origin of Plasmodium falciparum ?

PROBLEMS:

1. Limited sample sizes
2. Mostly captive apes
3. PCR errors

- chimaeric sequences

SOLUTIONS:

1. Faecal samples from wild apes

2. Single genome amplification (SGA)
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Origin of Plasmodium falciparum
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MALARI
ORIGINS -

Human parasite traced to a

fellow primate eages404& 42

Human Plasmodium falciparum
from Western gorillas

(Gorilla gorilla)

Similar strains found in
(captive) bonobos, chimps and a monkey
are of immediate human origin




Laverania genome sequences

Origin of Plasmodium falciparum
genomic features?

Determinants of host specificity Laverania

‘{ P.reichenowi
‘4 P.praefalciparum

P.billcollinsi
{ P.blacklocki

among sympatric Chimpanzee

and Gorilla parasites ?

P.gaboni

—4
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Selective Whole Genome Amplification

SWGA = Selective Whole Genome Amplification LEICHTY & BRISSON (2014)

Mspll, FspEl digestion Phi29 polymerase

Primer selection: identify motifs that are | common in Plasmodium falciparum
but rare in the human genome

8
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in the human genome (kb)

in the chimpanzee genome (kb)
=

SWGA primers
* Set BA
O setaa

Average distance between sequence motifs

Average distance between sequence motifs

12bp
11 bp
10 bp
9bp
8 bp

50 75 100 25 =0 75 100
Average distance between sequence motifs Average distance between sequence motifs
in the P. falciparum genome (kb) in the P. reichenowi genome (kb)

mm) 70,000-fold enrichment




Selective Whole Genome Amplification

Chimpanzee parasite
genome sequences

4 P.reichenowi x1

Laverania

‘4 P.praefalciparum

P.billcollinsi
{ Pblacklocki

P.gaboni x2

SESH SUNDARARAMAN

4‘ P.adleri

P.reichenowi
Sample SY57
Assembly 18.9 Mb
Core genes 4670
=98.3%
Subtelomeric 235
genes =23.8%




FIKK kinase gene family
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FIKK kinase gene family

FIKK = Phe:lle:Lys:Lys
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FIKK kinase gene family

FIKK = Phe:lle:Lys:Lys

Expression profile
(P. falciparum)
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20 25 30 35
Time Post Invasion (hours)




Interspecies divergence
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Chromosome 4
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[ ) P falciparum v P. reichenowi P.billcollinsi
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Horizontal gene transfer

|EBA165

P. reichenowi
P. reichenowi

| P. falciparum

P. billcollinsi

P blacklocki P. praefalciparum

P. gaboni P. billcollinsi

P. blacklocki
P. adleri

| P falciparum P. gaboni

P. praefalciparum

P. adleri

unusual topology I standard topology I




Chromosome 4

Rh5 : parasite ligand essential for blood

stage growth
CROSNIER et al. (2011) Nature 480:534

- Rh5 binds human basigin

) P falciparum v P. gaboni - binding essential for erythrocyte
invasion

[ ) P.falciparum v P. reichenowi

B P reichenowiv P. gaboni
REDDY et al. (2015) PNAS 112:1179

a - CyRPA also essential

ﬁ

Interspecies Divergence




Horizontal gene transfer

J P. falciparum = P. reichenowi (P. gaboni different)
B P falciparum = P. gaboni (P. reichenowi different) ‘ CyRPA gene

tATAAATEATTTTTGAACTRGAATTRGTABBGTTCBAAATATTAATTTGAAAAAGGGGGAACATAAAAA A A A NSRS - NERE
SEgEatatatate r1eEeA AR TAEA AR TR T ATA T (T ATATATARG 1B 1@ BT TRIETATRTATATATTTTARE T TTT
‘IlA.‘I"I-A-I‘lTA.TTTTTAITTTTATTTA.TTTTTTTTTTTITTTTTTTT.‘I‘ATT.AAATA.CATTATGmATCC

CITTFIC s TTTTTTCAAATTGTCTTAGT TCITE TA TAT TTGTGATAGT CA
TGTTT TAAGGACTG. GAATAATGTTCCTTG ATATGTTTTTTATATAT.
TATAATATATGT GA' pig CGAA GATG. TATATG AARAG TAAAAGATTCRTGGATAA

Blir2afrcaTTTeTTTAAAGAAACTGATTTAACAccCceTCCTCATAT T T TG AT AGATGTGGAAGAJATAATTATATT
I _— B — _

ACTTTGTGA TGAAGAATT TAGAAAGAAGGA GACETGTCATCGTTTTTATAGTAATGAT GAATATAAT

=== (CyRPA protein coding region
signal sequence
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Within species diversity

B P.falciparum
B P.reichenowi
B P gaboni

species N I1 I,

P. falciparum 12 0.0005 0.0008
P. reichenowi 2 0.0036 0.0090
P. gaboni 2 0.0041 0.0107

IIII IIII O e w . =l

8-12 12-16 16-20 20-24 24-28 28-32 32-36 36-40 >40

mean differences per 1000 sites




Timescale of P. falciparum in humans ?

=) Transmission dynamics too weak to maintain parasite
in hunter-gatherer populations [CARTER & MENDIS 2002]

m) Anti-P.falciparum mutations in humans are young

HbC mutation offers resistance to P.falciparum malaria
arose <5 kyr ago [WOOD et al. 2005]
G6PD A- allele offers resistance to P.falciparum malaria
arose ~ 4-12 kyr ago [TISHKOFF et al. 2001]

Richard Carter

NEAFSEY et al. (2012) Nature Genetics
max diversity among 5 genome sequences: 9.59 x 104 subs/site
(4-fold degenerate sites)
“commonly accepted mutation rate for eukaryotes”: 2.2 x 10° /site/yr
m=) 218 kyr (452 kyr)

“similar to a mutation rate estimate for Plasmodium”: 2.1 x 10-9/site/replication




Replication rate of Plasmodium falciparum

MOSQUITO:
14 reps in 10-28 days

[

In maosquito qut
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TRANSMISSION CYCLE:

36 replications in 31-49 days

to

323 replications in 195 days

=
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Sporozoites N -

Rupturing
schizont

LIVER:
15 reps in 5 days

==
@ Ring

Schizont

BLOOD:

4-168 days

at 7 reps per 4 days
+ 12 days




Conclusions

Plasmodium in African apes

Chimpanzees and gorillas have:
- very high prevalence of Plasmodium
- mostly multiply infected
(similar to humans in areas of
hyper-endemicity)

Six species of Laverania parasites
in wild apes:
three in gorillas, three in chimpanzees

Plasmodium falciparum

- originally transmitted to humans
from gorillas - Unique features of Laverania genomes

- perhaps very recently ? - HGT in the precursor of P. falciparum

Comparative genomics of Laverania species:

- Greatly reduced diversity in P. falciparum
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