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Overview (Part 1 P¥BlGS)

A NGS

I Why cost matters
I NGS as an assay

A Sequencing as an assay
I Thered gueen

A Genomics with 1 genome (old school genomics)
I Plasmodium falciparurgenome project

I The disease and the parasite

I The genome

I Metabolism



Overview (Part 2)

A Genomics with >1 genome
I What we learn from othePlasmodiunspp
I Transcriptomesproteomes and gene regulation

A Genomics with genomes
' enomics in Plasmodium
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Genomics After NGS
New Technology



GENOMIC EVOLUTION
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Properties of sequence reads

@SRR001666.1
CACAAAGTGGCAAAGTACAATTAGTCTATAATGAACATGTTGAACTGATAGAGGTACCAATAAAACCTAGT

GATCGTTTAAAAGCTCGTGATATGTTGGGTAAAC

+SRR001666.1
BABBBFF@DFAFGGFDGGBGFGFHGHHHHHHHHHHHHHHHHHFHHFHDHHHHFHGHHHHHHHHHHH

GHHGHHHHHGFHGHHFHHHHHGFHFHGHHHHGHGGHFH

A Sequencing reads properties

I Length Qualities that scientists would say
N ] .. they are interested in
I Quality

I Cost __ Qualities that scientists are actually
i Time to production nierestedn




Revolution In costs and throughput
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http://www.genome.gov/sequencingcosts/

Seqguencing costs have long been see
as a cruclal issue for scientists

Pinning Down
Sequencing Costs

How much does it cost to
sequence a single base pair of
DNA? The question lies at the
heart of the controversy over
the Human Genome Project,
whose ultimate goal is to se-
quence all 3 billion base pairs of
human DNA. But despite all the
uproar over the project’s cost, it
turns out that no one actually
knows how expensive sequenc-
ing is.

Estimates range from pennies
a base up to $10 or so. In their
5-year plan for the genome
project, published earlier this
year, the National Institutes of
Health and the Department of
Energy estimated the cost at $2
to $5 a base, including DNA

preparation and salaries. Then
genome officials at NIH and
DQE tried to get a firmer fix on
the number by inviting in sev-
cral big sequencing groups to
talk about their costs. Their
conclusion? Sequencing now
costs a mere $1 to $2 a base—
apparently a phenomenal im-
provement.

Way too low, replied mem-
bers of NIH's genome advisory
committee. “$1 to $2 is a dan-
gerous estimate,” said genome
project director James Watson,
“If you use that, you’ll find the
cost is going up.” Stanford bi-
ologist David Botstein agreed:
“No one has the vaguest idea
[what sequencing costs], and
that should be our position.”

But genome officials are de-
termined to nail down this fig-
ure. They have recently hired a

Science 1990

CORRESPONDENCE

Reality of sequencing costs

SIR — In their interesting article on the
Caenorhabdiris elegans genome sequenc-
ing project, J. Sulston ef al. (Nature 356,
37-41; 1992) anticipate “. .. the cost,
currently estimated at $1 per base with
current methods. . .” of their strategy.
How did they arrive at this estimate, and
what is included in estimating the cost?
Let me do the following calculation
for such a project in Germany. Two
fluorescence sequencers (paid off over §
years) cost about DMB80,000 per year,
600 primers synthesized (length 15,
DM5-8 per base) is more than
DM45,000 for 120,000 base pairs
(DM0.375 per bp). DNA preparations,
chemicals, enzymes. gels and so on come
to at least DM15,000 for 1,500 clones
(DMO0.12 per bp). If, say, one-third of
the authors’ time was spent on labora-
tory work such as cloning, DNA prepa-
ration, sequencing and editing
(DM75,000 x 19/3) the cost for salaries
would be DM475,000 per year. Rent and
running cost for a laboratory of 120
people will be about DM30,000 per year.
There will be additional costs for labora-
tory equipment, repair, laser-tube re-
placement, break-down time, overheads
and so on, often ienti

an effort to shorten the paper and in
response to a referee’s opinion that cost
issues would not be of broad interest, we
removed the detailed discussion that was
in our original manuscript.

A cost of §1 per base pair of finished
sequence is the current production cost,
not the actual cost of sequencing the
three cosmids; the latter was indeed
higher because of time spent in develop-
ment. We have now settled down to a
production routine, and are able to esti-
mate our actual costs reasonably con-
fidently. In so deing, we have allowed
for all the hidden extras (such as fringe
benefits, supervision and replacement of
minor equipment) that, as Pohl points
out, are so easily overlooked, and a 50
per cent overhead for rent and running
costs of the laboratory space.

The discrepancy between our estimate
and that of Pohl is due to: (1) heavier
use of the ABI 373A — only two
machines per megabase of finished se-
quencer per annum; (2) in-house synth-
esis of oligonucleotide primers, of which
only 100 are now made per cosmid; and
(3) efficient use of staff by job specializa-
tion, with appropriate levels of training
for each i

Y

‘With such rather optimistic numbers T
arrive at minimal costs of DM645,000 for
120,000 bp per year, or $3.00 per bp of
final sequence. For 800,00 bp per year
with full-time employment and 20 per
cent overhead, the costs triple to DM2
million and will be close to $2.00 per bp.

I founded a sequencing company in
1990, in which about 600,000 bases were
read for assembly during 6 months from
two cosmids by using direct-blotting
electrophoresis and colorimetric detec-
tion of digoxigenin. The actual costs
were close to the above estimate. The
costs do not include profits and the work
was done by dedicated people. This is in
accord with the present funding of the
yeast project — requiring very high qual-
ity for the sequence data — by the
Furopean Commission with 2 ECU per
bp, which is close to $3 per bp.

But it still appears to be a very long
way before costs of $1 or $0.50 per base
pair will be a reality. One should be very
careful with such estimates, especially in
a scientific paper, because they may
have far-reaching consequences for
biological research.

Fritz Pohl

Fakultét fur Biologie,
Universitat Konstanz,

D-7750 Konstanz, 1 Germany

SULSTON REPLIES — I agree with Pohl's
essential point that estimates of DNA
sequencing costs must be all inclusive
and made with care. Unfortunately, in

The pace of sequencing is sustainable,
because the members of the groups,
though certainly dedicated and flexible
in their activities, are not called upon to
work excessively long hours for routine
production. (Development work, and
writing scientific papers, is another
matter.)

John Sulston

MRC Laboratory of Molecular Biology,
Hills Rd,

Cambridge CB2 2QH, UK

Law of mass action

SIR — John Maddox (Nature 355, 201;
1992) scolds molecular biologists for
their naive reliance on qualitative
observations, and calls for a resurrection
of the law of mass action to explore
crucial quantitative features of molecular
regulatory networks.

We agree with the doctor’s diagnosis
and remedy, but would like to point out
that the patient’s plight is not as serious
as might be inferred. In addition to the
“army of people called molecular biolog-
ists” who uncover the qualitative struc-
ture of molecular control mechanisms,
there are squads of theoretical biologists
who wield the law of mass action to
explore the quantitative implications of
these mechanisms. As a small selection
of recent studies that illustrate the use-
fulness of this approach, we draw your
attention to models of cyclic AMP meta-

" Nature 1997

Costs

A Reagent cost

A Machine depreciation cos
A Human cost

A DNA cost



Process bottlenecks have changed

10 years ago Sample Prep Now
l Sequencing l

a~ -

Analysis



Relative costs of a genome project

Proportion of project costs

0 Sample collection and Data reduction Downstream
B Data management analyses

Experimental experimental design ll Sequancing

St design

collection
100% _

| Rawreads
(FASTA, FASTQ)

Mapped reads
(BAM, CRAM, MRF)
AN e

@imanagement

e ——
High-level summaries
(VCF, Peaks, RPKM)

Downstream analyses
(differential expression, 0% ~
novel TARs, regulatory Pre-NGS Now Future
P (Approximately 2000)  (Approximately 2010)  (Approximately 2020)

The questions we ask of the data are far more specific

Sboneret al. Genome Biology 2011 12:125



A PPLICATIONS

15 years ago now

Diagnostics
Metylation profiling

_ _ Exome resequencing
Transcriptomics RNAseq

De novo SNP discovery Metagenomics

ChIP-Seq Mutation detection RADtags
Population genetics

Community profiling



A PPLICATIONS

Table 1 Applications of next-generation DNA sequencing

Example
Method Sequencing to determine: reference ‘Subway’ route as defined in Figure 3
DMNA-Seq A genome sequence hY Comparison, ‘anatomic’ (isolation by anatomic site), flow cytometery, DMA extraction,
mechanical shearing, adaptor ligation, PCR and sequencing
Targeted DNA-Seq A subset of a genome (for example, an 20 Comparison, cell culture, DNA extraction, mechanical shearing, adaptor ligation, PCR,
exome) hybridization capture, PCR and sequencing
Methyl-Seq Sites of DMNA methylation, genome-wide 34 Perturbation, genetic manipulation, cell culture, DNA extraction, mechanical shearing,
adaptor ligation, bisulfite conversion, PCR and seguencing
Targeted methyl-Seq DMA methylation in a subset of the 129 Comparison, cell culture, DNA extraction, bisulfite conversion, molecular inversion
genome probe capture, circularization, PCR and sequencing
DMase-Seq, Sono-Seq  Active regulatory chromatin (that is, 113 Perturbation, cell culture, nucleus extraction, DMNase | digestion, DMNA extraction, adap-
and FAIRE-Seq nuclecsome-depleted) tor ligation, PCR and sequencing
MAIME-Seq Histone-bound DMA (nuclegcsome posi- 130 Comparison, cell culture, MNase | digestion, DMA extraction, adaptor ligation, PCR and
ticningly seguencing
ChiP-5eq Protein-DMA interactions {using chroma- 131 Comparison, ‘anatomic’, cell culture, cross-linking, mechanical shearing, immunopre-
tin immunoprecipitation) cipitation, DMNA extraction, adaptor ligation, PCR and sequencing
RIP-5eq, CLIP-Seq, Protein-RMA interactions 46 Variation, cross-linking, *anatomic’, RMNase digestion, immunoprecipitation, RNA extrac-
HITS-CLIP tion, adaptor ligation, reverse transcription, PCR and sequencing
RMA-Seq RMA (that is, the transcriptome) 39 Comparison, ‘anatomic’, RNA extraction, poly(A) selection, chemical fragmentation,
reverse transcription, second-strand synthesis, adaptor ligation, PCR and sequencing
FRT-Seq Amplification-free, strand-specific 119 Comparison, ‘anatomic’, RNA extraction, poly(A) selection, chemical fragmentation,
transcriptome sequencing adaptor ligation, reverse transcription and sequencing
MET-5eq MNascent transcription 41 Perturbation, genetic manipulation, cell culture, immunoprecipitation, RNA extraction,
adaptor ligation, reverse transcription, circularization, PCR and sequencing
Hi-C Three-dimensional genome structure 71 Comparison, cell culture, cross-linking, proximity ligation, mechanical shearing, affinity
purification, adaptor ligation, PCR and sequencing
Chia-PET Long-range interactions mediated by a 73 Perturbation, cell culture, cross-linking, mechanical shearing, immunoprecipitation,
protein proximity ligation, affinity purification, adaptor ligation, PCR and sequencing
Ribo-5eq Ribosome-protected mRMNA fragments 48 Comparison, cell culture, RNase digestion, ribosome purification, RMA extraction, adap-
(that is, active translation) tor ligation, reverse transcription, rEENA depletion, circularization, PCR and seguencing
TRAP Genetically targeted purification of poly- 132 Comparison, genetic manipulation, “anatomic’, cross-linking, affinity purification, RNA
somal mRMAs extraction, poly(A) selection, reverse transcription, second-strand synthesis, adaptor
ligation, PCR and segquencing
PARS Farallel analysis of RMA structure 42 Comparison, cell culture, RNA extraction, poly(A) selection, RMase digestion, chemical
fragmentation, adaptor ligation, reverse transcription, PCR and sequencing
Synthetic saturation Functional consequences of genetic 93 Variation, genetic manipulation, barcoding, RMA extraction, reverse transcription, PCR
mutagenesis variation and sequencing
Immuno-Seq The B-cell and T-cell repertoires Bb Perturbation, ‘anatomic’, DMA extraction, PCR and sequencing
Deep protein Protein binding activity of synthetic 95 Variation, genetic manipulation, phage display, in witro competitive binding, DNA extrac-
mutagenesis peptide libraries or variants tion, PCR and sequencing
PhiT-Seq Relative fitness of cells containing 9z Variation, genetic manipulation, cell culture, competitive growth, linear amplification,

disruptive insertions in diverse genes

adaptor ligation, PCR and sequencing

Shendure and Aiden Nature Biotechnology 30, 1084i 1094 (2012)



Seqguencing as experiments

b Basic Current Example Future
Comparison Perturbation  Variation workflow applications developments
Multiplex ChIP-Seq
Call
Isolate cells O culture @)
Crossdink,
shear,
. » .
precipitate
Extract Extract
nudeic acids 0 DMA O
(} Barcode
A B A A A A sample
Construct library Adaptor
. ligation
Cell populations to be sequenced
Sequence Sequence
Genome Exome Protein-DMNA New New Mew approaches
Transcriptome Epigenome interactions combinations protocols to sequencing
Interactome
Immunome
RMA structure
Protein function
Cellular fitness
Variant function
and many maore

Shendure and Aiden Nature Biotechnology 30, 10841 1094 (2012)

All experiments have essentiallythes a me woré& f | ow



The Red Queen
A hypothesis driven seguencing experiment

"Now, here, you see", said the Red Queen to
Alice in Lewis Carroll's Through the Looking

Glass, "it takes all the running you can do, to
keep in the same place".

Vol 464|711 March 2010|doi:10.1038 /nature08798

nature

LETTERS

Antagonistic coevolution accelerates molecular

evolution

Steve Paterson'*, Tom Vogwill'*, Angus Buckling”, Rebecca Benmayor®, Andrew J. Spiers®, Nicholas R. Thomson®,
Mike Quail®, Frances Smith*, Danielle Walker", Ben Libberton', Andrew Fenton', Neil Hall'

& Michael A. Brockhurst'*

The Red Queen hypothesis proposes that coevolution of interact-
ing species (such as hosts and parasites) should drive molecular
evolution through continual natural selection for adaptation and
counter-adaptation' *. Although the divergence observed at some
host-resistance'* and parasite-infectivity’ genes is consistent
with this, the long time periods typically required to study coevolu-
tion have so far prevented any direct empirical test. Here we show,
using experimental populations of the bacterium Pseudomonas
fluorescens SBW25 and its viral parasite, phage ®2 (refs 10, 11),
that the rate of molecular evolution in the phage was far higher
when both bacterium and phage coevolved with each other than
when phage evolved against a constant host genotype. Coevolution
also resulted in far greater genetic divergence between replicate
populations, which was correlated with the range of hosts that
coevolved phage were able to infect. Consistent with this, the most
rapidly evolving phage genes under coevolution were those
involved in host infection. These results demonstrate, at both the
genomic and phenotypic level, that antagonistic coevolution is a
cause of rapid and divergent evolution, and is likely to be a major
driver of evolutionary change within species.

between this rapid phenotypic evolution and the underlying pattern
of molecular evolution has not been resolved. Crucially, it is possible
10 separate bacteria and phage when transferring populations to fresh
media'’, which allows one partner to be held evolutionar
while the other partner is allowed to evolve™"". Initially isogenic,
replicate populations of P. fTuorescens and @2 were propagated by
serial transfer under two conditions: (1) evolution, in which the
bacterial genotype was held constant and only the phage was allowed
to adapt, and (2) coevolution, in which both the bacterium and the
phage were allowed to evolve adaptations and counter-adaptations.
At the end of the selection experiment we obtained whole-genome
sequences of phage populations by high coverage second-generation
sequencing to determine the identity
each population. Mutations were partitioned into synonymous and
non-synonymous Lh.mgca; very fc\‘\' synonymous mutations were
observed and only non-synonymous mutations were used in analyses
(see Supplementary Information; note that each indel (that is, inser-
tions or deletions) was counted as one mutation regardless of its
length). From these data we calculated the number of sites that had
acquired mutations in each population relative to the ancestral ref-

constant

and frequency of mutations in

Patterson et al 2012 Nature 464:27




Haldane 194¢ Disease and Evolution

A Weneticaldiversity as regards resistance to
disease is vastly greater than that regards
NEaAadl yoOS (2 LINBRI Gz

AWAO A& YdzOK Sl aASNI ¥F:
genes which enable it to resiBacillus
typhimuriumthan a set which enable it to
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Polymorphism vs divergence

A Can use polymorphism within a species to generate null hypothesis
for divergence between species
P\

Ds s

A positive selection should spread rapidly and become fixed.
i D/D>P/P,

A Null hypothesis DN
(MacDonaldKreitman)

A Under purifying selection
i D/D. <P/P,



Bacterial resistance

Phage infectivity

Pseudomonaé& phage

o

@ Past phage

‘o ® Current phage

Future phage

A A A
A A

A Pastbact
- A Currentbact

Futurebact

Time



Bacterial resistance

Phage infectivity

Pseudomona& phage evolution
through time

© P e @ Current phage

A Currentbact

Time

Patterson et al 2012 Nature 464:27



Experimental evolution

F 2 phage in Pseudomonélsorescens

Phage adapt to hosts
and hosts adapt to phage
Po-evolutionQ

hostO QQQ
N\ N\

Phage adapt téixed host
3Sy 2 ledoluisnQW

el=———"""

Patterson et al 2012 Nature 464:27



Nextgen sequencing

A 454 sequencing of replicate populations
I ¢. 200x coverage

A Measure frequencies of variants arising by
mutation and subsequently selected

I Rate of molecular evolution with and without Red
Queen?

I Diversity within and divergence between
populations?

I What genes?

Patterson et al 2012 Nature 464:27



a b Phage

I

_F
__ 1

C1
G3
C5
C6

C1 hosts

C3 hosts

Replicates G5 ref C4 hosts

(1) followed a similar trajectory away from the
ancestralsequenceasthey adapted to
laboratory conditions

(2) evolved similarly among replicates within a
treatment but differently indifferent C6 hosts
treatments

(3) showedindependent evolution within each
replicate, andhigherrate in the coevolved than
the evolved treatment.

C5 hosts

Patterson et al 2012 Nature 464:27



Pairwise distance per gene

a Divergence from ancestor b Diversity within population
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Analysis of molecular variation within and between populations

(a) Coevolved treatment only

Within populations ( o, ) 8.49 (55%)
Among populations ( o3,) 6.89 (45%)
Total ( o) 15.37

(b) Evolved treatment only
Within populations ( o, ) 6.65 (94%)
Among populations ( o,) 0.42 (6%)

Total ( o;) 7.07



Conclusions

A Positive selection is stronger in the-ewolved
phage.

A Coevolved phage show twice the genetic
distance from the ancestor

A Phage attachment proteins in the tail contain
the most diversity within and between
populations

A Suggests that there is fluctuating selection
within populations



Genome oflasmodium falciparum
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Protist Parasite Genomes: An evolutionary perspective

Baldauf et al (2003) Science 300: 1703
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Malaria

300-500 million cases,1-3 million deathsyr
A Malaria kills a child every 40 seconds

Resistance to the cheapest antimalarial drug,
chloroquineg is present in almost all endemic
countries

Resistance has developed to most of theew
antimalarials

No practical vaccine available

New methods for prevention and treatment of
malaria are required

Caused bylasmodiunspp.
A eukaryotic single celled organism
Complex life cycle




Global distribution omalaria in 2007

Hey et al (2009losMedicine 6:€1000048 (figures 2007)



GDP per capit006

Map of GDP per capita in 2006 based on IMF figures.
Map from Wikimedia.org



The Plasmodium life cycle

The malaria parasite is
Intracellular, spending much
of its life cycle living and
dividing within host cells.

Sporozoites

Avoids host immune system
_ R, and receives a plentiful
Zygote ' | P ERMEPPNO supply of nutrients.

Ookinete f

Gamete |

Y - | Vaccines against malaria must
mosquito Y 4 ~ it target liver stages, sexual
ut stages or invasive stages.

Drugs need to access the
parasite in RBC or liver

Gametocyte
Ui stage.



Infection In noRimmune humans;
data derived from treatment ofieuro-syphilliswith malaria
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The parasite keeps changing to evade the immune response and
persists for a long time



Erythrocyte
Invasion

R = rhoptries
Mn = micronemes
D = dense granules

Cytoadherence
and antigenic
variation




Cytoadherencand antigenic variation are crucial to
pathogenicity inP. falciparum

(3) Post-translational

modifications?
/
/
/

-
/ ~

& @ RIFINS
< rif (stevor)
, 200-500 genes?

(1) PEMP1
var
~50 genes

@ Unknown
antigens

Fernandez et all93190 (10): 1393

A

The parasite expresses proteins
that are exported to the red blood
cell surface

ThePfEMPproteins (encoded by
vargenes) mediate interaction
with host endothelial cells causing
cytoadherence

Cytoadherenceauses cerebral
malaria that can lead to death

Varand Rif genes are also antigenic
causing immune response

The expressed genes can change
(antigeneicvariation)



ThePlasmodium genomproject. A
brief history

\ | . Consortium established
Sanger, TIGR , Stanford
Wellcome Trust fgnds U_S fund_s $1m Oxf(?rd, NMR]
chromosome 1 pilot pilot project
| | nature
1999 1998 ey
Chromosome 3 Chromosome 2
Published by Sanger Published By TIGR

2002 Whole genome published

Gardener, Hall, and Fung et al (2002) Nature 498511
Hall et al (2002) Nature 41%27-31
LasondekE et al (2002419537-42
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‘ David Horrobin Enthusiasts for genomics have coi rupted seientific endeavour and undermined hopes of medical progress

Not everyone celebrated

Notin the genes

riumphalisim about
amelecular binlogy,
genomics and the
human genume pro-
ject is an increasingly perva-
sive theme in bivmedical

science. Beginning soon after |

Watson and Criek deciphered
the structure of DNA, it has
become progressively more

. dominant, reaching a
crescends over the past five
years. Popular science maga-
¢ines and the general media
have united in a chorus of

| prajge concerning the sup-

i posedly dramalic effects this

lis going ta have an human
health. But genomics enthu-

| siasts hate corrupted

. seientifie endeavour and de-

stroyed real hope of progress. |

From the 19305 to the 1960s,
" biemedical science bore some
; resemblance to an integrated
| whole. There were researchers
working at every tevel of hio-
logical organisation — from
sub-eellular bochermistry, to

! whole cells, to organs, to

' animals, to humans. This was
agolden age. Anyone receiv-
ing the best medical care in
1945 was incomparably better
off than anyone in 1920,

| Solutions came from many
different levels. Public health
specialists working at social,
cultural, educational and eco-
nomic levels were largely pe-
sponsible for the control of

! malaria Cell culture special-

| ists working with elinicians

| soived polio. Microbiologists

+ working with chemists and

* elinicians eliminated the
threat posed by most infec-
tions. Clinicians and pharma-
eologists working with

. chemists produced the revo-

! Tution in psychiatry which en-

abled so many patients to

leave hospitals. in every field,
rogress depended on a con-

sptauri‘trexchﬁnge of knowledge.
But starting in the 19603,

molecular biologists and

genomics specialists took over

biomedical seience. Every-
thing was to be undersiood
completely at the molecular
genomic level, Everything was
to be reduced to the genome.
Journals and grant-giving
budies came to be dominated
by reductionists who were

. scathing about the complexty

of whole-organ, whole-animal
and especially whole-buman
studies which were seen as toc
full of uncontrolled variability
to be interpretable. Clinieal
and physiclogical studies lost
oul and progressively their re-
search cammuities were de-
stroved. Nowwe have an
almaost whaolly reductionist
biomedical community which
repeatedly makes cxaggerated
claims about how it is going tc
revolutionise medical treat-
ment — and which repeatedly
fails to achieve anything.

The first genetic disease to
e fully defined in molecular
terms was sickle cell disease,
the abnormality of the

haemoglobin in L reg
biood cells which causes such
devastation in African-origin
communities. & single abnor-
mality in asingle protein
causes the trouble, The ainnr-
mal protein was identified jn
the 189405, the precise molscu-
lar defect was identified in the
1950s, ahd! the three-dimen-
sional structure of the protein
was defined in the 19605, Yot
what has been the eliical in-
pact of this wondetfully pre-
cise melecular knowledge?
Precisely nothing. ‘[he olinical
picture of the disease cannet
vet be understood in (erms of
the molecular biology:

In only two aress — stomach
and duadenal ulceration and
Organ transpiantation - hay
medical treatment irmproven
dramatically In almost overy
other field, people arc Tt
better off thar those receiving
the best treatmaent i 1967,
‘Tuke cancer. W have mae
dramatic progross in  very

limited range of rare cancers:
the leukaemias, lymphomas
and testicular tumeurs. But
vven there many of the drugs
used were introdurced before
1965, We have simply legrmed
tw use them better.,
Anhother example is the hype

! surrounding the malaria
genome project. This is indeed
a brilliant technical achieve-
ment, but the claims that it

- will lead to a solution to

' malaria in five years are ab-
surd. Makaria ig enpnmously
campley and the investigators
who announced their discov-

. ery seented to have no under

What hasbeen
 the clinical impact
ofthis molecular
knowledge?
Precisely nothing

standing of that, Veteran
malaria expert Brian Taylor
Ppointed out that, far froma

single type of mosquito being

4 malaria vector, there were
more than 65 known species

invalved, The molecular hiola-

gists did not even seem 1o be

aware of this elementary fact. stroyed hy the

hose familiar with
medical research
funding know the
disgraceful cam-
paigns waged in the 705 and
80s by scientists hunting the
genes for such diseases as
cystie fibrosis. Give us the
morey, we'll find the gene
and then your problems will
be solved, was the message.
The money was found, the

came nothing but a stunned
contempiation of the
complexity of the problem,
which many elinicians had

| understood all along, The

idea that genomics is goingtn |

The Times (UK) 20C

Eenes were found — and then

i make & major eontribution to
| human health in the near
future is laughable. Rut the
tragedy is that the whole-
organism bicingists and elini-
cians whu might have helped
‘ to unravel the complexity
have alrost all gone, de-
reductionists,
If genomies is to deliver even
afraction of the promised ben-
ufits to human health, a bal-
anced researcht effort must be
restored, and we must drusti-
cally reduee the proportion of
tite available funds devoted to
- molecular biology.

‘ Dr Dawvid Harrobin is author
Of The Madness of ddam and
Eve: Hue Sehizophremiu
Shaped Humanity. Thivis un
edited version of his essay in

Frontiers 03, new writing on
| cuiting-edge science, viited by

. Tim Radfd. To order g cupy,

Sor L1099 with free UK péep,

call ORTO 066 7850,
wgTeen @fmeedaly coudk




Strategy

A Separate chromosomes by PFGE.

13,14

A Shotgun sequence individual chromosomes

9.10,11

A Align Contigs to map and close gaps using
? PCR/primer walking.




ShotgunSeguencing (back in the day)

S'IiS-l ST?—Z S'IlS-B STF-4
DNA
v v v v _
Contiguous sequence
ﬁ &
3 : —> €<— —> €<—
—> <— — -l
—> <— —> <— o <
> < > < > <€ — E—
—> €— — < — <
— < S Z pUC clone
— <— = — ? < end sequence
— < —— <
ﬁ &
hysical gap sequence gap
S Py D — <+<— large clone
— end sequence

14x coverage,
YAC clones shotgun sequenced to anaumtigs



The Plasmodiurfalciparimgenome

A 22853764op

A 19.4% GC

A 1 gene every 4.3kb (52% coding)
A Minimal set oftRNAS

A ~90% of genes have not previously described in Plasmodium.
A ~50% have no known homologues

P [ —

8 g g | i e

TR

(ST —— oen

Gardener, Hall, and Fung et al (2002) Nature 498511



Chromosome Structure

Subtelomeric repeats  Var genes Rifin/stevor genes Other gene families
| | | | |
I I I I ]
telomere
\ TARE2-5 — g === e e
Rep20 mo—— ==l B == =R

antigens House-keeping antigens

/ -
/ 7
@ RIFINS
<~ rif (stevor)

00 gt C—O — o
) PEWPS mO— mO—
var

~50 genes

(@ Unknown



Adhesive domains of pfEMP

Extracellular ™ Intracellular

pfEMP-1 (250350 kDa)

I
I ICAM -1 CD31 CSA
Blood
Group A
araen 3 types of domain.
G A G0spag DBL: duffy binding like
CIDRcystinerich interdomainregiol

oM C2- constant?2



VAR genes have a domainucture in Pf3D7

. b c
A 59vargenes in total. pe -
. 1 38
A 'tl)'elomenlcVargenes tend tc : BEBr 3 @ cora
€ type 4 9 C) CIDR-not «
A All internalVarclusters tenc ° m.& DBL-
to be type 1 7 EEDIIAEDN > DBL-p
8
A Three upstream sequence s O oBLy
EEDOA @ -
I UPS& 11 membersinvertedvars 1? DO <<:>> EE:
I UPSB35 members telomeric 12 oo
vars 13 FraeO00 W DBLX
14 [T O0C
I UPSA3 members- Internalvars 15 |

16

Gardener, Hall, and Fung et al (2002) Nature 498511



Why put these genes at telomeres?

A Minimal averlap beteeen var gene repertoires

A Telomeres are hotspots for i \"“ /
recombination =
B Huctear architecture of telemeric and central var genes
A Telomeres cdocalize inthe B . zpee
nucleus and non \ ? | e

homologous recombination
can occur

A Lots of gene conversion +
generation of new genes.

| i Scherf A, et al. 2008,
{.-'mnu Rev, Microbiol, 62:445=T0



Vargeneorganisations critical to
antigeneicvariation

imvasion

Rlng Trophozoile Schizont : thg Trophozoite Schizont

16-32N 16-32N
= &
2
= £
g
p ‘active” ‘poised” E ‘active” ‘poised”
T :
o A
g : .
0 B 12 18 24 30 36 42 48 6 12 18 24 an 36 42 48 hours
B
aclive state poised state aclive state poised state
< 2%
.""_"-
U 7 switch ™ N
R
I.a-"' il —p- ."I - I. | ] —- ||'i1 |
My i N

UPS sequences regulate switch rate.

Guizetti J,& Scherf A. 2013 Cell Microbiol. 15(5)24.8



Reqgulation of gene expression

Prateins (% of total)
=]
(=]

A Plasmodium falciparurhas less transcription factors than you
would expect in a genome of its size

I Either they are highly diverged.
I other mechanisms play a major roll in regulation of gene expression.

Gardner, Hall & Fungt al (2002) Nature 419:49811.



Classification of DNA binding domain#in
falciparum

Proportion normalised Genes/1000

Pfam Domain Proportion of matching domains By genome size in P.falciparum
PFO009T7 16 Boii i) 728 _ 1 — B w1305 56.0-429.3 Zinc finger, CIHCA type (RING finger)
PEODBAZ 15 (i ii—— el 225 [ m _ P m . m = ﬁ"i’ m 17.3445 Zinc finger Cx8-C-x5-C-x3-H type (and similar)
PFo0DOG & |[Hesi— [ —— RN R | | Iiﬂd - 130.0-+81,0Zinc finger, C2HZ type
PFODSS6 6 i —— e — 170 _ | o — =l ([13) (11.4) 15.0445 seT domain
PFO0O249 5 o e e 302 o (9.5) 27.0+348 Myb-like DNA-binding domain
PRO0A30 5 D ) 130 o Il = _ = I%i“ (0.5) 126438 Eromedomsin
PFO0O505 3 i — 3 160 _mwm_= B Iz'12 (5.7 13.1464 HMG (high mobility group) box
PFO0628 3 [iofa—— E 7 _lmg-nmml 044467 PHDfinger
PF0000E 2 [He—— B8 47 _ w10 41.94555 Zine knuckie
PEODE0S ? Eil—) el 52 s I ml - Igg 47429  Histone-like transcription factor (CBF/NE-¥) and archaeal histone
PFOL753 2 ef— ———— I R U e 71473  MYND finger
PFOD313 1 [ — == - [ - _m=ml Ig'l 3.041.4  ‘Cold-shock’ DNA-Binding domain
PFO0560 1 [oipemm— % DR Sl 5.8406  Zinc finger, ZZ type
PFODG43 1 |i—— —g 3 113 _ [T —— If._:,l O.4451  B-box zinc finger
PFO126] | e 11 B W wm_ 155 11407 peticturm hel

T4a

PF02146 1 By ] 30 Wl e o 07 3.5425  Si2 family
4.3
PF03366 | D) ) 17 w Ml - . m Io5 21417 YEATS famiy

: [ o (o ' — — o — . : . . .
KE}". ) —— T EFNEEERIEE B P falciparum B 5. pombe B 5 cerevisiae B A rthaliana
Proportion of 5 B C. elegans B D). melanogaster B H. sapiens
HMM hits 758, = =

CoulsonHall,Ouzounig2004)Genome Res. 14, 154§



Why so few regulators?

A Plasmodiunhas a predetermined life cycle.

A It does not have nutritionalchoices asit lives in
defined, stable and nutriemrich environment.

A It is not competing with other species.

A The environments it lives in are varied but occur
sequentially i.e. it knows what is coming next.



ABC F,V, & P-type ATPases

transporters
P-lipids, Cu?*, nucleotide  nucleo-
drugs? H* H*  othercations? H* H*Na* H*Ca?* H*ZnZ H*Mn?* H*?2  orntsugar? side/base

ATP ADP ATP ADP ATP ADP ATP ADP PPi Pi

(13) (1) @
glycosyl -

— — phophatidylinositol Amino Compounds
(GPlanchors) asparagine <— aspartate proline = ornithine
: Glycolysis

glutamine glutamate ’ N-acetyl-glutamate
glycine =™ serine cysteine — alanine

|
myo-inositol-1P Pentose Phosphate ornithine ——— putrescine — > spermidine
GLUCOSE Pathway ‘ methionine salvage pathway

glucose-1P «— glucose-6P —> G'FhOSpQO'—> ribulose-5P «— ribose-5P — PRPP - - —> Purine salvage,
gluconate Pyrimidine synthesis

Amino
acids

glucosamine-1P fructose-6P.

glucosamine-6P fructose;1,6-bisP xylulose-5P - ShlgklzfrIIlCACld
T erythrose-4P athway

glucosamine ’dihydroxyfcetone-P 3-deoxyarabino-
- heptulosanate-

-

Pk glyceraldehyde-3P
riboflavin GLYCEROL t : y
i dephosphoCoA X ~ Folate
FMN v CO, v biosynthesis
¥ CoA oxaloaietete +«——<—— pEp
FAD ’

malate *.L-LACTATE <=>pyruvate
Folate Biosynthesis Y. ‘
R — DOXP Pathway

tetrahydrofolate (THF ‘
I

dihydrofolate (DHF)

pABA
7,§-dihydropteroate CO,
+

aspartate

Purines and I_:atty AC|d_
Pyrimidines ! Biosynthesis

) v
dihydroorotate Thiolactomycin

orotate

guanine

xanthine )
CDP dUMP Methylene THF — -
7 4 ) Glycerolipid Metabolism

4
// dCDP dTMP ~ DHF ——THF glycerol = = = = triacylglycerol
N /

¥ ¥ choline = = = =» phosphatidylcholine -
~~»ATP—> RNA ethanolamine = = = => phosphatidylethanolamine

Gardener, Hall, and Fung et al (2002) Nature 498511

hypoxanthine ,




| F,V, & P-type ATPases

ABC
transporters

H*

(16)

riboflavin
i dephosphoCoA
FMN v
v CoA
FAD

ATP ADP ATP ADP ATP ADP PP;
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@
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glucosamine-6P fructose;1,6-bisP Xylulase-5P 2 'r"";”’_”': Asld
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Triclosan offers protection against blood stages of malaria by
inhibiting enoyl-ACP reductase of Plasmodium falciparum

Mandita SURGLIA" & AvaDiintiis SUROLiat

Mulreelar Bislopy ard Gonetics Unir. Fewabarald Nohne Cemtre for Advanoed Scientife Research,
Fakkor, Bangalorr, India
Molecular Biophy=ics Unit, feclian Instifaic of Scienee, Banpalore, Treclia
Covrespundonet staoskl br addrmssed do NS el sivolia @ fecasr.ac. i

The antimicrabial biocide friclosan [S-chlora-2-(2 4-dichlorophenoxyjphenal] potently inhibits
the growth of Masmodivm faldiparem in wire and, in a mouse model, Masmodivm bergher i wiva,
Inhibition of ["Clacetate and [MCmalonyl-Cod incorporation into fatly acids in wive and in wiva,
respectively, by triclosan implicate Fabl as its targef. Here wo demonstrate that the enoyl-AGP
reductase purified from P Glciparam is triclosan sensitive. Also, we present the evidence far the
existence of Fabd gene in P Silciparum, We establish the existence of the de move fatty acid
binsynthetic pathway in this parasite, and identify a key enzyme of this pathway for the devel-
ppmant of new antimalarials.



Pac Man Evolution of Malaria

Eukaryote cell

O

cyanobacterium

Ancient algae /

chloroplast\~

‘/Algae forms symbiotic

relationship with host

eukaryote

Apicoplast
Modern Plasmodium

DNA from apicoplast
migrates to nucleus



Apicoplast targeting signals

{ _spP R MP

last 15AAs first 20AAs last 20AAs first 15AAs
30 4 30
1)
72} =
R e A Ny < 31
&% T £
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YL 5
o VL cuim] 2 o -2
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(DE) (KRH) (KN) phobicity ) e
. . /-‘ rrrrrrrrrrrrrr
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Fothet al Science, 299, 7088, 2003



Evolution

A 551 (10%) of proteins thought to be targetedapicoplasty
identification of transit peptide.

A 246 targeted to mitochondria.

A Phylogenetic analysis of 333 putative plastid targeted proteins
A 26 plastid derived
A 35 mitochondrial
A 85 possibly mitochondrial

A Redirection of targeted proteins ?

A & range of herbicides that target plastid metabolism of undesired
plants are alsparasiticidal making them potential new leads for
antimalarialR NdzEKaahonand McFadden (2012)



What has the genome achieved?

riumphalism about
molecular biology,
genomics and the
human genume pro-
Ject isan increasingly perva-
ive theme in bivmedieal
stience. Beginning soon after
Watson and Crick deciphered
the structure of DNA, it has
become progressively more
dominant, reaching a
crescendo over the past five
years. Popular science muga-
zines and the general media
have united in a chorus of
| praise cencerning the sup-
! posedly dramatic effects this

| wholecells, to organs, to
animals, to humans. This was
agolden uage. Anyone receiv-
ing the best medical care in
1665 was incomparably better
off than anyune in 1930.
Solutions came from many
different levels. Public health
specialists working at social,

biomedical seience. Every-
thing was to be understood
<ompletely at the molecular
genomic level. Everything we:
o be reduced to the gename.
Journals and grant-giving
" bodies came to be dominated
! by reductionists who were

eultural, and eco-
nomic levels were largely re-
sponsible for the control of
malaria Cell culture special-
ists warking with elinicians

. scathing about the complexity
of whol /hole-animel

A,
and especially whele-human
studies which were seen a5 toc
full of uneontroiled variability
to be interpretable. Clinieal
and i tudies lost

‘ David Horrobin Enthusiasts for genomics have cor rupted

haemoglobin in uman red
blood eelts which causes such
devastation i African-origin
communities. 4 single abnor-
mality in asingle protein
causes the trouble, The atmor-
mal protein was identified iy
the 1940s, the precise molecu-
lar defect was identified in the
1940s, and the three-dimen-
sional structure of the protein
was defincd in the 19605, Yot
what has been the eligical iy
puct of this wondetfully pro-

solved polio.
working with chemists and
<linicians eliminated the

an.
outand progressively their re-
search cammunities were:

cise ular ) s
Precisely nothing. The clinicat
picture of the disease cannot
yet be understood in (erms of
the molecular biology.

" biomedical science bore some
: resemblance to an integrated
whole. There were rescarthers
working at every tevel of bio-
logical organisation — from
sub-cellular biochemistry, o

leave hospitals. in every field,
progress depended on a con-

stant exchfinge of knowledge. ;

But starting in the 19608,
molecular biologists and
Eenomics specialists took over

| is goi we an human threat pased by mast infec- | struyed. Nowwe have an
;fe%?l];l‘g l{ﬂthgatneu(::ics enthu-  tions. gl?nicians and pharma- almost wholly red\lcv:lumst_
| siasts hate corrupted enlogists working with - which
. scientifie and de- i  the revo- _ makes exagger
stroyed Teal hope of progress. . Tution in psychiatry which en- | claims about how itis going te
From the 1930510 the 19605, | abled so many patients to revalutionise medical treat-

ment — and which repeatedly
i fails to achieve anything,

The first genetic disease to
 be fully defined in molecular
| terms was sickie cell disease,

‘ the abnormality of the

In only two areas — stomich
and duodenal uleeration and
organ transplantation - has
medical treatment improved
dramatically. In almost overy
other field, penple are little
bekter off than those receiving
the best treitmont in 196
“Take cancer. We have mache
dramatic progress in u very

limited range of rare cancers:
the lewkaemaias, lymphomas
and testicular tumours. But
uverl there many of the drugs
used were introduced before
1955. We have simply learned
( use them better.
Another example is the hype

! surrounding the malaria
£enome project, This is indeed
abrifiant tectnical achieve-
ment, but the claims that it
will lead to a solution to

' malaria in five vears are ab-
surd, Malatia is enormously
complex and the investigators
wito ainounced their discov-
ey seenied to have no under-

What hasbeen

 the clinical impact
ofthis molecular
knowledge?
Precisely nothing

standing of that. Vetetan

melazia expert Ecian Taslor |

pointed out that, far from
single type of mosquito being

& malaria vector, there were
more than 65 known species
invalved, The molecular higlo- ‘
gista did not even seem: to be
aware of this elementary fact.

medical research

funding know the

disgraceful cam-
paigns waged in the 705 and
80s by scientists hunting the
genes for such diseases as
cystic fibrosis. Give us the
money, we'll find the gene
and then your problems will |
be solved, was the message.
The money was found, the
Eenes were found — and then
came nothing but a stunned
contempiation of the
complexity of the problen,
whieh many clinicians had
understood all along, The ‘
idea that genomics is Eoingto i

hose familiar with |

make a major eontribution to
‘human health in the near
future is laughable, But the
tragedy is that the whole-
organism biclogists and clini-
cians who might have helped
to unravel the complexity
have aimost all gone, de-
stroyed by the reductionists,
Ifgenomics is to deliver even
afraction of the promised ben-
ofits to human health, a bal-
anoed research effort must be
restored, and we must drasti-
cally reduee the propartion of
the available funds devoted to

+ molecular biology.

Dr David Horrobin is author
of The Madness of Adasm ang
Eve: How Schizophreniy
Shaped Humanity. Thistsun
edited version of his essea
Frontiers 03, new writing on
cutting-edge science, cdited by
Tim Radfind. T order a copy,

Jor £10.99 with frce UK péep,

call ORTH 036 7850
uRTeEn @imrdade.co,uk

A detailed understanding of the molecular basis antigenic
variation
A metabolic map for drug target identification

A list of genes targeted to thepicoplasta known drug
target.



Comparative Genomics of Malaria
Parasites
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Plasmodium speciesme highly host restricted

¥ > A Host jumping is rare
- W i P.Knowlesiinto human
ﬂpmm & ade
P, yoelii & 1 ]
N A Most plasmodium
E. 5 4 parasites are highly
2, SRR e adapted to a single host
- 2 or a few closely related
é?f species.
_{ - @ ﬁ m>“£!“

Hall, N Nature genetics (2013)



Eukaryotic Evolution

450 myr
75mya
4_Zm¥a_,.

310 mya
| w

Chordate evolution
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75mya
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Plasmodium evolution falciparum
- & Plasmodium

R berghei
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Overview of assembly and gene Count

P. berghei P. c.chabaudi P.y. yoelii* P.falciparum

Size (bp) 17,996,878

No. contigs 7497
Av. contig 2 400
size bp)

Sequence Ax
coverage

NoO. protein

. 5864
coding genes

Hall et al (2005) Science 307:82-6
*Carlton (2002) Nature 419:512.

16,866,661 23,125,449 22,853,764

10679 5687 93
1,580 4. 066 213,586
4X 5x 14 .5x

5698 5878 5268
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2 KIFG Aa&a | 322R
ARTICLE

doi:10.1038/naturel1650

Analysis of the bread wheat genome using
whole-genome shotgun sequencing

Rachel Brenchley', Manuel Spannagl®, Matthias Pfeifer”, Gary L. A. Barker®, Rosalinda D’Amore’, Alexandra M. Allen®,

Neil McKenzie®, Melissa Kramer®, Arnaud Kerhornou®, Dan Bolser®, Suzanne Kay', Darren Waite*, Martin Trick®, Ian Bancroft?,
Yong Gu’, Naxin Huo’, Ming-Cheng Luo®, Sunish Sehgal®, Bikram Gill’, Sharyar Kianian'®, Olin Anderson’, Paul Kersey®,

Jan Dvorak®, W. Richard McCombie®, Anthony Hall', Klaus F. X. Mayer?, Keith J. Edwards®, Michael W. Bevan®* & Neil Hall'

laple £ | ASSEMDIY STATISTICS OT TNE OrtnoIogous group assempnly, tne LLls and CUNA assemblies

Orthologous group assembly* (99% m.i.) LCGt
NMumber of sequences 949,279 5,321,847
Total sequence (bp) 437,512,281 3,800,325,216
Minimum length; maximum 79; 7312 100; 21,721
length (bp)
N10; N50; N90 (bp) 766; 481, 331 2,234, 884, 420
Mean length (bp) 460.89 71410

GC content (%) 48.25 4769




Orthology, Homology, Parology

A Homology
I Genes that are similar due to related ancestry.

A Orthologs

I Homologous genes separated due to a speciation
event

A Paralogs

I Homologous genes separated by a duplication
event



Orthologue ldentification ilbhetweenPlasmodiunspecies

A Reciprocal orthologues identified using a BLAST cutoff of score of 50.

orthologue Not ortholog

A : . B A > B

C /
tb268 Genes iR.falciparum

w1391 haveorthologsin otherspecies
wAnother 109%rthologscan be identified usingynteny
¥ 36 have noorthologs

wgenes in RMP genomes clustered using vt

where are the differences ?



Plasmodium genomes are syntenit
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Orthologue map oP. falciparuntChrl
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Of the 736 genes withouirthologs Only 161 are in internal regions.
Of these 45 are members of Pf specific gene families

19 are Pf specific expansions

Only 12 have predicted functions

Most (575) Species Specific genes are at the sub -telomeres
Hall et al (2005) Science 307:82-



Novel gene families Pf specific families

Telomeriogene families

P. falciparum P. chabaudi P. berghei P. yoelii
VAR 59 - - .
Rifin 177 - - .
PIR -
Pyst-a 1
Pyst-b -
Pcst-b -

Families clustered using Trip4CL

Hall et al (2005) Science 307:82-6




Evolution by gene family expansion

A There are very few genes that are trulynique to a
Plasmodiunspecies.

A There is a lot of gene family expansion that is species specific
A This mostly occurs at telomeres.

A Some genes which are single copy in one species are-copi
AY | y2iKSNXI y RaciuXdydelgYuhoddn® K
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Silent and Replacement Substitutions

Housekeeping
Negative (Purifying) selection.
Change is Bad.

Genes that have a role in adaption.
Positive (Adaptive) selection.
Change is Good.

Selectively neutral genes
Genetic drift.
Change does not matter

Gelne

Silersn substitution:

Sequencdl.: UUUCAJ CGU
Sequence: UUUCACCGU
CodedAmino Acids: Phe His Arg

Replacemensubstitution:
Sequencdl: UUU CAJ CGL
Sequence: UUUCAGCGU

CodedAmino Acids: Phe His Arg
Gln




dN/dS analysis

Orthologous gene

MuscleProtein alignment

nucleotidealignment

Pamlcalcluatemodel of
Evolution using maximum L
likelihood l

dN/dS evolution rate



frequency

Positive selection on plasmodium gene
IS stronger in the mosquito vector

0.3 B
SPorTM | Non-SPor TM
Orthologs D P
n | median n median
0.2 : :
Genomics - all stages 728 | 0.174 3052 0.121 0.147 =0.001
Proteome and 147 | 0.157 501 0.100 0217 =0.001"
0.1- transcriptome - all stages
- mammal expressed 106 | 0.159 an 0.098 0.237 ~0.001*
- mosquito expressed | 41 0.139 188 0.104 0.17 <0.05
0.0-

OnOoWwoOWwmownonNounownownownowno
COr=rrNMNMOOTITUNOO~~RODDAIMO

COCO0O00C00000000CCCOSSO
dN/dS

-ThedN/ dSof secretory proteins expressed in the vertebrate host is
significantly higher than that of non secretory proteins

Vertebrate expressed secretory proteins have a significantly hayds
compared to mosquito expressed



Reqgulation of gene expression

Prateins (% of total)
=]
(=]

A Plasmodium falciparurhas less transcription factors than you
would expect in a genome of its size

I Either they are highly diverged.
I other mechanisms play a major roll in regulation of gene expression.

Gardner, Hall & Fungt al (2002) Nature 419:49811.



Expression data fd?. berghel

Life cycle of P.falciparum
A Ampliconbasedmicroarraydata
from RBC and gametocyte stage:

B Sporozoites
\\

A Proteomic data from RBC,
mMosquito andsporozoitestages.

e

Gametocytes




Proteomic data

A. Invasive B. Replicative
Ookmetes 1091) Oocyst (277)

Found Exclusively in this stage

Asexual Blood  Sporozoites (134) Asexual Blood | jyer Schizont (ND)

Stages (1139) Stages (1139) Nonexclusive to stage
C. Sexual D. Transcriptome/Proteome
Gametocytes (733) Gametocytes transcriptome
Asexual Blood Ockinetes (1091) Gametocyte QOokinete
Stages (1139) proteome proteome

Hallet al Sciencg2005)
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|dentification of putative translational
repressor motif irP. berghei

z
e
58

585
s53

|dentify transcripts upregulated only in the
gametocyte

49

Of these find those that only have
detectable protein products in ookinetes

9

Extract 3 and 5 UTRs and search for a
conserved motif using MEME

Search for Motif back against the genome

Gametocyte !
upregulated

genes Compare to expression data _
Hallet al Science, 200
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Putative regulatory motif in 3UTRs of gametocyte
repressed transcripts

29 genes identified with 47bp degenerate motif (E value-sj10
22 have cleaorthologsin P. falciparum.

16 H orthologsare upregulatedin Gametocytes.

Only 2 identified irPf. gametocytgroteome.

Motif was not found irP. falciparum

2
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Hallet al Science, 2005



Dozirepresses transcription in the
female gametocyte

Plasmodium
precursor
sexual cells
(gametocytes)

Host
.. -
Transmission

Vector

gametes/zygote
development

Mair , Braks GarverWiegant Hall, et al .
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“=  mRNA translation by polysomes in activated

Viable and transmitted gametocyte

poly(AJtall
AAAAAAA
RNA rnuhr

3 UTR

Plasmodium
repressor
complex

mRNP formation
and repression

l Transmission

female gametocyte/zygote/ookinete

2006Science313667-9

pbdozi null mutant/decaying gametocyte

AAAAAAA

mRNA degradation

G pARAAA



Why translational control?
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could be a problem

If you knowwhat® coming you can prepare for it.

Hence gene regulation by transcriptional control is reduce@fin



Population genomics in Plasmodium



