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What is the genetic basis for natural
variability in immune competence?



CIRCULATING HEMOCYTES

DANGER SIGNALS?
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D. melanogaster lines vary significantly in their
resistance to Serratia marcescens infection.
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Candidate antibacterial gene loci on the
D. melanogaster 2" chromosome

Cyt_o!oglcal 21 23 25 27 29 31 33 35 37 39
position
2L > = b s = 9
k) o GRS —
QL K - = SR/
Y
7!
41 43 45 47 49 51 53 55 57
—~~ = — o Q-E ~ [\I — [
2R s B =% g ook SE23 d
~ S O £ 529 £700 Z
T »n < 2094 o = O
O a ER'E s B
Pathogen recognition - < 5 a 00
Toll-like receptors é) A

Rel signaling pathway
Antibacterial peptides




Most significant marker within each candidate locus

experiment-wise | Recognition Toll-like Signaling Antibacterial
probability proteins receptors molecules peptides
P <0.001 SR-ClI, Dif
PGRP-SC1B
0.010 < P =£0.001 SR-CIV Attacin B
0.050 <P =0.010 SR-CII, Tehao, cactus,
PGRP-SC1A 18-Wheeler imd
N.S. SR-CIII, Toll-4 Attacin A,
PGRP-SC2 Attacin C,
Diptericin A,
Diptericin B,
Defensin,
Drosocin,
Metchnikowin




LSMean log(bacterial load)

Third chromosome lines

also display extensive natural variation for immune

function in D. melanogaster

Serratia marcescens

Enterococcus faecalis

Mean bacterial load in 39 chromosome substitution lines

26 hours after infection with Serratia marcescens (Gram

negative) or Enterococcus faecalis (Gram positive)
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Associations with third chromosome recognition proteins

Gram+ Gram-
Pr |Sm

GNBP1 intron 0.0131
GNBP1 intron 0.0076
GNBP1 5'UTR 0.8596
GNBP1 5'UTR 0.0179
GNBP1/2  intergenic 0.0201
GNBP2 exon 0.1570
GNBP3 upstream 0.0106 0.0224
GNBP3 upstream 0.0066 0.0063
PGRP-LA  exon 0.0038
PGRP-LA  exon
PGRP-LA  exon
PGRP-LB exon
PGRP-LC  upstream
PGRP-LC  upstream
PGRP-LD 5'UTR
PGRP-LD intron
PGRP-LF intron
PGRP-LF 3'UTR
PGRP-LF  upstream
PGRP-SB1 upstream
PGRP-SB2 intron
PGRP-SB2 exon
PGRP-SD exon
PGRP-SD upstream




SNPs: significant associations with
Immune competence

G- bacteria G+ bacteria

Recognition
(17.5% of sites)

Signaling
(11.8% of S|tes)

Effecto rs
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Measuring gene expression:
experimental design

Pick lines at the phenotypic extremes

(n=30) ,
f = For each sample (n=270):
(- ; Extract RNA
/ NS Synthesize cDNA
| Synthesize and label cRNA
For each line: Hybridize to Illumina Beadchip
Serratia Enterococcus Naive Labelled /
. . cRMA
infected infected i
FTTrrrrrrrrnd
xS e GO
1515 |15 1515 |15 1515 |15 1
g|d|d g|d|d Jg|Jd|a _
Log transform expression data
Normalize using quantile spline

Freeze 8 hours later



Predicting Immune competence

Phenotype: Bacterial Load

Association Correlated
testing phenotypes

Genotype ——————— (Gene expression
eQTL




Gene expression: significant
associations with immune competence

Recognition
(6% of genes)
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Genotype-phenotype
conclusions

Every chromosome harbors significant variation
IN Immune competence.

Immune competence across different pathogens
Is largely uncorrelated.

SNPs in recognition and signaling proteins are
often associated with bacterial load.

Variation in expression of antimicrobial peptides
significantly predict bacterial load.



In the works...

X chromosome replacement lines

Multiple pathogens, including wild-derived
Type lll secretion mutant Pseudomonas
microRNA induction and regulation
Deficiencies and quantitative complementation
RNAI knockdowns of key transcripts

Diallel crosses of extreme lines

F1 hybrids and interspecific introgressions



Comparative genomics and
evolution of immunity

 Genome sequences of
— Diptera (Drosophila)
— Hymenoptera (honeybee)
— Coleoptera (flour beetle)
— Lepidoptera (silk moth)
* All have Toll, imd, JNK, and JAK/STAT
pathways.
» Large differences in gene families.

» But too far diverged to say much more.



Completed Drosophila genome sequences
(AAAwiki)

[ D. simulans
D. sechellia

. D. melanogaster

melanogaster subgroup | — D yakuba
melanogaster group ]

D. erecta

D. ananassae
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Orosophora

D. grimshawi
Hawanan drosophila
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Molecular evolution as a tool for
understanding innate immunity

* Immune systems frequently show
coevolutionary arms races.

* We can fit molecular evolutionary models to
identify rapidly evolving genes.

* Where is natural selection impacting the long
term evolution of the pathway?

What is the D matrix?



Method for studying comparative
genomics of innate immunity

Identify 248 genes in D. melanogaster involved
INn innate immunity.

Pull genes from paralogy networks constructed
by fuzzy reciprocal BLAST of GLEANR models.

Re-align with TCOFFEE.
Mask problem regions.

Annotate 2474 gene models that are orthologs
and paralogs of the melanogaster genes.

Estimate divergence rates, fit codon substitution
models, fit birth-death models, etc..



Signalling proteins are more likely to occur as
one-to-one orthologs across the phylogeny
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Effector proteins have the highest proportion of
lineage-restricted genes
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Test homogeneity of birth-and-death

* Across a phylogeny, observe different counts of
genes within a gene family.

* Are the counts consistent with a homogeneous
birth-death process?

 CAFE fits to an equilibrium model with rate A.

» Assess significance by likelihood ratio to
alternative model with different rates.

Hahn et al. 2005
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Many effector proteins reject the birth-death model
Signalling proteins do not.

P value for test of fit to birth-death model
1
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Functional Class



Classes of recognition peptides

* Thioester-containing proteins that act like
complement factors (TEPS)

 Membrane-bound hemocyte-specific
receptors (e.q., eater, Nimrods, scavenger
receptors with a role in phagocytosis)

» Secreted or membrane-bound recognition
proteins that recognize conserved

bacterial cell wall components (e.qg.,
PGRPs and GNBPs).



Conserved role of PGRPs

« PGRPs are conserved as one-to-one orthologs across
the entire Drosophila phylogeny, suggesting that the
expansion of the PGRP family predates the deepest
branch in this phylogeny.

 Among the PGRPs, the only genes that have a history of
duplication in Drosophila are the PGRP-SC and PGRP-
SB families



Major signalling pathways

Toll

Imd

JAK/STAT

JNK

p38 stress response pathway

Hemocyte development, differentiation, and
proliferation

Nuclear pore proteins involved in Nf-xB
translocation

Other miscellaneous signaling proteins



Nearly perfect one-to-one orthology
of signalling peptides

* An exception: DIF, an Nf-kB transcription
factor distantly related to dorsal, is absent
from mosquitoes and honeybees.

Christophides et al. 2002, Evans et al. 2006



Toll-like receptors

Toll, Toll-6, Toll-7, Toll-9, Tehao, Tollo and 18w all exist
as single orthologs across all 12 species

But Toll-4 shows an abundance of lineage-specific
changes in number.

Humans have 10 Toll-like receptors

Sea urchin has more than 300 !!



Classes of effector peptides

* Antimicrobial peptides

**k*

— Cecropins
— Drosomycins™**
— IM1 cluster**

« Transferrins

« Turandot proteins™**

* Lysozymes***

* Phenoloxidase cascade

* Proteins involved in coagulation
« Gut immunity

*** reject CAFE model of homogeneous birth-and-death
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The cecropin gene family
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Turandots and the Drosomycins

* Present in only a subset of the lineages on
the phylogeny.

* Appear to have duplicated rapidly shortly
after arising.

* Birth-death model appears to be rejected

because of the rapid expansion of the
families soon after they appeared



Drosomycins appear only in the melanogaster group
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lost in D. ananassae

The Turandot family arose after the divergence
of the willistoni group
from the obscura and melanogaster groups, and =
was subsequently

dsimTotA1

100 | dsimTotA2

100 dsecTotA1
86 100 ~dsecTotA2

dmelTotA
dyakTotA

F dereTotA1
76 89 -~dereTotA2

100

100

dmelTotC
100 idsecTotC
94-dsimTotC

dyakTotB
100 dmeITotB
100 dsimTotB

100 - dsecTotB

——dpseTotc

100 ——dperTotc
100 dpseTote

Expected changes per site

0.5

98 LdperTote
rdperTotm
100 “dpseTotm
72 rdsimTotM
100 dmelTotM
\E(i(:dyakTotM
99 dereTotM
100 dmelTotF
100 EdsimTotF
dsecTotF
71 —dsimTotE
100 ﬁrEdsecTotE
dmelTotE
100 ﬁidyakTotE1
dyakTotE2
gsfdereTotE1
100 dereTotE2
100 —dpseTotx
L dperTotx
100 rdyakTotX
700 dereTotX
92 dmelTotX
100 dsimTotX
99 dsecTotX
dmelTotZ
100 1001 4simTotz
dsecTotZ
L———dyakTotz
100 100deseTotz
dperTotz
100 rdpseTotz2

100 —dperTotz2



Turandot gain and loss
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D, ananassae
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Genomic organization of Drs cluster in D. melanogaster
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D. melanogaster that each gene maps.

77TE8 65F6-65F7 g3D1 /72F1,\ 63D1

/ 888'0k\ BES0K / Biétm matok \ 8920k / 10070k \ 10060k
Putative ortholog
79/ne 164573

Ome 1%CG3615 Ome1%CG3634 Omel1%CG17723 Ome 1% Co120 Ome1%Fax DOmel%Co Ome1%CG12014 Omel%¥TE21-B
[—=1 =1 [—— 1 == ——1 [=——=1 _ _
Dme 1% CO3650 Omel4pst Ome14Co12077 Ome 1% Aats-tyr Dmel%CGELEOL2
| — |— =
Ozl THSL Ome 140612010
e |
GLEAHMR / high confidence set e set
dana_GLEANR_10160  dana_GLEANR_10161 dana_GLEANR_10162 dana_GLEANR_S013  dana_GLERNR_S012 dana_GL dana_GLEANR_Z3231 dana_GLEAWR_10225
I [ i e el — i -
dana_GLEANE_9016  dana_GLERNR_9015 dana_GLEANR_10164 dana_GLEAMR_10168  dana_GLEAMR_10165 dana_GLEANR_3350
by | <= B P M in
dana_GLEANE_10167 dana_GLEANR_5949
M <A
GLEAMR ¢ non-orthologous
dana_GLEANR_10163 GF_EBREN_WSC_B0013707 GF _BREM_NSC_50013711
I+ L o 1
dana_GLEANR_S014 GF_BREM_NIC_S0013708  GF_BREN_NSC_S0013712
k| L | |
dana_GLEANR_10165 GF_EREN_NSC_S001370%  GF_BREN_NSC_S0015713
i e

GF_BREM_MSC_S0013710  GF_BREM_WSC_T0
>~ -



_|— Cmac

Including, and rooted
with coleopteran EST
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Immune proteins are significantly less
conserved than the proteome as a whole
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Significant differences in the
proportion of positively selected genes
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Positive selection in PGRP-LC

« PGRP-LC is alternatively spliced in Drosophila
melanogaster to produce three isoforms with different
PGRP domains.

 All three splice forms, designated PGRP-LCa, -LCx, and
—LCy are conserved in all twelve species studied, so we
analyzed each isoform separately.

« Only PGRP-Lca shows evidence for positive selection.



PGRP domain is target of positive selection in PGRP-LCa
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The melanogaster subgroup only has a 2 amino acid
insertion in PGRP-LC




Positive selection in interactors with Relish
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Probability of Positive Selection along Dmel lineage

Positively selected sites in Relish are clustered
in the spacer
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Positively selected sites in irdb are clustered in the
kinase domain
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Clustering of positively selected sites in the
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The clustering of positively selected sites in the
interacting domains of

Dnr1, Dredd, Relish and ird5

suggests that the entire cleavage complex is
evolving by positive selection in the melanogaster
subgroup.

(probably driven by interactions with bacterial type
lll secretion systems)



Conclusions

« Recognition proteins display frequent gene family
expansions and positive selection.

« Signaling peptides maintain one-to-one orthology. They
generally show conserved sequences, but Relish
appears to be a convergent evolutionary interaction, at
least in insects (positively selected in termites and D.
melanogaster).

« Rapid duplication but no positive selection in
antimicrobial peptides.



Caveats

* Focus was on protein-coding genes

 Virtually ignored:
— Regulatory evolution
— MicroRNAs
— Alternative splicing
— Behavioral/ecological response to infection
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