Fungal phylogenomics: Getting lost in the moldy forest

Jason E Stajich
Dept of Plant Pathology & Microbiology
University of California, Riverside
http://lab.stajich.org
http://fungalgenomes.org/blog
http://fungiDB.org
twitter{stajichlab,hyphaltip,fungalgenomes,fungidb}

R UNIVERSITY OF CA'_IFORNIA



http://lab.stajich.org
http://lab.stajich.org
http://fungalgenomes.org/blog
http://fungalgenomes.org/blog
http://fungiDB.org
http://fungiDB.org

have diverse forms, ecology, and associations
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Fungl are an old group of organisms

Plantae

Amoebozoa

(EUtherlaﬂ Choanozoa

mamma‘ Orlglns (== == === m e e e e e e - =- x:raozs(:oaoridia Fungi\
N 150_1 80 Mya) E ! Rozella

Chytridiomycota

Blastocladiomycota
Multicellular with |

differentiated tissues HIUERBIEE N

Entomophthoromycotina

Zoopagomycotina

Loss of flagellum >
Kickxellomycotina

Glomeromycota

a . .~ Basidiomycota)
Mitotic sporangia __4 > Al eeiie &
to mitotic conidia Ustilaginomycotina
Regular septa > \_ Agaricomycotina -
& Taphrinomycotina Ascomycota
Meiotic sporangia to > Saccharomycotina
external meiospores L - Pezizomycotina //

RIVERSIDE 10~ f0 850 — 7

Millions of years

Stajich et al. Current Biol 2009



Awash in Fungal Genomes

e Mid-2011: Genomes from 150+ species sequenced and ~400 more in progress/pipeline

e Several multi-strain resequencing projects (Neurospora - Ellison PNAS 2011),
Saccharomyces (Liti Nature 2009), Coccidoides (Neafsey Genome Res 2010) and many in
progress/proposed.

e Many of sequenced genomes were focused around plant, animal pathogens, and some
specific evolutionary questions.

e Now are starting to fill out the tree more to capture the diversity of kingdom and also for
studies of molecular evolution among many related species.

e Also efforts targeting specific questions - pathogens and their relatives; wood rotting fungi;
flagellated and non-flagellated forms; extremophiles; comparison of growth forms (e.qg.
yeast forms from phylogenetically very different species)
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Genome sizes of fungi are 8Mb-100Mb = easy(ish)
seguence

Genome size of fungi
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Need to cover more of the phylogenetic diversity: 1000
Fungal genomes project
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Tools to access this data

e Genome databases at sequencing centers and NCBI

e Comprehensive and integrated systems are not as well developed in Fungi, but some
examples of excellent tools highlighted at http://tools.fungalgenomes.org/

e Ensembl Fungi, MicrobesOnline, JGI's Mycocosm, Comparative Fungal Genomics, and

some targeted to specific clades e.g. Saccharomyces (SGD), Aspergillus (AspGD), Candida
(CGD)

e \We have launched FungiDB - http://fungidb.org to support integrating functional genomics
data for data mining as well as standard ‘Gene’ pages for genes.
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Searching with FungiDB:
A strategy for drug targets
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2885 C.neoformans genes with desc

Searching with FungiDB:
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Synteny Views

ﬁFumHFZQSB Chr 1. 5

Gene page and genome browser

1310k 1320k

Annotated Genes {with UTRs when available)
AFUmMAF293E6__AFubg05600 AFUmMAFZ293E6__AFuSg05640
- <1
AFUmAFZ2936__AFuSg05610
<l =
AfumAF2936__AFfubg05630
<~ <
AFUmAF293E6__AFuSg05650

<
Aspergillus clavatus NRRL 1 sequences

a7k
Aspergillus clavatus NRRL 1 genes
ll‘;llgr < <l <l

AfumAFZ2936__AfuSg05680
I
AfumAF2936__AfuSg05660

1330k

AfumAF2936__AfuSg05670

AFumAF2936__AfuSg05690
<

63k

(] | g e e I [

Aspergillus flavus NRRL 3357 sequences
49k
ﬂs:ergillus flavus NRRL 3357 genes
| - <

<HliE <N
Aspergillus niger ATCC 1815 sequences

875k
Hs:ergillus n%gfr ATCC 1615 genes
< .

Aspergillus terreus NIH 2624 sequences

1298k
Aspergillus terreus NIH 2624 genes
Iliillii <l <

Aspergillus nidulans FGSC A4 sequences
2989k
Hsgergillus nidulans FGSC A4 genes
<iim 1= g
<l e B | | —
Tanden Repeats

LIFORN

RIVERSIDE

98k

867K

1291k

2997k

= - B T [

N

AFumAFZ2936__Afu3g05710
T
AFUMAF293B6__AFUSg05700 AFumAFZ2936__AfuSg05720
]

AFumAF2936__AFuSg057:

73k

12383k

I - > rErre I .-

Fungal genomics resources

AFumAF2936__

2605k

™ FungiD8 : gene RoryRASSE

& 9 C f © jasonfungidb.org/fungidb.jason/showRecord.do’name«CencRecordClasses. GeneRecordClass&source_id=RoryRA . ) ¢ | [ & @ -3 0Y5K5M e
ADOUTFUNQIUSS | HAIp | CONIACIUS | JARsON STapons )
RoryRA99880___ RO3G_11428
unspecified product
Add the first yser comment L; Add to Basket Add to Favorites
Overview

Genomic Comtext Hide

Roryleisso__Cre 3.9

] | |
0% a20% e,

fAnnotated Gemes (with UTR: when available)
Rory @G80 __RUSG_11422 Pory PRt _ROOG_11427 PorySyeatao__POOG_11429
3 -fn

«
RoryRIGIBS0__RO30_11423 &; IO __RU30_11428 RorPAG5630__RO3S_11431 Ror
»- . -
RoruRRasen, RooG,_ 11424 ROrURIGAG8), 0306, 11630
o cm —qraae
RorySREatn0__PooG_11429

“n
ReeMadiGa0__ROGG_11426
s

Roreiitso__Ro
om0

Rhizopus oryzae ROSH RNA-seq coverage plot ( )

I&ﬂ‘l‘u o o AN e

Rhizopus oryzae ROZ2OH RNA~2eq coverage plot )

W ‘

RMzopuz oryzae ROSH RMA-seq coverage plot (
- ’ e |,
-7

g Annafation

Data MININg Interface

= jJason fungidb org fungidt

€« > CH

EUngID:

' - -

" NN J

J < -
~

View in Genome Browser
(use rqrrrn " vcm CNCk 10 open In a new window)

Names, Previous identifiers, and Allases Show

) Jason. fungidb.oeg/ fungid wApplicat ) £ 1

A EUTEEF T ENTTY abe

u Gene Text Search

A2out FungiD8 | Melp | ContactUs | Jason Stajich’s Profle | Logout

Gene 0:| 2raAatA aNIEl

My Strategles: New

Opened (1) All(14) ™ Baskel Examples Hep

{Ganes) RNA-Seq R.o" [

’ﬁ-\.q.

&JNOXZ

Share

Ro Kk X Dalete
S HES)

Swep 1
—-—

= Filler results by spechs e

A1 |Orolog ; Ewrodomycesvs Sordanceoyceie s Sacchroetycodng &4 SICoycoM | Rbzopus
Resuls | Groups |4 oia| A 8| A | Ansd| Anig| Aser|Cimm 1533 4| Comm RS | Foa | Fouy| Gmon [MonyNca| Cab | Scer 1Cheo Pgn "f"“‘
J 0 0 < 0 o 0 0 Q 0 0 0 0 0 Q 0 ] 0

uls removed by 5 Bher ol nof Do combined Nt the neut siep )

RNA-Seq R.o -~ step 2 -~ 501 Genes Add 501 Genes 10 Basket | Download 501 Genes

First 1 2345 Noxt Last Advarced Paging ( Sebect Cotumns ) [ Revet Columas

"~ 3 Gene S OrganismQ $ Product Description @ emcm-m(mm < Avg Ref (1092) Q S Avg Comp (092)Q & Fold Change (Max)Q $ Min Ref (10g2)Q S Max Ref (l092) Q 3
 RenRATSN RO, e i\‘ yzae RA 59  unspecied product 7 18669.43 261566 3zs 1866943 1006943
™ RoryRASSSS0_ ROBG 096TS R oryuo RA 59 unspecfied product £4 9358 65 1460.04 BE 9 915895 §354 95
3155 fﬁf\'ﬂ‘lv RA 99  unigetlied product 12 reaz 10933 1231 rag2 T Tag2. 17
N RoryRASISE0 ROSG 08321 :w;ryxn RA 99  uripeciied product 42 65 0 e Te -196 2 0es,m Qes0
. ;;;—,;...- RA 59  unspected product 43 857354 906 64 a23 37154 $7T354
" RoryRASSSA0_ ROMG_01408 St”o’ﬂnﬁu 9. unspeofed product A7 464571 5370 815 454373 464373
YRAGISE0  ROBG 00460 ?&E“”“v RA 99  unsgecfed product 491 301964 3am A228 01944 1954
N RoeyRASISE0D  ROSG 02 : £ 42840 519 507 42840 44

853 wmmw urigesied product




Using comparative genomics towards understand
pathogen evolution

e How do traits like pathogenecity evolve?

e Can comparative genomics indicate meaningful differences that can lead to understanding
the basis for pathogenesis”?

e Contrasting genomes of pathogens with non-pathogens can suggest recent genomic
changes that might be testable in the lab

e Gene duplication is thought to be important source for evolutionary innovation - What role
might gene family size change play in adaptation?
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Models for comparing gene family size changes

e A model for gene family size change that incorporates the birth-death process of gene
families which follow a power law distribution (Hahn et al, Genome Res 2005)

e |[mplemented in a program called CAFE to find unexpectedly large lineage or clade-specific
changes in gene family sizes (Hahn Lab @Indiana Univ) (De Bie et al, Bioinformatics 2006)

e Can screen genome family sizes across multiple species to find expectedly large changes
(based on counts) which can be verified using gene tree-species tree reconciliation
approaches like Notung (Chen, Durand, Farach-Colton, J Comp Bio 2000)
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Coccidioides

e Fungal pathogen
genomics: Gene families
and appetite differences

Spherule
Endospores
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Human pathogen Coccidioides

e Coccidioides (Valley fever) - 2 species C. immitis and C. posadasii

¢ |s a primary human pathogen - infects healthy people
(most human pathogenic fungi are opportunistic)

e Endemic in US Southwest, Mexico
e Requires laboratory BSL3 and is a Select Agent

e Genomes of 2 species (Sharpton et al Genome Res 2009) and then 18 strains (Neafsey
et al Genome Res 2010)

e Comparative analyses of Coccidoides spp
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Human pathogen Coccidioides Life cycle
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Coccidioides ecology
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Two species of Coccidioides are allopatric
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Studying the evolution of a pathogen

e Comparing sequences from two Coccidioides species, closely
related outgroup, and more distant ougroups species:

e \What gene family differences can be identified that distinguish
phenotypic groups (mammalian pathogens from non-pathogens)

e Evidence for recent introgression which contains candidate
genes for pathogenesis
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Gene family changes

e Another mechanism for adaptation may be changes in copy
number of a gene family

* Gene duplication is a source of novelty allowing for changes in
the function of one copy if the other maintains original function

e EXpansions of copy number may also be an easy way to get
more protein for a particular process

e How important is copy number change in adaptation?
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Genome samples from fungi

Dictyostelium
Monosiga Choanoflagellida
Caenorhabditis
, Metazoa
Drosophila
Homo

A

Opisthokont

Fungl

Schizosaccharomyces Taphrinomycotina

Ascomycota

A

Pezizomycotina

R UNIVEETY O§AILIFORhE



Aspergillus clavatus
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Few protein domains for eating plant material in animal

| 0ss of plant
sapropnytic
enzymes
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Domains for eating animal material?
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Keratinases in Onygenales

SignalP
® Peptidase_S8
Subtilisin. N

e Onygenales are Keratinophilic

e Domains: Peptidase S8, Subtilisin domains

e Large expansion of putative keratinases in Onygenales
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Population genomics Bl C immitis (pure)

o 1 C posadasii introgression
e Revealed no loci with evidence for P 9

balancing selection - so little
evidence for long standing host-
pathogen battle as in Plasmodium.

e Sliding window Fstanalysis revealed
some regions of reduced divergence
and followup revealed a regions of
recent intergression.

Directionality looks to be mostly
from Cp and into Ci.

e One gene implicated in
pathogenesis, MEP4, is found in
introgressed region
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Towards identitying genes underlying adaptation

eIt o ca o Sharpton et al. Genome Res 2009
RIVERSIDE Neafsey et al, Genome Res 2010



JTowards identitying genes underlying adaptation

e Coccidioides is found in desert soil and associated with animals - perhaps has a long term animal
association without inducing response from the host.
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JTowards identitying genes underlying adaptation

e Coccidioides is found in desert soil and associated with animals - perhaps has a long term animal
association without inducing response from the host.

e Loss of genes involved in plant product metabolism suggests nutritional shift in Onygenales from
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JTowards identitying genes underlying adaptation

e Coccidioides is found in desert soil and associated with animals - perhaps has a long term animal
association without inducing response from the host.

e Loss of genes involved in plant product metabolism suggests nutritional shift in Onygenales from
relatives in Eurotiales

e Expansion of only a few gene families, seem to be involved in metabolism - none are Coccidioides
specific though.

* From population genetics analysis - failed to find regions under balancing selection suggesting
there is not a long-term arms race between host and pathogen.

e Evidence for introgression between the species and perhaps imported novel alleles that are
Important for adaptation in both species to their animal hosts.
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Batrachochytrium dendrobatidis (Bd)- a major cause of
amphibian decline

aquatic, motile zoospore initiates
colonization of host skin cells

Bd is a Chytrid
fungus /
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http://cisr.ucr.edu/chytrid_fungus.html
http://cisr.ucr.edu/chytrid_fungus.html

Bd genome sequence projects

e ? strains sequenced at JGI and Broad; allow whole genome comparison between strains
e Found that genome is diploid, but with large regions with loss of heterozygocity (LOH)

e |dentified gene family changes that might suggest mechanisms of pathogenecity

e Greater understanding of what the early fungus was like

e \With collaborators we are sequencing 20 more strains for population genomics to better
understand population dynamics, trace origin of diversity, and understand the LOH as
iIndependent or shared events.
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Bd grows intercellularly

Forma\ly descnbed on Jche Longccre (U Malne) (I\/chologla 1999)

Rick Speare, Lee Berger, Alax Haytt

James Cook University, Townsville, Australia
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Phylogenomic profiling

® For each gene in the the target (Bd) genome, look to see which have homologs in other
fungi, animals, plants

e Classify genes by its profile as to when it must have arisen based on identified homologs

e Also compare well-studied organisms (S. cerevisiae, N. crassa) to see which genes were
missing

e For Bd/Chytrids several trends appeared

e Missing: some cell wall genes, spindle-pole body

* Present in Bd but not other non-chytrid fungi: Flagella, some signaling pathways, effector
like proteins

e Some expansions of gene families
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-ungal cell wall evolution- a view from earliest branches
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Evolution of B (1,3) glucan synthase
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No 1,3 Beta-glucan?
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B. dendrobatidis cell wall biochemical analysis
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B. dendrobatidis cell wall biochemical analysis
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Expansion of CBM18 domain - Chitin binding gene family
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CBM18 expansion

e | argest copy number of CBM18 in all fungi, and most number of domains (11) in a single locus
e Evidence for positive selection among copies of the domains based on codon analyses

e CBM18 thought to bind chitin, could be involved in binding its own chitin to cloak the cells from
the host immunity

e Could also bind chitin-related molecules in animals attach more firmly to the animal cells
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Jyrosinase expansions in Bd and other fungi
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But are these changes important?

e Just observing big families in a genome is nice, but does it mean that changes are really
related to recent adaptation?

* The branches on some gene trees are short, indicating duplications are recent

e A better is to polarize the changes to the Bd branch by having a closer species than 50-100
Mya...

® So is there a species closer to Bd we can use? ...
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Homolaphylictis polyrhiza JEL142 is a close(ish) relative

454 genome sequencing -
MAKER genome annotation 1 1 o
OrthoMCL gene families e

P. blakesleeanus

A. macrogynus

S. punctatus

H. polyrhiza JEL142

B. dendrobatidis

1
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Joneson et al, Submitted




Contrasting some family sizes among the Chytrids

M36 S41 Tyrosinase CBM18
Allomyces 3 0 10 3
Spizellomyces 3 3 3 3
Hp 3-5 3 15 O
Bd 38 32 12 14-16

Fungalysin  Serine protease
.............................................................................................................................................. Serlne protease expanSK)nS ”"]

- Fungalysins - thought to be  Coccidoides and relatives maybe
keratmases (break down keratin in related to breaking down on

I an amphibian skin...) animal matter

Joneson et al, Submitted



H. polyrhiza won't grow on frog skin; doesn’'t cause
mortality In frogs

Hp- frog skin intact Bd- frog skin degraded

IIIIIIIIIIIIIIIIIIIIIII

Joneson et al, Submitted
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Bd summary

e Comparisons to close species can polarize some differences in lineage specific expansions

e Findings of M36, S41 expansions seem to be recent to Bd and could be a functional link
to pathogenesis

e Expansion of Tyronsinase from counts is less compelling, but gene tree analyses
suggests recent expansions on Bd-Hp branch

e | ack of FKS1 in early Chytridiomycota lineages suggests a more recent origin of this
gene than origin of the Fungi and predicts timing of some changes in fungal cell wall
composition

e CBM18 expansion may be related to adhesion, future experiments to test this

e Future: We are employing a population genomic approach, resequencing 24 strains of Bd
and hope to understand more about origins and variation in the genome from these data.

NIVERSITY OF CALIFORNIA
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Summary

e Unraveling the evolution of pathogens can be tricky, more so when mode of pathogenesis is
not obvious (e.g. not just a toxin gene)

e Comparative genomics at the scale of gene and gene families can suggest changes that
may be important in adaptation of a species.

e Connecting these molecular changes to pathogenecity is still needed to understand the role
these expansions may play - but provides rich experimental fodder for the laboratory.
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