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The Dothideomycetes class of fungi includes many pathogens that infect a broad range of plant
hosts. Here, we compare genome features of 18 different members of this class, including 6
necrotrophs, 9 (hemi)biotrophs and 3 saprotrophs, and discuss genome structure, evolution, and
the diverse strategies of pathogenesis. The 18 genome sequences show dramatic variation in size
due to variation in transposon expansions, but less variation in core gene content. During
evolution, gene order in these genomes is changed mostly within boundaries of chromosomes by
a series of inversions often surrounded by simple repeats. This is in contrast to major
interchromosomal  rearrangements observed in other groups of genomes. Several
Dothideomycetes contain gene-poor and TE-rich putatively dispensable chromosomes of
unknown function. In the current set of organisms, biotrophs and hemibiotrophs are mostly
phylogenetically separated from necrotrophs and saprobes, which is also reflected in differences
between gene sets represented in each group. The 18 Dothideomycetes offer a rich catalogue of
genes involved in cellulose degradation, proteolysis, Cys-rich small secreted proteins and
secondary metabolism, many of which are enriched in proximity of transposable elements,

suggesting faster evolution because of both TE mobility and RIP effects.



Encoded Iin the Genomes of Eighteen Dothideomycetes Fungqi \'

Robin A. Ohm**, Nicolas Feau?, Bernard Henrissat3, Conrad L. Schoch#, Benjamin A. Horwitz®, Kerrie W. Barry?, Bradford J. Condon®, Alex C. Copeland?!, Braham Dhillon?,
DOE JOINT GENOME INSTITUTE Fabian Glaser’, Cedar N. Hesse8, Idit Kosti®>’, Kurt LaButtit, Erika A. Lindquist!, Susan Lucas?!, Asaf A. Salamov?, Rosie E. Bradshaw?, Lynda Ciuffetti®, Richard C. Hamelin?,

gﬁFPCEEPgETSI\g IIEENNTCSF ENERGY Gert H. J. Kemal'?, Christopher Lawrencell, James A. Scottl?, Joseph W. Spatafora®, B. Gillian Turgeon®, Pierre J.G.M. de Wit!3, Shaobin Zhong'4, Stephen B. Goodwin*®, Igor

JGI Diverse Lifestyles and Strategies of Plant Pathogenesis

V. Grigorievt |
* Email: raohm@Ibl.gov
. tome | Projectlst | UserPrograms | Sdence | Informatics | Outreach | About Program Mycocosm._ The web portal Mycocosm cqntains the genomes
I N t 'O d u Ctl on Fungal Genomics Program §W@_ . | and annotations of all 18 sequenced Dothideomycetes, as well
. . . R g e _fU ngL as over 100 other fungal genomes, sequenced by the JGI and
The class of Dothideomycetes Is one of the largest and most diverse RE— =y | 01" SeAUenCiNG centers. Organism-specifc and comparative
. . [E Plant Feedstock Health val u 1Al gov/tungl
groups of fu NAgl. I\/Iany ale plant pathogens and POSE a Serious threat Ssorrr . Sy / R JGIS _ $rnome Eiyestom oot 2lloon
to agricultural crops grown for biofuel, food or feed. Most e R Y S N T — i e o
[=] Sugar Fermentation EUI'Gt:Je:::rE:tSEE rganism . - ame emiy leng genes
Doth Id eo mycetes h ave O n Iy a SI n g Ie h OSt an d re I ated S peCIeS Can . jF'ju:d:Ist[;iiilj;?anisms Dikar[ Pezizomycotina o f;::mmmmtes! 1 Altbr1 Alternén.a brassm.n:nla | 31,974,449 10,688
/ KC: Leotiomycetes 2 Bauco1 Baudoinia compniacensis UAMH 10762 (4089826) v1.0 21,876,451 10,513
have very diverse host plants. Eighteen genomes of Dothideomycetes 7. | PR S — B
. . * February 9, 2012 ] ;},\ ’ ;:;Z:::::ﬂa ocheC4 ochliobolus heterostrophus C4 w1, 929, .
have Curre ntly been Sequenced by the \]Olnt Genome InStItUte and :Ej;:;:r}m;;a;;:-zﬂﬂ i//\ © Mucoromycotina Z Enc:ezz_; Euc::icu;:n:us :e:erusirnz:us Ez v;z jzji:"i EEE
. - e SN S ocsat  Cachlnbalus saths NDSOPr 1. e
other sequencing centers. Here we describe the results of =R - il

comparative analyses of the fungi in this group. A T anayse o oroup page. Wil iools forcomparaive

Microsporidia

: g : . p g : : : g p Observed in
Lifestyles are largely phylogenetically separated. This is also reflected in the gene classes that are involved in plant pathogenesis. Some _ Simulati Dothideomycetes
. . . : . ] s 1a ] - . Imuilation
potential effector gene classes are over-represented near Transposable Elements, speeding up their evolution. A§ \ - B N - A .
' g . /\ = i
_ - R |
100|/C0Chliobolus heterostrophus C5 | § ﬁ N / g = ~
- - o
100 |'Cochliobolus heterostrophus C4 sk S i N S \, -
. . - 3 / < o _
Cochliobolus sativus @ l - N SE— - - |
' ' - :8_ . \ © ot _ -~ . - 0 random inversions
Setosp'haer:a t%:r.c:cao ] | § | AN - e : - | 5 c \ 5
100 Alternaria brassicicola i O | | / RSN NN NI | . MR E RN
B Pyrenophora tritici-repentis N n Cochliobolus heterostrophus C5 Cochliobolus heterostrophus C5 \ \ /’
100 - _ —
Leptosphaeria maculanse o1 C — S D c . | | /
100 —Stagonospora nodorum ” g - gj“ 2 random inversions N
- s T - 3 >
100 Hysterium pulicare ® | % ‘2 | : 2 - . 17 /\ “\
- = 7 Q- A
| . c ; . N
Hysterlales Rhytidhysteron rufulume ] % %'; L % . ;\,/ .
loo[MycosphaereHa populicolae | 3 = § \/, e N
- Q sc . . N
a 100 Mycosphaerella populorume I n ~ . g . | 2 ,.,\
72 Mycosphaerella fijiensise® I R ~ i : \"\\/"/‘25 random inversions \,'\ -
100 —Dothistroma septosporume | Cochliobolus heterostrophus C5 Cochliobolus heterostrophus C5
M haerell inicol :
ycosphaerelia graminicoia® ) i From macrosynteny to mesosynteny. Closely related species show a pattern of nearly
Capnodiales Baudoinia compniacensis® | perfect macrosynteny (A). This pattern degrades in comparisons with progressively distantly
—/— Aspergillus nidulans (outgrou T T T T e 1B o o ar T related species (B-D). The syntenic regions become short and spread across scaffold pairs. _
perg (outgroup) 0 5 1015202530354045500 50 100 150 200 250 300 0 10 20 30 40 50 60 70 80 P (B-D) y g P P 2 Coniion it

This phenomenon is most predominant among Dothideomycetes. It has previously been

® Necrotroph: kills the host plant Secondary metabolism genes  Small secreted proteins (SSPs) Genome size (Mpb)

- N = Nonribosomal peptide synthetase Non-repetitive DNA called mesosynteny (Hane et al. 2011). Here we show that mesosynteny appears to be due Simulations show that intra-
® (Hemi)biotroph: feeds on living cells of host plant = Polyketide synthase Type | m LTR retrotransposons to intra-chromosomal inversions. Very few inter-chromosomal rearrangements take place. chromosomal inversions lead to a
_ Polvketid thase Tvpe Non-LTR retrotransposons : . . . . . .
Saprotroph: feeds on dead organic matter Tgr;ei; fyf.i’ﬁasise ype a DNA fransposons Interestmgly, simple repeats (i.e. low-complexity DNA) are over-represented near inversion pattern of mesosynten_y that is
® Unknown repetitive elements breakpoints (data not shown). observed among Dothideomycetes.
Dothideomycete phylogeny. Different lifestyles Proteins involved in secondary metabolism and small Genome size varies widely. _ .
are largely phylogenetically separated. secreted proteins. Generally, genomes of necrotrophs in T_his IS caus_ed mainl_y by D| S p ens ab | e C h romosomes G ene o rd er conserv at| on
the P_leosporales contain more genes enCOdIng these dlﬂ:erences In _repe_tltl\_/e 0L 1010 N N O O A M. graminicola | -4iiHED—@EHIED—EHE<_H <K F
proteins. content. Asterisks indicate o8 P trick- :
. 04 1NN I N M WO I [ [ oy repentis m Only tWO Synter“C blOCkS
lllumina-sequenced genomes.| | | ©3 s mmmmssmm ;- —
£ |0 a massiceos {O-@-GIHID-@HD- @@ 1<+ of genes are conserved
In these genomes repeat ¥ ©:5 I N O T A O o M . .
Peptldases Secreted Ilpases . . 4| 09 N T I R M. fiensis v2 | G-I B W N the DOthIdeomyCeteS
- - content is likely an under- M :
o~ : 12 I " S EeaEw» <> The syntenic block of
e e g estimate. s o B genes shown here contains
0 - _ , & heterostaphus . |18 smsva | ID-GHD-GHD-BD D EDE
Capnodlales C. heterostrophus C5 % i: :r:::l::ﬂml mOStI OXIdOI’edUCtaSGS
, O comprissansi & peterostrophuscal T e e Genes encoding small secreted proteins and proteins § | 15 ommm Houicare | {H K - EBS y
~ n grﬁmc’lﬁic{ﬂa ' G aeronniecs 3 PP I involved in secondary metabolism are over- g | 15 mm—" L macuans | G-GB-ED-@< B < 1< <1<+ and dehydrogenases.
» o | M popuicola ® S turcica o . . ] 20 I \
5 M- poguorum s o maculans 2 o] \ Moo o . brassiicol represented in this region. = - swees <G D-@ @ <@ > ldentical color means the
N e o o P i epols = B. compniacensis < > Eight of the 21 chromosomes of Mycosphaerella graminicola are genes are part of the same
S 9 178 nodorum iensis . . . . P teres f. teres —.—.—"—“
N £ " dispensable (i.e. not necessary for survival). These dispensable multi-gene family
? - . s.osonn | -D-EIHE-EE-E-D @G DT - :
& = chromosomes are smaller, less gene-dense and more repeat-rich - :
< - e D @B OB OO INterestingly, in L.
Capnodiales < than the core chromosomes. Proteins encoded by genes on compniacensis maculans these 5 genes
. - > : - sis | EH_-GHD-G D <D G D E
= Pleosporales = these chromosomes less frequently contain a PFAM domain. i are up-regulated during
1'0 (') 1'0 L '2 c') 2' 4'1 2 Their function is unknown (Goodwin et al. 2011). = populed pathogenesis
. & Scaffolds with similar characteristics are also present in five other etersropns - EHEHD-G D@ DS @ '
PC1 (35.16%) PC1 (56.71%)
Carbohvdrate-active enzvmes (C AZYmeé) Dothideomycetes: Mycosphaerella fijiensis, Cochliobolus reterestosnus < E0-0D -8 <@ -1 @@
Cladosporumuvum 2 0.5 ’ oo I . 000 o0 heterostrophus C5, Setosphaeria turcica, Leptosphaeria =
Y eboma septosporam v | HD-EHD-@ -
(etrisiona seplsporn | maculans, and Stagonospora nodorum. .
m;ggggggg;g”g gggﬂ{;’;;’ Distance from transposable element (bp)
Baudoinia compniacensis ) .
Sochlobae savae Repeat Induced Point mutations (RIP) occur near .
QC| !0 0lUS heterostropnus .
Comiels taacoons Transposable Elements (TEs). Interestingly, some CO NC I usions
yrenophora triucl-repentis .
Spiosihasta mactlans pathogenesis gene classes are over-represented i .
ternaria brassicicola . . . .
Gies, 5| nearthese TEs. The higher rate of pointmutationsin | | ® The genomes of 18 Dothideomycetes (of which 15 are plant

this region speeds up their evolution, presumably

| | allowing the pathogens to evade plant defenses. pathogens) are currently sequenced and available via MycoCosm.
Peptidases, secreted lipases and CAZYmes. In each of these gene classes the _ _
organisms belonging to the same order cluster together. » Lifestyles are largely phylogenetically separated. Counts of
pathogenesis genes follow this pattern.
e Some classes of pathogenesis genes (secretome and secondary
+ Microarray data is available for M. graminicola (Keon et al. metabolism) are over-represented near transposable elements,
2005 and 2007) and L. maculans (Rouxel et al. 2011). . . . .

where they are subject to Repeat Induced Point mutations (RIP). This

Core proteome Comparative transcriptomics

A B

B Cellular Processes and Signaling

= Information Storage and Processing * In both cases gene expression was analyzed during early and

.“FstAlséhdetOGTdm late stage of infection, allowing comparative analysis. SpeedS u p the|r eVOI ution.
» 98 orthologous gene-pairs are up-regulated in both organisms ¢ DU” ng DOth|deomycete eVO|U'[IOn many Intl‘a-ChrOmOSOmaL bUt feW
during pathogenesis. . .
“24 are oxidoreductases Inter-chromosomal rearrangements have taken place. This may keep
- 3 are transcription factors . .
A. The full proteome of the Dothideomycetes contains 215225 d |Spensab|e Ch romosomes |ntaCt.
proteins and for the majority of these the function according to KOG is » Because these 98 genes have a conserved expression . . . . . . .
unknown or poorly characterized. B. The core proteome contains the responses during infection, they may very well be involved in ¢ Com paratlve tranSCH ptOm ICS g IVeS |nS|g ht |nt0 Conserved fu ngal
66761 proteins from multi-gene families that had at least one member the pathogenesis process. . . . .
In each Dothideomycete. Relative to (A), this set of proteins has more reSpOnSES dunng pa’[hOgeneSIS, Iead|ng tO new targetS tO f|ght
KOG annotations than the full proteome. In particular genes involved . .
In metabolism are over-represented. InfeCtIOI’lS .

1. United States Department of Energy (DOE) Joint Genome Institute (JGI), Walnut Creek, CA, United States of America; 2. Faculty of Forestry Forest Sciences Centre, University of British Columbia, Vancouver, BC, Canada; 3. Lab Architecture et Fonction des Macromolécules Biologiques, Aix-Marseille Université, Marseille, France; 4. NIH/NLM/NCBI,
Bethesda, MD, United States of America; 5. Department of Biology, Technion - IIT, Haifa, Israel; 6. Department of Plant Pathology & Plant-Microbe Biology, Cornell University, Ithaca, NY, United States of America; 7. Bioinformatics Knowledge Unit, Technion - |IT, Haifa, Israel; 8. Department of Botany and Plant Pathology, Oregon State University, Corvallis, OR,
United States of America; 9. Institute of Molecular BioSciences, College of Sciences, Massey University, Palmerston North, New Zealand; 10. Plant Research International, Wageningen, The Netherlands; 11. Virginia Bioinformatics Institute & Department of Biological Sciences, Blacksburg, VA, United States of America;

The work conducted by the U.S. Department of Energy Joint Genome Institute is supported by the Office of Science of the U.S. Department of Energy under Contract No. DE-AC02-05CH11231.

12. Division of Occupational & Environmental Health, Dalla Lana School of Public Health, University of Toronto, Canada; 13. Laboratory of Phytopathology, Wageningen University, Wageningen, The Netherlands; 14. Department of Plant Pathology, North Dakota State University, Fargo, ND, United States of America; 15. United States Department of Agriculture,
Agricultural Research Service, Purdue University, West Lafayette, Indiana, United States of America




	Slide Number 1



