Thecamonas_trahens

7o 084 Guillardia_theta
Dictyostelium_discoideum
Saitoella_complicata
O Ascobolus_immersus
' Terfezia_boudieri
Drechslerella_stenobrocha
i< Arthrobotrys_oligospora
Dactylellina_haptotyla
Patellaria_atrata_ 1
Hysterium_pulicare_1
Zopfia_rhizophila_1
Sporormia_fimetaria
Lophiostoma_macrostomum_1
Melanomma_pulvis_pyrius 1
Pleomassaria_siparia_1
Didymella_exigua_1
Dothidotthia_symphoricarpi_1
Pleosporales UM 1110 1
Leptosphaeria_maculans_1
Shiraia_SIf14 1
Hymenoscyphus_laetus 1
Phaeosphaeria_nodorum_1 Corr
Setosphaeria turcica 1
Cochliobolus_lunatus 1
Cochliobolus_miyabeanus_1
Cochliobolus_sativus 1
Cochliobolus_heterostrophus C5 1
Cochliobolus_victoriae 1
Cochliobolus_carbonum_1
Alternaria_brassicicola_1
Alternaria_arborescens 1
Pyrenophora_seminiperda_1
Pyrenophora_teres 1
Pyrenophora_tritici_repentis_1
Pyrenochaeta UM 256 1
Cucurbitaria_berberidis 1
Helminthosporium_solani_1
Lentithecium_fluviatile_1
Cenococcum_geophilum_1
Lepidopterella_palustris_1
1 Aulographum_hederae_1
Aplosporella_prunicola_1
Macrophomina_phaseolina_1
Neofusicoccum_parvum 1
Guignardia_citricarpa_1
Cryomyces_antarcticus_Corr
Trypethelium_eluteriae
Hortaea_werneckii
Polychaeton_citri
Baudoinia_compniacensis
Acidomyces_richmondensis
Dissoconium_aciculare
Zasmidium_cellare
Cercospora_zeae _maydis
— Mycosphaerella Stonl
Septoria_musiva
Septoria_populicola
Mycosphaerella_fijiensis_1
Pseudocercospora_pini_densiflorae_1
Mycosphaerella_laricina
Zymoseptoria_passerinii
Zymoseptoria_ardabiliae
Zymoseptoria_tritici
Zymoseptoria_pseudotritici
Passalora_fulva
Dothistroma_septosporum
Myriangium_duriaei
Aureobasidium_pullulans_ AY4
Aureobasidium_pullulans_subglaciale
0.95 Symbiotaphrina_kochii_1
A‘ Trinosporium_guianense_1
Xylona_heveae 1
0.81 Xanthoria_parietina
Gyalolechia_flavorubescens
Lasallia_pustulata
Umbilicaria_muehlenbergii
Cladonia_grayi
Cladonia_metacorallifera
Cladonia_macilenta
1 Paracoccidioides_brasiliensis_1
Ajellomyces_dermatitidis_1
Ajellomyces_capsulatus_1
Gymnascella_aurantiaca 1
Gymnascella_citrina_1
Uncinocarpus_reesii
Coccidioides_immitis
Coccidioides_posadasil
Arthroderma_otae
Arthroderma_gypseum
Arthroderma_benhamiae
- Trichophyton_rubrum
Thermoascus_aurantiacus_1
Thermomyces_lanuginosus
Talaromyces_stipitatus
Talaromyces marneffei
Byssochlamys_spectabilis 1
Aspergillus_aculeatus 1
Aspergillus_carbonarius_1
Aspergillus_brasiliensis_1
Aspergillus_niger 1
Aspergillus_tubingensis_1
Aspergillus_kawachii_1
Aspergillus_foetidus 1
Aspergillus_terreus 1
Aspergillus_sojae
Aspergillus_flavus
Aspergillus_nidulans_HxA
Aspergillus_sydowii_1
Aspergillus_versicolor_1
Aspergillus_clavatus
Neosartorya udagawae 1
Aspergillus_fumigatus
Neosartorya fischeri 1
Aspergillus_wentii
Monascus_purpureus_1
Monascus_ruber 1
Aspergillus_glaucus 1
Aspergillus_ruber 1
Aspergillus_zonatus
Penicillium_roqueforti
Penicillium_chrysogenum
Penicillium_digitatum
Penicillium_camemberti
Penicillium_oxalicum
Penicillium_paxilli_1
Hymenoscyphus_varicosporoides 1
Penicillium_citrinum_1
Phaeomoniella_chlamydospora_1
Endocarpon_pusillum
Cyphellophora_europaea_ 1
Herpotrichiellaceae UM238
Exophiala_dermatitidis
1 Cladophialophora_carrionii
Eutypa lata
Anthostoma_avocetta
Pestalotiopsis_fici
Apiospora_montagnei
Hypoxylon CO27 5 1
Hypoxylon EC38 1
Hypoxylon_ClI_4A 1
Daldinia_eschscholzii_1
Podospora_anserina
Chaetomium_thermophilum
Myceliophthora_thermophila
0.76 Thielavia_terrestris
Chaetomium_globosum
Sordaria_macrospora
Neurospora_crassa XDH
Neurospora_tetrasperma
Ceratocystis_fimbriata
Hirsutella_thompsonii
Tolypocladium_inflatum
Cordyceps_militaris
Beauveria_bassiana
— 0-58 Periglandula_ipomoeae_Corr
Aciculosporium_take Corr
Claviceps_paspali_Corr
Claviceps_fusiformis
Claviceps_purpurea
Neotyphodium_gansuense
Epichloe _glyceriae
Epichloe_brachyelytri
Epichloe_elymi
Epichloe_typhina
Epichloe_festucae
Epichloe_amarillans
Metarhizium_acridum
Metarhizium_anisopliae
Metarhizium_robertsii
Trichoderma _reesei QM6a
Trichoderma_longibrachiatum
Trichoderma._virens
Trichoderma_harzianum
Trichoderma_atroviride
Trichoderma_asperellum
llyonectria_sp
Nectria_haematococca 1
Fusarium_acuminatum
Fusarium_fujikuroi_1
Fusarium_circinata_ 1
Fusarium_oxysporum_lycopersici 1
Fusarium_oxysporum Fo5176 1
Fusarium_equiset
Fusarium_pseudograminearum
Fusarium_graminearum
Acremonium_alcalophilum
Sodiomyces_alkalinus
Verticillium_albo_atrum
Colletotrichum_gloeosporioides 1
Colletotrichum_orbiculare
Glomerella_graminicola
Colletotrichum_fiorinae
0.99 Colletotrichum_higginsianum_Corr
' Grosmannia_clavigera
Sporothrix_schenckii
Ophiostoma_novo_ulmi
Ophiostoma_piceae
Magnaporthe _oryzae
Gaeumannomyces_graminis_Corr
Togninia_minima_1
014 Cryphonectria_parasitica
' Diaporthe_longicolla_1
Geotrichum_candidum 3C 1
Blumeria_graminis_hordei
Blumeria_graminis_tritici
Rutstroemia_echinophila_1
0.88 Rutstroemia_firma_1
Sclerotinia_sclerotiorum_1 Corr
Botrytis_cinerea_1
Botrytis_paeoniae 1
Sclerotinia_borealis_1
Ciborinia_camelliae_1
Amorphotheca _resinae
Ascocoryne_sarcoides
Glarea_lozoyensis 1
Hymenoscyphus_fraxineus
Hymenoscyphus_infarciens
Calycina_herbarum
Hymenoscyphus_fructigenus
Hymenoscyphus_salicellus Corr
Hymenoscyphus_scutula
Hymenoscyphus_repandus 1
Marssonina_brunnea
Cadophora_sp DSE1049 1
Meliniomyces_bicolor_1
Rhizoscyphus_ericae 1
Chalara_longipes 1
Meliniomyces_variabilis_1
Loramyces _juncicola
Fungal_sp EF0021 1
Phialocephala_scopiformis_1
Acephala_macrosclerotiorum_1
Thelebolus_microsporus
Geomyces_pannorum
Geomyces_destructans
Sarcoscypha _coccinea 1
Ascodesmis_nigricans
Pyronema_omphalodes
Wilcoxina_mikolae
Morchella_conica 1
Morchella_importuna_1
Tuber_melanosporum 1
Choiromyces_venosus_1
1 Candida_caseinolytica
Starmerella_bombicola
Candida_apicola
Galactomyces _candidum
Blastobotrys adeninovorans XDH
ngj_ewella_ln_osnovora
A== Pichia_pastoris
Candida_boidinii
Candida_arabinofermentans
Brettanomyces_bruxellensis
Brettanomyces_anomalus_Corr
Kuraishia_capsulata
Taphrina_populina
Taphrina_wiesneri
Taphrina_flavorubra
Taphrina_deformans_Corr
Chionosphaera_apobasidialis
Basidioascus_undulatus_Part (Geminibasidiomycetes)
Termitomyces_sp_J132 Part (Agaricomycetes)
Microbotryum_violaceum
Rhodotorula_mucilaginosa
Rhodosporidium_toruloides
Rhodotorula_glutinis
Sporobolomyces_roseus
Sporidiobolus_salmonicolor
Septobasidium_sp PNB30 8B
Heterobasidion _annosum (Agaricomycetes)
Sarcoscypha_coccinea 2
Symbiotaphrina_kochii 2 Corr
Patellaria_atrata_2
Alugraphum_hederae 2
Aplosporella_prunicola_2
Guignardia_citricaria_2_Corr
Macrophomina_phaseolina_2
Neofusicoccum_parvum_2
Diaporthe_longicolla_2
Togninia_minima_2
0.2 Daldinia_eschscholzii 2 Corr
Hypoxylon_Cl 4A 2
0.95 HypOXY|0n_C027_5_2
Hypoxylon EC38 2
Colletotrichum_gloeosporioides_2
Nectria_haematococca 2
1 Fusarium_fujikuroi_2
Fusarium_circinata_2_Corr
Fusarium_oxysporum_lycopersici_2
Fusarium_oxysporum_Fo5176 2
Penicillium_paxilli_2
Penicillium_citrinum_2
Hymenoscyphus_varicosporoides 2
0.99 Hysterium_pulicare 2
' Cenococcum_geophilum_2
Lepidopterella_palustris 2
Zopfia_rhizophila_2
Lophiostoma_macrostomum_2
Helminthosporium_solani 2 _Corr
Lentithecium_fluviatile_2
Shiraia_SIf14 2
Pleosporales UM 1110 2
Hymenoscyphus _laetus 2
Phaeosphaeria_nodorum_2
Cochliobolus_lunatus 2
Cochliobolus_victoriae 2
Cochliobolus_carbonum 2
1 Cochliobolus_sativus_2
Cochliobolus_heterostrophus_C5 2
Cochliobolus_miyabeanus_2
Setosphaeria_turcica_2
Pyrenophora_seminiperda_2_Corr
0.99 Pyrenophora_teres 2
Pyrenophora_tritici_repentis_2
Alternaria_brassicicola_2
1 Alternaria_arborescens 2
Pyrenochaeta UM_256 2
1 Cucurbitaria_berberidis_2
Leptosphaeria_maculans_2
Dothidotthia_symphoricarpi_2
Didymella_exigua 2
Melanomma_pulvis_pyrius 2
Pleomassaria_siparia__2
Gymnascella_aurantiaca 2
Gymnascella_citrina_2
Paracoccidioides_brasiliensis_2
Ajellomyces_capsulatus 2
Ajellomyces_dermatitidis_2
Byssochlamys_spectabilis 2
Thermoascus_aurantiacus_2
Monascus_purpureus_2
Monascus_ruber 2
Aspergillus_terreus_2
Aspergillus_nidulans_HxnS
Aspergillus_sydowii_2
Aspergillus_versicolor 2
Aspergillus_aculeatus 2
Aspergillus_carbonarius_2
Aspergillus_brasiliensis_2
Aspergillus_niger 2
Aspergillus_tubingensis_2
Aspergillus_kawachii_2
Aspergillus_foetidus_2
0.92 Neosartorya fischeri_2
Neosartorya udagawae 2
0.49 Aspergillus_glaucus 2
Aspergillus_ruber 2
Phaeomoniella_chlamydospora 2
Cyphellophora_europaea 2
Mycosphaerella_fijiensis_2
0.9 Pseudocercospora_pini_densifiorae_2
0.99 Glarea_lozoyensis 2
Hymenoscyphus_repandus 2
Oidiodendron_maius
Geotrichum_candidum_3C 2
_ Xylona_heveae 2
Trinosporium_guianense_2
Rhizoscyphus_ericae 2
Meliniomyces_bicolor_2
Chalara_longipes 2
0.85 Meliniomyces_variabilis_2
Cadophora_sp DSE1049 2
Phialocephala_scopiformis_2
Fungal_sp EF0021 2
Acephala_macrosclerotiorum_2
Rutstroemia_echinophila__2
Rutstroemia_firma_2
Ciborinia_camelliae_2
Sclerotinia_borealis 2
Sclerotinia_sclerotiorum_2
Botrytis_cinerea_2
056 _ Botrytis_paeoniae 2
0.96 Morchella_c_:onlca_Z
' Morchella_importuna_2
‘ Tuber_melanosporum 2
Choiromyces_venosus_2
Exobasidium_vaccinii
Tilletiaria_anomala
Pseudozyma flocculosa_Corr
Pseudozyma_antarctica
Pseudozyma_aphidis
Ustilago hordei
Sporisorium_reilianum
Ustilago _maydis
Pseudozyma_hubeiensis
Cryptococcus_albidus
1 Cryptococcus_vishniacii
Conidiobolus_coronatus_Corr
Conidiobolus_incongruus_1A
Conidiobolus_incongruus_1B
Conidiobolus_incongruus_1C
Rhizophagus _irregularis
0.96 Mortierella_alpina ATCC 32222 1B
' Mortierella_alpina_B6842 1B
Mortierella_verticillata
Mortierella_alpina ATCC 32222 1A
1 Mortierella_alpina_B6842 1A
Ramicandelaber_brevisporus _Corr
0:96- Coemansia_reversa
Martensiomyces_pterosporus
0.86 Basidiobolus_meristosporus_1D
Basidiobolus_meristosporus_1C
Basidiobolus_heterosporus
067 Basidiobolus_meristosporus_1A
' Basidiobolus_meristosporus_1B
Batrachochytrium_dendrobatidis
0.95 — Gonapodya_prolifera. 1A
Gonapodia_prolifera_1B
0.85 — SphaerOforma_arCtica
o Capsaspora_owczarzaki
Amphimedon_gueenslandica
0.19 0.97 Caenorh_abditis_elegans
Drosophila_melanogaster XDH
Bos taurus XDH
Trichoplax_adherens
Nematostella vectensis
Evechinus_chloroticus
Capitella_teleta
Aplysia_californica
T Trichomonas_vaginalis
Trimastix_pyriformis_Corr
eSS ———e— iy
i} Porphyridium_purpureum
0.66 Bathycoccus_prasinos
' Chlamydomonas_reinhardtii
Physcomitrella_patens
Selaginella_moellendorffii
Arabidopsis_thaliana_ AtXDH1
Zea_mays
Saprolegnia_diclina
; Pythium_ultimum
Phytophthora_sojae
Pseudoperonospora_cubensis
Nannochloropsis_gaditana
0.96

Aureococcus _anophagefferens
c_ Phacodactylum_icomutum
Thalassiosira_pseudonana

0.4



Figure S3. A Maximum Likelihood
rooted tree of all available fungal
XDH-like enzymes with Eukaryotic
out-groups.

High quality readable figure is
available as a separate supplementary
file uploaded in PDF format.

Colour keys for fungal clades,
metazoans and Ichthyosporea
(Opisthokonta) are those given in figure
4. Archaeplastida and Stramenopiles,
including green algae and plants
(Viridiplantae), red algae (Rhodophyta),
Oomycetes and Diatoms are at the
bottom of the tree, indicated with
different shades of green. In black with
no additional colouring, representative
species from other taxa: Thecamonas
trahens (Apusozoa, Bikonta), Guillardia
theta (Cryptophyta, Chromista),
Dictyostelium discoideum (Amoebozoa,
Unikonta),  Trichomonas  vaginalis
(Parabasalia,  Excavata),  Trimastix
pyriformis (Metamonada, Excavata). In
red lettering we indicate proteins where
biochemical work is extant (comprising
3D structural work for Bos taurus
XDH). In green lettering we indicate
proteins that are in positions that do not
correspond to the  taxonomically
appropriate position of the organism in
question. Searches for genes encoding
XDH-like proteins were carried out with
both HxA and HxnS of A. nidulans as in
silico probes. All fungal gene models
and proteins were deduced manually.
The auto-annotated accession numbers
were curated as indicated in
Supplementary Table S1 (a considerable
number of them are miscalled). The
proteins were aligned with MAFFT E-
INS-i (for sequences with multiple
conserved domains and long gaps) with
the default parameters. The alignment
was curated with BMGE with a Blosum
30 similarity matrix. The Maximum
Likelihood phylogeny was carried out
with PhyML 3.0 with automatic model
selection (LG  substitution  model
selected). Numbers at nodes indicate
aLRTs (approximate Likelihood Ratio
test values).




Comments on the phylogeny of XDH-like enzymes in the fungi.

The putative XDH from Galactomyces (Geotrichum) candidum
(http://www.ncbi.nlm.nih.gov/bioproject/247755)  clusters, as expected, with other
Saccharomycotina. However there is another sequence at the NCBI database of a genome
from a different strain of an identically named organism
(http://www.ncbi.nIm.nih.gov/bioproject/243259). This strain shows an HxA orthologue
clustering with the HxA orthologues of the Leotiomycetes, and an HxnS orthologue in a
mixed clade, clustered (alTR 1.00) with the Leotiomycetes Oidiodendron maius,
Hymenoscyphus repandus and Glarea lozoyensis (shown in grey). There seem to be no
question that these sequences correspond to two different organisms, the former a genuine
member of the Saccharomycotina, the latter of the Leotiomycetes. A few other Purine
hydroxylase proteins have an unexpected position: three members of the Eurotiales (in green
lettering) which include the only Penicillia to have an HxnS orthologue, cluster with the
Hypocreales. The proteins of the basal members of the Taphrinomycotina, Saitoella
complicata and species of genus Taphrina do not cluster together as would be expected. The
Basidiomycota are separated into two discrete clades, one (comprising Ustilago maydis),
which appear as an out-group of all the ascomycete sequences and a second, which clusters
with the putative orthologues of HxnS. An interesting positioning is that of the Oidiodendron
maius (Leotiomycetes, Helotiales) putative XDH. The cognate protein maps within the
Pezizomycotina HxnS-like clade. It is one of the two species among all the sequenced
Pezizomycotina to have a putative orthologue of HxnS, in the (apparent) absence of an
orthologue of HxA. It shows both characteristic sequence insertions in the 2Fe/2S cluster and
between the 2Fe/2S domain and the FAD/NAD binding domain. It carries a hydrophobic
residue (Val533) where we have Tyr454 and 11e478 in HxA and HxnS, respectively. It has a
His (His1124) where HXA has Phe1044 and HxnS has His1069. The ORF is interrupted by
four introns, of which the first two are widely conserved among HxnS orthologues, the fourth
is conserved in several other HxnS orthologues of the Helotiales, while the third is - within
the limits of the genomes available - unique of O. maius. There is no question this protein is
phylogenetically related to HxnS rather than to HxA. However, uniquely among all putative
HxnS structural orthologues, it does not have the sequence FATALH (HxnS: 1064-1069) in
its substrate binding site nor does it have FTALF, near universal among HxA Pezizomycotina
orthologues (HxA: 1040-1044) and all biochemically characterised XDHs (with one
exception, see below); instead it specifies FGALH, (1120-1124). This sequence change is
identical to one occurring in the putative XDH of the four Taphrina species, while the
characterised XDH of Blastobotrys (Arxula) adeninivorans [1] has FGATF. Indeed, a Gly
residue replaces the Thr in all putative Saccharomycotina HxAsS.

While no biochemical work is extant in O. maius, we propose that this enzyme is not a
Nicotinate hydroxylase but rather a XDH. O. maius has all the enzymes of purine breakdown
(summarised in [2]), including an orthologue of UaY, the pathway specific regulatory gene
characterised in A. nidulans [2, 3] and N. crassa [4]. On the contrary, it has none of the
nicotinate specific clustered genes to be described below. There is no other hxA/hxnS
paralogue present in the O. maius genome. A second species has in its genome an HxnS
orthologue in the absence of an HxA orthologue. This is Rhytidhysteron rufulum
(Dothideomycetes, Hysteriales). At variance with the situation in O. maius, the R. rufulum
gene encodes a typical HxnS enzyme, included in a conserved hxn gene cluster.

Other independent, probably genus or even species-specific duplications of XDH-like
enzymes occurred in non-dikarya (Mortierella alpina, Conidiobolus incongruus, Basidiobolus



meristosporus, Gonapodya prolifera). None of these paralogues carry the diagnostic HxnS
sequence FATAL(H). No biochemical work is extant in these fungal species.

Comments on the exon-intron structure of hxnS orthologues.

The intron-exon organization is broadly class specific. Eurotiales and Onygenales
(Eurotiomycetes) share multiple intron positions with Helotiales (Leotiomycetes) and
Xylonomyecetaceae (Xylonomycetes), including those of all three A. nidulans introns. Most
Eurotiales (see below for outstanding exceptions in the Penicillum genus) have four
conserved introns (in A. nidulans the second intron is absent) but only the most 5’ intron is
present in species of the early divergent class of Pezizomycetes, whose hxnS genes usually
have five introns. Potentially, this is the only intron that survived the re-functionalisation as it
is present in the hxA orthologue genes of three of the dozen species of Basidiomycota
(Heterobasidion annosum, Microbotryum violaceum, Septobasidium sp. strain PNB30-8B)
that occur at the basis of the HxnS branch in the PHI/PHII phylogeny (figure 4 and figure S3).
Nevertheless, none of the four hxnS introns conserved in the Eurotiales are present in
Pleosporales or Botryosphaeriales (usually two introns, one conserved across these orders of
Dothideomycetes), Hypocreales and Glomerellales (both Sordariomycetes, 8 and 9 introns,
respectively) and Symbiotaphrina (recently assigned to Xylonomycetes, 3 introns, none
corresponding to the 5 occupied intron positions found in Xylonomycetaceae).

Intriguing is the exon-intron structure of the hxnS gene in some early divergent species in
Penicillium, the sister genus of Aspergillus in the family of the Aspergillaceae. The genome
sequences of P. paxilli, P. citrinum and the misnamed species Hymenoscyphus
varicosporoides all specify 8 introns at exactly the same positions as those in hxnS genes of
the Nectriaceae family, and share none with Aspergillus hxnS (the other sequenced
Penicillium species have no hxnS orthologue). This exon-intron structure is completely
coherent with the phylogeny of fungal Purine Hydroxylase paralogues (figure S4) that shows
that the HxnS orthologues in these Penicillium are directly related to those of Hypocreales
(Sordariomycetes) rather than to HxnS proteins from other Eurotiales, while the situation for
the HxA orthologues is taxonomically completely orthodox: all Penicillium species (including
P. citrinum, P. paxilli) clustered with Eurotiales and none with Sordariomycetes. These
circumstantial evidence strongly suggests that these exceptional species of Penicillium have
(re-)acquired an hxnS gene from a species of Hypocreales by horizontal gene transfer.
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