
Kazachstania transvaalensis 1

Kazachstania yakushimaensis 1

Kazachstania yakushimaensis 2

Kazachstania bromeliacearum 1
Kazachstania taianensis 1Kazachstania aerobia 1Kazachstania solicola 1Kazachstania unispora 1Kazachstania siamensis 1Kazachstania humatica 1Kazachstania naganishii 1Kazachstania intestinalis 1

Kazachstania rosinii 1Kazachstania spencerorum 1
Kazachstania kunashirensis 1

Kazachstania turicensis 1
Kazachstania africana 1

Naumovozyma castellii 1
Naumovozyma dairenensis 1

Kazachstania martiniae 1

Saccharomyces paradoxus 1

Saccharomyces cerevisiae 1

Saccharomyces arboricola 1

Saccharomyces mikatae 1

Saccharomyces kudriavzevii 1

Saccharomyces eubayanus 1

Saccharomyces uvarum 1

Kazachstania viticola 1

Tetrapisispora fleetii 1

Tetrapisispora namnaonensis 1

Tetrapisispora phaffii 1

Tetrapisispora iriomotensis 1

Nakaseomyces bracarensis 1

Nakaseomyces nivariensis 1

Nakaseomyces delphensis 1

Candida glabrata 1

Lachancea fantastica 1

Lachancea lanzarotensis 1

Lachancea meyersii 1

Lachancea dasiensis 1

Lachancea nothofagi 1

Lachancea waltii 1

Lachancea quebecensis 1

Lachancea thermotolerans 1

Lachancea mirantina 1

Lachancea cidri 1

Lachancea fermentati 1

Lachancea kluyveri 1

Torulaspora pretoriensis 1

Torulaspora pretoriensis 2

Torulaspora fra
nciscae 1

Torulaspora delbrueckii 1

Zygosaccharomyces bisporus 1

Zygosaccharomyces kombuchaensis 1

Zygosaccharomyces bailii 1

Zygosaccharomyces rouxii 1

Torulaspora maleeae 1

Torulaspora micro
ellip

soides 1

Zygotorulaspora flo
rentina 1

Zygotorulaspora mrakii 
1

Yueomyce
s s

inensis
 1

Yueomyce
s s

inensis
 3

Yueomyce
s s

inensis
 2

Te
tra

pisis
pora blatta

e 2

Te
tra

pisis
pora blatta

e 1

Kluy
ve

rom
yc

es
 do

bz
ha

ns
kii 

1

Kluy
ve

rom
yc

es
 la

cti
s 1

Kluy
ve

rom
yc

es
 m

arx
ian

us
 1

Kluy
ve

rom
yc

es
 ae

stu
ari

i 1

Ash
by

a a
ce

ri 1

Erem
oth

ec
ium

 go
ss

yp
ii 1

Erem
oth

ec
ium

 co
ryl

i 1

Erem
oth

ec
ium

 cy
mba

lar
iae

 1

Nak
as

eo
myc

es
 ca

ste
llii

 1

Nak
as

eo
myc

es
 ba

cil
lis

po
ru

s 1

Han
se

nia
sp

or
a o

sm
op

hil
a 1

Han
se

nia
sp

or
a v

ina
e 1

Can
did

a 
or

ba
 1

Ph
af

fo
m

yc
es

 th
er

m
ot

ole
ra

ns
 1

Ph
af

fo
m

yc
es

 a
nt

ille
ns

is 
2

Ph
af

fo
m

yc
es

 o
pu

nt
iae

 2

Ba
rn

et
to

zy
m

a 
ca

lifo
rn

ica
 2

Ba
rn

et
to

zy
m

a 
po

pu
li 1

Ba
rn

et
to

zy
m

a 
ha

wa
iie

ns
is 

1

Ba
rn

et
to

zy
m

a 
sa

lic
ar

ia
 2

Cy
be

rli
nd

ne
ra

 ja
di

ni
i 2

Cy
be

rli
nd

ne
ra

 m
isu

m
ai

en
sis

 1

Ca
nd

id
a 

m
on

ta
na

 1

W
ick

er
ha

m
om

yc
es

 h
am

ps
hi

re
ns

is 
1

Cy
be

rli
nd

ne
ra

 m
ac

lu
ra

e 
1

Cy
be

rli
nd

ne
ra

 m
isu

m
ai

en
sis

 2

Ca
nd

id
a 

va
rti

ov
aa

ra
e 

1

C
yb

er
lin

dn
er

a 
ja

di
ni

i 1

C
yb

er
lin

dn
er

a 
sa

tu
rn

us
 1

C
yb

er
lin

dn
er

a 
su

av
eo

le
ns

 1
C

yb
er

lin
dn

er
a 

m
ra

ki
i 1

C
yb

er
lin

dn
er

a 
fa

bi
an

ii 
1

C
yb

er
lin

dn
er

a 
am

er
ic

an
a 

1
C

yb
er

lin
dn

er
a 

pe
te

rs
on

ii 
1

C
an

di
da

 m
yc

et
an

gi
i 1

C
yb

er
lin

dn
er

a 
xy

lo
si

ly
tic

a 
1

C
an

di
da

 fr
ey

sc
hu

ss
ii 

1
Ba

rn
et

to
zy

m
a 

ha
w

ai
ie

ns
is

 2
Ba

rn
et

to
zy

m
a 

po
pu

li 
2

Ba
rn

et
to

zy
m

a 
ca

lif
or

ni
ca

 1
Ba

rn
et

to
zy

m
a 

sa
lic

ar
ia

 1
Ba

rn
et

to
zy

m
a 

pr
at

en
si

s 
1

Ph
af

fo
m

yc
es

 a
nt

ille
ns

is
 1

Ph
af

fo
m

yc
es

 o
pu

nt
ia

e 
1

C
an

di
da

 o
rb

a 
2

P
ha

ffo
m

yc
es

 th
er

m
ot

ol
er

an
s 

2
C

an
di

da
 m

on
ta

na
 2

W
ic

ke
rh

am
om

yc
es

 b
ov

is
 1

C
an

di
da

 a
zy

m
a 

1
W

ic
ke

rh
am

om
yc

es
 c

an
ad

en
si

s 
1

W
ic

ke
rh

am
om

yc
es

 a
ln

i 1

W
ic

ke
rh

am
om

yc
es

 c
ife

rr
ii 

1

W
ic

ke
rh

am
om

yc
es

 a
no

m
al

us
 1

S
tarm

era quercuum
 1

C
andida stellim

alicola 1

S
tarm

era am
ethionina 1

C
andida ponderosae 1

A
scoidea rubescens 1

A
scoidea asiatica 1

S
accharom

ycopsis m
alanga 2

S
accharom

ycopsis m
alanga 4

S
accharom

ycopsis capsularis 1
Am

brosiozym
a am

brosiae 1
Am

brosiozym
a philentom

a 2
Am

brosiozym
a oregonensis 1

Am
brosiozym

a m
onospora 1

Am
brosiozym

a kashinagacola 1
Brettanom

yces anom
alus 1

D
ekkera bruxellensis 1

Brettanom
yces custersianus 1

Am
brosiozym

a pseudovanderkliftii 2

Am
brosiozym

a vanderkliftii 1

H
anseniaspora pseudoguillierm

ondii 1

H
anseniaspora uvarum

 1
H

anseniaspora clerm
ontiae 1

Kloeckera hatyaiensis 1

H
anseniaspora valbyensis 1

H
anseniaspora singularis 1

Am
brosiozym

a m
aleeae 1

Am
brosiozym

a oregonensis 2

Am
brosiozym

a philentom
a 1

Am
brosiozym

a m
onospora 2

Am
brosiozym

a pseudovanderkliftii 1

O
gataea parapolym

orpha 1

O
gataea polym

orpha 1

O
gataea philodendra 1

O
gataea m

inuta 2

Ogataea nonferm
entans 1

Ogataea kodam
ae 1

Ogataea glucozym
a 1

Ogataea henricii 2

Ogataea pini 1

Ogataea zsoltii 1

Ogataea populiabae 2

Ogataea trehaloabstinens 2

Ogataea nitratoaversa 1

Ogataea pilisensis 1

Candida arabinofermentans 1

Ogataea methanolica 2

Ogataea trehalophila 1

Ogataea trehaloabstinens 4

Ogataea populiabae 1

Ogataea trehaloabstinens 3

Pichia nakasei 2

Pichia heedii 2

Pichia membranifaciens 2

Candida sorboxylosa 1

Pichia occidentalis 1

Pichia exigua 1

Pichia norvegensis 1

Pichia kudriavzevii 1

Pichia terricola 1

Saturnispora hagleri 1

Saturnispora serradocipensis 1

Saturnispora dispora 1

Saturnispora zaruensis 1

Saturnispora saitoi 1

Saturnispora silvae 1

Saturnispora mendoncae 1

Kregervanrija delftensis 1

Kregervanrija fluxuum 1

Pichia heedii 1

Pichia nakasei 1

Pichia membranifaciens 1

Saccharomycopsis malanga 1

Saccharomycopsis malanga 3

Ogataea naganishii 1

Candida boidinii 1

Candida succiphila 1

Ogataea methylivora 1

Ogataea naganishii 2

Ogataea ramenticola 1

Kuraishia capsulata 1

Kuraishia molischiana 1

Ogataea henricii 1

Ogataea pini 2

Ogataea zsoltii 2

Ogataea trehaloabstinens 1

Ogataea methanolica 1

Ogataea pilisensis 2

Ogataea minuta 1

Ogataea nonfermentans 2

Nakazawaea holstii 1

Nakazawaea peltata 1

Peterozyma toletana 1

Peterozyma xylosa 1

Pachysolen tannophilus 1

Pachysolen tannophilus 2

Citeromyces hawaiiensis 1

Citeromyces matritensis 1

Citeromyces siamensis 1

Priceomyces carsonii 2

Kuraishia ogatae 1
Komagataella pastoris 1
Komagataella pseudopastoris 1
Komagataella populi 1
Cephaloascus albidus 1
Cephaloascus fragrans 1Danielozyma ontarioensis 1Metschnikowia mauinuiana 1Metschnikowia hawaiiensis 1Metschnikowia kamakouana 1Metschnikowia hamakuensis 1

Metschnikowia shivogae 1Metschnikowia hibisci 1Metschnikowia aberdeeniae 1
Metschnikowia drakensbergensis 1

Metschnikowia proteae 1
Metschnikowia kipukae 1

Metschnikowia lockheadii 1

Metschnikowia continentalis 1

Metschnikowia santaceciliae 1

Metschnikowia matae maris 1

Metschnikowia cerradonensis 1

Metschnikowia matae 1

Metschnikowia borealis 1

Metschnikowia ipomoeae 1

Metschnikowia arizonensis 1

Metschnikowia bowlesiae 1

Metschnikowia dekortum 2

Metschnikowia similis 1

Metschnikowia bowlesiae 2

Metschnikowia dekortum 1

Metschnikowia similis 2

Candida hawaiiana 1

Candida blattae 2

Candida interm
edia 2

Candida fru
ctu

s 1

Clavis
pora lusita

niae 1

Candida wancherniae 1

Candida golubevii 
1

Metsc
hniko

wia bicu
sp

idata 1

Candida blatta
e 1

Candida in
term

edia 3

Can
did

a o
reg

on
en

sis
 1

Can
did

a c
arp

op
hil

a 1

Mey
ero

zy
ma c

ari
bb

ica
 2

Mey
ero

zy
ma g

uil
lie

rm
on

dii
 2

Can
did

a a
the

ns
en

sis
 1

Can
did

a r
ha

gii
 1

Hyp
ho

pic
hia

 he
im

ii 1

Can
did

a g
oto

i 1

Hyp
ho

pic
hia

 bu
rto

nii
 1

Can
did

a a
ur

is 
1

Can
did

a h
ev

eic
ola

 1

W
ick

er
ha

mia 
flu

or
es

ce
ns

 1

Sp
at

ha
sp

or
a 

pa
ss

ali
da

ru
m

 1

Sc
he

ffe
rs

om
yc

es
 lig

no
su

s 1

Sc
he

ffe
rs

om
yc

es
 st

ipi
tis

 1

Sp
at

ha
sp

or
a 

ar
bo

ra
ria

e 
1

Sp
at

ha
sp

or
a 

gir
ioi

 1

Sp
at

ha
sp

or
a 

pa
ss

ali
da

ru
m

 2

Sp
at

ha
sp

or
a 

go
rw

ia
e 

1

Sp
at

ha
sp

or
a 

ha
ge

rd
al

ia
e 

1

Ca
nd

id
a 

tro
pi

ca
lis

 1

Ca
nd

id
a 

tro
pi

ca
lis

 2

Ca
nd

id
a 

al
bi

ca
ns

 1

Ca
nd

id
a 

du
bl

in
ie

ns
is 

1

Ca
nd

id
a 

co
ry

da
li 1

Ca
nd

id
a 

or
th

op
sil

os
is 

1

C
an

di
da

 p
ar

ap
si

lo
si

s 
1

C
an

di
da

 fr
ag

i 1

Ku
rtz

m
an

ie
lla

 c
le

rid
ar

um
 1

Ba
bj

ev
ie

lla
 in

os
ito

vo
ra

 1

C
an

di
da

 re
st

in
ga

e 
1

Ko
da

m
ae

a 
oh

m
er

i 2

Ko
da

m
ae

a 
oh

m
er

i 1

Ac
ic

ul
oc

on
id

iu
m

 a
cu

le
at

um
 1

Ko
da

m
ae

a 
la

et
ip

or
i 1

C
an

di
da

 s
ch

at
av

ii 
1

Pr
ic

eo
m

yc
es

 c
as

til
la

e 
1

Pr
ic

eo
m

yc
es

 h
ap

lo
ph

ilu
s 

1

Pr
ic

eo
m

yc
es

 m
ed

iu
s 

1

Pr
ic

eo
m

yc
es

 c
ar

so
ni

i 1

Pr
ic

eo
m

yc
es

 c
ar

so
ni

i 3

D
eb

ar
yo

m
yc

es
 p

ro
so

pi
di

s 
1

D
eb

ar
yo

m
yc

es
 s

ub
gl

ob
os

us
 1

D
eb

ar
yo

m
yc

es
 fa

br
yi

 1

D
eb

ar
yo

m
yc

es
 h

an
se

ni
i 1

D
eb

ar
yo

m
yc

es
 n

ep
al

en
si

s 
1

D
eb

ar
yo

m
yc

es
 m

ar
am

us
 1

M
ill

er
oz

ym
a 

ac
ac

ia
e 

1

C
an

di
da

 h
om

ile
nt

om
a 

1

C
an

di
da

 p
yr

al
id

ae
 1

Ya
m

ad
az

ym
a 

na
ka

za
w

ae
 1

Ya
m

ad
az

ym
a 

ph
ilo

ga
ea

 1

C
andida tenuis 1

C
andida gorgasii 1

C
andida tam

m
aniensis 1

Yam
adazym

a scolyti 1

C
andida ascalaphidarum

 1

C
andida em

berorum
 1

C
andida tanzaw

aensis 1

C
andida canberraensis 1

C
andida cretensis 1

C
andida kruisii 1

C
andida gatunensis 1

M
eyerozym

a caribbica 1

C
andida carpophila 2

M
eyerozym

a guillierm
ondii 1

C
andida interm

edia 1

Sporopachyderm
ia lactativora 2

Sporopachyderm
ia lactativora 3

Sporopachyderm
ia quercuum

 1

Sporopachyderm
ia lactativora 1

Sporopachyderm
ia quercuum

 2

Spencerm
artinsiella europaea 2

D
iddensiella caesifluorescens 1

C
andida salm

anticensis 1

Zygoascus ofunaensis 1

Zygoascus m
eyerae 1

Spencerm
artinsiella europaea 1

Sugiyam
aella lignohabitans 1

Blastobotrys am
ericana 1

Blastobotrys peoriensis 1

Arxula adeninivorans 1

Blastobotrys raffinoferm
entans 1

Blastobotrys serpentis 1

Blastobotrys m
okoenaii 1

Blastobotrys nivea 1

Blastobotrys proliferans 1

Blastobotrys m
uscicola 1

Candida incom
m

unis 1

Deakozym
a indianensis 1

Dipodascus albidus 1

Dipodascus geniculatus 1

Geotrichum candidum 1

Middelhovenomyces tepae 1

Alloascoidea hylecoeti 3

Alloascoidea hylecoeti 4

Alloascoidea hylecoeti 2

Alloascoidea hylecoeti 5

Alloascoidea hylecoeti 1

Alloascoidea hylecoeti 6

Nadsonia fulvescens 1

Nadsonia fulvescens var elongata 1

Sporopachydermia lactativora 4

Sporopachydermia quercuum 3

Tortispora caseinolytica 1

Tortispora ganteri 1

Tortispora starmeri 1

Lipomyces arxii 1

Lipomyces mesembrius 1

Lipomyces starkeyi 1

Lipomyces kononenkoae 2

Lipomyces kononenkoae 1

Lipomyces doorenjongii 1

Lipomyces lipofer 1

Lipomyces japonicus 1

Lipomyces oligophaga 1

Lipomyces suomiensis 1

es
tA

I

XYL1 estAI

0.275

0.348

0.42

0.492

0.564

0.636

0.708

0.781

0.853

0.925

0.997

Clades

Alloascoideaceae

CUG-Ala

CUG-Ser1

CUG-Ser2

Dipodascaceae/Trichomonascaceae

Lipomycetaceae

Phaffomycetaceae

Pichiaceae

Saccharomycodaceae

Saccharomycetaceae

Sporopachydermia

Trigonopsidaceae

S1. Maximum likelihood tree of Xyl1 protein sequences. Maximum likelihood phylogeny of Xyl1 protein sequences was built using 
IQTree with an Auto substitution model based on 1,000 bootstrap replications. Major yeast clades are depicted by branch color using tree 
topology from Shen et al. (1). Color gradient indicates codon optimization indices (estAI values) with color ranging from blue (lowest estAI 
value) to red (highest estAI value). Stars indicate paralogs belonging to multi-copy lineages. Note that these analyses show that S. 
cerevisiae GRE3 is a XYL1 homolog.
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S2. Maximum likelihood tree of Xyl2 protein sequences. Maximum likelihood phylogeny of Xyl2 protein sequences was built using 
IQTree with an Auto substitution model based on 1,000 bootstrap replications. Major yeast clades are depicted by branch color using tree 
topology from Shen et al. (1). Color gradient indicates codon optimization indices (estAI values) with color ranging from blue (lowest estAI 
value) to red (highest estAI value). Stars indicate paralogs belonging to multi-copy lineages. Notably, the stars depict the lineage-specific 
duplication of SOR1/SOR2 in S. cerevisiae. The nearly identical S. cerevisiae paralogs SOR1 and SOR2 fall within the 
Saccharomycetaceae XYL2 clade, suggesting that SOR1/SOR2 are both paralogs of S. cerevisiae XYL2. Associated S. cerevisiae gene 
nomenclature: Saccharomyces cerevisiae 1 - SOR2, Saccharomyces cerevisiae 2 - SOR1, Saccharomyces cerevisiae 3 - XYL2. 
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S3. Maximum likelihood tree of Saccharomycetaceae Xyl2 protein sequences. Independent 
maximum likelihood tree of Xyl2 protein sequences in the family Saccharomycetaceae with the 
addition of S. cerevisiae XDH1 (2) (green box) generated using IQ tree with an LG+I+G4 
substitution model and node support based on 1,000 bootstrap replications. The duplication of 
XYL2 prior to the yeast whole genome duplication resulted in two major lineages sorting within 
the Saccharomycetaceae, the SOR lineage (blue) and the XYL2 lineage (red). Species that 
retained sequences from both lineages are indicated in purple. XDH1 (green box), previously 
identified as responsible for weak xylose utilization in some wine S. cerevisiae strains, was 
included and found to be horizontally transferred from Torulaspora microellipsoides (3).
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Figure S4. XYL gene copy number xylose growth across 332 Saccharomycotina species. Major yeast clades are depicted by 
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were not assayed for growth. Time-calibrated phylogeny from (Shen et al. 2018).
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S5. XYL1 homologs identified in sequence similarity search.  HMMER search for XYL1 homologs identified a large gene family of 
aldo-keto reductases. Genes were annotated by KEGG orthology via BLASTKoala. Maximum likelihood tree of XYL1 KEGG-annotated 
hits were built with FastTree. The subclade containing xylose reductase homologs was identified for manual sequence curation (dark tan, 
XYL1 - K17743). 
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S6. XYL2 homologs identified in sequence similarity search. HMMER search for XYL2 homologs identified a large gene family of medium-chain dehydrogenases. Genes 
were annotated by KEGG orthology via BLASTKoala. Maximum likelihood tree of XYL2 KEGG-annotated hits were built with FastTree. The subclade containing xylitol 
dehydrogenase (xylulose reductase) homologs was identified for manual sequence curation (dark green, XYL2 - K05351). 
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S7. Maximum likelihood tree of Xyl3 protein sequences.  Maximum likelihood phylogeny of Xyl3 protein sequences was built using 
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S8. Distribution of xylose growth rates. Growth rates in medium containing xylose as a sole 
carbon source were measured for 281 species. Kodamaea laetipori (blue) and Blastobotrys 
adeninivorans (orange) both have much higher growth rates than their closest relatives (blue lines - 
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outliers prior to generating phylogenetically independent contrasts for growth rate data. 



Supplemental Table 1. Pagel’s (1994) method was used to fit coevolutionary models to 
pathway presence and xylose-growth data. The best supported model is interdependence.  
 
Model Weighted AIC 
Independent 2.6x10-5 
Growth dependent on 
pathway 

0.19 

Pathway dependent 
on growth 

0.14 

Interdependent 0.67 
 



Supplemental Table 2. Pagel’s (1994) method was used to fit coevolutionary models to gene 
copy number for XYL1 and xylose-growth data. The best supported model is interdependence.  
 
 
Model Weighted AIC 
Independent 3.5x10-4 
Growth dependent on 
XYL1 copy number 

0.48 

XYL1 copy number 
dependent on growth 

2.9x10-3 

Interdependent 0.51 
 
  



Supplemental Table 3. Pagel’s (1994) method was used to fit coevolutionary models to gene 
copy number for XYL2 and xylose-growth data. The best supported model is interdependence.  
 
 
Model Weighted AIC 
Independent 0.71 
Growth dependent on 
XYL2 copy number 

0.17 

XYL2 copy number 
dependent on growth 

7.3x10-2 

Interdependent 5.1x10-2 
  



Supplementary Table 4. Predictors of growth on xylose for all three XYL genes calculated with a 
Bayesian phylogenetic mixed model (MCMCglmm). Codon optimization indices were first scaled 
to have a mean of 0 and a variance of 1. Significant predictor XYL3 codon optimization is 
highlighted. CI=confidence interval. DIC=deviance information criterion. pMCMC is equal to 
double the probability that the coefficient is above 0 based on the posterior  
distribution.  
 

 
 
 

Fixed effects Posterior 
mean 

Lower 95% CI Upper 95% 
CI 

Sample size pMCMC 

XYL1 estAI 24.13 -19.33 66.65      3990 0.226 
XYL2 estAI 12.65  -26.39 56.58 3776 0.536 
XYL3 estAI 43.56 -1.18 90.87 3594 0.039 
Random 
effects 

     

Phylogeny 87326 5821 178832 3408  
Summary 
statistics 

     

DIC 6.02     
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