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1 Integrated omics analysis

The xylose fermenting transcriptome from several studies were compared to find common expression patterns

(Jeffries et al., 2007; Jeffries and Van Vleet, 2009; Yuan et al., 2011; Wohlbach et al., 2011). The expression of

the xylose reductase (XR)-xylitol dehydrogenase (XDH) pathway, sugar transporters, lignocellulose-related

enzymes, pentose phosphate pathway and redox metabolism in S. stipitis is consistent with other native

xylose fermenters in the CTG clade. Far more genes were upregulated than downregulated with xylose as a

carbon source than glucose (Yuan et al., 2011).

Redox metabolism. Glucose 6-phosphate dehydrogenase (encoded by ZWF1 ) had increased expression

in multiple transcriptome studies (Jeffries et al., 2007; Jeffries and Van Vleet, 2009; Yuan et al., 2011).

NAD(H) kinase (encoded by UTR1 ) was upregulated during xylose fermentation (Yuan et al., 2011). This

may lead to an increase in the NADP concentration, an increase in the NADPH concentration, or regeneration

of NADPH flux depending on its enzyme kinetics. We created a S. stipitis Utr1p structure by modelling it
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with human NAD kinase (3PFN) using Phyre2 (Kelley et al., 2015). We were unable to analyze how the

CTG clade-specific conserved motifs may impact the binding of NAD or NADH since they lie outside of the

conserved domain. The upregulation of ZWF1 and UTR1 support an NADPH preferring XR, regardless

of whether UTR1 encodes an NAD kinase or NADH kinase. PHO3.2 had a marginal change in transcript

levels during xylose fermentation; its expression was confirmed via proteomics during xylose fermentation

(Huang and Lefsrud, 2012).

Suboptimal growth. S. stipitis has been observed to have suboptimal growth during xylose fermen-

tation when compared to glucose fermentation (Ligthelm et al., 1988). There are several possibilities given

our flux simulations and a review of S. stipitis omics data: a drop in the ATP yield caused by regener-

ating NADPH from NAD(H) kinase than the oxidative pentose phosphate pathway, a futile cycle between

phosphofructokinase and fructose-1 6-bisphosphatase-1, which are both expressed in transcriptomics and

proteomics studies (Yuan et al., 2011; Huang and Lefsrud, 2012), a bypassed Complex I or interruption of

the TCA cycle (Shi et al., 2002), and the accumulation of other polyols (Ligthelm et al., 1988; Su et al.,

2015).

There was no downregulation of Complex I, despite some evidence it is not active during xylose fer-

mentation (Shi et al., 2002; Yuan et al., 2011). Huang and Lefsrud (2012) has confirmed its expression by

shotgun proteomics. Mitochondrial superoxide dismutase’s expression was lower with xylose fermentation

than glucose fermentation, which provides some indirect evidence that Complex or the electron transport

chain is less relevant during xylose fermentation. Complex I and other electron transport chain complexes

generate free radicals that must be scavenged by superoxide dismutase and other compounds. In contrast,

the cytoplasmic superoxide dismutase, SOD2.1, had increased expression during xylose fermentation. Glyc-

eraldehyde 3-phosphate dehydrogenase, encoded by TDH1 and TDH2, also have higher transcript levels

under xylose fermentation than glucose, which indicates glycolysis is more relevant to xylose fermentation

than the ETC.

Expression of trans-aconitate methyltransferase (TMT1 ) increased 9 fold with xylose fermentation, al-

though its transcript levels were low (7.17 RPKM) (Yuan et al., 2011). Trans-aconitate is an inhibitor of

aconitase (Saffran and Prado, 1949), so it is possible that Tmt1p is acting to reduce its inhibition in response

to an interrupted TCA cycle or blocked Complex I (Cai et al., 2001).

Ribitol has a higher yield than other polyols during glucose and xylose fermentation with S. stipitis

(Ligthelm et al., 1988; Su et al., 2015). A possible pathway for ribitol accumulation may involve ribulose 5-

phosphate reductase (PICST 45705) and ribitol kinase (PICST 86603), which were both upregulated during

xylose fermentation (Yuan et al., 2011). This pathway would reoxidize NADH and regenerate ATP, rather

than dephosphorylate ribitol 5-phosphate via a phosphatase. These genes could be deletion targets to reduce
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ribitol yield in native xylose fermenters. Alternatively, our Pho3.2p assay has shown its substrate promiscuity

may lead to polyol accumulation.

Other expression patterns. Interestingly, isocitrate lyase (ICL1 ) had increased expression with xy-

lose, but reduced malate synthase (MLS1.2 ) expression with xylose. Recent characterization has shown the

glyoxylate cycle to be active in batch and chemostat aerobic growth for S. stipitis (Papini et al., 2012).

Huang and Lefsrud (2012) found evidence of an active glyoxylate cycle in xylose fermentation, with the

expression of isocitrate lyase (ICL1 ), malate synthase (MLS1.1 ), and NADP-dependent isocitrate dehy-

drogenase (IDP2 ) throughout the 64-hour fermentation. The glyoxylate cycle is suppressed during glucose

growth in S. cerevisiae (Zampar et al., 2013). It is possible that it is less active in xylose fermentation than

glucose fermentation. Further experiments may yield more insight into the role of the glyoxylate cycle in

Crabtree-negative yeasts, and xylose growth.

2 Review of other redox balancing mechanisms

2.1 Succinate bypass

The cytoplasmic succinate bypass in S. stipitis has been proposed to supply NADPH for XR (Jeffries et al.,

2007; Jeffries and Van Vleet, 2009); this mechanism was based on the upregulation of GDH2 and UGA1

in microarrays. Jeffries et al. (2007) assumed Gdh2p assimilates NH4 with NADH, but characterization of

GDH2 knockouts in S. stipitis found its role to be related to glutamate catabolism (Freese et al., 2011).

Glutamate or other amino acids must accumulate for the succinate bypass to supply NADPH for XR, or

another nitrogenous compound must be degraded to release NH4. Furthermore, there would be excess

NAD(P)H regenerated from xylose to α-ketoglutarate. These shortcomings stress the need to evaluate

transcriptomics with flux balance analysis.

α−ketoglutarate + NADH + H+ Gdh2p−−−−→ L−glutamate + NAD+ (S1)

L−glutamate
Dce1p−−−−→ 4-aminobutyrate + CO2 (S2)

α−ketoglutarate + 4-aminobutyrate
Uga1p−−−−→ L−glutamate + succinate semialdehyde (S3)

succinate semialdehyde + H2O + NADP+ Uga2p−−−−→ succinate + NADPH + 2 H+ (S4)
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2.2 Complex I bypass

Complex I is bypassed during xylose fermentation in S. stipitis (Shi et al., 2002; Jeffries et al., 2007), yet

no transcriptomics studies support downregulation of Complex I subunits. Complex I subunits have been

detected via shotgun proteomics during xylose fermentation (Huang and Lefsrud, 2012), which indicates

it is expressed and could be bypassed. An expressed but bypassed Complex I has also been observed in

Cyberlindnera jadinii (Ohnishi, 1972). There is no indication that bypassing Complex I has a direct role in

balancing redox cofactors during xylose fermentation.

External NADH dehydrogenase, encoded by NDE1, is expressed during xylose fermentation study (Huang

and Lefsrud, 2012). NDE1 provides an alternative mechanism to reoxidize NADH to NAD in the cytoplasm,

and it is not linked to proton translocation. These results could account for suboptimal growth seen in xylose

fermentation if both proteins are expressed during xylose growth.

2.3 Alternative oxidase

Alternative oxidase has been postulated to balance redox cofactors by scavenging for oxygen when it is

present in low oxygen concentration or at high cell densities (Jeppsson et al., 1995). In silico simulations

show that alternative oxidase has no impact on xylitol yield regardless of the cofactor selectivity for XR;

however, there is a reduction in the growth rate when Aox1p oxidizes ubiquinone in silico. Disruption of

AOX1 led to an increase in ethanol in S. stipitis (Shi et al., 2002).

3 Cloning, enzyme expression, optimization, and characterization

Primer sequences used to clone PHO3 and PHO3.2 into pPICZα,B for expression in Komagataella phaffii

are listed in Table S1. We used K. phaffii as a host because we were unable to collect any soluble protein

by expressing Pho3 and Pho3.2p in Escherichia coli ; presumably glycosylation was required or the signal

peptide impacted its expression. The N-terminal sequences of PHO3 and PHO3.2 were truncated to remove

their native signal peptides, and tagged with the α-factor secretion signal peptide from S. cerevisiae at their

N-terminus.

His-tag antibodies (results not shown) and the agar acid phosphatase assay were used to find K. phaffii

clones with the highest expression of Pho3p and Pho3.2p (Figure S1) (Dorn, 1965). No phosphatase activity

was initially detected in the supernatant of mutants expressing Pho3p and Pho3.2p after 24 hours of growth

on methanol (Figure S2). Sonication treatment to the cells increased phosphatase activity in the supernatant

of Pho3p and Pho3.2p (Figure S2). Pho3p and Pho3.2p were predicted to be 36 kDa without glycosylation,
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Table S1: Primer sequences for PHO3 and PHO3.2 inserts into pPICZα,B without their native signal
peptides.

Primer Sequence
PstI-PHO3 (mature) FR GTT GTT CTG CAG TTA AAA CAA TTC TCT TGT CTA ACG AC
PHO3 (mature)-NotI RC GTT GTT GCG GCC GCG CTG GAA AAC AAA GGT TGC A
EcoRI-PHO3.2 (mature) FR GTT GTT GAA TTC TGA AGA CCA TCC TCT TGA CCA A
PHO3.2 (mature)-NotI RC GTT GTT GCG GCC GCA GAG AAC AAT GGT TCC AAC A

but were actually 55 kDa with glycosylation (Figure S3). The malachite green assay shows higher promiscuity

with Pho3.2p than Pho3p (Figure S4).

Figure S1: Acid phosphatase screen as described by Dorn (1965). Three out 45 colonies did not have any
detectable acid phosphatase activity.
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Figure S2: Impact of purification method on phosphatase activity after 24 hours of growth on methanol.
Sonication led to the highest activity of phosphatase in the supernatant.
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Figure S3: PAAG showing purified proteins from wild-type, PHO3, and PHO3.2 -expressing mutants in
Komagataella phaffii. The Komagataella phaffii Adh2p contaminant is also shown in the gel.

Figure S4: Malachite green assay results for Pho3p and Pho3.2p (no replicates). Scale is % change in
absorbance after five minutes. Pho3.2p has broader activity than Pho3p.
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4 Phylogenetic analysis of PHO3.2 and XYL1 homologs

Figure S5: Phylogenetic reconstruction of PHO3.2 (acid phosphatase) homologs in budding yeasts. PHO3.2
derived from a tandem duplication in a common ancestor of Suhomyces tanzawaensis, Scheffersomyces and
Spathaspora species. The red leaves highlight the PHO3.2 paralogs. The purple leaves highlight an additional
uncharacterized PHO3 or PHO3.2 paralog.
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Figure S6: Synteny of the PHO3 (blue) and PHO3.2 (red) loci in Suhomyces tanzawaensis, Scheffersomyces
and Spathaspora species. A genomic inversion of PHO3 occured in an ancestor of Suhomyces tanzawaensis.
PHO3 is less conserved in Scheffersomyces species than PHO3.2.
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Figure S7: Phylogenetic reconstruction of XYL1 (xylose reductase) homologs in budding yeasts, Pezizomy-
cotina fungi, and Saitoella complicata; the XYL1 ortholog appears to be absent in Basidiomycota (Correia
et al., 2017; Mi et al., 2012). Red leaves highlights the XYL1.2 paralog, which has NAD(P)H-dependent
xylose reductase activity. Pachysolen tannophilus has an independent duplication of XYL1 (Correia et al.,
2017), which also led to NAD(P)H-dependent XR activity (Ditzelmüller et al., 1985).
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Figure S8: Synteny of XYL1 (blue) and XYL1.2 (red) loci in Scheffersomyces and Spathaspora
species. XYL1.2 originated from a tandem duplication of XYL1 upstream of trimethyllysine dioxygenase
(FOG01414). XYL1 was subsequently lost in some Scheffersomyces species.

5 Phenotypes of xylose-fermenting yeasts based on phylogeny and

genome annotations

The phenotypes of xylose-fermenting yeasts can be categorized by the products they accumulate under

oxygen-limiting or anaerobic conditions, although there is no strict criteria defining each group:

• xylitol

• xylitol and ethanol

• ethanol

• xylitol, acetate, ethanol
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Xylitol. This phenotype is observed during oxygen limitation with yeasts that possess NADPH-dependent

XR, such as Debaromyces hansenii (Converti and Domı́nguez, 2001), Candida parapsilosis and Meyerozyma

guilliermondii (Nolleau et al., 1995). Interestingly, one strain of Candida parapsilosis has an XR that uses

NADH (Lee et al., 2003) but it has not been explored why this yeast does not have a cofactor imbalance

during xylose fermentation (Nolleau et al., 1995). Minor amounts of ethanol can accumulate with these

yeasts under some conditions.

Xylitol and Ethanol. Candida tropicalis, Candida tenuis, Scheffersomyces shehatae, and some novel

species of Spathaspora all ferment xylose to xylitol and ethanol (Ligthelm et al., 1988; Wohlbach et al., 2011;

Lopes et al., 2016). These yeasts have XR with varying selectivities of NADH and NADPH (Cadete et al.,

2013). It is unclear why S. shehatae accumulates large amounts of xylitol (greater than 10%), despite having

the XYL1.2 and PHO3.2 orthologs. Spathaspora species with strictly NADPH-dependent XR have been

observed to ferment xylose to ethanol but only during aerobic conditions (Cadete et al., 2013).

Ethanol. S. stipitis and Spathaspora passalidarum are the only known yeasts that accumulate minor

amounts of polyols during xylose fermentation. They have NAD(P)H-dependent XR (Cadete et al., 2013;

Veras et al., 2017) with the highest selectivities to NADH, and also possess PHO3.2 orthologs.

Xylitol, Ethanol, and Acetate. To our knowledge, this phenotype has only been observed in P.

tannophilus; it may also be present in a recently sequenced relative Candida peltata. P. tannophilus exhibits

significant polyol yield compared to S. stipitis and S. shehatae. The polyol yield results from an inability to

reoxidize NADH. This has been attributed to an XR that is solely catalyzed by NADPH, a second XR that

has a significantly higher activity with NADPH than NADH (Ditzelmüller et al., 1984a,b, 1985; Verduyn

et al., 1985), and a XDH that has less favourable enzyme kinetics in converting xylitol to xylulose (Yang and

Jeffries, 1990). NADPH regeneration is likely to be driven by NADP-dependent acetaldehyde dehydrogenase

(ALD6.1 ) (Correia et al., 2017) in P. tannophilus. In contrast, CTG yeasts do not have ALD6.1 and likely

use NADH kinase during oxygen limitation. Curiously, Jeffries (1983) found that P. tannophilus accumulated

ethanol aerobically when grown with glucose and nitrate.

6 UTR1 amino acid alignment

Flux balance analysis predicts NADPase and NADH kinase are required to balance redox cofactors during

xylose fermentation. We were unable to confirm S. stipitis Utr1p activity using Escherichia coli or K. phaffii

as expression hosts. The protein alignment of the CTG clade and Saccharomycetaceae Utr1p sequences show

the CTG clade has unique motifs at the N and C-termii.
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M_farinosa        K     L       V   L                   F                 VT   D S IYITREM  FL      I VYVD  L  S R     L         HVK   AR N          Q   TRDKE T    KN QD K  DLAG HETVPKAKT   

C_tenuis          K     L       V   L                   F                 VT   D S IFLTREV EW       I IYVD  L  S R     L          VK   AR N            F KRNKN T    SK EA K  NYSG VESVPTARQY  

C_parapsilosis    K     L       V   L                   F                 VT   D   VYLTREV EWL  N   I VFVD  L  S R     M         HLR   AR NA             S HTE T    SK EH K  DSKR VKQYPSASK   

C_orthopsilosis   K     L       V   L                   F                 VT   D   VYLTREV EWI  N   I VYVD  L  S R     M         HLR   AR NA             T HTE T    SK EQ K  DSKR IKQYPNAAK   

C_dubliniensis    K     L       V   L                   F                 IT   D   IYLTKEV EWI  Q   I IYVD  L  S R     I         KLK   AR NG             G HPQ T    EK EK K  NPQD ITNYPNGCK   

C_tropicalis      K     L       V   L                   F                 IT   D S I LTK L EWL  S   I VFVD  L  S R                LK   AR N   T   Q      E HPH V    SK QQ K  GV......APCNS..  

C_maltosa         K     L       V   L                   F                 IT   D S VYLTKEL EWL  N   I VFVD  L  S R               KLR   AG N              N HPH V    AK EK A  DI........CDNP   

T_delbrueckii     K     L       V   L                   F                 VT   D S IYLTREL EWL  N   V VYV   M  S K     L         RIK   TH V              I YPK T   GED KN K  SAED CKDSRCENR   

E_gossypii        K     L       V   L                   F                 VT   D S IYLTREM EWL  N     VYV   L  S R     L          IK   KH R              V FPSTD   NES KG K  NEKE IKDSKCAKSS  

K_lactis          K     L       V   L                   F                 VT   D S IYLTREL EWI  N   I VYVE     N       L         KI    RQ D              V YPT D    YGFER ES NAKE CKDSKCGSH  Q

K_marxianus       K     L       V   L                   F                 VT   D S IYLTREM EWI  N   I IYVD     N       L         KIR   KQ D              V YPS D    AKFEK EP NAKE CKDSKCGSH   

L_thermotolerans   K     L       V   L                   F                 VT   D S VYLTREM EWI  N   I IYVD  I  S R     I         RIK   KQ S              V YPE E    ET EC N  DTKG IRDSRCGSN   

Z_bailii          K     L       V   L                   F                 VT   D S VYL REL EWL      V VYVE  M  S K     I         RIK   NE R     V        IHSPH T    KY KG K  GAED YKDSRCTEH   

Z_rouxii          K     L       V   L                   F                 VT   D S VYLTREL EWL  N   I VYVE  L  S       I         RIK   SQ R              I SPD T    KI QG EQ GAED YKDSRCKEQ   

C_glabrata        K     L       V   L                   F                 VT   D S  FLTREL EWL      V VYVD  L  N K     L         RIK   LN I  Y           VHFPQ T    KE EH D  AAQE AKDSKCRQS   

N_castelli        K     L       V   L                   F                 IT   D S IFLTREL EWL  T   L IYVE     S       I         RIR   TT V              T FPN N    DTFKG NQ AADE CDDTKCRES   

S_cerevisiae      K     L       V   L                   F                 VT   D S  FLTREL EWV      V VYVD  L  S K     L         RIK   LN V  Y           VHFPR T    SE KN K  AAGE CEDSKCRES   

V_polyspora       K     L       V   L                   F                 V    E S IYL REL EWL  N   I IYLD  L  S       I         RI  I QN V     M        I FPS T    EA KG KT DAED CTDSKCSAK  S

210       220       230       240       250       260       

S_stipitis       W           FD   TLGGDGTVL  S  FQ   PP   F LGSLGFL       F     A        LVV         YA NL  R V  VIS         TNF FE   DKKF LKNPEK                      V       A          K  H

D_hanseni        W           FD   TLGGDGTVL  S  FQ   PP   F LGSLGFL       Y     A        LVV         YV NL  R V  VIS         TNF FE   DKKF LQNPQK                      V       A          K  Q

M_guilliermondii  W           FD   TLGGDGTVL  S  FQ   PP   F LGSLGFL       F     A        LVL         YV NL  R V  VIS         TNF FE   DKQF MRNPEI                      I       A          Q  E

C_albicans       W           FD   TLGGDGTVL  S  FQ   PP   F LGSLGFL       Y N            LVL         FA NL  K V  ILS         TNF F     KKLTTKNPEI                      I       S          E SA

M_farinosa       W           FD   TLGGDGTVL  S  FQ   PP   F LGSLGFL       F T            LVV         YV NL  R V  VIS         TNF FD    RKLSMRNPEA                      V       A          E  N

C_tenuis         W           FD   TLGGDGTVL  S  FQ   PP   F LGSLGFL       F T            LVL         YV NL  R V  VIS         TNF FD    KEFTINNPEI                      I       A          R  D

C_parapsilosis   W           FD   TLGGDGTVL  S  FQ   PP   F LGSLGFL       Y N            LVV         YV NL  R V  VLS         TNF FD    KELTLKSPEL                      V       S          K  D

C_orthopsilosis  W           FD   TLGGDGTVL  S  FQ   PP   F LGSLGFL       Y N            LVV         YV NL  K V  VLS         TNF FD    KDLTLKSPEL                      V       S          K  D

C_dubliniensis   W           FD   TLGGDGTVL  S  FQ   PP   F LGSLGFL       Y N            LVI         FA NL  K V  ILS         TNF F     KKLTTKNPEF                      I       S          E SA

C_tropicalis     W           FD   TLGGDGTVL  S  FQ   PP   F LGSLGFL       F T   V        LVV         YA TL  H A  VL          TNF F     KRL KKQPEL                      I     P S          Q QD

C_maltosa        W           FD   TLGGDGTVL  S  FQ   PP   F LGSLGFL       Y T   A        LVV         FA SL    V  VL          TNF F     KGL MKHPEL                     GI     A S          E ND

T_delbrueckii    W           FD   TLGGDGTVL  S  FQ   PP   F LGSLGFL       Y N   V        LIV         FV SV  R V  VLS         TNF FE    PKF DEHDNF                      H       S          Q  N

E_gossypii       W           FD   TLGGDGTVL  S  FQ   PP   F LGSLGFL       Y T   V        MII         YV SI    V  VMS         T F YE    PEL SERGDL                     QD       A        V K  N

K_lactis         W           FD   TLGGDGTVL  S  FQ   PP   F LGSLGFL       Y S   V        LII         YV SI  K V  VMS         TNF FE    PEF KEHEDF                      N       A          Q  D

K_marxianus      W           FD   TLGGDGTVL  S  FQ   PP   F LGSLGFL       Y T   V        LII         YV SI  K V  VMS         TNF FE    PTF KENEYF                      N       A          Q  N

L_thermotolerans  W           FD   TLGGDGTVL  S  FQ   PP   F LGSLGFL         S   V        LVI         YV SL  R I  VMS         TNF YE T  PEL AKKDDF                      S       S          N  N

Z_bailii         W           FD   TLGGDGTVL  S  FQ   PP   F LGSLGFL       Y     I        LIM         FV SI  R V  VLS         TNY YE   DDDF AKHDGF                      H       S          Q  H

Z_rouxii         W           FD   TLGGDGTVL  S  FQ   PP   F LGSLGFL       Y     V        MII         FV SI  R V  VLS          NY FE   DKEF AQHDGF                      H       S       A  Q  R

C_glabrata       W           FD   TLGGDGTVL  S  FQ   PP   F LGSLGFL       Y T   I        LVI         FV SL  R V  VMS         TNF FE    KEF DENDVF                      H       S          K  D

N_castelli       W           FD   TLGGDGTVL  S  FQ   PP   F LGSLGFL       Y N   I        L V         FV TV  K V   VS         TNF FE    QEF AKHDDF   C                  S   T   S          N  Y

S_cerevisiae     W           FD   TLGGDGTVL  S  FQ   PP   F LGSLGFL       Y T   I        LVV         FV SI  R V  VMS         TNF FE    KDF REHDVF                      H       S          K  H

V_polyspora      W           FD   TLGGDGTVL  S  FQ   PP   F LGSLGFL       Y N   L        LVM         YV SI  K    IVS         TNF FE    QEF DNNVGF                      HT      A          K  H



270       280       290                     300       310 

S_stipitis                       R R                                LNE   FR  M  VI S VK  L M   CRV                    LI    V   L I  ER NT  A G  AY    FT   HTAD....G..........K  CEQQ     V 

D_hanseni                        R R                                LNE   FR  M  VL   VR  L M   CRV                    LI    V   L V  ER SN  DAG  AY    FT   HRAD..............GK  CEQQ     V 

M_guilliermondii                  R R                                LNE   F   M  VL   VR NL M   CRV                    LV    V   L V PKH VK  ERG  A     FT   HHAD....G..........R  SEQQ     V 

C_albicans                       R R                                LNE   FR  L     S VK NL M   CRV                    LI    V   L V  TV SKCFD G  A     FT   HTDE....G..........K  CEQQ     V 

M_farinosa                       R R                                LNE   FR  M  VL S VR  L M   CRV                    LV    V   L V  EK TQ  E G  AY    LT   HTAD....G..........K  CEQH     V 

C_tenuis                         R R                                LNE   FR  M  VL S VR NL M    RV                    LV    V   L V  SK LS  E G  A     FTA  HRSD..............GQ  CEQQ     V 

C_parapsilosis                   R R                                LNE   YK  L   L S VK NL M   CRV                    LI    V   L V  SK NHC D G  A     FT   HTAE..............GK  CEQQ     V 

C_orthopsilosis                  R R                                LNE   YK  L   L S VK NL M   CRV                    LI    V   L V  SK NHC D G  A     FT   HTAE..............GK  CEQQ     V 

C_dubliniensis                   R R                                LNE   FR  L     S VK NL M   CRV                    LI    V   L V  TV NKCFD G  A     FT   HTDE.....G.........K  CEQQ     V 

C_tropicalis                     R R                                LNE   FK  L   I S VK NL M   CRV                    LI        L V  RI NRC E G  A     FT   HSSD..............GK  GQYQT    V 

C_maltosa                        R R                                LNE   FK  L   I S V  NL M   CRV                    LL    V   L V  NV NTC N G NA     FT   HNNE..............GK  AQQQ     V 

T_delbrueckii                    R R                                LNE   FK  L  VL N IK NL M   CKA                    LV    V   L I  ED AT  N R  T     LD   YRRRPPIIDPNTGKKTCVTE  GQHQ     T 

E_gossypii                       R R                                LNE   FR  L  AL S IR NM M   CKV                     V    I   L I  ED SK  Q K  T     LC   YRRLPCSSSKGNKKK...YEY ETHH     T 

K_lactis                         R R                                LNE   FK  L  IL N IK  M M   C L                    M     V   L I  HA SK  Q K  TK    LC Q FRKRIKKVDEEARKTHIKYT EGEYH     T 

K_marxianus                      R R                                LNE   FK  L  VL N IK  M M   C L                    L     V   L I  HD SK  Q K  SK    LC Q YKRRIKRKDEESGKTHIKYD KGEYH     T 

L_thermotolerans                  R R                                LNE   FR  L  VL S IR  M M   CRV                    MI    V   L I  QS PR  N K  SK    LC   FRKRKPNKENNNSRSRKKFT  GEYH     T 

Z_bailii                         R R                                LNE   FR  L  IL N IK NL M   CKV                    LI    V   L V  ED PK  N K  T     LE   YRRHPPVLDPRTGEKIAVAE  SQRQ     T 

Z_rouxii                         R R                                LNE   FR  L  IL N IK NL M   CKV                    LV    I   L I  ED PK  D K  T     LE   YRCHPPMVDSRTGEKVAVAE  MQRQ     T 

C_glabrata                       R R                                LNE   FR  L  IL S VK NL M   CKV                     I    I   V I  TD TK  N K  T     LE   YRRHEPEVDPETGKKICVVEH DTHH     T 

N_castelli                       R R                                LNE   FK  L  IL   VK NL M   CKI                     V    V   M I  QD RK  TEK  I     LE   YHRNKPEYDSETGKKVCIMEQ STHH     T 

S_cerevisiae                     R R                                LNE   FR  L  IM   IK NL L   C I                     L    I   V I  ED PR  NHK  T     LE T YRRHRPEVDPNTGKKICVVEK STHH     T 

V_polyspora                      R R                                LNE   FR  L  IL N IK NL M   CKV                    LI    V   L V  KD PL  N K  T     LE   FRRRDPVVNPETGKKIFVSE  SEHH     T 

      320       330       340       350       360         

S_stipitis      DRG       L   GD  L T AQADG I   PTGSTAYSLSAGG L  P   A   T   PSPYVT  ELY   S L I     L IAT             S V   VS I V          Q      G                               H G    S  

D_hanseni       DRG       L   GD  L T AQADG I   PTGSTAYSLSAGG L  P   A   T   PSPYVT  ELY   S L V     L IAT             S V   VS I V          Q      G                               H G    S  

M_guilliermondii DRG       L   GD  L T AQADG I   PTGSTAYSLSAGG L  P   A   T   PSPYVT  ELY   S L V     L IAT             S V   VS I V          Q      G                               H G    S  

C_albicans      DRG       L   GD  L T AQADG I   PTGSTAYSLSAGG L  P   A   T   PSPYVT  ELY   S L V     L IAT             S V   VS I V          H      G                               H G    S  

M_farinosa      DRG       L   GD  L T AQADG I   PTGSTAYSLSAGG L  P   A   T    SPYVT  ELY   S L I     L IAT             S V   VS I V    S     Q      D                               H G    S  

C_tenuis        DRG       L   GD  L T AQADG I   PTGSTAYSLSAGG L  P   A   T   PSPYVT  ELY   S L I     L IAT             S V   VS I V          N      G                               H G    S  

C_parapsilosis  DRG       L   GD  L T AQADG I   PTGSTAYSLSAGG L  P   A   T   PSPFVT  ELY   S L I     L IAT             S V   VS I V          N      G                               H G    S  

C_orthopsilosis DRG       L   GD  L T AQADG I   PTGSTAYSLSAGG L  P   A   T   PSPFVT  ELY   S L I     L IAT             S V   VS I V          N      G                               H G    S  

C_dubliniensis  DRG       L   GD  L T AQADG I   PTGSTAYSLSAGG L  P   A   T   PSPYVT  ELY   S L V     L IAT             S V   VS I V          H      G                               H G    S  

C_tropicalis    DRG       L   GD  L T AQADG I   PTGSTAYSLSAGG L  P   A   T   PSPYVT  ELY   S L V     L IAT             S V   VS I V          Q      G                               H G    S  

C_maltosa       DRG       L   GD  L T AQADG I   PTGSTAYSLSAGG L  P   A   T   PSPFVT  ELY   S L V     L IAT             S V   VS I V          Q      G                               H G    S  

T_delbrueckii   DRG       L   GD  L T AQADG I   PTGSTAYSLSAGG L  P   A   T   PSPFIS  ELY   S L M     L IAT             S V   VN I V          M      N                               Y S    A  

E_gossypii      DRG       L   GD  L T AQADG I   PTGSTAYSLSAGG L  P   A   T   PSPFLS  ELY   S L V     L IAT             S V   VN I V          M      H                               Y S    C  

K_lactis        DRG       L   GD  L T AQADG I   PTGSTAYSLSAGG L  P   A   T   PSPFIS  ELY   S L V     L IAS             S V   VN I V          M      G                               Y S    A  

K_marxianus     DRG       L   GD  L T AQADG I   PTGSTAYSLSAGG L  P   A   T   PSPFI   ELY   S L V     L IAS               V   VN I V         AM      G                            P  Y S    A  

L_thermotolerans DRG       L   GD  L T AQADG I   PTGSTAYSLSAGG L  P   A   T   PS FIS  EVF   S L V     L IAT             S V   VN I V      A   M      N                               Y S    A  

Z_bailii        DRG       L   GD  L T AQADG I   PTGSTAYSLSAGG L  P   A   T   PSPFIS  DLY   S L V     I IAT               V   VN V V          N      D                            P  Y S    V  

Z_rouxii        DRG       L   GD  L T AQADG I   PTGSTAYSLSAGG L  P   A   T   PSPFIS  EVY   S L V     I IAT               V   VN V V          N      N                            P  Y S    C  

C_glabrata      DRG       L   GD  L T AQADG I   PTGSTAYSLSAGG L  P   A   T   PSPFIS  ELY   N M V     L IAT             S I   VN I V          M      G                               Y T    A  

N_castelli      DRG       L   GD  L T AQADG I   PTGSTAYSLSAGG L  P   A   T     PFIS  ELY   S M V     L IAT               V   IN I V    TC    N      D                            A  H S    S  

S_cerevisiae    DRG       L   GD  L T AQADG I   PTGSTAYSLSAGG L  P   A   T   PSPFLS  ELY   S M V     L AAT             S V   VN I L          M      G                               C T    A  

V_polyspora     DRG       L   GD  L T AQADG I   PTGSTAYSLSAGG L  P   A   T    SPFIS  ELY   S   V     L V T             S V   VN I V    S     M      S  F          S                 Y S    A  

370       380       390       400       410       420       

S_stipitis      P CPH LSFRP  LP             R  AW  FDGK   E   G       S    I   T     IL  D M LKVKV   S  T  A      R  L K DYVTIQA PF                 G F     PDT  S    S    V T  R            P

D_hanseni       P CPH LSFRP  LP             R  AW  FDGK   E   G       S    I   T     IL  D M LKVKV   S  T  A      R  L K DYVTI A PF                 G F     PST  S    S    V T  H       H    P

M_guilliermondii P CPH LSFRP  LP             R  AW  FDGK   E   G       S    I   T     IL  D M LKVRV   S  T  A      R  L R DYVTI A PY                 G V     PLT  S    S    E L  K       R    P

C_albicans      P CPH LSFRP  LP             R  AW  FDGK   E   G       S    I   T     IL  D M LKVKV   S  T         R  L K  YVTIQA PF                 G F     PSS  A   CS    V T  K  Y         P

M_farinosa      P CPH LSFRP  LP             R  AW  FDGK   E   G       S    I   T     IL  D M LKLRV   S  T  A      R  L R DYVTVQA PY                 G F     PWD  S    S    V T  C            P

C_tenuis        P CPH LSFRP  LP             R  AW  FDGK   E   G       S    I   T     IL  D M LKVKV   S  T  A      R  L   DYVTIQA PF                 G F     PFA  S    S    V T  LQ           P

C_parapsilosis  P CPH LSFRP  LP             R  AW  FDGK   E   G       S    I   T     IL  D M LKIKV   S  T         R  L K  YVTIQA PF                 G F     PVT  S   CS    V K  S  Y         P

C_orthopsilosis P CPH LSFRP  LP             R  AW  FDGK   E   G       S    I   T     IL  D M LKIKV   S  T         R  L K  YVTIQA PF                 G F     PLT  S   CS    V K  S  Y         P

C_dubliniensis  P CPH LSFRP  LP             R  AW  FDGK   E   G       S    I   T     IL  D M LKVKV   S  T         R  L K  YVTIQA PF                 G F     PSS  A   CS    V T  K  Y         P

C_tropicalis    P CPH LSFRP  LP             R  AW  FDGK   E   G       S    I   T     VL  D M LKVKV   S  T         R  L K DYVTIQA  F                 G F     PDG  A   CS    D T  K          S P

C_maltosa       P CPH LSFRP  LP             R  AW  FDGK   E   G       S    I   T     IL  D M LKVK    S  T         R  L K  YVTIQA  F                 G N    TPNS  G   CS    V T  K  Y       S P

T_delbrueckii   P CPH LSFRP  LP             R  AW  FDGK   E   G       S    I   T     II  E M LKVRV   S  T  A      R  L K DYITIQA PY                 S T     SMK  A    A    S L  K            S

E_gossypii      P CPH LSFRP  LP             R  AW  FDGK   E   G       S    V   T     II  D M LRIKV   S  T  A      R  L K DYISVTA PY                 S R     PKR  G    A    S V  Q            S

K_lactis        P CPH LSFRP  LP             R  AW  FDGK   E   G       S    I   T     II  D M LKVKV   S  T  A      R  M R DYI INA PY                 S T     PKA  S    A    N V  K     V      S

K_marxianus     P CPH LSFRP  LP             R  AW  FDGK   E   G       S    I   T     II  D M LKVKV   S  T  A      R  M K DYI ITA PY                 S T     PRT  S    A    N V  Q     V      S

L_thermotolerans P CPH LSFRP  LP             R  AW  FDGK   E   G       S    I   T     II  D M LKVKV   S  T  A      R  L K DYV ITA P                  S K     PLN  A    A    N V  F     C     HS

Z_bailii        P CPH LSFRP  LP             R  AW  FDGK   E   G       S    V   T     IL  D M LKVKV   S  T  A      R  L K DYITVQ  PY                 S N     SMK  A    S    E T  Q        T   A

Z_rouxii        P CPH LSFRP  LP             R  AW  FDGK   E   G       S    I   T     IM  D M IKIRV   S  T  A      R  L K DYITVQ  PY                 S N     SQG  A    A    D I  Q        S   A

C_glabrata      P CPH LSFRP  LP             R  AW  FDGK   E   G       S    I   T     II  D M LKVKV      T  A      R  L   DFITISA PY                 S T     SLKA G    G    D C  KQ           V

N_castelli      P CPH LSFRP  LP             R  AW  FDGK   E   G       S    I   T     IL  E M LKVKV      N  A      R  L K DYITVSA PY                 N N     SLKA G    S    G F  Q            A

S_cerevisiae    P CPH LSFRP  LP             R  AW  FDGK   E   G       S    I         II  E I LKVKV   S     A      R  L K DFITI A PY      A          S N     SMK  AP   A    D I  Q       C    A

V_polyspora     P CPH LSFRP  LP             R  AW  FDGK   E   G       S    I   T     II  D M LKVRV   S  T  A      K  L   DYISI A PY                 S N     SLK  A    A    N V  QP      A    A



430       440       450       460                470      

S_stipitis       PT             R   WN R  Q                               F  V  S TEYIDSVS NLN  A E  K FS  L   S                        IS K                 Q  P  HL SDQ QRMM.........RKSTSAA

D_hanseni        PT             R   WN R  Q                               F  V  S TEYIDSVS NLN  A E  K FT  L   N                        IS K                 Q  P  HL SEN KKIY..........ENSPAN

M_guilliermondii  PT             R   WN R  Q                               F  V  S TEYIDSVS NL   V D  K FT  L   N                        IS K           H     S  P  HL SAK KQLFEGGHGDAQFDIDYSDE

C_albicans       PT             R   WN R  Q                                  V  S TEYIDSVS NL   I E  K FS  L   T                    L   MS K           H     Q  P  SY KPE RQSIAESERLDNLHISSEQD

M_farinosa       PT             R   WN R  Q                               F  V  S TEYIDSVS NLN  A E  K  S  L   S                        IS K                 K  PL SY SQE TDML.........NTEAAQA

C_tenuis         PT             R   WN R  Q                               F  V  S TEYIDSVS NL   V    R FS      S                        IS K           H    KQ  P  DYKLND NE............DVESQI

C_parapsilosis   PT             R   WN R  Q                               F  V  S TEYMDSVS NLN  V E  K FS  L   T                        IA K                 Q  P  SY KPE RQMMV...............

C_orthopsilosis  PT             R   WN R  Q                               F  V  S TEYMDSVS NLN  V E  K FS  L   T                        IA K                 Q  P  SY KPE RQMMV...............

C_dubliniensis   PT             R   WN R  Q                                  V  S TEYIDSVS NL   I E  K FS  L   T                    L   MS K           H     Q  P  SY KPE QKSIAESE.....RLENLHI

C_tropicalis     PT             R   WN R  Q                               F  V  S TEY DSVS NL   V E  K                                  IA P   F       H     Q  PLGNQTKDIDGDMDNLH........ISSEQ

C_maltosa        PT             R   WN R  Q                               F  V  T TEY DSVS NL   V    K         T                        VS K   F       H    QQ  PL......K EE..G..........EDLEN

T_delbrueckii    PT             R   WN R  Q                               F  V    TEFIDSIS TLN  V E  R FT  L   N                        ESHP                 Q  S  HM SRK QEKYASDAGNTRADDEEVEE

E_gossypii       PT             R   WN R  Q                               F  L  S TDFIDSI  TLN    E  K Y   L   N                        EH P       R      S  P  S AHM SQK QLRYESDACHKTPTSSDSAD

K_lactis         PT             R   WN R  Q                               F  L    TEFIDSIS TLN  V E  K FT  L   N                        EARS                 S  S  HM SRK QQKYEIHTVRTRQDSEEEEE

K_marxianus      PT             R   WN R  Q                               F  L    TEFID IS TLN  V E  K FT  L   N                        EARS     G           P  S  HM SRK QQKYEIHTEKAKLGSEEEEE

L_thermotolerans  PT             R   WN R  Q                               F  L  S TEFIDSIS TLN  A E  K F   L   N                        ES P                 P  S AHM SQK QKNYVSDTEKQKQDQPEVRA

Z_bailii         PT             R   WN R  Q                               F  V    TEFIESIS SLN  V    K FT  L   N                        ESHR                RE  S  HM SRK REKYVTDKS....GRDEWEE

Z_rouxii         PT             R   WN R  Q                               F  V    TEFIESIS SLN  V    K FT  L   N                        ESHS                RE  S  HM SRK QEKYVTDKE.....GEDDLH

C_glabrata       PT             R   WN R  Q                               F  V  S  EFI SIS TMN  V E  K FT  L   N                        ES PI   N            Q  S  HI SQK KEKYNTEKVRESKAKSEEEE

N_castelli       PT             R   WN R  Q                               F  V  S TEF D IS TLN  V E  K FT  L   N                        ES P   F G           Q  S  HM SLK RKKLAIESNYEHDSDEDIEE

S_cerevisiae     PT             R   WN R  Q                               F  V  S  EFI SIS QLN  V E  K FT  L   N                        EA PD   N            Q  S  HI SQK QEKYAHEANKVRNQAEPLEV

V_polyspora      PT             R   WN R  Q                               F  V  S SEFIDSI  TLN  V E  K FT  L   N                        ES S       G         E  S  HM SQK KEKFAIESYKMDDSDSSVEE

 480       490       500       510       520       530    

S_stipitis                        D                                       TQDLENLHIDNGAAEDDF INYSSDSDSTPSDNETEEDLPYIPLPGDGINTPPPGNT.

D_hanseni                         D                                       LDSHIN...NLSLAPDEF IDYTDEENSSLSDEDIPFVPSPEEGLETPPTYGT....F

M_guilliermondii                   E                                       NDDELGTADTEITGSEPS VEYDDDRPCFAHPNAKITLDHQ.................

C_albicans                        D                                       ESNH.....EEPEITEDF INYTDNERDSSSSTPSEESNEECANTTT...........

M_farinosa                        D                                       DGAQHRGSRSSVPLDDDY INYSAYDSSDSELNSPMPSSPNSGFCTPFSSNFNGL...

C_tenuis                          D                                       ESLSLNASITIDNDNADY INFSDENPEENTSQYSSKDIPFLPSLGGGLSTPPSH.TI

C_parapsilosis                    D                                       ENDNGEFKPEQNEDNEDF INYSDQEESEEKTSSSNTTSETNSEDMSYLPLGGGTQTP

C_orthopsilosis                   D                                       ENDNGEDKPKENDDNDDF INYSDQEETEEKTSSSNTTSETNSEDMSYLPLGGGTQTP

C_dubliniensis                    D                                       SSEQDEVNHEEHEITEDF INYTDNERDSSSSTPSEESNEEHVNATT...........

C_tropicalis                      D                                       DEESEPDITEDDEEDDEF INFTDTERSSYSSTPSSDDIHYLSTNGAETPQSMSY...

C_maltosa                         D                                       LHISTEVSAPHSGEEEIF INFDGSFSSTPNSEENLFLPSNGGANTPQNTSYL.....

T_delbrueckii                     D                                       VIIDKNKKPPKFRLHDNA DDNDDENEEALEDDTSLAPVSPKSKPIDQIRSPQANFTI

E_gossypii                        D                                       DKSASDPEEPAPTEQQPA SGSDSSSNTGRDSLVLRRAPNRRRKGRRPACRRPD....

K_lactis                          E                                       LEDDQSDDYSTDSDSELN .......................................

K_marxianus                       E                                       LEESTNTAASDSERDSNS SDSDSDVE...............................

L_thermotolerans PSDEEEEEGESDSESPSQFRPKAASSAASPKLKPNFQL....................

Z_bailii        REDDEVLVVQAEDPAQASNMMHKASDRNSIGGKPSFTV....................

Z_rouxii        EGDHREVVVLQAEDKDQAQKMIEERTLAEQKAEKDSVCANGGAAKTNFTV........

C_glabrata      IEERKLSSSAFDMSSLKEAVKEEAKEDEGDDEDETADRCLLKKTSGSK..........

N_castelli                        E                                       RKLEKQLSGEHLTDSSET NENSNDYEEEIRVALPKIETVHV................

S_cerevisiae    IRDKYSLEADATKENNNGSDDESDDESVNCEACKLKPSSVPKPSQARFSV........

V_polyspora     LEVNEKIGDEKLDMDKIESLLDQADIKEKVHFSD........................

      540       550       560       570                   

S_stipitis      ..YGGFEGTCFAHPHAKITLDSSATSTTNSTRYSSSTTGSGSED............  

D_hanseni       .....EDRPCFAHPNAKISLNGSSSMSNFSSPTSAESDTLTMYPKHRINNNHTPNN  

M_guilliermondii ........................................................  

C_albicans      ........................................................  

M_farinosa      ...SYDERQCFAHPNAKISLNPSALNSISSSPLSTNSEVLTINPESALHHK.....  

C_tenuis        SYTNLEDRHCFAHPNAHVTFGSSSSDNSGHSNFL......................  

C_parapsilosis  TTNNQDDRCCYAHPHARVHLNGN.................................  

C_orthopsilosis TTNNQDDRCCYAHPHARVHLNGS.................................  

C_dubliniensis  ........................................................  

C_tropicalis    .LNNVDERCCFAHPNARVHLSGGKS...............................  

C_maltosa       ..NNIDERCCFAHPKARIHLNGRE................................  

T_delbrueckii   ........................................................  

E_gossypii      ........................................................  

K_lactis        ........................................................  

K_marxianus     ........................................................  

L_thermotolerans ........................................................  

Z_bailii        ........................................................  

Z_rouxii        ........................................................  

C_glabrata      ........................................................  

N_castelli      ........................................................  

S_cerevisiae    ........................................................  

V_polyspora     ........................................................  
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