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Abstract 

Emer ging lo w-emission pr oduction technologies make ethanol an inter esting substr ate for y east biotec hnology, but information on 

growth rates and biomass yields of yeasts on ethanol is scarce. Strains of 52 Saccharomycotina yeasts were screened for growth on 

ethanol. The 21 fastest strains, among which r e pr esentati v es of the Phaffomycetales order were o verrepresented, sho wed specific 
growth rates in ethanol-grown shake-flask cultures between 0.12 and 0.46 h 

−1 . Seven strains were studied in aerobic, ethanol-limited 

c hemostats (dilution r ate 0.10 h 

−1 ). Sacchar om yces cer evisiae and Kluyver om yces lactis , whose genomes do not encode Complex-I-type 
N ADH dehydrogenases, show ed biomass yields of 0.59 and 0.56 g biomass g ethanol 

−1 , respectively. Different biomass yields were observed 

among species whose genomes do harbour Complex-I-encoding genes: Phaff om yces thermotolerans (0.58 g g −1 ), Pichia ethanolica (0.59 
g g −1 ), Saturnispora dispora (0.66 g g −1 ), Ogataea parapolymorpha (0.67 g g −1 ), and Cyberlindnera jadinii (0.73 g g −1 ). Cyberlindnera jadinii 
biomass showed the highest protein content (59 ± 2%) of these yeasts. Its biomass yield corresponded to 88% of the theoretical 
maximum that is reached when growth is limited by assimilation rather than by energy av aila bility. This study suggests that energy 
coupling of mitochondrial respiration and its regulation will become key factors for selecting and improving yeast strains for ethanol- 
based processes. 

Ke yw ords: quantitati v e physiology; biomass composition; bior eactors; electr on transport system; Hansenula polymorpha ; Candida utilis 
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Introduction 

Commonly known as budding yeasts, Sacc har omycotina yeasts 
ar e successfull y a pplied as micr obial cell factories in v arious in- 
dustrial biotechnological applications (Geijer et al. 2022 ). Cur- 
r entl y, these pr ocesses pr edominantl y use (partiall y) r efined sug- 
ars, suc h as cornstarc h-deriv ed glucose and sugarcane-deriv ed 

sucr ose, as feedstoc ks (v an Aalst et al. 2022 ). While sugar-based 

biotec hnological pr ocesses can enable lo w er carbon footprints 
than petr oc hemical alternativ es (Farr ell et al. 2006 , Hermann et 
al. 2007 ), the y de pend on successful cr op harv ests and ar e linked 

with greenhouse gas (GHG) emissions from agriculture, transport, 
and sugar refining (Salim et al. 2019 ). In addition, unrestricted 

expansion of sugar-based industrial biotechnology may interfere 
with other human needs for arable land (Tilman et al. 2006 ).
Ethanol is the lar gest-volume pr oduct of industrial biotechnology 
because of its widespread usage as a ‘drop-in’ transport fuel and,
incr easingl y, also as r ene wable c hemical building block (Fulton et 
al. 2015 , Dagle et al. 2020 ). Current industrial ethanol production 

lar gel y r elies on fermentation of cornstarc h hydr ol ysates or cane 
sugar by Sacc harom yces cerevisiae (Jacobus et al. 2021 ). 

Recent pr ogr ess in the de v elopment of alternativ e, low-GHG- 
emission processes for ethanol production has stimulated inter- 
est in ethanol as a substrate for yeast cultivation and thereby 
Recei v ed 27 September 2024; revised 7 November 2024; accepted 2 December 2024 
© The Author(s) 2024. Published by Oxford Uni v ersity Pr ess on behalf of FEMS. This
Commons Attribution-NonCommercial-NoDerivs licence ( https://creativecommon
and distribution of the work, in any medium, provided the original work is not alte
commer cial re-use , please contact journals.permissions@oup.com 
mpr ov e the sustainability of microbial biotechnology (Geijer et
l. 2022 ). Biotec hnological conv ersion of a gricultur al and for estry
esidues has the potential to substantially reduce GHG emis- 
ions of ethanol production (Lynd et al. 2022 ). While ne w pr ocess
odes for such ‘second generation’ ethanol production continue 

o be explored (Claes et al. 2020 ), industrial application has al-
 eady mov ed to industrial scale (Jansen et al. 2017 ). Production of
thanol from syngas by acetogenic bacteria (Phillips et al. 1993 ,
artin et al. 2016 ) has also been successfully scaled up to indus-

rial le v el (Heffernan et al. 2020 ). Although in earl y phases of de-
 elopment, dir ect (electr o)catal ytic pr oduction of CO 2 to ethanol
Birdja et al. 2019 ) and microbial electrosynthesis (Cabau-Peinado 
t al. 2024 ) offer additional perspectives for low-GHG-emission 

thanol production. Total GHG emissions of bioprocesses could 

e reduced if ethanol obtained from these processes were to be
sed as feedstock instead of sugars derived from agriculture (van
eteghem et al. 2022a ). 

Ethanol is r eadil y consumed by man y budding yeasts (Kurtz-
an et al. 2011 ), including species that ar e alr eady a pplied in in-

ustrial biotec hnology. Furthermor e, concentr ated ethanol solu- 
ions can be pumped at low temper atur es and are self-sterilizing,
hich can contribute to water economy and reduce complexity 
f large-scale aerobic processes (Weusthuis et al. 2011 ). Recent
 is an Open Access article distributed under the terms of the Cr eati v e 
s.org/licenses/by- nc- nd/4.0/ ), which permits non-commercial r e pr oduction 
red or transformed in any way, and that the work is properly cited. For 
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Figure 1. Ov ervie w of the metabolic pathway for ethanol dissimilation in yeasts. Complete oxidation of 1 mol ethanol yields 2 mol CO 2 , 5 mol NAD(P)H, 
1 mol QH 2 (reduced quinone), and the net hydrolysis of 1 mol ATP. Based on the studies on S. cerevisiae (Pronk et al. 1994 ), hydr ol ysis of pyrophosphate 
(PP i ) formed by ACS is not expected to contribute to energy conservation. In some non- Saccharomyces y easts, N ADPH generated by NADP + -dependent 
isoenzymes of ALD and IDH can also be oxidized by mitochondrial respiration (see e.g. Overkamp et al. 2002 ). Abbreviations: ADH—alcohol 
deh ydrogenase; ALD—aldeh yde deh ydr ogenase, ACS—acetyl-CoA synthase; CIT—citr ate synthase; ACO—aconitase; IDH—isocitr ate dehydr ogenase; 
KDH—α-ketoglutar ate dehydr ogenase; SCL—succin yl-CoA ligase; SDH—succinate dehydr ogenase; FUM—fumar ase; and MDH—malate dehydrogenase. 
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dvancements in production of low-GHG-emission ethanol, com-
ined with the potential adv anta ges of ethanol as feedstock for
east-based industrial biotec hnology, hav e led to inter est in find-
ng the ideal host for such bioprocesses. 

Ethanol has to be r espir ed aer obicall y for the gener ation of
denosine triphosphate (ATP) through the mitochondrial elec-
r on tr ansfer system (ETS), indicating that ener gy conserv ation
n yeast metabolism will undoubtedly impact industrial applica-
ions . In yeasts , dissimilation of ethanol starts with its oxidation
o acetaldehyde by NAD 

+ -dependent alcohol dehydrogenases, af-
er which acetaldehyde is oxidized to acetate by NAD(P) + -linked
cetaldeh yde deh ydr ogenases (Ov erkamp et al. 2002 ). Acetate
s then activated to acetyl-coenzyme A (acetyl-CoA) by acetyl-
oA synthetases, a reaction coupled to the hydrolysis of ATP to
denosine monophosphate (AMP) and pyrophosphate. Because
yr ophosphate is subsequentl y hydr ol ysed, acetate activ ation r e-
uires a net input of 2 ATP equivalents (Pronk et al. 1994 ). Com-
lete oxidation of acetyl-CoA to CO 2 in the tricarboxylic acid cycle
ields 3 NADH, 1 quinol (QH 2 ), and, thr ough substr ate-le v el phos-
horylation, 1 ATP (Fig. 1 ). The ov er all net ATP yield from ethanol
issimilation depends on the ATP stoichiometry of mitochondrial
 espir ation and is expressed by the P/O ratio. This ratio indicates
he number of ATP molecules formed by F 1 F o –ATP synthase activ-
ty upon transfer of the two electrons from NADH or QH 2 to oxy-
en, coupled via proton translocation across the inner mitochon-
rial membrane by the ETS and subsequent utilization of the gen-
r ated pr oton motiv e force for the synthesis of ATP molecules. For
thanol dissimilation, the net ATP yield is equal to 5 P/O NADH + 1
/O QH2 –1 mol ATP (mol ethanol) −1 . 

The P/O ratio is determined by the composition of the mito-
hondrial ETS and, when different branches to and from the Q
unction can be expressed, by the in vivo distribution of electrons
v er differ ent br anc hes. Model or ganism S. cerevisiae has a rela-
iv el y simple ETS in whic h electr ons fr om NADH and succinate
re both donated to the Q pool (Bakker et al. 2001 ). Saccharomyces
erevisiae lacks a quinol oxidase (alternative oxidase—AOX) that,
n some other yeasts, can bypass the cytoc hr ome c-dependent
athway and the associated pr oton-tr anslocating sites (Joseph-
orne et al. 2001 , Guerr er o-Castillo et al. 2012 ). In S. cerevisiae , in
ivo P/O NADH and P/O QH2 ratios are both ∼1 (Verduyn et al. 1991 ,
ostmus et al. 2011 ), resulting in a net ATP yield of ∼5 mol ATP
mol ethanol) −1 . It is r ele v ant to note that nuclear and mitochon-
rial genomes of many non- Saccharomyces yeasts harbour the ge-
etic information to encode a m ultisubunit mitoc hondrial pr oton-
umping NADH dehydrogenase complex (‘Complex I’) (Nosek and
ukuhara 1994 ). The presence of a (proton-pumping) Complex I
n mitochondria enables higher P/O NADH ratios and could thereby
ontribute to higher biomass and product yields on ethanol. In
easts that contain a Complex I, NADH generated in the cytosol
an have a different P/O ratio than NADH generated in the mito-
hondrial matrix (Verduyn et al. 1991 ). Estimation of the ATP yield
f ethanol dissimilation is further complicated by the fact that, in
any yeasts, Complex-I-encoding genes often occur in combina-

ion with orthologs of genes encoding the nonproton-pumping S.
erevisiae NADH dehydrogenases Ndi1 (Luttik et al. 1998 , Melo et
l. 2004 ). This implies that, depending on regulation of gene ex-
r ession, electr on tr ansfer systems for NADH oxidation in these
easts may be br anc hed and determining a unique P/O ratio of
itochondrial NADH oxidation may not be possible. 
Despite its potential as a carbon source for ethanol-based in-

ustrial biotechnology, information on specific growth rates and
iomass yields of different yeast species on ethanol is limited.
he goal of this study is to obtain an indication of the diversity
f specific growth rates and biomass yields of Sacc har omycotina
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yeasts when grown on ethanol as sole carbon and energy source.
To this end, strains of 52 Saccharomycotina yeasts were screened 

and those tested positive for growth were assessed semiquan- 
titativ el y in microtiter plates for their growth rates on ethanol.
Specific growth rates of 21 strains with the fastest growth in 

microtiter plates were measured in shake-flask cultures. Finally, 
se v en str ains, the genomes of fiv e of whic h harbour ed the ge- 
netic information to encode a Complex-I NADH dehydrogenase, 
wer e gr own in ethanol-limited c hemostat cultur es and anal ysed 

for their biomass yield, macromolecular composition, and ener- 
getic efficiency. 

Materials and methods 

Strains and maintenance 

Yeast strains used in this study are listed in Table S1 . Sacc harom yces 
cerevisiae CEN.PK113-7D and Yarrowia lipolytica W29 were provided 

by Dr P. Kötter (J.-W. Goethe Univ ersität, Fr ankfurt) and Dr J.M.
Nicaud (Micalis Institute, INRAE, Agr oP arisTec h, Univ ersité P aris- 
Saclay), r espectiv el y. Komagataella phaffii was obtained as Pichia 
pastoris X-33 from Invitrogen (Thermo Fisher Scientific). All other 
str ains wer e obtained fr om the Westerdijk Institute (Utr ec ht, the 
Netherlands). For maintenance, strains were grown in shake flasks 
on yeast extract peptone dextrose (YPD) medium. YPD was pre- 
pared by autoclaving a solution of 10 g l −1 yeast extract and 20 g 
peptone l −1 (Thermo Fisher Scientific) in demineralized water at 
121 ◦C for 20 min. A sterile 50% (w/v) glucose solution, autoclaved 

separ atel y at 110 ◦C for 20 min, was then aseptically added to 
ac hie v e a glucose concentration of 20 g l −1 . Sterile gl ycer ol was 
added to stationary phase cultures at a final concentration of 30% 

(v/v) and aliquots were stored at −80 ◦C. 

Synthetic growth media 

Synthetic medium (SM) for shake-flask and chemostat cultivation 

was pr epar ed as described b y Ver duyn et al. ( 1992 ) and contained 

per litre: 5 g (NH 4 ) 2 SO 4 , 3 g KH 2 PO 4 , 0.5 g MgSO 4 ·7 H 2 O, 1 ml trace
metals solution, and 1 ml vitamins solution. The trace elements 
solution (1000 × final medium concentration), containing 4.5 g 
CaCl 2 ·2 H 2 O, 4.5 g ZnSO 4 ·7 H 2 O, 3 g FeSO 4 ·7 H 2 O, 1 g H 3 BO 3 , 0.84 g
MnCl 2 ·2 H 2 O, 0.4 g NaMoO 4 ·2 H 2 O, 0.3 g CoCl 2 ·6 H 2 O, 0.3 g CuSO 4 ·5
H 2 O, 0.1 g KI, and 15 g EDTA per litre, was added to a solution of 
the other mineral salts prior to autoclaving at 121 ◦C for 20 min.
For shak e-flask culti vation, the pH was adjusted to 6.0 with 2 M 

KOH prior to autoclaving. For chemostat cultivation, 0.2 ml l −1 

Pluronic 6100 PE antifoam (B ASF, Ludwigshafen, Germany) w as 
added prior to autoclaving. Ethanol and filter-sterilized vitamin 

solution (1000 × final medium concentration, per litre: 50 mg bi- 
otin, 1 g Ca-pantothenate, 1 g nicotinic acid, 25 g myo-inositol,
1 g thiamine ·HCl, 1 g pyridoxine ·HCl, and 0.2 g p -aminobenzoic 
acid) were ad ded ase ptically after autoclaving. Unless otherwise 
indicated, ethanol was added to a final concentration of 7.5 g l −1 

for shak e-flask culti vation and 3.75 g l −1 for c hemostat cultiv a- 
tion. Micr otiter plate cultur es and inocula for these cultur es wer e 
grown on buffered SM described by Jensen et al. ( 2014 ) to postpone 
gr owth deceler ation due to acidification. Compar ed with SM, this 
medium contained higher concentrations of (NH 4 ) 2 SO 4 (7.5 g l −1 ),
KH 2 PO 4 (14.4 g l −1 ) and trace elements (2 ml trace metals solution 

per litre). For microtiter plate cultures, 3 g l −1 ethanol was added.

Cultiv a tion techniques 

Shake-flask cultures were grown at 30 ◦C in round-bottom flasks 
with a working volume of 20% of their nominal capacity and 
haken at 200 rpm in an Innova incubator (Eppendorf Neder-
and BV, Nijmegen, the Netherlands). Late-exponential or early- 
tationary phase cultures were used to inoculate microtiter plates 
nd chemostats. 

Micr otiter plate cultur es wer e gr own at 30 ◦C in an image-
nal ysis-based Gr owth-Pr ofiler system (EnzyScr een BV, Heemst- 
de, the Netherlands) equipped with 96-well plates. Culture vol- 
me was 250 μl, plates were agitated at 250 rpm and imaged
t 30 min intervals. Wells were inoculated at an OD 660 of ∼0.1.
r een v alues of ima ged w ells w er e corr ected for w ell-to-w ell vari-
tion by calibration with a 96-well plate containing an S. cerevisiae
EN.PK113-7D cell suspension with an externall y measur ed OD 660 

f 2.5. The time to r eac h stationary phase (TS) was determined as
 2 –t 1 , with t 1 indicating the time (h) at which the corrected green
alue was twice as high as the value at inoculation (av er a ge of
he first three measured green values after inoculation), and t 2 
ndicating the first time point at which growth deceleration was
bserved ( Fig. S1 ). 

Ethanol-limited chemostat cultures were grown at 30 ◦C and at
 dilution rate of 0.10 h 

−1 in 1.5 l bioreactors (Getinge-Applikon,
elft, the Netherlands) with a 1-l working volume . T he culture pH
as maintained at 5.0 by automatic addition of 2 M KOH, con-

rolled by an ez-Control module (Getinge-Applikon). The work- 
ng v olume w as k e pt at 1.0 l by an electrical le v el sensor that
ontrolled the effluent pump. The precise working volume of 
 hemostat cultur es was measur ed at the end of eac h experi-
ent b y w eighing the br oth. Cultur es wer e stirr ed at 800 r pm

nd sparged with dried, compressed air (0.5 l min 

−1 ). Off-gas flow
 ates fr om bior eactors wer e measur ed with a Mass-Str eam Ther-
al Mass Flow Meter (Bronkhorst, Vlaardingen, the Netherlands).
ff-gas was cooled to 4 ◦C in a condenser to minimize e v a por a-

ion and dried with a Perma Pure dryer (Inacom Instruments,
eenendaal, the Netherlands). Concentrations of CO 2 and O 2 in 

he inlet and dried exhaust gas were measured with an analyser
Serv omex MultiExact 4100, Cro wborough, UK). Cultures w ere as-
umed to have reached steady state when, after a minimum of 5
olume c hanges, CO 2 pr oduction r ate, biomass concentr ation, and
igh-performance liquid c hr omatogr a phy (HPLC) measur ements 
hanged by less than 5% over two consecutive volume changes. 

nalytical methods 

ptical density of cultures was measured at 660 nm with a J enwa y
200 spectrophotometer (J enwa y, Staffordshire , UK) after dilution
ith demineralized water to OD 660 values between 0.1 and 0.3.
pecific growth rates of shake-flask cultures were calculated by 
inear r egr ession of the r elation between ln(OD 660 ) and time in the
xponential growth phase, including at least 6 time points over at
east 3 biomass doublings. 

For biomass dry weight determination, duplicate culture sam- 
les of exactly 10.0 ml (or 5 ml for Ogataea parapolymorpha ) were
lter ed ov er pr edried and pr e weighed membr ane filters (0.45 μm
or e size; P all Cor por ation, Ann Arbor, MI). Filters were then
ashed with demineralized water, dried in a micr owav e ov en at
20 W for 20 min, and immediatel y r e weighed (Postma et al. 1989 ).

Metabolite concentrations in culture supernatants and me- 
ia wer e measur ed with an Agilent 1260 Infinity HPLC system

Ag ilent Technolog ies, Santa-Clara, CA) equipped with a Bio-rad
minex HPX-87H ion exchange column (Bio-Rad, Hercules , C A),
perated at 60 ◦C with 5 mM H 2 SO 4 as mobile phase at a flow
ate of 0.600 ml min 

−1 . Culture supernatant was obtained by cen-
rifuging 1 ml aliquots at 13 000 rpm for 5 min with a Biofuge Pico
entrifuge (Her aeus Instruments, Hanau, German y). Metabolite 

https://academic.oup.com/fem/article-lookup/doi/10.1093/fem/foae037#supplementary-data
https://academic.oup.com/fem/article-lookup/doi/10.1093/fem/foae037#supplementary-data
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oncentrations in steady-state chemostat cultures were analysed
fter r a pid quenc hing of cultur e samples with cold steel beads
Mashego et al. 2003 ). 

Whole-cell protein content was determined essentially as de-
cribed by Verduyn et al. ( 1990 ). Exactly 20.0 ml of culture (2–4
 l −1 dry weight) was harvested from bioreactors by centrifuga-
ion (5 min, 10 000 g at 4 ◦C) in an Av anti J-E centrifuge (Bec kman
oulter Life Sciences , Indianapolis , IN), using a JA-25.50 rotor. T he
ellet was washed once, and the final pellet was resuspended in
ater to a final volume of 10.0 ml and stored at −20 ◦C. After thaw-

ng at room temperature, samples were analysed with the alkaline
opper sulphate method, using bovine serum albumin (Sigma-
ldrich, St. Louis, MO) as a standard. 
Analysis of whole-cell lipid content was based on the method

escribed b y Izar d and Limber ger ( 2003 ). Phosphoric acid–v anillin
 ea gent was pr epar ed by adding 0.120 g of v anillin (Sigma-Aldric h)
o 20 ml of demineralized water and adjusting the volume to
00 ml with 85% H 3 PO 4 . Biomass samples from bioreactors were
btained as described for whole-cell protein content determina-
ion. After thawing at r oom temper atur e, 100 μl of the cell sus-
ension was added to a stoppered glass tube, together with 1 ml
f concentrated H 2 SO 4 . Samples were boiled for 10 min and sub-
equently cooled for 5 min at room temperature in a water bath.
hen, 2.5 ml of phosphoric acid–vanillin reagent were added, and
amples were incubated for 15 min at 37 ◦C. Samples were cooled
or 10 min in a water bath at room temperature. Absorbance at
30 nm was measured with a J enwa y 7200 spectrophotometer
gainst a demineralized water sample. Lipid contents were cal-
ulated based on a dilution range of sunflo w er oil (Sigma-Aldrich)
n c hlor oform. Prior to H 2 SO 4 addition, glass tubes containing the
tandard solutions were placed in a water bath at 70 ◦C until chlo-
 oform was full y e v a por ated, after whic h 100 μl of demineralized
 ater w as added for v olume correction. 
Whole-cell RNA content was quantified by determining ab-

orbance at 260 nm of RNA degraded by alkali and extracted from
he culture in HClO 4 [adapted from Beck et al. ( 2018 ) and Ben-
hin et al. ( 1991 )]. Samples of 2 ml (4–8 mg biomass dry weight)
er e harv ested fr om bior eactors and centrifuged at 4000 r pm for
0 min at 4 ◦C in an Eppendorf 5810 R (Eppendorf Netherlands
V). P ellets w ere w ashed once with demineralized w ater and, after
he second round of centrifugation, stored at −20 ◦C. Pellets were
hawed at r oom temper atur e and washed three times with 3 ml
old 0.7 M HClO 4 and digested with 3 ml 0.3 M KOH for 60 min
n a water bath set at 37 ◦C, while vortexing briefly e v ery 15 min.
fter addition 1 ml of 3 M HClO 4 , supernatant was collected and
r ecipitates wer e washed twice with 4 ml cold 0.5 M HClO 4 . The
ollected combined supernatant was centrifuged to r emov e KClO 4 

recipitates. Absorbance at 260 nm was measured in quartz cu-
ettes using a Hitachi U-3010 spectrophotometer (Sysmex Europe
mbH, Norderstedt, German y) a gainst a standard pr epar ed with
NA from yeast (Sigma-Aldrich). 

Whole-cell total carbohydrate contents were quantified with a
henol–sulfuric acid-based method [based on Herbert et al. ( 1971 )
nd Lange and Heijnen ( 2001 )]. Briefly, 1 ml (2–4 mg biomass
ry weight) samples from bioreactor cultures were harvested and
rozen as described for whole-cell RN A analysis. F rozen sam-
les w ere thaw ed on ice and resuspended in 10 ml demineral-

zed water. 5 ml of concentrated H 2 SO 4 was added to a mix-
ure of 1 ml of resuspended sample and 1 ml of aqueous phe-
ol solution (50 g l −1 ) in a stoppered glass tube. After boiling for
5 min and subsequent cooling to r oom temper atur e, absorbance
t 488 nm was measur ed. Samples wer e measur ed a gainst a 1:2
annose:glucose standard. Results wer e corr ected for pr esence of
ucleic pentoses by using extinction coefficients of 0.36 and 0.26
or g l −1 RNA and DNA, r espectiv el y, and using the RNA content
etermined as described above and assuming a constant DNA cel-

ular content of 0.5 wt-% (Lange and Heijnen 2001 ). 

hylogenetic tree construction 

 phylogenetic tree of the studied yeast species was constructed
y the neighbour-joining method (Saitou and Nei 1987 ). A boot-
tr a p consensus tree inferred from 500 replicates was taken
o r epr esent the genealogy of the analysed taxa (Felsenstein
985 ). Evolutionary distances were computed with the p-distance
ethod (Nei and Kumar 2000 ) applied to LSU D1/D2 nucleotide

equences deposited in the Yeast IP database (Weiss et al. 2013 ).
hen the LSU D1/D2 sequence of a strain used in this study
as not a vailable , sequences of the type strain for the species
ere used instead. Ambiguous positions were removed for each

equence pair, resulting in a dataset with 635 positions in total.
v olutionary analyses w ere conducted in MEGA11 (Tam ur a et al.
021 ). 

enomic analysis for genes involved in the 

ynthesis of respir a tory chain components 

o infer presence and absence of genes encoding specific compo-
ents of the mitochondrial respiratory chain, protein sequences of
eurospor a cr assa deposited at the National Center for Biotechnol-
gy Information (NCBI; https:// www.ncbi.nlm.nih.gov/ ) or of the S.
erevisiae CEN.PK strain deposited at the Saccharomyces genome
atabase (SGD; https:// www.yeastgenome.org/ ) were used as
ueries in a tBLASTn search on the NCBI website using the de-
ault settings ( Table S2 ). The r efer ence sequence as denoted by
CBI was used when multiple genomic datasets were a vailable . 

toichiometric analysis with a core metabolic 

odel 
r owth stoic hiometries of aer obic, ethanol-gr o wn y east cultures
er e anal ysed with a cor e metabolic network model based on S.

erevisiae as described by Dar an-La pujade et al. ( 2004 ). The stoi-
hiometry matrix representing the core metabolic network (df = 2)
onsisted of 161 metabolites and 154 reactions divided over three
ompartments ( Supporting Information 1 ). The matrix was solved
ssuming a steady state (S ·v = 0) with the rref function in MATLAB
2021b, expressing all metabolic fluxes as a function of growth
ate and maintenance. 

a ta anal ysis 

ime to stationary phase, specific growth rates, and correspond-
ng standard deviations were calculated using Microsoft Excel. All
ther statistical analyses were performed with Gr a phP ad Prism
ersion 10.1.2. 

esults 

emiquantitati v e comparison of growth kinetics 

n ethanol of a selection of budding yeast strains
o assess diversity of ascomycete yeasts with respect to their spe-
ific gr owth r ates on SM with ethanol, str ains of 52 species cov-
ring multiple phylogenetic clades (Shen et al. 2018 ; Fig. 2 ) were
elected for c har acterization in an automated, ima ge-anal ysis-
ased growth profiler set-up (Duetz 2007 ). The selected species
ad pr e viousl y been scor ed positiv e for gr owth on ethanol in taxo-
omic studies (Kurtzman et al. 2011 ). Ho w e v er, 8 of the 52 selected
trains ( Table S1 ) did not show significant growth on ethanol

https://www.ncbi.nlm.nih.gov/
https://www.yeastgenome.org/
https://academic.oup.com/fem/article-lookup/doi/10.1093/fem/foae037#supplementary-data
https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foae037#supplementary-data
https://academic.oup.com/fem/article-lookup/doi/10.1093/fem/foae037#supplementary-data
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Figure 2. Time to stationary phase (TS) on synthetic medium with 3 g l −1 ethanol as sole carbon source of strains of different Saccharomycotina 
species . T he data were obtained from batch cultures in microtiter plates grown at 30 ◦C and at an initial pH of 6.0. TS was determined as the interval 
between the time point at which the green value measured by the Growth Profiler setup had doubled relative to its value immediately after 
inoculation, and the first time point at which a deceleration of the increase of the green value was observed ( Figs S1 and S2 ). Bars r epr esent means and 
standard deviation of at least four independent experiments for each yeast strain. For strains denoted with an asterisk ( ∗) a doubling of the green 
value was not observed within the timeframe of the experiment (196 h). For strains without annotation, growth characteristics observed in inoculum 

shake flasks were the reason for exclusion from MTP screening ( Table S1 ). Strains with a TS < 21 h (cut-off value indicated with dotted line) were 
further c har acterized in shake-flask batc h cultur es (Fig. 3 ). Phylogenetic r elationships ar e r epr esented as a bootstr a p consensus tr ee (500 r eplicates) 
inferred with the neighbour-joining method based on LSU D1/D2 sequences deposited in the Yeast IP database (Weiss et al. 2013 ). 
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https://academic.oup.com/fem/article-lookup/doi/10.1093/fem/foae037#supplementary-data
https://academic.oup.com/fem/article-lookup/doi/10.1093/fem/foae037#supplementary-data
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F igure 3. Specific gro wth r ates ( μmax ) of str ains of selected Sacc har omycotina species, calculated fr om optical density (OD 660 ) measur ements during 
the exponential growth phase of shake-flask batch cultures on SM with 7.5 g l −1 ethanol as sole carbon source. Cultures were grown at 30 ◦C and at an 
initial pH of 6.0. Bars show means with standard deviations of specific growth rates calculated from independent duplicate experiments. Strains with 
μmax < 0.15 h −1 (dotted line) were excluded from further characterization. Strains with names displayed in grey sho w ed irregular growth characteristics 
and were also excluded from further characterization ( Fig. S3 and Table S1 ). Phylogenetic relationships are represented as a bootstrap consensus tree 
(500 replicates) inferred with the neighbour-joining method based on LSU D1/D2 sequences deposited in the Yeast IP database (Weiss et al. 2013 ). 
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fter > 3 days incubation and were eliminated from further char-
cterization ( Dekkera bruxellensis CBS 2499, Kazachstania africana
BS 2517, Naumovozyma castellii CBS 4309, Priceomyces haplophilus
BS 2028, Sacc harom yces arboricola CBS 10644, Maudiozyma bulderi
BS 8638, Sacc harom yces kudriavzevii CBS 8840, and Zygotorulaspora
rakii CBS 4218). Three additional strains were excluded because

hey flocculated in ethanol-grown shake-flask pr ecultur es ( Ere-
otecium cymbalariae CBS270.75, Lachancea kluyveri CBS 3082, and

achancea thermotolerans CBS 6340). Growth-profiler experiments
ith the remaining 41 strains were performed at 30 ◦C with SM

upplemented with 3 g l −1 ethanol. Since ima ge-anal ysis by the
r owth Pr ofiler set-up yields a nonlinear, str ain-dependent r ela-

ion between biomass concentration and read-out, TS was used
s a proxy for growth rate ( Fig. S1 ). The 41 strains sho w ed TS val-
es r anging fr om 5.7 ± 0.3 h for Cyberlindnera jadinii CBS 621 to 65
4 h for Sacc harom yces mikatae CBS 8839 (Fig. 2 and Fig. S2 ). De-

pite showing growth on ethanol in pr ecultur es, Zygosacc harom yces
ouxii CBS 732, Vanderwaltozyma polyspora CBS 2163, Tetrapisispora
haffii CBS 4417, and Ogataea methylivora CBS 7300 sho w ed no or
xtr emel y slow growth on ethanol in gr owth-pr ofiler experiments
 Fig. S2 and Table S1 ). Fast gr owth (TS v alues of 8 ± 2 h) was ob-
erved in all tested yeasts strains that belonged to the Phaffomyc-
tales order ( n = 8, genera Barnettozyma , Cyberlindnera , Phaffomyces ,
tarmera , and Wic kerhamom yces ). 

omparison of specific growth rates on ethanol 
n shake-flask cultures 

he 21 yeast strains that showed a TS below 21 h in the growth-
rofiler experiments were grown in shake-flask cultures for an
ccur ate measur ement of their specific gr owth r ates on ethanol
Fig. 3 ). Specific gr owth r ates of these str ains on SM with 7.5 g
 

−1 ethanol r anged fr om 0.124 ± 0.001 h 

−1 for K. phaffii X-33 to
.462 ± 0.007 h 

−1 for Pichia kudriavzevii CBS 5147 (Fig. 3 and Fig.
3 , Table S1 ), corresponding to doubling times of 5.8 h and 1.5 h,
 espectiv el y. As anticipated, specific growth rates measured in
hake-flask cultures negativ el y corr elated with gr owth-pr ofiler TS
alues ( Fig. S4 ). Outliers coincided with atypical growth charac-
eristics in shake-flask cultures. For example, after inoculation,
hake-flask cultures of P. kudriavzevii CBS 5147 sho w ed an initial
ast decrease in their optical density, which was followed by a
hort, extr emel y fast exponential growth phase ( Fig. S3 ). Other
outlier’ strains sho w ed a pr olonged la g phase in shake-flask cul-
ures and one exhibited pseudohyphal growth (i.e. Ambrosiozyma

https://academic.oup.com/fem/article-lookup/doi/10.1093/fem/foae037#supplementary-data
https://academic.oup.com/fem/article-lookup/doi/10.1093/fem/foae037#supplementary-data
https://academic.oup.com/fem/article-lookup/doi/10.1093/fem/foae037#supplementary-data
https://academic.oup.com/fem/article-lookup/doi/10.1093/fem/foae037#supplementary-data
https://academic.oup.com/fem/article-lookup/doi/10.1093/fem/foae037#supplementary-data
https://academic.oup.com/fem/article-lookup/doi/10.1093/fem/foae037#supplementary-data
https://academic.oup.com/fem/article-lookup/doi/10.1093/fem/foae037#supplementary-data
https://academic.oup.com/fem/article-lookup/doi/10.1093/fem/foae037#supplementary-data
https://academic.oup.com/fem/article-lookup/doi/10.1093/fem/foae037#supplementary-data
https://academic.oup.com/fem/article-lookup/doi/10.1093/fem/foae037#supplementary-data
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Figure 4. Presence and absence of genes encoding k e y respiratory chain components in a selection of Saccharomycotina species. Phylogenetic 
r elationships ar e r epr esented as a bootstr a p consensus tr ee (500 r eplicates) inferr ed with the neighbour-joining method based on LSU D1/D2 
sequences deposited in the Yeast IP database (Weiss et al. 2013 ). Presence or absence of genes encoding respiratory-chain components was inferred 
from a tBLASTn search of genomic datasets available in the database of the NCBI ( Table S2 ). Abbreviations: (Complex) I NADH: ubiquinone 
oxidoreductase type 1; Ndi NADH: ubiquinone oxidoreductase type 2; Q quinone; (Complex) III ubiquinone: cytochrome c oxidoreductase; Cyt c 
cytoc hr ome c; AOX alternative oxidase; and (Complex) IV cytoc hr ome c oxidase. Figure created with BioRender.com. 
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monospora CBS 2554), whic h pr ecluded accur ate gr owth-r ate mea- 
surements ( Table S1 ). 

Based on the r esults fr om pr e vious sta ge of the screening, i.e.
the gr owth-pr ofiler experiments (Fig. 2 ), all tested strains belong- 
ing to the Phaffomycetales or der w ere selected for shake-flask 
c har acterization. Within the subgroup of faster-growing species 
that were selected for shake-flask c har acterization, the perfor- 
mance in terms of high gr owth r ate of the Phaffomycetales strains 
was less pronounced. The av er a ge μmax of the Phaffomycetales 
strains was 0.33 ± 0.11 h 

−1 , whilst the av er a ge μmax of all 21 strains 
tested in shake flasks was 0.29 ± 0.10 h 

−1 . This difference is not 
statistically significant (unpaired two-tailed t -test, P = .42), unlike 
comparing the av er a ge TS of the Phaffomycetales strains (8 ± 2 h) 
to the av er a ge of the 37 str ains, wher e TS could be quantified in 

the pr e vious sta ge of the scr eening (21 ± 15 h, P = .02). 

Selection of strains with different 
respir a tory-chain composition based on genome 

data 

Composition of the mitochondrial ETS can significantly affect 
gr owth ener getics of r espiring yeast cultur es. N ADH oxidation b y 
a mitoc hondrial pr oton-pumping NADH dehydr ogenase complex 
(‘Complex I’) enables higher ATP yields from o xidati ve phosphory- 
ation than NADH oxidation by non-proton-pumping, single sub- 
nit mitoc hondrial NADH dehydr ogenases suc h as Ndi1 in S. cere-
isiae (Juergens et al. 2020 ). Conv ersel y, activity of a non-proton
umping AOX can decrease the ATP stoichiometry of mitochon- 
rial r espir ation (Joseph-Horne et al. 2001 , Guerr er o-Castillo et
l. 2012 ). We ther efor e assessed pr esence and absence of r ele-
ant genes in the genomes of 10 yeast species that sho w ed spe-
ific growth rates on ethanol of at least 0.15 h 

−1 in shake-flask
ultures (Figs 3 and 4 , Table S2 ). Based on this analysis, three
ubgr oups wer e identified: (i) absence of genes encoding Com-
lex I and AOX ( Sacc harom yces cerevisiae , Kluyverom yces lactis , and
tarmera quercuum ), (ii) presence of genes encoding Complex I pro-
eins and AOX ( Pichia ethanolica , Saturnispora dispora , Phaffomyces
hermotoler ans , Cyberlindner a jadinii , and Wic kerhamom yces ciferii ),
nd (iii) presence of Complex I-encoding genes but absence of
OX genes ( Ogataea parapolymorpha and Ogataea polymorpha ). All

hr ee subgr oups contained genetic homology with genes known
o encode cytoc hr ome c, subunits of ubiquinone:cytoc hr ome c ox-
doreductase (Complex III), and cytochrome c oxidase (Complex 
V), as well as non-pr oton-tr anslocating, single-subunit NADH de-
ydrogenases. S. cerevisiae CEN.PK113-7D and K. lactis CBS 2359 

both subgroup i), P. ethanolica CBS 8084 (formerly known as Can-
ida ethanolica ), S. dispora CBS 794, P. thermotolerans CBS 7012, and C.

https://academic.oup.com/fem/article-lookup/doi/10.1093/fem/foae037#supplementary-data
https://academic.oup.com/fem/article-lookup/doi/10.1093/fem/foae037#supplementary-data
https://academic.oup.com/fem/article-lookup/doi/10.1093/fem/foae037#supplementary-data
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Figure 5. Biomass yield and macromolecular biomass composition of seven different Saccharomycotina species grown in aerobic ethanol-limited 
c hemostat cultur es at 30 ◦C, pH 5.0, and at a dilution rate of 0.10 h −1 . Data ar e r epr esented as mean and standard de viation of data fr om independent 
duplicate chemostat cultures for each yeast strain (Table 1 ). Phylogenetic relationships are represented as a bootstrap consensus tree (500 replicates) 
inferred with the neighbour-joining method based on LSU D1/D2 sequences deposited in the Yeast IP database (Weiss et al. 2013 ). 

Table 1. Physiological parameters of yeast species grown in aerobic ethanol-limited chemostat cultures at 30 ◦C, pH 5.0, and at a dilution 

rate of 0.10 h 

−1 . Residual ethanol concentrations w ere belo w the detection limit (3 mg l −1 ) in all cultures . T he deviation in the last row 

indicates the difference between the ov er all dry weight biomass concentration and the sum of the four biomass components. Means 
and standard deviation were obtained from duplicate experiments. 

Species 
S. cerevisiae 

CEN.PK113-7D 

K. lactis 
CBS 2359 

P. ethanolica 
CBS 8084 

S. dispora 
CBS 794 

P. 
thermotolerans 

CBS 7012 
C. jadinii 
CBS 621 

O. 
parapolymorpha 

CBS 11895 

Actual dilution rate (h −1 ) 0.098 ± 0.001 0.102 ± 0.005 0.100 ± 0.001 0.099 ± 0.004 0.101 ± 0.002 0.096 ± 0.001 0.103 ± 0.004 
Y X/S (g X g S −1 ) 0.589 ± 0.001 0.558 ± 0.005 0.592 ± 0.001 0.660 ± 0.004 0.579 ± 0.007 0.730 ± 0.004 0.67 ± 0.01 
Carbon r ecov ery (%) 99.2 ± 0.1 97.6 ± 0.7 100.9 ± 0.8 102.1 ± 0.7 100.1 ± 0.7 99.4 ± 0.2 99 ± 1 
q O2 (mmol O 2 g X −1 h −1 ) 6.39 ± 0.05 6.8 ± 0.3 6.3 ± 0.1 5.6 ± 0.1 6.9 ± 0.2 4.35 ± 0.04 5.33 ± 0.01 
q CO2 (mmol CO 2 g X −1 h −1 ) 3.44 ± 0.01 3.7 ± 0.1 3.60 ± 0.02 2.9 ± 0.1 3.77 ± 0.08 2.07 ± 0.02 2.67 ± 0.02 
Respiration quotient 
(mol CO 2 mol O 2 

−1 ) 
0.538 ± 0.005 0.53 ± 0.02 0.569 ± 0.005 0.521 ± 0.007 0.543 ± 0.001 0.476 ± 0.001 0.501 ± 0.003 

Y X/O2 (g X mol O 2 
−1 ) 15.6 ± 0.1 15.1 ± 0.2 15.8 ± 0.4 17.8 ± 0.3 14.5 ± 0.1 22.1 ± 0.4 19.4 ± 0.7 

c ethanol,in (g l −1 ) 5.81 ± 0.01 3.80 ± 0.01 3.77 ± 0.02 3.76 ± 0.01 3.78 ± 0.01 3.77 ± 0.01 3.79 ± 0.01 
c biomass (g l −1 ) 3.43 ± 0.01 2.12 ± 0.01 2.23 ± 0.01 2.48 ± 0.02 2.19 ± 0.03 2.75 ± 0.01 2.53 ± 0.05 
Pr otein fr action (wt-%) 42.6 ± 0.1 46.6 ± 0.5 46 ± 2 48 ± 1 47.5 ± 0.9 59 ± 2 51.5 ± 0.1 
Carbohydr ate fr action (wt-%) 29 ± 1 34.2 ± 0.2 29.3 ± 0.4 25.8 ± 0.8 35 ± 1 22.3 ± 0.3 34.5 ± 0.8 
RNA fraction (wt-%) 6.86 ± 0.09 7.0 ± 0.2 6.84 ± 0.05 9.3 ± 0.3 4.5 ± 0.2 10.6 ± 0.4 9.38 ± 0.07 
Lipid fraction (wt-%) 9.2 ± 0.1 6.5 ± 0.5 10.4 ± 0.6 8.75 ± 0.03 8.0 ± 0.2 6.86 ± 0.09 7.1 ± 0.1 
Deviation (%) 12 ± 1 5.7 ± 0.1 7 ± 2 8 ± 2 5.2 ± 0.5 1.5 ± 0.6 3 ± 2 
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adinii CBS 621 (subgroup ii, the latter two belonging to the Phaf-
omycetaceae family), and O. parapolymorpha CBS 11895 (subgroup
ii) were selected as re presentati ves for a quantitative analysis of
iomass yields and biomass composition in chemostat cultures. 

iomass yields and biomass composition in 

thanol-limited chemostat cultures 

n ethanol-limited chemostat cultures, operated at a dilution rate
f 0.10 h 

−1 (Fig. 5 and Table 1 ), biomass yields of the se v en se-
ected yeast str ains r anged fr om 0.56 to 0.73 g biomass g ethanol 

−1 . S.
erevisiae and K. lactis , both reported to lack a Complex I NADH
ehydrogenase (Nosek and Fukuhara 1994 ; Fig. 4 ), sho w ed similar
iomass yields (0.589 ± 0.001 g g −1 and 0.558 ± 0.005 g g −1 , re-
pectiv el y). Under the same conditions, higher biomass yields on
thanol wer e observ ed for the Complex-I-containing species S. dis-
ora (0.660 ± 0.004 g g −1 ), O. parapolymorpha (0.67 ± 0.01 g g −1 ), and
. jadinii (0.730 ± 0.004 g g −1 ). Although genes encoding Complex-I
ubunits were also encountered in the genomes of P. thermotoler-
ns and P. ethanolica , the biomass yield on ethanol of these strains
t D = 0.10 h 

−1 (0.579 ± 0.007 g g −1 and 0.592 ± 0.001 g g −1 , respec-
iv el y) was more similar to that of S. cerevisiae and K. lactis than to
hat of S. dispor a , O. par apolymorpha , and C. jadinii ( Fig. S5 ). Biomass
ields of the se v en str ains on oxygen r anged fr om 14.5 ± 0.1 to
2.1 ± 0.4 g biomass ·[mol O 2 ] −1 and, as anticipated, correlated posi-
iv el y with their biomass yields on ethanol (Table 1 ). 

Because energy costs of protein, carbohydrates, nucleic acids,
nd lipid synthesis are different, comparisons of growth ener-
etics should take into account macromolecular composition of
iomass . T her efor e, contents of pr otein, carbohydr ates, RNA, and
ipid were determined for biomass samples taken from chemostat

https://academic.oup.com/fem/article-lookup/doi/10.1093/fem/foae037#supplementary-data
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Table 2. Maxim um theor etical biomass yields on ethanol as sole substrate, estimated with a stoichiometric model of the core metabolic 
netw ork of y east ( Supporting Information 1 ). Elemental and macromolecular biomass compositions were based on measurements of 
pr otein, RNA, carbohydr ates, and lipids in biomass samples from ethanol-limited chemostats (Table 1 ). DN A content w as assumed 

constant at 0.5-wt% (Lange and Heijnen 2001 ). The third column displays for each yeast species the percentage that the experimentally 
determined yield makes up of the maximum theoretical yield. 

Biomass yield (g g −1 ) 

Organism Experimental Theoretical maximum Experimental/theoretical (%) 

S. cerevisiae CEN.PK113-7D 0.589 ± 0.001 0 .826 71 
K. lactis CBS 2359 0.558 ± 0.005 0 .831 67 
P. ethanolica CBS 8084 0.592 ± 0.001 0 .823 72 
S. dispora CBS 794 0.660 ± 0.004 0 .828 80 
P. thermotolerans CBS 7012 0.579 ± 0.007 0 .824 70 
C. jadinii CBS 621 0.730 ± 0.004 0 .829 88 
O. parapolymorpha CBS 11895 0.67 ± 0.01 0 .835 80 
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cultures of the seven strains (Fig. 5 ). Of the four major macro- 
molecular biomass constituents, protein is the most expensive 
in terms of ATP r equir ement (Verduyn et al. 1991 ). Protein con- 
tent of the biomass of the se v en yeasts v aried fr om 43% to 59% 

(Table 1 ), with the highest protein content found in C. jadinii , which 

also sho w ed the highest ov er all biomass yield. Conv ersel y, C. jadinii 
biomass had the lo w est carbohydrate content at 22.3 ± 0.3 wt- 
%, whilst the carbohydrate content for the other species ranged 

from 26 to 35 wt-%. The RNA content also varied among the 
species, with the highest content measured in C. jadinii biomass 
(10.6 ± 0.4 wt-%), and the lo w est in P. thermotolerans (4.5 ± 0.2 wt- 
%). The lipid content seemed to have the smallest deviation be- 
tween the species, ranging from 6.5 to 10.4 wt-%. 

T heoretical anal ysis of gro wth energetics in 

ethanol-limited chemostat cultures 

When expressed per mole of carbon, ethanol (C 2 H 6 O) has a de- 
gr ee of r eduction ( γ ) of 6, while, when ammonium is used as ni- 
trogen source (used as reference γ = 0), the generic elemental 
biomass composition CH 1.8 O 0.5 N 0.2 corresponds to γ = 4.2 (Roels 
1980 ). Assimilation of ethanol into biomass ther efor e leads to the 
gener ation of r educing equiv alents (NAD(P)H and QH 2 ), whose ox- 
idation by mitochondrial respiration can generate ATP. A theo- 
r etical maxim um biomass yield is r eac hed when the ATP yield 

fr om r espir ation of the r educed cofactors gener ated in assimila- 
tion matches the ATP requirement in assimilation (Verduyn et al.
1991 ). In such a situation, assimilation generates enough redox 
cofactors to meet biosynthetic r equir ements for ATP and, conse- 
quently, complete dissimilation of additional ethanol to CO 2 and 

water is not needed. The theoretical maximum yields of the S. cere- 
visiae , K. lactis , P. ethanolica , S. dispora , P. thermotolerans , C. jadinii , and 

O. parapol ymorpha str ains used in the chemostat experiments were 
calculated with a cor e stoc hiometric model of yeast metabolism 

(Table 2 ). Molecular and elemental biomass composition were 
based on the experimentally determined whole-cell contents 
of pr otein, RNA, carbohydr ate, and lipid of the different yeast 
species when grown in ethanol-limited steady state chemostats 
at D = 0.10 h 

−1 . DN A content w as assumed to be 0.5 wt-% for all 
strains (Lange and Heijnen 2001 ). The oxidation of ethanol and ac- 
etaldehyde was modelled to generate cytosolic NADH. For all yeast 
species, a mechanistic H 

+ /O ratio of 6 was assumed for NADH gen- 
erated in the cytosol and for QH 2 generated in the mitochondria.
For NADH generated in the mitochondrial matrix, H 

+ /O ratios of 6 
and 10 were assumed for yeasts lacking and containing a Complex 
I NADH dehydr ogenase, r espectiv el y. The theor etical maxim um 

biomass scenario was simulated via minimising the H 

+ /ATP ratio 
f the mitochondrial ATP synthase in the model, whilst prevent-
ng r e v erse electr on flow pr edicted b y the model as a lo w er bound-
ry ( Table S3 ). Gr owth-r ate independent ATP turnov er for cellular
aintenance and growth-coupled ATP costs were excluded from 

hese theoretical maximum biomass yield simulations. 
Remarkabl y, the v arying macr omolecular composition of the

east species had only little impact on the theoretical maximum
ields, whic h r ange fr om 0.823 to 0.835 g biomass g ethanol 

−1 (Table 2 ).
his might indicate that the fraction of substrate dissimilated 

or the generation of the required amount of ATP in vivo has a
 uc h bigger impact on yields than the biomass composition itself.

he Complex-I-negative yeasts S. cerevisiae and K. lactis r eac hed
1% and 67%, r espectiv el y, of the theoretical maximum biomass
ield in chemostat cultures. Similar percentages were calculated 

or P. ethanolica (72%) and P. thermotolerans (70%), despite the pres-
nce in its genome of genes encoding Complex-I subunits. Satur- 
ispor a dispor a , O. par apolymorpha (both 80%) and, in particular, C.

adinii (88%), more closely approached the theoretical maximum 

iomass yield. 

iscussion 

 he o verwhelming majority of quantitative yeast physiology stud-
es is based on the use of sugars as carbon and energy sources.
y exploring a small sample of the biodiversity of ascomycete 
udding yeasts, this study r e v ealed a wide range of growth rates

n cultures grown on a synthetic medium with ethanol as sole
arbon sour ce. Ethanol-gro wn cultur es of m ultiple tested str ains
atc hed or e v en exceeded the specific gr owth r ate of ∼0.4 h 

−1 

hat is observed for laboratory strains of S. cerevisiae when grown
n SM with glucose (van Dijken et al. 2000 ). An enrichment of
igh gr owth r ates was observ ed among all tested str ains that be-

onged to the Phaffomycetales order, although fast growth was 
bserv ed acr oss the budding yeast subphylum. These r esults indi-
ate that a broader exploration of intra- and interspecies diversity
f yeasts with respect to growth rates on ethanol is highly rele-
ant and may potentially yield even faster-growing strains. Some 
nexpected phenotypes observed in this study, such as the atypi-
al growth kinetics of the fastest-gr owing str ain P. kudriavzevii CBS
147 ( Fig. S3 ), merit further investigation. 

K. lactis and S. cerevisiae , tw o y easts whose genomes lack
omplex-I genes, both sho w ed a lo w biomass yield on ethanol

n ethanol-limited chemostat cultures. Of five yeasts whose 
enomes do contain Complex-I genes, P. ethanolica and P. thermotol-
rans sho w ed similarly lo w biomass yields, while biomass yields of
. jadinii , S. dispora , and O. parapolymorpha were significantly higher

https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foae037#supplementary-data
https://academic.oup.com/fem/article-lookup/doi/10.1093/fem/foae037#supplementary-data
https://academic.oup.com/fem/article-lookup/doi/10.1093/fem/foae037#supplementary-data
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Fig. 5 and Table 1 ). These r esults ar e consistent with the hy-
othesis that the presence of genes encoding a Complex-I proton-
r anslocating NADH dehydr ogenase is r equir ed but not sufficient
or ac hie ving high biomass yields on ethanol. Further r esearc h
hould r e v eal how gr owth conditions and/or medium composi-
ion affect synthesis of ETS components and biomass yields in
thanol-gr own cultur es and whic h additional le v els of r egulation
r e involv ed in distribution of electr ons ov er pr oton-coupled and
onpr oton-coupled br anc hes of yeast ETS. Suc h studies ar e not
nly of fundamental interest but can also identify metabolic en-
ineering targets for improving growth energetics in industrial
easts such as O. parapolymorpha (Juergens et al. 2020 ). 

The biomass yield determined for C. jadinii (0.73 g g −1 ) in
thanol-limited cultures at a dilution rate of 0.10 h 

−1 is higher
han pr e viousl y r eported (Verduyn et al. 1991 ). This high biomass
ield, its high protein content (59 ± 2%) and its long-term ap-
lication as ‘ fodder yeast’ in the pr e vious century (Watteeuw
t al. 1979 , Lallemand 2024 ) make it a highly interesting candi-
ate for single-cell pr otein fr om ethanol. A r ecent study in whic h
iomass yields and protein contents of two bacterial and three
east strains were compared in ethanol-grown shake-flask cul-
ur es (v an Peteghem et al. 2022b ) sho w ed an e v en higher biomass
ield (0.82 g g −1 ) for the related yeast species Cyberlindnera satur-
us in batc h cultur es . T he chemostat experiments in this study
ere performed at a relatively low growth rate (0.10 h 

−1 ). To pre-
ict performance of yeasts such as C. jadinii and O. parapolymor-
ha in industrial fed-batch cultures, an extended in-depth anal-
sis of growth yield, kinetics, and energetics is required. In par-
icular, such studies should cover a range of growth rates that are
 epr esentativ e for the dynamic gr owth-r ate r egimes in lar ge-scale
ndustrial fed-batch processes. 

The observed biomass yield of C. jadinii in ethanol-limited
 hemostat cultur es a ppr oac hed the theor etical maxim um (88%)
t which all ATP requirements for biomass formation is met by
 espir ation of the ‘excess’ reduced cofactors generated in biosyn-
hetic reactions . T his r aises inter esting questions on how ethanol
xidation is coupled to NADH oxidation via Complex I and on
ow cells allocate cellular resources to enable high fluxes through
omplex I which, also in fungi, is a lar ge, m ultisubunit pr otein
omplex with up to 35 subunits that has to be functionally assem-
led at and across the mitochondrial inner membrane (Videira
998 ). Suc h studies ar e not onl y r ele v ant for industrial a pplica-
ion, but would also provide interesting models for systems biol-
gy studies on eukary otic gro wth energetics and resource alloca-
ion. 

This study indicates that, under a selected set of conditions,
acc har omycotina yeasts gr own on ethanol exhibit considerable
iversity in maximum specific growth rates, biomass yields, and
iomass composition. Optimizing these parameters and, in partic-
lar, the energy coupling of ethanol dissimilation, by exploration
f yeast biodiversity and/or metabolic engineering will therefore
e highl y r ele v ant for optimizing the sustainability and pr ofitabil-

ty of yeast-based industrial biotechnological processes that use
ow-GHG-emission ethanol as sole carbon and energy source. 
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