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Abstract
This study explored the isolation and screening of an osmotolerant yeast, Wickerhamomyces anomalus BKK11-4, which 
is	 proficient	 in	utilizing	 renewable	 feedstocks	 for	 sugar	 alcohol	production.	 In	batch	 fermentation	with	high	 initial	 glu-
cose concentrations, W. anomalus BKK11-4 exhibited notable production of glycerol and arabitol. The results of the 
medium	optimization	experiments	revealed	that	trace	elements,	such	as	H3BO3, CuSO4, FeCl3, MnSO4,	KI,	H4MoNa2O4, 
and ZnSO4, did not increase glucose consumption or sugar alcohol production but substantially increased cell biomass. 
Osmotic	stress,	which	was	manipulated	by	varying	initial	glucose	concentrations,	influenced	metabolic	outcomes.	Elevated	
glucose	levels	promoted	glycerol	and	arabitol	production	while	decreasing	citric	acid	production.	Agitation	rates	signifi-
cantly	impacted	the	kinetics,	enhancing	glucose	utilization	and	metabolite	production	rates,	particularly	for	glycerol,	arabi-
tol,	and	citric	acid.	The	operational	pH	dictated	the	distribution	of	the	end	metabolites,	with	glycerol	production	slightly	
reduced	at	pH	6,	while	arabitol	production	remained	unaffected.	Citric	acid	production	was	observed	at	pH	6	and	7,	and	
acetic	 acid	production	was	observed	at	 pH	7.	Metabolomic	 analysis	using	GC/MS	 identified	29	metabolites,	 emphasiz-
ing	 the	abundance	of	 sugar/sugar	alcohols.	Heatmaps	were	generated	 to	depict	 the	variations	 in	metabolite	 levels	under	
different	osmotic	stress	conditions,	highlighting	the	intricate	metabolic	dynamics	occurring	post-glucose	uptake,	affecting	
pathways	such	as	the	pentose	phosphate	pathway	and	glycerolipid	metabolism.	These	insights	contribute	to	the	optimiza-
tion of W. anomalus BKK11-4 as a whole-cell factory for desirable products, demonstrating its potential applicability in 
sustainable sugar alcohol production from renewable feedstocks.
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Abbreviations
SM  Synthetic medium
OM  Osmotolerant selective medium
QPS	 	Qualified	presumption	of	safety
SNPs  Single-nucleotide polymorphisms

Introduction

Sugar alcohols or polyols are a group of acyclic hydroge-
nated	 carbohydrates,	 but	 they	 are	 not	 classified	 as	 sugars	
[1]. Sugar alcohols have several applications in the food, 
pharmaceutical and chemical industries and are typically 
used as substitutes for table sugar in food and beverages 
because they are sweet but have fewer calories than table 
sugar. In addition, sugar alcohols are used in several phar-
maceutical applications due to their excellent functional 
properties	 and	 health	 benefits.	 Some	 sugar	 alcohols,	 such	
as xylitol and sorbitol, have potential applications as build-
ing blocks for producing high-value chemicals [2]. Expan-
sion of the global market for sugar alcohols is therefore 
expected. Sugar alcohols are present in small amounts in 
plants, fungi, and algae. The low sugar content hinders the 
extraction of sugar alcohols from natural sources [1]. Sugar 
alcohols are industrially produced by the catalytic hydro-
genation of sugars under harsh conditions. The chemical 
processes are performed under high pressure and tempera-
ture,	and	many	purification	steps	are	required	to	recover	the	
products, which results in a low product yield. Microbial 
fermentation is an environmentally benign process that uti-
lizes	renewable	feedstocks	[2]. The whole-cell catalytic pro-
cess is therefore emerging as the predominant alternative for 
the production of sugar alcohols such as xylitol, erythritol, 
mannitol, sorbitol, and D-threitol [1, 2].

Glycerol or propane-1,2,3-triol is a simple sugar alco-
hol that is commonly known as glycerin. Glycerol has mild 
antimicrobial and antiviral properties; therefore, it is widely 
used in several consumer products, mainly as a supplement 
in personal care and pharmaceutical products. Glycerol can 
also be used to produce high-value chemical intermediates, 
including 1,3-propanediol, epichlorohydrin, acrolein, glyc-
erol carbonate, and glycidol [3, 4]. Industrial chlorination 
of propane to allyl chloride generates approximately 25% 
of the glycerol needed to meet the global demand, while 
the	remaining	75%	is	from	the	saponification	of	fats	in	the	
detergent industry [5, 6]. With the growth of the biodiesel 
industry, crude glycerol is produced as a major byproduct 
that contributes approximately 10% of the biodiesel produc-
tion capacity [7, 8]. Crude glycerol usually contains impuri-
ties	from	the	transesterification	process,	including	methanol,	
alkali	salts,	and	free	fatty	acids;	therefore,	purification	steps	
are needed to eliminate those impurities. The Renewable 

Energy Directive (RED II) was announced by the European 
Union in 2018 to limit the consumption of plant-based bio-
fuel [3].	This	regulation	has	significantly	affected	biodiesel	
production	and	subsequently	 increased	 the	global	demand	
for glycerol.

Microbial fermentation using nonedible renewable feed-
stocks has therefore become a promising alternative. A 
previous study reported that Saccharomyces cerevisiae can 
convert monosaccharides to glycerol [9]. Several initiatives 
and studies have been conducted for improving fermenta-
tion	process	performance.	Bisulfite	or	steering	agents	added	
in the fermentation media reportedly improve the glycerol 
yield	by	binding	alcohol	dehydrogenase	(ADH)	to	inhibit	the	
conversion of aldehydes to ethanol, increasing the amount 
of	NADH	available	for	the	conversion	of	dihydroxyacetone	
phosphate	(DHAP)	to	glycerol.	An	operating	pH	higher	than	
7 was also reported to improve glycerol production [10]. 
Genetic manipulation of the glycerol-producing pathway 
was	 conducted.	 The	 targeted	 enzymes,	 glyceraldehyde-
3-phosphate dehydrogenases (GPD1 and GPD2), were 
overexpressed. By genetic manipulation, the byproducts 
from the overexpression mutants, including acetaldehyde, 
acetic acid, and acetoin, were produced and were likely 
eliminated [9]. In addition to S. cerevisiae, osmotolerant 
yeasts such as Candida, Debaryomyces, Hansenula, Pichia, 
Schizosaccharomyces, Saccharomyces, Torulaspora, and 
Zygosaccharomyces species can also produce sugar alco-
hols, including glycerol [11].

D-arabitol is another promising biobased chemical with 
versatility in industrial applications. D-arabitol has a low 
caloric	content	(0.2	kcal/g),	moderate	sweetness	and	a	low	
glycemic index. Therefore, it can be used as a substitute 
for high-calorie sweeteners in the food and beverages con-
sumed by diabetic patients. D-arabitol can also serve as a 
building block molecule to produce industrially important 
compounds	and	drug	intermediates,	including	xylitol,	HIV	
protease inhibitors, and immunosuppressive glycolipids. 
The US Department of Energy has listed D-arabitol as one 
of the 12 platform chemicals [12, 13]. Arabitol is currently 
produced by the catalytic hydrogenation of arabinonic acid 
and lactones at 100 °C in the presence of Raney nickel cata-
lysts. The high operating temperature and the consumption 
of costly catalysts make the chemical production of arabitol 
environmentally and economically unsustainable [14]. For 
this reason, the biotechnological production of arabitol from 
renewable feedstocks has become an attractive option. Like 
glycerol, arabitol can be produced by osmotolerant yeasts, 
including Zygosaccharomyces, Candida, Debaryomyces, 
and Metschnikowia species.

Sugar	alcohol	production	by	osmotolerant	yeasts	requires	
operation under osmotic stress generated by increasing 
osmolarity in the surrounding environment, which results 
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in hyperosmotic stress and loss of intracellular water. In 
response to the loss of intracellular water, osmotolerant 
yeasts accumulate sugar alcohols such as glycerol, eryth-
ritol, xylitol, arabitol, and mannitol in the cytoplasm. The 
operating conditions can be varied to manipulate the meta-
bolic	shift	of	sugar	substrates	toward	the	specific	production	
routes for the desired end metabolites. Typically, fermenta-
tion by osmotolerant yeasts yields multiple end products. 
In recent years, the coproduction of chemical intermediates 
has attracted increasing interest because the yield from sub-
strate conversion to more than one end metabolite is greater 
[15].

In this study, we investigated the coproduction of glyc-
erol and D-arabitol by an osmotolerant yeast under various 
stress conditions. The isolation and screening of osmotol-
erant yeasts were conducted to determine the appropriate 
isolate,	 which	 was	 subsequently	 used	 in	 fermentation	 to	
produce both glycerol and D-arabitol. The use of a one-pot 
process for the coproduction of glycerol and D-arabitol was 
explored.	This	approach	revealed	a	promising	technique	for	
generating high-value products via a sustainable bioprocess.

Materials and methods

Isolation and screening of osmotolerant yeasts

Fruit samples with high sugar content, including water-
melon, ripe mango, pineapple, preserved sweet tamarind, 
dried sweetened fruits, and rotten fruits, were collected 
from local markets in Bangkok, Thailand. One gram of each 
sample	was	transferred	into	sterile	enrichment	medium	(pH	
3.5) that contained (per liter) 10 g of glucose (Dongxiao, 
China), 5 g of peptone (Sigma, Germany), and 3 g of yeast 
extract	(Sigma,	Germany).	Antibiotics,	including	250	mg/L	
penicillin	G	(Sigma,	Germany)	and	250	mg/L	streptomycin	
(Sigma, Germany), were added to the enrichment medium 
to prevent bacterial growth. The culture was incubated at 
30 °C and 150 rpm for 3 days. The culture broth was trans-
ferred and streaked onto a plate containing yeast extract-
peptone-dextrose (YPD) agar medium, containing (per liter) 
5 g of peptone, 3 g of yeast extract, 10 g of glucose, and 
20 g of agar (Patanasin Enterprise, Thailand). The culture 
was incubated at 30 °C for 3 days. A single colony from 
the YPD agar plate was transferred onto a new YPD agar 
plate	 for	 further	 colony	 purification.	 The	 purified	 colony	
was selected for further screening of the osmotolerant yeast. 
The	purified	colony	was	transferred	onto	a	new	YPD	agar	
slant for short-term storage. For long-term storage, a single 
colony was transferred to sterile YPD broth and incubated 
at 30 °C and 150 rpm for 24 h before being transferred to 

sterile	30%	 (v/v)	glycerol	 (Sigma,	Germany)	 in	 a	1.5	mL	
cryotube and kept at -80 °C.

Primary screening for osmotolerant yeasts

The osmotolerant yeast was screened by transferring a puri-
fied	colony	into	2	types	of	osmophilic	yeast	selective	media.	
The	 purified	 colony	 was	 first	 transferred	 onto	 YEG50	
medium containing (per liter) 5 g of yeast extract and 500 g 
of glucose. Notably, the YEG50 medium had a water activ-
ity	of	0.91,	and	a	previous	study	reported	that	osmotolerant	
yeasts	could	survive	under	a	water	activity	as	low	as	0.89–
0.95	and	a	high	sugar	content	of	40–70%	[16]. The growing 
colony was transferred to another selective medium (OM 
medium) that contained (per liter) 285 g of glucose, 15 g 
of fructose (Sigma, Germany), 5 g of yeast extract, 10 g of 
malt extract (Sigma, Germany), 5 g of meat peptone (Sigma, 
Germany), 100 mL of glycerol, 50 g of KCl (Merck, Ger-
many), 1 g of MgSO4⋅7H2O	 (Riedel-de	Haen,	Germany),	
2	g	of	(NH4)2HPO4	 (Merck,	Germany),	1	g	of	(NH4)2SO4 
(Merck, Germany), and 1.3 mg of thiamine (Sigma, Ger-
many).	The	OM	medium	also	had	a	water	activity	of	0.91	
[17]. The colonies that grew on both selective media were 
identified	as	osmotolerant	isolates.

Secondary screening for polyol-producing isolates

The previously screened osmotolerant yeast isolates were 
further screened for their ability to produce polyols such 
as glycerol and arabitol. All isolates were transferred onto 
a	 new	 sterile	 YPD	 agar	 slant	 (pH	 5.0)	 and	 incubated	 at	
30	°C.	After	24	h	of	incubation,	1	mL	of	sterile	deionized	
(DI) water was added to the culture slant before vortexing 
thoroughly to obtain the cell suspension. The cell suspen-
sion was diluted approximately 50-100-fold with sterile DI 
water. The optical density at 600 nm (OD600) of the diluted 
cell suspension was spectrophotometrically measured. The 
actual OD600 of the cell suspension was calculated by mul-
tiplying the OD600 reading of the diluted cell suspension by 
the dilution factor. The inoculum was prepared by diluting 
the cell suspension with sterile DI water to an OD600 of 
30–40.	The	inoculum	(0.5	mL)	was	transferred	into	49.5	mL	
of sterile synthetic medium (SM) containing (per liter) 250 g 
of	glucose,	1.5	g	of	(NH4)2SO4,	1	g	of	KH2PO4 (Merck, Ger-
many), 0.5 g of MgSO4⋅7H2O, and 0.2 g of CaCl2 (Merck, 
Germany). The culture was incubated at 30 °C and 200 rpm 
for 384 h. Fermentation samples were collected every 24 h 
for further analyses.
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Macrogen,	Inc.	(Korea).	The	DNA	sequence	was	aligned	by	
the	BioEdit	Sequence	Alignment	Editor	version	7.2	(https://
bioedit.software.informer.com/7.2/). The phylogenetic tree 
was constructed using the neighbor-joining method and the 
maximum-likelihood method in MEGA version 7 (https://
www.megasoftware.net).	 The	 nucleotide	 sequences	 (26	 S	
rRNA	 gene	 sequences)	 of	 the	 isolates	 were	 deposited	 in	
the NCBI GenBank (https://www.ncbi.nlm.nih.gov/gen-
bank/) under the accession numbers OK458717.1 for isolate 
BKK12-1 and OK458718.1 for isolate BKK11-4.

Genome sequencing and variance analysis

The isolate BKK11-4 was grown in YPD medium and 
incubated at 30 °C for 24 h. Genomic DNA was extracted 
using	a	Wizard®	Genomic	DNA	Purification	Kit	(Promega,	
A1120, USA) according to the manufacturer’s protocol. 
The DNA purity was investigated by gel electrophore-
sis. The concentration and purity of the DNA were mea-
sured from the ratio of the absorbance at 260 nm to that at 
280 nm using a Nanodrop spectrophotometer (DS-11FX+, 
DeNovixÒ, USA). Illumina SBS technology was used 
to	 sequence	 the	 whole	 genome.	A	 total	 of	 1,599,864,328	
nucleotides	 were	 sequenced,	 and	 the	 genome	 was	 cre-
ated	from	the	entire	sequence.	To	reduce	bias,	 the	adapter	
sequences	and	poor-quality	 reads	were	removed	using	 the	
Trimmomatic Program (v.0.38) (http://www.usadellab.
org/cms/index.php?page=trimmomatic).	 The	 overall	 qual-
ity	 of	 the	 whole-genome	 sequence	 was	 examined	 using	
the Fast QC2 program (https://www.bioinformatics.babra-
ham.ac.uk/projects/fastqc/).	 The	 whole-genome	 sequence	
information can be accessed in the NCBI database (https://
www.ncbi.nlm.nih.gov/genbank/) (accession number: JAP-
KVJ000000000).	 Paired-end	 assembly	 was	 performed	
using	filtered	reads	and	SPAdes	version	3.15.4	(http://bio-
inf.spbau.ru/en/spades) with the cautious option. The scaf-
folds from the SPAdes program were polished using Pilon 
software (https://github.com/broadinstitute/pilon).

The	genome	sequence	of	the	wild-type	strain	Wickerham-
omyces anomalus Y-366T was used as a reference genome 
for genetic variation analysis of the isolate BKK11-4. Reads 
were	aligned	to	the	reference	sequences	using	the	Burrows‒
Wheeler Aligner (BWA) program (v0.7.17) (https://github.
com/lh3/bwa) to determine the genetic variants, including 
single-nucleotide polymorphisms (SNPs), insertion muta-
tions, deletion mutations, base change mutations, transi-
tions, and transversions, in all mapped samples.

Morphological, physiological, and biochemical 
characterization

The morphology of the selected osmotolerant yeast iso-
lates that produced sugar alcohols was investigated based 
on colony appearance. Each isolate was subcultured on a 
YPD agar plate and incubated at 30 °C for 3 days to allow 
full development of single colonies. Single colonies were 
observed under a microscope for morphological character-
ization.	The	modified	methylene	blue	staining	method	was	
used	for	colony	staining.	Briefly,	methylene	blue	was	dis-
solved	in	sodium	citrate	solution	(2%	w/v)	to	a	final	concen-
tration	of	0.01%	(w/v).	The	yeast	suspension	(0.5	mL	of	107 
cells/mL)	was	mixed	with	0.5	mL	of	citrate	methylene	blue	
solution. The suspension was observed under a microscope 
after 5 min. Live cells remained unstained, whereas dead 
cells were stained blue [18].	The	growth	temperature	(20–45	
°C)	and	pH	(1.5–12.0)	ranges	were	determined	for	cultures	
grown in YPD broth. In addition, biochemical character-
ization	was	performed	using	the	API	20	C	AUX	assay	kit	
(bioMerieux, Marcyl’ Etoile, France) following an instruc-
tion manual (https://www.mediray.co.nz/media/15815/
om_biomerieux_test-kits_package_insert-20210.pdf). 
Briefly,	 the	API	20	C	AUX	strip	consisted	of	19	capsules	
that	contained	19	different	dehydrated	carbon	substrates	and	
one capsule without substrate. The capsules were added to 
a semisolid minimal medium and a fresh yeast suspension 
with	a	turbidity	of	2	McFarland	before	incubation	at	29	°C	
±	2	°C	for	48–72	h	(±6 h). The yeast only grew if it could 
utilize	the	specific	substrate	in	each	capsule	as	the	sole	car-
bon source. The observations were interpreted by compari-
son with the growth controls (a capsule with glucose as the 
positive control and the capsule without a carbon substrate 
as	 the	 negative	 control).	 Identification	 was	 performed	 by	
referring	to	the	Analytical	Profile	Index.	A	suspension	that	
was more turbid than the negative control indicated a posi-
tive reaction.

Molecular identification

The selected osmotolerant yeast isolates that could produce 
sugar	alcohols	were	identified	based	on	the	D1/D2	domain	
of	the	26S	rRNA	sequence.	The	isolate	was	transferred	onto	
a YPD agar plate and incubated at 30 °C for 24 h. A single 
colony	was	dissolved	in	0.1X	SSC	buffer.	The	cell	suspen-
sion was mixed with a polymerase chain reaction (PCR) 
mixture containing the DNA primers NL-1 (5’ G C A T A T C 
A A T A A G C G G A G G A A A A G-3’) and NL-4 (5’ G G T C C 
G	T	G	T	T	T	C	A	A	G	A	C	G	G-3’)	 to	 amplify	 the	D1/D2	 domain	
of	 the	26	S	rRNA	gene	sequence	[19]. The PCR products 
were	purified	with	a	QIAquick	PCR	Purification	Kit	(Qia-
gen,	 Tokyo,	 Japan)	 before	 gene	 sequencing	 analysis	 by	
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psig	for	30	min.	After	sterilization,	the	fermenter	was	cooled	
before starting the control system. Before inoculation, the 
operating temperature was set at 30 °C. The dissolved oxy-
gen (DO) sensor (InPro6820, Mettler Toledo) was cali-
brated	with	nitrogen	and	air.	After	inoculation,	the	pH	was	
automatically	controlled	at	 the	set	point	using	5	M	NaOH	
and	5	M	HCl.	The	agitation	 rate	and	 the	pH	were	varied.	
Fermentation samples were collected every 24 h for 168 h 
for further analyses.

Sample analyses

The fermentation broth sample (1 mL) was centrifuged at 
10,000 × g for 5 min. The supernatant was collected for 
analyses of the remaining glucose and metabolites using 
high-performance	 liquid	 chromatography	 (HPLC).	 The	
solid	cell	biomass	was	 resuspended	 in	1	mL	of	deionized	
water and vortexed thoroughly before the OD600 was 
measured spectrophotometrically. To convert the OD600 
to	the	dry	cell	biomass	concentration	(g/L),	the	correlation	
between the cell biomass concentration and the OD reading 
was	plotted,	where	an	OD600	reading	of	3	was	equivalent	
to	1	g/L	dry	cell	weight.

The remaining glucose and metabolites formed during fer-
mentation	were	analyzed	using	HPLC	(Shimadzu-LC-20	A,	
Japan). The cell-free supernatant (1 mL) was diluted with 
double-distilled	water	and	filtered	through	a	cellulose	acetate	
membrane. The diluted sample (15 µL) was automatically 
injected	(Shimadzu-SIL-20	A)	into	an	organic	acid	analysis	
column	(Bio-Rad,	Aminex	HPX-87	H	ion	exclusion	organic	
acid column; 300 mm × 7.8 mm), maintained at 45 °C in a 
column	oven	(Shimadzu-CTO-20	A)	and	eluted	with	5	mM	
H2SO4	at	a	flow	rate	of	0.6	mL/min	(Shimadzu-LC-20AT).	
A	refractive	index	detector	(Shimadzu-RID-20	A)	was	used	
to detect the organic compounds. Standards containing 
0–2	g/L	each	component	(glucose,	glycerol,	arabitol,	acetic	
acid, and ethanol) were injected as references to determine 
the sample concentration from the respective peak areas.

The concentration was used to determine yield and pro-
ductivity. The product yield (Yp/s) was calculated from the 
ratio of the amount of product formed to the amount of glu-
cose	consumed	during	fermentation.	Volumetric	productiv-
ity	was	defined	as	the	total	amount	of	product	formed	per	
unit volume per time.

Metabolomic analyses

Metabolomic analysis was employed to investigate the 
acquisition	 of	 extracellular	 metabolites.	 This	 involved	
transferring 200 µL of cell-free supernatant, along with an 
internal	standard	of	2	g/L	xylose,	into	dried	glass	ampoules.	
After	3–4	h	of	drying	with	a	Labconco	CentriVap	Aqueous	

Glycerol and arabitol fermentation by 
Wickerhamomyces anomalus BKK11-4

W. anomalus BKK11-4 was subcultured onto YPD agar 
plates	 (pH	5)	 and	 incubated	 at	 30	 °C	 for	24	h.	A	 total	 of	
2–3	colonies	were	propagated	in	5	mL	of	preculture	medium	
(Seed 1). Seed 1 was incubated at 30 °C and 120 rpm for 
24 h. Then, 1.5 mL of Seed 1 was transferred into the pre-
culture	medium	in	a	250	mL	baffled	flask	 (Seed	2)	at	3%	
inoculum volume and incubated at 30 °C and 120 rpm for 
6 h. Seed 2 was transferred into the fermentation medium in 
a	250	mL	flask	at	10%	inoculum	volume.	The	culture	was	
incubated at 30 °C and 200 rpm. Samples were collected 
every 24 h for a total of 240 h for analyses of cell biomass, 
glucose, and metabolites excreted during fermentation, 
including glycerol, arabitol, acetic acid, and ethanol. The 
precultures contained (per liter) 10 g of glucose (Dongx-
iao, China), 3 g of yeast extract (Sigma, Germany), 1.5 g of 
(NH4)2SO4	(Merck,	Germany),	1	g	of	KH2PO4 (Merck, Ger-
many), 0.5 g of MgSO4⋅7H2O	(Riedel-de	Haen,	Germany),	
and 0.2 g of CaCl2 (Merck, Germany). The fermentation 
medium contained (per liter) 200 g of glucose (Dongx-
iao,	China),	1.5	g	of	(NH4)2SO4 (Merck, Germany), 1 g of 
KH2PO4 (Merck, Germany), 0.5 g of MgSO4⋅7H2O (Riedel-
de	Haen,	Germany),	and	0.2	g	of	CaCl2 (Merck, Germany). 
In addition to the basal fermentation medium containing 
200	g/L	glucose,	media	with	glucose	concentrations	vary-
ing	 from	50	g/L	 to	300	g/L	were	prepared	 to	observe	 the	
metabolite	profiles	of	W. anomalus BKK11-4. The trace ele-
ment solution was added to the basal fermentation medium 
at	1	mL/L	to	observe	metabolite	production	by	W. anomalus 
BKK11-4. The trace element solution at 1000x contained 
(per	 liter)	500	µg	of	H3BO3 (Merck, Germany), 40 µg of 
CuSO4 (Fluka, France), 200 µg of FeCl3 (Fluka, France), 
400 µg of MnSO4	(Riedel-de	Haen,	Germany),	100	µg	of	KI	
(Merck,	Germany),	200	µg	of	H4MoNa2O4 (Fluka, France), 
and 400 µg of ZnSO4 (Merck, Germany).

Optimization of process conditions in a 7 L fermenter

W. anomalus BKK11-4 was subcultured on YPD agar plates 
(pH	5)	and	incubated	at	30	°C	for	24	h.	A	total	of	2–3	colo-
nies were propagated in 5 mL of preculture medium (Seed 
1). Seed 1 was incubated at 30 °C and 120 rpm for 24 h. 
Then, 1.5 mL of Seed 1 was transferred into the preculture 
medium	in	a	250	mL	baffled	flask	(Seed	2)	at	3%	inoculum	
volume and incubated at 30 °C and 120 rpm for 6 h. Suf-
ficient	Seed	2	was	transferred	into	fermentation	medium	in	
a	7	L	stirred	tank	fermenter	(Sartorius	Biostat®	B)	at	10%	
inoculum volume. The initial working volume was 3.5 L. 
Before inoculation with Seed 2, the bioreactor containing 
the fermentation medium was autoclaved at 121 °C and 15 
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7	 osmotolerant	 yeast	 isolates	 included	 TM2,	 BKK9-1,	
BKK10-2, BKK11-1, BKK11-4, BKK12-1, and BKK14-1.

The results of morphological, biochemical, and physi-
ological	characterization	are	given	in	Table	1. The colonies 
of the 7 isolates were circular, convex, and cream, white, 
or whitish cream colored. Bud formation was observed 
for all isolates. None of the 7 isolates showed true myce-
lia, and no pellicle formation was observed. All isolates 
showed good growth at temperatures up to 40 °C. As the 
temperature increased to 45 °C, the growth of the yeast iso-
lates decreased. The inability of the yeast isolates to grow at 
45 °C in this study is consistent with the mesophilic charac-
ter of yeasts widely reported in the literature [21]. All iso-
lates	grew	in	the	pH	range	from	1.5	to	10.5	except	for	TM2,	
which	grew	in	a	wider	pH	range	(from	1.5	to	12.0).	The	effect	
of	pH	on	biomass	and	glycerol	production	was	observed	in	
W. anomalus	HH16.	No	significant	difference	in	growth	or	
glycerol	production	was	observed	in	the	culture	in	the	pH	
range from 4 to 8 [22]. Debaryomyces hansenii, another 
osmotolerant	yeast,	grows	 in	a	narrow	pH	range	from	3.5	
to	 6.	A	 significant	 growth	 reduction	 was	 observed	 when	
this	yeast	was	cultivated	at	a	pH	lower	than	3.5	[23]. Typi-
cally,	yeasts	grow	and	multiply	more	rapidly	at	a	pH	value	
greater than 5.0, with the optimal growth rate observed at 
pH	5.5,	whereas	fermentation	is	more	effective	at	a	pH	val-
ues	less	than	5.0.	Therefore,	maintaining	a	suitable	pH	that	
promotes growth and enhances fermentation performance 
is crucial. A comparison of all 7 isolates in this study with 
other osmotolerant yeasts reported in the literature revealed 
that the osmotolerant yeasts isolated in this study could 
survive	in	a	wide	pH	range,	especially	at	acidic	pH	values;	
therefore,	 low-pH	conditions	 favor	metabolite	production.	
All the isolates could ferment and assimilate D-glucose, 
D-saccharose, and glycerol. L-arabinose, D-xylose, adoni-
tol,	xylitol,	D-galactose,	inositol,	D-lactose,	and	D-raffinose	
were not fermented or assimilated by any of the isolates. 
Methyl-α-D-glucopyranoside	 and	D-maltose	were	 utilized	
by all the isolates except TM2. Only TM2 fermented and 
assimilated calcium 2-keto-gluconate. N-acetyl-glucos-
amine and D-cellobiose were fermented and assimilated by 
only	BKK9-1.	D-sorbitol	 could	 be	 fermented	 and	 assimi-
lated	 by	BKK9-1	 and	TM2.	Only	BKK11-4	 could	 utilize	
D-trehalose,	whereas	BKK11-1	could	utilize	D-melezitose.	
Similar results were observed for W. anomalus	HH16.	This	
isolate was unable to ferment lactose and galactose, while 
it could assimilate other sugars [22]. The results of this 
study,	together	with	those	reported	by	Hawary	et	al.	(2019),	
suggested that W. anomalus could assimilate a wide range 
of carbon substrates compared with Saccharomyces cere-
visiae. For example, some strains of S. cerevisiae, such as 
MTCC170, only ferment D-glucose and D-galactose [21].

Concentrator System (USA), the samples were incubated 
overnight	in	a	Labconco®	Laboratory	Freeze-drying	instru-
ment (USA) at -50 °C. Each sample was chemically deriva-
tized	 using	 methoxamine	 chloride	 dissolved	 in	 pyridine	
(20	mg/mL)	 (Merck,	Germany)	 and	 incubated	 in	 a	water	
bath at 50 °C for one hour, with vigorous mixing on a vor-
tex	at	intervals.	Subsequently,	the	samples	were	treated	with	
200	mL	of	N-methyl-N-(trimethylsilyl)	 trifluoroacetamide	
(MSTFA) + 1% TCMS (TCI, Japan), incubated for 30 min 
at	60	°C,	and	filtered	through	0.22-µm	PTFE	hydrophobic	
filters	before	being	subjected	to	gas	chromatography‒mass	
spectrometry	 (GC‒MS)	 analysis	 [20].	GC‒MS/MS	analy-
sis	was	 performed	with	 an	Agilent	A	 7890B	 system	with	
a	 7000	 C	 GC/MS	 Triple	 Quad	 mass	 selective	 detector.	
Derivatized	samples	(0.2	µL)	were	injected	into	an	HP-5ms	
capillary	column	with	a	1:50	split	ratio,	utilizing	helium	as	
the	helium	carrier	gas	at	a	constant	flow	rate	of	1	mL/min.	
The temperature program involved a gradual increase from 
100	°C	 to	310	°C,	with	 specific	 rate	adjustments,	 and	 the	
electron	impact	ionization	technique	at	-70	eV	was	employed	
for	full	scan	detection	in	the	mass	range	of	m/z	33–800.	For	
metabolite	identification,	Mass	Hunter	Quantitative	Analy-
sis	Version	B.6.00	software	from	Agilent	Technologies	was	
utilized,	 involving	 comparisons	 with	 the	 NIST2011	mass	
spectral library and validation using in-house authentic 
standards to ensure precise and reliable results.

Statistical analyses

The experimental data of this study were statistically ana-
lyzed	 using	 GraphPad	 Prism	 software	 (version	 9.2.0)	
(https://www.graphpad.com/features). The results are pre-
sented as the mean±SD of triplicate experimental runs. For 
multiple comparisons between datasets, Tukey’s method for 
one-way	analysis	of	variance	(ANOVA)	was	used	to	deter-
mine	significant	differences.

Results and discussion

Isolation and characterization of osmotolerant 
yeast isolates

A total of 64 yeast isolates were screened from dried fruits, 
fermented fruits, rotten fruits, and high-sugar fruits. All 64 
isolates were tested for their ability to survive and grow at 
high	osmotic	pressure.	High	sugar	concentrations	 reduced	
water availability and therefore impeded regular yeast fer-
mentation and growth. Only 7 yeast isolates could grow 
on both selective media (YEG50 and OM) that contained 
a high glucose concentration with low water activity. The 
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arabitol (Table 2). Among the 7 isolates, BKK11-4 and 
BKK12-1 exhibited good fermentation performance when 
grown in SM medium. A high glucose consumption rate was 
observed during fermentation by these 2 isolates (P < 0.05). 
This revealed that there was no substrate inhibition when 
a high initial glucose concentration was present in the fer-
mentation	medium.	BKK11-4	produced	glycerol	at	a	final	
titer	of	66.50	g/L	with	a	yield	and	productivity	of	0.27	g/g	

Selection of the polyol-producing isolates

After assessing morphological, physiological, and bio-
chemical traits, all the yeast strains were tested to identify 
potential glycerol-arabitol-producing strains. Among the 
64 isolates, 7 strains could produce glycerol and arabitol 
from	glucose	 in	SM	medium	at	final	concentrations	 rang-
ing	 from	 5.55	 to	 66.50	 g/L	 glycerol	 and	 4.50–36.43	 g/L	

Table 1 Morphological, biochemical, and physiological characteristics of osmotolerant yeasts isolated in this study
Characteristics Osmotolerant yeasts

BKK9-1 BKK10-2 BKK11-1 BKK11-4 BKK12-1 BKK14-1 TM2
Colony morphology Circular, 

convex
Circular, 
convex

Circular, 
convex

Circular, 
convex

Circular, 
convex

Circular, 
convex

Circular, 
convex

Budding cells + + + + + + +
True mycelia - - - - - - -
Pellicle - - - - - - +
Temperature range (°C) 25–40 25–40 25–40 25–40 25–40 25–40 25–40
pH	range 1.5–10.5 1.5–10.5 1.5–10.5 1.5–10.5 1.5–10.5 1.5–10.5 1.5–12.0
D-glucose + + + + + + +
Glycerol + + + + + + +
Calcium 2-keto-gluconate - - - - - - +
L-arabinose - - - - - - -
D-xylose - - - - - - -
Adonitol - - - - - - -
Xylitol - - - - - - -
D-galactose - - - - - - -
Inositol - - - - - - -
D-sorbitol + - - - - - +
Methyl-a-D-glucopyranoside + + + + + + -
N-acetyl-glucosamine + - - - - - -
D-cellobiose + - - - - - -
D-lactose (bovine origin) - - - - - - -
D-maltose + + + + + + -
D-saccharose (sucrose) + + + + + + +
D-trehalose - - - + - - -
D-melezitose - - + - - - -
D-raffinose - - - - - - -
Origin Rotten fruit Rotten fruit Rotten fruit Rotten fruit Rotten fruit Rotten fruit Preserved 

tamarind
Remark +, positive; -, negative

Table 2 Seven osmotolerant yeast isolates and their sugar alcohol production performance
Isolate Glycerol Arabitol Glucose 

consumption 
rate	(g/L⋅h)

Conc.	(g/L) Yield	(g/g) Productivity	(g/
L⋅h)

Conc.	(g/L) Yield	(g/g) Productivity	(g/
L⋅h)

TM2 5.55a ±	0.59 0.32 ± 0.04 0.015a ± 0.01 4.50a ± 1.41 0.25a ± 0.014 0.01a ± 0.00 0.06a ± 0.02
BKK9-1 18.00b ± 1.77 0.18 ± 0.04 0.07a ± 0.04 13.13b ± 0.63 0.127b ± 0.006 0.05a ± 0.03 0.29b ± 0.03
BKK10-2 20.50b ± 0.25 0.20 ± 0.01 0.07a ± 0.04 16.25b ± 3.25 0.147b ±	0.029 0.05a ± 0.025 0.27b ± 0.02
BKK11-1 14.00b ± 0.84 0.26 ± 0.04 0.05a ± 0.02 5.50a ± 0.50 0.09c ± 0.012 0.02a ± 0.01 0.15b ± 0.00
BKK11-4 68.00c ± 1.50 0.27 ± 0.05 0.15b ± 0.03 43.10c ± 3.01 0.113b ± 0.10 0.09b ± 0.02 0.60c ± 0.04
BKK12-1 49.63d ± 7.38 0.19	± 0.07 0.10a ± 0.00 36.75d ± 0.75 0.157b ± 0.03 0.09b ± 0.015 0.54c ± 0.08
BKK14-1 32.38e ± 1.17 0.18 ± 0.04 0.09a ± 0.01 15.50b ± 2.25 0.08c ± 0.04 0.06a ± 0.03 0.57c ± 0.07
Remark The data are presented as the means ±	SDs	of	three	replicates.	Values	with	different	letters	in	a	column	indicate	significant	differences	
(P <	0.05	according	to	Tukey’s	test)	among	different	isolates
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rRNA, SSUrRNA, and EF-1 split the genus Pichia into mul-
tiple	phylogenetically	defined	taxa,	leading	to	the	transfer	of	
Pichia anomala to W. anomalus (with conservation of the 
species name “anomalus”) [25, 26].

The	 genome	 shuffling	 technique	 was	 employed	 in	 the	
investigation of P. anomala	 TIB-x229.	 P. anomala is an 
osmotolerant sister strain of the genus Wickerhamomyces. 
An investigation showed that P. anomala, also known as 
W. anomalus, produces more sugar alcohols than its par-
ent strain [27]. W. anomalus has recently been used as a 
second-generation bioethanol producer in both simultane-
ous	saccharification	and	fermentation	(SSF)	and	separated	
hydrolysis	and	fermentation	(SHF)	processes.	The	fermen-
tation results demonstrated that the wastes were almost 
completely	liquefied	by	enzymes,	leading	to	a	high	ethanol	
yield	of	141.06	g	per	1	kg	of	waste,	which	was	equivalent	
to 0.40 g of ethanol per g of carbohydrate consumed [28]. 
W. anomalus prevented blue mold disease caused by Peni-
cillium expansum contamination in grape [29]. In weaned 
pigs, W. anomalus AR2016 was used to enhance the gut 
microbiota, improve intestinal barrier function, decrease 
the occurrence of diarrhea, and promote growth and health 
[26]. In addition, Fernandes et al. (2023) reported the pro-
duction of biosurfactants with inhibitory and bactericidal 
activities in W. anomalus CCMA 0358 [30]. The European 
Food Safety Authority (EFSA) has granted W. anomalus the 
qualified	presumption	of	safety	(QPS)	status	and	assigned	
it	to	the	risk	group	in	the	biosafety	level	classification.	This	
indicates that W. anomalus poses a low risk to people and 
the environment and is therefore suitable for use in the food 
industry [31]. A previous study reported that W. anomalus 
AN2-64 grew under high sugar concentrations. The accu-
mulation of glycerol and arabitol was observed in fer-
mentation using a high initial sugar concentration [32]. W. 
anomalus is also known as a deadly yeast due to the poten-
tial production and secretion of toxins that have antagonistic 
effects	on	infectious	bacteria,	fungi,	protozoa,	and	viruses.	
It was also reported that W. anomalus could tolerate physi-
cochemical and biotic stresses, i.e., osmotic stress, oxida-
tive	 stress,	 nutritional	 starvation,	 anaerobiosis,	 pH	 shock,	
chemical	inhibitors,	cold/heat	shock,	mechanical	shear,	and	
hydrostatic pressure [31]. Due to several essential character-
istics of W. anomalus, this yeast has become of interest for 
biotechnological applications [33, 34].

To	elucidate	the	differentiation	of	the	2	isolates	from	their	
type	strains,	whole-genome	sequencing	was	conducted	using	
paired-end Illumina technology. An overview of the genome 
assembly statistics is shown in Table 3. In total, 2363 scaf-
folds with approximately 1000 base pairs each were created 
from	20	million	base	reads.	The	scaffolds	had	a	predicted	
GC content of 34.57% and a combined length of 20,627,646 
base pairs. These values were comparable to those of other 

and	 0.13	 g/L⋅h, respectively. This isolate also exhibited 
high	 arabitol	 production,	 with	 a	 final	 titer	 of	 36.43	 g/L,	
yield	of	0.11	g/g,	and	productivity	of	0.09	g/L⋅h. BKK12-1 
also exhibited good sugar alcohol production. This isolate 
produced	glycerol	 at	 a	final	 titer	of	42.25	g/L	with	a	 cor-
responding	yield	and	productivity	of	0.19	g/g	and	0.14	g/
L⋅h, respectively. Arabitol was also produced by this isolate 
at	a	final	titer	of	32.93	g/L,	with	a	corresponding	yield	and	
productivity	of	0.16	g/g	and	0.09	g/L⋅h, respectively.

The glucose uptake rate was the metabolic bottleneck 
under osmotic stress conditions. Glucose uptake at high 
concentrations	without	an	inhibitory	effect	was	desirable	for	
fermentation by the osmotolerant yeasts. The presence of 
glycerol as an osmolyte in fermentation using a high glu-
cose concentration regulated external osmotic pressure and 
maintained homeostasis [24]. The high consumption of glu-
cose for the production of the sugar alcohols glycerol and 
arabitol indicated good fermentation performance. Com-
pared with BKK12-1, BKK11-4 consumed more glucose, 
resulting in higher sugar alcohol production. Therefore, 
BKK11-4	 was	 selected	 for	 further	 strain	 characterization	
and	fermentation	optimization	for	sugar	alcohol	production.

Phylogenetic tree and whole-genome sequence of 
the potential sugar alcohol-producing isolate

Molecular	 identification	 based	 on	 the	 D1/D2	 domain	 of	
the	 26	 S	 rRNA	 gene	 sequence	 was	 conducted.	A	 neigh-
bor-joining phylogenetic tree showed that the isolates 
BKK12-1	 and	 BKK11-4	were	 99%	 genetically	 related	 to	
the type strain (W. anomalus NRRL Y-366T (AY046144)) 
(Fig. 1).	The	sequence	of	isolate	BKK12-1	was	99%	identi-
cal	(565/567)	to	that	of	the	type	strain	with	no	gap	(0/567).	
Isolate	BKK11-4	 also	 shared	 99%	 sequence	 identity	with	
the	 type	 strain	with	 a	 1/538	 gap	 (0.185%).	The	 phyloge-
netic tree revealed that the BKK11-4 and BKK12-1 iso-
lates are genetically related and seem to have descended 
from W. anomalus NRRL Y-366T as their common ancestor. 
W. anomalus	 was	 first	 identified	 in	 1891	 as	Saccharomy-
ces anomalus, a fermentative brewer’s yeast strain with an 
ovoid to sausage-like shape. S. anomalus formed a pellicle 
during cultivation, emitted an ester-like odor, and generated 
hat-shaped	ascospores.	In	1904,	S. anomalus was assigned 
to the newly established genus Hansenula based on speci-
mens with hat-shaped ascospores. Due to the lack of a gen-
uine type species, Hansenula anomala NRRL Y-366 was 
chosen as the neotype for the genus Hansenula	in	1951	for	
preservation. H. anomala was later reassigned to the genus 
Pichia	based	on	the	clear	morphological	difference	between	
the two genera, i.e., Hansenula	utilized	nitrate	as	 the	sole	
nitrogen substrate, while Pichia was unable to use nitrate. 
Recently,	 a	multigene	 sequence	 analysis	 (D1/D2)	of	LSU	
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genetic divergence between W. anomalus BKK11-4 and W. 
anomalus NRRL Y-366T. The results were consistent with 
those indicated in the phylogenetic analysis.

Medium optimization for sugar alcohol production 
by W. anomalus BKK11-4

Figure 2	depicts	the	effects	of	trace	elements	on	the	fermen-
tation kinetics of W. anomalus BKK11-4. With the trace 
elements in the fermentation medium, cell biomass produc-
tion almost doubled, while metabolite production and glu-
cose consumption seemed to be greater in the fermentation 
medium without trace elements (Fig. 2). At 240 h, glycerol 
was	 obtained	 at	 21.41	 g/L	 with	 a	 yield	 of	 0.17	 g/g,	 and	
arabitol	was	obtained	at	23.63	g/L	with	a	yield	of	0.10	g/g.	

W. anomalus strains reported in the literature, including 
W. anomalus NRRL Y-366 (35% GC content), W. anoma-
lus DSM 6766 (33.1% GC content), and W. anomalus Y-1 
(34.56% GC content) [35, 36]. Analysis of the genetic vari-
ance of W. anomalus BKK11-4 was performed by mapping 
with the genome reference strain W. anomalus Y-366T. The 
mapped	sites	of	13,491,688	base	pairs	were	compared	with	
the reference genome (14,145,566 base pairs). The mapped 
reads	contained	9,074,433	base	pairs,	while	the	total	reads	
contained	9,675,282	base	pairs.	Using	variant	calling,	two	
types	of	variations,	i.e.,	SNPs	and	InDels,	were	identified.	
There	 were	 479,511	 SNPs	 in	 the	 genome	 sequence	 that	
accounted for 328,475 transition and 151,010 transversion 
base changes. The InDel mutations comprised 10,351 inser-
tions and 8,414 deletions. Whole-genome analysis revealed 

Fig. 1	 Phylogenetic	tree	based	on	the	sequences	of	the	D1/D2	domain	of	the	26	S	rRNA	gene	showing	the	positions	of	W. anomalus BKK11-4, W. 
anomalus BKK12-1 and W. anomalus NRRL Y-366T with respect to closely related species

 

1 3

2157



Brazilian Journal of Microbiology (2024) 55:2149–2167

On the other hand, the cultivation of W. anomalus BKK11-4 
in fermentation medium without trace elements yielded a 
final	 glycerol	 concentration	 of	 50.63	 g/L	 with	 a	 yield	 of	
0.31	g/g	and	a	final	arabitol	concentration	of	37.38	g/L	with	
a	yield	of	0.23	g/g.	The	results	suggested	that	trace	elements	
were not necessary for the coproduction of glycerol and 
arabitol, but they enhanced cell biomass production. Previ-
ous research reported that trace amounts of mineral salts, 
including MgSO4, FeSO4, ZnSO4, MnSO4, Na2HPO4, and 
KH2PO4, promoted the production of citric acid and lipids 
to facilitate cell formation in Yarrowia lipolytica SK7 [37]. 
In	addition,	KH2PO4, FeCl3, and CoCl2	exhibited	a	signifi-
cant impact on cell proliferation in Saccharomyces sp [38].. 
The	results	of	this	study	are	consistent	with	the	findings	that	
fermentation medium without trace elements was essential 
for improving the sugar alcohol production performance, 
while cell biomass production was enhanced during culti-
vation using fermentation medium supplemented with trace 
elements [37, 38].

Figure 3 shows the kinetics of glucose uptake for cell bio-
mass and metabolite production by W. anomalus BKK11-4 
cultivated	in	fermentation	medium	containing	different	ini-
tial glucose concentrations. At a low initial concentration 
(50	 g/L),	 glucose	 was	 mainly	 consumed	 within	 72	 h	 for	

Table 3 Genome assembly statistics and genetic variation analy-
sis between W. anomalus BKK11-4 and W. anomalus Y-366T using 
genome reference strain mapping

Feature Value
Genome 
assembly 
statistics

Total reads 20,627,646 bp
No.	of	scaffolds	(≥ 1000 bp) 2,363
Largest	scaffolds 141,598	bp
N50 (bp) 14,008 bp
L50 (bp) 409	bp
No. contigs (≥ 0 bp) 28,370
No. contigs (≥ 1000 bp) 2,363
Assembly	size	(bp) 20,627,646 bp
GC content (%) 34.57%

Reference 
mapping 
results

Library name W. anomalus Y-366T

Reference genome length 14,145,566 bp
Mapped sites 13,491,688	bp	

(95.38%)
Total reads 9,675,282	bp
Mapped reads 9,074,433	(93.79%)

Total SNP 
and InDels

Number of SNPs 479,551
o Transition 328,475
o Transversion 151,076
InDel type 18,765
o Number of insertions 10,351
o Number of deletions 8,414

Fig. 2	 Effects	of	trace	elements	in	the	fermentation	medium	on	the	fer-
mentation performance of W. anomalus BKK11-4; (A). glucose con-
sumption, (B). cell biomass production, (C). glycerol production, and 

(D).	 arabitol	production.	Shake	flask	 fermentation	was	conducted	at	
30 °C and 200 rpm for 240 h. The data are expressed as the mean±SD 
of triplicate runs
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flux	toward	glycerol	and	arabitol	 (Table	4). This phenom-
enon could be explained by osmoregulation occurring as a 
homeostatic process in yeast under osmotic stress, such as 
excessive salt and sugar concentrations. S. cerevisiae rec-
ognizes	osmotic	fluctuations	through	a	plasma	membrane-
localized	 histidine	 kinase	 (Sln1).	 Sln1	 was	 active	 under	
ambient conditions and inhibited stress signaling. When tur-
gor pressure was decreased, Sln1 was inactivated, whereas 
the mitogen-activated protein (MAP) kinase cascade was 
activated, and the MAP kinase high osmolarity glycerol 1 

cell biomass, arabitol, and citric acid production (Fig. 3A 
and B, and 3D). Increasing the initial glucose concentra-
tion directed glucose consumption toward glycerol and 
arabitol production, while citric acid production decreased 
(Table 4). Glycerol production was observed during fer-
mentation	 with	 initial	 glucose	 concentrations	 of	 150	 g/L	
and above, while arabitol was detected during fermentation 
with	initial	glucose	concentrations	ranging	from	50	g/L	to	
300	g/L	(Fig.	3C and D). The results suggested that a high 
concentration of glucose was necessary for driving glucose 

Table 4 Fermentation performance of W. anomalus	BKK11-4	cultivated	in	fermentation	media	supplemented	with	different	initial	glucose	concen-
trations.	The	fermentation	was	conducted	in	a	shake	flask	at	30	°C,	pH	5.0,	and	200	rpm
Initial glu-
cose	(g/L)

Fermenta-
tion time 
(h)

Remain-
ing 
glucose 
(g/L)

Glucose 
consumption 
rate	(g/L⋅h)

Glycerol Arabitol Cell biomass 
(g/L)

Citric acid 
(g/L)Conc.	(g/L) Yield	(g/g) Conc.	(g/L) Yield	(g/g)

50 72 0a 0.74a±0.00 0.00a±0.00 0.00a±0.00 5.63a±0.67 0.10a±0.01 4.34a±0.07 6.20a±0.28
100 72 0a 0.75a±0.01 0.00a±0.00 0.00a±0.00 20.70b±0.14 0.19b±0.00 4.69b±0.00 3.70b±0.14
150 168 0a 0.91b±0.24 26.40b±3.96 0.17b±0.00 22.50c±5.80 0.15ab±0.02 4.93c±0.70 3.00b±0.00
200 240 0a 0.83a±0.01 54.13c±5.48 0.27b±0.02 47.75d±8.49 0.24b±0.04 6.06d±0.80 4.70c±2.12
250 240 83b 0.69a±0.02 70.63d±23.86 0.42c±0.13 49.38c±12.90 0.30c±0.07 4.32a±1.67 0.00b±0.00
300 240 155c 0.64a±0.07 62.25e±0.35 0.40c±0.04 45.25f±1.77 0.29c±0.01 4.02a±0.20 0.25d±0.35
Remark The data represent the means ±	SDs	of	 three	 replicates.	Values	with	different	 letters	 in	 the	column	 indicate	 significant	differences	
(P <	0.05	according	to	Tukey’s	test)	among	different	initial	glucose	concentrations

Fig. 3 Fermentation kinetics of W. anomalus BKK11-4 cultivated in 
fermentation	 medium	 with	 different	 initial	 glucose	 concentrations;	
(A). glucose consumption, (B). cell biomass production, (C). glycerol 

production, and (D).	arabitol	production.	Shake	flask	fermentation	was	
conducted at 30 °C and 200 rpm for 240 h. The data are expressed as 
the mean±SD of triplicate runs

 

1 3

2159



Brazilian Journal of Microbiology (2024) 55:2149–2167

Optimization of conditions for enhancing the 
production of sugar alcohols in a stirred fermenter

Figure 4 depicts the fermentation kinetics of W. anomalus 
BKK11-4 cultivated in a laboratory-scale stirred fermenter. 
A	significant	effect	of	agitation	on	glucose	consumption	and	
metabolite production was observed when the aeration rate 
was kept constant at 1.0 vvm during fermentation. Increas-
ing the agitation rate from 300 rpm to 500 rpm resulted in 
complete glucose consumption (Fig. 4A) and increased cell 
biomass production (Fig. 4B). The glucose consumption 
rate increased with increasing agitation speed. Cell biomass 
production increased with increasing agitation speed from 
300 rpm to 500 rpm. Further increasing the agitation rate 
from	500	 rpm	 to	700	 rpm	did	not	 significantly	 affect	 cell	
biomass production (Table 5). Glycerol production was 
enhanced upon further increasing the agitation rate from 
500 rpm to 700 rpm, while arabitol production increased 
when the agitation rate was increased from 300 rpm to 
500 rpm (Fig. 4C and D). Citric acid production noticeably 
increased with increasing agitation rate (Table 5). It was 
reported that the increased agitation rate facilitated mixing 
and directed glucose consumption toward the tricarboxylic 
acid (TCA) cycle, which was coupled with the electron 

(Hog1)	was	phosphorylated.	The	active	Hog1	that	accumu-
lated	in	the	nucleus	regulated	2	HOG-targeted	genes	encod-
ing	 glycerol-producing	 enzymes	 (GPD1	 and	 GPP2).	 In	
summary,	Hog1	activation	induced	the	synthesis	of	glycerol	
as an osmolyte that increased the intracellular osmotic pres-
sure [39]. As shown in Table 4,	the	activation	of	Hog1	in	W. 
anomalus	BKK11-4	was	confirmed	when	the	initial	glucose	
concentration	in	the	fermentation	medium	reached	150	g/L,	
as observed from glycerol production. Further increasing 
the initial glucose concentration resulted in increased glyc-
erol production. W. anomalus BKK11-4 produced arabitol 
at all the initial glucose concentrations tested in this study. 
This is typical for W. anomalus, which produces glycerol 
and arabitol as the major polyols during fermentation using 
high sugar concentrations [32]. Complete glucose consump-
tion was observed during fermentation with an initial glu-
cose	 concentration	 of	 50–200	 g/L.	 Further	 increasing	 the	
initial glucose concentration led to incomplete glucose con-
sumption. The remaining glucose at the end of fermentation 
affected	 downstream	product	 recovery	 and	 purification	 as	
well	 as	 increased	 effluent	 treatment	 load	 [40]. Therefore, 
fermentation medium containing an initial glucose concen-
tration	of	200	g/L	was	selected	for	further	process	optimiza-
tion in this study.

Fig. 4	 Effect	of	 agitation	on	 the	production	of	 sugar	 alcohols	by	W. 
anomalus BKK11-4 in a stirred fermenter; (A) glucose consumption, 
(B) cell biomass production, (C) glycerol production, and (D) arabitol 

production.	Fermentation	was	conducted	at	30	°C	and	pH	5	with	1.0	
vvm air for 168 h. The data are expressed as the mean±SD of triplicate 
runs
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affect	arabitol	production	(Fig.	5C and D). Citric acid was 
detected	at	pH	6	and	7,	and	at	pH	7,	W. anomalus BKK11-4 
produced	acetic	acid,	while	at	lower	pH,	no	acetic	acid	was	
observed during fermentation (Fig. 5E; Table 6).	The	effect	
of	pH	on	glycerol	production	was	found	to	vary	by	micro-
bial species. A previous study reported that a slightly alka-
line	pH	(pH	8)	had	a	positive	effect	on	glycerol	production	
by W. anomalus	HH16	[22]. In addition, previous research 
has	shown	no	significant	effect	of	pH	on	glycerol	production	
by Candida glycerinogenes, but the authors concluded that 
acidic conditions were preferred for fermentation in their 
study [11]. The 2 osmotolerant yeast isolates C. magnoliae 
and C. glycerinogenes	preferred	pH	5	for	cell	growth	and	
glycerol production [44].	The	effect	of	pH	on	arabitol	pro-
duction was also reported. During fermentation by Z. rouxii 
JM-C46	 at	 various	 initial	 pH	 values,	 the	D-arabitol	 yield	
decreased	significantly	when	the	initial	pH	was	greater	than	
5.	Therefore,	the	optimal	pH	for	this	study	was	5	[43]. It was 
reported that the arabitol yield from M. reukaufii AJ14787 
was greater than 60% when fermentation was carried out 
at	a	 low	pH	of	approximately	3.5	 to	5,	and	pH	5	was	 the	
optimal	 pH	 for	 arabitol	 production	 [45]. To promote the 
production of sugar alcohols and to limit the production 
of citric acid and acetic acid by W. anomalus BKK11-4 in 
this	study,	the	optimal	pH	was	5.	At	this	pH,	maximal	pro-
duction of glycerol and arabitol was observed without the 
production of acetic acid and with low production of citric 
acid (Table 6).	This	would	subsequently	lower	the	load	dur-
ing	product	recovery	and	purification	and	effluent	treatment	
[46].

Analysis of metabolite dynamics

Metabolomics plays a crucial role in monitoring bioprocesses 
and validating hypotheses by employing high-throughput 
techniques	 to	 measure	 extracellular	 metabolite	 levels.	 In	
this	study,	GC/MS	analysis	was	utilized	 to	detect	primary	
and secondary metabolites, including amino acids, organic 
acids,	sugar	phosphates,	alcohols,	alkanes,	and	sugar/sugar	
alcohols,	in	samples	categorized	based	on	various	osmotic	
stress levels determined by varying glucose concentrations. 

transport	 chain	 (ETC)	 when	 sufficient	 oxygen	 was	 avail-
able for ATP regeneration. The TCA cycle is also involved 
in	biosynthesis.	With	a	sufficient	ratio	of	carbon	to	nitrogen	
(C: N) in substrates, high agitation reportedly promoted cell 
biomass production. On the other hand, a high C: N ratio 
can lead to citric acid accumulation during fermentation, as 
observed in this study [41]. Therefore, controlling the agita-
tion	rate	at	a	certain	level	to	provide	sufficient	mixing	for	a	
well-mixed fermentation broth and gas transfer is essential 
[40].	A	previous	study	reported	the	positive	effect	of	oxygen	
on cell growth and glycerol synthesis by the osmotolerant 
yeast Candida magnoliae I2B [42]. In addition, previous 
research reported an increase in arabitol production with 
increasing agitation rate in Zygosaccharomyces rouxii 
JM-C46 [43]. Mixing is typically employed to distribute 
gases,	 specifically	 oxygen,	 during	 aerobic	 fermentation.	
Under aerobic conditions, oxygen is involved in the biocon-
version of glucose to cell biomass and metabolites as well 
as in the cellular maintenance process. ATP is regenerated 
by the oxidative phosphorylation of glucose via glycolysis, 
the TCA cycle, and the ETC. At the inner membrane of the 
mitochondria, the ETC system, which includes complex 
proteins	such	as	the	NADH	dehydrogenase	complex,	cyto-
chrome b-c1 complex, and cytochrome oxidase complex, 
oxidizes	 high-energy	 electrons	 from	 NADH	 and	 FADH2. 
With	oxygen	as	a	final	electron	acceptor	in	the	ETC	system,	
ADP is phosphorylated by ATP synthase to ATP to provide 
high	proton	energy	for	cellular	metabolism.	Vigorous	mix-
ing	at	700	rpm	provided	an	adequate	supply	of	oxygen	that	
drove	ATP	regeneration	to	provide	sufficient	energy	for	the	
complete consumption of glucose to produce end metabo-
lites, including glycerol, arabitol, and citric acid (Table 5).

The	 operating	 pH	 also	 played	 a	 role	 in	 controlling	 the	
production of end metabolites by W. anomalus BKK11-4. 
Figure 5 shows the fermentation kinetics of W. anoma-
lus	 BKK11-4	 cultivated	 at	 different	 pH	 values.	 Complete	
glucose	consumption	was	observed	with	the	different	pro-
files	of	 the	 end	metabolites.	Cell	 biomass	production	was	
strongly	promoted	at	pH	5,	with	a	decreasing	trend	observed	
as	the	operating	pH	increased	(Fig.	5B). Glycerol produc-
tion	was	slightly	lower	at	pH	6,	while	pH	did	not	seem	to	

Table 5	 Effect	of	agitation	speed	on	the	fermentation	performance	of	W. anomalus BKK11-4 cultivated in a stirred bioreactor. The culture was 
grown	in	fermentation	medium	at	30	°C	and	pH	5.0	with	1.0	vvm	air
Agita-
tion 
speed 
(rpm)

Fermenta-
tion time 
(h)

Remain-
ing 
glucose 
(g/L)

Glucose 
consumption 
rate	(g/L⋅h)

Glycerol Arabitol Cell biomass 
(g/L)

Citric acid 
(g/L)Conc.	(g/L) Yield	(g/g) Conc.	(g/L) Yield	(g/g)

300 168 87a 0.74a±0.04 40.00a±1.77 0.32a±0.03 43.75a±1.06 0.36a±0.00 17.48a±0.25 7.15a±0.50
500 168 12b 1.14b±0.06 39.00b±4.24 0.20b±0.04 85.00b±10.61 0.45ab±0.08 24.31b±0.44 11.65b±0.21
700 168 0c 1.24c±0.01 50.13c±2.30 0.24b±0.01 80.90c±3.39 0.39b±0.01 22.00b±0.20 23.05c±1.06
Remark The data represent the means ±	SDs	of	 three	 replicates.	Values	with	different	 letters	 in	 the	column	 indicate	 significant	differences	
(P <	0.05	according	to	Tukey’s	test)	among	the	different	agitation	speeds
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Table 6	 Effect	of	pH	on	the	fermentation	performance	of	W. anomalus BKK11-4 cultivated in the stirred bioreactor. The culture was cultivated in 
fermentation medium at 30 °C, 700 rpm, and 1.0 vvm air
pH Fermenta-

tion time 
(h)

Remaining 
glucose 
(g/L)

Glucose 
consumption 
rate	(g/L⋅h)

Glycerol Arabitol Cell biomass 
(g/L)

Citric acid 
(g/L)Conc.	(g/L) Yield	(g/g) Conc.	(g/L) Yield	(g/g)

5 168 0 1.24a±0.00 50.13a±2.30 0.24a±0.01 80.90a±3.39 0.39a±0.01 22.0a0±0.19 11.65a±0.21
6 168 0 1.38b±0.07 14.38b±1.59 0.10b±0.00 67.00b±5.66 0.34b±0.01 15.80b±0.27 1.90b±0.14
7 168 0 1.25c±0.00 42.50c±2.48 0.25b±0.01 72.40c±3.67 0.35b±0.02 10.98c±0.29 25.00c±1.14
Remark The data represent the means ±	SDs	of	 three	 replicates.	Values	with	different	 letters	 in	 the	column	 indicate	 significant	differences	
(P <	0.05	according	to	Tukey’s	test)	among	the	different	pH	values

Fig. 5	 Effect	of	pH	on	the	production	of	sugar	alcohols	by	W. anomalus 
BKK11-4 in a stirred fermenter; (A) glucose consumption, (B) cell 
biomass production, (C) glycerol production, (D) arabitol production, 

and (E) acetic acid. Fermentation was conducted at 30 °C and 700 rpm 
with 1.0 vvm air for 168 h. The data are expressed as the mean±SD 
of triplicate runs
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and propanoate metabolism. The intricate network involv-
ing pentose and glucuronate interconversions highlighted 
key metabolites such as D-arabitol, D-xylulose, ribitol, 
D-arabinose, and D-mannitol. When exposed to high initial 
glucose concentrations, W. anomalus BKK11-4 exhibited 
a	 significant	 reversal	 of	 glucose	 catabolism,	 favoring	 the	
pentose phosphate pathway and glycerolipid metabolism. 
This	finding	aligns	with	the	use	of	W. anomalus AN2-64 for 
ethanol production under high sugar concentrations. Glyc-
erol and arabitol have emerged as the predominant sugar 
alcohols in the fermentation process [32]. In response to 
environmental stress, Candida albicans accumulates poly-
ols such as D-arabitol and glycerol [47]. This study provides 
comprehensive insights into the versatile nature of glucose 
metabolism in W. anomalus BKK11-4, contributing to our 

Heatmaps	were	generated	to	visualize	differences	in	metab-
olite	 levels,	 revealing	 29	 identified	metabolites,	 including	
L-alanine, acetic acid, propanoic acid, xylulose, DL-glycer-
aldehyde, butanal, butane, glycerol, D-arabinose, D-lyxose, 
D-arabitol,	ribitol,	L-arabitol,	xylitol,	β-D-galactofuranose,	
D-fructose, D-galactopyranose, D-glucose, D-allose, D-sor-
bitol, D-mannitol, maltose, D-mannose, talose, glycoside, 
myo-inositol,	D-trehalose,	D-cellobiose,	and	β-gentiobiose	
(Fig. 6).	The	sugar/sugar	alcohol	group	exhibited	the	high-
est abundance of products produced by BKK11-4. Further-
more, this study explored the metabolic dynamics following 
glucose	uptake	and	entry	 into	glycolysis/gluconeogenesis,	
revealing redirections in pathways such as the pentose 
phosphate pathway, glycerolipid metabolism, fructose 
and mannose metabolism, inositol phosphate metabolism, 

Fig. 6	 Comparison	of	the	metabolic	profiles	of	W. anomalus BKK11-4 during fermentation with various initial glucose concentrations. Red indi-
cates	a	relatively	high	quantity	of	metabolites,	while	blue	indicates	a	comparatively	low	abundance	of	metabolites
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Unlike Candida sp., Zygosaccharomyces rouxii, 
Kodamaea ohmeri, Pichia manchurica, Metschnikowia reu-
kaufii, and W. anomalus typically produce arabitol as the 
major product. Z. rouxii NRRL27624 and Z. rouxii JM-C46 
produced	arabitol	as	the	major	product	(80.00–83.40	g/L),	
while	 a	 low	 concentration	 of	 glycerol	 (10.00–15.10	 g/L)	
with	 a	 low	 productivity	 of	 0.07–0.08	 g/L⋅h was obtained 
[43, 48]. K. ohmeri	 NH-9,	 a	 novel	 yeast	 isolate	 obtained	
from natural osmophilic sources, also produced arabitol as 
the	primary	metabolite	 from	glucose	 (81.20	g/L	final	 titer	
and	0.41	g/g	yield),	while	glycerol	was	produced	at	a	low	
rate	 (15.10	 g/L	 final	 titer,	 0.08	 g/g	 yield,	 and	 0.21	 g/L⋅h 
productivity) [49].  P. manchurica is another osmotolerant 
yeast that was reported to produce both glycerol and arabi-
tol,	but	its	production	performance	was	low,	with	final	titers	
of	8.00	g/L	glycerol	and	27.60	g/L	arabitol	[50]. Among the 
arabitol producers with osmotolerance, the highest arabitol 
production	was	 observed	 in	 the	well-optimized	 batch	 fer-
mentation by M. reukaufii	AJ14787.	A	final	arabitol	concen-
tration	of	206	g/L	with	17	g/L	glycerol	was	obtained	within	
100 h [45].

W. anomalus exhibited remarkable characteristics com-
pared to other osmotolerant yeasts previously reported. 
W. anomalus	can	utilize	feedstocks	for	the	production	of	a	
variety of essential intermediates, including ethanol, ethyl 
acetate, glycerol, and arabitol [34, 51]. This yeast predomi-
nates during the early stage of alcoholic fermentation, and 
it	is	widely	recognized	as	a	flavor	enhancer	for	wine.	This	
yeast is physiologically versatile and capable of growing 
on various carbon substrates and under various operating 
conditions [52]. In this study, the end metabolites and their 
final	concentrations	differed	with	changes	in	the	operating	
conditions, i.e., initial glucose concentration, agitation rate, 
and	pH.	Arabitol	was	found	to	be	the	primary	product	of	W. 
anomalus BKK11-4 in this study. The glycerol concentration 

understanding of cellular metabolism with potential appli-
cations in metabolomics and metabolic engineering for 
future studies.

Comparison of the sugar alcohol production 
performance of osmotolerant yeasts

Several	osmotolerant	yeast	isolates	with	various	final	prod-
uct titers have been reported as glycerol producers. These 
include isolates of Candida magnoliae, Candida glycerino-
genes, Candida krusei, Z. rouxii, Kodamaea ohmeri, Pichia 
farinose, Pichia manchurica, and W. anomalus (Table 7). 
Some of these isolates could also produce arabitol during 
fermentation. C. magnoliae I2B produced glycerol with 
markedly high production performance. At the end of the 
batch	cultivation,	a	final	glycerol	titer	of	80.00	g/L	with	a	
0.32	 g/g	 yield	 and	 0.65	 g/L⋅h productivity was obtained 
without the production of arabitol. The highest glycerol pro-
duction rate was observed during the late exponential phase 
of growth. Therefore, the glycerol production kinetics fol-
lowed the mixed model, where glycerol could be considered 
a growth- or non-growth-associated product [18]. Another 
Candida	 sp.	 that	 exhibited	 significant	glycerol	 production	
performance was C. glycerinogenes. A glycerol concentra-
tion	within	 the	 range	 110.00–130.00	 g/L	was	 obtained	 in	
batch	fermentation	under	the	optimized	conditions	from	the	
shake	flask	scale	to	the	30	L	stirred	fermenter	scale,	with	a	
corresponding	yield	of	0.58	g/g	and	productivity	of	1.69	g/
L⋅h. In a 50,000 L airlift fermenter with an average glucose 
concentration	of	240.60	g/L,	a	final	glycerol	concentration	
of	121.90	g/L	and	a	corresponding	yield	of	50.67%	(w/w)	
were	obtained.	A	 low	concentration	of	 arabitol	 (4.50	g/L)	
was	also	detected.	This	study	was	the	first	to	report	fermen-
tation performance that could be applied on an industrial 
scale [11].

Table 7 Fermentation process performance of osmotolerant yeasts in sugar alcohol production
Isolate Operation/Scale Glycerol Arabitol Refer-

encesConc.	(g/L) Yield	(g/g) Conc.	(g/L) Yield	(g/g)
C. magnoliae I2B Batch/6	L	stirred	fermenter 80.00 0.32 NR NR  [42]
C. glycerinogenes Batch/shake	flask,	50,000	L	

airlift fermenter
110.00-130.00 0.64 4.50 0.02  [11]

C. krusei ICM-Y-05 Batch/shake	flask 50.00 0.35 NR NR  [53, 54]
K. ohmeri	NH-9 Batch/shake	flask 15.10 0.08 81.20 0.41  [49]
Metschinikowia reukaufii 
AJ14787

Batch/1	L	jar	fermenter 17.00 0.03 206.00 0.52  [45]

Pichia farinosa Batch/shake	flask NR 0.16–0.34 NR NR  [56]
Pichia manchurica Batch/shake	flask 8.00 0.05 27.60 0.22  [50]
Z. rouxii JM-C46 Batch/shake	flask 10.00 0.05 80.00 0.47  [48]
Z. rouxii NRRL27624 Batch/shake	flask 18.10 0.10 83.40 0.36  [55]
W. anomalus	HH16 Batch/shake	flask 80.00 0.43 NR NR  [22]
W. anomalus BKK11-4 Batch/7	L	stirred	fermenter 70.63 0.42 85.00 0.45 This 

study
Remark NR not reported
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continued to increase with increasing glucose concentration 
and agitation in response to high osmotic pressure. After 
UV	mutagenesis,	W. anomalus	HH16	utilized	 a	 seawater-
based medium for glycerol production without arabitol as 
a major byproduct. This isolated mutant produced glycerol 
at	73.33	g/L	with	a	yield	of	0.43	g/g	and	a	productivity	of	
1.20	g/L⋅h [22]. With proper operating conditions and strain 
improvement, one can manipulate W. anomalus for the pro-
duction of the target end metabolites glycerol and arabitol. 
The results of this study and those reported in a previous 
study indicated that W. anomalus has good characteristics 
for use as an industrial osmotolerant yeast, as it grew well 
and produced the desired product with acceptable process 
performance	 under	 the	 optimized	 process	 conditions	 in	 a	
simple medium [22].

Conclusions

The experimental data from this study indicate the potential 
of W. anomalus BKK11-4 as a producer of sugar alcohols 
such	as	glycerol	and	arabitol.	This	isolate	was	characterized	
using traditional taxonomic, biochemical, molecular, and 
genomic methods. W. anomalus	was	classified	as	an	isolate	
in biosafety category risk group 1 and granted QPS status by 
the European Food Safety Authority; therefore, it is safe for 
use	in	industrial	bioprocessing.	Different	medium	formula-
tions and processing conditions were employed during batch 
fermentation by W. anomalus BKK11-4 to demonstrate the 
osmotolerance characteristics and to preliminarily explore 
glucose metabolism to produce end metabolites from this 
isolate. Arabitol and glycerol were found to be the key end 
metabolites of W. anomalus BKK11-4. This isolate exhib-
ited	 a	 significantly	 high	 production	 performance	 for	 both	
glycerol	 and	 arabitol	 based	 on	 certain	 optimized	 operat-
ing	conditions.	Therefore,	with	detailed	optimization	using	
systems biology and process engineering, it is believed that 
this	 isolate	 can	 be	 further	modified	 for	 improved	produc-
tion performance for sugar alcohols and other promising 
metabolites	that	can	be	synthesized	using	the	osmotolerant	
yeast platform.
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