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Abstract

Bacterial cellulose (BC) is an emerging biobased material with high
purity, tunable structure and potential for functionalisation through pro-
teins. However, conventional monoculture processes with Komagataeibac-
ter spp. face challenges in limited genetic toolbox, toxic byproduct pro-
duction, and the emergence of cellulose negative: Cel− mutants. This
work explored a coculture strategy between Komagataeibacter sucrofer-
mentans and an engineered Saccharomyces cerevisiae IMX1812 strain as
a first step towards a stable synthetic-SCOBY (Syn-SCOBY) platform
for BC functionalisation. Literature demonstrated that the supplementa-
tion of ethanol at optimal amounts increased productivity of BC produc-
tion. Here, yeast is proposed as a promising candidate as yeast naturally
ferments sugars to ethanol in kombucha cultures. Engineered yeast re-
stricted to consuming maltose was used, with glucose reserved for Koma-
gataeibacter. Growth kinetics data of K.sucrofermentans, and respiratory
and fermentative S.cerevisiae IMX1812 on gradients of relevant cocul-
ture substrates were obtained, thereby providing a quantitative basis for
future strain engineering and bioprocess optimisation of functionalised
BC systems. Furthermore, the effect of a fermentative versus respiratory
yeast and prolonged agitation on coexistence and BC synthesis was in-
vestigated. It was determined that coexistence between the two strains is
possible, while revealing that acid toxicity and the genetic instability of
Komagataeibacter are important design constraints for future work.

Keywords and Abbreviations: bioeconomy, biomaterials, bacterial cellu-
lose (BC), acetic acid bacteria (AAB), synthetic Symbiotic Culture of Bacteria
and Yeast (Syn-SCOBY), synthetic community (SynCom), synthetic biology
(SynBio), coculture, cross-feeding, programmable materials, cellulose-negative
phenotypes of Komagataeibacter (Cel−) mutants)
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2 Introduction

2.1 Transition from petrochemicals to biomaterials with
SynBio

Global warming has now exceeded the 1.5◦C limit set by the United Nations
Framework Convention on Climate Change (Paris Agreement, 2015) and several
of the planetary boundaries have reached their predefined tipping points. [34].
To mitigate this, Europe has passed the Green Deal (2019) growth strategy to
transform the EU into a resource-efficient and competitive economy. The Euro-
pean bioeconomy policies, including the climate pact and laws that contribute
to the Green Deal, state that carbon sequestration and material substitution
of fossil-based products such as plastics and textiles, can generate significant
carbon savings and achieve a 55% reduction by 2030 [3].

Synthetic biology (SynBio) has emerged as a key field in enabling this transi-
tion from petrochemicals to biobased and biodegradable materials and rethink-
ing the conventional production methods. More recently, the value of exploiting
inherent features within biology to program and adjust materials for their spe-
cific use has been particularly highlighted [18]. For a long time in biotechnology,
the focus has been on model organisms that are easy to grow, access, and modify
genetically. However, for many applications, it may be more efficient to exploit
the native abilities of nonmodel organisms that specialise in certain functions,
such as synthesising biopolymers. Polymer-producing bacteria have the po-
tential to become especially prominent in the accelerated use of biomaterials
because the process can be modified to enhance the utility of the polymer, such
as sensing and responding, or with functional proteins. Such examples include
biobased polymers like polyhydroxyalkanoates (PHA), alginate, and bacterial
cellulose (BC) [33]. These polymers are of special interest because they can
be produced at commercial scale from microbial growth on waste streams [35],
further complying with the principles of a bioeconomy.

2.2 Bacterial cellulose (BC) is highly tunable for various
uses in diverse sectors but comes with limitations

Cellulose is an abundant, renewable and biodegradable biopolymer that is al-
ready widespread in major industrial sectors, including paper and packaging,
textiles, construction materials and medicine [5]. However, currently, cellulose
is predominantly sourced from lignocellulosic biomass, where cellulose is a part
of a matrix composed of lignin, hemicellulose and other components. Recover-
ing plant-derived cellulose, therefore, requires purification of these other com-
ponents through intensive energy and chemical pulping and bleaching at high
temperatures, which reduces the overall sustainability of the process. The large
scale production of plant cellulose also depends on forestry, which implies land
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use and potential deforestation. In contrast, bacterial cellulose (BC) consists
of the same β-1,4-glucan chains as plant cellulose but is synthesised extracellu-
larly by bacteria as a highly pure cellulose structure that is free of lignin and
hemicellulose forming a highly crystalline, nanofibrillar network. As a result,
BC usually requires only mild downstream treatments, such as alkaline washing
to remove cells. Moreover, BC can be produced in controlled bioreactors us-
ing various substrates, including industrial waste streams, supporting circular
bioeconomy strategies [26].

Beyond sourcing from different substrates, BC also has a wide range of
potential applications. BC can be used as leather replacement in the textile
industry [31], membranes in batteries [40], as wound dressing and drug delivery
in the medical industry [37], a stabilizer and delivery medium in the cosmetic
industry [25], additive/stabilizer or packaging in the food industry [38], acoustic
absorbent in high end acoustics [16], and more. The attractiveness of its use
in so many different sectors can be attributed to its high and flexible/tunable
biodegradability, crystallinity, porosity, mechanical/tensile strength, water re-
tention, and high purity and biocompatibility ([15]). Moreover, controlling the
properties of BC matrices can be achieved simply by changing operation condi-
tions such as pH, temperature, agitation, and substrate composition [20]. More
advanced approaches include genetically engineering certain genes [7], further
customisation with dyes, or functionalisation by attaching proteins by fusion
with the cellulose-binding-domain (CBD). Such approaches can, for instance,
bring about antimicrobial properties and biosensor abilities. The matrix can
even be used as a controlled delivery system of proteins, drugs, enzymes, or
chemicals by adjusting the porosity and biodegradability desirably [32]. Over-
all, a range of approaches is available to tune BC properties to the application
at hand.

The research on BC production has primarily focused on Komagataeibacter
sp., previously known as Gluconacetobacter and Acetobacter, due to the high
level of extracellular BC synthesis. The model organisms that have been used for
commercial applications of BC includeK.xylinus, K.hansenii, K.sucrofermentans
and K. rhaeticus. Thanks to combined efforts, these organisms have been ex-
plored in terms of their main carbon metabolism [17] , BC biosynthesis pathways
and their phylogeny [4], and genomic sequence [38] [4] ([23]. Although modular
genetic toolkits for these bacteria are emerging, and basic cloning methods such
as Golden Gate assembly (GGA) together with parts like promoters, fusion tags
and reporter proteins have been described [12], these resources are still minimal
compared with those available for standard SynBio hosts such as Escherichia
coli and Saccharomyces cerevisiae. This underdeveloped toolbox currently lim-
its the engineerability of BC production, hindering the ability of enhancing the
yield and versatility of BC with SynBio.

In addition to these genetic limitations, the native Komagataeibacter carbon
metabolism further constrains the BC yield. At the metabolic level, BC yield
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in K. sucrofermentans is strongly influenced by how glucose flux is partitioned
between periplasmic oxidation, energy generation and cellulose polymerisation
(Figure 1). Glucose can either be imported into the cytoplasm and converted via
UDP-glucose into cellulose, or it can be incompletely oxidised in the periplasm
by PQQ-dependent dehydrogenases such as glucose dehydrogenase (GDH) to
gluconate and keto-gluconates, with the released electrons feeding the electron
transport chain and driving ATP formation [22]. The assimilation of glucose
for energy also generates acidic byproducts (i.e., acetic acid and gluconic acid)
which can become toxic when they are released into the medium and lead to a
pH reduction. Because a substantial amount of glucose can be diverted towards
periplasmic oxidation and acidic byproducts, BC production in this species
is often limited by both its energy metabolism and the accumulation of glu-
conate and acetate. When ethanol is present in the medium, it is oxidised in
the periplasm by PQQ-dependent alcohol and aldehyde dehydrogenases to ac-
etaldehyde and acetate, which can be further converted to acetyl-CoA and fully
oxidised through the tricarboxylic acid (TCA) cycle, again contributing to ATP
generation [41] (Figure 1)
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Figure 1: Overview of glucose and ethanol metabolism in Koma-
gataeibacter sucrofermentans and their links to bacterial cellulose
(BC) synthesis. In the periplasm, glucose can be incompletely oxidised by
PQQ-dependent dehydrogenases (GDH, G2DH, G5DH) to gluconate and keto-
gluconates, transferring electrons to ubiquinone (UQ) and feeding the electron
transport chain for ATP synthesis. Alternatively, glucose can be imported,
converted via UDP-glucose and polymerised by the cellulose synthase complex
(BcsA–D) into BC. Ethanol is oxidised by PQQ-dependent alcohol and aldehyde
dehydrogenases (ADH, ALDH) to acetaldehyde and acetate; these metabolites
can be assimilated to acetyl-CoA and fully oxidised via the TCA cycle, also
contributing to ATP generation. Ethanol supplementation therefore increases
energy supply and can suppress periplasmic oxidation of glucose to gluconate,
shifting carbon towards BC formation. Reproduced from “Enhanced bacterial
cellulose production in Komagataeibacter sucrofermentans: impact of different
PQQ-dependent dehydrogenase knockouts and ethanol supplementation,” by P.
Montenegro-Silva, T. Ellis, F. Dourado, M. Gama, and L. Domingues, 2024,
Biotechnology for Biofuels and Bioproducts, 17(1), Article 35 [22]

Several studies suggest that carefully titrated ethanol supplementation can
partially relieve this energetic bottleneck and increase BC yield. Naritomi et al.
reported that adding 1% (v/v) ethanol to the medium enhanced BC production,
whereas concentrations above 1.5% reduced BC production due to excessive ac-
etate formation [6]. Montenegro Silva et al. further showed that ethanol oxida-
tion enhances proton translocation and ATP generation and, at the same time,
suppresses GDH-mediated oxidation of glucose to gluconic acid in the periplasm
[22]. When PQQ-dependent GDH was knocked out, gluconic acid production
ceased and BC titres increased by 5.77-fold; this improvement was reduced to
2.26-fold at the optimal ethanol concentration, indicating that the positive effect
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of ethanol on BC yield can partly be attributed to the combined effects of addi-
tional energy generation and reduced carbon loss to gluconate [22]. In addition
to these metabolic constraints, BC production is further limited by reactor con-
figuration and oxygen transfer, which create a trade-off between pellicle quality
and process scalability, as discussed in the following paragraph.

Another well-known limitation in bacterial cellulose production is the trade-
off between obtaining high quality BC pellicles at the air-liquid interface with
static cultivation vs. providing consistent oxygen supply throughout the reactor
and obtaining pellets (Figure 1). Poor oxygen diffusion limits industrial viabil-
ity for the obligately aerobic Komagataeibacter species. Conversely, agitated
bioreactor systems improve oxygen and nutrient transfer, but comes with its
own shortcomings (Figure 1) [10]. The pellicle shape allows for direct use in
these applications with minimal processing, whereas a pellet form would require
significant re-processing into a film or scaffold, adding complexity and cost.

Figure 2: BC produced via static and agitated fermentation. a. BC
pellicle formed at the air-liquid interface of the broth in a static fermentation.
b. The purified BC pellicle with uniform texture c. BC pellets distributed
throughout the broth in an agitated fermentation. d. The purified BC pellets
with irregular shapes. Reproduced from “Industrial-scale production and appli-
cations of bacterial cellulose. C. Zhong, 2020, Frontiers in Bioengineering and
Biotechnology, 8, Article 605374 [43]

2.3 A Coculture Approach to Address the Limitations of
BC Production

While the engineering of BC producers to enhance yield or customise the ma-
terial is difficult, coculturing these bacteria with model SynBio organisms that
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have more readily available engineering pipelines presents a promising alter-
native. For material functionalisation, the coculture partner can secrete dyes,
enzymes or proteins that will attach to the matrix, or provide/take up bene-
ficial/toxic compounds from the medium. This approach has been considered
for BC biomanufacturing before. One such study by Zhou et al. (2025) de-
scribes the one pot production of coloured BC by introducing E.coli into the
consortium with K. xylinus for natural colorant synthesis to achieve multicol-
ored BC [44]. Similarly, inspired by the symbiotic fermentation culture starter
for kombucha (i.e., Symbiotic culture of bacteria and yeast, or,SCOBY), Gilbert
et al. (2021) incorporated engineered S. cerevisiae with K. rhaeticus to yield a
synthetic SCOBY (Syn-SCOBY) and add functional traits to the cellulose ma-
trix. Engineered S. cerevisiae has been used in Syn-SCOBY systems to secrete
enzymes directly into the cellulose matrix, enabling the autonomous growth of
catalytic materials whose activity can be tuned by genetic design. In addition,
cellulose matrices have been produced with S. cerevisiae embedded within the
growing network, creating a living material that can respond to chemical or
optical signals [11]. This paves the way for potential uses of the Syn-SCOBY
platform to produce BC that, for example, senses and degrades environmental
pollutants, through the attachment of engineered functional proteins and the
release of active compounds (Figure 3). This study proposes a similar coculture
strategy with K. sucrofermentans and S. cerevisiae as a modular streamline for
efficient and scalable functionalised BC biomanufacturing.

Figure 3: Syn-SCOBY approach to functionalise BC A synthetic model
SCOBY culture can be cultivated with K.sucrofermentans and S.cerevisiae to
expand the functionality of the material. S.cerevisiae can be engineered to
secrete proteins on the matrix that can sense environmental stimuli and release
active compounds.
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High production costs and low yield were identified as the main limitations
to overcome in reaching industrially relevant scales of BC production. To solve
this, studies presented in Table 1 have carried out a coculture strategy of Ko-
magataeibacter species (sp.) to improve the BC yield.

Table 1: Reported coculture strategies with Komagataeibacter (Gluconaceto-
bacter) species to improve bacterial cellulose production. Summarized from [1]
Cellulose-
producing strain

Coculture
partner
(strain)

Main outcome vs.
monoculture

Study

Gluconacetobacter
xylinus st-60-12

Lactobacillus
mali st-20

3-fold increase in BC pro-
duction compared to G.
xylinus st-60-12 monocul-
ture.

(Seto et al.,
2006)

Gluconacetobacter
hansenii ATCC
23769

Escherichia coli
ATCC 700728

10.8% increase in BC yield
and improved mechanical
properties compared to
G. hansenii ATCC 23769
monoculture.

(Liu & Catch-
mark, 2019)

Komagataeibacter
xylinus gcd gene-
disrupted strain
(encoding glucose
dehydrogenase,
GDH), derived
from K. xylinus
CGMCC2955

Bacillus cereus
(isolated in this
study)

BC yield increased from
1.2 g/L to 4.4 g/L in
corn stover enzymatic hy-
drolysate (approximately
3.7-fold increase).

(W. Li et al.,
2023)

Komagataeibacter
hansenii ATCC
23769

Aureobasidium
pullulans ATCC
201253

Improved mechanical prop-
erties of BC without affect-
ing production yield.

Liu & Catch-
mark, 2019

Komagataeibacter
xylinus MS2530

Yeast strains:
Pichia pas-
toris MDC
10178, Pichia
fermentans
MDC 10169,
Kluyveromyces
marxianus MDC
10081

Fermentation time reduced
from 14 days to 7 days.
Use of brewery spent yeast
(BSY) medium without
pretreatment or steriliza-
tion reduced medium cost
(HS: $5.52/L vs. BSY:
$0.13/L) and increased BC
yield to 20.9 g/L in HS and
26.4 g/L in BSY.

(Paronyan et al.,
2025)

In addition to improving the yield, Paronyan et al. (2025) considered mini-
mizing the cost of production through the utilization of inexpensive cultivation
feedstocks, such as recycled industrial waste, aligning with the principles of a
circular bioeconomy. They have achieved this by employing the coculture strat-
egy with K.xylinus and various yeast strains growing on brewery waste, which
also reduced the fermentation time (Table 1). Gao et al. also highlighted the
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importance of developing microbial platforms that can ferment mixed sugars si-
multaneously for reaching economical commercial level scales, and proposed to
include yeast in cell factories for improved substrate co-utilization [9]. These co-
cultures may reduce fermentation time and increase BC yield through several, or
combined, mechanisms. One such mechanism is division of labour, which allows
different species to specialise on distinct tasks or substrates, so that no single
organism carries the full metabolic burden. Another is where each partner can
consumes different components of the medium, or convert inhibitory intermedi-
ates produced by the other, which reduces the accumulation of toxic by-products
and helps relieve thermodynamic, redox, or pH bottlenecks. Together, these ef-
fects can mitigate the drawbacks associated with heavy gene overexpression,
intermediate build-up and unfavourable reaction energetics, leading to higher
overall productivity and improved yields [21].

Cocultures can be beneficial in a certain window of conditions for a certain
amount of time. However, for the commercial relevance of the production pro-
cess, it should be a robust coculture. Robustness can be defined as compositional
or functional robustness. Compositional robustness refers to the ability of the
community composition to return to its stable state upon perturbations, such
as changes in pH, temperature, or media composition, or across batches. Func-
tional robustness, on the other hand, would mean consistency in the BC yield
and type of BC produced by this coculture. Within a synthetic coculture, the
type and strength of interspecies interaction, relative fitness and growth rates
of the species within the defined media, and operative conditions are important
determinants of robustness. Combining strains can also provoke competitive or
even antagonistic behaviour with unfavourable effects on process performance,
particularly when species directly compete for the primary carbon and energy
source. For biomanufacturing processes, it is therefore common to aim for
cooperative relationships such as mutualism or commensalism, or at least to
minimise direct resource competition. However, the idea that more cooperative
interactions are always more robust or productive has recently been questioned.
Still, especially in the cases of obligately cross-feeding mutualistic interactions,
a tighter control of the interaction and desired production is facilitated. [13, 27,
14].

Here, considering all the limitations and background on cocultures of BC
production, a design in which the S.cerevisiae is unable to transport and con-
sume glucose (S.cerevisiae IMX1812) ([39] is proposed. With this approach,
it is hypothesised that glucose in the medium can be primarily used for BC
polymerisation. As mentioned before, providing ethanol to K.sucrofermentans
is a potential strategy of repressing the conversion of glucose into gluconic acid
by supplementing another path to gain ATP. Thus, the design further exploits
the native fermentation activity of yeast to convert maltose (the main sugar
source for the strain IMX1812) into ethanol. The effect of ethanol provided
by the coculture partner on BC yield is further investigated compared to Ko-
magataeibacter sucrofermentans. Self-metabolisation of ethanol by yeast was
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inhibited through an induced mutation to its mitochondria (Figure 4). This
thesis therefore presents a coculture between K. sucrofermentans and S. cere-
visiae in which S. cerevisiae serves primarily as an engineerable chassis for future
in situ BC functionalisation, while being restricted to maltose to avoid compe-
tition for glucose and simultaneously supplying ethanol that can support BC
production. In contrast to the BC cocultures summarised in Table ??, which
mainly aim to improve productivity, substrate utilisation or mechanical prop-
erties, this design is hypothesised to establish a coculture that conserves BC
yields comparable to a Komagataeibacter monoculture while facilitating the use
of SynBio to functionalise BC.
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Figure 4: Conceptual design of the engineered Komagataeibac-
ter sucrofermentans–Saccharomyces cerevisiae co-culture and in-
tended partnership for improved bacterial cellulose (BC) production.
K.sucrofermentans (left) takes up glucose and directs it to multiple pathways:
central carbon metabolism (glucose-6-phosphate), generating ATP via glycol-
ysis and the pentose phosphate pathway (PPP), while supplying UDP-glucose
for bacterial cellulose biosynthesis. Glucose is also oxidised to gluconate (glu-
conic acid) in the periplasm, while ethanol is oxidised to acetaldehyde and
then to acetic acid (acetate). Both gluconic acid and acetic acid can accu-
mulate as extracellular byproducts of BC production (red), which reduces the
pH and becomes toxic. The engineered S. cerevisiae strain IMX1812 (right)
is designed to avoid competition for glucose and instead grows on maltose.
Maltose is converted to glucose intracellularly and metabolized through glycol-
ysis (via glyceraldehyde-3-phosphate, G3P, and dihydroxyacetone phosphate,
DHAP) to pyruvate, which is directed to fermentative metabolism since respi-
ratory metabolism is blocked through an induced mutation to the mitochon-
dria. Fermentation results in secretion of ethanol and glycerol, with ethanol
intended as a cross-fed substrate to support the energy metabolism of the bac-
terium, while glucose is reserved for cellulose synthesis. Ethanol reassimilation
to S.cerevisiae is prevented through the loss of mitochondrial function.
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3 Methods

3.1 Preparing the maltose positive and glucose negative
S. cerevisiae IMX1812 ρ− strain

For this consortium, the yeast partner should not consume glucose, nor reas-
similate ethanol from the medium. The glucose-deficient S.cerevisiae IMX1812
strain was obtained from Pascale Daran-Lapujade from the Industrial Biotech-
nology Department of Delft University [39]. The history of this strain can be
found in the Appendix7.1. This strain was prepared using CRISPR/SPCas9
to delete all 21 hexose transporters from an S.cerevisiae within the CEN.PK
family. They report that, even upon prolonged cultivation, glucose consump-
tion was still not observed, while the growth rate on maltose was the same as
on glucose, independent of the presence of hexose transporters. Obtaining this
strain was vital since glucose consumption by the yeast strain would result in
competition against the acetic acid bacteria (AAB), and one species could have
outgrown the other.

In the design of the coculture, yeast should only produce but never reassim-
ilate and consume ethanol. To obtain this, mitochondrial function was knocked
out to yield a ρ− yeast strain. Ethidium bromide (EtBr) is an agent that in-
duces respiratory deficiency through a mutation that causes loss of function of
the cytoplasmic factor p. This mutation has is known to cause complete loss of
mitochondrial DNA (mtDNA). We first inoculated S. cerevisiae IMX1812 in 3
mL YPM (6.8 g/L maltose) medium for around 3 hours. Then, a drop of the
liquid culture was transferred to a YPM plate with 0.04 mg/mL EtBr. The
plate was grown for 2 days in the 30°C incubator. The plate was scraped with
an inoculation loop, focussing on colonies that are the roundest and smallest.
Colonies were transferred to another YPM EtBr plate to grow until new colonies
are observed (2.5-3 days). This process was repeated once more, and then the
final (3rd) plate was used as the stamp for replica plating on YPG (YEP and
2% w/v glycerol medium) and YPM (YEP and 0.68% w/v maltose medium)
plates with duplicates. By overlaying both the duplicates for the YPG and YPM
plates on top of each other, ρ− colonies could be identified, i.e., growth on YPM
but not on YPG. The same was performed for S.cerevisiae CENPK113-7D with
YPD instead of YPM to assess the change in growth kinetics upon just the
mitochondrial mutation (Figure 5).

3.2 Quantifying the Growth Kinetics of the SynCom Part-
ners in Monocultures

As a benchmark to rationally design and interpret the coculture experiments,
we performed monoculture growth experiments of both K. sucrofermentans and
engineered S. cerevisiae. This allowed us to obtain a baseline for growth charac-
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teristics and substrate tolerances of each organism independently. Additionally,
it ensured that potential toxicities, metabolic preferences, and kinetic param-
eters were well understood before introducing the complexity of interactions
within the co-culture. The growth kinetics of each partner in monoculture
were characterised on coculture-relevant substrates: glucose, maltose, glycerol,
gluconate, ethanol, and acetate. These compounds were either primary car-
bon sources in the coculture medium or expected byproducts of the partners’
metabolism. Because the toxic effects of acetate and gluconate have been linked
to medium acidification [22], we also assessed their combined effect. For glu-
conate, acetate, ethanol, and acetate–gluconate mixtures (with gluconate held
constant), we tested a range of concentrations to evaluate the beneficial or in-
hibitory effects of these metabolites on each species (see Appendix 7.3 for the
96 WP layouts). We used these results to estimate the optimal duration of the
precultures and initial inoculation densities for the coculture, or as a point of
reference when assessing the outcomes of the coculture.

For K.sucrofermentans, a 3 mL preculture was made in YPD medium and
grown for around 16 hours overnight at 30◦C shaking at 250 rpm with 1%
(v/v) cellulase enzyme from Trichoderma reesei ATCC 26921 (Sigma-Aldrich)
to obtain a homogeneous preculture without flocs in the agitated culture. Then,
the preculture was transferred to a sterile microcentrifuge tube and spun down
for 12 minutes at 3200 g twice for washing. The supernatant was discarded
and the sample was resuspended in 2% YPD. This cell suspension was diluted
so that the starting OD was 0.01. The medium used for the preculture and
resuspension in the case of S.cerevisiae was YPM (6.8 g/L maltose), and the
washing step was skipped since the carryover does not effect the measurements.
Assays were performed in flat-bottom 96-well microplates in technical triplicate.
Each well contained a sample volume of 150 µL, and was covered with 50µL of
mineral oil to avoid water evaporating during the run. To prevent interference of
cellulose pellicle formation with OD measurements, cellulase from Trichoderma
reesei (Sigma-Aldrich) was added to all K. sucrofermentans cultures to a final
concentration of 1% (w/v). To determine the growth rates, optical density
(OD600) was tracked in a 30 degrees double orbital, continuously shaking plate
reader (BioTek, Agilent Industries) for 3 days and with 15 minute data point
intervals.

An R script provided by Pieter Candry was translated to Python to obtain
average growth rates and other parameters, and the plots were prepared using a
script prepared by Rick Marcus where an Excel template is used as input. Both
scripts can be shared upon request.

3.3 Coculturing S.cerevisiae IMX1812 andK.sucrofermentans

Coculture experiments were performed to assess the coexistence of S. cerevisiae
IMX1812 and K.sucrofermentans and the effect of ethanol supplied by S. cere-
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visiae IMX1812 on cellulose production in the absence of competition for glu-
cose. The protocol was adapted from Gilbert et al., and the preculture dura-
tion, starting OD600, and the inoculation density was modified according to the
change in the WT average growth rate upon the mitochondrial mutation [11].

Two days before the start of the coculture, K. sucrofermentans was inocu-
lated from agar plates into 15 mL YPD medium supplemented with 1 % (v/v)
cellulase and inoculated in a 30 ◦C incubator shaking at 250 rpm. Then, S. cere-
visiae IMX1812 was inoculated 38 hours (24 hours in original protocol) before
the experiment into a 15 mL YPMmedium and incubated under the same condi-
tions. Right before the start of the coculture experiment, the K.sucrofermentans
preculture was centrifuged at 3600 rpm for 12 minutes twice to remove the cel-
lulase enzyme. The pellets were resuspended in fresh YPM medium and the
OD600 was adjusted to 2.5. Yeast precultures were diluted to an OD600 of 0.02
(0.01 in the original protocol). Three culture conditions were set up in dupli-
cates in 100 mL Erlenmeyer flasks fitted with sterile rubber stoppers equipped
with a sterile needle and syringe to allow sampling without opening the flask
or disturbing the cellulose pellet. The yeast monoculture control was prepared
with YPM, and 1.6 mL of the preculture was added. The Komagataeibacter
monoculture was prepared with YPD medium, and 2 mL of the preculture was
added. Finally, the coculture was prepared with YPDM medium using the same
dilution factors as the monocultures. These cultures were incubated in a static
incubator at 30 ◦C for 4 days or until the cellulose pellicles at the air-liquid
interface of the Erlenmeyers did not appear to grow anymore.

At the starting point, 500 µL was taken from each flask, and sampling was
repeated after 90 min and then hourly during the first 24 h. At the end of the 4
day incubation, a final endpoint sample was collected. Each 500 µL sample was
centrifuged at 3000 g for 12 minutes. Pellets and supernatants were transferred
to fresh tubes and stored frozen for subsequent analysis. The supernatants were
then used for analysis by high-performance liquid chromatography (HPLC) to
quantify the glucose, maltose, acetate, and ethanol, and pellets were used to
check the coexistence after 4 days.

3.4 Compositional HPLC analysis of the coculture of S.cerevisiae
IMX1812 and K.sucrofermentans and checking coex-
istence

HPLC analysis was carried out in an AMINEX hpx 87H column a flow rate of
0.6 ml/min at 60°C with 8 mM sulphuric acid and 100 mM isobutyric acid as
an internal standard. For the detection, the refractive index detector was used
since the yeast extract and peptone gave unidentifiable sample peaks in the UV
detection method. Our compounds of interest were glucose, maltose, acetate,
and ethanol. Calibration curves were obtained from standards of 10, 5, 2, 1,
0.5, and 0.25 g/L for each compound of interest (Appendix7.5).
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3.5 Washing and Freeze drying BC to compare production
within monoculture vs coculture

After 4 days, cellulose pellicles were harvested from the surface of the mono-
culture and coculture flasks with tweezers. Each pellicle was briefly rinsed
with demineralised (demi) water. Individual pellicles were then transferred into
beakers containing sufficient demi water to fully submerge the BC with a mag-
netic stirrer. The samples were washed at 100 rpm for 5 minutes at room
temperature. After this first wash, the water was discarded and replaced with
fresh demi water, and the washing step was repeated for another 5 minutes un-
der the same agitation conditions. After this, the wash water was replaced with
0.1 M NaOH solution. The beakers were placed on a heated magnetic stirrer,
and the temperature was raised to 80 °C while maintaining agitation at 100 rpm.
After 15 minutes, the NaOH solution was exchanged for fresh 0.1 M NaOH and
incubation at 80 °C with stirring was continued until the BC sheets became
translucent from its initial white color. The washed pellicles were first air-dried
and then placed overnight in the freeze-dryer before weighing and calculate the
yield on the next day.

3.6 Coculturing S.cerevisiae IMX1812 ρ− and
K.sucrofermentans (coculture 2)

For coculture 2, the coexistence of K.sucrofermentans with the ρ− strain was
assessed. The changes made to the prior protocol was that the yeast preculture
was prepared at the same time as for the bacterium, and K.sucrofermentans
preculture was adjusted to an OD600 of 2.0 instead of 2.5. The medium used
for all cultures including the monocultures was also YPDM for this coculture.
Since a cellulose pellicle was not observed upon 1.5 days, all triplicates for all
conditions were reinoculated. The flasks were kept in the static incubator for
4 more days after this.

3.7 Assessing coexistence in coculture 2 between
K.sucrofermentans and S.cerevisiae IMX1812 ρ−

To assess whether both consortium partners’ coexistence persisted during cocul-
ture 2, selective plating on YPDM media was used; supplemented with cyclo-
heximide to select for S.cerevisiae IMX1812 ρ−, and with chloramphenicol to
select for K.sucrofermentans since it contained the antibiotic resistance marker.
Three plate types were prepared: A YPDM as a control where both strains
are expected to be observed, (ii) YPDM supplemented with cycloheximide, and
(iii) YPDM supplemented with chloramphenicol. For the cycloheximide plates,
a filter-sterilised stock solution (25 µg dissolved in 5 mL 96% (v/v) ethanol;
Sigma-Aldrich, code 01810-1G) was added at 150 µL per 15 mL YPDM plate
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just before pouring. For the chloramphenicol plates, YPDM agar was supple-
mented with chloramphenicol to a final concentration of 185 µg/mL to select
for K. sucrofermentans. To verify the expected colony appearance of the strains
on the different plate conditions, K. sucrofermentans (monoculture replicate B
from Coculture 2 after 5 days, which formed a BC pellicle) and S. cerevisiae
IMX1812 ρ− after 5 days were each plated on all three media (YPDM, YPDM
+ cycloheximide, YPDM + chloramphenicol) and incubated at 30 °C for three
days. For the actual consortium, samples were taken from each SynCom flask at
two time points: after 1.5 days of static incubation (prior to reinoculation) and
at the end of the 5 day coculture. After, these samples were plated on the three
media types described above and incubated at 30 ◦C. The plates were then com-
pared to the monoculture controls to determine whether S. cerevisiae IMX1812
ρ− and K. sucrofermentans coexisted under the coculture 2 conditions.

4 Results

4.1 Ethidium Bromide induced mitochondrial knock-out
of S. cerevisiae

Figure 5: Mitochondrial knock out of S.cerevisiae IMX1812 A. Three
rounds of ethidium bromide plating of S.cerevisiae IMX1812. B. Replica plating
S.cerevisiae IMX1812 on YPM (6.8 g/L maltose) and YPG (2% glycerol) with
duplicates (shown as 1 and 2).

The three rounds of ethidium bromide plating were successful (Figure 5A).
The gradual loss of mitochondrial function was observed through the longer
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time elapsed for colonies to become visible after each round. As expected from
the replica plating, the successful colonies are present on the YPM plates but
absent from the YPG plates since mitochondrial function is necessary to grow
on glycerol (Figure 5B). YPM liquid cultures were made from these selected
colonies to proceed with investigating the growth kinetics of the newly made
strain (Figure 6) to inform the preparation and interpretation of the coculture.
The colonies on the YPG plate grew significantly larger, indicating that the
mitochondrial function is not lost there, and more ATP can be yielded, resulting
in faster growth (Figure 5B.1).

4.2 Monoculture growth kinetics

4.2.1 Growth on carbon substrates

Figure 6: Average growth rate of K.sucrofermentans on carbon sub-
strates. From left to right, the average growth rate per hour on yeast extract
peptone (YEP) medium, 2% YPD (glucose) medium, YPM (6.8 g/L maltose),
and YPDG (2% glucose and 2% glycerol) is shown. YEP is included to assess
whether the addition of maltose supports growth more than the basal yeast
extract and peptone medium.

The graph of K.sucrofermentans on the relevant carbon substrates within the
coculture suggests that the presence of maltose does not lead to a higher rate
of growth, with all the replicates within the same range, indicated by the error
bars (Figure 6). Although not a significant difference (t ¿ 0.05), the YPDG
appears to have the highest rate of growth. This condition was included since
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S.cerevisiae produces glycerol in the coculture to maintain the redox balance
by converting NADH back to NAD+ (Figure 4) [24]. In literature, glycerol was
shown to contribute to BC yield [2]. Due to the cellulase enzyme added to
all of the K.sucrofermentans samples, this might have provided extra carbon
for growth. Overall, the average growth rate of K.sucrofermentans within a
monoculture can be assumed to be between 0.5-1.25µ when glucose is provided.

BA

Figure 7: Average growth rate of S.cerevisiae A.WT vs ∆ mitochondria (ρ−)
B. IMX1812 ρ− on YEP and YPDG. The YPM sample tested for S.cerevisiae
IMX1812 ρ− was not included since all replicates died after 20-48 hours, and
the 2% YPD sample was not included since the lag time was up to 20 hours,
suggesting contamination.

The average growth rates of WT S.cerevisiae vs WT S.cerevisiae with the
loss of mitochondrial function (Figure 7A) and S.cerevisiae IMX1812 with the
loss of mitochondrial function on YEP and YPDG (Figure 7B) is presented
above. A 1.6-fold difference was observed between the average growth rates of
the WT vs Δmitochondria (Figure 7A). This informed modifications to the
coculturing protocol, specifically the preculturing durations, from those de-
scribed for K.rhaeuticus and WT S.cerevisiae by Gilbert et al. (2021). The
specific modifications are described in the methods section. It was expected
that S.cerevisiae IMX1812 ρ− would neither grow on glucose or glycerol. The
growth that did occur could be due to the yeast extract and peptone present,
and it should be noted that one of the replicates showed the OD reducing to the
starting point after 20 hours. This is seen from the Richard’s fit of the replicates
(SupplementaryFigure3)
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4.2.2 Growth on metabolites present during the coculture

Figure 8: Average growth rate per hour of K.sucrofermentans plot-
ted against the concentration gradients of A. (sodium) gluconate, B.
ethanol, C. (potassium) acetate, and D. acetate and gluconate to-
gether. The triangles indicate that only 1 replicate is shown, and the * indi-
cates pairs with significant differences between each other (p ¡ 0.05). 1% acetate
was not included since none of the replicates had a conventional Richard’s fit
(Appendix7.6)

In general, the addition of the acids to K.sucrofermentans resulted in lower
growth rates than just with YPD and YPDG (Figure 6), which was expected
as the pH becomes lower (Figure 8). For the ethanol series, we can suggest
that around 1.4 % (v/v) is optimal and ¿2.8 % (v/v) the growth rate depletes.
In general, we can assume that the average growth rate of K.sucrofermentans
within the coculture conditions will be between 0.5 and 1 per hour. It should
be noted that the bars with triangles above them (Figure 8B,C) only show one
replicate. The other replicates were removed due to unrealistically high ODs
reached, and the replicates kept for these appear to still have the highest average
growth rates, so no conclusions were drawn from these.
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Figure 9: Average growth rate per hour of S.cerevisiae CENPK113-
7D ρ− plotted against the concentration gradients of A. ethanol, B.
(sodium) gluconate , C. (potassium) acetate, and D. acetate and glu-
conate together.

Across all conditions, S. cerevisiae CENPK113-7D ρ− was found to be the
most sensitive towards ethanol, with even the lowest supplemented concentra-
tion of ethanol having a smaller growth rate than the average of the growth
rate’s observed for other conditions (Figure 9). For this concentration range,
the results suggest that there there is a trend where growth rate decreases with
increasing ethanol (Figure 9A). Growth is generally maintained amongst the
acetate concentrations (excluding the 3.0% acetate condition where the error
bar is very large), showing that this strain has a tolerance towards acetate (up
to 2.5% (w/v)) (Figure 9C). The gluconate conditions show a similar tolerance,
and the µ starts to decrease beyond 2.1% gluconate, notably a similar amount of
acid leading to the µ decreasing in acetate too (Figure 9B). The combined acid
condition also shows similar growth rates as in just acetate and just gluconate
(Figure 9D). The gluconate, acetate, and combined acid conditions show that
the µ reached here are comparable, if not higher, to those reached in just YPD
for this strain (Figure 7A) (See Discussion 4.1). Largely, the average growth
rate of the strain S.cerevisiae CENPK113-7D ρ− can be said to be slightly lower
than that of K.sucrofermentans.
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Figure 10: Average growth rate per hour of S.cerevisiae IMX1812 ρ−
plotted against the concentration gradients of A. ethanol, B. (sodium)
gluconate , C. (potassium) acetate, and D. acetate and gluconate
together.

There is a directly observable reduction in the growth rate for the strain S.
cerevisiae IMX1812 ρ−. The highest growth rates for this strain are observed
for the 0.9% ethanol, 1% gluconate, and 0.3% acetate (noting that only one
replicate survived 3 days) samples. The combined acid samples, except for 0.9%
acetate + 1% gluconate and 2.1% acetate + 1% gluconate, notably have even
lower growth rates. Overall, it appears that the strain S.cerevisiae IMX1812
ρ− is not sufficiently robust and is experiencing a metabolic burden upon the
mitochondrial knock out that is making it grow significantly slower and not
consistently survive for over 20-30 hours.
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4.3 Coculture 1: S.cerevisiae IMX1812 andK.sucrofermentans

Figure 11: The cellulose pellets formed in the K.sucrofermentans
monoculture vs. the coculture between S.cerevisiae and
K.sucrofermentans. Top two plates contain the pellets from the monoculture
duplicates while the bottom two plates contain the pellets from the coculture
duplicates
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Figure 12: Comparing the BC yields from the monoculture vs coculture
The yield was calculated in terms of grams of BC per grams of glucose provided
in the medium at the start of cultivation.

The cellulose pellicles from the duplicate K.sucrofermentans monocultures and
duplicate cocultures looked approximately the same to the naked eye after
freeze-drying (Figure 11). This was confirmed by the calculated yields (g BC/g
glucose fed) (Figure 12). The hypothesis was that the BC yielded from the
coculture would be comparable or higher, which was achieved.
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Figure 13: Assessing coexistence in coculture 1 A. The pellets obtained
from centrifuging the duplicate coculture samples were plated on a YPDM
plate, with both duplicates shown on one half of the plate. B. The pheno-
type of K.sucrofermentans on a YPD plate as reference. C. The phenotype of
S.cerevisiae IMX1812 on a YPM plate

Comparing the phenotype of the distinct two strains on both halves YPDM
plate with the phenotype of the strains, it appears that, after four days, both
species survived (Figure 12A). This is assumed since the smaller, whiter, convex
and round colonies appear to be the same species as in Figure 12C, while the
colonies with a yellow undertone, irregular shape, and that are flatter looks like
the K.sucrofermentans colonies in Figure 12B. The colonies hypothesised to be
S.cerevisiae IMX1812 look smaller in the coculture plate (Figure 12A) than that
of its monoculture plate (Figure 12C), which might be due to less growing time
allowed.
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Figure 14: HPLC analysis of the start and endpoint samples of
K.sucrofermentans monoculture and coculture 1 A. K.sucrofermentans
B. Coculture 1. Only start and end results were shown as there was no clear
difference between the compositions of the samples taken during the first day.
Dark green = maltose, orange = glucose, brown = acetate, light green = ethanol

The results of the HPLC analysis show that glucose was consumed and ac-
etate was produced in both monoculture (Figure 14A) and co-culture (Figure
14B). As only start and endpoint samples were taken, we cannot determine if
K.sucrofermentans is consuming the ethanol produced by S. cerevisiae. How-
ever, ethanol was produced in the medium. The small amount of maltose at the
start of the monoculture is likely carryover, since maltose was not added to this
medium.

Ethanol production in the monoculture samples was not expected. Two
hypotheses may account for this observation. The first one is that there is a
metabolic pathway in K. sucrofermentans able to produce ethanol, that we are
not aware of. The second one is that the supernatant of the monoculture sample
had a small amount of S. cerevisiae cells remaining, that consumed the carry
over maltose and produced ethanol. To test this hypothesis, a colleague modeled
this small amount of contamination and the levels of acetate and ethanol that
would be the outcome of this. The model supported that this would yield more
ethanol than acetate, suggesting that this hypothesis might be likely [30] .
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4.4 Coculture 2:S.cerevisiae IMX1812 ρ− andK.sucrofermentans

Figure 15: The total bacterial cellulose outcome from the second co-
culture experiment A. Shows replicate A of K.sucrofermentans monoculture
control, with no BC production but an exopolysaccharide in the sample taken
for plating (Figure 15). B. shows replicate B of K.sucrofermentans monocul-
ture control, with a BC pellet without downstream processing or freeze drying.
C. shows very small BC or exopolysaccharide formation. D and E show small
pieces of slime-like exopolysaccharide noticed during plating, since none of the
SynCom replicates showed an observable BC pellet or pellicles that could be
separated

The total BC obtained in the second coculture experiment (coculture 2) was
not as expected (Figure 15). Under static conditions, none of the SynCom
triplicates formed an observable BC pellicle. However, small, slimy polymer
fragments were observed in samples taken for plating to assess coexistence. In
the K. sucrofermentans monoculture controls, triplicate B produced a clear BC
pellet at the air–liquid interface, whereas triplicate A did not form a pellicle but
contained the same slimy polymer in the sample taken for plating (Figure 15).
Triplicate C showed only very small BC or polymer aggregates that could not be
harvested as one single pellet. Overall, BC formation in coculture 2 was absent
in all SynCom replicates and unstable in the K. sucrofermentans monoculture.
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Figure 16: Controls for assessing the coexistence in coculture 2 Ks:
K. sucrofermentans (Duplicate B from the experiment that did from the BC
pellicle), and Sc: S.cerevisiae IMX1812 ρ− plated on YPDM, YPDM + 150 mi-
croliter cycloheximide to select for S.cerevisiae, and YPDM + 185µg/mL chlo-
ramphenicol to select for K.sucrofermentans containing the antibiotic marker.

30



Figure 17: Assessing the coexistence in coculture 2. 1.5 days and 5
days after cultivation SynCom B (Triplicate B of S.cerevisiae IMX1812 ρ− and
K.sucrofermentans Final plated on YPDM, YPDM + 150 microliter cyclohex-
imide to select for S.cerevisiae, and YPDM + 185µg/mL chloramphenicol to
select for K.sucrofermentans containing the antibiotic marker. Upon the obser-
vation that there is no BC production, all SynCom and S triplicates

K. sucrofermentans (monoculture triplicate B, which had formed a pellicle)
and S. cerevisiae IMX1812 ρ− were plated as controls on YPDM, YPDM +
cycloheximide, and YPDM + chloramphenicol (Figure 16). As expected, the
K. sucrofermentans control grew on both YPDM and chloramphenicol plates,
confirming chloramphenicol resistance, while the S. cerevisiae control formed
visibly smaller colonies on cycloheximide plates than on YPDM and showed
almost no growth on chloramphenicol, aside from a single small colony on the
lower right of the plate. This suggests that another selection method should be
chosen in the future for S.cerevisiae.

Coexistence in coculture 2 was then assessed by plating samples from Syn-
Com triplicate B at two time points on the same three media types (Figure 17).
The culture sampled after 1.5 days of static incubation (before reinoculation)
yielded colonies on YPDM and chloramphenicol plates, while cycloheximide
plates showed either very small colonies or no clear growth, but due to the pres-
ence of bubbles the yeast detection at this first time point is inconclusive. In
contrast, the culture sampled after 5 days (following reinoculation at 1.5 days)
produced colonies on all three plate types. The presence of colonies on both
cycloheximide and chloramphenicol plates indicates that although the control
S. cerevisiae IMX1812 ρ− is not reliable, the K.sucrofermentans strain showed
no growth at all on cycloheximide on the control sample. It can be concluded
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that K. sucrofermentans survived in coculture 2 for at least 5 days, despite the
lack of detectable BC pellicle formation in the SynCom conditions. However,
the possibility that there is also contamination present in these samples should
be considered.

5 Discussion

5.1 Monoculture growth kinetics of K.sucrofermentans
and engineered S.cerevisiae

The monoculture growth kinetics experiments provided information about the
relative rate of growth of the coculture partners in the presence of organic acids
and ethanol that we expect to be present during the coculture. The experiments
showed that K. sucrofermentans grew consistently on YPD media while the
induced knock-out of the mitochondria (ρ− strains) reduced the growth rate of
both WT S. cerevisiae CEN.PK, and IMX1812 ρ−. Moreover, IMX1812 ρ− was
no longer able to consistently grow during three-day microplate reader assays.

In the gluconate, acetate, ethanol, and gluconate and acetate gradient assays,
K. sucrofermentans growth was supported up to intermediate concentrations.
For the yeast strains, acetate and gluconate on YPD had relatively modest
effects on CEN.PK ρ−, whereas IMX1812 ρ− was substantially more sensitive,
particularly under the combined acid conditions. Therefore, K. sucrofermentans
and S.cerevisiae IMX1812 have a reasonably larger margin of stability with
respect to coculture medium composition compared to IMX1812 ρ−, which has
weakened growth to begin with.

Comparison of WT ρ− yeast grown in YPD (Figure 7A) with and without
added ethanol or acids (Figure 9) demonstrates that, overall, the addition of
acids to the YPD medium either supported or did not affect growth. Biologi-
cally, this makes sense as Saccharomyces sp. often naturally exists with acetic
acid bacteria in slightly acidic pH, where they ferment sugars to ethanol and
AAB oxidises ethanol to acetate. Examples include the previously mentioned
kombucha cultures, but also vinegar ecosystems and fruit rotting. The yeast be-
ing fermentative also mimics these environments in which the yeast is in reduced
oxygen while the AAB accumulates in the oxygen-rich interfaces as an obligate
aerobe. This is not the case for the addition of ethanol concentrations over 1.6%
(v/v). Theoretically, fermentative S.cerevisiae can maximally produce around
0.51 g ethanol/g glucose. For the coculture this means: 1̃.3% (v/v ethanol).
The theoretical yield of acetate and gluconate in the coculture would be 1.33%
and 0.8%, which, when looked at Figure 8C (1.0-1.5% for acetate and 0.7-1.4%
for gluconate) seemingly boosts growth compared to just the YPD medium.
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5.1.1 Dissociation of the organic acids depends on the pH of the
culture

An important factor to consider is that the metabolite gradients were performed
with sodium gluconate and potassium acetate salts at near neutral starting pH.
In coculture 1, the endpoint pH dropped to approximately 4 (See Appendix7.7),
which strongly changes the speciation of the organic acids. Acetic acid has a
pKa of approximately 4.75. at pH 4, 85.19% of the total acetate is expected
to be present as undissociated acetic acid, which will enter the cell and become
more inhibitory than acetate anions. Gluconic acid has a pKa in the range of
3.6 to 3.8, so, at pH 4, 30.4% of the total gluconate pool is predicted to be in
the undissociated form. This theoretical speciation can be combined with yield
calculations to estimate a upper bound of possible acid stress in the coculture.
If all of the glucose (20 g/L) provided were converted to acetate (glucose →
2 acetyl-CoA → 2 acetate), the maximum yield would be about 0.67 grams
of acetate per gram glucose, corresponding to 1.33% w/v acetate (calculations
in Appendix7.8). Similarly, assuming the reported yield [8] of 0.39 grams glu-
conate per grams of glucose, full conversion of glucose would yield 0.78% (w/v)
gluconate. At pH 4, this theoretical maximum translates to roughly 1.1% undis-
sociated acetic acid and 0.3% undissociated gluconic acid. It is known that full
conversion can not happen, since BC production is observed. Metabolically, Ko-
magataeibacter produces acetate by oxidising ethanol (ethanol → acetaldehyde
via alcohol dehydrogenase; acetaldehyde → acetate via aldehyde dehydrogenase
in the periplasm) and by converting acetyl-CoA formed from glucose catabolism
via phosphotransacetylase or acetate kinase. In the presence of yeast, the first
route couples directly to the ethanol derived from the yeast, while the second
route can produce acetate in the absence of yeast too. These considerations sug-
gest that both the presence of yeast and intrinsic Komagataeibacter metabolism
may contribute to acid accumulation in the coculture as the pH drops.

5.2 Coexistence and BC production in Coculture 1

Coculture 1 showed successful BC production and coexistence occured. How-
ever, the stability of this coexistence can be questioned. A static SynCom of
K. sucrofermentans and S. cerevisiae IMX1812 produced BC yields compara-
ble to, or even slightly higher than the monoculture (Figure 12). Although the
cultivation flask, sampling set-up and the harvesting method had shortcomings
and should be improved, the pellicles in the coculture (Figure 11) were similar
in appearance and texture to those of the monoculture. Plating suggested that
both partners were present at the end of the four day coculture judging by the
phenotypes observed (Figure 13), so coexistence is feasible. HPLC analysis (Fig-
ure 14) showed glucose and maltose consumption in the coculture. Moreover,
there is a very small reduction of maltose in the monoculture where maltose
was not expected at the start at all. As expected, there is acetate accumulation
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in both the monoculture and coculture. However, the detection of ethanol in
the monoculture raises questions. Puvvada (2025) modelled a small amount
of of S.cerevisiae contamination with the maltose observed at the start of the
monoculture (0̃.62 g/L). The simulation qualitatively matched the HPLC data
obtained [30]. However, it is seen that the maltose is not even completely con-
sumed (0̃.24 g/L) in the monoculture (Appendix7.5.2, Table 3) Theoretically,

1 glucose → 2 ethanol + 2CO2 (1)

1 maltose → 2 glucose → 4 ethanol + 4CO2 (2)

. This amount of maltose consumed theoretically corresponds to 4 x (0.62-0.24)
= 1.52 g/L ethanol. The ethanol that is produced at the end is 2̃.8±1.28, so
the theoretical amount of ethanol is very similar to the lower bound of the er-
ror range. However, since the maximum theoretical yield is not likely to be
reached, this hypothesis is not very probable. Since the sampling frequency was
limited, ethanol consumption by K. sucrofermentans cannot be conclusively
demonstrated. Nonetheless, the combination of ethanol production by yeast,
acetate accumulation and sustained BC formation suggests that the intended
exchange of metabolites is at least partially working: K. sucrofermentans fo-
cuses on BC production from glucose, while yeast uses maltose and supplies
ethanol that can be oxidised by the bacterium to boost the energy metabolism
(as in Figure 1, Figure 4). This interpretation is consistent with previous reports
that low to moderate ethanol supplementation can support BC production by
Komagataeibacter species [22].

5.3 Loss of BC in Coculture 2 the possibility of Cel− emer-
gence

Coculture 2 revealed a clear bottleneck. When the maltose-consuming S. cere-
visiae IMX1812 was replaced with the fermentative (ρ−) IMX1812 strain, even
upon reducing the starting OD of Komagataeibacter and extending the precul-
ture time for the yeast, the effects of acid accumulation or agitation stress were
still observed. It can still be argued that coexistence did occur, selective plat-
ing of the SynCom showed colonies on both cycloheximide and chloramphenicol
plates while colonies known to be K.sucrofermentans died in the presence of
cycloheximide. However, none of the SynCom replicates formed a coherent BC
pellicle, and the S.cerevisiae control plate did not behave as expected. Instead
of the pellicle, small, slime-like polymer fragments were observed. Even the
K. sucrofermentans monoculture behaved inconsistently, with only one of three
replicates forming a pellicle expected from stable static cultivation. A contam-
inant is causing these unexpected results is also possible.

In literature, it is discussed that prolonged agitation or medium composi-
tion of Komagataeibacter cultures can make another process bottleneck appear,
which might explain the loss of pellicle formation in the second coculture. Ko-
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magataeibacter can have spontaneous appearance of cellulose-negative (Cel−)
mutants within Komagataeibacter populations. Since Cel− mutants do not have
the metabolic burden of cellulose synthesis, this can confer a growth advantage
over Cel+ cells, leading to a decline in cellulose yield, and Cel+ phenotypes
within the culture. [29, 29, 42, 36]. Park et al. (2004) showed that the addi-
tion of organic acids such as glutamic and acetic acid promoted the conversion
of Cel+ cells into Cel− mutants in shaken flask cultures. Adding 1% (v/v)
ethanol to these media either reduced or increased Cel− formation according
to flask geometry and the attributed shear stress. Moreover, Taweecheep et
al. (2019) identified a nonsense mutation in the bcsC gene (one of the 4 genes
in the BC synthase operon) in an ethanol adapted strain of Komagataeibacter
oboediens that no longer showed BC production. Upon repeated recultivations
in static conditions, they obtained revertant strains that revived their ability
to produce BC, however exhibiting different productivities and fibrillar struc-
tures. Thus, point mutations in genes as a result of the presence of medium
stress, and agitation conditions, can both eradicate and restore BC synthesis,
causing changes to morphology of the material [36]. Considering these findings,
under the conditions of coculture 2, with 1) potentially more ethanol available
for K.sucrofermentans to convert to acetate through the prevention of reassim-
ilation by yeast, and 2) less fresh preculture inocula of that have been agitated
before, a point mutation might have been induced in one of the genes in the
bcs operon. The fermentative yeast, although not consuming ethanol, is also
expected to have produced less ethanol overall because of its slowed growth
kinetics. On the other hand, additional to the oxidation of ethanol in the
periplasm, the glucose metabolism by K. sucrofermentans itself can produce
acetate via acetyl-CoA. Several studies had reported Cel− mutants emerged in
the presence of high acetic acid, and high ethanol concentration combined with
shear and shaking [29, 28, 36]. These explanations remain hypotheses because
the potential Cel+ and Cel− populations from coculture 2 were not isolated and
sequenced. However, they are qualitatively consistent with BC synthesis loss. A
logical next step would be to sequence the bcs operon and key regulatory genes
in endpoint K. sucrofermentans isolates to confirm this.

5.4 BC coculture strategy with Komagataeibacter and
S.cerevisiae: expected challenges and future prospects

Coculture 1 demonstrated that a K. sucrofermentans and S. cerevisiae consor-
tium can coexist and produce BC while keeping glucose and maltose largely seg-
regated between partners. This conceptually highlights a potential Syn-SCOBY
system that aims to use yeast to functionalise BC produced by Komagataeibac-
ter sp. In contrast, Coculture 2 illustrates how sensitive such systems can be
to strain robustness, acid stress, and trade-offs with agitation (Figure 18A).
Changes in the yeast chassis and preculture conditions may have pushed the
system into a Cel− dominated regime where BC production is no longer stable.
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Several limitations of the present work can be listed. All coculture experiments
were carried out in Erlenmeyer flasks, where subtle differences in handling can
have large effects. BC characterisation was limited to approximate productiv-
ity and we did not check changes to the fibrillar structure. Our inference about
Cel+ vs. Cel− composition is indirect, based on process outcomes and literature,
and not backed by conclusive methods. Finally, the full potential of the yeast
partner for active functionalisation was not yet exploited for example through
the in-situ secretion of enzymes or display of functional proteins or dyes on the
BC matrix (Figure 18B1).

Despite the limitations, this study describes and further reveals the main
challenges and prospects of BC production in a synergistic coculture between
Komagataeibacter and S. cerevisiae (Figure 18). In future designs, not only the
presence of ethanol but also its production dynamics will need to be tuned. In
particular, there is likely to be an optimal balance between the rate at which
yeast produces ethanol (which supports BC formation) and the total amount
that accumulates (which drives acetate build-up and pH toxicity). Such a
balance could, in principle, be achieved by engineering regulatory circuits in
S.cerevisiae that modulate ethanol production in response to internal or extra-
cellular signals (e.g. intracellular ethanol concentration, pH or BC formation)
thereby keeping ethanol within a beneficial range. Alternatively, controlling
the substrate supply of maltose through fed-batch or continuous feeding strate-
gies could be used to limit total ethanol formation, although this will be more
challenging when using heterogeneous waste-derived substrates. Additionally,
creating a yeast that will alleviate process bottlenecks while supporting its own
growth might enhance stability. This could be done through the redox engi-
neering of S.cerevisiae as described by Medina et al.. In this approach, yeast
is engineered to consume acetate as an electron acceptor to reduce glycerol
formation. This can be achieved with the deletion of two genes (glycerol-3-
phosphate dehydrogenases) and heterologous expression of themhpF gene from
E.coli [19]. The yeast could also be engineered to consume the gluconic acid in
the medium for growth through expressing a heterologous gene for the transport
of gluconic acid, although this has not been reported to date. This approach
would enable establishing a cross-feeding mechanism where the yeast consumes
acetate/gluconate produced by Komagataeibacter and provides ethanol in re-
turn. This cycling between the coculture members could allow for a tighter
dependency between the coculture partners. Moreover, this could inform how
to control the ethanol concentration in the system through the optimization of
inoculum ratios and substrate composition. As next steps, when moving to con-
trolled bioreactors, reactor design and operating strategy would have to balance
three coupled objectives: maintaining sufficient oxygen transfer, avoiding stress
regimes that favour Cel− selection, and preserving a BC morphology that can be
harvested and processed efficiently. In parallel, systems biology tools could be
used to formalise and explore these trade-offs. A logical starting point would be
dynamic, ODE-based models that describe the time evolution of the key state
variables in the coculture, namely, the biomass of each partner, metabolite con-
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centrations and BC. Such models could be parameterised with the monoculture
kinetics and coculture data obtained in this work and then used to simulate
how, for instance, different genome engineering methods for an ethanol circuit
can affect BC yield and acid accumulation.

Figure 18: Summary of challenges and future prospects for the co-
culture approach to BC production with Komagataeibacter and Sac-
charomyces cerevisiae Figure inspired by Absharina et al. challenges and
prospects of coculture approach to BC production (2025) [1].

6 Conclusion

This study set out to test a coculture design for robust BC production be-
tween the model SynBio organism Saccharomyces cerevisiae and a model BC-
producing organism, Komagataeibacter sucrofermentans. These strains were
selected because S. cerevisiae could potentially overcome key bottlenecks in BC
production by (i) providing ethanol, which is beneficial for BC synthesis at con-
centrations up to 1.5%, (ii) tolerating accumulation of acetic acid or gluconic
acid, (iii) the naturally occurring synergistic behaviour in SCOBY cultures ,
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and (iv) the ability to consume waste derived substrates. In addition, a fermen-
tative yeast was obtained to ensure the ethanol is not consumed by itself. The
greater advantage of including the model SynBio organism S.cerevisiae is en-
abling functionalising and fine tuning BC for various applications. The system
was designed to prevent competition for the carbon substrates used for growth
and BC production by constraining yeast to maltose as carbohydrate and energy
source, while glucose was primarily directed towards cellulose synthesis, and
yeast-produced ethanol could support Komagataeibacter energy metabolism.
To test this hypothesised system, three main questions were asked: whether
coexistence could be achieved and if coculturing i) maintains the BC yield, and
ii) mitigates the drawbacks in the process caused by acid accumulation. Re-
spectively, it was found that K. sucrofermentans and S. cerevisiae IMX1812
can coexist while maintaining BC yields, but that the drawbacks should be
mitigated with tighter control of the process. Looking ahead, combining sys-
tems biology, strain engineering to manage acid accumulation and tolerance,
bioreactor optimisation to control oxygen and shear, and explicit monitoring
of robustness under perturbations will be essential for industrial production of
functionalised bacterial cellulose. Overall, this work represents a stepping stone
towards a model Syn-SCOBY platform rather than a finished system.
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No artificial intelligence (AI) was used in the writing of this thesis. Large lan-
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introduction, and to check grammar when finalising the thesis.
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7 Appendix

7.1 History of the strain Saccharomyces cerevisiae IMX1812

Figure A1: History of the hexose-transport deficient S.cerevisiae
IMX1812 Figure reproduced from Wijsman et al. (2019). [39].

7.2 Maximum theoretical concentrations of metabolites in
the coculture

7.2.1 From glucose by K.sucrofermentans

In acetic acid bacteria, acetate can be produced via at least two main routes:

Route 1: Ethanol oxidation in the periplasm
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1. Ethanol is first oxidised to acetaldehyde by an alcohol dehydrogenase
(ADH):

ethanol
ADH−−−→ acetaldehyde

2. Acetaldehyde is then further oxidised to acetate by an aldehyde dehydro-
genase (ALDH):

acetaldehyde
ALDH−−−−→ acetate

Route 2: Glucose to acetate via acetyl-CoA Glucose can also be con-
verted to acetate via glycolysis, pyruvate dehydrogenase (PDH) and acetate-
forming enzymes (e.g. phosphotransacetylase/acetate kinase, Pta/AckA):

glucose → glycolysis/PDH/TCA → acetyl-CoA → acetate.

Stoichiometric maximum yield of acetate from glucose: A simplified
overall carbon balance for glycolysis plus PDH is:

C6H12O6 → 2 acetyl-CoA + 2CO2. (3)

Each acetyl-CoA (2C) can then be converted to acetate (2C), for example
via the Pta/AckA pathway:

acetyl-CoA → acetate. (4)

Per mole of glucose, this gives:

1 glucose → 2 acetate + 2CO2. (5)

Thus, the maximum molar yield is:

YAc/Glc,max =
2 mol acetate

1 mol glucose
. (6)

Conversion to g/g yield: Approximate molar masses:

• Glucose: MGlc = 180.16 gmol−1

• Acetic acid: MAc = 60.05 gmol−1
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Mass of acetate produced from 1 mol glucose at the theoretical maximum:

mAc = 2× 60.05 g = 120.10 g. (7)

Yield in g/g:

YAc/Glc,max =
120.10 g acetate

180.16 g glucose
≈ 0.667 g acetate g−1 glucose. (8)

Thus, the theoretical maximum yield is:

YAc/Glc,max ≈ 0.67 g g−1. (9)

The carbon yield is the same fraction, since four of the six carbon atoms in
glucose end up in acetate:

YC,Ac/Glc =
4 C

6 C
=

4

6
≈ 0.667 C-molC-mol−1. (10)

Application to 20 g L−1 glucose: For an initial concentration of 20 g L−1

glucose, the theoretical maximum acetate concentration is:

cAc,max = 20 g L−1 × 0.667
g acetate

g glucose
(11)

≈ 13.3 g L−1 acetate. (12)

In molar terms:

nGlc =
20 g L−1

180.16 gmol−1
≈ 0.111 mol L−1, (13)

nAc,max = 2× nGlc ≈ 0.222 mol L−1, (14)

cAc,max = 0.222 mol L−1 × 60.05 gmol−1 ≈ 13.3 g L−1. (15)

Assuming ≈ 1 kg of solution per litre, this corresponds to:

13.3 g

1000 g
× 100% ≈ 1.33% (w/v) (16)

as an upper-bound estimate for acetate concentration in the coculture.
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Theoretical gluconate concentrations: A study reported a gluconate yield
of approximately 0.39 g gluconate per g glucose [8]. Applying this yield to
20 g L−1 glucose gives:

cGlu = 20 g L−1 × 0.39
g gluconate

g glucose
(17)

≈ 7.8 g L−1 gluconate. (18)

Expressed as a percentage (w/v), this is:

7.8 g

1000 g
× 100% ≈ 0.78%, (19)

i.e. around 0.8% gluconate in the medium under these theoretical conditions.

7.2.2 From maltose by fermentative S.cerevisiae

Theoretical yield of ethanol produced from maltose by fermentative
S.cerevisiae: For fermentative S. cerevisiae, classical alcoholic fermentation
of glucose is:

C6H12O6 → 2C2H5OH+ 2CO2. (20)

Using approximate molar masses

MGlc = 180.16 gmol−1, MEtOH = 46.07 gmol−1,

the maximum mass yield of ethanol from glucose is:

YEtOH/Glc,max =
2×MEtOH

MGlc
=

2× 46.07

180.16
≈ 0.511 g ethanol g−1 glucose. (21)

For maltose (a disaccharide), the stoichiometry is:

C12H22O11 → 2C6H12O6 → 4C2H5OH+ 4CO2. (22)

With MMalt ≈ 342.30 gmol−1, the corresponding theoretical yield from mal-
tose is:

YEtOH/Malt,max =
4×MEtOH

MMalt
=

4× 46.07

342.30
≈ 0.538 g ethanol g−1 maltose.

(23)

This is consistent with the glucose-based yield (0.511 g g−1) when the dif-
ference in molar mass between glucose and maltose is taken into account.
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Application to 6.8 g L−1 maltose in a 100 mL coculture In the coculture
experiments, the initial maltose concentration was

cMalt = 6.8 g L−1.

For a culture volume of V = 0.100 L (100 mL), the total maltose mass is:

mMalt = cMalt × V = 6.8 g L−1 × 0.100 L = 0.68 g. (24)

Using the theoretical yield YEtOH/Malt,max ≈ 0.538 g g−1, the maximum
amount of ethanol that could be produced from this maltose is:

mEtOH,max = mMalt × YEtOH/Malt,max (25)

≈ 0.68 g × 0.538
g ethanol

g maltose
(26)

≈ 0.37 g ethanol. (27)

Expressed as a concentration:

cEtOH,max =
mEtOH,max

V
≈ 0.37 g

0.100 L
≈ 3.7 g L−1. (28)

Assuming a broth density of approximately 1 kg L−1 and an ethanol density
of 0.789 gmL−1, this corresponds to approximately 3.7 g L−1 ethanol (0.37% w/v),
i.e. about 4.7 mL ethanol per litre, or 0.47% v/v.
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7.3 96 well-plate layouts for the growth kinetics experi-
ments

7.3.1 96 Well-plate layout for K.sucrofermentans and WT S.cerevisiae

Figure A2: 96 WP layout used for both K.sucrofermentans and
S.cerevisiae CENPK113-7D (WT) and ∆ WT
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7.3.2 96 Well-plate layout for the strain S.cerevisiae IMX1812 ρ

Figure A3: 96 WP layout used for the strain S.cerevisiae IMX1812 ρ

The corresponding percentages conversion table:
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Figure A4: Table to convert mM to percentages

7.4 Adapting the protocol for the coculture for S.cerevisiae
∆mitochondria from Gilbert et al.

Table 2: Specific growth rates and doubling times of wild-type (WT) and
mitochondrial-deficient (ρ−) S. cerevisiae used to derive the scaling factor for
adapting coculture conditions.

Strain µavg (h−1) ± SD Doubling time (h)
WT 0.455 ± 0.0739 1.56
ρ− (Δmito) 0.283 ± 0.0621 2.54
WT/ρ− ratio in µ: 1.61
ρ−/WT ratio in doubling time: 1.63

The 1.6 ratio was used to scale preculture duration, inoculum OD and inoculum
concentration when adapting WT coculture protocol from Gilbert et al. (2021)
WT to the fermentative ∆mitochondria strain [11] .
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7.5 HPLC analysis calibration curves and results

7.5.1 The calibration curves

Figure A5: Calibration curves for glucose, maltose, ethanol and acetate
obtained from known standard concentrations of 20 (for glucose and
maltose), 10, 5, 2, 1, 0.5, and 0.25 g/L
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7.5.2 HPLC Results

Table 3: HPLC-derived metabolite concentrations (g/L) at the start and end of
the cultures.
Sample Timepoint Metabolite Rep 1 Rep 2 Mean SD
Ks Start maltose 0.496221 0.748405 0.622313 0.178321
Ks Start glucose 11.95641 9.393431 10.67492 1.812301
Ks Start acetate 0.1095 0.1095 0.1095 0.000000
Ks Start ethanol 0.4334 0.4334 0.4334 0.000000
Ks End maltose 0.264204 0.206635 0.235420 0.040707
Ks End glucose 0.0879 0.068404 0.078152 0.013786
Ks End acetate 2.132419 2.26839 2.200405 0.096146
Ks End ethanol 3.710419 1.902124 2.806272 1.278658
Coculture Start maltose 8.533021 9.46173 8.997376 0.656696
Coculture Start glucose 11.55416 13.78751 12.67084 1.579214
Coculture Start acetate 0.1095 0.1095 0.1095 0.000000
Coculture Start ethanol 0.4334 0.4334 0.4334 0.000000
Coculture End maltose 0.231845 0.304172 0.268008 0.051143
Coculture End glucose 0.031031 0.049787 0.040409 0.013262
Coculture End acetate 2.863006 2.914985 2.888985 0.036740
Coculture End ethanol 1.350798 1.651821 1.501310 0.212856

7.6 Replicates removed due to Richard’s fits

The Richard’s fit files are provided as supplementary figures.

For the graphs showing the growth rate of K.sucrofermentans on ethanol,
gluconate, acetate, and acetate and gluconate

- 1% acetate condition was excluded since replicates (D7D8D9, check Richards’
fit of these wells) were unreliable. All replicates reached unrealistically high car-
rying capacity ODs and one of them did not show growth until the 10th hour.

-3% acetate condition was excluded since replicates (H7H8H9, check Richards’
fit of these wells) were unreliable. All replicates reached unrealistically high car-
rying capacity ODs and one of them did not show growth until around the 17th
hour.
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Table 4: Endpoint pH of duplicates (A and B) for K. sucrofermentans (Ks)
monocultures and coculture. Standard deviations (SD) are calculated as sample
SD (n = 2; equivalent to Excel STDEV.S).
Condition Duplicate A Duplicate B Mean pH SD
K. sucrofermentans monoculture (Ks) 3.93 4.03 3.98 0.071
Coculture 4.00 3.85 3.925 0.106

7.7 Coculture 1 pH after 4 days of cultivation

7.8 Theoretical estimation of undissociated weak-acid frac-
tions at pH 4.0

For a monoprotic weak acid HA in equilibrium with its conjugate base A−, the
Henderson–Hasselbalch equation relates the pH to the acid dissociation con-
stant:

pH = pKa + log10

(
[A−]

[HA]

)
. (29)

Rearranging gives the ratio between base and acid:

[A−]

[HA]
= 10pH−pKa . (30)

The fraction of the total acid present in the undissociated form (HA) is then

fHA =
[HA]

[HA] + [A−]
=

1

1 + 10pH−pKa
, (31)

and the fraction present as the conjugate base (A−) is fA− = 1− fHA.

Acetic acid at pH 4.0

Using pKa = 4.76 for acetic acid and pH = 4.00:

fHA,Ac =
1

1 + 10pH−pKa
=

1

1 + 104.00−4.76
(32)

=
1

1 + 10−0.76
=

1

1 + 0.1738
≈ 0.8519. (33)
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Thus, at pH 4.0:

fHA,Ac ≈ 0.8519 (undissociated acetic acid, 85.2%) (34)

fA−,Ac = 1− fHA,Ac ≈ 0.1481 (acetate, 14.8%). (35)

Gluconic acid at pH 4.0

Using pKa = 3.70 for gluconic acid and pH = 4.00:

fHA,Glu =
1

1 + 10pH−pKa
=

1

1 + 104.00−3.70
(36)

=
1

1 + 100.30
=

1

1 + 1.9953
≈ 0.3339. (37)

Thus, at pH 4.0:

fHA,Glu ≈ 0.3339 (undissociated gluconic acid, 33.4%) (38)

fA−,Glu = 1− fHA,Glu ≈ 0.6661 (gluconate, 66.6%). (39)
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