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Abstract 

The production of fuel ethanol in sugarcane biorefineries is a nonaseptic industrial operation, which employs cell recycling and 

the use of adapted Saccharomyces cerevisiae strains. Microbial contaminants are present and, depending on the conditions, may lead to 
process performance deterioration. Past studies have identified the main microbial species present in this environment, using culture- 
dependent techniques. A few recent studies started to deploy culture-independent techniques to better understand this microbiota 
and its dynamics. In both cases, lactic acid bacteria have been identified as the main contaminating microorganisms. Less than a 
handful of reports are available on the interactions between yeast and contaminating bacteria, using synthetic microbial communi- 
ties, proposing that interactions are not necessarily always detrimental. The present mini-review aims at systematizing the current 
knowledge on the microbiota present in the alcoholic fermentation environment in sugarcane biorefineries and setting the ground 

and claiming the need for a microbial ecology perspective to be applied to this system, which in turn might lead to future process 
improvements. 

Keywords: alcoholic fermentation; fermentation ecology; fermentation microbiome; lactic acid bacteria; Saccharomyces cerevisiae ; sug- 
arcane biorefinery 
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Introduction 

Industrial biotechnology normally makes use of an axenic micro- 
bial culture to convert substrates into products of commercial in- 
terest, which requires an industrial plant equipped for fully asep- 
tic operation. Such structures represent not only higher capital 
expenditure, but also higher operational expenditure, when com- 
pared to nonaseptic setups, due to special construction materi- 
als (e.g. high-quality stainless steel) and the constant need for 
sterilization operations and maintenance of accessories, such as 
special valves and filters (Schmidell et al. 2001 ). This implies that 
for low-value bioproducts, a fully aseptic industrial process is not 
an option, and other measures are put in place to favor the pres- 
ence and growth of the desired microorganism, to the detriment 
of competing microbial species. Such is the case of the bioethanol 
industry, which worldwide delivers > 100 million cubic meters of a 
liquid biofuel that can be either blended with or substitute gaso- 
line (Jacobus et al. 2021 ), contributing to decrease CO2 emissions 
by up to 86%, when compared to the use of gasoline alone (Jayswal 
et al. 2017 ). 

In Brazil, where ∼30% of the world’s bioethanol production 

takes place, ∼80% of the bioethanol is produced from sugarcane- 
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reasing production costs and to decreasing the environmental
ustainability of the whole business (Lopes et al. 2016 ). 

The industrial production season starts every year when the
ugarcane harvest begins (around April in the Southeast of Brazil)
y inoculating the process with selected S. cerevisiae strains.
 handful of such strains is commercially available (Jacobus
t al. 2021 ). After production starts, the microbial populations
resent in the fermentation environment start to present dynam-

cs, which differ not only from year to year in the same industrial
nit but even more from one industrial unit to others (Rego-Costa
t al. 2023 ). This is true both for S. cerevisiae and for contaminating
trains, which are mostly composed of lactic acid bacteria (LAB)
Costa et al. 2015 , Lopes et al. 2016 , Ceccato-Antonini 2018 ). 

It is possible to consider a microbiome for this habitat, simi-
ar to the description of other microbiomes, such as the oral (De-
hirst et al. 2010 ), the gut (Spragge et al. 2023 ), and the vaginal

France et al. 2022 ) microbiomes in the human body, as well as
ome food microbiomes, as those present in sourdough (Landis
t al. 2021 ) and kefir (Bengoa et al. 2019 ). However, the sugar-
ane biorefinery microbiome has hitherto not been studied thor-
ughly, at least not from a microbial ecology perspective. Some
tudies conducted in the past decades report the prevalent mi-
robial taxa, using culture-dependent methodologies, but many
eports remain in the form of theses in Portuguese (Gallo 1989 ,
osales 1989 , de Oliva-Neto 1990 , Cherubin 2003 ). There are only a
ew later studies that employed culture-independent techniques,
hich are known to be superior, at least in terms of the capabil-

ty of identifying as many species as possible, due to the so-called
reat plate count anomaly (Razumov 1932 ). Only a few very re-
ent studies attempted to investigate the relationships between
east and contaminating bacteria, the first of them in the context
f North American corn-based bioethanol (Rich et al. 2018 , Lino et
l. 2021 , 2024 ). 

This mini-review aims at systematizing the knowledge on the
icrobiota present in the alcoholic fermentation environment in

ugarcane biorefineries and claiming the need for a microbial
cology perspective to be applied to this system, to better un-
erstand the microbial interactions in this environment and how
hey influence industrial performance. We believe this might lead
o a new industrial paradigm, which consists of starting the pro-
uction season every year by inoculating the process not only with
. cerevisiae , but with a tailor-made microbial community, consist-
ng of yeast and some beneficial or innocuous bacteria. 

he habitat 
he alcoholic fermentation environment in Brazilian sugarcane
iorefineries consists of cylindrical vessels (vats) made from car-
on steel with conical bottoms, the fermentors. Because cell recy-
ling with acid-washing is performed, there are additional vessels
or cell treatment, normally open to the environment. In addition,
olding tanks and centrifuges that separate the yeast slurry from
he fermented broth ( wine ) are also part of the habitat. Config-
rations vary among industrial units, but typically there are be-
ween 6 and 12 fermentors, each with a capacity of some hun-
reds to a thousand cubic meters (Basso et al. 2011 , Della-Bianca
t al. 2013 , Lopes et al. 2016 , Bermejo et al. 2021 ). Vats may be
pen or closed at the top (an option that allows for recovering
thanol that is dragged with CO2 ) and neighboring vats may or
ay not be connected by pipes at the bottom. Fermentations are

erformed in fed-batch mode (Schmidell et al. 2001 ), starting with
 highly concentrated yeast suspension. Fermentation medium
 must ) with ∼200 g.l−1 total reducing sugars (TRS) is fed into each
at during the first 4 to 6 h, ensuring that TRS concentrations in
he fermentor are kept lower than those found in the must , which
ypically range around 200 g TRS.l−1 , which could eventually in-
ibit yeast performance. After the vat has reached its maximum
olding capacity, it takes another ∼4–6 h to finish fermentation, at
hich point the fermented broth ( wine ) is transferred to a continu-
us centrifuge that separates the supernatant (processed further
ia distillation, to recover ethanol) from the yeast slurry, which
s subjected to a treatment operation where sulphuric acid and
ventually other chemicals, such as antimicrobials, are added to
ct against contaminating bacteria and to avoid yeast cell aggre-
ation. Dispersants are added during this step as a preventative
easure to control foam formation. Antifoaming agents may also

e added directly into fermentors, when and if foam reaches a
oam sensor (Nielsen et al. 2017 ). More details on the process can
e found in previous works (Basso et al. 2011 , Amorim et al. 2011 ,
ella-Bianca et al. 2013 , Lopes et al. 2016 , Bermejo et al. 2021 , Ja-
obus et al. 2021 , Rego-Costa et al. 2023 ). 

This alcoholic fermentation environment is not carbon-limited
ince sugars, such as sucrose, glucose, and fructose, are abun-
ant in the incoming must stream and during the whole fer-
entation run (Bermejo et al. 2021 ). However, the environment

an be nitrogen-limited and, depending on how the must is pre-
ared, it might also be limited by other nutrients, such as vita-
ins (Eliodório et al. 2023a ), trace elements, and some macronu-

rients (de Souza et al. 2015 ). Since a combination of sugar-
ane juice, molasses, and water is typically used to prepare the
ust , nutrient composition varies considerably throughout the
roduction season and between different industrial units. Usu-
lly, sugarcane juice has some nutritional deficiencies as com-
ared to molasses, whereas the latter is more toxic due to the
resence of high concentrations of inorganic elements (de Souza
t al. 2015 ), as well as inhibitory compounds from sugar pro-
essing, such as furans and Maillard reaction products (Eliodório
t al. 2023b , Huang et al. 2023 ). On the other hand, molasses
as a strong buffering capacity, in contrast to juice, which may

mpact the acid-washing step (Basso et al. 2011 , Jacobus et al.
021 ). 

Along the process, temperatures range between 30◦C and 37◦C,
hich per se affects the growth of different microbial species to
ifferent extents. Temperatures in the range of 30◦C–35◦C are op-
imal for the metabolic activities of the S. cerevisiae strains used
n this process, and above 37◦C can be detrimental or inhibitory
Thomas et al. 1993 ). However, for contaminating lactobacilli, op-
imal temperatures sit in the range of 37◦C or even above (Pot et
l. 2014 , Bosma et al. 2017 , Ceccato-Antonini 2018 ). There is recent
vidence that temperature increases in the process (above 37◦C)
ead to the enrichment of some heterofermentative bacteria in
wo independent industrial bioethanol plants (Lino et al. 2024 ). 

There are no data regarding the oxygen availability along the
rocess, but it is certainly extremely limited in the fermentation
essels due to the substantial CO2 evolution throughout the fer-
entation process, the large volumes involved, meaning low sur-

ace area-to-volume ratios, hindering mass transfer phenomena
da Costa et al. 2018 , 2019 ). Fermentors are not aerated and gen-
rally not mechanically stirred. The lack of oxygen prevents sev-
ral microbial species from thriving in this environment (da Costa
t al. 2019 ). On the other hand, some dissolved oxygen might be
vailable during the acid-wash step due to the open nature of
he tanks (Della-Bianca et al. 2013 ). In addition to their fermenta-
ive metabolism, many contaminating LAB species are expected to
espire if heme and menaquinone are provided exogenously (Ped-
rsen et al. 2012 ). 
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There are some growth-limiting factors in this habitat, which 

prevent many species from thriving. pH values are typically below 

5.0 throughout the fermentation cycle, and during the yeast slurry 
treatment step, the use of sulfuric acid leads to a pH decrease to 
values between 1.5 and 2.5 for ∼1–2 h (Basso et al. 2011 ). At the 
end of each fermentation, ethanol concentrations reach values 
around 10% (v/v), which is restrictive for most known microbial 
species, particularly when combined with temperature increases 
(Basso et al. 2011 ). Nutrient limitation can be a problem, especially 
when sugarcane juice makes most of the fermentation must , be- 
cause it has very low nitrogen concentrations and may be defi- 
cient in some important minerals such as magnesium and zinc 
(Walker 2004 ). As mentioned above, sugarcane juice displays a 
weak buffering capacity (Basso et al. 2011 , Della-Bianca et al. 2013 ,
de Souza et al. 2015 ), which leads to severe acidic conditions (de 
Souza et al. 2015 ). In addition, due to the fastidious nature of lac- 
tobacilli and the lack of diverse organic nitrogen sources, such as 
specific amino acids and other organic micronutrients, such as vi- 
tamins, this habitat is certainly nutrient-limited to these bacteria 
(Pot et al. 2014 , Ponomarova et al. 2017 ). Inhibition caused by some 
minerals can be an issue when molasses is mostly used to formu- 
late the must , because potassium, aluminium, and other metals’ 
concentrations can be high ( Basso, 2008 ). Inhibitory compounds 
derived from the degradation of sugar and nitrogen compounds 
are frequent in molasses-based musts (Eliodório et al. 2023b ). 

The sugarcane biorefinery alcoholic fermentation environment 
has characteristics of natural, man-made and even laboratory en- 
vironments (Kirchman 2018 ). Considering it is open, containing di- 
verse microbial communities, and the low growth rates involved 

( < 100 yeast doublings occur on average during an ∼8-month pro- 
duction season; Rego-Costa et al. 2023 ), it resembles natural en- 
vironments. Considering it is not organic carbon-limited, it has 
similarities with laboratory cultures. Finally, considering that it 
would not occur spontaneously at the scale it is performed, it can 

be characterized as a man-made environment. 

Microbial contamination during fuel 
ethanol production 

It is common in this industrial process that the starter S. cerevisiae 
strain(s) is(are) replaced by different invading S. cerevisiae strains 
(da Silva-Filho et al. 2005 , Basso et al. 2008 , Rego-Costa et al. 2023 ).
Strain succession and co-existence may occur, and it has been re- 
cently demonstrated that the invading S. cerevisiae strains most 
probably come from the sugarcane environment itself (plantation 

and/or biorefinery), meaning they are not introduced from other 
environments by vectors such as insects or birds (Rego-Costa et 
al. 2023 ). 

We might speculate that the microbial contaminants also form 

an endemic community to this environment, as proposed by Skin- 
ner and Leathers ( 2004 ) for corn ethanol production in the USA.
In fact, most of the knowledge we have on bacterial contamina- 
tion during ethanol production processes was obtained from the 
North American, corn-based process, as reported in several works 
(Bischoff et al. 2009 , Beckner et al. 2011 , Rich et al. 2011 , 2015 , 2018 ,
2020 , Li et al. 2016 , Firmino et al. 2020 ; and older references cited in 

these works). However, there are several differences between this 
process and Brazilian sugarcane ethanol production (Table 1 ). It 
should also be noted that continuous yeast propagation systems 
are used during corn ethanol production, which might represent 
an important source of contaminating microbes (Bischoff et al.
2009 ), while sugarcane ethanol facilities only propagate yeast at 
he beginning of the sugarcane crushing season, due to the use of
ell recycling (Lopes et al. 2016 ). 

The fermentation yield is claimed to be the most important pa-
ameter in bioethanol production (Gombert and Van Maris 2015 ).
t has been reported that yields around 90% of the theoretical

aximum (0.511 g of ethanol per gram of hexose-equivalent) have
een achieved since the beginning of the 1990s (Della-Bianca et al.
013 ). However, yields are difficult to be calculated in industrial
ettings, and some recent works have disputed this level, suggest-
ng that values between 85–90% may be more realistic (Pereira
t al. 2018 , Bermejo et al. 2021 ). In any situation, even small in-
reases in the yield would represent enormous economic and en-
ironmental gains, due to the large volumes of ethanol produced
very year. 

Another crucial aspect to the economic and environmental 
ustainability of ethanol production is the use of chemical sup-
lies, which relates directly to microbial contamination. Typical 
ell counts in the fermentation medium are ∼108 cells/ml for S.
erevisiae and ∼106 cells/ml for contaminating bacterial species,
nder normal processing conditions. In order to guarantee such 

alues, the prophylactic use of antibiotics and/or other chemical 
upplies is applied (Lopes et al. 2016 ). During acute contamina-
ion episodes, also named bacterial blooms, when the rod counts

ay reach ∼108 cells/ml or even higher, the use of chemicals is
ntensified. The presence of contaminating bacteria is industri- 
lly monitored by methods such as rod counting by microscopy
nd/or HPLC or enzymatic analysis of reporter molecules, such as
cetic and lactic acids. 

The reasons for the increase in the levels of bacterial contam-
nants are not yet fully understood , and this is an important av-
nue for research, so that we can better understand the dynamics
f the alcoholic fermentation microbiome (AFM) and thus design 

etter strategies for process intervention or even to prevent such
ndesired situations. Under conditions of high contamination lev- 
ls, changes in the process are observed. Among them, there is a
reater aggregation of yeast cells, known as flocculation, which 

eads to a decrease in process productivity. There is a chronic
ycle of bacteria returning to the process due to cell recycling,
ince flocculated yeasts are not suitable for proper yeast con-
entration in the centrifugation step. This significantly increases 
he return of the wine and, consequently, the bacteria with the
cids they produce. In these situations, companies begin to in-
rease the use of chemicals, which is done mainly during the
cid treatment stage used in the preparation of the inoculum to
e used in subsequent fermentations. These inputs include an- 
ibiotics against Gram-positive bacteria and, less frequently, for 
ram-negative bacteria (monensin, tetracycline, penicillins, etc.) 
r antimicrobials such as chlorine dioxide, hops acids or even hy-
rogen peroxide, antifoams, antiflocculants, dispersants, besides 
ulfuric acid. The choice of antibiotics is carried out by some com-
anies by a rapid sensitivity test of contaminants to different an-
ibiotic options to choose the most suitable one. In this process,
he microbiological population present in the wine , such as bac-
eria and yeast, is exposed to fermentation in the laboratory with
ifferent antimicrobial molecules. This makes it possible to verify 
hich is most effective for that specific population and to iden-

ify the resistance of bacteria to certain antimicrobials. However,
n spite of all these efforts, it is hardly possible to fully counteract
ontamination and to quickly restore the process to normal oper- 
ting conditions. In some cases, the process may even be halted,
ausing severe financial losses. Information in this paragraph was 
ased on information exchanged with various professionals from 

ifferent companies, since it is not available in written references.
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Table 1. Main differences between sugarcane and corn bioethanol production. 

Characteristic Brazil (sugarcane) North America (corn) 

Cell recycling Yes No 
Solids in suspension < 1% > 30% 

Fermentation yield 90%–92% 85%–90% 

Fermentation time 6–12 h 45–60 h 
Initial yeast concentration 8%–12% 3%–4% 

Final ethanol titer a 7%–12% (v/v) 12%–18% 

Days of operation per year b 200–240 345 
Main by-products c Vinasse, yeast biomass DDGS, corn oil 
Predominant yeast Non-GMO GMO 

a Higher titers can be used in corn ethanol production, since no cell recycling is used; thus cell viability at the end of fermentation is not crucial. 
b More days of operation are possible in corn ethanol production, since corn can be stored; sugarcane has to be processed immediately after harvest and during the 
rainy season/days harvesting is not possible. 
c DDGS has an added-value similar to ethanol and is used for animal feed; Vinasse is used for fertirrigation and, more recently, for biomethane production by some 
companies; yeast biomass is currently being evaluated for new markets, so that its added value increases. 
Adapted from Lopes et al. ( 2016 ) 
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Contaminating microbes are typically LAB, which belong to the
irmicutes phylum, as reported in several studies that employed
ither culture-dependent (Gallo 1989 , Rosales 1989 , de Oliva-Neto
990 , Lucena et al. 2010 ) or, more recently, culture-independent
Costa et al. 2015 , Bonatelli et al. 2017 ) approaches. The most fre-
uent genus encountered in this environment is the former Lac-
obacillus genus, which has recently been reclassified into several
ew genera, since it was verified that the former taxon did not

orm a monophyletic clade (Zheng et al. 2020 ). Another important
spect is that, as shown by Bischoff et al. ( 2009 ), different strains
rom the same species, in this case Lactobacillus fermentum , may
ave rather different susceptibilities to the same antibiotic. Thus,
tudies on the effect of antimicrobial treatments should be per-
ormed taking the strain level into account. 

The current paradigm is that microbial contaminants nega-
ively affect the process by competing with yeast for nutrients, by
xcreting organic acids that inhibit yeast growth and by causing
east cell aggregation, leading to lower ethanol productivities and
oor centrifugation performance (Basso et al. 2011 ). It has been
roposed that bacterial concentrations around 108 cells.ml−1 may

ead to a decrease of 10 000–30 000 l ethanol.day−1 in a biorefin-
ry producing ∼106 l ethanol.day−1 (Amorim et al. 2011 ), which
eans 1%–3% loss, but more studies are needed on this issue. 

icrobial ecology applied to bioethanol 
roduction from sugarcane 

 brief historical record of key studies aiming at understanding
he microbial ecology of alcoholic fermentations used to produce
ioethanol from sugarcane is presented in Table 2 . 

Early studies on the microbial ecology of alcoholic fermenta-
ions carried out in Brazilian sugarcane biorefineries used classi-
al culture-dependent approaches to describe the composition of
he microbiota present in this environment. These works were, in
reat part, not published in scientific articles and remain avail-
ble only in Ph.D. theses in Portuguese. Not all of them can be di-
ectly found on the internet. Gallo ( 1989 ) collected samples from
ne industrial unit, during the production season of 1986, from
our different process points. Among the 334 bacterial isolates ob-
ained, the genera with at least 2% frequencies were: Lactobacillus
 ∼60%), Bacillus ( ∼27%), and Staphylococcus ( ∼9%). The three main
pecies were L. fermentum, Lactobacillus helveticus, and Lactobacillus
lantarum . The author also observed that the sulfuric acid treat-
ent, for 2 h at pH 2.5, caused a 44.6% decrease in the bacterial

iversity. 
Rosales ( 1989 ) collected nine samples from one industrial unit
n the year of 1985. The number of isolates obtained was 222,
hich were classified into 13 genera and 21 species. The three
ain species of Lactobacillus found were: L. fermentum, Lactobacil-

us brevis, and Lactobacillus confusus. 
De Oliva-Neto ( 1990 ) sampled the yeast cream (before sulfu-

ic acid treatment) from two industrial units; one of them pre-
ented microbiological problems, and the other operated nor-
ally. Among a total of 44 isolates, the main bacterial species en-

ountered were: L. fermentum (62%), Lactobacillus murinus (9%) and
. plantarum (2%). It was also seen that 85% of the Lactobacilli were
bligately heterofermentative. Later, the same author co-cultured
. cerevisiae (a baker’s strain) and L. fermentum CCT 1407, using
igh-test molasses, in a system that mimics industrial bioethanol
roduction. It was observed that along 17 fermentation cycles,
here was an increase in the bacterial population, together with
ncreased acidity and decreased pH; yeast cell viability, sugar con-
umption and ethanol production dropped (de Oliva-Neto and
okoya 1994 ). The same L. fermentum strain (CCT 1407) was used
y Cherubin ( 2003 ) to show that the negative effects caused by this
acterium are less pronounced on S. cerevisiae PE-2, a bioethanol
train, when compared to a baker’s yeast strain. The author also
bserved increased glycerol formation by yeast and higher via-
ility connected to a higher trehalose content in the yeast cells
Basso et al. 2008 ), in the co-cultures. Later, Ludwig et al. ( 2001 )
howed that L. fermentum CCT 1396 causes flocculation of S. cere-
isiae (a baker’s strain) cells when the bacterial cell concentration
s above a certain threshold ( ∼1.4 g/l) and at pH values above ∼3.0.
n a later report, Reis et al. ( 2018 ) co-cultured L. fermentum CCT
559 with S. cerevisiae PE-2 and a wild S. cerevisiae isolate display-
ng rough colony morphology, showing that the negative effects
n the fermentation, such as unused sugar and decreased pro-
uctivity, are enhanced when the wild yeast is present. 

The first work that employed molecular methods to investigate
he alcoholic fermentation microbiota was reported by Lucena et
l. ( 2010 ), who obtained 498 LAB isolates from four industrial units
n the Northeast region of Brazil, in 2007 and 2008. Their method-
logy was still culture-dependent, however, the identification of
trains was not based on biochemical, physiological, or morpho-
ogical properties, as had been done hitherto, but on the rRNA
peron restriction enzyme profiles and sequencing of 16S rRNA.
he authors observed that the main species found belonged to the
actobacillus genus, that the diversity of species decreases along
he production season, and that the predominant species towards
he end of the season were L. fermentum and Lactobacillus vini . 
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Table 2. Reports on the microbial ecology of ethanol production from sugarcane. 

Date Type of study References Comments 

< 1990 Identification of bacterial 
contaminants using 
culture-dependent 
approaches 

Gallo ( 1989 ), Rosales ( 1989 ), 
de Oliva-Neto ( 1990 ) 

Most studies are Ph.D. theses in Portuguese 

1990–2003 Interactions between 
bacteria and yeast 

de Oliva-Neto and Yokoya 
( 1994 , 2001 ), Ludwig et al. 
( 2001 ), Cherubin ( 2003 ) 

Only one bacterial strain was co-cultured 
with one yeast strain 

2010 Identification of 
contaminating bacteria by 
molecular methods 

Lucena et al. ( 2010 ) Still a culture-dependent approach 

2014 Effect of homo- and 
heterofermentative LAB on 
yeast 

Basso et al. ( 2014 ) First work on the physiology of hetero- and 
homo-fermentative LAB 

2015 Transcriptional 
reprogramming of yeast in 
the presence of acute 
contamination 

Carvalho-Netto et al. ( 2015 ) Employed RNA-seq 

2015 First study using a 
culture-independent 
approach to evaluate 
microbial community 
composition 

Costa et al. ( 2015 ) Several process points were sampled, but 
not the fermentor itself 

2017 First demonstration of a 
scaled-down system that 
mimics the real industrial 
process 

Raghavendran et al. ( 2017 ) Validated with the physiology of the S. 
cerevisiae PE-2 strain 

2018 Aim was to investigate the 
influence of a bacterial 
contaminant and a wild yeast 
on process performance 

Reis et al. ( 2018 ) Co-culture of three strains: a bioethanol 
yeast, a wild yeast strain, and L. fermentum 

> 2021 First studies using synthetic 
microbial communities to 
evaluate the impact on 
fermentation yield 

Lino et al. ( 2021 , 2024 ) First studies to look into higher-order 
interactions; strain-specific effects 
identified; beneficial effect of Lactobacillus 
amylovorus on ethanol yield observed 
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Basso et al. ( 2014 ) showed that heterofermentative L. fermen- 
tum FT-230B has a more detrimental effect on alcoholic fermen- 
tation by S. cerevisiae CAT-1 in a mimicked industrial process set- 
ting, when compared to the effect caused by homofermentative 
L. plantarum FT-025B. Bischoff et al. ( 2009 ) proposed that acetic 
acid is a major factor behind decreased ethanol production. It was 
shown that during alcoholic fermentations carried out using corn 

mash, ethanol production decreased under the presence of lactic 
and acetic acids, which act synergistically, also with the increase 
of temperature, meaning that their combined effect is stronger 
than the sum of each component’s individual effect (Graves et 
al. 2007 ). However, as observed in several works, these mecha- 
nisms alone do not explain the detrimental effect of lactobacilli 
on ethanol production (Beckner et al. 2011 ). Carvalho-Netto et 
al. ( 2015 ) showed that S. cerevisiae co-aggregates with L. fermen- 
tum cells in samples taken directly from the industrial process, in 

which cell aggregates were visually observed. They also showed 

that the transcriptome of S. cerevisiae PE-2 is different in this sit- 
uation, when compared with normal process conditions (without 
cell aggregates). One of their observations was that S. cerevisiae PE- 
2 downregulated the expression of seven cell wall-related genes 
under the flocculated condition, in response to the presence of or- 
ganic acids, which might contribute to increasing its tolerance to 
the condition. 

The first paper to describe the microbial communities in 

ethanol production using culture-independent methods revealed 
hat these communities are dynamic and highly variable, accord- 
ng to the production stage. These changes were related to temper-
ture alterations, and the number of microbial species (i.e. rich-
ess) was dramatically reduced after evaporation and, especially,

ermentation. While the number of fungal taxa was higher dur-
ng the juice and mixed juice stages, with a smaller presence of
rchaea, bacteria alone dominated the remaining steps (Bacilli 
rom Firmicutes above all) (Costa et al. 2015 ). Bacterial taxa capa-
le of producing biofilms and spores were predominant in high-
emperature stages. Lino et al. ( 2021 ), using a metagenomics ap-
roach, also revealed the presence of nonbacterial contaminants 

n two biorefineries. Besides yeasts, most sequences came from 

acteria, followed by viruses and Archaea. 
Sampling one continuous process (CPD) and one fed-batch dis- 

illery (FBD), Bonatelli et al. ( 2017 ) found that Firmicutes, Pro-
eobacteria, Actinobacteria, and Bacteroidetes were the most 
bundant bacterial phyla in ethanol-producing systems (although 

ore taxa were detected in the fermentation tanks). Different 
roduction models selected different microbial groups (Weissella 
nd Pediococcus were more abundant in FBD, and Acetobacter 
nd Anaeosporobacter in CPD), and even though the genus Lac-
obacillus was most predominant in both tanks, a higher number
f species of the group was observed in CPD. These taxonomic dif-
erences are reflected in the predicted functional potential of the
ommunities, with 20 distinct gene families (from a total of 29)
mong treatments. 
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Similar to Costa et al. ( 2015 ), Queiroz et al. ( 2020 ) evaluated the
icrobial communities at different stages of the production pro-

ess. Communities differed among sampling times, and commu-
ities at the fermentation stage were especially different. How-
ver, the last production steps had a higher richness than previ-
usly observed (Costa et al. 2015 ), and the overall taxonomic pro-
le presented a higher diversity of other microbial groups in com-
arison with the other studies (although Lactobacillus still domi-
ated) (Costa et al. 2015 , Bonatelli et al. 2017 ). 

Several factors can influence the composition and abundance
f microbial communities in different ethanol production steps,
uch as temperature, pH, and synthesis of ethanol and organic
cids (Queiroz et al. 2020 ). However, evaluating these alterations,
s well as differences among model systems, depends on our abil-
ty to collect and share proper metadata, such as process perfor-

ance indicators and general process variables, which are not
asily available. In addition, to date, very few works have been per-
ormed on Brazilian refineries using metagenomics (Rego-Costa
t al. 2023 , Lino et al. 2024 ), so a broader assessment of micro-
ial communities, without amplification bias, and the evaluation
f their functional roles is still lacking. 

Several studies aimed at investigating the effects of different
ntimicrobial treatments. De Oliva-Neto and Yokoya ( 2001 ) com-
ared the Minimum Inhibitory Concentration of different antibi-
tics and other biocides on some strains of S. cerevisiae, L. fermen-
um, and L. mesenteroides . The results indicate that several antimi-
robial options, except for the antibiotics, affect yeast as much as
he bacteria and thus are not suitable for industrial use. There
re well-known drawbacks of using antibiotics in this process
Braga et al. 2017 ), and therefore, there have been continuous ef-
orts to identify alternatives to commonly used penicillin, strep-
omycin, tetracycline, monensin, and virginiamycin. Some non-
onventional antimicrobial strategies include the use of ClO2 , hop
cids, and even ethanol itself combined with sulfuric acid, as well
s other options not yet employed industrially (Ceccato-Antonini
018 , Costa et al. 2018 ). 

Decreasing vinasse volumes has several economic and environ-
ental advantages, and one way of achieving this goal is by de-

reasing/controlling bacterial contamination in the process, since
his will enable yeast to reach and cope with higher ethanol titers
Lopes et al. 2016 ). Although there have been reports on the pres-
nce of non- Saccharomyces yeasts as contaminants in sugarcane
iorefineries (De Souza Liberal et al. 2007 ), we will here focus on
acteria as contaminants, since our recent metagenomic analy-
es in samples taken from several biorefineries in the Southeast
egion of Brazil yielded no signs of non- Saccharomyces yeast strains
data not shown). 

Less than a decade ago, Rich et al. ( 2018 ) presented the first
roposal of using beneficial bacteria to create a more stable fer-
entation environment in the bioethanol industry, as an alterna-

ive to the commonly used antibiotic treatment. The authors es-
ablished a model “stuck” fermentation, based on the presence of
he harmful L. fermentum 0315–1 strain, and challenged this sys-
em individually with many different other bacterial strains, sev-
ral of which managed to counteract or mitigate the deleterious
ffect caused by L. fermentum . In their previous work (Bischoff et
l. 2009 ), a dose-response relationship had been observed, i.e. the
igher the presence of the harmful bacterial strain, the lower the
nal ethanol level achieved and the higher the amount of lactic
nd acetic acids, as well as of residual glucose. However, in their
ater study (Rich et al. 2018 ), it was shown that the presence of
cetic or lactic acids, in mixed cultures, does not correlate directly
ith decreased ethanol levels. According to the authors, “this be-
ins to highlight the complexity of mixed culture systems, and cer-
ainly could raise questions about the utility of monitoring organic
cid concentrations as an indicator of problematic bacterial infec-
ions.” For this reason, more studies on the interactions between
east and contaminating bacteria, as well as among the contam-
nating bacteria themselves, are necessary to better understand
he stability of the microbial community and the final outcome of
he industrial process. The authors conclude their work by stating
hat routine inoculation of beneficial bacteria could be a means
f obtaining a stable and high ethanol-yielding process, due to the
apacity of these strains to counteract the harmful effect of other
acterial strains that invade and persist in the process. It should
e noted that these studies were carried out in the context of
orth American corn ethanol, which presents several differences

rom Brazilian sugarcane ethanol (Table 1 ). 
As shown by Bischoff et al. ( 2009 ), the use of complex laboratory

P-based media leads to completely different results, in terms
f process performance, when compared to real industrial media
corn mash), both in cultures challenged and unchallenged with
ontaminating bacteria. Since real industrial media are highly un-
table and variable, challenging research reproducibility and the
nterpretation of results, we recently developed and validated a
ynthetic sugarcane molasses medium (Eliodorio et al. 2023a ). It
ill be interesting to combine this fully defined medium with the

caled-down system reported by Raghavendran et al. ( 2017 ) in fu-
ure studies with mixed cultures of yeast and bacteria. 

Recently, Lino et al. ( 2021 ) performed functional landscape
nalysis on a synthetic microbial community involving 80% of
he diversity encountered in a sugarcane biorefinery. They ob-
erved that higher-order interactions counterbalance the effects
bserved in pairwise interactions. They also show evidence that
 beneficial interaction between L. amylovorus and S. cerevisiae oc-
urs mediated by crossfeeding acetaldehyde. Although interest-
ng, the results presented by these authors are restricted to a
00 : 1 yeast-to-bacteria ratio, thus rather emulating chronic than
cute contamination episodes, and microbial isolates were ob-
ained from a single industrial unit, presumably (not clearly de-
cribed in the methods section). Later, the same authors (Lino
t al. 2024 ) investigated the AFM using samples taken directly
rom two industrial units in the production year of 2017. They
how evidence that the presence of some L. fermentum strains,
hich is stimulated by temperature increases, is detrimental to

he process, but the same was not observed for other strains of
he same species, similarly to what had been shown by Rich et
l. ( 2018 ), highlighting the importance of performing studies at
he strain level. They also observed that the presence of Lactobacil-
us amylovorus is correlated with better process performance. Con-
rasting the previous literature, a single recent report claims that
. fermentum might improve ethanol yields, when in co-culture
ith a particular strain of S. cerevisiae used to produce cachaça

Brexó et al. 2025 ). 

nteractions between LAB and the yeast S. 
erevisiae 

here is a predominance of LAB, especially of the (former)
enus Lactobacillus , in the yeast-dominated, alcoholic fermenta-
ion environment—an association commonly observed in other
cological settings and industrial processes (Table 3 ). However, in
he context of sugarcane ethanol production, several questions re-

ain. Why are LAB predominant in this environment? What char-
cteristics do they have that make them so adapted to fermenta-
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Table 3. Processes/environments (habitat) in which yeast and LAB coexist. 

Process/environment Prevailing conditions Major species/genera apart from S. cerevisiae References 

Sugarcane biorefinery 
ethanolic fermentation 

Anoxia or low oxygen 
availability, combined 
with low pH, high ethanol 
titers and sugar 
abundance 

BACTERIA 

Enterococcus, 
Limosilactobacillus, 
Lactobacillus, Lactococcus, Leuconostoc, Pediococcus 
and Weissella 
YEAST 

Dekkera bruxellensis 
(species–species interactions between D. 
bruxellensis and S. cerevisiae are still poorly 
understood) 

Costa et al. ( 2008 ), 
Dellias et al. (2018) , 
Bassi et al. (2018) , Lino 
et al. ( 2021) 

Corn biorefinery 
ethanolic fermentation 

Anoxia or low oxygen 
availability, combined 
with low pH, high ethanol 
titers and sugar 
abundance 

BACTERIA 

Lactobacillus, Pediococcus 
YEAST 

D. bruxellensis 
(species–species interactions between D. 
bruxellensis and S. cerevisiae are still poorly 
understood) 

Passoth et al. ( 2007) , 
Beckner et al. ( 2011) 

Kefir Organic acids, aldehydes, 
amino acids, ethanol, 
bioactive peptides, 
bacteriocins, proteins, 
vitamins, minerals, sugars, 
lipids, and 
exopolysaccharides 

BACTERIA 

LAB, acetic acid bacteria 
FUNGI 
yeasts and other fungal species 

Liu et al. (2022) 

Sourdough Low pH, high 
carbohydrate 
concentrations, oxygen 
limitation, and higher cell 
counts of LAB compared 
to yeasts 

BACTERIA 

(former) Lactobacillus species, especially 
heterofermentative ones ( L. fermentum, L. 
paralimentarius, L. plantarum, and Lactobacillus 
sanfranciscensis ), dominate the sourdough 
environment 
YEAST 

Candida humilis and Kazachstania exigua are 
typical sourdough yeast species 

De Vuyst et al. ( 2014) 

Wine fermentations Initial sugar concentration 
ranges from 160 to 
240 g/L. Assimilable 
nitrogen concentration 
varies from 50 to 500 mg 
N/L, corresponding to 
concentrations of 
ammoniacal nitrogen 
from 15 to 150 mg N/L and 
free alpha-amino nitrogen 
from 30 to 300 mg N/L 

BACTERIA Proteobacteria decline during 
fermentation, and Firmicutes increase 
( Lactobacillales ) YEAST Yeasts during early 
fermentation stages ( Torulaspora delbrueckii , 
Lachancea thermotolerans , and Starmerella 
bacillaris ) and S. cerevisiae during late 
fermentation stages 

Bely et al. (1990 ), 
Conacher et al. ( 2021) 

Vaginal microbiome pH ∼3.5–4.5;, very low 

oxygen availability 
BACTERIA Lactobacillus -dominates vaginal 
microbiota ( L. crispatus , L. iners , L. gasseri , and L. 
jensenii ); Other types of vaginal microbiota 
(diverse array of facultative and strictly 
anaerobic microorganisms, such as Atopobium , 
Corynebacterium , Anaerococcus , Peptoniphilus , and 
Prevotella spp.) YEAST Candidal spores and 
fungal hyphae (only in Bacterial vaginosis) 

Ma et al. ( 2012 ) 

Whiskey production YEAST BACTERIA LAB Liu et al. ( 2023) 
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tion conditions? Is there some close interaction between them and 

S. cerevisiae that results in this intimate co-existence? 
LAB are Gram-positive, nonspore forming, catalase-negative 

rods that are incapable of producing ATP through a proton- 
gradient mechanism due to the absence of cytochromes and 

porphyrins. Thus, ATP production occurs predominantly through 

sugar fermentation via homofermentative or heterofermenta- 
tive pathways. In homofermentative LAB, classical glycolysis (the 
Embden–Meyerhof–Parnas pathway) occurs, resulting in lactic 
cid as the main product. Heterofermentative LAB use the pentose
hosphoketolase pathway, generating lactic acid, ethanol, and 

arbon dioxide. Other LAB characteristics include rapid growth,
ptimal growth temperatures ranging from 30◦C to 45◦C, toler- 
nce to low pH, auxotrophy for many amino acids and a prefer-
nce for carbohydrate-rich environments. Although they do not 
se oxygen, LAB can grow in aerobic environments due to the
resence of peroxidases that protect them from reactive oxygen 
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pecies (Novik et al. 2017 , Ponomarova et al. 2017 , Sionek et al.
024 ). 

LAB are capable of producing a variety of compounds with
ntimicrobial activity, including lactic and acetic acids, fatty
cids, reuterin, volatiles and cyclic peptides, bacteriocins, and β-
lucanase (Bayrock and Ingledew 2004 , Beckner et al. 2011 , Liu
t al. 2017 , Siedler et al. 2019 ), many of which act synergistically
r additively, enhancing overall effectiveness (Siedler et al. 2019 ).
nterestingly, yeast can also inhibit the growth of Lactobacillus by
eleasing medium-chain fatty acids into the culture medium. The
onditions that favor inhibition are low pH and the presence of
thanol (Alexandre et al. 2004 )., Sieuwerts et al. ( 2018 ) verified the
nteractions between L. plantarum and S. cerevisiae in a chemically
efined medium suitable for lactobacilli. Bacterial growth was
timulated by yeast, but only in the presence of specific C-sources,
uch as fructose (1–20 g/l) and glucose (above 2 g/l). When Lacto-
acillus sanfranciscensis was used, the stimulatory effect occurred
egardless of the C-source. On the other hand, S. cerevisiae growth
as stimulated by L. plantarum only when the C-source was lac-

ose. As the yeast is not capable of using lactose, it must have
enefited from the lactic acid produced by L. plantarum and traces
f glucose and galactose released by the bacterial β-galactosidase
ctivity. A similar result was obtained by Ponomarova et al. ( 2017 )
ith Lactococcus lactis and S. cerevisiae in a mutualistic relationship

n which the bacteria depended on the yeast for nitrogen and the
east depended on the bacteria for carbon due to the inability of
etabolizing lactose. 
Kapetanakis et al. ( 2023 ) found that the S. cerevisiae Ethanol Red

train benefited the growth of L. fermentum by secreting sufficient
mounts of 13 essential amino acids. This secretion is mediated
y the Drug: H+ Antiporter family 1 proteins, such as Aqr1, Qdr2,
nd Qdr3. Deletion of QDR genes in the industrial strain reduced
he yeast’s ability to favor LAB propagation and could be an inter-
sting strategy for obtaining a GMO with the ability to limit bacte-
ial contamination during bioethanol production. In N-rich envi-
onments, S. cerevisiae secreted amino acids and thus allowed the
rowth of L. plantarum . The secretion of metabolic substances ben-
ficial to LAB is conserved among S. cerevisiae yeasts, as described
n winemaking and kefir isolates (Ponomarova et al. 2017 ). 

Among three species of Lactobacillus ( L. fermentum, Lactobacillus
cidophilus , and L. plantarum ), only L. ferme ntum produced ethanol
rom glucose, at almost half the production of S. cerevisiae . In a

edium with fructose, L. fermentum produced mannitol mainly
ue to the expression of the enzyme mannitol dehydrogenase,
hich allows the regeneration of NAD(P)+ by reducing fructose di-

ectly to mannitol (Wisselink et al. 2002 ). In sugarcane must , which
ontains sucrose, glucose, and fructose, the presence of L. fermen-
um can decrease the amount of sugar for ethanol production by
east due to this conversion of fructose into mannitol (Basso et al.
014 ). 

Another characteristic of LAB that may be related to their pre-
ominance in sugarcane must is the ability to metabolize phenolic
ompounds. In the gut microbiome, the metabolization of pheno-
ic compounds by LAB generated by the ingestion of fruits and
ther vegetables results in the production of organic acids that
an inhibit the growth of pathogenic microorganisms. The use of
henolic compounds in the gut by LAB results in the production
f new metabolites, increased bacterial biomass, and a stimula-
ory effect on other metabolic pathways. The main species stud-
ed were L. plantarum and L. brevis , both possessing the phenolic
cid decarboxylase and reductase enzymes for the degradation
f phenolic compounds, mainly in the form of hydroxycinnamic
cids (Ozcan and Ekinci 2016 ). Filannino et al. ( 2015 ) showed that
. fermentum is capable of metabolizing quinic acid, which re-
laces fructose and pyruvate as hydrogen acceptors, providing an
nergetic advantage for this heterofermentative bacterium. The
resence of glucose can induce the metabolism of phenolic com-
ounds. Molasses and sugarcane juice are rich in phenolic com-
ounds such as phenolic acids, flavonoids, and different glyco-
ides (Duarte-Almeida et al. 2006 , Payet et al. 2006 , Singh et al.
015 , Silva et al. 2018 ). This biosynthetic capacity of LAB can con-
ribute to their frequency and predominance in the fermentative
nvironment, not directly competing for the sugar present in the
ust , but ensuring their survival through the possibility of metab-
lizing other substrates. The metabolites produced may also have
n effect on interspecific competition (Yu et al. 2024 ), and may
nterfere with yeast’s metabolism, depending on the LAB species
nd the specific compounds involved. 

Since LAB are fastidious organisms, it is expected that the co-
xistence with S. cerevisiae allows the creation of a metabolic
iche with a lasting ecological effect for LAB. Nitrogen overflow
etabolism appears to be one of the forces driving these inter-

pecific relationships (Ponomarova et al. 2017 ), but it is probably
ot the only mechanism. He et al. ( 2021 ) show results indicating
hat the presence of L. plantarum enhances ethanol tolerance in
. cerevisiae S288c. In a study that employed synthetic microbial
ommunities, yeast growth rate and ethanol yields were improved
ith acetaldehyde production by L. amylovorus inoculated in the

ermentation must . Acetaldehyde is used by yeast to balance the
AD+ /NADH cytosolic pool, resulting in lower glycerol formation
nd consequently higher ethanol yields (Lino et al. 2021 ). 

In terms of the alcoholic fermentation environment in sugar-
ane biorefineries, considering the knowledge acquired from stud-
es related to other environments where yeast and LAB flourish,
e envisage that the role of LAB as a probiotic or as a contaminant
icroorganism will depend on the biosynthetic capacity of the

acteria, the ratio between yeast and bacterial cells, their ability to
roduce yeast-inhibiting substances in addition to lactic acid and
cetic acid, and the composition of the must . This S. cerevisiae —
AB symbiotic interaction may reveal that the survival of an indi-
idual species is intrinsically linked to the metabolic activities of
he other. 

uture directions 

s discussed in the previous section, interactions between S. cere-
isiae and LAB occur in different types of environments, but es-
ecially in man-made ones. The alcoholic fermentation envi-
onment in sugarcane biorefineries is rather understudied when
ompared to these other environments, meaning that we can
earn from studies carried out in these other contexts. For in-
tance, the cross-kingdom mechanism revealed by Jarosz et al.
 2014 ) and later verified for LAB and yeast in the context of sake
roduction (Watanabe 2024 ) has not yet been explored in the con-
ext of sugarcane bioethanol. Thus, it is of utmost importance
hat new studies are conducted, including both bottom-up (us-
ng synthetic microbial communities) and top-down assessments.
he latter can be performed by bringing microbial communities
rom real biorefineries into the laboratory and conducting micro-
osm experiments—for instance, by subjecting the community to
ifferent challenges to observe how biodiversity fluctuates over
ime. 

Due to the fastidious nature of lactobacilli, especially in terms
f amino acid requirements, one of the main tasks that need to
e undertaken is to confirm how the LAB found in this environ-
ent obtain their nitrogen supply, whether it arises from amino
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acids secreted by yeast, as suggested by former studies in other 
environments, or could it be that cell death, both involving yeast 
and bacteria, provide LAB with the necessary nitrogen? We know 

that S. cerevisiae can grow in axenic cultures in sugarcane-based 

media. However, we need studies investigating whether this also 
holds true for the different bacterial contaminants found in these 
environments. If it can be demonstrated that they do not grow in 

this form, it would mean that they are obligatory symbionts with 

other species that also inhabit the same environment. 
Another important question to be addressed is whether the mi- 

crobial community structures of closely located biorefineries are 
more similar than those of more distantly related industrial units,
the so-called distance-decay relationship (Kirchman 2018 ). This 
could bring insights into how far the microbiota of a particular in- 
dustrial plant is influenced (or not) by neighboring biorefineries,
which could mean that there is some mechanism in place that 
transfers microbial strains from one unit to another one, e.g. via 
animal vectors. In a recent work, it was demonstrated that, at least 
in terms of S. cerevisiae strains, there is a higher divergence when 

two industrial units were compared to each other, than when the 
same industrial unit is compared along two consecutive produc- 
tion seasons (Rego-Costa et al. 2023 ). In this work, it was also 
shown that the genome sequences of the ∼150 S. cerevisiae strains 
analysed clustered with other bioethanol and cachaça strains in 

a phylogenetic tree encompassing > 1000 strains from the 1008- 
Yeast Genome Project (Peter et al. 2018 ). However, how far these 
observations hold for the non- S. cerevisiae organisms present in 

these communities, and for all microbial species present in the 
remaining ∼350 industrial units, is not yet known. Considering 
microbial diversity, it will also be interesting to compare this envi- 
ronment with other known microbial communities, such as those 
found in wastewater treatment plants, the human gut, and soils,
in terms of indices such as alpha- and beta-diversity, to verify how 

they compare in terms of richness, evenness and other know mi- 
crobial diversity measures. The recovery of metagenome assem- 
bled genomes can also be harnessed to uncover the functional 
potential of these communities. 

It is well known that the S. cerevisiae strains that inhabit this en- 
vironment are different from those used the production of wine,
beer, sake, and other alcoholic beverages, as well as from baker’s 
and wild strains. It will be interesting to better understand how 

the non- Saccharomyces species/strains, mainly bacterial ones, from 

the sugarcane biorefinery environment, compare to their counter- 
parts in these other environments. It is envisaged that they will 
be different strains. There has been no evidence yet for the sig- 
nificant presence of protists or even DNA from other organisms 
(animals, plants, viruses, archaea) in this environment. How far 
that is true or simply the result of biased/targeted analyses car- 
ried out so far, is not yet known. In this context, viruses have the 
potential to be used to control bacterial contamination (Silva and 

Sauvageau 2014 , Worley-Morse et al. 2015 , Liu et al. 2015 ). 
It will also be interesting to sequence the genomes of all these 

microbial strains to verify whether there are any indications of 
horizontal gene transfer, which could eventually have happened 

during co-existence over decades of industrial operation, which 

started in the 1970s on a large scale, or new genes of inter- 
est. Studies involving metatranscriptomics, metaproteomics, and 

metabolomics could also aid in revealing which metabolic path- 
ways are active and which products are made under industrial 
conditions, eventually leading to the unraveling of symbiotic re- 
lationships, opening the possibility to engineer individual strains 
or even microbial communities to favor certain metabolic pat- 
2

erns. Process conditions could also be improved, as a result of
uch studies. 

The research done so far makes it clear that properly iden-
ifying contaminants at the strain level is critical. Most of the
tudies performed hitherto have only evaluated communities at 
he genus or species level, or have only identified a subset of all
he strains present in this fermentation environment. In addition,
he use of amplicon sequencing solely targeting the bacterial 16S
RNA limits our understanding of nonbacterial contaminants (in- 
luding other fungi, archaea, and viruses) and the functional po-
ential of that community. More in-depth studies are crucial to
valuate the complexity of these microbial interactions and their 
rivers, and how they can affect process performance. 

Studies that have unraveled the microbial communities dur- 
ng ethanol production using sequencing approaches confirmed 

hat different bacterial phyla can be found throughout the process
ranging from 3 to 21 phyla) (Costa et al. 2015 , Bonatelli et al. 2017 ,
ueiroz et al. 2020 ). According to the ribosomal RNA database
ILVA, 88 bacterial phyla have been described to date (v. 138, Quast
t al. 2013 ), while the Genome Taxonomy Database—an initiative
o establish a standardized microbial taxonomy based on genome 
hylogeny—indicates a higher number: 161 (08-RS214, Parks et 
l. 2022 ). Compared with several natural environments, alcoholic 
ermentations seem to harbor a small part of the total bacterial
iversity. For example, a recent survey found more than 25 000
acterial species in soils from 237 locations worldwide (Delgado- 
aquerizo et al. 2018 ). Dominant soil species represent only about
% of the total, yet they encompass 12 phyla. However, even with
educed diversity, it is clear that our knowledge about the micro-
ial communities of alcoholic fermentation is still limited. 

Unlike yeast, which are now inoculated every year in each
ndustrial unit at the beginning of the production season, bac-
eria are not inoculated, and therefore, there may be stochas-
ic factors involved in the assembly of the microbial commu-
ity of each industrial plant. If we were to inoculate a bacterial
ommunity together with yeasts, would the structure and dy- 
amics of the contaminant population follow a more predictable 
attern than it does today? If yes, that would open the way to
he use of probiotic microbes in this process, contributing to in-
reasing its economic and environmental sustainability. Interest- 
ngly, this possibility was not mentioned in a recent review on
otential technologies for bioethanol production (Attfield et al.
025 ). 
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