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Resumo

Fontes de energia renováveis ganharam importância para mitigar efeitos das mudanças
climáticas, sem perder segurança energética. O Brasil tem tradição no bioetanol de primeira
geração (1G), onde o açúcar e o melaço de cana são usados como fontes de fermentação
pela levedura Saccharomyces cerevisiae. Embora existam várias vantagens ao uso de
combustíveis fósseis, o processo 1G enfrenta críticas devido ao desmatamento e à redução
da segurança alimentar. O etanol de segunda geração (2G) surgiu para resolver estas
críticas e aumentar a produtividade. Produzido a partir de matérias-primas lignocelulósicas,
como resíduos agrícolas, no Brasil a principal matéria-prima utilizada é o bagaço residual
após a colheita da cana de açúcar. A viabilidade do etanol 2G depende da solução de
desafios associados à sua produção, como a baixa eficiência da fermentação da xilose
por microrganismos utilizados na indústria. A xilose, um açúcar pentose, está presente
em quantidades significativas na fração hemicelulósica e não é facilmente fermentada
pela levedura utilizada para a produção de etanol 1G. Portanto, é necessário modificar
geneticamente estes microrganismos para utilizar xilose eficientemente. Diversas abordagens
estão sendo tomadas pelos cientistas para resolver este desafio, tais como a evolução
adaptativa das cepas, a engenharia genética de enzimas-chave nas vias do metabolismo da
pentose e a prospecção de novos organismos sem as limitações da levedura. Um importante
desafio é o transporte eficiente da xilose em levedura industrial, pois os transportadores de
açúcar conhecidos têm baixa afinidade com a xilose, ou preferencialmente transportam
glicose quando ambos os açúcares estão presentes. Combinamos genômica comparativa,
testes de modelos evolutivos e aprendizado de máquina para estudar os transportadores
de açúcar em leveduras e bactérias. A genômica comparativa se tornou uma ferramenta
estabelecida para entender a história evolutiva dos organismos na busca de um fenótipo
de interesse, e seu uso para entender os organismos que utilizam xilose é uma abordagem
recente que demonstra promessa para a prospecção de genes de interesse. A aprendizado
de máquina, por outro lado, foi utilizada com sucesso no passado para enfrentar diferentes
problemas biológicos, incluindo uma ampla classificação de transportadores. Para nosso
conhecimento, estas duas estratégias não foram utilizadas em conjunto para enfrentar um
problema industrial e, portanto, no capítulo 1 deste trabalho visamos criar um modelo de
aprendizado de máquina capaz de prever se um transportador de açúcar seria capaz de
transportar xilose ou não. Este modelo foi testado em um conjunto de dados genômicos de
180 leveduras, dos quais várias famílias de transportadores de açúcar foram recuperadas e
testadas contra o modelo. Quatro transportadores foram testados em leveduras e todos
eles foram capazes de transportar xilose, destacando a utilidade do modelo como uma
estratégia inicial de triagem para novos transportadores de xilose. O capítulo 2 apresenta um
estudo evolutivo profundo do Thermoanaerobacterium saccharolyticum, um microrganismo
extremófilo capaz de fermentar xilose e glicose simultaneamente. Muitas famílias gênicas



relacionadas ao metabolismo da xilose foram encontradas através de genômica comparativa,
especialmente um transportador específico para xilose com evidência de seleção positiva
perto do sítio de ligação, que pode ser explorado em estudos futuros.

Palavras-chave: evolução, genômica comparativa, aprendizado de máquina, transportador
de açúcar, xilose, etanol



Abstract

Renewable energy sources have gained importance to mitigate the effects of climate change
while maintaining energy security. Brazil has an established tradition in first generation
(1G) bioethanol, where the sugar and molasses of sugarcane are used as sources for
industrial fermentation by the budding yeast Saccharomyces cerevisiae. Though there
are several advantages compared to fossil fuel usage, the 1G process has faced criticism
due to deforestation and reduction of food security. Second generation (2G) ethanol has
appeared as a complimentary process to resolve these criticisms and increase productivity.
Produced from lignocellulosic feedstocks such as agricultural residues, in Brazil the main
feedstock used is the residual bagasse post sugarcane harvesting. The feasibility of 2G
ethanol depends on solving challenges associated with its production, such as the low
efficiency of xylose fermentation by microorganisms used to produce ethanol in industry.
Xylose, a pentose sugar, is present in significant quantities in the hemicellulose fraction and
not easily fermented by the commonly used yeast for 1G ethanol production. Therefore,
it is necessary to genetically modify these microorganisms to efficiently utilize xylose.
Several approaches are being taken by scientists to resolve this challenge, such as adaptive
evolution of strains, genetically engineering key enzymes on pentose metabolism pathways
and prospecting novel organisms that are unincumbered by the issues of yeast. One
important challenge in this field is the efficient transport of xylose into industrial yeast, as
the known sugar transporters have low affinity to xylose, or preferentially carry glucose
when both sugars are present. We combined comparative genomics, evolutionary model
tests and machine learning powerful approaches to study sugar transporters in yeasts
and bacteria. Comparative genomics has been an established tool for understanding the
evolutionary history of organisms when searching for a phenotype of interest, and its use for
understanding xylose-utilizing organisms and how their adaptations can be harnessed for
industrial applications is a newer approach that has already shown promise for prospecting
genes of interest. Machine Learning on the other hand, has been used successfully in the
past to tackle different biological problems including broad transporter classification, To
our knowledge, these two strategies have also not been used together to tackle an industrial
problem and thus, in chapter 1 of this work we aimed to create a machine learning model
capable of predicting if a sugar transporter would be capable of transporting xylose or
not. This model was tested on a comparative genomics dataset of 180 yeast genomes from
which several sugar transporter families were retrieved and screened against the model.
Four transporters were tested in yeast and all of them were able to transport xylose,
highlighting the usefulness of the model as an initial screening strategy for novel xylose
transporters. Chapter 2 presents a deep evolutionary study of Thermoanaerobacterium
saccharolyticum an extremophile microorganism capable of fermenting xylose and glucose
simultaneously. Many gene families related to xylose metabolism were found through



comparative genomics, especially a specific xylose sugar transporter with evidence of
positive selection near the binding site, which can be explored in future studies.

Keywords: evolution, comparative genomics, machine learning, sugar transporter, xylose,
ethanol
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Introduction

The continuous use of fossil fuels as an energy source has reached a worrying
point, mainly concerning the consequences of greenhouse gas emissions to climate change,
such as increasing global temperature and sea levels [14]. For this reason, the scientific
community has searched for alternative energy sources as a means to mitigate the conse-
quences of climate change and dependence on non-renewable resources. The study and use
of renewable sources is thus essential to mitigate current and future impacts of climate
change, and biofuels have gained much importance in this field [23]. Brazil’s long history
with biofuels can be highlighted starting in the 1970s, when a shift towards first genera-
tion (1G) biofuels such as ethanol was driven by a combination of governmental policies,
economic incentives and technological advances [53]. This shift was largely due to the oil
crisis of the time, when Arab countries imposed an embargo on petroleum availability,
forcing the search for alternative sources of energy. This technological revolution allowed
for the production of biofuels on a larger scale, and the economic incentives provided by
the government encouraged the development of these alternative energy sources [5]. Cars
in this period were produced to run solely on ethanol [57], but subsequent advances led
to the creation of flex cars, which are able to run both on ethanol and petrol. Brazil’s
success in this field is internationally recognized, with many other countries looking to
emulate their success in order to reduce their reliance on oil as a primary source of energy
[47]. The so called 1G ethanol production in Brazil is mainly based on a process where
the sugar from the sugarcane juice are used as sources for industrial fermentation by the
budding yeast Saccharomyces cerevisiae [7, 23]. The preparation process of this feedstock
is relatively straightforward, as seen in figure 1, and yeast readily utilizes the hexose sugars
from this source for ethanol production by harnessing the glycolytic pathway. Interestingly,
a feature of yeast that has been observed during glucose consumption is its preference for
the fermentative process instead of respiration even in oxygen-rich conditions [20], in spite
of the lower acquisition of ATP during fermentation. This preference for fermentation
is a phenomenon still under discussion on possible reasons for its occurrence with two
main ideas: the “make-accumulate-consume” (MAC) strategy, which believes that the
ethanol produced from fermentation is an adaptation to hinder other organism’s growth
due to its toxicity, and the “rate-yield tradeoff” (RYT) strategy, which believes there is a
tradeoff between fermentation and respiration due to thermodynamic constraints in ATP
production or metabolic pathway constraints (due to the cost of forming intermediary
products or the need to synthetize specific enzymes), as respiration can be limiting, the
excess sugar can be fermented or ignored [55]. Scientists classify organisms in which the
fermentation in the presence of oxygen trait is observed as Crabtree-positive [48]. Brazil’s
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Figure 1 – First and second generation ethanol production steps. For the 1G process,
after milling, the juice is sent for fermentation by microorganisms, which
will use the hexose sugars present in this media and produce ethanol as a
byproduct of metabolism. The 2G process, on the other hand, requires the steps
of pretreatment and hydrolysis before the sugars are ready to be fermented by
industrial microorganisms. Fermentation and distillation are common steps of
both 1G and 2G processes, although 2G yeasts require several modifications to
be able to successfully produce ethanol, as the lignocellulosic sugar composition
differs from the juice sugar composition.

advantage is also credited to the manner in which the industrial process takes place. In
contrast to other leaders in the ethanol field such as the USA, Brazilian process is done
with an open fermentation vat, allowing contamination to occur. Over time, evolutionary
pressures during fermentation allowed wild yeast strains to colonize, take over and more
efficiently produce ethanol than original inoculated strains [8, 23, 46]. A few examples of
these more efficient strains are CAT [65], PE [6] and BG, which have been isolated and have
since been used both industrially and as chassis for laboratory improvements in research.
As it is important that research replicates industrial conditions as much as possible, having
these strains as a starting point for genetic manipulations is advantageous to using common
laboratory strains such as CEN-PK and S288C. However, even though the 1G process
brought and still brings much benefit to energy security and less emissions, some criticism
has been given in the past, mainly due to deforestation for creating farmlands, burning
of sugarcane before manual harvesting (a practice that has been reduced to a minimum
with new legislations) and reduction of food security because of preferential planting of
sugarcane instead of food crops [52].
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0.1 Second generation biofuels and challenges

Second generation (2G) ethanol has appeared as a complimentary or alternative
process in this field aiming to resolve these valid criticisms. Produced from lignocellulosic
feedstocks such as agricultural residues, energy crops, and algae, it has gained a lot of
interest due to its many benefits, such as the ability to be produced without competing
with food crops for land and water resources, a production chain that can be carbon
neutral or even carbon negative, the lack of need for new farmable lands, and development
of novel economic chains (Wietschel et al., 2021). The lignocellulosic biomass is comprised
of cellulose (30-50%), hemicellulose (25-30%) and lignin (15-20%) [23, 12], as shown in 2. In
Brazil, the main feedstock used for 2G ethanol is the residual bagasse that is left on fields
post sugarcane harvesting, however, novel approaches have been gaining traction, such as
the use of energy crops, for instance Energy Cane [23, 29] and Agave [60], in infertile lands
such as the northeastern Sertão, to better utilize these impoverished regions with the benefit
of economically developing the resident communities [1, 23]. The 2G process is comprised of
the following steps, graphically shown in figure 1: 1. Pretreatment, during which the sugars
within the lignocellulosic biomass are released into the media, through chemical (such as
acid or alkaline pretreatment, or oxidative delignification), physical (milling, pyrolysis,
or microwaving), physicochemical (such as steam ammonia fiber or CO2 explosion) or
biological (fungal, bacterial, and enzymatic biopulping) methodologies. This is a necessary
step to break down the complex structure of the biomass into accessible components for
the enzymes in the next stage [37]. 2. Enzymatic Hydrolysis, where enzymatic cocktails are
used on the pretreated biomass to break down the cellulose and hemicellulose portions into
simpler sugars such as glucose and xylose. 3. Fermentation, the resulting sugar solution is
then fermented by microorganisms, predominantly the yeast S. cerevisiae, that convert
the sugars into ethanol. 4. Distillation, the fermented solution is then distilled to separate
the ethanol from the remaining water and other impurities. However, the feasibility of
2G ethanol depends on resolving some challenges associated with its production, such as
the formation furfural HMF, acetic acid and phenolic compounds, which are fermentation
inhibitors [56]. Another important hurdle is optimizing the enzymatic hydrolysis step
with cheaper and more efficient enzymes, capable of activity at lower temperatures, in a
way to better couple this step with fermentation. Regarding fermentation one important
challenge to overcome is the low efficiency of xylose fermentation by microorganisms used
to produce ethanol in industry. Xylose, a pentose sugar, is present in significant quantities
in the hemicellulose fraction and is not easily fermented by the commonly used yeast for
1G ethanol production, which is unable to natively utilize xylose as a sole carbon source
[67]. Therefore, it is necessary to genetically modify these microorganisms to efficiently
utilize xylose.
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Figure 2 – Composition of biomass used for 2G ethanol, with sugars obtained from each
fraction and fermentation inhibitors produced during pre-treatment of this
biomass.

0.2 Xylose metabolism and challenges

There are a few pathways related to the consumption of xylose, but two are
the most commonly studied. The oxidoreductive pathway follows the conversion of xylose
into xylitol through the enzyme xylose reductase (XR), followed by a conversion of xylitol
into xylulose by xylitol dehydrogenase (XDH), while the isomerase pathway has the
immediate conversion of xylose into xylulose through the enzyme xylose isomerase (XI).
Both pathways have in common the subsequent conversion of xylulose into xylulose-5-
phosphate by xylulokinase (XKS) which follows to the pentose phosphate pathway, and
have inherent inefficiencies associated to them [75, 10]. The oxidoreductive pathway suffers
from a redox imbalance because XR preferentially uses NADPH over NADH, while XDH
uses NAD+, causing NADH to accumulate. As NADH cannot be fully oxidized through
the respiration process, this leads to the accumulation of xylitol and reduces ethanol yield
[76]. Even though NADP+ may be slowly reduced to NADPH on the Pentose Phosphate
Pathway, NADH is usually oxidized on the mitochondrial respiratory chain, which poses
an industrial problem with fermentations being done on almost anaerobic conditions due
to the large volume in the bioreactors [23].

The isomerase pathway on the other hand, although being much simpler and
not being constrained by redox unbalances, has low throughput and is not native to S.
cerevisiae, with the additional problem of many heterologous XI that have been prospected
are not functional in this yeast [27, 38, 69]. Both pathways are shown in a simplified
manner in figure 3.

Another important challenge to be overcome, and the one that was the focus of
this work, is the internalization of xylose itself, which is done through sugar transporters.
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Figure 3 – Simplified main pathways of xylose metabolism to ethanol in yeast. The gly-
colytic pathway following the Pentose Phosphate Pathway (PPP) is omitted
for brevity.

Yeast presents a preferential consumption of glucose and only switches its metabolism to
other available carbon sources when glucose is depleted, a preference that is justified by
the lower metabolic costs associated with a direct entrance into the glycolytic pathway
[25] and higher affinity for glucose of the hexose transporters [34, 24]. Xylose uptake in
the presence of glucose can be improved by the overexpression of pentose transporters
[66], however robust xylose transporters are rare, and the already described proteins are
strongly inhibited by glucose [40], making direct evolution steps necessary to improve
consumption when using these transporters [43, 63, 71]. Prospecting and screening novel
transporter candidates that may be able to carry xylose or other pentoses in industrial
organisms is also extremely relevant and one of the main objectives of this work.

0.3 Sugar transporters and challenges

Regarding more deeply sugar transporters, they represent a wide group of
proteins branched in many families and superfamilies, for instance the Major Facilitator
Superfamily (MFS) [59] and the ATP-Binding Cassette Superfamily (ABC) [26] each
having different transport mechanisms and evolutionary origins. Figure 4 demonstrates
the overall structure of both transporter classes and their mechanism of action.

MFS transporters are highly conserved, usually having 12 transmembrane loops
and are believed to have diverged from an initial gene duplication prior to their separation
in subfamilies. MFS transporters can be of three main types: uniporters, symporters,
and antiporters. These three types carry their solutes following the diffusion gradient,
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however uniporters carry only the solute across the membrane, while symporters also
carry a second molecule simultaneously on the same direction and antiporters require that
another molecule be transported on the opposite direction [74].

When analyzing these groups through an evolutionary scope, substrate carried
and the phylogenetic history of a transporter family have a certain degree of correlation
[54, 28], but due to the high degree of promiscuity of sugar transporters in their sugar
transport capacity, it is difficult to predict specificity and efficiency through phylogenetic
history alone [39]. MFS sugar transporters are usually under purifying selection, meaning
that changes in amino acids are usually detrimental to the organism and removed by
natural selection. Considering all these points, the evolution of sugar transporters must
also be considered under broader yeast adaptations into their habitats and events such as
the Whole Genome Duplication (WGD), an event which occurred approximately 100-150
million years ago which likely involved mating between two different ancestral yeast species
followed by a doubling of the genome [49, 73].

Gain and losses of transporters, as well as specialization might be indicatives
of niche adaptation, as gene expansion and duplication of transporter families has been
reported as a means of increasing efficiency. Examples of these occurrences are the Hxt
transporters in crabtree-positive yeasts [45, 20], which evolved in a dose-dependent manner
(having more copies of a transporter directly correlates with the amount of sugar that can
be internalized) after WGD, the KHT and HGT families in Kluyveromyces marxianus
[22], and the Snf3 or Rgt2 which lost the ability to uptake sugars and instead act as
sugar sensors that influence gene expression [21]. Though maintaining more copies of a
transporter in the genome may be energetically hindering [70, 2], gene duplication can
facilitate sugar uptake in high sugar environments and provide an advantage in low sugar
conditions [11, 35]. Gene duplication can also provide the opportunity for positive selection
of novel, beneficial functions, allowing one duplicated copy to potentially gain affinity for
an alternative sugar.

Other factors also need to be considered when attempting to predict the
substrate selectivity of a transporter. In particular, the amino acid sequence of the
transporters provide further insight into the physiology and structure of the resulting
proteins (Young et al., 2014). As highlighted in the literature, conserved amino acid motifs
may be key in conferring preference for certain sugar sources [24]. ABC transporters on
the other hand carry their solutes against the concentration gradient, needing energy
expenditure to transport their substrate. These transporters can function as importers or
exporters and are ubiquitous to most groups, however, importers are not found in most
eukaryotic organisms, and are predominant in bacteria, suggesting a loss of function during
evolutionary history [15]. ABC transporters are highly conserved even between eukaryotes
and prokaryotes in some of their domains: the two nucleotide binding domains (NBDs),
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Figure 4 – Schematic representation of MFS transporters and ABC importers. MFS trans-
porters have 12 transmembrane loops (shown in purple and green) with three
transport mechanisms: uniport, where the sugar molecule (shown in red) is
transported following the concentration gradient; antiport, where the sugar
is transported while another molecule (purple circle) is transported on the
opposite direction; symport, where the sugar is transported together with an ion.
ABC importers have 6-10 transmembrane loops (shown in purple and green),
an internal ATP binding domain (in green, below the transmembrane region)
and a sugar binding domain (in green, above the transmembrane region), the
sugar binding domain is specific to its sugar and after binding brings the solute
close to the transmembrane domain. The transmembrane domains open after
ATP binding and hydrolysis in the ATP binding domain, allowing the sugar to
be internalized.

responsible for binding ATP and making the mechanism work and the two transmembrane
domains (TMDs), that open and close in response to the binding of ATP [15]. ABC
importers, contrary to what is seen for MFS transporters, are specific to their substrate
carried, and usually organized in bacterial operons, with an additional extracellular domain
besides the TMDs and NBDs, which is responsible for binding the sugar molecule and
bringing it to the other domains for import [17]. A few examples of these importer systems
are the MsmEFGK, responsible for transporting raffinose and stachyose in Streptococcus
mutans, and xylFGH, responsible for xylose transport, in Escherichia coli.
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0.4 Finding solutions in yeast

Comparative genomics is a way to analyze and study different organisms based
on their genomic similarities and differences, focusing or not in a phenotype of interest. By
comparing organisms with some traits against other organisms of the same group without
said traits, it is possible to find evolutionary footprints that may have contributed to
these differences [16]. This approach allows researchers to study evolutionary relationships
between organisms and to gain insights into the molecular mechanisms that underlie
biological diversity, shedding light on the evolution of life on Earth, as by comparing the
genomes of different organisms, it is possible to trace the evolutionary relationships between
species and identify the genetic changes that have contributed to the development of new
traits and adaptations. This information can help us to better understand the origins of
biodiversity and the mechanisms that drive evolution, as well as provide clues to the genetic
basis of complex traits and diseases. In addition to these phylogenetic methods, machine
learning has also gained traction to predict function or classify proteins in biological
datasets. Machine learning is a term used to mean the process of using algorithms and
statistical models to find patterns and insights from data sets. These algorithms are usually
divided into two main classes: supervised learning and unsupervised learning algorithms [4].
Unsupervised learning deals with unlabeled data, where the training dataset contains only
input features without any corresponding output labels. The goal of unsupervised learning
is to discover inherent patterns, structures, or relationships in the data without prior
knowledge of the outcomes. Supervised learning on the other hand is a type of machine
learning where the algorithm is trained on labeled data. In this approach, the training
dataset consists of input data (features) and corresponding desired output labels. The goal
of supervised learning is to build a model based on the features that can predict the labels
for new, unseen data. This is also the methodology implemented in this work.

Work has been done with machine learning on predicting if an RNA molecule
is a coding RNA or lncRNA [13], prediction of deleterious genetic variants [58] and even
for comparative genomics [31] or metabolic system evolution [36]. For transporter proteins
specifically, studies have been published to classify sequences into transporters and non-
transporters [3] or to find the correct superfamily for a specific transporter [44, 30], predict
substrate specificity [50] or understand and predict structural conformations [51]. However,
an attempt to predict xylose transport capacity had not yet been reported, although it
could be an interesting strategy for initial screening of xylose transporter candidates.

As mentioned before, the ability to predict the transported sugar through
phylogenetic history alone for MFS transporters is extremely challenging, nevertheless,
evolutionary studies based on comparative genomics can tell us a lot about a gene’s
capabilities and analyzing the phylogenetic history of species with a phenotype of interest
for industrial applications is a newer strategy that has been gaining traction on the
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scientific community [72, 62, 9]. Thus, one of the main objectives of this work was to
detect selective clues in xylose fermenting or consuming species of the Saccharomycotina
clade that may have been beneficial for this phenotype, focusing on finding novel xylose
transporter candidates that may be used for genetic engineering in industrial yeast strains.
Coupled with this evolutionary methodology, a supervised machine learning algorithm
was created attempting to find patterns in known xylose-transporting sugar transporters
and predicting from the evolutionary dataset which transporter candidates would be
more suited for wet-lab validation when compared to one of the best xylose transporters
known in literature, GXF1 [41]. This double approach has not been done before and with
continued use of the machine learning model, it will be possible to more easily predict the
capability of a transporter protein to carry xylose, as well as understand the molecular
and evolutionary mechanisms that decide if a transporter is able to transport xylose or
not. This work can be found on chapter 1.

0.5 Finding solutions in bacteria

One other approach that has been gaining traction is the search for alternative
organisms to substitute industrial yeast as microbial cell factories in the 2G industry.
Although this may be possible in the future, there is still much work to be done to equal
the advances done in yeast. Nevertheless, understanding these organisms is important to
find adaptations and candidate genes that can help us to better understand the different
strategies and underlying mechanisms of xylose consumption, and explore new candidate
genes that may also be used in current yeast cell factories. One organism that should
be highlighted for industrial applications is Thermoanaerobacterium saccharolyticum (T.
sac), an extremophile microorganism from the firmicutes group, found originally in hot
springs and geysers [42]. This organism can naturally consume xylose, cellobiose and
many other sugars of interest, grow in insoluble hemicellulose [33, 18], is easily genetically
manipulated [32] and has been engineered to ferment xylose to ethanol at high yield
[64]. More interestingly is its ability to co-ferment xylose and glucose, an extremely rare
phenotype of high industrial interest [64]. Additionally, microarray data has been published
for T. sac while fermenting xylose and some other interesting conditions [19]. However,
evolutionary studies of this organism have not been done.

As mentioned before, bacteria harbor ABC importers as well as the common
MFS transporters. Due to the necessary energy expenditure for assimilation of the solutes
when using an ABC system, we hypothesized that these transporters would show evidence
of positive selection in this portion, due to the great specificity seen to the substrate carried,
and due to the nature of transport against the concentration gradient. Although untested,
we speculated that these transporters would be expressed after much of the carbon source
had already been depleted as a competitive advantage against other organisms in the
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environment and more specific xylose transporters would have been positively selected.
On chapter 2 a deep comparative genomics study of T. sac is presented, comparing
against other firmicutes, and searching for genes that may be related to xylose metabolism,
especially on sugar transporters. Among many discussions regarding selection pressures
and gene duplications in many genes that may be related to xylose metabolism, positive
selection was found on an extracellular binding protein, similar to xylF of E. coli, close
to the sugar binding site, highlighting that this T. sac operon may be interesting for
industrial applications and should be further explored.
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1 Machine learning and comparative ge-
nomics approaches for the discovery
of xylose transporters in yeast

1.1 Abstract

Background: The need to mitigate and substitute the use of fossil fuels as
the main energy matrix has led to the study and development of biofuels as an alternative.
Second-generation (2G) ethanol arises as one biofuel with great potential, due to not
only maintaining food security, but also as a product from economically interesting crops
such as energy-cane. One of the main challenges of 2G ethanol is the inefficient uptake of
pentose sugars by industrial yeast Saccharomyces cerevisiae, the main organism used for
ethanol production. Understanding the main drivers for xylose assimilation and identify
novel and efficient transporters is a key step to make the 2G process economically viable.

Results: By implementing a strategy of searching for present motifs that may
be responsible for xylose transport and past adaptations of sugar transporters in xylose
fermenting species, we obtained a classifying model which was successfully used to select
four diferent candidate transporters for evaluation in the S. cerevisiae hxt-null strain,
EBY. VW4000, harbouring the xylose consumption pathway. Yeast cells expressing the
transporters SpX, SpH and SpG showed a superior uptake performance in xylose compared
to traditional literature control Gxf1.

Conclusions: Modelling xylose transport with the small data available for
yeast and bacteria proved a challenge that was overcome through different statistical
strategies. Through this strategy, we present four novel xylose transporters which expands
the repertoire of candidates targeting yeast genetic engineering for industrial fermentation.
The repeated use of the model for characterizing new transporters will be useful both into
finding the best candidates for industrial utilization and to increase the model’s predictive
capabilities.

Keywords: Xylose, Xylose transporter, Machine learning, Feature selection,
Pentose metabolism, Industrial biotechnology
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1.3 Background

For the last few decades, the scientific community has expended efforts to
find cleaner energy alternatives to the fossil-based matrix as a means to mitigate the
consequences of climate change from the use of said fossil fuels. One strategy is the use of
biofuels produced from lignocellulosic biomass, also called second-generation (2G) biofuels.
This strategy is desirable, as lignocellulose is found in the cell walls of all plants and allows
many different matrices to be used industrially [1,2,3,4].

Plant cell walls comprise mainly cellulose (30–50%), hemicellulose (25–3%) and
lignin (15–20%) [5]. The 2G process involves breaking down these main saccharide fractions
into their monomers, predominantly glucose and xylose, that can then be metabolized
by microorganisms into different bioproducts, and in the context of biofuels, bioethanol
[6,7,8]. 2G biofuels appear as a promising driver on energy security due to it not competing
directly with the food industry and not needing more plantations to achieve energy security
[8].

Xylose consumption follows two pathways: the first, deemed the oxidoreductive
pathway, comprises a conversion of xylose into xylitol through the enzyme xylose reductase,
followed by a conversion of xylitol into xylulose by xylitol dehydrogenase. The second, called
the isomerase pathway, comprises a one-step conversion of xylose into xylulose by xylose
isomerase. Both pathways then have a conversion of xylulose into xylulose-5-phosphate by
xylulokinase which then follows the pentose phosphate pathway [9].

The main organism used industrially for these biotechnological applications is
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the yeast Saccharomyces cerevisiae due to its resistance to inhibitors, high product yield,
and ease of manipulation [9, 10]. However, its utilization of xylose naturally is lacking,
requiring genetic engineering steps to insert one of the two xylose metabolism pathways
to ethanol. Although yeast strains with these pathways are already used extensively,
the challenge of xylose consumption remains, related to the cofactor imbalance on the
oxidoreductive pathway, the need to further engineer or evolve exogenous xylose isomerases
on the isomerase pathway, or inhibition of the xylose pathway by glucose due to sugar
phosphorylation mechanisms [9, 11,12,13,14].

Regarding xylose transport, S. cerevisiae has many hexose transporters that
are also capable of transporting xylose, such as the Hxt family of transporters and Gal2
[15,16,17]. Many xylose transporters have been found in other yeast species and considered
candidates for industrial use by engineering S. cerevisiae, such as Sut1-3 and Xut1 from
Scheffersomyces stipitis [18], Gxs1 and Gxf1 from Candida intermedia [19] and XylHP
from Debaryomyces hansenii [20]. Details of their kinetic properties in xylose and glucose
have also been described [15, 21,22,23,24]. Besides yeasts, one of the most studied and
known xylose transporters is xylE from Escherichia coli [25,26,27].

Xylose consumption rates decrease when coupled with glucose due to competi-
tion of these sugars by endogenous transporters for access to the transport system, where
first the organism depletes all the hexoses in its media, and only then slowly metabolizes
xylose [15, 28, 29]. Even though many xylose-transporting proteins have been described
in literature, this inefficient consumption pattern remains and what defines the ability
to transport xylose is not entirely understood. Also, sequence, evolutionary or chemical
interaction characteristics (hereafter discussed as features) behind transport capacity are
still not completely understood [27], as much variability on transport capacity, velocity
and affinity is seen, one example is the sugar transporter Gxf1, which shows an efficiency
shift at certain sugar concentrations [23].

Many studies have been done to describe new transporters from new species
[19, 20, 30,31,32,33], engineer hexose or pentose transporters for better efficiency through
genetic engineering and directed evolution [28, 34,35,36,37,38,39,40], develop transporter
testing yeast strains [16, 30, 41], resolving crystallographic structures coupled with xylose
[25], but the main genomic drivers for xylose affinity, such as adaptive evolutionary signals
(e.g. positive selection and convergent evolution), structural affinity and relations between
the key residues already described as important for transport have not been found. This is
in part due to xylose transport not having a single structural motif indicating its trait and
no known specific transporters, even though many amino acid sites for different transporters
have been described to be key for xylose affinity [15, 40, 42]. Also, as transporters have
evolved in a multi-genic strategy (gene duplication, resulting in multiple sequences coding
for the same protein) as an evolutionary solution to increase throughput and adaptation
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[43], this makes it harder to choose, test and find the best candidates for industrial purposes.
Understanding these kinetic dynamics is also desirable for better rational engineering of
yeasts. One novel promising approach has been to understand the evolutionary history of
xylose consuming yeasts compared to non-consumers, finding genomic adaptations that
may have arisen in response to the need of using xylose [44, 45]. A similar genome-wide
comparative genomics study searching for adaptations in key xylose utilization pathway
was previously described [46]. A similar approach using comparative genomics focused
on the phylogenetic structure was used to prospect and choose novel xylose transporter
candidates from Candida sojae [47].

The use of machine learning models to classify and predict has been previously
applied to transporters as a means to separate and differentiate functional classes and
families [48, 49], however due in part to the many classes in which transporters fall into,
the models often lack accuracy and precision. Simpler methods, such as sequence homology,
topological comparison or sequence profiling have been used before to describe different
proteins, including sugar transporters [48, 50,51,52,53,54], but a unified process that
weights each methods’ importance has not been described. The goal of this study was to
cross sequence pattern information by extracting different features from known annotated
xylose transporters in yeast or bacteria with past evolutionary adaptations via comparative
genomics of 182 yeast genomes as an attempt to describe what genomic elements define
if a sugar transporter is capable to transport xylose or not. A classification model was
created and successfully used against sugar transporter families from the dataset to find
potential xylose transporters. These candidates were then characterized by growing yeast
expressing these candidate genes on a set of different sugars. Finally, the structure of each
of these four transporters was modelled and their docking pose coupled with glucose and
xylose was compared against the crystallographic structure of the known symporter from
E. coli xylE.

In this work, we believe another step was given on facilitating the search for
xylose transporters and understanding what the main drivers for xylose affinity are, while
presenting a model that can already help to choose the most likely xylose-transporting
candidates to take on for wet-lab work, and that with further use will become even more
reliable.

1.4 Results

1.4.1 Sugar transporters from 182 yeasts cluster in 4 families

We selected 182 genomes (Additional file 1: Table S1) from the Saccharomy-
cotina clade available for download in NCBI to try and understand the evolutionary
history and adaptations of different yeasts that conferred an ability or not to ferment



Chapter 1. Machine learning and comparative genomics approaches for the discovery of xylose
transporters in yeast 28

or consume xylose (manuscript in preparation). Orthofinder [55] analysis followed by
recovery of families of interest through BLAST with known xylose transporters as baits
revealed that sugar transporters grouped into 4 orthogroups: families 9, 10, 1180 and 7608,
containing 1298, 1293, 204 and 8 genes, respectively. Full protein sequences for each family
are available as Additional file 4: File S1.

1.4.2 Training and testing dataset

The dataset for model selection comprised sugar transporters for fungi and
bacteria as annotated and registered in Uniprot [56] and on TCDB [57]. Xylose transporters
were carefully screened from these data, and due to insufficient proteins with this function,
a literature search was done to increase their number. In total, 396 proteins, from which
25 were able to transport xylose, had their amino acid sequence retrieved and were used
for machine learning (Additional file 2: Table S2 is given with the gene name, Uniprot ID
and publication describing xylose transport). The data were split into training and test
sets using scikit-learn’s [58] train_test_split.

From the more than 30,000 features extracted for the sequences, 13 were defined
by the model as most important, from which 2 were impactful for a xylose transport
capacity classification (Xylose-1), and the other 11 for an inability to transport xylose
(Xylose-0) (Fig. 1a). Most of these features are derived from profile-based descriptors,
these include the Position Scoring Matrices Features (PSSM), which indicate patterns of
different sequences and scores each amino acid according to its position on the sequence,
and are useful for predicting function of sites or classifying residues [59], the two features
that drive the prediction to xylose-1 and the custom Hidden Markov Model (HMM), which
similarly to PSSM calculates and scores sequence position, sites and patterns given other
known or similar sequences, that was extracted from the non-cytoplasmic domains of the
sequences, the latter also being the feature with the most impact. Other important features
are related to relative mutability (DAYM780201) [60], residue volume and its consequence
for the final protein conformation (BIGC670101) [61], modelling possible ligand–target
interaction (scl5.2lag.5) [62] and adding more information, such as hydrophobicity in
relation to near residues, to the amino acid composition (Pc1.c) [63].



Chapter 1. Machine learning and comparative genomics approaches for the discovery of xylose
transporters in yeast 29

Xylose-0

Xy
lo
se
-0

Xylose-1

Xy
lo
se
-1Tr
ue
Cl
as
s

Predicted Class

7

71

2

44

104
109

true nega�ves

true posi�ves

0.98
0.018
0.5
0.67
0.5
0.95
0.74
0.55

0.5
0.06
0.125
0.5
0.875
0.93
0.91
0.63

Threshold
Falsepositive rate
Falsenegative rate

Precision
Recall

Accuracy
BalancedAccuracy

MCC

Model 2Model 1

A

B C

Fig 1. Graphical representations of machine learning model against the dataset. a Force-
plot of most important features as calculated by Recursive Feature Elimination by Cross-
Validation with XGBoost. Features highlighted in red are responsible for driving the final
prediction of a sample into the positive category (A probable xylose transporter) while
features in blue drive the prediction into the negative category (A non-xylose transporter).
The base value represents the average prediction for the samples, while the size of the
feature represents its impact (higher or lower importance). b Common metrics used to
evaluate a model, the grey values correspond to the base threshold model and blue to the
altered threshold. c Confusion matrix showing the results of predictions against the test
data

Due to the dataset imbalance (only 25 out of 396 were xylose-transporting
proteins), statistical oversampling techniques were implemented to reduce this imbalance.
Standard classification metrics were done to evaluate the model, such as receiver operating
characteristic (ROC) and precision-recall graphs, in addition to the confusion matrix
which allow visualization of the absolute number of samples in each class correctly or
incorrectly predicted by the model. The ROC curve showed higher increments of true
positive rate than of the false positive rate, which means that the model efficiently classified
the positive samples from the testing dataset (AUC=0.95 for both classes) without losing
much precision. Similarly, the precision-recall analysis showed an average precision of 0.73.
However, due to the initial imbalance against the positive class, and to reduce overfitting
issues arising from oversampling, we sought to remove this bias by analysing the data more
attentively, modifying how results were judged and giving more weight to precision. As
the default model (Model 1) classification threshold is 0.5 to assign a sample to each class
(0–0.49 as negative; 0.5–1 as positive), we manually edited (Model 2) so that only samples
with prediction probabilities of 0.98 or higher were classified as xylose transporters. At
the cost of classification power for true xylose transporters (lower recall), we were able to
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almost nullify false positives for this class and thus increase precision and decrease the
false positive rate (Fig. 1b).

1.4.3 Choosing transporter candidates from the comparative genomics

dataset

Four transporter families were returned during our phylogenomics analysis by
searching the 182 yeasts dataset families against know sugar transporters with xylose-
transporting capacity (XUT1, GXF1, GXS1, HXT7, Xylhp, XUT3, xylE, Cs3894, Cs4130)
through BLAST and the MFS HMM from PFAM database [64]. All sequences from these
families underwent feature extraction as done for the training and testing dataset and
were tested against the model with altered baseline threshold. 25 sequences were predicted
as xylose transporters, from which four sequences were chosen to be tested experimentally:
Spaxylofer2423 (SpX), Spagorwiae6242 (SpG), Spahagerda5424 (SpH) and Suglignoha2156
(SuL), from Spathaspora xylofermentans, Spathaspora gorwiae, Spathaspora hagerdaliae
and Sugiyamaella lignohabitans species, respectively. These sequences were chosen as three
of them are from the known xylose fermenting Spathaspora genus, and the Sugiyamaella
lignohabitans species, which is also known to consume xylose while not being part of the
fermenter’s clade [46]. SuL was identified as the HXT5/HTX6 hexose transporter from
Sugiyamaella lignohabitans [65], SpX, SpH and SpG as HXT2 from Spathaspora sp. [66]
or HXT5 from Candida subhashii [67], through BLAST search.

All 25 sequences were from fam10. Interestingly, known xylose transporters
such as Gxf1 (Caninterme1096), Cs4130 (Cansojae5099) and Cs3894 (Cansojae522) from
Candida intermedia and Candida sojae, respectively, were also part of fam10, which
highlights the potential of homologs in other yeast species that are seldom explored.
Caution was taken when the model had not displayed these known xylose transporters
in its output, however, on closer inspection of the prediction probabilities, this happened
due to the increased restriction on the classification (a 0.95–0.96 threshold would have
included them).

Additionally, five of these 25 sequences were found to have positive selection
evidence on one codon, at protein alignment site 856, which by Interpro analysis and
posteriorly by 3D modelling, was observed to be positioned on the extracellular non-
cytoplasmic domain of the first helix. This result indicates that these proteins had amino
acid substitutions potentially functioning as adaptations related to the xylose fermenting
phenotype through their recent evolution and thus emphasizes the importance of these
sequences on xylose metabolism. Due to the size of fam10 and the heterogeneity of
transporters contained in it, the alignment on this site was mostly indels for most species,
however, many interesting patterns were found at the positively selected codon. Firstly,
being part of the non-cytoplasmic region, this site was contemplated on the HMM feature,
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which was also the most impactful for the machine learning model. Secondly, as can be seen
in Fig. 2, the four previously chosen candidates for experimental validation have the same
amino acid (valine) at the positively selected site. While this might be expected for the
three Spathaspora candidates and explained by it probably being an adaptation inherited
from their common ancestor during speciation, the Sugiyamaella transporter also contains
valine at this site while also having diverged from the clade containing Spathaspora much
earlier during these yeasts’ evolutionary history. This pattern might indicate convergent
evolution at this site.
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Fig 2. Snippet of fam10 phylogeny transformed into a cladogram for visualization purposes,
coupled with the alignment around the site found under positive selection by MEME. In
red are the transporters chosen for further characterization. Bootstraps are not shown as
all of them on these clades were over 80

1.4.4 Evaluation of chosen transporters in different sugars

The substrate uptake capacity from these four sugar transporters was evalu-
ated in the strain EBY_Xyl1, a modified yeast strain derived from EBY.VW4000 [16]
lacking most of its hexose sugar transporters, rendering it unable to grow on most sugars
except maltose, and engineered with the xylose oxidoreductive pathway genes. The four
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transporters were codon-optimized for expression in S. cerevisiae (Additional file 5: File
S2), assembled with the promoter and terminator sequences of the TDH1 gene from the
glycolytic pathway and cloned into the multi-copy vector pRS426. The xylose-facilitator
GXF1 from C. intermedia was cloned in the same manner as the four candidates and
used as a positive control for xylose transport, since this transporter is one of the best
heterologous xylose transporters described in literature [23, 68].

We analysed the substrate range of EBY_Xyl1 mutants carrying the specified
sugar transporters using six different sugars on solid culture medium—2 % maltose
(control), mannose, fructose, glucose, and galactose. The transformants were grown for 24
h to the exponential phase on Maltose and spotted in tenfold serial dilutions onto solid
culture medium. All transporters, except for SuL, were able to confer growth of EBY_Xyl1
on all sugars, indicating a substrate promiscuity commonly seen for sugar transporters.
However, SuL was especially surprising as growth in fructose, mannose and glucose was
almost non-existent (Fig. 3a).
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Fig 3. Spot-assay of EBY_Xyl1 carrying each of the indicated transporters and growing
in a different sugars and b different concentrations of xylose. Initial OD600 was settled at
1 before the tenfold serial dilution. Plates were incubated in 30 °C. All experiments were
performed in triplicate

The growth of EBY_Xyl1 mutants carrying transporter genes and Gxf1 as
positive control were also compared in solid medium with 1, 2, 3 and 5% of xylose as the
sole carbon source. All transporters were able to confer growth in all sugar concentrations,
and the four transporters showed higher growth than Gxf1 at higher xylose concentrations
(Fig. 3b).
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1.4.5 Yeast fermentation with chosen xylose transporters

Fermentation assays were done in EBY_Xyl1 for the four transporters in media
containing 1% xylose as the sole carbon source, as well as for Gxf1 and empty pRS426
vector (positive and negative controls, respectively). Based on the results shown in Fig. 4,
SpX, SpG and SpH conferred superior growth capability compared to the traditional Gxf1
transporter. Cells expressing SuL had a smaller rate of growth. A similar pattern was seen
for xylose consumption, where SpH conferred a slightly higher assimilation rate than the
other transporters, and SuL being the slowest.
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Fig 4. Comparative fermentation assays of EBY_Xyl1 expressing different transporters
in xylose (full lines) or glucose (dashed lines). a Growth of EBY_Xyl1 during xylose
fermentation. b Xylose consumption of EBY_Xyl1 cells expressing the transporters
over time. Note that SpX does not appear clearly as it overlaps with SpG. c Growth
of EBY_Xyl1 expressing SuL, GXF1 as positive control and pRS426 (empty vector)
as negative control during xylose/glucose co-fermentation and d sugar consumption
of EBY_Xyl1 expressing SuL, GXF1 as positive control and pRS426 (empty vector) as
negative control during xylose/glucose co-fermentation (note that SuL glucose fermentation
overlaps with GXF1)

Due to the performance results from the spot-assay in different C6 sugars,
simultaneous consumption of xylose and glucose by SuL was evaluated by fermentation of
a mixture of 10 g/L each of xylose and glucose., Glucose was entirely consumed on the
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first 4 h of experiment, while xylose was slowly consumed during the same period, only
increasing after glucose depletion. After 20 h, cells expressing GXF1 also demonstrated
more efficiency in transporting xylose than SuL.

1.4.6 Comparative docking of transporters

All four transporters and Gxf1 were modelled through RoseTTAFold in Robetta
server [69] for comparative docking using the xylE crystallographic structure bound to
xylose or glucose as a comparison basis [25]. Figure 5 and Table 1 outline the docking
results when compared to the pose of the ligands on the crystal (lowest root-mean-
square deviation of atomic positions—RMSD, the average distance between superimposed
structures—obtained between the docked pose and the crystal’s ligand pose during self-
docking) and their simulated pose. Near identical poses for all transporters were achieved,
with RMSDs ranging from 0.6 to 2 Å, which are generally accepted as good modelling
outcomes [70]. All sequences had similar affinity to xylose, with SuL having the lowest,
SpX, SpH and SpG slightly higher than Gxf1, and xylE having the highest. These
results are partially supported by the comparative fermentation in xylose, in which these
affinity patterns can be seen on xylose consumption rate and cell growth. All transporters’
calculated docking affinity to glucose was higher than to xylose, indicating the typical
behaviour of substrate promiscuity and preferential uptake of glucose.

SpXSpHSpG SuL

GXF1xylE

xylEdocking

modelled
structures
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Fig 5. Superimposed structures of xylE coupled with xylose (blue) and predicted structures
for the four xylose transporters and GXF1 (pink tones). The 2D representations show
the probable interactions between xylose and amino acids in the binding site for each
transporter

Table 1. Docking results for the four candidate transporters, xylE (self-docking) and Gxf1

Protein name Xylose Glucose
Affinity ∆ RMSD from crystal Affinity ∆ RMSD from crystal

xylE -5.8 1.776 -6 0.619
SuL -5.0 0.948 -5.8 1.166
Gxf1 -5.3 1.085 -5.7 1.296
SpH -5.4 2.274 -5.5 2.252
SpX -5.5 2.454 -6 2.668
SpG -5.5 2.300 -5.6 1.223

Affinity represents the stability of the ligand in the binding site (the more negative the
better), and ∆ RMSD represents the difference in pose between docked prediction and
xylE crystal position

1.5 Discussion

Describing novel transporters is an important step to help unravel the underlying
causes in which a sugar transporter is able to transport xylose while another does not
show this capacity. The use of computational approaches, such as with machine learning or
comparative genomics, have become powerful tools in this search effort. Some algorithms
have been proposed to predict different transporter classes based on their function to
facilitate classification and categorization [54, 71], however, even though they efficiently
categorize membrane transporters, these models aim for a broader classification, which
results in not deep enough information regarding function for some specific purposes such
as sugar transport capacity discrimination. This work presents a classification model with
the purpose of distinguishing sugar transporters in their ability to transport xylose.

The use of oversampling techniques coupled with increasing the prediction
threshold were able to create a trustful model which identified 25 potential xylose trans-
porters, from which four were experimentally validated. This shows that, even with a
restrictive baseline threshold, many transporters from a diverse group of species were
returned, highlighting the potential of different microorganisms, many of them rarely stud-
ied with an applied biotechnological view, in supplying candidate genes for bio-industrial
applications. Regarding other sequences not chosen for further investigation, some trans-
porters were surprising to appear as positive from our model, such as Pickudriav5544 and
Pickudriav5977 from Pichia kudriavzevii, which on a first literature screen for the 182
yeast phylogenetics study appears as a species incapable of xylose transport. A second
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screening showed that they are able to utilize xylose [72], which increased confidence that
the altering of the threshold for the models’ predictions effectively removed false positives.

The model also highlighted 13 features as most important for its predictive
capability, from which two, PSSM profiling and AAindex, were also used found in previous
studies [71]. Interestingly, the model also highlighted the HMM score feature, originally
developed in this work. Briefly, this feature was generated by isolating the non-cytoplasmic
region of the known xylose transporters used for model creation through sequence alignment
followed by comparison with the InterproScan results for Debaryomyces fabryi Xylhp
(Uniprot accession Q64L87). Another interesting feature was GFV tripeptides, which
are located on transmembrane portions of the transporters, but their direct relation to
xylose transport is unclear. Nonetheless, all predicted transporters had this tripeptide
conformation ranging from 1 to 3 groups. PSSM and the custom HMM features highlight
and hint that there is a hidden motif associated with xylose affinity, which due to the
nature of the boosting algorithm was not yet humanly interpretable, but with future
improvements of the model may come to light. These in silico results are also in accordance
with previous experimental works that have also shown that xylose affinity is correlated
with sequence alterations, key motifs, and amino acid interactions with the sugar ligand
[15, 37].

One interesting pattern that we detected posteriorly to choosing the candidates
was that SpX, SpG and SpH were on the same clade on the fam10 phylogeny and also form
a monophyletic clade on the species’ phylogeny, highlighting an overlap of past adaptations
(phylogenomic analysis) and recent patterns (machine learning analysis). This pattern
overlap can also be seen on the probable convergent evolution of the site found under
positive selection between the 3 Spathaspora chosen candidates and the Sugiyamaella
transporter, as Sugiyamaella diverged much earlier but still has the same adaptations
as the Spathaspora transporters. Moreover, the HMM feature was created on the non-
cytoplasmic domains of the known xylose transporters and the site under positive selection
is also on one of these non-cytoplasmic domains, again highlighting an overlap between
evolutionary marks and more recent sequence attributes. As mentioned before, this site is
located on the N-terminal region of the first transmembrane helix, which may have some
function associated with stabilizing the rocker-switch mechanism when the transporter is
active. Mutating this residue in future studies could help to understand more its role for
sugar transport, as structural studies of MFS transporters, such as xylE, have focused
on mutating amino acids associated with the predicted sugar binding sites [25, 73, 74].
While machine learning and comparative genomics have been used before separately to
classify or describe transporters, to our knowledge this is the first study that associates
both strategies and apply them to a bio-industrial challenge.

Regarding the experimental validation, spot-assay results were surprising for
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SuL, as there was almost no growth in C6 sugars glucose, fructose, and mannose, while
growth in xylose and galactose was restored. Yeasts expressing the four candidates also
showed greater growth compared to Gxf1 on concentrations above 10 g/L of xylose
indicating that the chosen candidates could be viable for industrial use, as lignocellulosic
biomass contains higher xylose concentrations than the condition where Gxf1 is comparable
to the other proteins [75, 76], which translates into a higher xylose concentration during
industrial fermentations [77] where these transporters have greater activity. However, future
studies using S. cerevisiae strains adapted to industrial conditions would be required
to further validate these candidates. Fermentation assays were also interesting, as SpX,
SpG and SpH were all slightly more efficient than the widely used Gxf1 transporter,
with SuL lagging. Co-fermentation assays of SuL and Gxf1 showed that the latter has a
slightly superior consumption pattern of xylose, using glucose during the first 4 h, and
only then using xylose, as expected. Gxf1 also conferred higher growth in the C5 sugar.
Again however, an evaluation on an industrial strain with higher xylose and glucose
concentrations on the media would reveal the industrial potential of these candidates, as
coupled with spot-assay results these patterns suggest that these four xylose transporters
can expand the repertoire for industrial use and build a strong case for the model’s use on
prospecting novel candidates. Also, even though SuL showed a lower consumption rate
both in xylose and during co-fermentation when compared to Gxf1, the lack of growth in
glucose and fructose as seen in the spot-assay is a rare phenotype for sugar transporters
and could indicate an interesting target for mutagenesis or directed evolution aiming to
increase its xylose consumption rate. By using a combination of sugar transporters with
different affinities, a future industrial yeast strain could metabolize C6 and C5 sugars
more effectively, increasing the viability of the 2G process.

As an attempt to consolidate all results obtained in this study, the 3D structure
of the experimentally evaluated transporters was created, with docking analysis coupled
with glucose and xylose. Docking analysis successfully modelled both xylose and glucose
poses for the evaluated transporters, which gave us a bigger confidence on the affinity
calculations. These affinity results were confirmed during fermentation, where slight growth
differences were seen in accordance with the slight differences in predicted affinity.

Finally, with future advances on describing novel xylose-transporting proteins
and the increase of sequenced genomes, the model can be improved and become an
important tool for researchers on helping to prospect industrial candidate transporters.

1.6 Conclusions

2G ethanol is a promising energy matrix alternative for current and future
needs. One challenge for this technology’s viability is an efficient and uninhibited transport
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of pentose sugars into yeast cells, which drives the search for novel and capable xylose
transporters to be engineered into industrial S. cerevisiae, the main organism used for
this kind of fermentation. The coupled machine learning and comparative genomics
approach presented here yielded several xylose transporter candidates, from which four
were experimentally tested against a wide range of sugars. The dimensionality reduction by
feature selection highlighted that the most important features were related to HMM and
PSSM profiles, indicating that xylose transport can in part be explained by amino acid
patterns in the non-cytoplasmic domains of the proteins, especially the pore and binding
sites, a result also seen in previous point mutation studies and descriptions of known
transporters’ structures, indicating the conformity of the model with previous studies in
literature. All transporters tested successfully transported xylose, most of them in rates
superior to the traditional Gxf1, one of the best-known heterologous xylose transporters
in literature, and all conferred higher cell growth at larger xylose concentrations. Docking
analysis showed a similar pattern, with SuL having the lowest affinity to xylose and the
other three transporters having a slightly higher affinity than Gxf1.

For future studies, the model’s predictive capability should be provided with
data arising from new xylose transporter characterizations, as well as attempts to create
models by adding information of known xylose transporters from other organisms, such
as Arabidopsis thaliana. We believe that not only researchers interested in prospecting
novel xylose-transporting candidates for industrial application can already make use of the
model to aid their selection of best targets for wet-lab evaluation, but also understanding
xylose transport on a broader scale then fungi and bacteria, with the help of this model, it
will be possible to better understand and reveal the intricacies of xylose transport.

1.7 Methods

1.7.1 182 genomes dataset

Genomes were retrieved from NCBI, based on if they were the representative
genome for that species. 30 genomes had no coding sequences prediction, and so had
their genes predicted by using AUGUSTUS 3.3.2 [78] and GeneMark-ES Suite 4.32 [79]
separately and reconciled with Evidence Modeler 1.1.1 [72]. Genes were also filtered by
their longest ORF via Transdecoder and by having at least 80 amino acids in the sequence.
Genome completeness and success of gene prediction was analysed by utilizing the BUSCO
v3 [80] Saccharomycotina dataset, which comprised conserved genes from this group and
must be found on the data for a successful gene prediction. Additional file 6: fig. S1 shows
the results for the BUSCO analysis.
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1.7.2 Phylogenomic analysis

Genes were clustered into gene families by means of Orthofinder 2.2 [55].
Transporter families were retrieved through the HMM MFS_1 and MFS_5 profiles from
Pfam [64], and through known xylose transporters (XUT1, GXF1, GXS1, HXT7, Xylhp,
XUT3, xylE, Cs3894, Cs4130) as baits for a BLAST search. Multi-sequence alignments
were undertaken with MAFFT [81] for protein sequences (L-INS-i), and with MACSE
2.01 [82] by anchoring with the protein alignment for CDS. Alignments were trimmed
using Trimal 1.4.1 [83] for phylogenetic inferences of the conserved domains, as due to the
nature of the dataset (too many sequences from heterogenous groups) there were many
gaps. Phylogenetic inferences were done through Maximum Likelihood with IQTree 1.6.12
[84] running 1000 bootstraps. Selection analysis was done by marking sequences that were
output from the Machine Learning model as foreground and running HYPHY MEME
2.0.1 [85].

1.7.3 Machine Learning

Machine learning modelling usually undergoes the following steps: data clean-up
and division into training and testing datasets, feature extraction and selection, model
training, and evaluation. After clean-up, all intermediate steps are done on the training
dataset and evaluation is done with the testing dataset. This separation of training and
testing allows for a faithful evaluation of a model’s metrics by isolating some of the data
in such a way that testing is done on part of the dataset upon which the model has no
bias. Also, all these steps can be done using different machine learning algorithms and
it is recommended to test several models using different algorithmical approaches and
selecting the best performant. Feature extraction in the case of protein modelling represents
decomposing the amino acid sequence into different descriptors that either mathematically
explain the sequence or highlight some trait of interest, while feature selection is used for
dimensionality reduction, computational optimization and highlighting the importance of
certain features for classification.

Sugar transporters from fungi and bacteria were retrieved from Uniprot and
TCDB databases. CD-HIT [86] was done to remove proteins with more than 80% sequence
similarity, except for the known xylose transporters (experimentally validated by other
studies), which were manually re-added to the dataset if removed. Xylose transporter
sequences with their respective publication are shown in Additional file 2: Table S2. Most
features were extracted with the protr package [87], which generates many numerical
explainers of a given protein sequence. Also, an HMM feature was calculated by aligning the
xylose transporters and using the sequence of Xylhp from Debaryomyces fabryi (Uniprot
accession Q64L87) to predict domains and important sites through Interproscan; then,
the non-cytoplasmic domains and probable sugar binding sites were isolated from the
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alignment and the HMM profile was created. We assumed as all sequences are aligned, the
binding sites would be roughly in the same position. Other features added were the PS0021
and PS00217 sugar transport signatures from PROSITE database [88] using ScanProsite
[89], the protein existence evidence, which sugars it transports, protein annotation, and if
there is evidence in literature for xylose transport.

Following feature extraction and clean-up, sequences were divided into training
and testing datasets through scikit-learn’s 0.21.2 [58] train_test_split with 70% used for
training and 30% for testing.

Feature selection was done by Recursive Feature Elimination with Cross-
Validation (RFECV) by using a Gradient Boosting Decision Tree classifier, implemented
by XGBoost 0.82 [90]. Feature importance visualization was done using Yellowbrick 0.9.1
[91] or SHAP 0.29.3 explainers [92].

Some statistical transformations using oversampling were attempted to mitigate
dataset imbalance, at the cost of some overfitting of the data. Additional file 7: figure
S2 shows UMAP 0.3.9 [93] spatial distribution of samples after oversampling through
Random Oversampling, SMOTE, SMOTEEEN, SMOTETomek and ADASYN. Except for
Random Oversampling, all these transformers use a nearest neighbour approach to add a
synthetic new sample to the data, which is related to the parameters of its neighbors. A
model from all these attempts was made, however only SMOTEEEN was taken further as
the evaluated model metrics were more satisfactory.

Model evaluation was done through usual metrics, such as accuracy, precision-
recall, AUC, ROC curve, Balanced Accuracy and MCC, however, we were also attentive to
brute numbers, because of the dataset imbalance distorting metric results. False positives
were penalized by increasing the classification threshold of the xylose-positive class to 0.98,
and this restrictive model was used for choosing candidates. The four transporter families
from our phylogenomics dataset had the 13 most important features calculated and the
model was ran. Sequences were chosen based on our knowledge if their respective species
is a known fermenter or consumer of xylose.

All code used for model creation and data engineering can be found at
https://gitlab.com/Matt_BF/Xylose_Transporter_ML.

1.7.4 Strains and constructions

Strain EBY_Xyl1 was constructed from EBY.VW4000 by inserting an expres-
sion cassette containing the genes XYL1 and XYL2 from S. stipitis and an additional copy
of xylulokinase (XKS1) under control of different promoters of the glycolytic pathway
of S. cerevisiae as previously described [47]. Synthesized SpG, SpH, SpX and SuL were
cloned into pRS426 at the EcoRI and NotI sites flanked with the promoter and terminator

https://gitlab.com/Matt_BF/Xylose_Transporter_ML
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regions from THD1 gene and further transformed into EBY_Xyl1 through the LiAc/SS-
DNA/PEG protocol [94]. Transformants were selected in YNB medium lacking uracil. The
transformation was confirmed by PCR using primers for the coding sequence of each gene
(Additional file 3: Table S3).

1.7.5 Media and culture conditions

Yeast cells were grown on liquid YP medium (10 g/L yeast extract and 20
g/L peptone) supplemented with 20 g/L D-glucose (YPD) for cell propagation or 20 g/L
D-xylose (YPX) for xylose growth analysis. Transformed cells were grown at 30 °C in
complete synthetic media YNB (6.7 g/L yeast nitrogen base without amino acids, Difco)
supplemented with 1 g/L drop-out without uracil, 20 g/L glucose and 20 g/L agar [75].
YP was autoclaved at 121 °C for 20 min and YNB was filter-sterilized using 0.2-µm
bottle-top filters. Strain EBY.VW4000, kindly supplied by Prof. Eckhard Boles from
Goethe university [39], and strain EBY_Xyl1 were grown in YNB with D-maltose instead
of D-glucose.

1.7.6 Fermentations

Yeast strains were pre-grown on YNB supplemented with 5 g/L of casamino
acids (Difco), 1 g/L of tryptophan (Sigma) and 50 g/L of d-maltose for 24 h. Cells were
then harvested by centrifugation, washed three times with sterile water and resuspended
to an OD600 of 10. Fermentation experiments were performed aerobically in 250 mL
Erlenmeyer flasks using 70 mL of YNB supplemented with 5 g/L of casamino acids, 1
g/L of tryptophan (Sigma) and 10 g/L of xylose. For simultaneous glucose and xylose co-
fermentation, 10 g/L of both sugars were used. The cells were incubated at 30 °C/200 rpm.
Experiments were performed in triplicate and samples were collected to measure optical
density and for HPLC analysis.

1.7.7 Molecular Docking

Molecular docking analysis was done using Autodock-Vina 1.1.2, ran via UCSF
Chimera 1.15. Transporter structures for Gxf1, SuL, SpG, SpH and SpX were modelled
through ROSETTAFold via the Robetta server [69], with the lowest angstrom error
estimate models chosen for docking, and the glucose and xylose ligands were obtained
from PubChem (IDs 5793 and 135191, respectively). The xylE crystal structure bounded
to xylose (PDB code 4GBY) or glucose (PDB code 4GBZ) was used as the reference for
self-docking and for interpretation of the other transporters (evaluation and comparison of
ligand position on the candidate transporters and during self-docking, as in the closest the
ligand poses during docking to the pose from the xylE crystal the better). Ten docking
runs were done for each transporter and the one with the lowest RMSD from the xylE
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crystal was chosen. Comparison of ligand position and poses was done with DockRMSD
[95]. Visualization of docking results and ligand positions was done with pyMOL, and the
2D ligand interactions were extracted on the Protein-Plus web server [96].
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2 Comparative Genomics of Firmicutes
reveals probable adaptations for xy-
lose fermentation in Thermoanaer-
obacterium saccharolyticum

2.1 Abstract

Second-generation (2G) ethanol is one potential biofuel that could be used
to achieve the goal of reducing greenhouse gas emissions. Many challenges still need to
be overcome for the feasibility of this technology, most of them related to consumption
of xylose, a pentose sugar not easily metabolized by industrial microorganisms. Thus,
exploring genes, pathways and other organisms that can ferment xylose is a strategy
implemented to solve industrial bottlenecks. Thermoanaerobacterium saccharolyticum
(T. sac) is an organism from the firmicutes phylum, capable of naturally fermenting
compounds of industrial interest, such as xylan and xylose. Understanding evolutionary
adaptations may help not only to solidify this bacterium as a potential substitute to the
yeast Saccharomyces cerevisiae in industry, but also bring novel genes and information
that can be used for yeast, enhance its fermenting capabilities, and increase production
of current bio-platforms. This study presents a deep evolutionary study of members of
the firmicutes clade, focusing on adaptations that may be related to overall fermentation
metabolism, especially for xylose fermentation. One highlight is the finding of positive
selection on a xylose binding protein of the xylFGH operon, close to the annotated sugar
binding site, with this protein already being found to be expressed in xylose fermenting
conditions in a previous study. Results from this study can serve as basis for searching for
candidate genes to use in industrial strains or to improve T. sac as a new microbial cell
factory, which may help to solve current problems found in the biofuels industry.

2.2 Introduction

The need to restructure the global energy matrix and mitigate greenhouse gas
emissions has led efforts to find clean alternatives to fossil fuels. One approach is the use of
microorganisms for fermentation of lignocellulosic biomasses such as sugarcane bagasse and
straw to ethanol, which is particularly interesting as it helps to alleviate competition with
foods production. This strategy is known as second generation (2G) ethanol production.
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The main challenges associated with 2G ethanol are the forming of fermentation inhibitors,
such as HMF and acetate, after the feedstock pretreatment step for exposure of its sugars,
finding optimal enzymes for breaking sugars into usable monomers, and lack of proper
consumption of pentose sugars, such as xylose, contained on these feedstocks by organisms
used industrially, such as the yeast Saccharomyces cerevisiae.

Xylose metabolism mainly follows two pathways: an oxireductive pathway,
comprising a conversion of xylose into xylitol by the enzyme xylose reductase, followed
by a conversion of xylitol into xylulose by xylitol dehydrogenase, and finally xylulokinase
converts xylulose into xylulose-5-P, which enters the pentose phosphate pathway, ending
up in the glucose pathway. In many organisms, including industrial yeast, this pathway has
some issues regarding cofactor imbalance on the first two steps, which causes accumulation
of xylitol [40]. The other pathway is similar to the first but comprises a single step between
xylose and xylulose, done by xylose isomerase, and is predominantly found in bacteria [83].
One bottleneck common to both pathways is related to pentose transport, in which sugar
transporters preferentially uptake glucose in detriment of xylose, turning the 2G process
unfeasible due to fermentation time increase.

Thermoanaerobacterium saccharolyticum (hereafter called T. sac) is a bacterium
from the firmicutes phylum, found originally in hot springs around Yellowstone National
Park [41], capable of naturally fermenting compounds of industrial interest, such as
xylan and xylose, and engineered to produce ethanol at higher yields [63]. This organism,
among other thermophilic bacteria, has gained some attention over the last decade as
an alternative for industrial fermentation, as it grows in higher temperature, similar to
those used for pre-treatment enzymes, and can co-ferment both cellulose and hemicellulose
sugars [15], a trait seen in many Thermoanaerobacter [43,72], which means potential for
simultaneous saccharification and fermentation. Also, its ease of transformation confers
an additional advantage for metabolic engineering [46,47]. Studies have explored the
underlying mechanisms of pentose metabolism in T. sac, such as inactivating redox sensing
molecules to alleviate alcohol dehydrogenase repression [84], deleting genes that create
undesirable byproducts such as acetate and lactic acid [63], discovering essential genes
[14], and elucidating fermentation products [32]. However, an evolutionary approach to
understand key adaptations to fermentation stresses and describing candidate genes has not
been reported for this organism. Evolutionary analyses for better explaining adaptations
to industry and suggesting genes for genetic engineering have been successfully used in
yeast [7,11,21,57,77]. Understanding its evolutionary adaptations may help not only to
solidify this bacterium as a potential substitute to the yeast Saccharomyces cerevisiae in
industry, but also bring novel genes and information that can be used for yeast, enhance
its fermenting capabilities, and increase production of our current bio-platforms.

Regarding again xylose transport, most known transporters are inhibited by
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glucose or other hexoses, and preferentially carry these sugars instead of xylose during
co-fermentation conditions. However, while yeast only have MFS transporters, which
are proteins capable of carrying solutes passively through the membrane, bacteria have
an additional class called ABC transporters, which are usually organized in operons,
that require the use of ATP molecules to pump solutes inward [13,42]. In E. coli, the
ABC transport system responsible for specifically uptaking xylose is the XylFGH operon,
comprised of proteins XylF (external protein responsible for sugar ligation), XylG (ATP-
binding) and XylH (translocation of xylose through the membrane), with XylR acting
as a regulator. Even though an energy expenditure is needed for consuming xylose, this
could confer an advantage when sugar availability is scarce, allowing organisms with these
systems to continue thriving in their environment [13,67].

T. sac being a lignocellulosic fermenter with low glucose inhibition could
have adaptations in its transporters to efficiently carry xylose, specifically, on the ABC
transporters because of their energy consumption load. In this work comparative genomics
was used across 20 bacterial species, to identify evolutionary marks related to xylose
fermentation. Positive selection was found on the xylF homolog, the sugar binding molecule
on ABC transporter, where the largest affinity is needed for xylose transport is shown.
Together with adaptations in transport proteins, other T.sac proteins were found to carry
important adaptations putatively related to the xylose metabolism. Understanding all these
T.sac adaptations may further help alleviate uptake difficulties on current cell factories
such as yeast.

2.3 Materials and Methods

2.3.1 Dataset

20 bacterial genomes, including T.sac, were downloaded from NCBI for analysis.
Genomes were chosen based on proximity to T.sac (close and distant species), xylose
metabolism capacity and industrial applications (table 1).
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2.3.2 Orthology assignment

Comparing genes across species requires clustering of their proteins into putative
homologous groups. Orthofinder [18] was used to accomplish such task, by first clustering
genes according to similarity using DIAMOND [10], and cutoff with the default MCL
inflation. Briefly, FASTA files of the translated CDS from each species were used as input
for DIAMOND, which is used for finding the most similar sequences via reciprocal-best-hits.
Orthofinder, by using the MCL parameter, aggregates the most similar sequences into
Orthogroups (gene families, a set of genes from multiple species descended from a single
gene).Orthogroups of sugar transporter genes were recovered using BLASTP with known
protein sequences from E. coli or T.sac and an e-value threshold of 1e-20, and also. through
HMM profiles from Pfam (PF07690.15, PF13347.5 and PF05631.13). Genes and protein
names were kept as the NCBI identifier. Family names were kept as outputted from
Orthofinder.

2.3.3 Phylogenetic inferences

For each gene family, multiple sequence alignment (MSA) was done using
protein sequences through MAFFT [34], anchoring first via local alignment (localpair) and
1000 iterations (maxiterate 1000). Phylogenetic relationships for each transporter family’s
genes was inferred through Maximum Likelihood, implemented on IQTree [71]. IQTree’s
automatic model selection tool was used for fitting the best substitution model and branch
support was tested by 1000 ultrafast bootstraps. Species’ phylogenomics was inferred by
concatenating all 157 Single-Copy Orthogroups MSAs with FASConcat [37] and analyzing
with IQTree using the same strategy as above and through Bayesian methods implemented
via MrBayes [58]. MrBayes was ran using a GTR+ invgamma substitution model with 3
hot and 1 cold chains for 10 million generations discarding 25% of the generations from
the cold chain

2.3.4 Gene duplication analysis

Gene birth and death estimation was obtained by using the same Orthofinder
gene count output and the ultrametric species tree as inputs for CAFE [16] analysis, which
models the evolution of Orthogroups based on the species’ phylogeny. CAFE was ran
with default parameters, and λ to maximize the log likelihood for all families (lambda -s).
Number of expanding (gene birth), contracting (gene loss), average expansion and log of
average expansion can be seen on table 2.
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Sometimes, a simpler approach can give us interesting insights into genome
evolutionary dynamics that may be lost to canonical approaches such as CAFE. Thus,
besides this model-based analysis, we carried out a naïve gene duplication analysis by
analyzing Orthofinder’s gene count output using a custom python script, by filtering from
the dataset gene families where T.sac had a larger gene count than the mean plus two
standard deviations. As retained gene duplications are expected to be scarce, gene families
with at least three genes were considered for further detailed examination. Figure 3 shows
the results for this analysis.

2.3.5 Natural selection analysis

Nucleotide codon alignments were obtained using MACSE to align the nu-
cleotide sequences by using the protein alignment for each Orthogroup, done through
MAFFT (localpair, maxiterate 1000) as template. Codon-based alignments and ML trees
for each gene family obtained in OrthoFinder were used in tests for dN/dS models. Se-
lection analysis was implemented using CODEML from the PAML package [80] through
ETE3 Toolkit, and MEME from the HYPHY package [51]. Both analyses implement
branch-site tests, comparing substitution rates between indicated branches (Foreground)
against the other branches (Background). T. sac branch tips were marked for both analysis
as Foreground for comparison against the other branches. Models ran for CODEML were
bsA and bsA1. Positive selection was inferred for sites with p-value of LRT between
alternative model and null model (bsA and bsA1, respectively), if the p-value was smaller
than 0.05 the site was retrieved as a positively selected site [81]. Families with positive
selection detected by CODEML were subjected to MEME to check if a second method
would corroborate the CODEML results. The selected sites were retrieved directly by
looking if there were branches under selection at a p-value smaller than 0.05.

2.3.6 Functional annotation

Families with positive selection evidence from MEME and CODEML or with
duplications were retrieved for further inquiries and discussion. Functional annotation was
retrieved from each protein’s NCBI accession, and each family was annotated manually
based on the most represented annotation within all proteins. All families with selection
were also submitted to Eggnog [30] and PANNZER2 [69] servers as an attempt to better
annotate cases in which the original annotation from NCBI was too vague. Briefly, Eggnog
uses precomputed Orthogroups with functional description from its database to retrieve
the most likely functional information from the inputted sequences. PANNZER2 similarly
searches for homolog sequences in the Uniprot database and based on the most similar
sequences annotates the most probable function. The most represented annotation within
proteins was kept as the family’s annotation.
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2.3.7 Microarray analysis

Currie et al [15] published microarray data from T. sac fermentation on a
variety of conditions, including co-consumption of glucose and xylose, and shocking with
hemicellulose (which they called ‘washate’). This available data was filtered for proteins
of interest obtained from our evolutionary analyses and plotted as a heatmap to help
visualize genes with higher expression on these conditions.

2.4 Results

2.4.1 Orthology assignment and phylogenetic inferences

Orthofinder clustering resulted in 14,714 gene families with 2292 families
containing at least one T. sac member. Orphan genes (genes not assigned to any family)
varied from 1 to 20% for species used (Supplementary figure 1) showing that clustering
was satisfactory. A higher orphan rate for some species than others can be explained by
the wide phylogenetic range of genomes chosen for analysis.

T. sac gene copies for each family were aligned to check if each copy may have
diverged since duplication. All sequences showed nucleotide substitutions in alignment,
some being much more fragmented, which might indicate pseudogenization, while others
maintained much of their structure showing only single nucleotide substitutions.

Both Bayesian and Maximum Likelihood inferences using 159 single copy gene
families reconstructed the same relationships among species (figure 1). One interesting
finding is that T. sac and T. aotearoense had no branching between them and showed no
nucleotide differences for the 159 single copy genes, which indicates that they are most
likely the same phylogenetic lineage and the same species. A reasonable explanation for why
this result differs from what is described in literature is because taxonomic classification
of these bacteria was done through 16S [45], which is known not to be always a reliable
marker for separating closely related species. A newer revision on GDTB [54] also considers
T. aotearoense as T. saccharolyticum.

2.4.2 Genome-wide evolution and adaptation clues

The approach of estimating gene birth and losses throughout the genome showed
that, on average, we have a tendency for gene losses for all genomes with no relationship
to the xylose fermentation phenotype (figure 1 and table 2). Despite almost no expansion
seen for T. sac, table 2 shows one statistically significant expansion, which is a rapidly
evolving family, found to be OG55, annotated as a transposase IS116/IS110/IS902 family
protein. When analyzing T. sac family members’ positions in the genome, AFK85526.1 and
AFK85527.1 were of special interest, as they appear close to each other, with AFK85525.1
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Fig 1. Phylogenetic inference of the 157 single-copy orthogroups for the 20 Firmicutes
with T. thermophilus as outgroup, through Maximum Likelihood and Bayesian approaches
coupled with gene birth and death results. Numbers above branches represent posterior
probabilities and bootstraps from MrBayes and IQTree, respectively, and below branches
the number of gene families under expansion, retraction or rapid evolution as reported by
CAFE. Average expansion was also outputted by CAFE analysis, darker colors represent less
expansion (more retraction) while lighter colors represent positive or near zero expansion.
Abbreviations after species names represent their NCBI abbreviation which are also used
on other figures. Species in bold are able to ferment xylose.

(annotated as a Xylose isomerase domain protein) and AFK85528.1 (annotated as araC)
as the closest genes, which are related to pentose metabolism. Besides, this transposase
also showed sites under positive selection, as seen both in MEME and CODEML (figure
2).
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Fig 2. Graphical representation of a T. sac protein sequence from families (a) OG55, (b)
OG106 and (c) OG963, respectively, with Interpro predicted sites and domains, and sites
under positive selection as predicted by HYPHY-MEME and CODEML

To better understand this family’s dynamics with these C5 sugar related
proteins, we concatenated all xylose isomerase domain families and reconstructed their
phylogeny, which revealed monophiletic clades for the proteins of families OG1593, OG2274,
and OG2848, with some mixed clades for OG1258, OG1843 and OG4121 (supplementary
figure 2). Xylose isomerase families showed no gene expansion in T.sac, high sequence
conservation, and no positive selection evidence. Both AFK85525.1 and AFK85528.1 were
found to have a baseline expression on public microarray data of T. sac on xylose (figure 5).
Additionally, AFK85525.1 was found in OG4121, a small family containing only T. sac, T.
aotearoense and Ruminiclostridium (Clostridium) celullolyticum, three xylose consuming
species.

Regarding positive selection analysis, there were 7 gene families under selection
found by CODEML, but only 4 were detected by MEME and thus, we chose to further
explore only these four families with coinciding signals: OG55, OG106, OG963 and OG1742
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(detailed at a later section). Figure 2 shows OG55, OG106 and OG963 sites with evidence of
positive selection, as well as InterproScan [8] predicted domains. The three families showed
sites with positive selection within protein domains. Family OG963 was annotated as
fumarate reductase/succinate dehydrogenase. Family OG106 comprises HAD superfamily
P-type ATPases (PMCA), with a role in translocating calcium, sodium and hydrogen
ions across the plasma membrane (Type II subfamily [12]), reducing environmental stress
caused by these ions; some downregulation was seen on the microarray xylose conditions
for the genes in this family.

2.4.3 Genes possibly related to sugar metabolism with increased gene

copies

T. sac xylose and glucose co-fermenting phenotype is remarkable and much
desired for industrial applications, thus having a bigger viability and fitness against
competition, while resisting abiotic stresses, is essential. One interesting family that was
found in the analyses was Peptidoglycan Binding Domain 1 (OG1496), which had more
copies when compared with other species in this family through the naïve gene duplication
approach (3 copies for T. sac against the mean of 0.53 copies for the family). This family is
involved with cell wall degradation, such as autolytic lysozymes or cleaving autopeptidases,
which may suggest a fluidity and dynamic modulation of T.sac cell wall to resist different
stresses [17,22,61].

Another interesting family that followed a pattern of greater copies in T. sac
than other species was PH1107 glycosidase (OG1224), related to degradation of glycoside
bonds of carbohydrates, such as xylan and other complex sugars, which can help to explain
its adaptations to ferment these higher carbohydrates directly, even more so with family
member AFK87323.1 being slightly upregulated on all conditions when compared to other
members of this Orthogroup.

Acetoin dehydrogenase regulator family (OG1421) was surprising as having
5 copies in T.sac, while the family mean number of copies was 0.62. These genes are
responsible for the regulation of acetyl-CoA and acetaldehyde through the reaction

acetoin ` CoA ` NAD` é acetaldehyde ` acetyl ´ CoA ` NADH ` H

and require thiamine diphosphate as a cofactor. The annotation of a LuxR motif is reported
in acetoin regulator for other species, such as Klebsiella pneumoniae [28,55].

Pyruvate/Ketoisovalerate oxireductase family (OG1052) was interesting, espe-
cially T. sac protein AFK87181.1 and AFK86082.1 as this group was also detected on
our naïve duplication approach and these members were shown to be expressed in xylose
and xylan fermenting conditions when looking at the microarray data (glucose-xylose
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Fig 3. Naïve duplication analysis for gene families in which T. sac has more copies than
the family mean plus two standard deviations number of copies, and with at least 3
duplications in T.sac. Shown in purple are the copies in T.sac and in green the mean
number of copies for the family.

and xylose_shock). Pyruvate oxireductase is also called pyruvate:ferredoxin oxidoreduc-
tase (PFOR), and is involved in the synthesis of acetyl-CoA from pyruvate and oxidized
ferredoxin [23,26].

Regarding other sugars, family OG1051, annotated as an extracellular solute-
binding protein for the ABC operon MsmEFGK, was interesting. In Streptococcus mutans
MsmEFGK is responsible for carrying Melibiose, Raffinose, Stachyose, Isomaltose and
Isomaltriose [74]. This high copy-number may be explained by a need to transport different
solutes, and as an ABC transport requires energy, adjusting these copies to be specific
to each sugar may have been what happened during T. sac evolution. Also, although we
usually see regulation confined on the operon’s region, it has been proposed that different
subunits of an ABC transporter can pair with other ABC components to fulfill their
function [66,74]. Figure 3 shows information retrieved from our naïve approach.

Proteins from all these families are shown in the microarray (figure 5), with
family OG1224 and OG1421 having some of the most expressed genes for most conditions
and family OG1051 being mostly repressed or neutral, which is expected as the members
are not directly related to xylose.
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2.4.4 Genes of xylose transporter families

Six families were identified as MFS transporters and 7 as ABC transporters.
The known xylose MFS transporter from E. coli xylE was positioned on OG271 according
to our BLAST search, however, no T. sac genes were present in this family. Analyzing the
BLAST results, no T. sac or other Thermoanaerobacterium genes were similar to xylE
within our e-value cutoff threshold. The most similar gene was AFK86490.1, with 29.49%
identity, annotated as a drug resistance transporter (OG25, which was added for analysis,
data not shown). This initial finding suggests that Thermoanaerobacterium strategies for
xylose transport differ from other groups of bacteria, which may be indicative of their
efficiency for 2G fermentation.

OG1742 (xylF family) was recovered upon closer inspection of proteins an-
notated as sugar transporters in the T. sac microarray published by Currie et al [15].
AFK86454.1 had a higher expression during their experiments than other similar ex-
tracellular binding proteins or MFS transporters. As this family also was not returned
through BLAST with known xylF proteins, this may also suggest a different mechanism
or adaptation for active transport of xylose.

No evidence of positive selection was found in MFS transporters. Also, for the
ABC xylose transporter operon no xylG, xylH or xylR families had any evidence of positive
selection. However, as also previously reported for OG55, OG106 and OG963, OG1742
(xylF) showed evidence for positive selection for both CODEML and MEME analyses.
Figure 4 shows the family’s phylogeny, part of the MSA and sites under positive selection.
One interesting finding is that residue 274 (239 ungapped) is two residues distant of site
272 (237 ungapped), which is annotated as one of the sugar binding sites when analyzed
through InterproScan.

2.5 Discussion

Gene duplication is an important phenomenon in eukaryotes as a source of
novelty and adaptation [70], however in prokaryotes it is rarely seen, as arisen duplications
are costly to maintain [1]. Thus, finding multiple copies of a gene for a given family may
reflect adaptation in response to a new environmental pressure or functional specialization
within the same environment [8]. A large proportion of gene family retractions were found
in the Thermoanaerobacterium branch, a much higher retraction than observed in other
species as shown in figure 1. This could be related to the stressful environments in which
these organisms are found, as it is known that gene deletions can happen in stressful
environments as a consequence of reduced usage, reducing energetic costs to the organism
[3]. Even though this retraction was seen, Family OG55 of insertion sequences was found
to be under rapid evolution.
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Fig 4. Phylogenetic inference, MSA and sites under positive selection for xylF family
OG1742.

Nucleotide substitutions that undergo positive selection through evolution on a
given gene, as a consequence of an increase in the organism’s fitness, usually leave traces
such as an altered rate of substitutions for an amino acid site. Attempting to correlate
selection marks with industry desired phenotypes is a newer approach that may help
to choose targets for bioengineering of industrial microorganisms [7,21,57,77]. Positive
selection clues here revealed three gene families that seem to be important in xylose
metabilosm. The OG55 transposase, found to be under positive selection, is positioned
side-by-side with a xilose isomerase domain protein and an araC on the T.sac genome.
Some studies have also shown that transposable elements may be beneficial by activating
metabolism, resistance or acting as a defense mechanism [19,25].

Family OG963 was annotated as Succinate dehydrogenase, which is an oxidore-
ductase from the complex II electron transport chain. For the 3 genes in this family, an
InterproScan search revealed an heterodisulfide reductase domain, which is associated
with methanogenic reduction of ferredoxin [33], and in thermophilic bacteria, hydrogen is
formed from ferredoxin, enabling extra ATP production [62]. One site in this region was
found to be under positive selection, and AFK87395.1 was found to be more expressed in
some xylose conditions, as seen in the microarray data. In T. sac, it was also previously
described that Ferredoxin:NAD+ Oxidorreductase is essential for Ethanol formation [68].

Regarding families related to sugar metabolism, families OG1224, OG1421
and OG1052 showed a greater number of genes on our naïve approach. Family OG1224
of PH1107 glycosidase is related to degradation of glycoside bonds of carbohydrates,
such as xylan and other complex sugars, which can help to explain its adaptations to
ferment these carbohydrates directly, even more so with AFK87323.1 being upregulated on
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xylose conditions. Family OG1421 of acetoin dehydrogenase was particularly interesting
as AFK86672.1 is upregulated in many xylose conditions as seen in the microarray data;
as acetoin can be a fermentation inhibitor, this reaction could be extremely important for
cofactor regeneration and disinhibition, especially in stressful conditions [78], furthermore,
it has been reported that acetoin can also be used as a carbon source by Bacillus subtilis
[29,76]. Regarding OG1052, in T. sac, it has been shown that PFOR is present as at least
six clusters, with AFK87181.1 as a member of pforF and AFK86082.1 as a member of
pforD. These genes are important for pyruvate dissimilation, with pforA (Tsac_0046/
AFK85084.1; OG320) as the most important member for ethanol production [85]. As pforA
is not a member of OG1052, multiple copies of PFOR with slight differences may help
alleviate redox needs for the cells and quicken reactions, as hinted by both the microarray
data and STRINGdb network [65], which shows that both proteins are co-expressed with
4Fe-4S ferredoxin and other genes of this metabolical pathway.

As mentioned before, one of the bottlenecks in industrial 2G fermentation is
inhibition of pentose transport by C6 sugars, thus, finding better xylose transporters is
desirable to mitigate this occurrence.

Studies with MFS sugar transporters show that most are found to be under
purifying selection [73,79], and better fermenting species are known to have more gene
duplications, suggesting that sugar transport evolved in a multi-genic strategy to increase
transport speed while maintaining their sequence relatively unchanged [44]. Because of
the ATP dependency by ABC transporters, we hypothesized that adaptations should
have occurred to compensate the risk of dispending energy to capture sugar molecules.
Also, selective pressure signals should appear most likely on the sugar binding protein
(xylF) as this energy expenditure would signify specificity to xylose. Thus, we searched
for evidence of positive selection on families related to sugar transport, both MFS and
ABC. No MFS transporters or xylFGH operon members had evidence of positive selection,
except xylF (OG1742), which was found to be positively selected. This is interesting
because xylF being the xylFGH operon’s extracellular protein, responsible for capturing
xylose molecules, and being and ABC transporter, strongly indicates specificity to xylose
to compensate the energy expenditure in transporting solutes. Moreover, most adaptations
found in sugar transporters for yeast after rounds of directed evolution or mutagenesis
are also in amino acid residues close to the predicted binding sites [20,56]. Evidence of
positive selection, coupled with higher expression during xylose fermentation as seen on the
published microarray suggests a higher adaptation for xylose metabolism in this organism
by increasing its efficiency on capturing xylose and may be a key reason on why it is
capable to co-ferment glucose and xylose. Not many sugar transporters specific for xylose
are known and having an independent route for assimilation may alleviate competition of
sugar molecules to the active site of promiscuous MFS transporters.
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Regarding the possibility of using this transporter for present microbial cell
factories, in eukaryotes there are almost no ABC transporters functioning on importing
molecules, only exporters [75]. However, for industrial yeast, in addition to extracellular
pumps related to drug removal and detoxification, there are some ABC importers, such as
AUS1 and PDR11 which are related to external sterol assimilation for ergosterol production
[35,38]. Moreover, horizontal gene transfer has been reported from bacteria to fungi [36,59],
including some genes associated with xylose metabolism, such as Xylose Isomerase [50].
This indicates that adapting current T. sac xylFGH operon for use in yeast may be a
possibility to help co-consumption of xylose and glucose during 2G ethanol fermentation,
such as by mutating key residues in MFS transporters using T. sac xylF as a model.

Thermoanaerobacter species, such as Thermoanaerobacterium saccharolyticum,
have several traits that can benefit industrial biotechnological fermentations, especially 2G
ethanol production, for which T. sac has been engineered to metabolize at a great yield. In
addition to genomic and transcriptomic resources already published, a deep evolutionary
analysis and understanding of T. sac by comparing its genome against other bacteria
groups is presented. Genomic adaptations to environmental stress are shown, such as
heat stress and iron reduction, as well as xylose metabolism, seen at the specific xylFGH
xylose operon, which has been also found in expression data, showing that evolutionary
exploratory analysis can be useful for biotechnological prospecting. These data can serve
as basis on searching for targets for industrial adaptation of T. sac, as well as reveal novel
genes for yeast engineering.
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Discussion

Comparative Genomics and Machine Learning although already established
for different biological studies, are incipient methodologies for understanding biological
industrial applications. By combining these methodologies, researchers can gain a deeper
understanding of the biology of microorganisms and design new biotechnological processes
that are more efficient and environmentally friendly, with lower research and testing costs.
The work on chapter 1 presents a classification model tailored to specifically identify
transporters’ ability to transport xylose. Using oversampling techniques and raising the
prediction threshold, a reliable model was established which identified 25 potential xylose
transporters, four of which were experimentally validated and named as SuL, SpX, SpH and
SpG. All four transporters were capable of transporting xylose, highlighting the success of
the model in prediction of this trait of interest. To create the model, thousands of features
were extracted, either via the protr library, or through own calculations, from all the
analyzed sequences, however a dimensionality reduction was needed to simplify predictions,
reduce overfitting, and facilitate understanding of the most important parameters. This
step was done through feature selection, and a few interesting features were returned which
deserve to be commented.

The first interesting feature is an HMM extracted from the amino acid patterns
in the transporters’ pore, the most important amino acids for sugar affinity [24, 61]. Another
group of features, similarly related, but extracted via protr were some PSSM identities
and AA index, which have also been reported on literature as important for prediction of
membrane transport sequences [50]. These features, coupled with the calculated HMM
feature, show that there is an important hidden motif in the pore region that must be
explored further to find the key amino acids for which rational engineering efforts can
focus on.

A fourth feature that was returned from feature selection was the proportion
of GFV tripeptides throughout the sequence. These tripeptides were all located on the
transmembrane portions of the transporters, and it is still unclear their role with xylose
transport, even though all predicted xylose transporters had a number of these motifs
ranging from 1 to 3 in their sequence. Further studies should elucidate if these regions have
a role with transporter stabilization or some other function related to sugar transport.

This evolutionary and sequence pattern overlap can also be seen on the probable
convergent evolution of the site found under positive selection between the 3 Spathaspora
chosen candidates and the Sugiyamaella transporter, as Sugiyamaella diverged much earlier
but still has the same adaptations as the Spathaspora transporters, which corroborates
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the utility of studying past adaptations with present sequence patterns.

The work on chapter 2 yielded noteworthy results for the studied xylose
transporter families. Firstly, the known E. coli xylose MFS transporter xylE was placed in
a family without any T. sac genes. No T. sac or other Thermoanaerobacterium genes were
found to resemble xylE, with the closest match being a drug resistance transporter. This
initial discovery indicates that Thermoanaerobacterium’s approach to xylose transport
differs from other bacterial groups, potentially indicating a reason for their effectiveness
in 2G co-fermentation. Secondly, no evidence for positive selection was found in the T.
sac MFS transporters, which according to literature is expected. Interestingly enough,
there weren’t many duplicate copies, which is a common evolutionary strategy seen for
transporters in yeast [45], but in prokaryotes it is known that gene duplication is not a main
evolutionary driver [68]. Third, for the ABC transporters, evidence for positive selection
was found for the xylose-specific extracellular binding protein (similar to xylF in E. coli)
close to the predicted binding site. Due to the necessity of energy expenditure for ABC
transporters, it is important that these extracellular binding proteins are extremely specific
to the required sugar, so as not to waste energy, decreasing fitness. Signs of positive selection
and increased expression during xylose fermentation, as shown in published microarray
data [19], suggest this organism has an enhanced adaptation for xylose metabolism. This
may improve its ability to capture xylose and contribute to its capability of co-fermenting
glucose and xylose. Few xylose-specific sugar transporters are known and having a separate
pathway for assimilation could alleviate competition for the active site of non-specific MFS
transporters.

With the interesting evolutionary findings in the T. sac ABC transporters, it
might be useful in next studies to create new machine learning models that try and better
understand the features of these sequences, as a compliment to the MFS features, and
verify if there are convergent patterns in the sugar binding strategies.

Overall it was shown that there are great benefits of prospecting novel genes
of interest for industrial applications, especially sugar transporters, using evolutionary
approaches. Both chapters presented in this work contributed with interesting new xylose
transporters, some that have been further characterized experimentally, and others that
can be further explored on future studies. For chapter 1, in addition to the applied
knowledge, deep evolutionary studies have and are being conducted on the 182 yeasts
data, contributing to the overall evolutionary knowledge of the Saccharomycotina clade.
Coupled with algorithms that can detect present sequence patterns, a significant step was
given to better understand the underlying mechanisms related to the uptake capacity
of xylose by a given transporter. Together these strategies can help immensely during
transporter prospection, by facilitating in silico search and finding proteins with higher
chances of positive results in wet-lab validation, reducing time and costs associated with
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research of this nature. As more data becomes available for the model, the better its
ability to classify xylose tranporters will become, facilitating even further prospection. For
chapter 2 the evolutionary resources for the subset of Firmicutes is available for further
exploration outside of what has been discussed for xylose fermentation, with the additional
provocation of a different strategy for xylose uptake via active transport, that can be
explored for potential takeaways in yeast research.
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Conclusions

2G ethanol can be a viable strategy to decrease dependency on fossil fuels
while maintaining energy security with the possibility to integrate current established
industries with these newer approaches, creating in the process new economic chains and
incorporating ostracized regions into the economy. For these things to make sense, current
issues with 2G ethanol must be solved, with the consumption of xylose by industrial
microorganisms, mainly yeast, as an important point in this process. Xylose is carried
to the cells through proteins called sugar transporters, which in yeast are of the MFS
group. Unfortunately, the known xylose transporters are not efficient, and preferentially
transport glucose in co-fermentation situations. This work attempts to address this issue
by studying through comparative genomics and machine learning approaches what are
the molecular and evolutionary keys that confers the ability to one transporter to carry
xylose while another one has no such ability. In chapter 1 this has been explored by
creating a machine learning model based on available data of known xylose transporters,
which showed many interesting features, such as HMM of the pocket region and PSSMs
of various protein regions, in accordance with the literature, where HMM and PSSM
profiles are shown to be important in defining substrate specificity, indicating that xylose
transport can in part be explained by amino acid patterns [24]. This model has been
successfully used to select interesting transporters for wet-lab validation from a 182 yeast
genomes dataset being used for comparative genomics study. These candidates showed
promise for industrial applications as all of them were capable of transporting xylose, while
the current and next iterations of the model showed promise as an initial screening for
novel pentose transporters discovery. In chapter 2, an interesting organism, T.sac, was
analysed also through comparative genomics to understand its general adaptations to
xylose consumption, and specifically on sugar transporters, as it is able to co-ferment xylose
and glucose. Positive selection in a specific xylose-binding protein of an ABC transporter
was found. Studying more deeply the meaning of these adaptations may be interesting for
rational engineering of known yeast transporters, especially the residues associated to the
binding pocket. While at the moment replacing yeast as the main organism for industrial
2G production might not be the most optimal approach, understanding these adaptations
in other species may bring insights and novelties for rational engineering of yeast or even
change the state of the art in the future for biofuels production.
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Code repository for data used in this work
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APPENDIX C – Other works

In addition to chapters 1 and 2 presented in this thesis, I have collaborated
in many other publications within and outside my research group. Here are the works in
which I participated or are participating, which are more relevant to the topics of this
thesis:

1) Positive Selection Evidence in Xylose-Related Genes Suggests
Methylglyoxal Reductase as a Target for the Improvement of Yeasts’ Fermen-
tation in Industry

https://doi.org/10.1093/gbe/evz036

This work was my first interaction with Comparative Genomics, in which we
analysed 18 yeast genomes searching for adaptations possibly related to xylose metabolism
which we could then suggest as points of interest for industrial biotechnology and genetic
engineering. I was responsible for analysis of several gene families of interest, doing
multiple sequence alignments, phylogenetic inferences, selection analysis, as well as species’
phylogeny, gene gain and loss analysis, etc. I also contributed by writing parts of the
manuscript, mainly parts of the methodology, results, and discussion sections.

2) Novel xylose transporter Cs4130 expands the sugar uptake reper-
toire in recombinant Saccharomyces cerevisiae strains at high xylose concen-
trations

https://doi.org/10.1186/s13068-020-01782-0

In this work Comparative Genomics was used to prospect xylose transporter
candidates in the same dataset of 18 yeast genomes of work number 1. Briefly, the choice of
candidates for wet lab work was done by first inferring phylogenetic relationships between
the best described xylose transporters in literature and the sugar transporters from the 18
genomes dataset. Some of the closest transporters from the dataset to the best described
transporters were then chosen for wet lab validation. I was already working on the 18
yeast genomes dataset for work number 1 and contributed to this work with the whole
phylogenomic pipeline, helping to choose the transporter candidates for the experimental
part of the project, and by writing part of the manuscript, mainly methodology, results
and discussion sections.

3) Structural and biochemical insights of xylose MFS and SWEET
transporters in microbial cell factories: challenges to lignocellulosic hydrolysates
fermentation

in press
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This work is a review of current knowledge of MFS and SWEET transporters
applied to industrial applications. It is currently in prep and I have contributed to the
text on the sections related to the evolution and structure of MFS and SWEET, the use
of evolutionary methods as a screening strategy for biotechnological applications, and the
use of machine learning to detect sequence patterns and predict xylose transport capacity
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