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a b s t r a c t

Kluyveromyces marxianus CCT 7735 has been used to produce ethanol, aromatic compounds, enzymes
and heterologous proteins besides assimilates lactose as carbon source. Its genome has 10.7 Mb and
encodes 4787 genes distributed in 8 nuclear chromosomes and one mitochondrial. Contrary to Kluy-
veromyces lactis, which has a unique LAC12 gene (encodes lactose permease), K. marxianus possesses four.
The presence of degenerated copies and Solo-LTRs related to retrotransposon TKM close to the LAC12
genes in K. marxianus indicates ectopic recombinations. The Lac12 permeases of K. marxianus and K. lactis
are conserved, however the conservation is higher between the copy of the left side of the chromosome
three and the unique copy of K. lactis, indicating that this copy is the ancestor. The expression of the four
LAC12 genes occurred in aerobiosis and hypoxia. Notably, the high lactose consumption in hypoxia seems
to be related to the high expression of the LAC12 genes.

© 2019 British Mycological Society. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Kluyveromyces marxianus is a homothallic, hemiascomycete
yeast belonging to Saccharomycetaceae family, phylogenetically
related to Saccharomyces cerevisiae. It is found in various habitats,
like fruits, sewage, soil and dairy products, which results in a high
metabolic diversity and a substantial polymorphism in their
chromosomes.

K. marxianus is able to metabolize different carbohydrates such
as galacturonic acid, inulin, xylose and arabinose (Kurtzman and
Fell, 1998). It stands out for its ability to utilize lactose as the sole
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carbon source, a characteristic shared with other species of the
genus Kluyveromyces, such as Kluyveromyces lactis, but found in
only 2 % of the known species of yeast. Nevertheless, it is well-
known that the efficiency of lactose utilization varies among the
strains (Grba et al., 2002; Lane et al., 2011). Besides the ability to
assimilate various sugars, K. marxianus has other characteristics
desirable for biotechnological applications, such as respir-
ofermentative metabolism, thermotolerance and high growth rate
and secretory capacity (Fonseca et al., 2008; Groeneveld et al.,
2009). Due to these traits, its biotechnological potential has been
exploited for the production of ethanol, recombinant proteins, ar-
omatic compounds and enzymes such as polygalacturonase, b-
glucosidase and b-galactosidase (Lane and Morrissey, 2010).

The dairy yeast K. lactis has been used as a model for the study of
the lactoseegalactose metabolism (Fukuhara, 2006). In K. lactis, the
permease (Lac12p) transports lactose from the medium into the
cytosol, where this disaccharide is hydrolyzed by b-galactosidase
rved.
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(Lac4p) into its monosaccharides glucose and galactose. The LAC12
and LAC4 genes are specific for lactose metabolism and they are co-
regulated by the same bidirectional promoter with four Gal4p-
binding sites upstream of the genes (Godecke et al., 1991; Rubio-
Teixeira, 2005). On the other hand, information about the regula-
tion of lactoseegalactose regulon in K. marxianus is still scarce.
Recently, analysis of some genomes of K. marxianus highlighted the
fact that all studied strains possess four LAC12 gene copies that are
highly homologous (Lertwattanasakul et al., 2015; Varela et al.,
2017). All copies are in subtelomeric chromosome regions. Notably,
subtelomeric regions are subject to a high rate of duplication and
recombination (Barton et al., 2008), however the nature of the LAC12
duplication and recombination are unknown for instance.

The Lac12p is an integral membrane protein, member of the
major facilitator superfamily and works via a proton-symport
mechanism. It is saturable at high substrate concentrations and is
also able to transport galactose with low affinity (Riley et al., 1987).
It has been suggested that changes in 13 amino acids of Lac12p in
K. marxianus strains are responsible for its great or poor capacity to
transport lactose. Changes were found in transmembrane domains
and cytoplasmic region alike, however, the distribution of these
residues did not show any particular pattern regarding the poten-
tial protein structure (Varela et al., 2017).

The strain K. marxianus CCT 7735, previously designated as UFV-
3, was isolated from a dairy industry because of its outstanding b-
galactosidase production, and it showed potential for producing
ethanol from medium content lactose, such as: whey permeate,
synthetic medium or complex medium (Silveira et al., 2005; Diniz
et al. 2012, 2014; Ferreira et al., 2015). The authors also showed
that the specific lactose consumption is higher in hypoxia, indi-
cating that oxygen concentration plays an important role in the
lactose uptake. In addition, these authors observed that the specific
ethanol production is also higher under hypoxic conditions, indi-
cating a connection between transport and fermentative flow.

Compared to K. lactis, K. marxianus CCT 7735 displays a higher
fermentative capacity, which is related to high expression of the
RAG6 gene (pyruvate decarboxylase), LAC4 gene (b-galactosidase)
and genes of the Leloir pathway under hypoxia and high lactose
concentrations (Diniz et al., 2012). Nevertheless, it is still not clear
whether the oxygen concentration regulates the expression of the
lactose transport in yeasts of the Kluyveromyces genera.

The genome of K. marxianus CCT 7735 was sequenced and the
transcriptome in ethanol stress conditions was recently published
(Diniz et al., 2017). The draft genome was assembled in nine scaf-
folds representatives of K. marxianus CCT 7735 chromosomes and
the predicted proteins presented high similarity to proteins of
K. marxianus DMKU3-1042 and K. lactis CBS 2359 strains. To better
understand the genetics features of K. marxianus, a comparative
analysis of its genome (published in 2014, Silveira et al., 2014) with
K. lactis and other genomic sequences of K. marxianus was per-
formed. The main objective of this study was to evaluate the
expression patterns of lactose permeases genes in both aerobiosis
and hypoxia and analyze their polymorphisms.

2. Materials and methods

2.1. Strains, media and growth conditions

To evaluate the expression of lactose permease genes, the
strains K. lactis CBS 2359 (¼NRRL Y-1140) and K. marxianus CCT
7735 (¼UFV-3) were used. K. marxianus CCT 7735 were deposited
in the Tropical Culture Collection Tonsello Andr�e Foundation,
Campinas, S~ao Paulo, Brazil. The yeasts were maintained frozen in
20 % glycerol at �80 �C. The pre-culture was obtained by adding
1 mL of the culture stored to a volume of 20 mL of YNB (Yeast
Nitrogen Base) medium without amino acids (Sigma-Aldrich, St.
Louis, USA) and 2 % (w/v) of lactose in Erlenmeyer flasks of 125 mL.
These pre-cultures were incubated in a rotary shaker (New
Brunswick Scientific 25D, NJ, USA) at 37 �C with agitation of
200 rpm for 16 h. Posteriorly, the cultures were centrifuged at
3000 g for 5 min at 4 �C. The cell pellet was washed twice with
peptone 0.01 % (w/v), before being added to a new culture medium.

To determine the kinetic parameters of growth, the cells were
cultured in 500 mL (aerobiosis) or 250 mL (hypoxia) Erlenmeyer
flasks filled with 150mL of the culture. The cultures were incubated
at 30 �C in a rotary shaker at 200 rpm (aerobiosis) or 50 rpm
(hypoxia). In hypoxic condition, the culture medium was purged
with nitrogen gas (99.9 %, v/v purity) prior to cell inoculation. The
cultures were initiated at an optical density 600 nm (OD600) be-
tween 0.08 and 0.1. Growth of the cells was measured every hour in
a spectrophotometer (Multiskan™ Go, Thermo Scientific, MA, USA),
until the stationary phase. The growth rate was determined by
linear regression of the plot of ln OD600 unit versus time (h) in the
exponential growth phase.

2.2. Analytical methods

Samples were collected at regular intervals (hourly) in order to
analyze both lactose consumption and ethanol production. The
culture supernatants were collected by centrifugation at 10 000 g
for 10 min. Supernatant was passed through a 0.13 mm syringe
filter (0.22 mm, Merck Milipore Co., Germany) prior to the injection
into the HPLC (CTO-20A, Shimadzu, Japan). Ethanol and lactose
concentrations were analyzed by HPLC by injecting 10 mL into an
ion exchange column (Aminex HPX-87H 300 � 7.8 mm, 9 mm, Bio-
Rad, Munich, Germany) with 5 mmol H2SO4 as eluent at 0.6 mL/
min, 60 �C and detection by refraction index (RID-20A, Shimadzu,
Japan). Quantification of all substances was performed by calibra-
tion and verification with external standards.

2.3. Determination of the dry weight and fermentative parameters

Dry weight of biomass was determined in samples of 5 mL each
by centrifugation at 10 000 g for 5 min at 4 �C. The wet pellets were
washed twice and then dried for 24 h at 105 �C and thenweighed. A
suspension of 1 mL was used to dilute the cells: 2 � 10�1, 3 � 10�1,
4� 10�1, 5 � 10�1 and 6 � 10�1. The dry mass (gdw) was calculated
by a linear regression of the plot of the OD600 versus dry weight.

The determination of the ethanol yield (YP/X [g g�1]) was ob-
tained by angular coefficient (slope) of the plot cell dry weight
(gdw) versus ethanol concentration. Cell biomass yield (YX/S [g g�1])
was determined by slope from a linear regression of the plot gdw
versus lactose concentrations (g L�1). All linear regression was
performed at exponential growth phase. The specific ethanol pro-
duction rate (qP, [g g�1 h�1]) was calculated as follows: qP ¼ m*YP/X,
where m ¼ specific growth rate (h�1). Whereas the specific lactose
consumption rate (qS, [g g�1 h�1]) was determined as follows:
qS ¼ m/YX/S.

2.4. Gene prediction and functional annotation

The genes of K. marxianus CCT 7735 (Silveira et al., 2014) were
predicted using Augustus version 2.5.5 (Stanke and Waack, 2003;
Stanke et al., 2006). Gene prediction was performed by using the
trained dataset of K. lactis, which is available in the Augustus
default installation. All proteins encoded by predicted genes were
functionally annotated through similarity searches using BLAST
version 2.6.0 (Altschul et al., 1990) and HMMER version v3.1b2
(Finn et al., 2011). In these searches, protein sequences were
aligned to the yeast reference proteomes available at UniProt
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database. Additionally, the predicted proteins were manually clas-
sified in fourteen functional classes selected at Gene Ontology (GO)
consortium database (www.geneontology.org/), by analyzing the
results of similarity searches.

2.5. Comparative genomic analysis

In order to gain insights regarding the genetics features of
K. marxianus CCT 7735, its genome e GenBank database under the
accession numbers CP009303 to CP009311 e and predicted pro-
teins were compared those of K. lactis and other K. marxianus
strains which are available at NCBI Assembly database (https://
www.ncbi.nlm.nih.gov/assembly). The genome sequences of
K. lactis CBS 2359 strain (accession code: GCA_000002515) and
K. marxianus strains DMKU3-1042 (GCA_001417885) and NBRC
1777 (GCA_001417835) were downloaded and analyzed using
BLAST version 2.6.0, OrhtoVenn (Wang et al., 2015), SynChro
(Drillon et al., 2014) and Mauve (Darling et al., 2004).

To evaluate the degree of conservation of genes and proteins of
K. marxianus strains and K. lactis, the gene set of each genome was
aligned by a bidirectional approach using BLASTN tool and the
orthologous proteins were clustered using OrthoVenn. To analyze
the synteny of genomes and identify conserved blocks of genes, the
chromosomes sequences were aligned using Mauve and the syn-
tenic blocks between K. marxianus and K. lactis were identified
using SynChro.

2.6. Identification, classification and analysis of transposable
elements (TEs)

The identification and classification of retrotransposon ele-
ments in the regions close to the loci of lactose permease genes of
K. marxianus CCT 7735 genome were performed using the LTR-
Finder (http://tlife.fudan.edu.cn/ltr_finder/) (Xu and Wang, 2007)
and Censor programs (Kohany et al., 2006). In addition, the analysis
of open reading frames in coding regions of each identified TE were
carried out using ORF-finder tool (http://www.ncbi.nlm.nih.gov/
projects/gorf/). The sequences found were classified as complete
elements and degenerate sequences. Complete elements contain
sequence similarity with proteins related to transposition ma-
chinery and terminal repeats conserved. Degenerate sequences
contain sequence identity with TKM retrotransposon, however lack
structural features or protein coding sequences related to
transposition.

2.7. Evidence of ectopic recombination

Evidence of ectopic recombination in the TEs flanking the
duplicate genes of the lactose metabolismwere analyzed using RDP
(Recombination Detection Program) (Martin and Rybicki, 2000),
Geneconv (Padidam et al., 1999), Bootscan (Martin et al., 2005),
Maximum Chi Square (Smith, 1992) Chimaera (Posada and
Crandall, 2001), Sister Scan (Gibbs et al., 2000), and 3Seq (Boni
et al., 2007) implemented in RDP version 3.0 (Martin et al., 2010).
TEs belonging to each family were aligned using Mega version 6.06
(Tamura et al., 2013). Alignments were analyzed using standard
configurations for the different methods implemented in RDP
software with a 0.005 cutoff for the Bonferroni-corrected p-value.
Only ectopic recombination events detected by at least four of the
methods used were considered reliable.

2.8. Structural modeling of lactose permease

The prediction of three-dimensional structure of the Lac12
protein was based on homology modeling frommultiple templates
using Phyre2 (Protein Homology/analogy Recognition Engine
version 2.0) (Kelley et al., 2015). The structure in PDB format was
visualized with Pymol version 2.0 (Schr€odinger, LLC). The quality of
obtained models was measured by evaluation of geometry and
stereochemistry, energy distribution and other characteristics of
the 3D models, using RAMPAGE (Ramachandran chart) (http://
mordred.bioc.cam.ac.uk/~rapper/rampage.php), and PROSA-Web
(Wiederstein and Sippl, 2007). The correction of the molecular
dynamics was done through the YASARA Energy Minimization
Server (Krieger and Vriend, 2014). TMHMM Server v.2.2 (Krogh
et al., 2001) was used for prediction of the transmembrane he-
lixes of the proteins, the common regions were aligned by Clustal
Omega web server (Sievers and Higgins, 2014) and a selection of
the exposed parts of potential interaction with lactose was chosen
and aligned by WEblogo 2.8.2 (Crooks et al., 2004).
2.9. Total RNA extraction and cDNA synthesis

The total RNA was isolated using miRneasy Mini Kit (Qiagen,
Netherlands), as suggested by Tesorero et al. (2013) and its quality
was evaluated by agarose gel electrophoresis 1 % (w/v). Subse-
quently, the concentration of total RNA was determined by spec-
trophotometer, l ¼ 260 nm and A260/A280 ratio calculated. Then,
1 mg of RNAwas treated with DNAse I free RNAse (BioLabs, NE, USA)
for complementary DNA strand synthesis. Posteriorly, the Poly-
merase Chain Reaction (PCR) was performed to check the RNA
contamination with genomic DNA. A primer pair for the gene
encoding glyceraldehyde 3P dehydrogenase was used in PCR. In the
synthesis of 20 mL of cDNA, 0.5 mL of treated RNA was used in the
reverse transcription reaction IMPROM-II (Promega, WI, USA)
containing random primers as described in the manufacturer's
manual. The amplification products generated were analyzed by
agarose gel electrophoresis 1.0 % (w/v). The positive control of
reverse transcription reaction was performed with chromosomal
DNA, while the negative control was carried out with the total RNA
treated with DNase.
2.10. Real-time PCR analysis

The analysis of the expression of lactose permease genes was
performed by Real Time PCR. Primers were designed by Primer3-
Web version 4.0.0 (http://primer3.sourceforge.net) and are shown
in Table 1. The qPCR was prepared with the SYBR Green PCR Master
(Invitrogen, CA, USA). PCR reaction contented: 1 mL of cDNA, 12.5 mL
of the mixture SYBR® Green (dye SYBR® Green I, MgSO4, dNTPs, and
Taq polymerase),1 mL of each primer, and 4.5 mL of DEPCwater were
added. The efficiency of the primers was previously checked by
PCR. The amplification was performed in the equipment of Bio-Rad
(Real-Time CFX96 System) using the following program: 95 �C for
10 min, then 40 cycles (95 �C for 30 s and 60 �C for 1 min) followed
by a gradual denaturation for elaboration of the melting curve, with
increment of 1 �C per minute until the temperature of 95 �C. The
fluorescence intensity of each transcript, TC, was determined from
the linear increase in fluorescence above the baseline fluorescence
(background). The relative expression was determined using the
relative quantification method 2�DDCT (Winer et al., 1999; Livak and
Schmittgen, 2001), inwhich the expression of the constitutive gene
encoding glyceraldehyde 3-P dehydrogenase is evaluated as an
endogenous control. To calculate the efficiency of each primer pair,
a standard curve using a series of cDNA dilutions was constructed.
This experiment was carried out in three replicates.



Table 1
Primers used in qPCR to amplify lactose permease genes of Kluyveromyces marxianus.

Target (Reference) Primer name (Sequence 50-30) Amplicon size

LAC12 Chr2 (this work) Chr2.1Lac12L (GCAGACACTTCTAGCTTGCC)
Chr2.1Lac12R (TCGTCCTGCTTCTTATCTGGA)

110 nt

LAC12 Chr3.c1 (this work) Chr3.c1Lac12L (ATCGGGATCACAAGGAAGCC)
Chr2.c1Lac12R (GCACTTCCTCTCTAGCGTCC)

100 nt

LAC12 Chr3.c2 (this work) Chr3.c2Lac12L (TGGGAGCAGTAGAACATAAGGAG)
Chr3.c2Lac12R (TTCGTTGGTGTCTTCTGCGT)

119 nt

LAC12 Chr8 (this work) Chr8.1Lac12L (ACAGATCCAGTATTTGCCGCA)
Chr8.1Lac12R (TCTTCAATCGTCATGGCATCC)

117 nt

All LAC12 (this work) ALLLac12L (GAATGTTTTGATGAATGGTGT)
ALLLac12R (CCTTGGGTTTGGAGCCTCAA)

113 nt

GAPDH endogenous (Wu et al., 2012) G3PR (TCTCTGAAGGTAAGTTGAAGGACG)
G3PF (TCTCTGAAGGTAAGTTGAAGGACG)

120 nt
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2.11. Phylogenetic tree

The phylogenetic tree was computed using the MEGA 6.0.6
program (Tamura et al., 2013), using the statistical method of
maximum likelihood and JoneseTayloreThornton (JTT) model.

2.12. Statistical analysis

All experiments were performed in triplicates. The statistical
significance of the physiological parameters was determined by
Student's t test, and the normality test was determined by
ShapiroeWilk test. A p value � 0.05 was considered to be
significant.

3. Results and discussion

3.1. Functional analysis of coding sequences

Table 2 summarize the characteristics of three Kluyveromyces
genomes: K. lactis, K. marxianus CCT 7735 and K. marxianus
DMKU3-1042. Based on similarity analysis, the proteins encoded by
K. marxianus CCT 7735 genes were classified into 14 functional
groups based on gene ontology (GO) terms (Fig. 1A and Table S1). In
total, 814 (17 %) of 4774 predicted proteins were annotated as
“hypothetical proteins” and proteins without defined function.
These proteins were included in the first group. The “metabolic
processes” group was formed by 860 (18 %) proteins involved in
central carbon metabolism as well as other enzymes that partici-
pate in other catabolic or anabolic reactions.

Taking into account that some strains of K. marxianus are one of
the few yeasts capable of assimilating lactose as the sole carbon and
energy source, we proposed a specific group for the “lactose
metabolism”. This group is formed by 28 proteins including the
lactose permease, b-galactosidase and enzymes of the Leloir
pathway. Notably, we found four copies of the gene encoding
lactose permease (LAC12) in K. marxianus CCT 7735 genome; one in
the chromosome 2, two in the chromosome 3 and one in chro-
mosome 8. One of the copies of the chromosome 3 is located
physically close to the gene encoding b-galactosidase (LAC4). It
should be pointed out that K. lactis has only one copy of the LAC12
gene and it is also close to the LAC4 gene. The b-galactosidase
Table 2
General characteristics of three Kluyveromyces genomes.

Species Genome size (Mb) Average GC

K. marxianus CCT 7735 10.70 39.11
K. marxianus DMKU3-1042 10.97 40.14
K. lactis 10.60 38.70

GC: guanine þ cytosine.
CDS: coding DNA sequence.
enzyme is responsible of hydrolyzing lactose into glucose and
galactose; these monomers are metabolized by the glycolytic and
the Leloir pathways respectively. Three genes, encoding the en-
zymes of the Leloir pathway, were identified on chromosome 2 of
K. marxianus CCT 7735. These genes are organized in sequentially in
the chromosome 2. The first gene encodes a galactose-1-phosphate
uridyltransferase enzyme (GAL7). The second gene encodes a uri-
dine diphosphoglucose 4-epimerase (GAL10), while the third one
encodes the enzyme galactokinase (GAL1), which plays both cata-
lytic and regulatory roles.

Another important feature of K. marxianus CCT 7735 is its
fermentative capacity (Diniz et al., 2012). Thus, we retrieved from
the genome sequence a fourth subset of 25 genes associated with
ethanol metabolism (“alcohol metabolic process”). Among them,
those encoding alcohol dehydrogenases, aldehyde dehydrogenases
and pyruvate decarboxylase.

The fifth group includes 296 proteins related to “transcription”,
such as RNA polymerases and transcription factors. In the “cell di-
vision” group, 418 proteins related to cell division such as chromo-
some segregation, budding and sporulation, were included. The 651
proteins involved in two-component systems are in the “signaling”
group. The 213 genes encoding proteins related to cellular transport
processes (“proteins, sugars and ions”) were put in the eight group
(“transport”). The group “DNA metabolic process” was formed by
148 proteins involved in the process of DNA replication, DNA repair
and transposition (“transposon activity”). A total of 572 proteinswith
structural function, as tubulin, actin, myosin and cell wall synthesis,
formed the group “structural molecule activity”. The group “protein
metabolic process” is constituted by 143 proteins involved in the
translation process, such as, those encoding ribosomal components
and elongation factors.

A specific group for “response to stress” was created and it in-
cludes 84 heat shock proteins and other proteins related to
oxidationereduction processes. The ubiquitin, proteases and other
components were included in the “protein catabolic process” group
(group 13). Finally, we also proposed a “mitochondrial derivate”
group related to division and segregation in the mitochondria,
including 129 proteins.

It is important to point out that there is no evidence of
specialized chromosomes for K. marxianus, containing a high fre-
quency of genes with related functions. Our proposed classification
content (%) Total CDS Source

4787 Silveira et al. (2014)
4952 Lertwattanasakul et al., 2015
5329 Dujon et al. (2004)



Fig. 1. An overview of K. marxianus CCT 7735 genome. (A) Functional classification of predicted Coding DNA Sequences (CDS) of K. marxianus CCT 7735. The numbers in left
correspond to the CDS counting in each chromosome of K. marxianus DMKU3-1042, NBRC1177, and CCT 7735, for comparison purposes. The stacked bar chart shows the frequencies
of functional classes in which the CDS of K. marxianus CCT 7735 were classified in each chromosome. (B) Clustering of orthologous proteins of K. marxianus CCT 7735, K. marxianus
DMKU3-1042, K. marxianus NBRC 1777 and K. lactis CBS 2359. The Venn diagram plotted by OrthoVenn shows shared orthologous protein clusters among the Kluyveromyces strains.
The number of proteins of each Kluyveromyces strain and the number of orthologous groups in which they were included are listed below.
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showed that the eight chromosomes contains proportionally a
similar number of genes involved in each functional group. Groups
“lactose metabolism” and “alcohol metabolic process” are found in
lowest frequencies, once their proteins are very specific in com-
parisonwith the other groups. It is noteworthy that K. marxianus, in
contrast to S. cerevisiae, is a pre-whole genome duplication (WGD)
yeast, which explains the low redundancy of genes. Consistent with
that, Dujon et al. (2004) showed that in K. lactis, which is also pre-
WGD yeast, the frequency of blocks of genes involved in the same
function is low.

In order to better understand the metabolic diversity among
K. marxianus strains, we clustered the orthologous proteins of
K. marxianus CCT 7735, K. marxianus DMKU3-1042 and
K. marxianus NBRC1777 using Orthovenn (Fig. 1B). We also
compared themwith the well-studied K. lactis CBS 2359 strain. The
comparison among proteins of three K. marxianus strains and
K. lactis CBS 2359 showed high conservation among them. These
yeasts have a similar number of proteins, which were clustered in a
similar number of orthologous groups. Most of proteins were
clustered in 4335 groups that are shared by all analyzed yeasts.

Six out of the ninety-two orthologous groups shared exclusively
among K. marxianus strains are related to sugar transport. In
K. lactis CBS 2359, there is also a group including a sugar transport
protein among its fourteen exclusive clusters. It is noteworthy that
K. marxianus CCT 7735 has two exclusive clusters of orthologous
proteins, one of them includes an ABC transporter and the other a
hypothetical protein. K. marxianus DMKU3-1042 showed three
exclusive clusters, one of them includes a transposon protein and
the others are hypothetical proteins. Likewise, K. marxianus
DMKU3-1042, K. marxianus NBRC1777 also presents 3 exclusive
clusters, including a nucleolin, a 3-dehydrosphinganine reductase
and a hypothetical protein. K. marxianus CCT 7735 and K. lactis
share 22 unique clusters of orthologous proteins, that include nine
ribosomal proteins, one nuclear pore complex protein Nup62, one
vesicle-associated protein and eleven hypothetical proteins. These
unique cluster comparisons do not reveal a clear difference in terms
of metabolic diversity among K. marxianus strains. Therefore, the
differences may be related to a polymorphism between the strains/
species once that most of proteins were included in orthologous
groups shared by all yeasts.

The study of the conservation of synteny between species allows
to trace the events which have shaped the genome evolution.
When applied to yeasts, synteny analysis revealed a considerable
extent of genome reorganization (Dujon et al., 2004). In order to
gain insights about genome organization in K. marxianus, we
compared the genes set of the six chromosomes of K. lactis CBS
2359with those of the eight chromosomes of K. marxianusDMKU3-
1042, selected as reference due its complete genome, using



Fig. 2. Genome comparison between K. marxianus and K. lactis. (A) Comparison of Coding DNA sequences (CDS) repertory of K. marxianus DMKU3-1042 (selected as reference) and
K. lactis CBS 2359 through similarity searches. The set of CDS of each chromosomes of K. marxianus (chromosomes 1 to 8) and K. lactis chromosomes (A to F) were compared using
BLASTn. (B) Synteny map reconstructed by Synchro. The horizontal bars correspond to the eight chromosomes of K. marxianus and the colored segments corresponds to segments of
the six chromosomes of K. lactis. The synteny map suggest that ancestral yeasts underwent a chromosomal shuffling which resulted in the speciation event between K. marxianus
and K. lactis.

Table 3
Genome localization of the identified transposable elements (TEs).

Name Chromosome Distance to LAC12 Status

TKM1 Chromosome 3 22 184 pb upstream Complete
TKM2 Chromosome 3 15 000 pb upstream Complete
TKM3 Chromosome 3 7815 pb upstream Complete
TKM4 Chromosome 8 10 567 pb upstream Complete
TKM5 Chromosome 8 8342 pb upstream Degenerated
Solo-TKM1 Chromosome 2 5921 pb downstream LTR solo
Solo-TKM2 Chromosome 2 3078 pb downstream LTR solo
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similarity searches (Fig. 2). Due to the phylogenetic proximity be-
tween the two species, most of K. marxianus genes have homologs
in K. lactis. The analysis of best-hits in similarity searches provided
some insights about recombination events between these two
yeasts, suggesting that chromosome rearrangement with exchange
of gene blocks occurred in the course of evolution.

The chromosome 1 genes of K. marxianus share homologs
mainly with the genes of chromosomes A, C and E of K. lactis
(Fig. 2A). The genes of chromosome 2 with the chromosomes D, E
and F. The genes chromosome 3 share homologous with those
located in chromosomes A, B, C and E. For the chromosome 4, the
highest number of homologs is on chromosomes B and E.
Approximately, half of the genes on chromosome 5 of K. marxianus
have homologs on chromosome D of K. lactis. Chromosome 6 shares
a higher number of homologs with chromosomes D and E. Chro-
mosomes 7 and 8 have a similar pattern of homologs distribution
with K. lactis, sharing the highest number of homologs with chro-
mosome E.

The synteny map (Fig. 2B) agreed with the patterns of homologs
distribution observed in similarity searches, suggesting that
ancestral yeasts underwent a chromosomal shuffling which resul-
ted in the speciation event between K. marxianus and K. lactis. Gene
clusters and proteins are conserved but their arrangement is
different in the genomes of these two Kluyveromyces species, which
may be associated with the physiological differences in response to
environmental shifts that these species experienced.
3.2. Transposable elements analysis

The gain and loss of specific genes may be critical for the func-
tional differentiation between species and evolution. The acquisi-
tion of three further copies of lactose permease in K. marxianus
compared to K. lactis raises the question of their origin. These copies
are in subtelomeric regions, which are hotspots of gene evolution
and functional divergence (Anderson et al., 2015). Gene duplication
events could be products of DNA repair mechanisms, replication,
and due to ectopic recombination among transposable elements of
the same family (Chia and Goldenfeld, 2011). To address this issue,
we analyzed repetitive DNA sequences close to lactose permease
genes in K. marxianus CCT 7735 genome. Five copies of retro-
transposons were identified (Table 3). These elements were aligned
against sequence of transposable elements deposited in RepBase
(http://www.girinst.org/repbase/update/index.html) via CENSOR
program (Kohany et al., 2006). The copies found belong to retro-
transposon TKM (Neuv�eglise et al., 2002). Table 3 shows complete
retrotransposon copies in chromosome 3 and 8 and one degen-
erated element in the chromosome 8. The retrotransposon TKM is
5994 nucleotides in length and has two ORFs (open reading frames)
related to the gag (capsid-related retrotransposon protein) and pol
(polyprotein) regions containing protease, integrase, reverse tran-
scriptase and RNase H (Neuv�eglise et al., 2002). Furthermore, in the
chromosome 2 were identified two Solo-LTRs (long terminal re-
peats) belonging to TKM retrotransposon (Neuv�eglise et al., 2002)
(Table 3). The presence of degenerated copies and Solo-LTRs related
to retrotransposon TKM indicates possible ectopic recombinations.
Furthermore, evidences of ectopic recombination in the TEs close to
the LAC12 gene were analyzed using RDP software (p < 0.005), the
results (Table S2) showed four recombination events between the
retrotransposons located in the chromosomes 3 and 8.

Therefore, the characterization of TEs close to LAC12 region
suggests that they have been responsible of increasing the copy
number of the LAC12 gene. The extra LAC12 copies may be related to
the higher lactose uptake in some K. marxianus strains than in
others.
3.3. Lactose metabolism analysis

The major common feature between K. lactis and K. marxianus
strains isolated from dairy environments is the capacity to assim-
ilate lactose as the sole carbon source, which is absent in
S. cerevisiae (Lane and Morrissey, 2010). Regarding
lactoseegalactose genes, K. marxianus CCT 7735 has, in contrast to
K. lactis, four copies of the LAC12 gene (Table S3) and two copies of



Table 4
Physiological parameters of K. marxianus CCT 7735 and K. lactis CBS 2359 cultured under aerobiosis and hypoxia, in minimal medium (YNB) containing lactose (20 g/L) as the
sole carbon source.

Parameters K. marxianus CCT 7735 K. lactis CBS 2359

Aerobiosis Hypoxia Aerobiosis Hypoxia

Growth rate ([m] h�1) 0.41a* ± 0.00 0.20b ± 0.01 0.30a ± 0.01 0.15b ± 0.01
YX/S (g g�1) 0.18a ± 0.02 0.06b ± 0.01 0.17a ± 0.03 0.06b ± 0.01
YP/X (g g�1) 2.10b ± 0.16 5.11a ± 0.24 1.88b ± 0.16 3.47a ± 0.28
qS (g g�1 h�1) 2.26b ± 0.20 2.81a ± 0.28 1.80b ± 0.26 2.74a ± 0.50
qP (g g�1 h�1) 0.86b ± 0.07 1.00a ± 0.03 0.57a ± 0.06 0.53a ± 0.06

*Equal letters mean that there is no statistical difference between treatments
± standard deviation.
YX/S ¼ Cell biomass yield.
YP/X ¼ ethanol yield per cell mass.
qS ¼ specific lactose consumption rate.
qP ¼ specific ethanol production rate.

Fig. 3. Relative LAC12 genes expression in K. marxianus CCT 7735 by quantitative real
time PCR (qRT-PCR). LAC12 genes expression were normalized to endogenous glycer-
aldehyde 3-P dehydrogenase (GAPDH) gene. K. marxianus CCT 7735 was cultured in
YNB medium containing lactose as the sole carbon source under aerobic and hypoxic
conditions.
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the GAL5 gene. As aforementioned, K. lactis has only one copy of
both LAC12 and GAL5 genes. It is noteworthy that other K. marxianus
strains have the same number of copies of these genes
(Lertwattanasakul et al., 2015; Varela et al., 2017).

Although the capacity of metabolizing lactose is a remarkable
trait of K. marxianus, several studies have pointed out that this trait
is variable between strains (Grba et al., 2002; Lane et al., 2011;
Rocha et al., 2011). Varela et al. (2017) evaluated fifteen
K. marxianus strains in order to detect the degree of variability
between them. They observed a clear bimodal distribution because
six strains (CBS 397, CBS 608, NCYC 179, CBS 5795, CBS 6432 and
CBS 1555) grew and consumed a high amount of lactose. On the
other hand, nine strains (CBS 6556, CBS 5670, CBS 4857, CBS 712,
CBS 7894, CBS 7858, CBS 1596, CBS 2233 and CBS 4354) grew poorly
and showed a low capacity of lactose uptake. The strain used in this
study, that is, K. marxianus CCT 7735 grew well on lactose with
maximum growth rate of 0.41 h�1, which is expected since it was
isolated from a dairy industry (Silveira et al., 2005).

We hypothesize that this may be related to a higher lactose
uptake. To address that, we evaluate the physiological parameters
of both K. marxianus CCT 7735 and K. lactis CBS 2359, which is
considered a model organism for lactose metabolism studies,
grown on minimal medium containing lactose as the sole carbon
source under aerobiosis and hypoxia (Table 4).

K. marxianus strains display higher growth rates (m); indeed
K. marxianus CCT 7735 grew faster than K. lactis CBS 2359 under
both aerobic and hypoxic conditions (Table 4). In hypoxia, we
observed in both yeasts that the growth rate and cell biomass (YX/S)
decreased. In agreement with these results, the ethanol yield per
cell mass (YP/X) increased (Table 4). K. marxianus CCT 7735 stood
out in terms of ethanol production, since its YP/X and qP parameters
were higher than in K. lactis CBS 2359 (Table 4). As shown in Table 4,
both specific lactose consumption rate (qs) and qp in K. marxianus
CCT 7735were higher in hypoxia than in aerobiosis, highlighting its
great capacity to convert lactose into ethanol.

Based on our results, we hypothesize that the observed differ-
ence between K. marxianus and K. lactis in terms of lactose uptake is
due to the expression level of the LAC12 genes. Thus, we also
analyzed the expression of the four LAC12 genes by real time PCR in
order to evaluate which of them are expressed in K. marxianus CCT
7735 in both aerobiosis and hypoxia (Fig. 3).

In aerobiosis, the expression of the LAC12 genes found in the left
arm of chromosome 3 (Chr3.c1), chromosome 2 (Chr2) and chro-
mosome 8 (Chr8) was similar. The copy located in the right arm of
the chromosome 3 (Chr3.c2) had a lower expression (0.98). These
results suggest that the high lactose consumption rate in
K. marxianus CCT 7735 is, in part, explained by the expression of the
three copies aforementioned. These results are in contrast to the
data previously published by Varela et al. (2017). These authors
observed that the expression of the Chr3.c1 copy was higher than
the other LAC12 genes, while the copies Chr3.c2 and Chr8 had only
basal expression, and the copy Chr2 had some degree of lactose
induction but the level of expression was low compared to Chr3.c1.
They also suggested, based on phenotypic, biochemical and genetic
data, that the main transporter responsible for lactose uptake in
K. marxianus CBS 397 and K. marxianus CBS 6556 is the LAC12 gene
located on the left arm of chromosome 3, transcribed divergently
from the LAC4 gene. Oppositely, our results suggest that in
K. marxianus CCT 7735, contrary to K. marxianus CBS 397 and
K. marxianus CBS 6556, three permeases are significantly expressed.
Silveira et al. (2019) evaluated the lactose transport in K. marxianus
CCT 7735 in aerobiosis, which was characterized by maximal ve-
locity (Vmax) of 3.67 ± 0.30 mmol h�1 g�1 (dry weight) and a half-
saturation constant (KS) of 1.67 ± 0.41 mmol l�1. These authors
indicated that two different lactose transporters or two sequence
variants of the same transporter are functional in K. marxianus CCT
7735.

Under hypoxic conditions, we observed a higher expression of
the LAC12 genes compared to aerobiosis. The expression of the
copies Chr3.c1 and Chr2 were four and three-fold higher, respec-
tively. These results agreed well with the results published by Diniz



Fig. 4. Model to the protein biologically feasible for Lac12p copy Chr3.c1 of K. marxianus. (A) Results of PROSA and (B) Ramachandram graph.

Fig. 5. Model to the protein biologically feasible for Lac12p of K. lactis. (A) Results of PROSA and (B) Ramachandram graph.
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Table 5
Results of the mean deviation of the alignment between the structures of the lactose permease copies. The mean deviations are the RMSD (Root-Mean-Square Deviation)
values, which represent the displacement among the atoms of two protein structures aligned using the Pymol version 2.0 software.

Chr2 Chr3 copy1 Chr3 copy 2 Chr8

K. lactis 0.935 1.046 0.986 0.919
Chr8 1.067 1.202 0.737 e

Chr3 copy 2 0.972 1.148 e e

Chr3 copy1 0.925 e e e

Fig. 6. Model structure of Lac12 protein by K. marxianus and K. lactis. (A) Homology model structure of Lac12 protein and Weblogo plots comparing the extracellular regions of the
four copies of K. marxianus CCT 7735. (B) Homology model structure of Lac12 protein andWeblogo plots comparing the extracellular regions of Chr3.c1 of K. marxianus CCT 7735 and
K. lactis CBS 2359. Extracellular regions were highlighted in magenta. Amino acid conservation of extracellular region is showed as Weblogo plots.

Fig. 7. Phylogenetic tree of lactose permease. The majority-rule consensus tree of
amino acid sequences of the lactose permease copies in genomes of K. marxianus
DMKU3-1042, K. marxianus NBRC 1777, K. marxianus CCT 7735, and K. lactis CBS 2359
was obtained by Maximum Likelihood (ML). Beside each node, the bootstrap values
(expressed as percentage) calculated by MEGA are shown.
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et al. (2012). These authors showed that the expression of the genes
encoding b-galactosidase, pyruvate decarboxylase and most of the
enzymes of the Leloir pathway (galactokinase, galactose-1-
phosphate uridyltransferase, and epimerase) were also upregu-
lated in K. marxianus CCT 7735 under hypoxic conditions. Beyond
expression, they also observed enhanced activities of b-galactosi-
dase and pyruvate decarboxylase. Therefore, the upregulation of
lactose transporters and of those enzymes along with the increase
of lactose uptake and enzymatic activities are likely related to the
high fermentative metabolism of K. marxianus CCT 7735 under
hypoxia.

3.4. Structural modeling of lactose permease

The high lactose consumption rate in K. marxianus CCT 7735
might also be associated with sequence variation among the copies
of lactose permease protein, which influences both protein struc-
ture and activity. In order to detect structural differences among the
lactose permeases of K. marxianus CCT 7735 and K. lactis CBS 2359,
we predicted structural models using a homology modeling
approach (Figs. S1eS5). The models of the proteins encoded by the
four LAC12 genes of K. marxianus and the single gene of K. lactis
were based on twenty templates, with 99e100 % of confidence and
identity of 23 to 8 % (Table S3). The predicted structures are basi-
cally composed by a-helixes. The validated quality by PROSA and
the Ramachandram graph can be seen in Figs. 4 and 5 and in
Supplementary Figs. S6eS8. The mean deviations of the alignment
of the proteins were made by PyMOL and can be seen in Table 5.

In order to evaluate differences between the permeases, as well
as in lactose transport, we selected the peptides outside of the
membrane using TMHMM server 2.0 (Krogh et al., 2001). They
were located in the structure and aligned. Amino acid conservation
between the models was identified by Weblogo plots. The four
proteins of K. marxianus CCT 7735, and the single one of K. lactis CBS
2359 (Fig. 6A and B) were compared. The peptides of lactose
permease which are exposed to the extracellular environment are
those that most likely interact with lactose. In the Weblogo plots,
the sizes of the letters are related with the conservation of the
amino acids; on the other hand, absence of letter means that there
is no conservation. Our results show that the conservation is higher
between the copy one of the chromosome 3 of K. marxianus and the
protein of K. lactis, than among the four copies of K. marxianus.
These results might suggest that the lactose permease encoded by
the gene located in the chromosome 3 could have kinetic param-
eters more similar to those of the transporter of K. lactis.

Indeed, the first copy of the chromosome 3 of K. marxianus is
closer to the K. lactis copy than to the other copies (Fig. 7). The
phylogenetic tree also shows that the copies are very similar be-
tween strains, therefore, the differences in lactose uptake between
them can be related to a small difference in their sequences. Varela
et al. (2017) presented evidences that only the Lac12p encoded by
the gene located in the chromosome 3 is functional. It is note-
worthy that these authors also verified that the expression of this
gene was higher. Since the expression of this gene in K. marxianus
CCT 7735 was similar to other two copies, further studies should
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evaluate whether the permeases encoded by these genes play an
important role in this strain.

The nucleotide sequence of LAC12 present in the left arm of
chromosome three is probably ancestral to the speciation
because of its high degree of conservation with the gene from
K. lactis, and the other three copies probably arose by gene
duplication events.

4. Conclusions

The comparative genomic analysis presented expands our un-
derstanding about genome organization and its evolution in
K. marxianus, whichwas shaped by chromosome shuffling and gene
duplication events when compared with K. lactis. In addition, the
results obtained by combination of genomic, physiological and
structural analyses provide important information about LAC12
gene organization and regulation in this yeast. Under hypoxia, a
higher expression of the lactose permease genes is associated with
the increase of both specific lactose consumption and specific
ethanol production rates. These data interestingly show that
lactose uptake is a promising target in order to optimize ethanol
production by K. marxianus CCT 7735.
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