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1. Introduction
  

 During their evolutionary process, Oleaginous 
yeasts have developed the ability to accumulate 
fatty acids in the form of neutral lipids (Spagnuolo 
et al. 2019), making it possible to get from these, 
by synthesis, various oleochemicals and those that 
are usually obtained from oleaginous vegetables 
or animal fats. These processes have been widely 
studied in bacteria, microalgae and yeasts, as they 
can also provide esters, olefins, alkanes, ketones, 
polyesters, fatty acids and alcohols (Zhang et al. 
2021). It has been reported that unicellular oil 
accumulated in high concentration in oleaginous 
yeasts, can be used for the production of third 
generation biodiesel (Shapaval et al. 2019; Gohain et 

al. 2020), an aspect that has been gaining relevance 
in the context of a circular economy (Sreeharsha 
and Mohan 2020). This type of yeasts is capable 
of accumulating up to 70% lipids in their biomass 
(Vieira et al. 2020), so it is interesting to have a 
broader understanding of metabolism, in order to 
achieve in the future, an increase in the yield of 
the desired metabolites, using metabolic or genetic 
engineering (Spagnuolo et al. 2019). These aspects 
affect the cost of the process of obtaining lipids, but 
can be reduced by optimization techniques, search 
and improvement of strains (Sreeharsha and Mohan 
2020), such as Yarrowia lipolitica, Lipomyces starkeyi, 
Rhodosporidium toruloides, Rhodotorula gracilis, 
Rhodotorula glutinis, Rhodotorula mucilaginosa 
(Papanikolaou and Aggelis 2002), as well as 
Rhodosporidium kratochvilovae, which accumulate a 
large amount of triacylglycerides (TAG) in the form 
of intracellular lipids (Patel et al. 2015). Oleaginous 
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yeasts can produce lipids using different carbon 
sources, so it is important to understand their 
accumulation mechanism in the cell cytoplasm. 
According to research, sugars follow the glycolysis 
pathway by entering the Krebs cycle. It is important 
to mention that a limitation of nitrogen in the 
culture medium produces a decrease in adenosine 
monophosphate AMP, typical of oleaginous yeasts, 
which inactivates isocitrate dehydrogenase (ICDH). 
This stops isocitrate from being metabolized in the 
Krebs cycle, which allows acetyl-CoA and malonyl-
CoA to form fatty acids of 14 to 16 carbons (Patel et 
al. 2016).
 High-throughput sequencing technique has 
been used in the study of yeasts (Wei et al. 2018), 
focusing on 18S, 26S amplicons or the ITS (Internal 
Transcribed Spacer) region of the ribosome RNA 
gene (Wang et al. 2019). For a better understanding of 
the sequenced organism, the information from Next 
Generation Sequencing (NGS) must be assembled 
and annotated, allowing identification of biological 
characteristics, which can be done with predicted 
genes and homologous sequence alignments (De 
León-Medina et al. 2016). The genome annotation 
pipelines involve a "computation" stage, expressed 
sequence tags (ESTs), in which the proteins are 
aligned, generating ab initio gene predictions 
based on previous studies. A second "annotation" 
stage uses different tools and programs that allow 
annotating both protein-coding genes and non-
coding RNA (ncRNAs) (Yandell and Ence 2012).
 From the sequencing of genomes in the present 
investigation, the assembly of R. glutinis CON-5 and 
R. kratochvilovae POR-3, isolated from areas in the 
northern Peruvian Andes, was performed, carrying 
out comparative genomics studies by determining 
orthologous genes. The construction of phylogenetic 
trees of genes encoding metabolic enzymes was also 
completed, and their phylogenetic relationship with 
other yeasts established.

2. Materials and Methods

2.1. Oleaginous Yeast Strains
 R. glutinis CON-5 and R. kratochvilovae POR-3, with 
31.5% and 29.7% lipids in their biomass, respectively; 
identified by amplifying the sequences of their ITS 
regions of the rDNA, using Sanger technique, with 
the 5'-3' primers ITS1 (TCCGTAGGTGAACCTGCGG) 
and ITS4 (TCCTCCGCTTATTGATATGC). Stored in the 
Genbank (LC413754.1 and LC390313.1).

2.2. Genomic DNA Extraction 
 The strains were inoculated in 50 ml of YPD 
medium (1%, 2%, and 2% yeast extract, peptone, and 
dextrose) incubated at 30°C at 150 rpm for 48 h. For 
the extraction of genomic DNA, 2 ml of suspension 
were centrifuged at 12,000 rpm for 5 minutes, 
obtaining 0.250 g of biomass. DNA extraction was 
carried out using the Qiagen DNeasy PowerSoil Kit 
(Torres and Kelley 2018). DNA solutions were stored 
at –20°C.

2.3. Quantity and Quality of Genomic DNA 
Determination
 2 μL of DNA was used in a Nanodrop 2,000c 
microspectrophotometer, in order to determine the 
concentration (ng/μL) and absorbance ratio between 
260 and 280 nm. To determine purity, a 0.8% agarose 
gel was used with 1X Buffer TBE with a 1 kb molecular 
weight marker in horizontal electrophoresis, 
applying 75V for 30 min.

2.4. Sequencing and Assembly of Genomes
 The CON-5 and POR-3 genomes were sequenced 
with a 2x300-bp paired-end Illumina MiSeq and 
Nextera XT. For the assembly, quality control of the 
raw sequences was first carried out using the FastQC 
program and trimming the sequences with Fastp. A 
de novo assembly was implemented using SPAdes 
v.3.14.1, and obtained metrics with QUAST v.4.6.3. 
The marking of repeated regions was carried out 
with RepeatMasker v.4.0.8 and for the structural 
annotation, the ab initio strategy with BRAKER 2, 
which was analysed using BUSCO v.3. Functional 
annotation was performed with DIAMOND v.0.9.21, 
and the genes were aligned with the sequences 
from the UniProt data bank.

2.5. Comparative Genomics between CON-
5, POR-3 and other Yeasts
 The CON-5 and POR-3 genomes were compared 
with the following selected yeasts from the UniProt 
database: Rhodotorula toruloides (oleaginous 
Basidiomycota), Lipomyces starkeyi and Yarrowia 
lipolytica (oleaginous Ascomycotas), Cryptococcus 
gattii (non-oleaginous Basidiomycota). Orthologous 
gene pools were established with OrthoVenn2.

2.6. Phylogenetic Analysis of ITS Regions 
CON-5 and POR-3 Genomes
 The ITS regions of the genome of both yeasts were 
compared with the genomes belonging to the genus 
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phylogeny test (settings: Bootstrap method with 
500 replications), substitution model (settings: 
Poisson model), rates and patterns (settings: 
rates among sites: uniform rates), pattern among 
lineages (settings: Same-homogeneous), Gaps/
Missing Data Treatment, systeme resource usage 
(setting: Number of Threads: 3). 

3. Results

3.1. Nucleotide Sequence Accession Numbers
Sequences were deposited at NCBI under 

BioProject PRJNA705733 for CON-5 and POR-3, 
identified as SAMN18099295 and SAMN18099296, 
respectively.

3.2. Sequence Quality Control
After trimming, an improvement in the quality 

of the readings was obtained in forward (R1) in 
both yeasts, and in reverse (R2) which was not 
very noticeable, where the Q20 quality score value 
decreased in the last cycles. Table 1 presents a 
summary of these findings, showing that the yeast 
sequences decreased in size and length, maintaining 
the difference in G+C (%) between the R1 and R2 
reads.

  
3.3. Genomes Assembly

Regarding the quality of the assembly, a very 
close genome size was observed between the two 
yeasts (Table 2), with a greater difference between 
the contigs and scaffolds, which is higher for POR-
3. The quality of the assembly was expressed with 

Rhodotorula. The selected species were R. taiwanensis 
(ID:444436835), R. mucilaginosa (ID:555298745), R. 
javanica (ID:663440874), R. graminis (ID:407971637), 
R. glutinis (ID:451899284), R. dairensis (ID:663440724), 
R. colostri (ID:563427733), R. glacialis (ID:663440725), 
R. ingeniosa (ID:434861111), R. yarrowii (ID:20452354), 
R. nothofagi (ID: 663440568) obtained from the ITS 2 
database, and R. kratochvilovae (ID: KJ707107) from 
the UNITE database. The sequences were first aligned 
with CLUSTAL W. Phylogenetic trees were made using 
UPGMA with MEGA X v.10.2.4 software, with the 
options: test phylogeny (setting: Bootstrap method 
with 500 replications), substitution model (setting: 
Poisson model), rates and patterns (setting: rates among 
sites: uniform rates), date subset to use (setting: Gaps/
Missing Data Treatment: Pairwise deletion), systeme 
resource usage (setting: Number of Threads: 3). 

2.7. Phylogenetic Analysis of Enzymes 
Responsible for Lipid Production in CON-5 
and POR-3
 The species chosen to infer the similarity of 
enzymes were those used in orthologs, in relation 
to their oleaginous evolution and their conserved 
sequences: Acetyl CoA carboxylase (ACC), ATP-citrate 
lyase (ACL), glucose-6P dehydrogenase (G6PDH), 
isocitrate dehydrogenase NAD+dependent (NAD-
ICDH), isocitrate dehydrogenase NADP+dependent 
(NADP-ICDH), and malic enzyme (ME) (Vieira et 
al. 2020). The sequences were first aligned using 
CLUSTAL W, and the phylogenetic trees were made 
by means of the Neighbor-joining method with 
the MEGA X v.10.2.4 software, with the options: 

Table 1. Quality of raw sequences and trimming of CON-5 and POR-3

Table 2. Summary of assembly metrics, structural and functional annotation of CON-5 and POR-3

Yeasts

Parameters CON-5 POR-3

Genome size (bp)
Contigs number
Scaffolds number
N50 (bp)
L50 (bp)
G+C (%)
Assembly (BUSCO)

Coverage

20,515,696
2,392
2,377
16,751
390
63.5
C:88.1% [S:87.9%, D:0.2%], F:6.9%, M:5.0%
C:1,176 [S:1,173, D:3], F:92, M:67, n: 1,335
230X

20,738,185
2,978
2,957
13,135
474
61.5
C: 86.8% [S:86.6%, D:0.2%], F:8.2%, M:5.0%
C:1,159 [S:1,156, D:3], F:110, M:66, n: 1,335
168X

Assembly

Overall size Overall sizeLength (pb) Length (pb)G+C (%) G+C (%)
R1 R1R2 R2

Raw sequences Raw sequences

R. glutinis CON-5
R. kratochvilovae POR-3

8,027,841
6,936,032

7,687,126
6,692,019

35-301
35-301

15-230
15-210

63
61

63
61

64
62

64
62



the N50 of the contigs with values of 16,751 and 
13,135, with an L50 of 390 and 474 for CON-5 and 
POR-3, respectively. There was a good similarity with 
1,335 groups of genes of the Basidiomycota phylum 
determined with BUSCO, of 88.1% and 86.8% for CON-
5 and POR-3 respectively, showing for both yeasts, 
besides their percentage, the number of genes: 
complete (C), unique (S), duplicates (D), fragmented 
(F) and unrecognized (M).

3.4. Structural Annotation
7,408 and 8,040 genes were identified with BRAKER 

2 in yeasts in CON-5 and POR-3, with a prediction 
of 76.8% and 86.5% of similarity respectively (Table 
2), indicating equally for both yeasts, besides their 
percentage, the number of genes: C, S, D, F, and M.

3.5. Functional Annotation
Annotation using DIAMOND indicated 6,976 

(94.17%) and 8,124 (89.87%) protein-coding genes 
with homologs in the UniProt databank, as well as 
6,995 and 8,132 High-scoring Segment Pairs (HSPs) 
with M: 432 (obtained from the difference: 7,408 – 
6,976) and 916 (obtained from the difference 9,040 
– 8,124); in R. glutinis CON-5 and R. kratochvilovae 
POR-3, respectively (Table 2).

3.6. Orthologous Gene Cluster Analysis
Table 3 shows the orthologous genes global 

information COG (Clusters of Orthologous Genes). 
A total of 8,218 orthologous groups were identified, 

6,288 orthologous groups in at least two species 
and 1,930 single-copy gene clusters. The columns 
show group number ”Clusters” of orthologous genes, 
“Singletons” of individual genes that do not belong 
to any group or that do not have identified orthologs, 
and “Proteins” of each species.

The most important results obtained with 
OrthoVenn of all the groups of species compared, 
which allows us to observe the distribution of genes 
shared between the yeast species analyzed, added to 
a total of 2,346 orthologous groups in the genome 
(Figure 1). CON-5 and POR-3 showed 450 exclusive 
groups. Figure 2 shows the distribution of different 
yeast species, related to the predominant orthologous 
genes with specific function in biological processes, 
molecular functions and cellular components.

3.7. Phylogenetic ITS Regions Relationship of 
Genomes Belonging to the Genus Rhodotorula

According to the species in the phylogenetic 
tree based on the ITS sequences (Figure 3), it was 
observed that R. graminis is related to the yeast 
CON-5 and at the same time to R. glutinis from the 
data bank. There is a relationship between POR-3 
and R. kratochvilovae from the data bank. Likewise, 
all the mentioned yeasts present a relationship 
between them. Observing a clade with a 99 Bootstrap 
value, formed by R. graminis, CON-5, R. glutinis, R. 
kratochvilovae, POR-3, R. taiwanensis, R. mucilaginosa, 
and R. dairenensis.

Table 2. Continued

Genes number 
(BRAKER 2)

Genes prediction 
(BUSCO)

Protein coding 
genes (DIAMOND)

7,408

C: 76.8% [S:76.5 %, D:0.2%], F: 18.6%, M:4.6%
C:1,126 [S:1,123, D:3], F:248, M:61, n: 1,335

Aligned pairs: 6,976
High-scoring Segment Pair HSPs: 6,995

C: 86.5 % [S:86.1%, D:0.4%], F: 9.5%, M:4.0%
C:1,155 [S:1,150, D:5], F:127, M:53, n: 1,335

Aligned pairs: 8,124
High-scoring Segment Pair HSPs: 8,132

9,040
Genes identification

Structural annotation

Functional annotation

Table 3. Global information of orthologous, individual genes and proteins of different yeast species
Yeast species Genome size (bp) Orthologous gene groups Individual genes Proteins 
Rhrodotorula toruloides
Lipomyces starkeyi
Yarrowia lipolytica
Cryptococcus gattii
CON-5 
POR-3

20,223,942
21,432,058
20,502,981
17,438,253
20,515,696
20,738,185

6,151
4,382
3,961
3,935
5,965
6,561

766
2,222
1,712
2,163
1,096
1,867

7,496
8,136
6,454
6,471
7,408
9,040
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Figure 1. Venn diagram of the distributions of the orthologous groups between: CON-5, POR-3, oleaginous Ascomycotas (L. 
starkeyi and Y. lipolytica), oleaginous Basidiomycota (R. toruloides) and non-oleaginous Basidiomycota (C. gattii)



Figure 2. Overlap of predominant orthologous genes in the biological processes, molecular functions and cellular 
components of R. glutinis CON-5, R. kratochvilovae POR-3, oleaginous Ascomycotas, oleaginous and non-
oleaginous Basidiomycotas

Figure 3. Phylogenetic tree based on the ITS sequences of genomes belonging to the genus Rhodotorula
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3.8. Phylogenetic Genes Relationship 
Encoding Metabolic Enzymes of Oleaginous 
and Non-oleaginous Yeasts

According to the species in the phylogenetic tree 
based on metabolic enzymes, a greater relationship 
with a clade was observed between the species CON-
5 and POR-3, which showed a relationship with R. 
toruloides. A clade was also noted in relation to the 
enzyme isocitrate dehydrogenase NADP dependent, 
demonstrating the difference between Ascomycota 
and non-oleaginous Basidiomycota. With reference 
to isocitrate dehydrogenase NAD, the farthest clade 
identified was Lipomyces starkeyi, Ascomycota 
species. For the malic enzyme (ME), the furthest and 
most separated clade was formed by yeast Lipomyces 
starkeyi. The same was observed with the remaining 
enzymes Acetyl CoA carboxylase (ACC), glucose-6P 
dehydrogenase (G6PDH) and citrate lyase (ACL).

 
4. Discussion

 The quality of the reads shown in Table 1 may 
have been influenced by the low purity of the strands 
in the cluster, accumulation of residual dyes, or 
mismatch of specific sequence patterns (Nakamura 
et al. 2011), which may lead to a high number of 
inaccurate k-mers in the readings. When there is 
enough information, the sequencing errors can be 
corrected, which facilitates the subsequent use of 
the data in the assembly of sequences (Marçais et 
al. 2015). FASTQ file pre-processing is necessary to 
obtain clean data which is important for further 
analysis using fastp. This is very fast, with quality 
control and data filtering functions, which allows 
the removal of unwanted bases, with a simple 
FASTQ scan. FASTQC was used, a quality control 
tool which provides quality profiling functions per 
base and per read (Chen et al. 2018). The trimming 
application sought to exclude low-quality portions 
while maintaining sufficient data for subsequent 
analysis.
 It has been reported for a strain of R. glutinis, 
a genome size and G+C (%) (Paul et al. 2014), very 
similar to R. glutinis CON-5 (Table 2). In a strain of R. 
kratochvilovae assembled with PacBio (Miccoli et al. 
2018), higher values of the genome G+C (%) and N50 
than R. kratochvilovae POR-3 have been found. In 
this regard, Del Angel et al. (2018), mentions that the 
higher the N50 is, the lower the fragmentation, an 

aspect that is also affected by the type of assembler 
(Nagarajan and Pop 2013).
 Gene identification and structural and functional 
annotations were performed (Table 2). Using the 
BUSCO program, which focuses on high expression 
genes (Aguilar-Bultet and Falquet 2015), it was 
found that both yeasts showed a good percentage 
of similarity with the Basidiomycota phylum. The 
genome was structurally annotated employing 
BRAKER2, which combines two widely used 
annotation software: GeneMark, which allows the 
structures to be identified, and AUGUSTUS, which 
identifies the protein-coding genes assembled with 
Markov chains (Del Angel et al. 2018). The assembled 
genomes covered a high percentage of genetic space 
compared to the Basidiomycota phylum, which 
presupposes the conservation of its ancestral genes. 
The structural annotation of CON-5 and POR-3, 76.8% 
and 86.5% of homologous proteins, respectively, 
confirms this relationship (Table 2). With reference 
to functional annotation, 94.17% of 6,976 proteins in 
R. glutinis CON-5 have homologues in the Uniprot 
data bank, as well as R. kratochvilovae POR-3 with 
89.87% of 8,124 proteins.
 It is important to study the relationship of 
genes belonging to different species that encode 
the same gene (Fitch 1970). On this point, Hurles 
(2004) has mentioned that the inference of 
the orthologs constitutes the foundation of 
comparative genomics and phylogenetics, useful 
for predicting the function of genomes. On this 
basis, a gene comparison was made in four yeast 
species plus those two under study (Table 3) and 
determined the "Ontological Genes" (OG). The 
specific functions of the genes involved in lipid 
accumulation and mobilization pathways have also 
been reviewed and 450 orthologous genes between 
CON-5 and POR-3 yeasts were found (Figure 1). this 
constitutes the second with the highest number of 
orthologs among the four groups formed. According 
to Sampaio et al. (2001) there is information that 
R. glutinis had been identified with the species R. 
kratochvilovae, showing that the potential for lipid 
accumulation variation could be lower between 
closely related species and strains of the same 
species. The present investigation postulates the 
concept of how orthologous genes could preserve 
their function for a long time (Villanueva-Cañas 
et al. 2017). The main cellular components found 



in CON-5 and POR-3, are distributed in genes of 
specific groups, which fulfil different functions 
(Figure 2). The sites where gene products are usually 
found are located in cellular structures such as the 
plasma membrane, mitochondria, ribosomes, lipid 
bilayer, protein complexes, as well as in the nucleus 
where chromosomes are housed and replicate 
(Cammack et al. 2006). Among the orthologous 
groups analyzed (Figure 1), almost all are integrated 
into three groups, made up of cellular components, 
molecular function, and biological processes. The 
species CON-5, POR-3 and oleaginous Ascomycotas 
(L. starkeyi and Y. lipolytica) are an exception because 
they do not present any ortholog with molecular 
function, or a minimum number of orthologs in the 
other groups (Figure 2); and this means that they 
belong to another phylum unlike the other groups, 
which are related to their primary and cellular 
metabolism. The result of the gene ontological 
annotation (GO) in the proteins indicates that they 
are mainly involved with the biological, metabolic, 
cellular and cellular metabolic processes formed by 
routes where the chemical substances of the cells 
are transformed and, in this case CON-5, POR-3 and 
R. toruloides (Figure 1) with 131 proteins related 
to the lipid biosynthesis process as mentioned 
by Papanikolaou and Aggelis (2011). However, 
Ratledge and Wynn (2002) demonstrated that, 
despite not having an intense fatty acid biosynthesis 
system, oleaginous microorganisms are capable 
of producing significant amounts of acetyl-CoA, 
which is the starting point of this process. Fatty 
acid synthesis begins when cytosolic acetyl-CoA is 
condensed into malonyl-CoA, catalyzed by acetyl-
CoA carboxylase, which enables the formation of 
TAGs that are stored as lipids (Mota et al. 2022).
 In the CON-5, POR-3 and R. toruloides group, 
the largest cellular component (Figure 2) in GO 
is the membrane, with 10 proteins. According to 
Papanikolau and Aggelis (2011) the molecular 
function of cell metabolism produces accumulation 
of lipids, which occurs after nitrogen depletion. A 
characteristic of oleaginous yeasts is the presence 
of isocitrate dehydrogenase that is inactivated when 
there is nitrogen limitation in the substrate, causing 
a decrease in AMP which stops isocitrate from 
metabolizing in the Krebs cycle (Patel et al. 2016).
 The lipogenesis of CON-5 and POR-3 could 
have developed during their evolution and after 
the species divergence. It has also been observed 

that, according to the division of species in the 
phylogenetic tree based on ITS sequences (Figure 
3), CON-5 and POR-3 have a greater relationship 
with R. graminis. Sampaio et al. (2001), Gadanho 
and Sampaio (2002) mention that this yeast was 
wrongly identified as R. glutinis, from which it can be 
deduced that they are phylogenetically close. It was 
also observed that the yeasts with the same name R. 
glutinis and R. kratochvilovae are found in the same 
branches, confirming the right identification of 
the yeast species.  Also, the clade with a Bootstrap 
value of 99, formed for R. graminis, CON-5, was 
recognized: R. glutinis, R. kratochvilovae, POR-3, 
R. taiwanensis, R. mucilaginosa and R. dairenensis, 
which are important oleaginous species (Sitepu 
et al. 2014; Lyman et al. 2019; Salvador et al. 2022). In 
the study of the enzymes in relation to the phylogeny 
of CON-5 and POR-3 with other oleaginous and 
non-oleaginous species, the following were 
identified in the total final data set: isocitrate 
dehydrogenase NADP dependent (NADP-ICDH) 
with 1195 positions, mitochondrial NAD dependent 
isocitrate dehydrogenase (NAD-ICDH) with 623 
positions, malic enzyme (ME) with 649 positions, 
Acetyl CoA carboxylase, bound to the biotin factor, 
also defined as biotin carboxylase (ACC) with 2305 
positions, glucose-6P dehydrogenase (G6PDH ) with 
523 positions, ATP citrate lyase (ACL) and synthase 
with 654 positions. The enzymes mentioned are 
considered key in lipid metabolism (Li et al. 2020). 
 The phylogenetic analysis of the enzymes has 
indicated that there is evolutionary proximity 
between the yeast enzymes belonging to the same 
phylum, where it was possible to observe that 
Yarrowia lipolytica CLIB 122/E150 and Lipomyces 
starkeyi NRRL Y-11557, both Ascomycotas, start 
from the same clade. Likewise, the CON-5 and 
POR-3 enzymes are closely related, but there is a 
distinction for the enzymes of Crytococcus gatti 
serotype B which is in a different clade, since it is 
not considered an oleaginous yeast.
 The present investigation provided functional 
evidence regarding the lipid accumulation 
phenotype of oleaginous yeasts, which include 
R. glutinis CON-5 and R. kratochvilovae POR-3. 
The enzymes involved in the oil metabolism of 
both yeasts are closely related to each other, and 
it was also found that the protein sequences of 
the Basidiomycota phylum differ from those of 
Ascomycota. The presence of the enzymes isocitrate 
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dehydrogenase (ICDH) and ATP citrate lyase (ACL) 
corroborates the genotypic characteristics of 
oleaginous yeasts. The results obtained could 
be further studied with a view to future lipid 
production, using native isolated yeasts as a model, 
considering that the information and software 
reviewed reveal important results.
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