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HIGHLIGHTS

¢ We assembled the yerba mate nuclear genome, plastome, and mitogenome to chromosome level,
and also the nuclear rDNAs, to achieve a comprehensively annotated original set of high-quality
genetic markers.

e These valued original sets of sequences and markers are now openly available to support genetic
analyses, breeding programs, and genomics research in this significant crop species.

Abstract: The ervalyerba mate tree llex paraguariensis is a South American crop significant to the industry
and local economies of producer countries. Here, we provide a leading omics integral framework of high-
guality annotated markers in yerba mate, notable for its exhaustive employed resources and rigorous curation
and validation steps. We assembled the yerba mate nuclear genome (872.9 Mb; BUSCO: 97.3%) using a
reference-guided approach, plastome (157.6 Kb), and mitogenome (521.3 Kb) to chromosome level, in
addition to nuclear rDNA units 5S (511 bp) and 18S-25S (10,760 bp). The nuclear assembly exhibited 64.9%
repetitiveness, while 23.1% corresponded to 41,922 protein-coding genes (PCGs) (BUSCO: 97.1%), with
93.5% mapped to 20 chromosomes and 99.1% supported by joint evidence from RNA-seq (89.1%), orthology
in llex (84.7%), and functional annotation (92.9%); additionally, 23,089 alternative splice variants for 10,446
genes, 78,992 UTRs for 18,100 genes, and 500 tRNA genes were annotated. Genes were further categorized
through description labels, GO terms, KEGG identifiers, EC numbers, structural signatures, pathway
identifiers, subcellular localization, and membership in transcription factor families and kinase gene groups.
The plastome conformed to the typical llex structure, contained 811 repeats and 131 genes (86 PCGs, 37
tRNAs, 8 rRNAs), and featured a single transcript with 53 PCG editing sites. The mitogenome comprised two
chromosomes, 2,439 repeats, 65 genes (40 PCGs, 22 tRNAs, 3 rRNASs), and multiple transcripts with 578
PCG editing sites; llex mitogenomes showed comparable sequences but lacked synteny. Nuclear rDNA units
were further annotated for genes, spacers, transcription-associated sites, and repeats. This comprehensive
approach is anticipated to be pivotal for genetics, breeding programs, and downstream genomics research
in yerba mate.

Keywords: chromosome-level genome; plastome; mitogenome; rDNA units; high-quality annotation.
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INTRODUCTION

The hot infusion known as "mate" or "chimarrdo" and its cold version, "tereré," are commonly prepared
from the dried leaves and twigs of the yerba mate tree, llex paraguariensis A. St.-Hil. (Aquifoliaceae), and
are widely consumed in Argentina, Brazil, Paraguay, and Uruguay [1]. The yerba mate industry is significant
in the producer regions of Argentina, Brazil, and Paraguay, encompassing 280 thousand planted hectares
and yielding over 900 thousand tons of raw material annually, deeply influencing their economies [1, 2].
Recently, yerba mate has received increased attention for its bioactive compounds, which may expand the
possibilities for technological applications of this plant species [3].

Our group established the foundational omics approach in llex with the high-throughput RNA sequencing
(RNA-seq), assembly, and annotation of the leaf transcriptome of the elite yerba mate cultivar INTA-EEA
Cerro Azul Pg538 from Misiones, Argentina. This initial exploration identified 32,355 genes, including caffeine
synthase, provided insights into chloroplast, mitochondrion, and ribosomal sequences at the RNA level, and
further enabled the in-depth characterization of the DNAJ gene family in this species, among other novel
findings [4-8]. Subsequently, a tissue-specific RNA-seq approach in yerba mate sequenced 13 libraries from
leaves, roots, and plantlets from diverse populations in Northeast Argentina for detailed transcriptome
characterization [9]. Additionally, 12 more RNA-seq libraries from leaves and roots were generated to conduct
a leading drought-stress analysis in the elite yerba mate material SI-49 from Corrientes, Argentina [10, 11].
Furthermore, supported by the ProMateAr sequencing project of the elite yerba mate cultivar INTA-EEA Cerro
Azul 8/74 -the male progenitor of Pg538- [12], a high-quality set of 10,611 genomic scaffolds, totaling 1,064.8
Mb, was achieved and released to NCBI (https://ncbi.nim.nih.gov) in September 2023 under accession
GCA 963454935.2 [13], predated by GCA 905181385.1 (1,421.2 Mb) in January 2021. Notably, Garberoglio
and coauthors [14] measured the DNA content of yerba mate using flow cytometry and reported
2C=1.716+0.065 pg (n=20 chromosomes), predicting a genome size of 839.1+31.8 Mb at the sequence level
for this species. These draft genomic sequences of yerba mate facilitated the recent cloning of caffeine
biosynthesis genes [15, 16] and our characterization of 156 families of transposable elements in Repbase
between 2021 and 2024
(https://lwww.girinst.org/repbase/update/search.php?query=paraguariensis&querytype=Taxonomy).

Despite a decade of increasing sequencing data in yerba mate from various research groups, an original,
integrated, chromosome-level resource annotated with high-quality markers is still lacking for this species,
unlike other sequenced llex species [17-19]. This comprehensive, reliable localization of genetic markers,
superior to the scaffold level, is crucial for integrating omics data with genetics and breeding efforts in yerba
mate. To address this current information gap, we first generated and validated chromosome-level
assemblies for the nuclear, chloroplast, and mitochondrion genomes of yerba mate, along with supported
assemblies of nuclear ribosomal units. These assemblies will then undergo exhaustive and reliable structural
and functional annotation of genes and other valuable markers, considering all available omics resources
and state-of-the-art tools and databases. This integrated approach aims to be a pivotal framework for genetic
analysis and breeding programs, accelerating the traditional characterization of cultivars with updated
selection tools, as well as facilitating downstream genomics analysis for the broader yerba mate research
community.

MATERIAL AND METHODS

Data of llex used in bioinformatic analyses

We employed |. paraguariensis sequences available at NCBI, including the genomic scaffolds of
GCA 963454935.2 with its associated 66.3 Gb of short-read DNA-seq paired-end data libraries
ERR12037359 and ERR12040303, and a 21.6 Gb long-read DNA-seq library ERR12708757. In addition, we
utilized 26 RNA-seq paired-end data libraries, totaling 127 Gb, from leaves (16), roots (9), and a seedling (1)
of this species: SRR1411087, SRR5740154-SRR5740159, SRR3584943-SRR3584948, SRR3584950-
SRR3584952, SRR3584954-SRR3584957, and SRR24273717-SRR24273722. We also employed available
genome sequences and annotated sets of transcripts and proteins from other llex taxa: from NCBI, I.
aquifolium L. (GCA_951799425.1; 20 pseudomolecules + 86 scaffolds; 800.7 Mb) [20] and I. asprella (Hook.
& Arn.) Champ. ex Benth. (GCA_023539305.1; 19 pseudomolecules + 48,755 scaffolds; 804.1 Mb; 45,449
proteins); and from NGDC (https://ngdc.cncb.ac.cn/), I. latifolia Thunb. (GWHBIST00000000; 20
pseudomolecules + 335 contigs; 766 Mb; 35,217 transcripts; 35,217 proteins) and I. polyneura (Hand.-Mazz.)
S.Y. Hu (GWHBDNWO00000000; 20 pseudomolecules + 42 contigs; 727.1 Mb; 32,253 transcripts; 32,253
proteins). Furthermore, we utilized all non-redundant chloroplast (93) and mitochondrion (5) genome
sequences of llex species available at NCBI.
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A variety of bioinformatic analyses in llex were performed using the Galaxy (https://galaxyproject.org/)
[21] and Gensas (https://www.gensas.org/) [22] servers, as well as the Geneious platform (Dotmatics). The
latest version of each tool was employed, using default parameters unless otherwise specified in parenthesis.
BUSCO analyses [23; galaxy 5.5.0] to assess the completeness of genome assemblies, transcripts, and
annotated proteins were conducted on overall llex sequences, considering both the Embryophyta_odb10 and
Eudicots_odb10 gene sets. The genomic mode of BUSCO was executed via Augustus, followed by Metaeuk
to improve the Fragmented and Missing scores of the former gene predictor. Sequence reads were
processed with Trimmomatic [24; galaxy 0.38.0] to remove adapters and low-quality bases (sliding window
trimming; bases: 4; quality: 20), and only paired-end data were considered for further analysis. Ploidy level
and sub genomic structures in yerba mate were inferred using Smudgeplot [25; galaxy 0.2.5] with the total
forward reads from paired-end DNA-seq data. Phylogenetic relationships and divergence times within llex
were determined following the criteria established by Yao and coauthors [26].

Chromosome-level reference assembly and validation in yerba mate

The 10,611 genomic scaffolds of yerba mate were scanned using the Purge Dups tool [27; galaxy 1.2.6]
(mode: purge_dups; minimum chaining score for a match: 7000; get seqs mode: trim end and middle
duplications) to identify and remove potential heterozygous duplications in the primary assembly (1,064.8
Mb, with 1,043.9 Mb ungapped), considering the expected genome size of 839.1+31.8 Mb for this species.
This process identified and removed 191.5 Mb, consisting of 88.5% purely haplotigs and 11.5% heterozygous
overlaps. Plastid, mitochondrion, and nuclear ribosomal DNAs, previously characterized in yerba mate (see
below), were subsequently identified based on homology using Minimap2 [28; galaxy 2.28] and also removed
from the remaining primary assembly, totaling 1.0 Mb. Care was taken to avoid removing the 5S rRNA-
derived SINE loci from the remaining primary assembly, the consensus sequence of which we characterized
under Repbase ID SINE3-1_Ipa. The resulting 6,256 genomic scaffolds (872.3 Mb) were then subjected to
reference-guided scaffolding using RagTag [29; galaxy 2.1.0] (mode: scaffold; aligner: Minimap2; Asm20: up
to 20% sequence divergence; gaps: 100 nt) with the 20 pseudomolecules of I. aquifolium (787.3 Mb) as
reference sequences. This latter taxon was chosen over other sequenced llex species due to its largest
assembled fraction into 20 pseudomolecules and superior genomic BUSCO quality. The resulting
chromosome-level assembly of yerba mate, hereafter termed YMML1 (Yerba Mate Misiones version 1), was
initially validated by the corresponding RagTag confidence scores (grouping, location, and orientation; range
0-1, with 1 being the highest value) for each scaffold, and its genomic BUSCO scores. Further validation was
obtained from species-specific read mapping analysis against YMML1.: total RNA-seq reads were mapped
using HISAT2 [30; galaxy 2.2.1], and total DNA-seq short reads were mapped using Minimap2 (mode: without
splicing). For both types of data, separate mapping runs were performed for each library, and the resulting
BAM files were then merged into single files using the Merge BAM tool in Galaxy. These merged BAM
datasets were submitted to Samtools stats [31; galaxy 2.0.5] to determine the percentage of mapped reads
and other statistics. Furthermore, the chromosome-level sequences of YMM1 and other llex species were
pairwise compared using Chromeister [32; galaxy 1.5.a] to evaluate the RagTag assembly and to detect
block collinearity at different levels, as well as structural rearrangements within other llex species. This
analysis generated a dot plot graph, a list of detected events, and a scoring metric for each comparison
(range 0-1, where 0 indicates the highest value). Additionally, a library of repetitive consensus sequences
was constructed for YMM1 using RepeatModeler [33; galaxy 2.0.5]. This library was used for whole self-
genome identification of repetitive DNA loci using RepeatMasker [34; galaxy 4.1.1] (cutoff: 250, 100% real
matches), and also against GCA_963454935.2 and other llex genomes in the same manner. Statistics
derived from RepeatMasker were used to compare genome structures among taxa to further support YMML1.
To achieve the same goal, a non-redundant library of LTR retrotransposons was constructed for YMM1 using
the Dante_LTR protocol [35; galaxy 4.0.4.1] for subsequent use by RepeatMasker against all aforementioned
taxa.

Genome annotation and validation in yerba mate

The Gensas pipeline for whole-genome structural and functional annotation of eukaryotes was followed,
comprising a series of steps that ultimately yielded weighted consensus gene models and their subsequent
functional characterization.

Repeat masking. YMM1 was subjected to a soft repeat masking step using RepeatMasker (cutoff: 250; "no
low" option, suitable for gene annotation) with the species-specific repeat library generated by
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RepeatModeler. These masked sequences were then used for all subsequent downstream analyses,
including species-specific RNA-seq mapping, transcript and protein alignments, and gene prediction.

Transcript reconstruction. A hybrid approach to transcript reconstruction was applied according to PASA [36;
gensas 2.4.1]. Initially, each of the 26 RNA-seq libraries was individually mapped to the genome using
HISAT2 (mode: tailored) and subsequently subjected to de novo genome-guided transcript assembly using
StringTie [37; galaxy 2.2.3]. The resulting 1.2 million transcripts were merged into a non-redundant set of
76,749 sequences using the StringTie_merge function. Additionally, separate transcriptomes were
assembled de novo for each RNA-seq library using rnaSPAdes [38; galaxy 3.15.5], yielding a total of 3.5
million sequences. These sequences were then collapsed into a set of 301,582 non-redundant transcripts
that mapped to the genome using the assembly-clustering function of PASA. A total transcriptome de novo
assembly was also performed using Trinity [39; galaxy 2.15.1], where reads from all RNA-seq libraries were
used to generate 574,621 sequences. These sequences were subsequently collapsed into a non-redundant
set of 160,045 transcripts that mapped to the genome using PASA, as described above. To obtain a
comprehensive non-redundant set of transcripts while preserving essential isoforms, the three initial sets of
transcripts were combined using the FASTA Merge Files and Filter Unique Sequences tool in Galaxy (galaxy
1.2.0), resulting in 518,252 sequences. Moreover, this set of unique sequences was then subjected to a final
PASA assembly-clustering step, yielding 354,840 unique transcripts. The BUSCO analysis of this final
transcriptome set showed a completeness score of C:93.7% [S:6.3%, D:87.4%], F:3.1%, M:3.2%
(Embryophyta_o0db10; n:1614) and C:93.7% [S:8.6%, D:85.1%)], F:2.4%, M:3.9% (Eudicots_odb10; n:2326).

Gene predictions. Funannotate [40; galaxy 1.8.15] was applied using only protein evidence from
UniProtKb/Swiss-Prot  (https://www.uniprot.org/uniprotkb) (BUSCO models: Eudicots _odb10; BUSCO
species: tomato; maximum intron length: 350,000; repeats2evm: yes). The resulting sets of annotated
transcripts and proteins were subsequently used in a second run of this tool, in combination with other
evidence from yerba mate (total mapped RNA-seq libraries and the unique transcript set) and other llex
species (overall annotated transcripts and proteins). This approach yielded 39,563 gene models and
associated sets of annotated transcripts and proteins. Maker [41; galaxy 2.31.11] was also applied, directly
using the Funannotate outputs and to train SNAP (http://korflab.ucdavis.edu/software.html; version
2013 11 29), along with transcripts from other llex species, resulting in 53,132 gene models. Various gene
predictors were also used independently, including GeneMarkES [42; gensas 4.48], GlimmerM [43; gensas
2.5.1], and SNAP, the latter two trained with Arabidopsis thaliana. Additionally, a run of BRAKER2 [44;
gensas 2.1.5] using overall mapped RNA-seq evidence and a run of BRAKERS3 [45; galaxy 3.0.8] that also
incorporated the final annotated protein set from Funannotate were performed. Further gene predictions were
generated through six separate runs with Miniprot [46; galaxy 0.13] and Metaeuk [47; galaxy 5.34c21f2],
utilizing the yerba mate protein set derived from PASA gene models (see below), the final protein set from
Funannotate, and those of other llex species, respectively. Moreover, three separate runs were conducted
with Augustus [48; gensas 3.4.0] (mode: complete genes; strands: both), with the first trained using tomato
hints, the second trained with the gene models derived from the initial Funannotate run, and the third trained
with the final annotated transcript and protein sets from Funannotate. In total, 1,633,351 independent gene
predictions were generated.

Transcript alignments. pBLAT transcript alignments [49; gensas 2.5] with a minimum identity of 95% were
generated using evidence from the NCBI RefSeq Plants section and the data described above for yerba mate
and other llex species, resulting in 2.1 million matches. PASA alignments were performed using the unique
transcript set of yerba mate and that of other llex species as well, generating 316,060 and 21,198 gene
models, respectively.

Protein alignments. Protein evidence alignments were also performed using Diamond [50; gensas 2.0.6]
(mode: more-sensitive), which included the UniProtKb/Swiss-Prot dataset and the data described above for
yerba mate and other llex species, resulting in 3.8 million matches.

All the aforementioned data were finally integrated into EvidenceModeler (EVM) [51; gensas 1.1.1] following
the Gensas pipeline to generate weighted consensus gene structures, considering the following weight
parameters: gene predictions: 1; gene annotations: 1; transcript alignments: 10; protein alignments: 5.The
open reading frame (ORF) of each EVM gene model was checked and curated to ensure that it started with
ATG, ended with TAA/ITAG/TGA, and lacked internal stop codons. Gene models were further validated
through species-specific total RNA-seq read mapping analysis using Kallisto quant (support: 100 bootstrap
replicates) [52; galaxy 0.48.0] and StringTie (mode: reference), considering a minimum coverage value
greater than 1.
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Subsequently, the resulting EVM protein set was used throughout the annotation validation process.
These analyses included BUSCO assessment and global comparisons with A. thaliana to identify orthologs
and orthogroups using Proteinortho [53; galaxy 6.3.1], with a non-redundant set of 27,409 nuclear genome
proteins (Araportll genes.201606.pep.1l set). The percentage of shared essential genes was determined
by comparison with the DEG database (http://origin.tubic.org/deg/public/index.php; A. thaliana set: 356
sequences) [54] and that of KOGs (cluster of eukaryotic orthologous groups) by comparison with the KOGs
database (https://ftp.ncbi.nlm.nih.gov/pub/COG/KOG/; A. thaliana set: 3,273 KOGs of 13,459 sequences)
[55]. Orthology comparisons were also performed within llex using Proteinortho and OrthoFinder [56; galaxy
2.5.5]. Furthermore, a lineage-dependent proteome quality assessment, using the Asterids clade as a
reference (a set of 11,198 conserved hierarchical orthologous groups -HOGs-), was performed across llex
species using OMark [57; galaxy 0.3.0].

Furthermore, functional sequence annotation of EVM proteins by orthology was performed using
EggNOG-Mapper (http://eggnog-mapper.embl.de/) [58] (mode: realign queries to the whole PFAM DB).
Additional functional features were identified using InterPro [59; 5.53-87.0] and PFAM (1.6), SignalP (5.0;
mode: eukarya) and TargetP (2.0; mode: plant) tools at Gensas, as well as DeepSig [60; 1.2.5] (mode:
eukaryotes), NoD [61; 0.1.1], WoLF PSORT [62; 0.0.12] (mode: plant), iep [63; 5.0.0.1], and pepstats (5.0.0)
tools in Galaxy. Further characterization was obtained from protein alignments using Diamond against
diverse databases such as the NCBI RefSeq Plant section, UniProtKb/Swiss-Prot, NCBI Nr section, and
Darwin Tree of Life (all proteins) (https://www.darwintreeoflife.org/). Finally, a genome-wide annotation of
transcription factor (TF) families was achieved following the classification criteria of PlantTFDB
(https://planttfdb.gao-lab.org/prediction.php) [64] and iITAK (https://itak.feilab.net/cgi-bin/itak/index.cgi) [65],
with the latter also annotating transcriptional regulators and kinase genes.

Subsequently, the EVM consensus gene models were submitted to PASA using the unique transcript
set of yerba mate to obtain alternative splice (AS) variants and UTRs, each of which was subsequently filtered
to yield locus non-redundant sequences. The ORF of each AS variant was checked for integrity following the
same criteria as EVM genes and discarded if those criteria were not met. The protein set derived from the
AS variants was subjected to the same functional annotation as the EVM genes. The genomic loci of transfer
RNAs (tRNAs) were predicted using tRNAscan-SE [66; gensas 2.0.7] and then compared with PItRNAdb
(https://bioinformatics.um6p.ma/) [67], as well as with overall eukaryote tRNAs and our characterized 24
tRNA-derived SINEs (SINE2) from yerba mate in Repbase, to avoid false positives and curation if necessary.

Chloroplast and mitochondrion genomes of yerba mate: assembly, annotation and validation

The plastid genome and mitogenome were assembled de novo using GetOrganelle [68; galaxy 1.7.7.1]
from yerba mate short DNA-seq reads and corresponding llex sequences as seeds. These assemblies were
then reference-annotated [69, 70] via genome-wide mapping of corresponding protein-coding, tRNA, and
rRNA genes using the Geneious mapper (cutoff: 10% mismatches; map to all sites). Contig validation was
performed by mapping species-specific non-redundant short (cutoff: 3% mismatches) and long (>10,000 nt;
cutoff: 30% mismatches) DNA-seq reads. C-to-T editing sites in protein-coding genes (PCGs) of both
genomes were annotated by mapping non-redundant reads from the 26 RNA-seq libraries of yerba mate
(cutoff: 3% mismatches) and using the SNP identification tool in Geneious. The occurrence of repeats,
ranging from mononucleotide to 100 nt units, was investigated in both genomes using the Phobos tool in
Geneious. Similarity regions within (direct and inverted repeats) and between both genomes were identified
using the MAUVE alignment tool in Geneious. The yerba mate plastid genome was compared with 93 non-
redundant plastid sequences of llex species at NCBI via reference mapping (cutoff: 30% mismatches). The
yerba mate mitogenome was compared with 5 mitogenome sequences of llex species at NCBI via MAUVE
and Chromeister alignments. For further comparison, the set of non-redundant short DNA-seq reads
previously mapped to the yerba mate mitogenome were mapped against the mitogenomes of those other
llex species.

5S and 18S-25S ribosomal units of yerba mate: assembly, annotation and validation

Scaffolds containing ribosomal sequence signatures were identified using BLASTn (E-value cutoff: le-
05) analysis with our reference rDNA sequences [6, 71]. Consensus sequences were generated for each
ribosomal unit using the MAFFT sequence alignment tool in Geneious and subsequently validated by
mapping short (cutoff: 3% mismatches) and long (>10,000 nt; cutoff: 30% mismatches) DNA-seq reads using
the Geneious mapper. Genomic ribosomal units -genes and spacers- were reference-annotated [6, 71], and
additional repetitive DNA features were identified through self-dot plot analysis. The resulting sequences
were deposited in Repbase under the IDs 5S_rDNA_Ipa and 18S-25S_rDNA_Ipa.
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RESULTS AND DISCUSSION

Chromosome-level reference assembly and validation in yerba mate

Two sub genomic structures were identified in the yerba mate nuclear genome: a diploid region
comprising 85% of the genome and a tetraploid region comprising 15% (Figure 1a), thus proposing it as a
predominantly diploid species consistent with cytological analysis [72]. This duplicated region appears to be
a remnant of paleo-polyploidization events common in the evolution of llex, as reported in I. asprella, I.
latifolia, and I. polyneura [17-19]. A major consequence of these findings for yerba mate geneticists and
breeders is likely the loci exhibiting polysomic inheritance within the species, which complicates downstream
analysis.

The yerba mate nuclear genome assembly YMM1 spanned 872.9 Mb in length, including 0.6 Mb of novel
gaps. Of this assembly, 799.3 Mb (91.6%) were incorporated into 20 chromosomes (scaffold0O000001-
scaffold0000020), ranging in size from 27 to 71.7 Mb (Table 1; Figure 1b; File S1). The remaining 8.4%,
which was not assembled to the reference, was grouped into the artificial sequence scaffold0000021 (Table
1; File S1). This reported genome size at the sequence level is 96.1% of the mean DNA content measured
by Garberoglio and coauthors [14] for yerba mate, highlighting the value of YMML1 for the species, and
surpassing the genome sizes of the other four sequenced diploid Illex species (727.1-804.1 Mb) [17-20].

All sequences of YMM1 were annotated at intervals with the original names of the scaffolds used, along
with their assembly coordinates. Furthermore, these 20 reference-assembled sequences also display the
three distinct RagTag confidence score values at each interval, which is highly useful for detailed inspection
of each region of the assembly (Files S2A and S2B). With respect to this, the mean confidence score for the
YMM1 assembly was 0.84 (mean grouping: 0.81; mean location: 0.75; mean orientation: 0.97) (File S3), a
high value -suggesting a low number of expected misassembled regions- considering the divergence time
from |. aquifolium [26] and emphasizing the worth of this first chromosome-level assembly for the species.
Overall, chromosome-level comparisons among |. aquifolium (n=20), I. asprella (n=19), I. latifolia (n=20), and
I. polyneura (n=20) via Chromeister revealed nearly linear dot plot graphs, low divergence scores (mean
0.15), and a low number of detected rearrangements among them (Figure S1; File S10). This demonstrated
an almost complete block collinearity at different levels, that is, synteny and microsynteny events, across
those species. Hence, despite the divergence time of 30.4-32.7 million years for this group of taxa, part of a
genus that is 84.7 million years old [26], a high correlation in genome structure is still evident. Considering
the phylogenetic position of yerba mate within llex [26], it is expected that it shares the main karyotype
features with the other four chromosome-level assembled species in the genus [17-20]. In this context, further
comparisons of the 20 chromosome-level sequences of YMML to its reference |. aquifolium [20] and the other
llex species [17-19] via Chromeister positively evaluated the ability of RagTag to replicate the typical
chromosome structures in llex (Figure 1c; File S10).

The quality of a plant sequence assembly can also be assessed by comparing its predicted gene content
to known Embryophyta and Eudicots gene sets, and then comparing those indices among more closely
related species [23]. The genomic BUSCO completeness of the yerba mate assembly YMM1 reached 97.3%,
with a low level of duplicated loci (4.6%) (Table 1). All genomic BUSCO scores observed in yerba mate were
comparable to those of four other chromosome-level assembled llex species [17-20], characterized by mean
6.2% duplicated loci (File S4), highlighting the quality of the assembly YMM1. These scores at YMM1 showed
a marked improvement compared to GCA_963454935.2 [13], which exhibits a mean of 22.2% duplicated loci
(File S4), partly due to the purging step applied in this study (Files S5 and S6). This purging process did not
negatively impact genome completeness or the repetitive repertoire (File S7). Furthermore, the percentage
of species-specific reads mapped to YMM1 was also high, with 90.7% for RNA-seq and 98.1% for DNA-seq
libraries, respectively (Files S8 and S9), indicating the quality of the assembly [73].

Masking analysis using the YMML1 library derived from RepeatModeler revealed 64.9% repetitiveness in
the yerba mate assembly YMML1, a genome predominantly composed of LTR retrotransposons, as is typical
in plants [35], along with a small fraction of non-LTR retrotransposons and Class Il transposons (File S7).
This library masked 64.6% of GCA_963454935.2 [13], which has a genome size 18% larger but a similar
repetitive background to YMML1 (File S7). This emphasizes the representativeness of the chromosome-level
assembly YMM1 regarding the repetitive repertoire of the original scaffold-level sequences [13], despite the
purging step carried out. This library also masked a mean of 61.4% of genomic sequences in the other four
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Figure 1. Nuclear genome characterization in yerba mate. (a) Smudgeplot graph showing ploidy level and sub genomic
structures in yerba mate; (b) YMM1 20 chromosome-level sequences; (c) Chromeister dot plot graphs and scores from
chromosome-level comparisons of YMML1 (x-axis) and other llex species (y-axis); note the high collinearity of
chromosomes and respective supporting low-value scores; also note that chromosome 11 of I. asprella (n=19) matches
chromosomes 11 and 16 of YMML1, a trait also evident when compared to other llex species (Figure S1).
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chromosome-level assembled llex species [17-20], which shared a similar repetitive repertoire among
themselves and with respect to YMML1 (File S7). Furthermore, masking analysis using the YMMZ1 library
derived from Dante_LTR revealed that LTRs constitute 48.1% of the YMM1 genome. Within these LTR
retrotransposons, gypsy elements accounted for 84.1%, while copia elements comprised 15.9% (File S7).
The major LTR lineages in yerba mate, including Tekay, Athila, and Retand, collectively represented 80.2%
of the gypsy clade in YMML1 (File S7). Additional masking analysis using the same YMML1 library revealed a
similar LTR repertoire among the other four chromosome-level assembled Illex species and
GCA 963454935.2 [13, 17-20] with respect to YMML1 (File S7), thus enhancing the coherence of the achieved
yerba mate assembly.

Table 1. Summary of core features of YMM1 nuclear assembly.

Genome size 872.9 Mbp

Assembly level 20 chromosomes and 1 artificial scaffold

Genomic BUSCO Embryophyta odb10 C:97.4%[S:92.9%,D:4.5%],F:0.7%,M:1.9%,n:1614
Genomic BUSCO Eudicots_odb10 C:97.1%[S:92.5%,D:4.6%],F:0.5%,M:2.4%,n:2326

C: complete; S: single; D: duplicated; F: fragmented; M: missing; n: number of genes in the set.

Genome annotation and validation in yerba mate

The YMM1 nuclear assembly was annotated with 41,922 EVM-weighted consensus curated protein-
coding gene models (Figure 2; Table 2; Files S11A-S11E), collectively occupying 23.1% of the genome
space, with 93.5% distributed across 20 chromosomes, 76.1% containing introns, and 65.7% composed of 2
to 10 exons. A high number of these gene structures were further validated via RNA-seq analysis involving
available species-specific libraries from leaves, roots, and plantlets (File S12), totaling 37,344 (89.1%). The
number of annotated genes in YMM1 surpassed by 22.8% the 32,355 genes primarily identified in yerba
mate at the leaf transcriptome level [4]. Yerba mate has a mean of 48 genes per megabase of its genome, a
number consistent with those of other annotated llex species [17-19]: 48.3 in |. asprella, 46 in I. latifolia, and
44 .4 in |. polyneura.

The quality of the YMM1 genome annotation was assessed employing a comprehensive approach
involving multiple sources. Protein BUSCO completeness of YMML1, considering Embryophyta and Eudicots
gene sets, reached 97.1%, with a low level of duplicated loci (6.3%) (Table 2; File S13). The consistency of
genomic and protein BUSCO scores in YMML1 indicates that the genome annotation achieved the expected
gene content. In addition, all protein BUSCO scores observed in yerba mate were comparable to those of
three other annotated llex species [17-19], which are characterized by a mean of 7.6% duplicated loci (File
S13), highlighting the quality of the YMM1 genome annotation. These scores for YMM1 showed a noticeable
improvement compared to GCA_963454935.2 [13], which exhibits a mean of 77.5% complete and 19%
duplicated loci, a significant difference from the mean genome annotation in llex (File S13).

The annotated gene set of YMM1 was further compared with the proteome of A. thaliana. Global analysis
using Proteinortho identified 20,493 orthologous genes distributed into 12,224 orthogroups between them
(File S14). These numbers are consistent with mean 20,873 orthologous genes to A. thaliana distributed into
mean 12,441 orthogroups considering also the other three annotated species of llex [17-19] (File S14). The
percentage of essential genes shared between the YMM1 proteome and A. thaliana, according to the DEG
database [54], reached 88.5%, consistent with the percentages found when considering the proteomes of
other sequenced llex species (File S15). In addition, the percentage of KOGs shared among the gene set of
YMM1 and A. thaliana, according to the KOGs database [55], reached 96.1%, which is also consequent with
the percentages found when the proteomes of other sequenced llex species [17-19] are considered (llex
mean = 96.6%) (File S15).

Furthermore, a lineage-dependent proteome quality assessment of YMM1 and the other three annotated
llex species [17-19] was carried out using OMark. Primarily, the proteomes were identified as belonging to
the Asterids clade, to establish a reference [74]. This analysis found 93.6% conserved HOGs supported by
31,002 genes in YMML1 (File S16). These numbers are consistent with a mean of 94.5% conserved HOGs
with respect to Asterids, supported by a mean of 29,910 genes when also considering the proteomes of the
other three annotated llex species [17-19] (File S16). The considered proteomes in the genus average 28.9%
duplicated HOGs compared to their reference Asterids (File S16), likely related to the whole-genome
duplication events common in the evolution of llex, as commented previously [17-19].

Orthology comparisons were also performed considering the proteomes of YMM1 and the other three
annotated llex species [17-19] using Proteinortho and OrthoFinder. The former analysis classified the overall
genes in llex into 27,303 orthology groups, including groups with two (18.4%), three (23.2%), or four (58.4%)
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species each (File S17). In this sense, yerba mate participates in 83.2% of those orthology groups, involving
25,930 genes (File S17). When the other llex species are considered [17-19], the annotated genes in the
genus participate in a mean of 85% of those orthology groups, involving a mean of 25,833 genes (File S17),
demonstrating coherence in the YMM1 annotation. In turn, a more detailed analysis by OrthoFinder restricted
the classification of the whole genes in llex to 23,650 orthology groups, including groups with two (15.1%),
three (18.4%), or four (66.5%) species each (File S18). Hence, the YMM1 proteome participates in 88.1% of
those orthology groups, involving 35,131 genes (File S18). Considering the other llex species [17-19], the
annotated genes in the genus participate in a mean of 87.8% of those orthology groups, involving a mean of
33,419 genes (File S18), in agreement with the YMM1 annotation. Finally, 82% of the orthology groups in
YMM1 involved one (54.8%), two (19%), three (5.4%), four (1.9%), or five (0.9%) gene members,
respectively, and contained 76.8% of its genes (File S18). Comparable parameters to YMM1 were found
across the genus, where a mean of 79.7% of the orthology groups per species involved one (56.9%), two
(16.2%), three (4.4%), four (1.6%), or five (0.7%) gene members, respectively, and contained 80.8% of their
genes (File S18). Altogether, comparative orthology analysis in llex validated 35,491 (84.7%) YMM1 EVM
genes (File S19).

Table 2. Summary of core features of YMM1 nuclear assembly annotation

# EVM gene models 41,922

# Alternative splice variants 23,089

# Genes with alternative splice variants 10,446

# Genes with UTRs 18,100

# tRNA genes 500

Protein BUSCO Embryophyta_odb10 C:97.1%[S:91.3%,D:5.8%)],F:1.0%,M:1.9%,n:1614
Protein BUSCO Eudicots_odb10 C:97.0%[S:90.3%,D:6.7%],F:0.7%,M:2.3%,n:2326

#: number; C: complete; S: single; D: duplicated; F: fragmented; M: missing; n: number of genes in the set.
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Figure 2. YMM1 nuclear assembly annotation. (a) Representation of scaffold0000001 and respective density maps of
dispersed repeats, protein-coding genes, and tRNA genes; (b) Selected region of scaffold0000001 displaying annotation
tracks and respective annotated features. Ipa_000055 is a predicted peptidase gene from the M48 family, an activator
of leaf senescence under normal and stress conditions; its suppression delays leaf aging.
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Functional annotation of the YMM1 EVM proteome utilized diverse and complementary tools and
databases (Table 3), which together annotated and validated 38,940 genes (92.9%) (File S19). A molecular
characterization of the EVM proteins was also carried out using iep and pepstats tools, considering their
molecular weight, charge, isoelectric point, and other parameters (Files S20 and S21). The updated and
widely used orthology-based functional sequence annotation protocol EQgNOG-Mapper [58] was applied to
the YMM1 EVM proteome and the proteomes of the other three annotated llex species [17-19] for further
comparison. This analysis in-depth characterized 32,085 YMM1 EVM genes (76.5%) (File S22). Considering
those other species of the genus, a mean of 31,581 genes (85.2%) in llex found orthology at the EQgNOG
database, in agreement with the mentioned mean of 29,910 annotated genes (80.7%) in the genus
orthologous to Asterids (File S16). This 15-19% proportion of non-orthologous genes in llex likely reflects that
Aquifoliaceae and related species are still underrepresented in reference gene sets from major tools and
databases. In this regard, yerba mate holds more non-orthologous genes than other annotated Ilex species
[17-19], correlated with a larger genome size and gene content. In particular to the classification of the YMM1
EVM proteome, EQgNOG-Mapper extracted description labels and GO terms for 29,676 genes (llex mean =
29,313) and 16,228 genes (llex mean = 15,498), respectively, and classified 7,052 enzymes by EC number
(llex mean = 6,801) (File S22). This analysis also extracted KO terms and BRITE identifiers for 15,800 genes
(llex mean = 15,277) and pathway identifiers for 9,907 genes (llex mean = 9,549) from KEGG databases,
and annotated 28,790 genes via the PFAM database (llex mean = 28,444), among others (File S22). This
consistency in the classification of genes by EggNOG-Mapper, considering yerba mate and the proteomes
of the other three annotated llex species [17-19], reinforces the quality of the YMM1 genome annotation
observed throughout the validation process.

A subsequent functional classification of the YMM1 EVM proteins into families and the prediction of
domains and important sites were achieved using InterPro through signatures provided by different member
databases [59]. In the Galaxy environment, this integrated database and diagnostic tool extracted 285,866
signatures from 17 distinct databases for 33,656 genes, and also provided description labels for 33,538
genes, GO terms for 20,091 genes, and pathway identifiers for 23,178 genes (File S23). In turn, in the Gensas
environment, InterPro extracted 242,268 signatures from 10 diverse databases for 30,806 genes, and linked
description labels for 34,367 genes and GO terms for 20,682 genes (File S24). In addition, a functional
classification of proteins was achieved using the PFAM database alone in the Gensas environment, which
extracted 151,045 signatures for 29,848 yerba mate genes (File S24). All these resources combined finally
annotated 35,719 (85.2%) yerba mate genes (File S19), a good number considering that within the model
species A. thaliana, 4.5% of protein-coding loci remain functionally unannotated [75].

To further characterize YMM1 EVM proteins, the signal peptide prediction tools SignalP, DeepSig, and
TargetP were used in combination to finally identify 4,625 genes (File S25) of the secretory pathway [77].
TargetP also identified 2,955 proteins in yerba mate possessing transit peptides targeting chloroplasts
(54.8%), mitochondria (40.1%), or thylakoid lumen (5.2%) (File S25). Furthermore, WoLF PSORT predicted
the subcellular localization of 11,641 proteins with a score >10 to twelve different compartments,
encompassing 24 sites including dual-localized proteins. These sites included the nucleus (38.5%),
chloroplast (33.2%), cytosol (16%), plasma membrane (6.2%), and extracellular space (2.5%), among others
(File S25). A nucleolar localization signal (NoLS) is a short amino acid sequence that directs a protein to the
nucleolus [61]. In this sense, the nucleolar localization sequence detector NoD predicted 7,696 proteins with
NoLS in yerba mate (File S25).

Further characterization of the YMM1 EVM proteins was achieved through comparison with the most
important global databases, such as NCBI RefSeq Plant, UniProtKb/Swiss-Prot, NCBI Nr, and Darwin ToL.
These combined approaches identified 34,125 (81.4%) yerba mate proteins homologous to proteins in other
species (Files S19 and S26), surpassing the percentage of annotated proteins in corresponding analyses of
yerba mate at the transcriptome level [4, 9], and in agreement with I. polyneura [19].

Transcription factors (TFs) are proteins that regulate the expression of target genes by binding to specific
cis-elements in promoter regions [65]. To further achieve a genome-wide annotation and classification of TFs
in the YMM1 EVM proteome, two distinct but complementary approaches were followed: PlantTFDB [64] and
iTAK [65]. PlantTFDB identified 1,928 TF genes and classified them into 58 families, while iTAK identified
1,991 TF genes and classified them into 70 families, with bHLH, MYB, ERF, NAC, and C2H2 as the largest
clusters, each including more than 100 members in yerba mate (File S27). Hence, the number of TF genes
in yerba mate is consistent with the mean of 1,959 TF genes found in Eudicot genomes [64], highlighting the
completeness of the achieved YMM1 genome annotation in this valuable crop species. Most important to
yerba mate culture are those TF families associated with stress, such as NAC, MYB, ERF, WRKY, BZIP,
bHLH, and HSF [78, 79], which altogether reached 898 genes considering both classification approaches
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(File S27). In addition, transcriptional regulators (TRs) are proteins that also regulate the expression of target
genes, but indirectly [65]. In this regard, iTAK annotated 436 TR genes and classified them into 24 families
in the YMM1 EVM proteome (File S27), in agreement with the 428 TR genes found in A. thaliana [65]. Kinases
are another type of regulatory proteins that function in signal transduction pathways and alter the activity of
target proteins by phosphorylating them [65]. Considering the YMM1 EVM annotation, iTAK identified 1,179
kinase genes, consistent with the 1,028 kinase genes of A. thaliana [65]. These yerba mate kinases were
further distributed into 20 supported groups, including RLK-Pelle (File S27). Their genes are significant to
yerba mate due to their involvement in pathogen recognition and plant disease resistance processes, among
others [80].

To summarize, when considering overall evidence from diverse analyses such as RNA-seq, comparative
orthology in llex and functional annotation, 72% of YMM1 EVM genes matched 18 to 10 sources, with 374
genes solely annotated by EVM, and validation reached to 41,548 gene models (99.1%) (File S19).

Table 3. Summary of the functional annotation of YMM1 EVM genes

Source # genes Source # genes
InterPro Gensas 34,381 WoLF PSORT score >10 11,641
NCBI Nr 33,885 NoD 7,696
InterPro Galaxy 33,656 TargetP 7,215
NCBI Refseq Plants 33,054 SignalP 3,125
Eggnogmapper 32,085 DeepSig 2,626
Darwin ToL all proteins 32,016 iTAK-TF-TR 2,427
Pfam Gensas 29,848 PlantTFDB 1,928
UniprotKB/Swiss-Prot 27,145 iTAK-PK 1,179

#: number; TF-TR: transcription factors/transcriptional regulators; PK: protein kinases.

Furthermore, supported by the achieved set of unique transcripts of yerba mate (Files S28A-S28C and
S29) and the YMM1 EVM gene models, a PASA locus non-redundant curated set of alternative splice variants
and UTR sequences was generated (Files S30A-S30D and S31A-S31B), an original approach among the
other three annotated llex species [17-19]. In brief, 78,992 UTR sequences, including 36,407 5' UTRs and
42,945 3' UTRs, were annotated for 18,100 genes (Table 2). Besides, 23,089 alternative splice variants were
annotated for 10,446 genes (Table 2). The corresponding protein set was submitted to the same functional
annotation steps as the EVM genes, and 22,987 (99.6%) could be further labeled and molecularly
characterized (Files S32-S37).

Moreover, 500 tRNA genomic loci were also annotated in the YMM1 nuclear assembly (Table 2; Files
S38A and S38C). These tRNA genes involved 56 diverse anticodons predicted to target the 20 standard
amino acids, in addition to a suppressor tRNA (File S39), in agreement with previous findings in plants [67].
The number of tRNA loci in yerba mate is also consistent with the 494 and 448 tRNA genes found in |. asprella
and |. latifolia, respectively [17, 18].

Chloroplast and mitochondrion genomes of yerba mate: assembly, annotation and validation

The YMML1 chloroplast genome was assembled into a single contiguous molecule of 157,591 bases in
length (9,518.3X coverage), a length that slightly differs from those obtained using other RNA and DNA
assembly approaches [4, 69]. High-coverage mapping of short (404.2X) and long (85.2X) DNA-seq reads
validated this sequence (Figure 3; Table 4; Files S40-S43). Compared to 93 non-redundant plastid
sequences of llex species at NCBI, the YMML1 plastome exhibits a typical structure for the genus in terms of
length (mean 157,668 bases), nucleotide composition (mean 99.2% pairwise identity), number of sub
genomic regions (4), number of repeat loci (811), and number of annotated genes (131), which are distributed
into protein-coding genes with known function (86), tRNA genes (37), and rRNA genes (8) (File S44). RNA-
seq mapping at 1,039.1X coverage revealed a single contiguous transcript matching its genomic region and
53 C-to-T RNA editing sites distributed within protein-coding genes (File S45). Furthermore, 14 different
regions transferred from the chloroplast to the mitochondrial genome (see below), totaling 6,789 bases, were
detected in the large single-copy region of the plastome (File S41).

The YMM1 mitochondrial genome was initially assembled into a single contiguous molecule of 521,271 bases
in length (14,387.9X coverage) and subsequently validated by 233.8X coverage of mapped short reads.
However, mapping of long reads (23.4X coverage) revealed two separate sub genomic molecules of 322,393
bases (A) and 198,878 bases (B) in length, respectively (Figure 4; Table 4; Files S46-S49), consistent with
findings in diverse plants other than llex [81, 82]. In contrast to animals, plant mitogenomes are typically
larger and composed of multiple chromosomes capable of rearranging to generate diverse isoforms [83, 84].
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The YMM1 mitogenome was annotated with 65 genes, including protein-coding genes with known function
(40), tRNA genes (22), and rRNA genes (3), in addition to 2,439 low complexity and SSR loci (File S47).
MAUVE comparisons further revealed five inverted repeat loci and three direct repeat loci in each sub
genome, with the latter constituting validated A-B junction sites based on short-read mapping alone (File
S47). Specifically, sub genome A contained transferred regions from the chloroplast, totaling 4,907 bases
and including three tRNA genes (File S47). RNA-seq mapping at 192.9X coverage revealed multiple primary
transcripts along almost the entire mitogenome length (excluding 623 bases) and 578 C-to-T RNA editing
sites distributed within protein-coding genes (File S50). Multipartite transcription and trans-splicing
phenomena, recently described for the Arabidopsis mitogenome [81], could help explain the transcriptional
landscape observed in yerba mate, including the processing of the nadl and nad2 genes with large introns
and exons distributed across both sub genomes, a phenomenon also reported in rice [82]. The mitogenomes
of the five llex species at NCBI showed comparable lengths (mean 535,627 bases) and numbers (mean 62)
and categories of annotated genes (mean 39 protein-coding, mean 20 tRNA, mean 3 rRNA) to YMM1
mitogenome. According to mapped reads, a mean of 69.1% of the YMM1 mitogenome targeted sequences
of already characterized llex species (File S51). Moreover, whole mitogenome comparisons in llex using
Chromeister and MAUVE revealed corresponding sequence similarity but weak synteny among species
(Files S52-S53; Figures S2-S7). In this regard, further analyses will be needed to assess the currently
captured variability at the assembly level in llex mitogenomes.
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Figure 3. YMM1 plastome characterization. (a) Circular map of the chloroplast genome displaying the four sub genomic
regions and annotated gene features; note that the small single-copy region can flip-flop between two configurations
validated by read mapping; (b) Linear representation of the plastome and sub genomic regions, with graphs above
showing sequence coverage (blue) and identity (orange) corresponding to the mapping of 93 non-redundant llex
plastomes (1), long reads (2), short reads (3), and RNA-seq data (4) to the YMML1 structure; below are density maps
displaying rRNA genes (5), tRNA genes (6), PCGs (7), overall genes (8), repeats (9), regions shared with the
mitogenome (10), and RNA editing sites in PCGs (11).
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Table 4. Summary of core features of YMM1 plastome and mitogenome.

plastome

mitogenome

Genome size

157,591 bases

521,271 bases

Assembly level

1 chromosome

2 chromosomes

# Overall genes 131 65

# Protein-coding genes 86 40

# tRNA genes 37 22

# rRNA genes 8 3

# RNA editing sites at PCG 53 578
# Low complexity and SSR loci 811 2,439

#: number; PCG: protein-coding genes.
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Figure 4. YMM1 mitogenome characterization. (a) Linear representation of the full mitochondrial genome with actually
separated sub genomes A and B (red arrowhead), with graphs above showing sequence coverage (blue) and identity
(orange) corresponding to the mapping of long reads (1), short reads (2), and RNA-seq data (3) to the YMML structure;
below are density maps displaying PCGs (4), tRNA genes (5), rRNA genes (6), RNA editing sites in PCGs (7), repeats
(8), regions shared with the plastome (9), A-B direct repeats (10), A-B inverted repeats (11), and regions lacking mapped
RNA (12); (b) Circular maps of YMM1 mitogenome sub genomes A and B and respective annotated gene features.
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5S and 18S-25S ribosomal units of yerba mate: assembly, annotation and validation

The YMML1 5S and 18S-25S ribosomal nuclear sequences were assembled into corresponding units and
then validated via high-coverage mapping of DNA reads: short reads at 86,242X and 19,407X coverage, and
long reads at 515.7X and 7,161.9X coverage, respectively (Figure 5; Files S54-S57).
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Figure 5. YMM1 nuclear ribosomal units’ characterization. (a) Linear representation of the 5S unit with respective
annotated features; (b) Linear representation of the 18S-25S unit with respective annotated features. Above each
ribosomal unit illustration are graphs showing sequence coverage (blue) and identity (orange) corresponding to the
mapping of long reads (1, 3) and short reads (2, 4) to each structure, respectively; (c) Self-dot plot graphs of each
ribosomal unit, 18S-25S (left) and 5S (right); note the two major repetitive regions in the IGS of the 18S-25S ribosomal
unit.
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The 5S rDNA unit was 511 bases in length, with 391 bases corresponding to the non-transcribed spacer
(NTS) and 120 bases to the rRNA gene (Table 5). Possible transcription initiation sites (TIS), including the
TATA-like sequence (-30), the GC dinucleotide (-14), and the C nucleotide (-1), as well as a transcription

Table 5. Summary of core features of YMML1 5S and 18S-25S ribosomal nuclear sequences.
5S rDNA unit 18S-25S rDNA unit

Ribosomal unit size 511 bases 10,760 bases

Gene types (# bases) 5S (120) 18S (1,809), 5.8S (159), 25S (3,375)

Spacer types (# bases) NTS (391) IGS (4,883), 5ETS (909), 3ETS (175), ITS1 (269), ITS2 (265)
#: number.

termination site (TTS), a poly-T stretch of 5 bases, were recognized in the NTS (Figure 5a). Typical RNA
binding domains (RNA BD) and transcription-associated features for RNA polymerase Il at the 5S rRNA
gene, such as the A Box, the intermediate element (IE), and the C Box, were also predicted (Figure 5a).
Notably, a 100 bases stretch in the middle region of the NTS showed 83% similarity to the internal portion of
a gypsy retrotransposon from yerba mate, but the entire NTS lacked any major repetitive feature (Figure 5a,
c). In addition, the 18S-25S rDNA unit was 10,760 bp in length, with 4,883 bases corresponding to the
intergenic spacer (IGS) and 5,877 bases to the rRNA genes 18S, 5.8S, and 25S, along with the internal
transcribed spacers (ITS1 and ITS2) (Table 5; Figure 5b). The transcribed region from this genomic
sequence, which also included the external transcribed spacers (5ETS and 3ETS) from the IGS, was found
to be 99.9% identical to the reported RNA sequence in yerba mate (File S58) [6]. Two major repetitive regions
were revealed in the IGS, near its 5' end: a 1,211 bp block composed of 38 repetitions of 32 bases each with
96% similarity; and close to its 3' end: two direct repeat stretches of 791 and 750 bases that shared 76.4%
identity and contained the TATA-like sequence (Figure 5b, c).

Ribosomal units, along with plastome and mitogenome sequences and annotated features, constitute a
significant source of useful markers for comparative analysis within yerba mate, llex, and beyond, as is
common for these regions throughout plants [86].

CONCLUSION

Original chromosome-level assemblies were achieved for the nuclear genome, plastome, and
mitogenome of yerba mate, in addition to assembling the nuclear ribosomal units. These genomic sequences
were further characterized in structure and function to generate a set of high-quality annotated markers now
openly available. In particular, 93.5% of characterized nuclear protein-coding genes were annotated onto the
20 linkage groups of llex paraguariensis, and this chromosomal map constitutes a milestone for this valuable
crop species. Yerba mate is significant to producer countries that demand increased yield, tolerance to
diseases, and adaptation to stress conditions, in addition to finding technological applications for its bioactive
compounds. This valued original set of sequences and markers is intended to support future genetic
analyses, improve selection strategies in breeding programs, and serve as a platform for genomics research
in yerba mate.
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