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Abstract
Sugarcane (Saccharum sp.), a world-wide known feedstock for producing sugar, bioethanol, and energy,
has an extremely complex genome due to its highly polyploid and aneuploid nature. A double digestion
restriction site-associated DNA sequencing protocol (ddRADseq) was tested in four commercial
sugarcane hybrids and one high-�bre biotype for the detection and potential application of single
nucleotide polymorphisms (SNPs) in genetic breeding. This genotyping approach compared two Illumina
sequencing platforms and different �ltering schemes, with and without a reference genome. A greater
number of reads were obtained with Illumina platform Novaseq6000 than with Nextseq500, being this
consistent with a greater number of SNPs determined with high accuracy. Additionally, more SNPs were
found using a denovo pipeline compared to de refmap pipeline of the Stacks software. Longer read size,
paired-end reads and 4M reads per individual represent the most e�cient combination in recovering
SNPs. The optimal combination of �lter parameters varied depending on the different matrices created
based on the different platforms. In both matrices, the highest number of SNPs localized in the longest
chromosome 1, whereas the fewest landed in the shortest chromosomes 5 and 8. Multivariate
comparisons of the SNPs matrices showed closer relationships among commercial hybrids than with the
high-�bre biotype. Functional analysis of the obtained SNPs, performed with the Variant Effect Predictor,
demonstrated the appearance of variants throughout the sugarcane genome. The pipeline applied in this
study can be exploited to identify useful molecular markers that can be used in sugarcane breeding
programs to reduce selection cycles.

Introduction
Sugarcane (Saccharum sp.) is a major economic crop in the world, with a global production of about
166.18 million tons in the 2019/2020 agricultural season (Walton 2020). In Argentina, it is the most
important industrial crop with 381,138 ha cultivated and the main source of sugar (INDEC 2018). It is
grown in the northwestern provinces, mainly in Tucumán (225,480 ha), but also in Jujuy (113,241 ha) and
Salta (34,233 ha), according to the records of the 2018 National Agricultural Census (INDEC 2018). There
are a few hectares in the east of the country, in the provinces of Santa Fe (2,330 ha) and Misiones (2,270
ha) (INDEC 2018).

The production of �rst-generation bioethanol (1G) through the fermentation of juices or molasses is
becoming increasingly important. In fact, the national production in 2018/2019 was 16.8 million tons of
sugar and 4.7 million tons of �rst-generation bioethanol (1G) (García et al. 2020; Benedetti 2018). Sugar-
based bioethanol production as a second-generation (2G) biofuel has attracted interest as a renewable
energy and represents a promising alternative to conventional fuels: Twenty-eight percent bagasse is
produced per ton of sugar, which can be used to generate heat and electricity (Bottcher et al. 2013).
Although there are only 1G biore�neries in Argentina, the prospects for the introduction of 2G industries
are promising.
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Sugarcane has one of the most complex genomes in crops due to its size (ca. 10 Gb), high degree of
ploidy, and allopolyploid nature (Yang et al. 2017). It is also an aneuploid crop, which is one of the
reasons why total chromosome number varies between genotypes (Vieira et al. 2018;
Thirugnanasambandam et al. 2018). Modern and cultivated sugarcane hybrids in Argentina have �ve of
the six species that integrated the genus Saccharum into their genealogy: S. barberi (2n = 116–120), S.
o�cinarum (x = 10; 2n = 80–120), S. robustum (x = 10; 2n = 60–80), S. sinense (2n = 80–124) and S.
spontaneum (x = 8; 2n = 40–126) (Acevedo et al. 2017). Acevedo et al. (2017) studied the genealogies of
16 cultivars used in Tucumán province (nine Argentine and seven American) and found that all of them
differ in the proportion of founder species. They also con�rmed that S. o�cinarum is the largest
contributor, followed by S. barberi, and S. spontaneum. In addition, LCP 85–384, the most cultivated
genotype (67.7%, according to Ostengo et al. 2021) in Tucumán, has 3 sorghum genotypes in its
genealogy (Sorghum bicolor cv Wiley, TADA and Rex) (Acevedo et al. 2017).

This complexity directly affects the rearrangement of chromosomes during meiosis and generates
additional variation through the gain or loss of genetic material (Glyn et al. 2004; Vieira et al. 2018). This
high genetic variability can certainly be used to develop new genotypes with improved industrial traits,
such as increasing sugar content and improving digestibility of sugarcane bagasse. However,
conventional breeding requires years of testing, both in greenhouses and in experimental �elds before a
new hybrid can be released. Moreover, breeding programs usually evaluate morphological and agronomic
traits, which are prone to error given the environmental in�uence on vegetative traits (Medeiros et al.
2020). In this context, the use of molecular assisted breeding would bene�t crop improvement, not only
by shortening the breeding cycle, but also by improving knowledge of accessions used for crosses.

Several years ago, the initial study of plant genomes by low-throughput molecular markers, such as RFLP,
RAPD, AFLP, SSR and EST, provided some insights into the organisation and content of genomes, as well
as the functionality of genes and noncoding DNA and their precise location (Thirugnanasambandam et
al. 2018). These markers, which are characterized by their accuracy, reproducibility, and in some cases
neutrality, are also becoming increasingly important in genotype �ngerprinting and genetic diversity
assessment. However, the use of low-throughput markers in large genomic studies, results in very low
coverage, which compromises the scope of studies (Fickett et al. 2018). With the advent of next
generation sequencing (NGS) technologies, more e�cient molecular markers have been developed, such
as single nucleotide polymorphisms (SNPs), which can be easily automated and provide whole genome
coverage. SNPs have a signi�cant advantage over other types of markers in polyploids such as
sugarcane because they are codominant, and widespread throughout the genome, and can determine the
number of copies of each allele (gene dosage). Gene dosage is in turn thought to be involved in variation
in gene expression and thus phenotypic variation caused by the relative abundance of each allele (Garcia
et al. 2013). Implementation of SNPs and phenotypic data helps identify correlations between these
variants and quantitative trait loci, associations that can be potentially useful for future sugarcane
breeding programs.
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Double-digest restriction site associated with DNA sequencing (ddRADseq), is one of the many
technologies included in the so-called Genotyping by sequencing (GBS) (Peterson et al. 2012). This
protocol involves the use of two different restriction enzymes and the selection of a speci�c fragment
size. This method can identify and simultaneously genotype thousands of loci distributed throughout the
genome, providing a genomic perspective to the genotypes analysed. It also provides high reproducibility,
large loci depth coverage, and selection of effective single nucleotide polymorphisms (SNP) distributed
across the genome (Aguirre et al. 2019). For polyploid crops, detecting true SNPs is more challenging
than for diploid crops due to subgenomes within genotypes. However, many tools developed for diploids
can also be applied to allopolyploids because they behave similarly to diploid species (Bourke et al.
2018). Nevertheless, quality control and �ltering are important steps in bioinformatic analysis to detect
false positive SNPs.

Herein, we modi�ed the ddRADseq protocol, originally developed by Peterson et al. (2012) and optimized
for non-model diploid species by Aguirre et al. (2019), to apply it to a highly polyploid species to identify
genomic variants for breeding applications in modern and cultivated Argentine sugarcane hybrids. Our
working hypothesis is that for ddRADseq protocols applied to complex genomes, SNPs recovery is
affected by read size, number of reads per individual, and single-reads versus paired-end reads. In this
article, we tested sequences from two Illumina sequencing platforms, with a reduced number of samples
to evaluate the above conditions. In addition, various bioinformatic �ltering schemes were discussed to
determine the application of parameters that balance the rate of missing data and the accuracy of
detected SNP.

Materials And Methods

Plant material
Five sugarcane (Saccharum spp.) accessions from the germplasm collection of the National Institute of
Agricultural Technology at the Famaillá Research Experimental Station, Famaillá (27°03’S, 65°25’W, 363
masl), Tucumán, Argentina, were selected for this study. Of the selected accessions, one was the high-
�bre biotype INTA 05-3116, and four were the commercial hybrids NA 78–724, NA 56 − 30 (Argentine
origin), LCP 85–384 and HOCP 92–665 (American origin), actively used as progenitors in the sugarcane
breeding program due to their industrial and agronomic characteristics (Acevedo et al. 2017; García et al.
2021).

ddRADseq libraries
Leaves from three plants in each accession were used for isolation and puri�cation of high-quality DNA
using an EasyPure Plant Genomic DNA Kit (TransGen Biotech). DNA quality was checked using Nanodrop
(Thermo Fisher Scienti�c, Waltham, MA, USA) and agarose gel electrophoresis analysis. DNA was
quanti�ed using a Qubit 2.0 �uorometer (Thermo Fisher Scienti�c). The ddRADseq protocol 1 optimised
for Eucalyptus dunnii (Aguirre et al. 2019) was modi�ed for sugarcane by using the PstI/MboI
combination in the digestion step. A Fragment Analyzer was used for validating the DNA fragment size (a
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range between 400 and 650 bp, representing 260–510 + 140 bp of barcodes) (Agilent Technologies,
Santa Clara, USA).

The library was sequenced using both the Illumina Nextseq500 platform, here referred to as Ne-70 (75 bp
single-end read trimmed at 70 bp; 4M reads/individual), and the Illumina Novaseq6000 platform, here
referred to as No-150 (150 bp paired-end reads; 10M reads/individual). To evaluate the e�ciency of the
sequencing platforms in terms of read lengths, depth of coverage and single-reads vs. paired-end
sequencing: (a) reads obtained in No-150 were shortened to 70 bp (while maintaining 10M
reads/individual and paired-end, hereafter referred to as No-70-10M) and compared to No-150; (b) 4M
reads/individual (No-70-4M) were randomly selected among the already shortened No-70-10M reads, in
order to analyse the effect of the number of reads per individual; (c) �nally, the selected No-70-4M were
compared to the original Ne-70 to analyse paired-end versus single-end reads.

Data analyses
The bioinformatics work�ow used to analyse the raw data is shown in Fig. 1. Quality was checked
visually using FastQC (Andrews 2010) and summarised with MultiQC (Ewels et al. 2016). The program
“process radtags” from the Stacks v 1.42 package (Catchen et al. 2011 2013 and 2016) was used for
quality cleaning. Those reads whose average quality within a window fell below a Phred score of 10
(Ewing and Green 1998), or have un-called nucleotides, adapter sequences or de�cient restriction enzyme
cut sites were discarded (Catchen et al. 2011). Two strategies were followed for SNP calling: (1) reference
guided and (2) de novo (Fig. 1).

For the �rst strategy, the cleaned reads were mapped with Bowtie2 under default parameters (Langmead
and Salzberg 2012) against the genome of monoploid sugarcane cultivar R570 (Garsmeur et al. 2018)
which was used as a reference, SNP identi�cation was performed using the “ref_map.pl” pipeline (default
parameters). In the second strategy, the “denovo_map.pl” pipeline of Stacks was used for SNP discovery,
due to the absence of a well-annotated reference genome. Following both steps, the corresponding raw
SNP matrix was obtained under Variant Call Format (VCF) using the “Population” program implemented
in Stacks. The raw matrix statistics were calculated to determine subsequent �ltering thresholds.

Filtering of markers was performed using VCFtools (Danecek et al. 2011). An initial and global �lter of 0%
missing data was applied to all data sets to ensure good and reliable data. Minor allele frequency (MAF) 
> 0.1, commonly applied to diploids, was used as a conservative threshold, while a minimum MAF of 0.3
was used as recommended for allopolyploids (Clevenger and Ozias-Akins 2015). Three different depth
coverage ranges with minimum and maximum thresholds were investigated:

10x-36x: being 10x the usual recommendation for diploids (high con�dence base-call) and 36x as
maximum threshold (Ravinet and Meier 2020).

30x-60x: being 30x the usual recommendation for allopolyploids (Clevenger and Ozias-Akins 2015)
and 60x as maximum threshold.
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56x-200x: being 56x the threshold described by Yang et al (2017) for sugarcane and 200x as
maximum threshold.

Six �ltering schemes (FS) resulted from the combination of different parameters of MAF and read depth
(Fig. 1).

Figure 1 Filtering schemes (FS) combining minor allele frequency (MAF) and read depth (RD)

SNP density per chromosome for Ne-70 with FS1 and No-150 with FS5 was plotted using R package
CMplot (Yin et al. 2021). Correlation analysis of chromosome length and number of SNPs per
chromosome was performed using “cor” and “cor.mtest” function (corrplot package) (Wei and Simko
2021). Correlation coe�cients were considered signi�cant for p-values < 0.05 (*).

A distance matrix between the samples of Ne-70 with FS1 and No-150 with FS5 was calculated using the
R package vcfR, pegas, stats (Knaus BJ and Grünwald 2017; Paradis 2010; R Core Team 2019).
According to the cophenetic correlation, the highest cophenetic correlation was obtained with the
“average” method (best clustering model for both datasets) (Borcard et al. 2018).

SNP Effect Prediction
The Variant Effect Predictor (VEP) from the Ensembl Plants (version release 51) was used to predict the
functional effect of SNP, following the instructions described in Ensembl/plant-scripts: Scripting analyses
of genomes in Ensembl Plants, with the reference genome and its annotation, in FASTA and gff3 formats.

Results
Even though sugarcane is a relevant crop worldwide, little genomic information is available about its
complex genome. The ddRADseq protocol implemented in this work allowed the generation of a library
with pooled samples with good quality and quantity. The restriction enzymes chosen, PstI/MboI, were a
successful combination for the digestion step and the manual size selection was able to recover the size
of the DNA fragments of interest (Fig. S1). To investigate the performance of the ddRADseq protocol
implemented for allopolyploid sugarcane genome we compared the results obtained using two
sequencing platforms, considering the information content obtained, the best cost-bene�t ratio, and
different �ltering schemes. Furthermore, the library accomplished the performance expectancy of the
Illumina platforms (Fig. S2).

The number of reads and their alignment to the reference genome for each sample, in Ne-70 and No-150
platforms are shown in Table 1. The number of reads with the No-150 was on average more than seven
times-fold the number detected with the Ne-70 (Table 1, Table S1), exceeding the expected 2.5:1 ratio.
Because the same library was used in both assays, differential ratios could probably be due to sample
nature, sequencer loading and clustering in cell �ow. Samples NA 78–724 and NA 56 − 30 accounted for
the highest and the lowest number of reads, respectively, in both protocols (Table 1). The overall
alignment rate of the sequences against the monoploid sugarcane genome was higher in Ne-70 than in
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No-150. These rates, which were similar across samples in the former platform, averaged 54%, and were
in contrast with the rates of the latter platform (~ 42%), with the exception of sample NA 78–724, which
reported 50% (Table 1).

Table 1
Number of sequenced reads (Nreads) obtained across samples with two platforms. Overall alignment

rate of reads against the monoploid genome of sugarcane cultivar R570 (Garsmeur et al. 2018), number
of reads with unique alignment, and number of reads with multiple alignments.

Sequencing
platform

Accesion Nreads unique
alignment
reads

aligned
more than
once

overall
alignment
rate/Nreads

unique
alignment
reads/ Nreads

Ne-70 INTA 05-
3116

3,055,298 1,182,532 430,432 0.528 0.387

NA 78–
724

3,759,023 1,499,488 569,465 0.550 0.399

LCP 85–
384

3,307,885 1,315,870 462,541 0.538 0.398

HOCP
92–665

2,826,753 1,098,629 435,747 0.543 0.389

NA 56 − 
30

2,535,384 1,006,667 368,096 0.542 0.397

No-150 INTA 05-
3116

10,504,705 4,162,735 2,208,809 0.415 0.396

NA 78–
724

13,056,991 5,696,204 2,484,897 0.504 0.436

LCP 85–
384

10,810,451 4,375,030 2,314,485 0.427 0.405

HOCP
92–665

9,302,776 3,714,998 2,100,697 0.433 0.399

NA 56 − 
30

8,269,031 3,356,088 1,794,476 0.435 0.406

Sugarcane SNP matrices obtained with Stacks program
The raw SNP data matrices determined using the “Population” program from Stacks varied in Ne-70 and
No-150 platforms. In the former, 188,199 SNPs for the denovo_map.pl and 86,051 SNPs in the ref_map.pl
were recovered, while 2,831,922 SNPs for the denovo_map.pl and 460,890 SNPs in the ref_map.pl were
identi�ed in the latter (Table 2). The denovo_map.pl strategy allowed identifying an amount of SNPs 2.1
and 6.1 times larger than ref_map.pl in Ne-70 and No-150, respectively. Additionally, 15.0 times more
SNPs with denovo_map.pl were recovered in No-150 compared with Ne-70, whereas 5.4 times more SNPs
were recovered with ref_map.pl strategy.
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Table 2
Number of SNPs per matrix obtained with the Stacks program. Matrices for de novo analysis or reference

strategy with raw data and after applying six different �ltering schemes (FS). MAF = minor allele
frequency; RD = read depth.

Sequencing
platforms and
simulations

Strategy Raw data FS 1 FS 2 FS 3 FS 4 FS 5 FS 6

MAF > 
0.1

MAF > 
0.3

MAF > 
0.1

MAF > 
0.3

MAF > 
0.1

MAF > 
0.3

RD = 10x-36x RD = 30x-60x RD = 56x-200x

Ne-70 4M/ind reference 86,051 9,094 6,237 4,246 3,111 2,122 1,619

de novo 188,199 14,360 9,206 3,222 2,193 723 555

No-150
10M/ind

reference 460,890 23,174 13,403 28,081 18,290 47,964 33,400

de novo 2,831,922 30,167 16,925 15,568 9,102 5,430 3,392

No-70 4M/ind reference 174,585            

de novo 363,919            

No-70
10M/ind

reference 351,864            

de novo 767,203            

SNP matrices obtained from trimmed No-150 reads, No-70-10M were compared with matrices obtained
from No-150 reads to examine the effect of read length on the number of SNPs identi�ed. The number of
SNPs identi�ed in No-150 with denovo_map.pl and ref_map.pl was 3.7 and 1.3 times the number of SNPs
identi�ed in No-70-10M, respectively. The minority of SNPs in denovo_map.pl were detected on the �rst
70 bp (767,203 SNPs in No-70-10M from 2,831,922 SNPs in No-150), whereas in ref_map.pl the majority
of SNPs were located on the �rst 70 base pairs (351,864 SNPs in No-70-10M from 460,890 SNPs in No-
150) (Table 2).

To examine the effect of the number of reads per individual, the No-70-10M matrices were compared with
a random subsample of 4M reads per individual, No-70-4M. SNPs identi�ed in No-70-10M doubled the
amount of the ones identi�ed in No-70-4M, and this was true for both SNP calling strategies (Table 2).
This further suggests that the number of SNPs is not directly proportional to the number of reads per
individual, because SNPs detected in No-70-4M represented almost 50% of the ones detected in No-70-
10M instead of the 40% expected if it was.

Finally, to examine the effect of paired-end versus single reads on the number of SNPs identi�ed, the
original Ne-70 was compared to the No-70-4M subsample. As expected, the number of SNPs identi�ed in
No-70-4M were almost twice the number of SNPs identi�ed in Ne-70, and this was true for both SNP
calling strategies (Table 2).

Clearing SNP matrices
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The raw SNP matrices generated from Ne-70 and No-150 datasets were �ltered for quality, missing data,
read depth, and MAF, as shown in Fig. 1. Twenty-four SNP panels were generated from six �ltering
schemes (FS). Ne-70 showed a decreasing trend of SNPs from FS1 to FS6 in both strategies
(denovo_map.pl and ref_map.pl), indicating that the SNPs retained decreased with read depth as fewer
SNPs ful�lled the restrictive conditions imposed by read depths 56x-200x (Table 2). No-150 showed a
similar SNP recovery behaviour as Ne-70 in denovo_map.pl, but No-150 had the highest SNP recovery
values in ref_map.pl with read depth 56x-200x (FS5 and FS6) (Table 2). At this depth, single-dose alleles
could be recovered at a heterozygous locus, while at a shallower depth they could be lost. SNPs retained
within each read depth were higher with MAF > 0.1 for both platforms. Since the application of FS1 in Ne-
70 and FS5 in No-150 retained the highest number of SNPs, both �ltering schemes were selected for
further comparisons.

SNP density was plotted to visualise the distribution of SNPs along each chromosome (Fig. 2). Raw data
from Ne-70 showed regions with more than 289 SNPs spread throughout the whole set of chromosomes,
with distal regions showing relatively high SNP density, i.e., more than 181 SNPs (Fig. 2a). FS1
application upon the Ne-70 platform diminished dramatically SNP density in the entire set of
chromosomes (Fig. 2b), being this reduction consistent with the differential number of SNPs retained in
FS1 compared to raw data (Table 2). Raw data from No-150 displayed regions with more than 1621
SNPs spread throughout the whole set of chromosomes (Fig. 2c). FS5 application upon the No-150
platform revealed a lower distribution of SNPs in pericentromeric regions compared to distal ones
(Fig. 2d).

Figure 2 SNPs distribution through 10 chromosomes of sugarcane cv R570 a. Ne-70 raw data; b. Ne-70
with FS1; c. No-150 raw data; d. No-150 with FS5 (one Mb window). The colour legend scale indicates the
number of markers within a one Mbp window

The chromosome length and the number of SNPs per chromosome were positively correlated in both
matrices, Ne-70 with FS1 (rho = 0.94; p-value < 2.2e-16) and No-150 with FS5 (rho = 0.96; p-value < 2.2e-
16), (Fig. S3). Thus, chromosome 1, the longest chromosome, accounted for 1545 SNPs in the former
matrix (Table S2) while 8850 in the latter one (Table S2). Conversely, chromosomes 8 and 5, the shortest
ones, showed 526 and 573 SNPs respectively in Ne-70 with FS1, whereas 2702 and 2534 SNPs
respectively in No-150 with FS5 (Table S2).

Hierarchical Cluster Analysis and Principal Component
Analysis
Dataset from ref_map.pl �ltered matrices responsible for the highest numbers of SNPs (Ne-70 FS1 and
No-150 FS5, Fig. 2b, d) were analysed according to two different multivariate methods, one based on
clustering whereas the other on ordination on reduced space. Cluster Analysis of the ref_map.pl �ltered
matrices (Table S3) resulted in two dendrograms that showed distinct clustering arrangements (Fig. 3a,
b). A single-member-cluster was composed of INTA 05-3116 (high �bre biotype) in both dendrograms
(Fig. 3a, b). A second cluster, formed by four commercial hybrids: NA 78–724, LCP 85–384, HOCP 92–
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665, and NA 56 − 30, was also detected in both dendrograms, although different distances were
determined among the hybrids in each dendrogram (Fig. 3a, b).

Figure 3 Relationship among sugarcane cultivars based on SNPs markers. Average agglomerative
clustering distance in (a) Ne-70 with FS1 and (b) No-150 with FS5. Plot of principal components in (c) Ne-
70 with FS1 and (d) No-150 with FS5. PC, principal component

Principal Component Analysis (PCA) allowed the graphical representations of the relationships among
the 5 sugarcane genotypes (Fig. 3c, d). In the PCA plot, a summary of total variation of the SNPs
presented by the �rst (PC1) and second (PC2) principal components explained 56% of total variance in
both plots. PC1 contributed to 32% of total variance and distinguished two groups of genotypes
(encircled in solid line). Group 1 was composed of INTA 05-3116, whereas group 2 was composed of the
four commercial hybrids. PC2 accounted for 24% of total variance separating LCP 85–384, NA 56 − 30,
and HOCP 92–665 (upper left quadrant) from NA 78–724 (lower left quadrant) for Ne-70 FS1 (Fig. 3c)
whereas NA 56 − 30 and HOCP 92–665 (upper left quadrant) from NA 78–724 and LCP 85–384 (lower
left quadrant) for No-150 FS5 (Fig. 3d). Taken together, hierarchical cluster analysis and PCA revealed
similar patterns of genotype clustering and ordination on reduced space.

SNP Effect Prediction
To evaluate the potential implications of SNPs on the �ve sugarcane genotypes assayed the Ensembl
Plants Variant Effect Predictor (VEP) was used (Fig. 4). Out of the total variants processed in Ne-70 FS1,
downstream plus upstream gene variants hit 60.6%, standing for more than half the variants detected
(Fig. 4a). Intergenic and intronic variants reached 2,070 (14.9%) and 1,314 SNPs (9.5%), respectively
(Fig. 4a, Table S4). Almost 13% of the variants (1,776 SNPs) corresponded to coding regions (Fig. 4a,
Table S4). From the latter number of SNPs, 894 caused changes in amino acids (missense variant,
50.3%), 868 caused no resulting change to the encoded amino acid (synonymous variant, 48.9%), 5
avoided the onset of transcription (start lost, 0.3%), and 5 caused stop codons to be won (0.3%) and 4 to
be lost (0.2%) (Fig. 4b, Table S4).

Figure 4 Percentage of SNPs according to position relative to genes and biological effect. SNP variants
are categorised and percentages are given for all consequences in a. Ne-70 with FS1; or c. No-150 with
FS5, and consequences in coding regions according to genome site location in b. Ne-70 with FS1 or d.
No-150 with FS5

Downstream plus upstream gene variants in No-150 FS5 accomplished a similar percentage to Ne-70
FS1 (61.4%) (Fig. 4c). Intergenic and intronic variants accomplished 9,834 (13%) and 9,662 SNPs
(12.7%), respectively (Fig. 4c, Table S4). Around 10% SNPs were localised in coding regions representing
7,756 variants. From this amount: 1) 4,071 SNPs were missense variants (52.5%), with possible
implications in protein functionality; 2) 3,586 SNPs were synonymous variants (46.2%); 3) 19 SNPs
caused loss of start codons; and 4) 80 SNPs modi�ed stop codons (55 were gained, 14 were lost, and in
11 codons at least one base was changed, but the terminator codon remained) (Fig. 4d, Table S4).
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Discussion
Sugarcane genomics analysis faces major hassles due to the gain and loss of genetic material tightly
associated with the highly polyploid and aneuploid nature of the crop. Genotyping sugarcane is not only
complex because of the multiple number of allele copies, but also because of the aneuploidy and
unknown ploidy of some hybrids (Serang et al. 2012). Furthermore, in polyploids the false-positive rate of
SNPs detection rises due to ambiguous mapping of highly similar homeologous loci, becoming
challenging to the precise SNPs detection (Clevenger et al. 2015). GBS has been proved to be a
successful way to analyse sugarcane (Balsalobre et al. 2017; Yang et al. 2017), however, to our
knowledge ddRADseq approach has never been applied to this crop before. Our simulations and
comparisons showed that, regardless of the complexity of genotyping sugarcane hybrids, there is
consistency in our data results obtained by the application of the ddRADseq protocol.

Current NGS platforms generate data for analysing genes and genomes, through sequencing by
synthesis chemistry (López de Heredia 2016). Differences between platforms rely on the output range,
reads per run, maximum read length and costs (Illumina 2021). For this reason, the comparison between
sequencing platforms is crucial to decide how to invest available resources. Our results showed that the
number of reads assigned to each genotype followed the same order in Ne-70 and No-150 platforms,
although the �nal number of reads in the latter one was on average several times the number detected in
the former one (Table 1). It is worth noting that NA 78–724 and NA 56 − 30, two Argentinean hybrids
coming from the same sugarcane breeding program, stood for extreme numbers of reads in both
sequencers, suggesting a consistency in sequencer performance among samples.

The overall alignment rate of both platforms averaged ~ 48%. Several non-mutually exclusive phenomena
might be responsible for this value: First, the hybrid R570 reference genome assembly originated from
synteny with sorghum, using BACs based on their global alignments with this related species and
representing the gene-rich part of its genome (Garsmeur et al. 2018). This indicates that fewer
conservative regions are unlikely to align with other sugarcane hybrids. Second, R570 is a cultivar from
Reunion Island, located in the Indian Ocean, suggesting that it might be genetically distant from the
Argentine and American genomes assayed in this investigation (Acevedo et al. 2017; Garsmeur et al.
2018); then the alignment software was developed for diploid species, representing a technical drawback
for a highly polyploid and aneuploid species such as sugarcane along with computational problems.
These observations increase the di�culty in locating the reads in the exact position of the reference
genome even though Yang et al. (2017) reported that Bowtie 2, was more effective than other aligners in
sugarcane. Interestingly, the high �bre biotype and the sugarcane cultivars showed similar alignment
rates, independently of the platform used (Table 1).

Stacks software provides two types of analyses for SNP recovery: de novo and reference based (Rochette
and Catchen 2017). The de novo analysis allowed a higher rate of SNPs detection than the reference-
based analysis in both platforms, although the latter pipeline let us know the SNP position in the
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chromosome and thus further information could be acquired. In addition, more raw data SNPs were
recovered using de novo strategy compared to reference-based strategy.

Simulations applied to further unravel the role of the read length, number of reads and paired-end versus
single-reads impact on the number of called SNPs have demonstrated that the SNPs are not evenly
distributed along the read length. This is supported by the fact that the minority of the SNPs in
denovo_map.pl (767,203 out of 2,831,922), but the majority in ref_map.pl (351,864 out of 460,890)
landed on the �rst 70 base pairs. Thus, even though more SNPs were recovered in the longest reads (No-
150) than in the shortest one (No-70-10M) for both mapping strategies, the de novo strategy was
responsible for the greatest difference in SNPs recover (3.7 vs. 1.3 in ref_map.pl). Additionally, the
number of SNPs is not directly proportional to the number of reads per individual. In relative terms, the
amount of SNPs recovered in No-70-4M exceeded half the amount recovered in No-70-10M, suggesting
that assigning 4M reads/individual is more e�cient than 10 M reads/individual.

The lack of information on the application of the ddRADseq protocol in sugarcane moved us to test six
�ltering schemes (FS) composed of a combination of different MAF and read depths in order to select the
most suitable �ltering parameters values for improving SNP calling. The inclusion of minimum and
maximum depth �lters was recommended for depth coverage (Ravinet and Meier 2020). While a
minimum depth cut-off removes false positive calls and ensures higher quality calls, a maximum cut-off
tends to avoid paralogous or repetitive regions (Ravinet and Meier 2020) that have been recently reported
in the sugarcane genome (Trujillo-Montenegro et al. 2021). The combination of the same MAF with
increasing minimum and maximum depths cut-offs diminished the SNPs recovered in both Ne-70
mapping strategies and in No-150 denovo_map.pl. Nevertheless, in No-150 ref_map.pl the combination of
the same MAF with increasing read depths augmented the SNP call. This could be related to paralog
regions coming from the duplication events or polyploid nature where we can �nd several copies of some
regions (or genes) within the same genome that belong to different ancestors (subgenomes). In addition,
in highly polyploid genomes, such as sugarcane which can achieve a ploidy level of twelve, 56x was the
estimated sequence depth for single dose markers to be called, while in lower depth sequencing, a single
dose SNP of heterozygous genotype could be called as homozygous genotype (Yang et al. 2017). A
series of best practices for SNP calling in polyploids would imply the combination of the highest number
of reads, the highest MAF, and the highest depth (Clevenger et al. 2015; Yang et al. 2017).

Distal regions along each sugarcane chromosome exhibited relatively high SNP density both in raw data
and, to a minor extent, in FS1 and FS5 (Fig. 2) due to the differential number of SNPs retained in these FS
compared to raw data (Table 2). These observations are consistent with the pattern observed in the
sorghum reference genome assembly, where distal regions of chromosomes exhibited high gene density
and pericentromeric regions displayed low gene density and low rates of recombination (McCormick et al.
2018).

Findings of hierarchical clustering and principal component analyses were in accordance both within and
between matrices, highlighting the isolation of the high-�bre biotype from the commercial hybrids (Fig. 3),
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likely due to their differential genetic backgrounds (García et al. 2021; Kane et al. 2021). Interestingly, NA
78–724 and NA 56 − 30, the two Argentinean hybrids genetically developed under the same sugarcane
breeding program did not share a same cluster in any of the matrices analysed. Furthermore, NA 56 − 30
and HOCP 95–665 showed the nearest genetic distance in No-150 (Fig. 3b) among the samples assayed,
in agreement with genetic similarities based on coe�cient of parentage estimations (Acevedo et al.
2017).

To shed more light on the effect of the SNPs retained on genes, transcripts, protein sequences, and
regulatory regions on the �ve sugarcane genotypes assayed, the variant effect predictor (VEP) was used.
Overall, similar proportions of SNPs were assigned to the same functional consequences in both matrices
(Fig. 4a, c). This further shows that independently of the differential number of SNPs detected in each
platform, similar variant proportions were allocated to the very same consequence terms. Among the
SNPs discovered, missense variants (6.4–5.4%, Fig. 4b, d) responsible for the change of one base
resulting in a different amino acid sequence where the protein length is preserved, emerged as interesting
variants to consider for further analysis. Some SNPs identi�ed in the coding region, such as splice region
variants (0.5% − 0.7%), refer to a change either within 1–3 bases of the exon or 3–8 bases of the intron,
indicating that they have low impact for they are unlikely to change protein behaviour, even though they
still represent a variation in DNA sequences. Similar considerations may be considered for synonymous
variants (6.3% − 4.7%) as they are supposed to have no change to the encoded amino acid. More than
half of the variants detected landed within regulatory regions, suggesting that they might alter the
biological functionality of the gene (Fig. 4a, c). Finally, in non-coding variants or variants affecting non-
coding genes, impact is di�cult to predict or there is no evidence of impact at all.

Recently, a new genome assembly from the sugarcane hybrid CC 01-1940 has been published using NGS
technologies (PacBio, Illumina Short Reads and HI-C Reads) (Trujillo-Montenegro et al. 2021). Our
preliminary analysis using this brand-new reference genome showed that the overall alignment increased
the mapping rate from ~ 54% to ~ 85% in Ne-70, demonstrating that the hybrid CC 01-1940 is genetically
closer to our hybrids than the cultivar R570 (Garsmeur et al. 2018). Furthermore, the largest (chromosome
1) and smallest (chromosomes 5 and 8) sizes of chromosomes coincide in Trujillo-Montenegro et al.
(2021) and in this investigation. Analyses of commercial and high-�bre sugarcane hybrids using the
genome assembly of the hybrid CC 01-1940 as reference, are in progress (Manuscript in preparation).
This underscores the fact that the pipeline considered in this study can be used regardless of any newer
genome sequence version that might be released in the future. Furthermore, it is a good tool for detecting
novel SNPs and, if compared to SNP array technology, it can be applied without previous knowledge on
polymorphisms. Even more, this protocol can be applied speci�cally to the sugarcane population of the
breeding program being assessed to discover molecular markers associated with agricultural features.
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Figure 1

Filtering schemes (FS) combining minor allele frequency (MAF) and read depth (RD) 
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Figure 2

SNPs distribution through 10 chromosomes of sugarcane cv R570 a. Ne-70 raw data; b. Ne-70 with FS1;
c. No-150 raw data; d. No-150 with FS5 (one Mb window). The colour legend scale indicates the number
of markers within a one Mbp window
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Figure 3

Relationship among sugarcane cultivars based on SNPs markers. Average agglomerative clustering
distance in (a) Ne-70 with FS1 and (b) No-150 with FS5. Plot of principal components in (c) Ne-70 with
FS1 and (d) No-150 with FS5. PC, principal component

Figure 4

Percentage of SNPs according to position relative to genes and biological effect. SNP variants are
categorised and percentages are given for all consequences in a. Ne-70 with FS1; or c. No-150 with FS5,
and consequences in coding regions according to genome site location in b. Ne-70 with FS1 or d. No-150
with FS5
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