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Abstract: The genetic relationships between Coffea arabica resources were analyzed via specific
length amplified fragment sequencing (SLAF-seq) and transcriptome sequencing to provide the
theoretical basis for breeding new varieties. Twenty C. arabica accessions were used to analyze genetic
diversity on the basis of SNPs identified in SLAFs and the transcriptome data. For the SLAF-seq
analysis of 20 C. arabica accessions, two Coffea canephora accessions, one Coffea liberica accession, and
one Coffea racemosa accession, the number of reads ranged from 2,665,424 to 7,210,310, with a GC
content of 38.49%—40.91% and a Q30 value of 94.99%-96.36%. A total of 3,347,069 SLAF tags were
obtained, with an average sequencing depth of 13.90 x. Moreover, the 1,048,575 SNPs identified in
the polymorphic SLAFs were filtered, then the remaining 198,955 SNPs were used to construct a
phylogenetic tree, perform a principal component analysis, and characterize the population structure.
For the transcriptome analysis, 128.50 Gb clean reads were generated for the 20 C. arabica accessions,
with a GC content of 44.36%-51.09% and a Q30 value of 94.55%-95.40%. Furthermore, 25,872 genes’
expression levels were used for the correlation analysis. The phylogenetic relationships as well
as the results of the principal component analysis, population structure analysis, and correlation
analysis clearly distinguished C. arabica Typica-type accessions from the C. arabica Bourbon-type
accessions. Notably, several C. arabica local selections with unknown genetic backgrounds were
classified according to all four clustering results.

Keywords: coffee; genetic diversity; specific length amplified fragment sequencing; transcriptome

1. Introduction

Coffee (Coffea spp.), one of the most economically valuable perennial crops, is widely
cultivated in over 80 countries in tropical and subtropical regions [1,2]. In terms of the
global economy, it is the second-largest agricultural commodity [3]. Currently, millions
of households worldwide rely on coffee for their subsistence or livelihood [4]. Coffee
offers economic benefits at every step of the value chain, and the global coffee industry
contributes to the multi-billion-dollar economies of coffee importing and exporting [5]. The
genus Coffea comprises almost 124 species, including C. arabica, C. congensis, C. canephora,
C. eugenioides, C. liberica, C. klainii, C. oyemensis, C. abeokutae, C. dewevrei, and C. racemosa.
However, only these ten species are cultivated and have commercial value [6]. The main
cultivated species are C. arabica and C. canephora, which are present in 60% and 40% of
globally traded coffee, respectively [7].

Coffee was introduced to China more than a century ago [8]. In 1904, French Catholic
missionaries introduced C. arabica from Vietnam to Dali city in Yunnan province, considered
to be the birthplace of coffee in China [8]. There are currently numerous large-scale coffee
plantations in Yunnan and Hainan provinces, with Yunnan province accounting for 99% of
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the C. arabica planting area and output in China [9]. Many C. arabica germplasm resources
collected from major coffee-producing countries are preserved in Yunnan and Hainan
provinces [8]. Compared with C. canephora, C. arabica has been cultivated more extensively
in the hilly areas in the tropical and subtropical regions of Yunnan province [9].

Molecular techniques are frequently employed to precisely identify and assess the
genetic diversity of coffee germplasm resources useful for plant breeders and coffee pro-
ducers [10]. Several studies on the genetic diversity of coffee germplasm resources in-
volved analyses of simple sequence repeats (SSRs) [11-13], sequence-related amplified
polymorphisms (SRAPs) [14], amplified fragment length polymorphisms (AFLPs) [15],
random amplified polymorphic DNA fingerprinting (RAPD) [16], and single nucleotide
polymorphisms (SNPs) using multiple next-generation sequencing technologies, includ-
ing Diversity Array Technology™ [17,18], genotyping-by-sequencing [10,19], and whole
genome resequencing [20]. Specific length amplified fragment sequencing (SLAF-seq) is
a high-throughput sequencing technology commonly used to assess the genetic diversity
of many plants, including avocado [21], Ulmus parvifolia [22], Panicum miliaceum [23], and
Miscanthus species [24]. Moreover, analysis of genetic variability within transcriptomes
using single nucleotide polymorphisms (SNPs) has the potential to resolve phylogenies
and evolutionary history [21,25].

Several studies have been conducted worldwide to accurately identify coffee germplasm
resources in regions with high genetic diversity [5,16-28]. However, the genetic back-
grounds and relationships of C. arabica germplasm resources in China remain relatively
undetermined. The current study examined the genetic diversity of a set of C. arabica
accessions, focusing on those grown in the Yunnan region of the Yunnan-Guizhou plateau,
the largest C. arabica planting and export base in China. Specifically, the SLAF-seq technique
was adopted to analyze SNPs and a transcriptome sequencing analysis was performed to
examine differential gene expression.

2. Materials and Methods
2.1. Sample Collection, DNA Extraction, and RNA Extraction

For the SLAF-seq analysis, 24 Coffea accessions were collected from the College of
Tropical Crops, Yunnan Agricultural University (Pu’er, Yunnan province, China: latitude—
23°06’ N, longitude—101°27" E, and altitude—1470 m above sea level) (Table 1). The
collected samples included 20 C. arabica accessions as well as two C. canephora accessions,
one C. liberica accession, and one C. racemosa accession (i.e., outgroup). Fresh leaves, flowers,
stems, roots, and fruits were collected at the same time from the C. arabica plants and then
immediately frozen in liquid nitrogen before being stored at —80 °C, because the flowers of
small coffee are gradually opened, so its flowers and fruits could exist at the same time.
Genomic DNA from five tissues mixed together was extracted using CTAB, as described by
Ge et al. [29].

Table 1. Sources of the 24 Coffea accessions collected for the SLAF-seq analysis.

Accession Number or Name Type Source of Introduction Species Fruit Color

Yellow Bourbon C Taqiri, Myanmar C. arabica Yellow
Bourbon Guatemala C La Aurora, Guatemala C. arabica Red

Yellow Bourbon C Taqiri, Myanmar C. arabica Yellow
YAUC19 LS Yunnan province, China C. arabica Red
Bourbon Amarillo C Campinas, Brasil C. arabica Red
YAUC46 LS Yunnan province, China C. arabica Red
GPFA107 C Nestle R & D Center, Tours, France C. arabica Red
CCCA10x25 C Nestle R & D Center, Tours, France C. arabica Red
CCCA12x25 C Nestle R & D Center, Tours, France C. arabica Red
Catimor T8667 C Coffee Research Center, Mandalay, Myanmar C. arabica Red
Catimor 7963 C Bang Mei Shu, Vietnam C. arabica Red
YAUC60 LS Coffee Research Center, Mandalay, Myanmar C. arabica Red




Forests 2024, 15, 163 30f13
Table 1. Cont.
Accession Number or Name Type Source of Introduction Species Fruit Color
YAUC57 LS Coffee Research Center, Mandalay, Myanmar C. arabica Red
YAUC161 LS Yunnan province, China C. arabica Red
GPFA117 C Nestle R & D Center, Tours, France C. arabica Red
GPFA121 C Nestle R & D Center, Tours, France C. arabica Red
YAUC160 LS Yunnan province, China C. arabica Red
YAUC37 LS Yunnan province, China C. arabica Red
Typica C Scott Laboratory, Kenya C. arabica Red
SL28 C Scott Laboratory, Kenya C. arabica Red
C. canephora TRS1 C Bang Mei Shu, Vietnam C. canephora Red
C. canephora TS5 C Bang Mei Shu, Vietnam C. canephora Red
C. liberica LS Liberia C. liberica Red
C. racemosa LS Campinas, Brasil C. racemosa Red

Source of introduction—The introduction site of the sample; LS—local selection; C—commercial cultivar.

The 20 C. arabica accessions included in the SLAF-seq analysis were also used for the
transcriptome analysis (Table 1). Five tissues were also collected at the same time from
the C. arabica plants and then immediately frozen in liquid nitrogen before being stored
at —80 °C. Total RNA was extracted from the frozen materials using the Plant RNA Kit
(OMEGA Bio-Tek, Norcross, GA, USA) and then combined. The purity, concentration, and
integrity of the total RNA were determined using the NanoDrop 2000 spectrophotometer
(Thermo Fisher Scientific Inc., Waltham, MA, USA) and the Agilent 2100/LabChip GX
systems (Agilent Technology (China) Co. Ltd., Shanghai, China).

2.2. SLAF-seq and SNP Analyses

The genome of the C. arabica Caturra variety (GenBank assembly accession—GCA_
003713225.1) was selected as the reference genome. The SLAF-predict software v1.0 (Beijing
Biomarker Biotechnology Co., Ltd., Beijing, China) was used to predict endonuclease
digestion sites in the reference genome. The optimal endonuclease digestion scheme was
selected for the digestion of the genomic DNA extracted from each sample. The 3’ end
of the resulting genomic fragments (SLAF tags) were modified by the addition of A, after
which the fragments were ligated to the dual-index sequencing adapters [30], amplified by
PCR, purified, and mixed. Finally, the high-quality library was sequenced. After removing
the sequencing adapters from the reads, the sequencing quality was evaluated, and the data
were analyzed. SNP markers were developed using the C. arabica genome as a reference
sequence. Briefly, a Burrows-Wheeler Aligner was used to compare the sequencing reads
to the reference genome sequence [31]. Meanwhile, Samtools v1.9 and GATK v3.8 were
used to develop SNP markers [32,33]. The SNP markers identified by both programs were
included in the reliable SNP marker dataset (1,048,575 SNPs). Finally, the high-quality
SNPs (completeness > 0.5 and MAF > 0.05) were retained for the subsequent analysis
(198,955 SNPs).

2.3. Transcriptome Sequencing

The mRNA in the extracted RNA was enriched using Oligo-(dT) magnetic beads and
then fragmented randomly in fragmentation buffer. The mRNA served as the template
for the synthesis of the first and second cDNA strands. The double-stranded cDNA was
purified and then end-repaired, A-tailed, and ligated to sequencing adapters, after which
a fragment size selection step was completed using AMPure XP beads. Finally, a PCR
amplification was performed to complete the construction of the cDNA library. The Qubit
3.0 fluorometer was used for the preliminary quantification of the cDNA library to ensure
the concentration exceeded 1 ng/uL. The inserted fragments in the library were detected
using the Qsep400 high-throughput analysis system. After the inserted fragments satisfied
certain criteria, the effective concentration of the library (>2 nM) was determined via gPCR
to verify its suitability for sequencing. Finally, the library was sequenced using the Illumina
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NovaSeq 6000 sequencing platform (PE150 mode), which produced large amounts of raw
data that were filtered to eliminate reads containing adapters and low-quality reads. The
Q30 value and GC content of the clean data were calculated. The clean reads were mapped
to the C. arabica reference genome (GenBank assembly accession—GCA_003713225.1) using
HISAT?2. StringTie was used to assemble the reads and reconstruct the transcriptome for
the following analysis [34,35]. The maximum traffic algorithm was applied using StringTie
and the fragments per kilobase of transcript per million fragments mapped (FPKM) value
was used to standardize gene expression levels. A total of 25,872 expressed genes were
analyzed. The transcriptome data for the 20 C. arabica accessions were deposited into the
GenBank database (accession number—PRJNA1015032).

2.4. Data Analysis

The 198,955 high-quality SNPs obtained after the SLAF-seq analysis were used to
construct a phylogenetic tree for the 24 Coffea accessions according to the neighbor-joining
method of the MEGA X software v.10.0.5 (1000 bootstrap replicates). The same SNPs were
used for the analysis of the population structure of the 20 C. arabica accessions, which
was completed using STRUCTURE v2.3.4 [36], and for the principal component analysis
(PCA) of the 20 C. arabica accessions, which was conducted using EIGENSOFT v6.0.1 [37].
Furthermore, a Pearson correlation analysis was completed to assess the correlations
between samples according to the expression levels of 25,872 genes.

3. Results
3.1. SLAF Sequence

The SLAF-predict software revealed Rsal and HinClII as a suitable restriction endonu-
clease combination. After the double-digestion, the fragments that were 314-364 bp long
were defined as SLAF tags. The average number of reads for the sequenced samples was
5,299,397, the average Q30 value was 95.90%, and the average GC content was 39.46%
(Table 2). A total of 3,374,069 SLAF tags were detected for the 24 Coffea accessions, with an
average of 139,461 SLAF tags per sample. The mean sequencing depth for the 24 samples
was 13.90x (Table 2). Moreover, the 1,048,575 SNPs detected in the polymorphic SLAFs
were filtered, after which 198,955 high-quality SNPs remained. The number of SNP markers
per sample ranged from 381,105 to 903,823, the integrity of these SNP markers ranged
from 32.12%-76.18%, and the heterozygosity rate ranged from 6.83%-17.49%. C. arabica is
allotetraploid (21 = 4x = EECC = 44), with two parents, C. eugenioides (2n = 2x = EE = 22) and
C. canephora (2n = 2x = CC = 22). The distribution map of SNP on chromosomes is drawn
according to the distribution of SNP on chromosomes. The results showed that SLAF tags
are evenly distributed throughout the genome (Figure S1A). The results also showed that
the distribution of C. arabica SNP has a certain regional concentration, mainly concentrated
in the 1c-11c set of one of the parents of C. canephora genome (Figure S1B). Details regarding
the 198,955 SNPs identified using the SLAF-seq data for the 20 C. arabica accessions, two
C. canephora accessions, one C. liberica accession, and one C. racemosa accession are provided
in Table S1.

Table 2. Summary of the SLAF-seq data for 24 Coffea accessions.

GC Q30 Average
Accessions Total Reads Percentage Percentage SLAF Sequencing SNP Integrity (%) H'e teg
o o Numbers Numbers Ratio (%)
(%) (%) Depth/x
Yellow Bourbon 3,543,006 40.36 94.99 140,363 9.19 632,143 53.28 7.04
Bourbon 4,707,446 39.87 95.32 135,758 13.19 628,483 52,97 6.83
Guatemala
Yellow Bourbon 7,210,310 38.87 96.10 154,717 16.53 782,887 65.99 8.25
YAUC19 6,495,268 38.65 95.33 149,085 16.13 696,115 58.67 8.44
Bourbon Amarillo 6,062,294 38.69 96.31 125,176 17.63 597,475 50.36 7.49
YAUC46 6,035,786 38.81 96.29 171,026 12.73 854,496 72.02 7.74
GPFA107 6,215,380 39.46 96.18 159,690 14.32 748,077 63.05 10.04
CCCA10x25 5,044,688 39.47 95.93 145,016 13.71 656,741 55.35 8.28




Forests 2024, 15, 163 50f13
Table 2. Cont.
GC Q30 Average
Accessions Total Reads Percentage Percentage SLAF Sequencing SNP Integrity (%) H‘e tez
o o Numbers Numbers Ratio (%)
(%) (%) Depth/x
CCCA12x25 4,626,678 39.51 96.08 155,561 11.04 719,958 60.68 8.26
Catimor T8667 4,695,444 39.05 96.36 167,929 10.05 835,261 70.40 11.17
Catimor 7963 4,491,620 4091 96.12 144,938 10.79 693,483 58.45 8.21
YAUC60 4,691,242 39.13 96.30 164,554 9.98 836,199 70.48 9.94
YAUC57 5,159,478 39.45 95.91 140,285 14.04 661,919 55.79 7.87
YAUC161 7,158,700 38.49 96.28 156,314 17.23 734,970 61.95 7.71
GPFA117 5,229,644 39.60 96.10 148,262 13.72 694,779 58.56 10.60
GPFA121 5,600,726 40.52 96.25 138,847 15.46 627,588 52.90 10.19
YAUC160 6,147,466 39.39 95.51 159,478 14.58 773,980 65.24 9.29
YAUC37 7,230,872 38.95 95.56 167,258 15.15 903,823 76.18 10.36
Typica 5,751,332 39.70 95.10 161,563 12.46 808,842 68.17 9.48
SL28 4,473,964 39.45 96.27 157,103 10.43 779,764 65.72 8.89
C. canephora TRS1 3,558,942 39.74 95.13 89,727 13.28 604,472 50.95 16.39
C. canephora TS5 6,043,846 39.44 96.21 98,025 19.59 692,389 58.36 17.49
C. liberica 4,345,980 40.07 96.27 70,160 17.09 586,840 49.46 17.48
C. racemosa 2,665,424 39.48 95.69 46,234 15.18 381,571 32.16 13.89
3.2. Transcriptome Sequence Assembly
After filtering the transcriptome sequencing data, 128.50 Gb clean reads remained.
The GC content ranged from 44.36%-51.09% (mean: 45.26%) for the 20 C. arabica accessions
(Table 3). The Q30 value ranged from 94.55%-95.40% (mean: 95.03%) (Table 3). Information
regarding the expression levels of 25,872 genes in the 20 C. arabica accessions is provided in
Table S2.
Table 3. Summary of the transcriptome data for 20 C. arabica accessions.
Accession Clean Reads Clean Bases (G) GC Percentage (%) Q30 Percentage (%)
Yellow Bourbon 21,550,444 6.45 45.90 95.16
Bourbon Guatemala 24,555,127 7.35 44.64 95.08
Yellow Bourbon 23,196,887 6.94 45.43 95.26
YAUC19 20,564,708 6.16 44.86 94.74
Bourbon Amarillo 19,484,349 5.83 44.58 94.92
YAUC46 20,604,275 6.17 44.46 95.15
GPFA107 24,411,515 7.31 44.84 95.20
CCCA10x25 20,656,300 6.18 45.27 95.40
CCCA12x25 20,636,047 6.17 44.55 94.98
Catimor T8667 19,194,907 5.74 44.72 94.63
Catimor 7963 21,505,386 6.44 45.59 95.26
YAUC60 20,424,207 6.11 45.01 95.18
YAUC57 20,698,969 6.19 45.09 94.86
YAUC161 19,810,059 5.93 44.71 94.84
GPFA117 21,505,386 6.44 45.59 95.26
GPFA121 22,370,461 6.70 45.29 95.09
YAUC160 21,662,528 6.48 44.60 94.63
YAUC37 22,692,972 6.79 44.69 95.14
Typica 22,334,079 6.68 44.36 94.55
SL28 21,543,184 6.45 51.09 95.28

3.3. Phylogenetic Analysis

A phylogenetic tree containing 20 C. arabica accessions was constructed using the
neighbor-joining algorithm in MEGA X, with two C. canephora accessions, one C. liberica
accession, and one C. racemosa accession serving as the outgroup. The cluster analysis
revealed two C. arabica sections (Figure 1), with three accessions in section I and 17 acces-
sions in section II. Section I consisted of two commercial cultivars (SL28 and Typica) and
one local selection (YAUC37). Of the two commercial cultivars, Typica is a well-known
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C. arabica Typica-type variety. Section II, which comprised 11 commercial cultivars and six
local selections, was separated into subsections. Subsection II-I included one local selection
(YAUC160), whereas Subsection II-II contained 11 commercial cultivars and five local
selections. Furthermore, Subsection II-II was divided into two subsections, with Subsection
II-II-I consisting of four commercial cultivars and three local selections. Two of the com-
mercial cultivars (Catimor T8667 and Catimor 7963) produce high yields and are resistant
to rust, which may help to explain why they are commonly cultivated worldwide. The
other two commercial cultivars (GPFA117 and GPFA121) were imported to Yunnan, China
by Nestle (Tours, France). Subsection II-II-II comprised seven commercial cultivars and
two local selections. Of the seven commercial cultivars, Bourbon Guatemala and Bourbon
Amarillo are well-known C. arabica Bourbon-type varieties, whereas two Yellow Bourbon
commercial cultivars are well-known C. arabica Bourbon-type hybrids. The remaining three
commercial cultivars (GPFA107, CCCA10x25, and CCCA12x25) were also introduced to
Yunnan, China by Nestle.

Yellow bourbon
Bourban

Yellow bourbon

YAUCIY

Bourban Amarillo

YAUC46

Subsection II-1T -11 GPFA107
CCCAL0%25
CCCA12x25

Catimor T8667

Subsection [I-11

YAUC60

YAUCST?

Section IT Subsection TI-1T -I Yaucist
GPFA117
Subsection II-1 VAUCI60
YAUC37
Section I Typics

I sL28

Figure 1. Rooted neighbor-joining phylogenetic tree consisting of 24 Coffea accessions. The tree was
constructed on the basis of 198,955 SNPs identified using SLAF-seq data. Different colors represent
different sections or subsections.

3.4. Principal Component Analysis

A PCA was performed to verify the clustering of the 20 C. arabica accessions (Figure 2).
Principal components 1 and 2 (i.e., PC1 and PC2) explained approximately 26.86% of the
total variation (20.61% and 6.25%, respectively). In addition, PC1 clearly distinguished
the accessions in Group 1 from the other accessions. Moreover, PC2 separated Subgroup
2-1 from Subgroup 2-2. The clustering of some accessions in Group 1 and Subgroup 2-2
reflected the relatively close genetic relationships between the germplasm resources. In
contrast, the five accessions in Subgroup 2-1 were scattered in the PCA plot, indicative of
relatively distant genetic relationships among the various germplasm resources.

3.5. Genetic Structure Analysis

In the model-based analysis of the 20 C. arabica accessions (Figure 3), STRUCTURE
revealed that the optimal number of groups (K) was three (Figure S2). The model with K =3
grouped SL28, Typica, and YAUC37 into Cluster III. In addition, Cluster I was composed of
two local selections and six commercial cultivars, including Bourbon-2 and five commercial
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PC2 (6.25%)

- 0.4+

cultivars bred by Nestle. Cluster II, which consisted of five commercial cultivars and four
local selections, included Bourbon Guatemala, two Yellow Bourbon commercial cultivars,
Catimor T8667, and Catimor 7963. For the model with K = 4, SL28, Typica, and YAUC37
were still clustered in Cluster III. Catimor T8667 and Catimor 7963 and three local selections
were classified in Cluster I, whereas five commercial cultivars bred by Nestle and two local
selections were grouped in Cluster II. Cluster IV included Bourbon Guatemala, Bourbon
Amarillo. two Yellow Bourbon commercial cultivars. and one local selection.

Bourban
222 Amarlllo Sllng'Oup 2'2
FA107 N
CCCA10x25 = o YAHG46
CA12X25 " YAUC160
. i
bourbon . ‘<~GPFA117 Gl‘Ollp 1
\’ YAUC19 GPFAIZI SL28 o YAUC37
uateﬁiélﬁ ’ A S Typica .~
bourbon
. Group 2
YAUC161 u
YAUCS7
L

Subgroup 2-1

Catimot T8667/

Catimor 7963 .

R d N
YAUCE9 -

Py

- 0.6

| 1 I
- 0.2 0.0 0.2 0.4 0.6

PC1 (20.61%)

Figure 2. Principal component analysis of the 20 C. arabica accessions conducted on the basis of
198,955 SNPs derived from the SLAF-seq data.

3.6. Correlation Analysis Using Transcriptome Data

The correlation analysis indicated that the 20 C. arabica accessions were clustered in
two clades (Figure 4). Three accessions (SL28, Typica, and YAUC37) belonged to clade I
and 17 accessions were included in clade II. There were strong positive correlations among
SL28, Typica, and YAUC37 (r = 0.892-0.9089) (Table S3). Clade II was clearly separated
into subclades. Two commercial cultivars (GPFA117 and GPFA121) in Subclade II-I were
imported to Yunnan, China by Nestle. There was a strong positive correlation between
these two commercial cultivars (r = 0.9362). Subclade II-II contained the remaining 15
C. arabica accessions. The Bourbon Guatemala, Bourbon Amarillo, two Yellow Bourbon
commercial cultivars, Catimor T8667, and Catimor 7963, were clustered in Subclade II-1I.
The correlation coefficients for the 20 C. arabica accessions (based on gene expression levels
determined by the transcriptome analysis) are listed in Table S3.
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Figure 3. Genetic structure of 20 C. arabica accessions determined by STRUCTURE using 198,955 SNPs
derived from the SLAF-seq results. (A) Genetic structure of 20 C. arabica accessions when K = 3.
(B) Genetic structure of 20 C. arabica accessions when K = 4.

Yellow bourbon

1.0 Yellow bourbon
Bourban Guatemala

YAUC19

08 Bourban Amarillo

YAUC46

Subclade II-IT

GPFA107
CCCA10x%25
0.6~
Catimor T8667- Clade I1
0.4l Catimor 796
0.2 bclade II-I
Clade I
0.0

Figure 4. Analysis of the correlations among 20 C. arabica accessions according to the expression
levels of 25,872 genes determined using transcriptome data.
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4. Discussion

In this study, SNPs developed on the basis of SLAF-seq data were used to clarify
phylogenetic relationships, determine the population structure, and perform a PCA of
coffee germplasm resources. Moreover, transcriptome data were used to examine the
correlations between coffee germplasm resources. The four classification results were
highly consistent. First, three C. arabica accessions (SL28, Typica, and YAUC37) were
always grouped. There is some controversy regarding the genetic background of the SL
C. arabica accessions. More specifically, depending on the study, these accessions have
been identified as either Typica-type or Bourbon-type varieties [17,38]. According to the
current study’s clustering results, SL28 is a Typica-type variety. Meanwhile, one of the
local selections (YAUC37) was grouped with Typica and SL28, implying that its genetic
background is consistent with that of Typica-type varieties. Moreover, the phylogenetic
tree, the PCA’s results, and correlation analysis also indicated that nine C. arabica accessions
belong to the same group, including Bourbon Guatemala and Bourbon Amarillo (C. arabica
Bourbon-type varieties), two Yellow Bourbon commercial cultivars (C. arabica Bourbon-
type hybrids) [5,26,38], CCCA10x25, CCCA12x25, GPFA107, YAUC19, and YAUC46. Two
local selections (YAUC19 and YAUC46) and three commercial cultivars (CCCA10x25,
CCCA12x25, and GPFA107), which were imported to Yunnan, China by Nestle, were
clustered with the Bourbon-type varieties according to three classification results. Hence,
the genetic backgrounds of YAUC19, YAUC46, CCCA10x25, CCCA12x25, and GPFA107
are likely similar to the Bourbon-type genetic background.

According to the phylogenetic tree, PCA, population structure (K = 3), and correlation
analysis, Catimor-type varieties were preliminarily grouped with Bourbon-type varieties
because one of their parents is the Bourbon-type mutant Caturra. Still, the classification
based on the phylogenetic tree, PCA, population structure (K = 4), and correlation analysis
clearly distinguished Catimor-type varieties from Bourbon-type varieties because they
include some C. canephora genes derived from their other parent (Timor). Three local selec-
tions (YAUC57, YAUC60, and YAUC161) were grouped with Catimor T8667 and Catimor
7963 following the examination of phylogenetic relationships as well as the PCA, popula-
tion structure analysis (K = 4), and correlation analysis. Thus, the genetic backgrounds of
YAUCS57, YAUC60, and YAUC161 are probably similar to those of Catimor-type varieties.

There were some inconsistencies in the classification of the other C. arabica resources
and the two commercial cultivars (GPFA117 and GPFA121) imported to Yunnan, China by
Nestle. Subsection II-II-], based on the phylogenetic tree, suggested GPFA117, GPFA121,
and Catimor-type varieties belong to the same subsection, which does not include Bourbon-
type varieties, although the preliminary classification according to the phylogenetic tree,
PCA, population structure (K = 3), and correlation analysis indicated that GPFA117 and
GPFA121 should be clustered with Bourbon-type varieties. In contrast, the results of the
PCA and population structure analysis indicated that GPFA117 and GPFA121 should be
grouped with Bourbon-type varieties rather than with Catimor-type varieties. Moreover,
according to the correlation analysis, GPFA117 and GPFA121 form an independent clade.
Therefore, it is speculated that the genetic backgrounds of GPFA117 and GPFA121 are closer
to the Bourbon-type genetic background than that of the Typica-type. However, seven
other C. arabica accessions, including two Yellow Bourbon commercial cultivars, YAUC19,
and YAUC46, are more closely related to Bourbon than GPFA117 and GPFA121.

The phylogenetic tree revealed that among the analyzed C. arabica accessions, the
Typica-type varieties were most closely related to the outgroup, suggesting that they are
the most primitive C. arabica germplasm resources in the phylogenetic tree. Moreover, they
may have differentiated to form the C. arabica Bourbon-type varieties. In other words, the
C. arabica Typica-type resources originated before the C. arabica Bourbon-type resources.
The results of this study are in accordance with those of previous studies. More specifically,
earlier research indicated that Typica was the first C. arabica material to be domesticated and
widely cultivated, after which Bourbon was derived as a Typica mutant and domesticated
by humans for use [38,39].
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SNP markers have been increasingly developed and used for coffee germplasm man-
agement, because they are amendable to high throughput systems, have universal data
comparability and low genotyping cost [5,40-42]. The 198,955 SNPs derived from the SLAF-
seq have been opened to the public and were used in the current study for 20 C. arabica
accessions, which included several varieties widely cultivated in the world and Chinese
local selections. These SNPs could help relevant people in the coffee industry to better
identify and protect different varieties of C. arabica beans and provide accurate reference
materials for coffee appraisers. Coffee suppliers and research institutions could use the
database for low-cost, high-quality genotyping for breeding and seed quality control, and
seed suppliers and nurseries could provide coffee farmers with a sufficient number of
genetically pure and healthy seedlings, which will increase farmers’ access to improved,
adaptable varieties, thereby increasing yields and profits. Recently, Zhang et al. [5] reported
the application of Nano-Fluidic Array genotyping for C. arabica. This study, therefore,
provided ample candidate SNPs for selecting a core set of SNP markers for array-based
genotyping of C. arabica. Additionally, SNP analysis could be conducted without the need
for DNA size separation so that it can be automated in high-throughput analysis formats.
The genotyping profiles of SNPs can be compared in different laboratories and genotyping
platforms. These advantages have led to the increased use of SNPs as a selective marker
for accurate genotyping of tropical perennials, most recently in Theobroma cacao [43], Citrus
maxima [44], Camellia sinensis [45], Dimocarpus longan [46], and (Litchi chinensis) [47].

On the basis of the experimental results stated above, the genetic background of
six C. arabica local selections and three C. arabica varieties imported to Yunnan, China by
Nestle were preliminary identified in the current study and, to be specific, one accession
(YAUC37?), five accessions (YAUC19, YAUC46, CCCA10x25, CCCA12x25, and GPFA107),
and three accessions (YAUC57, YAUC60, and YAUC161) were likely similar to the Typica-
type, Bourbon-type or Catimor-type genetic background, respectively. At many C. arabica
plantations in Yunnan province in China, the local selections and other commercial cultivars
have been quickly replaced by Catimor-types in view of their high yield and rust resistance,
ultimately making it difficult to collect local C. arabica accessions. Moreover, the genetic
background of C. arabica resources in China is becoming more and more narrow. Thus,
defining the genetic background of C. arabica local selections and maximizing the economic
benefits of cultivating specific C. arabica cultivars, while ensuring C. arabica genetic resources
are conserved, will need to be addressed.

5. Conclusions

In this study, SNPs identified from an SLAF-seq analysis were used to construct a phy-
logenetic tree, elucidate the population structure, and conduct a PCA of coffee germplasm
resources. Additionally, transcriptome data were analyzed to reveal correlations among
coffee germplasm resources. The four preliminary classification results were consistent,
with the samples mainly designated as C. arabica Typica-type accessions and C. arabica
Bourbon-type accessions. A number of local selections with unknown genetic backgrounds
were classified as specific C. arabica types according to our analyses. The characterization of
the genetic backgrounds of these local selections and the systematic classification of these
accessions may provide the basis for enhancing C. arabica germplasm resources. Further-
more, additional efforts to validate more SNP markers are underway in order to develop
a high-quality genotyping panel of SNPs for cultivar identification and genetic diversity
analysis in coffee. This information will have significant potential for practical application.

Supplementary Materials: The following supporting information can be downloaded at https:/ /www.
mdpi.com/article/10.3390/£15010163/s1, Table S1. Description of the 198,955 SNPs from SLAF-seq and
the genotypes on of the 20 C. arabica accessions, two C. canephora accessions, one C. liberica accession,
and one C. racemosa accession. Table S2. Description of the expression levels of 25 872 genes analyzed
from transcriptome sequencing of the 20 C. arabica accessions. Table S3. Correlation coefficients among
20 C. arabica accessions based on expression levels of genes from transcriptome sequencing. Figure S1.
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Distribution of SLAF labels and SNP markers on reference genome chromosomes. Figure S2. Delta K
values for different numbers of populations assumed in the STRUCTURE analysis.
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