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ABSTRACT. Genome mapping is a simplified representation of
molecular markers or nucleotide sequences in chromosomes;
developing accurate and dense maps is crucial for marker-assisted
selection. We developed and compared genetic linkage maps
obtained using JoinMap 4.0 and GACD with a physical map obtained
using BLAST analysis based on Eucalyptus SNPs transferred to
guava, Psidium guajava (Myrtaceae) - to serve as a reference for trait
mapping in this crop. Genotyping was conducted on 112 individuals
from an experimental cross between a well-known commercial
cultivar and an exotic genotype (Pedro Sato x Purple guava), using
the Euchip60K SNP chip, version 2.0 (72,202 SNPs); 79% of the
SNPs were monomorphic. After data filtering, 1120 markers were
used for map construction. The JoinMap 4.0 linkage map had 203
markers, spanning 1405.2 ¢cM, with an average marker distance of 7.7
cM. The GACD linkage map had 186 markers and spanned 1392.7
cM, with an average marker distance of 8.8 ¢cM. JoinMap and GACD
disagreed on the estimated distances and SNP ordering. GACD
showed a greater limitation than JoinMap 4.0 as it ordered markers
according to their parental origin. The physical map developed using
BLAST consisted of 694 hits (e-values from 8xE™ to 1.15xE™),
spanning 434.88 Mb, with an average marker interval of 0.62 Mb.
Both linkage maps showed linkage groups with segments from
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several chromosomes compared to the physical map, indicating
limitations. These results highlight the effectiveness of physical
mapping through BLAST to overcome linkage mapping limitations,
such as in marker grouping and ordering. The physical maps
proposed here can serve as a reference for mapping and QTL
estimates in guava.
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INTRODUCTION

Guava (Psidium guajava - Myrtaceae) is a major crop in the Brazilian fruit sector
and has its probable center of origin in South America (Risterucci et al., 2005). Both fresh
and industrialized guava consumption are economically important. The fruits have high
nutritional value due to ascorbic acid and lycopene content (Masud Parvez et al., 2018).
Brazil is one of the largest P. guajava producers in the world, and Paluma and Pedro Sato
are the most widely planted cultivars. Feng et al. (2020) have recently sequenced the P.
guajava genome (cultivar New Age) and assembled 443.8 Mb into 11 chromosomes (n=11),
representing 95.7% of the genome, placing guava at the same level as other important crops,
e.g., eucalyptus (Myburg et al., 2014).

Genome mapping is a graphical representation of marker or nucleotide sequence
position in the chromosomes (Lander et al., 2001). From this perspective, two approaches
are available for mapping purposes: physical mapping and linkage mapping (genetic linkage
mapping). Physical maps differ from genetic maps for reflecting the actual distance between
nucleotides, whereas genetic maps are based on chromosome recombination rates (Bueno,
2009).

Linkage mapping reports are available for various Myrtaceae species, e.g.,
Eucalyptus spp. (Sumathi et al., 2018), Leptospermum scoparium (Chagné et al., 2019), and
P. guajava (Rodriguez et al., 2007; Lepitre et al., 2010; Ritter et al., 2010a; Padmakar et al.,
2015). Paiva et al. (2011) reported the construction of a bacterial artificial chromosome
(BAC) for physical mapping in E. grandis (BRASUZI1 clone) to assemble the reference
genome of the species. However, no reports of physical mapping or BAC libraries were
found for P. guajava.

According to Hohmann et al. (1994), comparing physical and linkage maps is a way
to combine genetic mapping and molecular information of different species. From this
perspective, DeWan et al. (2002) reported inconsistencies between physical and linkage
maps of panels 9 and 10 of the human genome using data from the Human Genome Project
— Santa Cruz and Celera databases. Moreover, comparisons between an SNP-based linkage
map in Capsicum baccatum and the physical map of C. annuum also revealed
inconsistencies as C. baccatum had chromosomal segments from Chr. 3, Chr. 9, and Chr. 5
of C. annuum (Lee et al., 2016).

The Basic Local Alignment Search Tool (BLAST) (Altschul et al., 1990) can be
used to assemble physical maps or for partial marker allocation in chromosomes according
to the similarities observed (hits), as demonstrated by Gao et al. (2018) when using BLAST
to physically locate scaffolds and SNP markers of Pleurotus tuoliensis by adopting an e-
value of 1XE™. In another study, Blair et al. (2018) reported multiple BLAST hits for 66 of
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768 SNPs, indicating paralogue sequences that could cause inconsistencies in the grouping
and ordering of linkage groups. However, reports on the development of an SNP-based
physical map for P. guajava were not found, making comparisons with linkage maps
impossible.

From this perspective, this study aimed to develop and compare linkage maps,
obtained with JoinMap 4.0 and GACD programs, with a physical map obtained through
BLAST analysis of Eucalyptus SNPs against the guava genome, to serve as a reference for
mapping qualitative and quantitative traits in guava.

MATERIAL AND METHODS
Plant material, DNA extraction and quantification

The plant material was obtained from a experimental cross between the guava
cultivars ‘Pedro Sato’ x ‘Purple guava’ (PSR) from the Active Germplasm Bank of
Embrapa Semi-arid (Embrapa Semiarido) - Petrolina, PE, Brazil. The cultivar ‘Pedro Sato’
has red fruit pulp, whereas the cultivar ‘Purple guava’ has purplish leaves, fruit, stem, and
pulp. Besides their phenotypical differences, Pedro Sato is a well-established economic
important cultivar in Brazil that has Purple guava’s disease resistance and could generate
potential materials for guava breeding. Guava progenies were grafted on BRS Guaragd
rootstock four months after transplanting; this rootstock is resistant to the root-knot
nematode (Meloidogyne enterolobii).

Healthy leaves from 112 individuals were sampled for DNA extraction according to
the protocol proposed by Inglis et al. (2018) in which 10-150g of fresh leaf tissue were
carefully macerated using liquid nitrogen. Sampling was done three months after grafting.
DNA quantification was performed by spectrophotometry using a micro-drop plate at an
absorbance of 260 nm. After quantification, the samples were diluted to 20 ng/ pL.

SNP genotyping and development of genetic linkage maps

Genotyping was conducted using the Euchip6OK DNA marker chip, version 2.0,
with 72202 SNPs (Silva-Junior et al., 2015). Genotyping services were performed by
GeneSeek (Lincoln, NE, USA). Monomorphic markers and those with unexpected
segregation or missing data in >20% progenies were eliminated. Markers were identified
with “A” and “C” at the end of the SNP’s name to identify the parental origin. In the case of
codominance, the markers were identified with “H”.

Linkage analysis performed with JoinMap 4.0 (Van Ooijen, 2006) followed this
script: 1) first, markers with chi-square >20 for the I, Im, nn, and np phases, and chi-square
>70 for the hh, hk, and hk phases were eliminated from the analysis; 2) then, the data were
coded for cross-pollination (CP); 3) next, grouping was performed based on LOD scores
from 5.0 to 12; 4) then, the markers were ordered in groups using maximum likelihood; 5)
next, markers with N.N. stress (cM) > 4.0 were eliminated; 6) finally, the values obtained
from recombination frequencies were converted into map distances using Kosambi’s
function (1943).

Linkage analysis with GACD (Zhang et al., 2015) followed this script: 1) first,
grouping was performed based on a LOD score of 8.0; 2) then, marker ordering used the “k-
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optimality” criterion based on the LOD score, 3-OptMAP, and the N.N. (nearest neighbor)
algorithm; 3) the rippling criterion by LOD was “windows size 8”; 4) finally, recombination
frequency values were converted into map distances using Kosambi’s function (1943).

In silico SNP analysis and physical mapping in P. guajava

In silico analysis was performed via BLAST by aligning Eucalyptus SNPs (query)
against the guava reference genome (subject) (Feng et al., 2020) using data from the
National Center for Biotechnology Information (NCBI). Each SNP was approximately 70
nucleotides long.

The BLAST tool was then applied (optimization: BLASTN, expected threshold = 1)
to estimate SNP positions. Hits between Eucalyptus SNPs and the guava genome were
analyzed in an Excel spreadsheet. Markers were ordered according to the guava
chromosomes. A cut-off e-value <E™'* was adopted to exclude markers. Markers with close
e-values were kept in the map and identified by “*” if in the same chromosome and by “#”
if in different chromosomes. Finally, physical maps were built with the mapping software
MapGene2Chrom (Jiangtao et al., 2015).

RESULTS

After data filtering, 1120 SNPs (1.6%) of a total 72202 SNPs of the EUChip60K
(Silva-Junior et al., 2015) were used for linkage and physical mapping. In the Pedro Sato x
Purple guava experimental cross, 79% of the SNPs were monomorphic, while the others
showed unexpected Mendelian segregation rates or missing data in >20% of the progenies.

Genetic linkage mapping

The JoinMap 4.0 linkage map showed 203 SNP markers in 11 guava linkage
groups, spanning 1405.2 cM. The average marker distance was 7.7 cM. Linkage group
length ranged from 49.3 (LG9) to 196.8 ¢cM (LG7) and from 11 to 26 markers per group.
The distance between markers ranged from 0.1 to 28.4 ¢cM (Figure 1 and supplementary
data).

The second linkage map, generated using GACD, was 1392.7 cM long, with 186
markers spanning all eleven linkage groups. The average marker distance was 8.8 cM.
Linkage groups 5 and 2 were the densest, whereas the least dense was group 11. LG1 was
the shortest group (49.86 cM), whereas LG5 was the longest (180.80 cM). The distance
between markers ranged from 0.94 to 37.93 ¢M (Figure 2 and supplementary data).

A mix of coupling and repulsion phases was observed in the JoinMap 4.0 linkage
map, identified by the “C” and “A” markers from different parents. On the other hand, this
mix was not observed in the GACD linkage map, and markers were ordered according to
the parental origin (Figures 1 and 2 and supplementary data). There were 91 type “A”
parental dominant markers, 75 type “C” dominant markers, and 37 co-dominants (H) in the
JoinMap 4.0 linkage map. On the other hand, there were 88 “A” markers, 81 “C” markers,
and 17 “H” markers in the GACD map (Figures 1 and 2 and supplementary data). With
regard to the 37 “H” markers (JoinMap 4.0), 25 did not match with codominant markers
mapped by GACD.
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Figure 1 Guava genetic linkage groups 1, 2, 3 and 4 from the Pedro Sato x Purple guava (PSR) cross obtained
with JoinMap 4.0 (Van Ooijen 2006).
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Figure 2 Guava genetic linkage groups 1, 2, 3 and 4 from the Pedro Sato x Purple guava (PSR) cross obtained
with GACD (Zhang et al., 2015).

There were common markers in all linkage groups, except JoinMap LG6 that did
not have correspondence with GACD linkage groups (Table 1). Among the correspondent
groups, 85.7% of markers mapped to LGl (JoinMap 4.0) were also mapped in LG9
(GACD), 92.3% of LG2 markers (JoinMap 4.0) were mapped in LG8 (GACD) (Figures 1
and 2 and supplementary data). Groups 3, 4 and 11 (JoinMap 4.0) had 100% of their
markers mapped in groups 5, 6 and 10 (GACD), respectively. LG5 (JoinMap 4.0) presented
71.4% of its markers mapped in LG11 (GACD). LG7 (JoinMap 4.0) had 80% of markers
mapped in LG3 (GACD) (Figures S1 and S2 - supplementary data). In LG8 (JoinMap 4.0)
95.5% of the markers were equal to LG2 (GACD), as well as 94.1% of LG9 corresponded
to LG1 (GACD). Lastly, 92.3% of markers from LG10 (JoinMap 4.0) were equal to LG7
(GACD) (Figures 1 and 2 and supplementary data).
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Table 1. Linkage group length (LGL), marker number/linkage group and number of codominant markers
(H) in the genetic linkage maps from the cross Pedro Sato x Purple guava cultivars using the softwares
JoinMap 4.0 x GACD.

JoinMap 4.0 GACD

LG LGL (M)  Marker Markers (H) LGL (¢M) Marker Markers (H) LG

number number
LG 1 1383 21 2 4936 17 1 9
LG2 939 13 1 170.8 21 2 8
LG 3 153.7 25 1 163.9 20 2 5
LG4 133.1 16 1 140.73 15 1 6
LG5 1473 14 1 180.8 29 3 11
LG 6 180.6 26 23 1412 16 1 No
LG7 196.8 25 3 939 13 1 3
LG8 174.9 2 2 133.17 14 1 2
LG9 493 17 1 180.11 19 2 1
LG 10 84.4 13 1 51.65 12 1 7
LG 11 52.9 11 1 86.6 10 1 10
Total 14052 203 37 1392.7 186 17

cM: centimorgan.

Different orderings were observed in almost all linkage groups built with JoinMap 4.0
and GACD such as: LGl x LG9, LG2 x LG8, LG3 x LG5, LG4 x LG6, LG7 x LG3, LG8 x
LG2, LG9 x LG1, LG10 x LG7 and LG11 x LG10 (Figures 1 and 2 and supplementary data).

Genetic linkage maps also presented a few similar orderings like LG4 (JoinMap 4.0) in
which six markers were ordered in the same as LG6 (GACD). This situation was observed in all
the other groups, in different proportions, such as in LG3 x LG5 and LG8 x LG2 that presented
three and two markers ordered similarly, respectively. On the other hand, LG9 x LG1 did not
present coincidences in marker ordering. Linkage groups 5 x 11 and 11 x 10 showed the highest
coincidence in SNP ordering between maps, as linkage group 5 (JoinMap 4.0) was almost
identical to LG11 (GACD), with the exception of four markers; and linkage group 11 had 54%
of its markers ordered similarly to LG10 (Figures 1 and 2 and supplementary data).

In LG4 x LG6 marker positions differ almost entirely, with the exception of markers
AX-297332727, positioned at 107.2 cM (LG4) and 110.97 cM (LG6) and AX-299454645
positioned at 102.2 ¢cM (LG4) and 115.97 cM (LG6). In LG5 x LG11 marker AX-297213963
was mapped in the same position in both linkage maps. The greatest difference observed
between these groups was marker AX-297182690 position: 102.7 cM (LGS) and 86.87 cM
(LG11), however the remaining markers in this group were close in relative distances, with
differences ranging from 3.51 cM (AX-299521130) to 15 cM (AX-168367414 and AX-
297182690).

Regarding LG11 x LG10 they presented nearly identical marker positions. Marker AX-
301123916 was the first in both linkage groups, the greatest observed relative distance was
between marker AX-299565823, mapped at 52.9 ¢cM (LG11) and 44.96 cM (LG10) (Figures S1
and S2 — supplementary data), the remaining markers presented even closer relative distances,
ranging from 1.15 cM (AX-299563711) to 7.94 cM (AX-297616735) (Figures 1 and 2 and
supplementary data).

Physical mapping of SNPs Eucalyptus in P. guajava

In silico analysis of Eucalyptus SNPs generated 694 hits from the 1120 initially filtered
markers for linkage analysis. These alignments had e-values ranging from 8xE™° to 1.15xE™®
and were ordered to build the first guava physical map (Figure 3 and supplementary data).
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Chromosome 3 was the longest in length (50.58 Mb) among the eleven guava
chromosomes, meanwhile chromosome 9 was the shortest with 32.33 Mb (Table 2). The aligned
SNPs covered almost the entire guava genome (more than 90% of the reported chromosome
length), ranging from 31.4 Mb (chromosome 9) to 49.27 Mb (chromosome 3) and covering an
average of 39.5 Mb/chromosome (Table 2). Marker number per linkage group ranged from 40
(chromosome 8) to 88 (chromosomes 5 and 7), with an average of 63 SNPs per chromosome
(Table 2). Average marker distance was 0.62 Mb, ranging from 0.01 Mb to 7.36 Mb.

50 M

Figure 3. Physical map of chromosomes 1, 2, 3, 4, 5 and 6 of Pedro Sato x Purple guava cross (PSR), obtained
by BLAST using Fucalyptus SNPs against the whole guava genome with MapGene2Chrom (Jiangtao et al.,
2015). Markers identified with “*” are repeated in the same chromosome, whereas markers identified with “#” are
repeated in more than one chromosome.

Table 2. Psidium guajava chromosome length reported by Feng et al. (2020), physical map coverage and
Eucalyptus SNP markers/chromosome of Psidium guajava.

Chromosome ;I‘]\?ltba)l chromosome length f]\l/n[)lf)s)lcal map coverage SNP markers/chromosome
1 40.37 38.21 45
2 38.47 38.13 62
3 50.58 49.27 65
4 48.29 48.03 69
5 4477 44.46 88
6 42.82 42.80 63
7 35.36 35.59 88
8 33.38 32.96 40
9 3233 314 50
10 37.88 37.78 71
11 37.02 36.25 53
Average 40.12 39.53 63
Total 441.27 434.88 694

Mb: megabase.
Comparison between linkage and physical maps

The physical map was denser than both linkage maps (Table 3). The Joinmap 4.0
linkage map showed an average of 18 SNPs per linkage group, of which group LG6 was the
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densest, followed by LG3, LG7, and LG11, the least dense (Table 3). Linkage map GACD
showed an average of 16 SNPs per linkage group and ranged from 10 (LG11) to 29 markers
per group (LGS). The physical map showed an average of 63 SNPs per chromosome,
ranging from 40 (chromosome 8) to 88 markers (chromosomes 5 and 7) (Table 3).

Table 3. SNPs per chromosome/linkage group in different genetic and physical maps of Psidium guajava.

Chromosome/linkage group SNPs per chromosome/linkage group
JoinMap 4.0 GACD Physical

1 21 17 45

2 13 21 62

3 25 20 65

4 16 15 69

5 14 29 88

6 26 16 63

7 25 13 88

8 22 14 40

9 17 19 50

10 13 12 71

11 11 10 53

SNP average 18 16 63

Total map length 1405.2 ctM 1392.7 cM 434.88 Mb

cM: centimorgan.

The linkage map from JoinMap 4.0 had 122 markers in common with the physical
map. Some of these linkage groups had SNP sequences distributed in different guava
chromosomes, e.g., LG6, which had SNP sequences in eight chromosomes: 1, 2, 3, 5, 6, 7,
9, and 11 (Table 4). The GACD linkage map had 117 markers in common with the physical
map, and a similar situation was observed as LG1 had SNP sequences distributed in
chromosomes 2, 4, 6,9, and 10 (Table 5).

Table 4. Comparison between the JoinMap 4.0 linkage map * physical map of Psidium guajava.

Linkage group length (cM) -

Linkage group Corresponding chromosomes in the physical map

JoinMap
1 138.3 Chr. 2
2 93.9 Chr. 4, Chr. 5
3 153.7 Chr. 4, Chr. 7
4 133.1 Chr. 9
5 1473 Chr. 3, Chr. 4, Chr. 9, Chr. 11
Chr. 1, Chr. 2, Chr. 3, Chr. 5, Chr. 6, Chr. 7, Chr. 9,
6 180.6
Chr. 11
7 196.8 Chr. 2, Chr. 3, Chr. 4, Chr. 5, Chr. 6, Chr. 8
8 174.9 Chr. 1, Chr. 9, Chr. 10
9 49.3 Chr. 2, Chr. 4, Chr. 6, Chr. 9, Chr. 10
10 84.4 Chr.1 Chr. 3, Chr. 6, Chr. 11
11 52.9 Chr. 11

cM: centimorgan.

Three linkage groups in JoinMap 4.0 (LG1, LG4, and LG11) had their markers
matched in only one chromosome of the physical map (Table 4). The comparison between
the JoinMap 4.0 linkage map and the physical map reveals a 57% correspondence between
LG1 and chromosome 2 and similar ordering between the estimates obtained by
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recombination frequencies and the actual position in the genome, except for markers AX-
299544113 (12.5 Mb) and AX-299860157 (0.74 Mb). LG4 x chromosome 9 showed 62.5%
of marker correspondence. However, the order was not similar. Nevertheless, LG11 x
chromosome 11 showed 72.7% of marker correspondence, although with changed ordering.

Table 5. Comparison between the GACD linkage map x physical map of Psidium guajava.

Linkage group length (cM) -

Linkage group Corresponding chromosomes in the physical map

GACD
1 49.86 Chr. 2, Chr.4, Chr.6, Chr.9, Chr. 10
2 170.80 Chr. 1, Chr. 9, Chr. 10
3 163.9 Chr. 3, Chr. 4, Chr. 6, Chr. 8
4 140.73 Chr. 7
5 180.80 Chr. 4, Chr. 6, Chr. 7
6 141.20 Chr. 9
7 93.59 Chr. 1, Chr. 3, Chr. 6, Chr. 11
8 133.17 Chr. 4, Chr. 5, Chr. 6
9 180.11 Chr. 2
10 51.65 Chr. 8, Chr. 11
11 86.87 Chr. 3, Chr. 4, Chr. 9, Chr. 11

cM: centimorgan.

The comparison between the GACD linkage map and the physical map reveals that
all linkage groups showed SNP sequences in more than one chromosome, except LG4,
LG6, and LG9 (Table 5). The SNP order was not maintained between LG4 x chromosome 7
(53.3% marker correspondence), as well as between LG 6 x chromosome 9 (62.5%), except
for markers AX-299454645, AX-297168533, AX-299522466, and AX-29716800,
sequentially ordered in both maps (Figure 2 and S4 - supplementary data). The position of
marker AX-299454645 was 115.97 cM (LG6), or 25.37 Mb in the physical map. Lastly, the
LG9 x chromosome 2 correspondence level was 52.6%, with changes in SNP ordering.

DISCUSSION

This is the first report of the construction of an SNP-based linkage and physical
maps for P. guajava by associating recombination frequency distances with the actual
position in the guava genome and comparing the results obtained using two different
mapping algorithms. Map comparisons aimed to evaluate the accuracy of traditional linkage
mapping in guava, based on the real distances portrayed by the physical map. Precise
mapping for marker-assisted selection depends on reliable estimations among marker and
traits. On the other hand, no comparisons between JoinMap and GACD were found in the
specialized literature.

The LOD scores in the JoinMap 4.0 and GACD maps ranged from 5 to 12 and 8,
respectively, values equal to or greater than those found in the literature for guava linkage
maps (Lepitre et al., 2010; Padmakar et al., 2015).

The comparison between the JoinMap 4.0 and GACD linkage maps reveals similar
numbers of total linked SNPs (203 and 186, respectively) and markers per linkage group
(18 SNPs/LG and 16 SNPs/LG, respectively). However, the order and distance between
markers diverged significantly, with few exceptions (e.g., LG5 x LG11). Marker ordering is
similar to the ‘traveling salesman’ problem, in which the best route must be chosen from a
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set of m!/2 possibilities (Van Ooijen and Jansen, 2013). Using the maximum likelihood
function, the software JoinMap 4.0 was more efficient in SNP ordering in P. guajava than
GACD as the latter ordered markers according to their parental origin. However, this does
not have a biological foundation since recombination, resulting from meiosis, is random
process and unlikely to generate markers linked and positioned according to one of the
parents. Furthermore, the GACD map had fewer codominant markers (17) than JoinMap 4.0
(37), and such markers are regarded as more informative for linkage mapping (Wu et al.,
2002). Moreover, parental map integration depends on codominant markers to join the
coupling and repulsion phases.

Guava linkage maps previously reported by Lepitre et al. (2010) and Padmakar et
al. (2015), based on SSR and SRAP, were estimated to span 2179 c¢cM and 2551.3 cM,
respectively, longer than the maps reported in the present study (1405.2 ¢cM and 1392.7
cM). The SNP-based linkage map for L. scoparium, a species of the Myrtaceae family,
resulted in two parental maps, with 1242.8 and 1616.2 cM (Chagné et al., 2019), similar to
the present study.

The construction of physical maps using SNP sequence alignments could be an
alternative to estimate the actual marker position in species whose whole genome sequences
are available. BLAST was efficient for this purpose in the present study, with e-values
ranging from 8xE ™’ to 1.15xE™°. Gao et al. (2018) physically located SNPs approximately
20 nucleotides long in scaffolds of P. tuolensis using a cut-off e-value <E>. In the present
study, the SNP sequences were 70 nucleotides long, and a cut-off e-value < E™'° was
adopted, which was effective in identifying biologically significant alignments for
constructing physical maps.

The comparison between the JoinMap 4.0 linkage map and the physical map
revealed 60.1% (122 SNPs) of common markers and a significant correspondence between
LG11 and chromosome 11 and between LG1 and chromosome 2. Moreover, the GACD
map had 117 markers in common with the physical map (62.9%) and no correspondence
between LGs and chromosomes. Grattapaglia et al. (2015) used BLAST to identify
consistencies between linkage and physical maps of E. grandis (available at Phytozome)
and observed that 94.7% of the EST-SSR were associated with the physical map. Due to
marker specificity, these values are higher than those reported in the present study.
However, JoinMap 4.0 showed more common markers and greater ordering resemblance to
the physical map than GACD, indicating more similarity to the actual scenario portrayed by
the physical map.

The availability of genetic maps, linkage maps, and molecular information for P.
guajava improves breeding programs and helps identify QTL (quantitative trait loci) linked
to markers. Some QTL related to fruit traits (fruit morphology, fruit weight, and quality)
and plant height were already reported and can be used in marker-assisted selection when
linked to molecular markers (Ritter et al., 2010b). Dense genetic maps are crucial for that
purpose (Nimisha et al., 2013). However, even though genetic maps are extensively applied
in the scientific literature and are essential for QTL analysis and marker-assisted selection,
they are still prone to error throughout several steps of the process and are expensive.
Therefore, linkage analysis compared to physical maps based on sequence alignment is
necessary to minimize algorithm errors or inconsistencies (especially when grouping and
ordering markers).
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There is still limited information on QTL mapping turning into finished plant
breeding products through marker-assisted selection due to issues such as small to
moderate-sized mapping populations, screening with a relatively small number of markers,
and the difficulty to experimentally validate the roles of genes in the quantitative traits of
many species (Evans et al., 2021). We strongly believe that another critical factor to this
low conversion rate (QTL mapping into cultivar development) rests on the lack of
homology between linkage and physical maps, as reported in our study.

Therefore, the physical map proposed here can be used as a reference for genetic
mapping and QTL analysis in P. guajava due to its easy application, low cost, and,
especially, the potential to generate information at the nucleotide level in the genome.
Furthermore, marker association to the actual position in the genome and the anchoring of
new markers can help identify candidate genes in QTLs for marker-assisted selection.

CONCLUSIONS

The genetic linkage maps spanned 1405.2 cM and 1392.7 c¢cM, with average marker
distances of 7.7 cM and 8.8 c¢cM for JoinMap and GACD, respectively, and no agreement
between the estimated distances and SNP ordering in the linkage groups. Both maps showed
linkage groups with segments from several chromosomes compared to the physical map,
indicating limitations. GACD showed greater limitation than JoinMap 4.0 when ordering
markers according to their parental origin.

The physical map generated with BLAST consisted of 694 SNPs spanning 434.88
Mb, with an average marker distance of 0.62 Mb. The physical map reported here is useful
for guava breeding, serving as a reference for future mapping studies and QTL estimates.
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