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Abstract

Globba spp. is a perennial herbaceous plant of the Zingiberaceae family, characterized by its
unique floral architecture and diverse coloration with high ornamental and medicinal value.
However, research on the genetic basis of Globba is still insufficient, and only a limited
number of molecular markers have been developed so far, which has greatly hampered the
progress of its molecular breeding. Herein, we performed the first deep identification of
genome-wide SSR markers based on the whole-genome data of G. sherwoodiana. A total of
276,809 SSR loci were identified with an average density of 189.24–297.49 SSRs/Mb within
each chromosome. Mononucleotide repeat loci were most abundant, accounting for 58.95%
of all SSRs, with dinucleotide and trinucleotide repeats accounting for 19.83% and 19.27%,
respectively. Using G. sherwoodiana ‘MJ16’ and G. winitii C.H. Wright as parental lines,
we constructed a hybrid F1 population containing 173 individual plants. The coefficient
of variation (CV) of the 10 phenotypic traits ranged from 13.09% to 27.43%, exhibiting a
normal distribution. Phenotypic traits including terminal leaf width, inflorescence length,
inflorescence width, secondary-inflorescence pedicel length, number of ornamental bracts,
and basal inflorescence-bract length showed abundant variation, with all CV values ex-
ceeding 20%. Moreover, 27 polymorphic genomic SSRs (gSSR) were screened from the
synthesized 192 primer pairs, amplifying a total of 203 alleles. On average, each marker
detected 7.52 polymorphic loci, with a mean effective allele number of 3.63 and a mean
polymorphism information content of 0.64, reflecting a relatively rich genetic diversity
within the population. Through phenotype–marker association analysis, six gSSR loci
were found to be significantly associated with six phenotypic traits. The highest interpreta-
tion ratio (16.86%) was observed for basal inflorescence-bract width. Three loci (gSSR48,
gSSR105 and gSSR184) were simultaneously associated with more than two phenotypic
traits, indicating a pattern consistent with pleiotropy or linkage. The informative gSSR
markers and the association analysis results in this study provide an effective theoretical ba-
sis for germplasm identification, genetic diversity evaluation, and marker-assisted breeding
of Globba.
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1. Introduction
Globba belongs to the family Zingiberaceae and is a perennial rhizomatous herb. The

genus Globba is the third-largest genus in Zingiberaceae, comprising more than 100 species
worldwide. It is mainly distributed in tropical and subtropical regions of Asia [1], with
Southeast Asia as the primary distribution center [2]. In China, Globba species are mainly
distributed in the southwestern and southern provinces. Plants of the genus Globba have
short, thick underground rhizomes, erect and clustered aerial stems, and drooping panicles.
The colors of their bracts vary among species, including white, pink, purplish red, and
purple. They have high ornamental value and are suitable for use as cut flowers, potted
plants, and garden plants. Their rhizomes can also be used medicinally [3], indicating broad
application prospects. Globba has abundant wild germplasm resources; however, only a
limited number of horticultural cultivars are currently available on the market, and cultivar
diversity remains limited. Conventional hybridization remains the primary breeding
method, and a molecular marker-assisted breeding system has not yet been established.

Simple sequence repeats (SSRs) are tandemly repeated DNA motifs that provide
codominant, highly polymorphic, and reproducible molecular markers. They are widely
used for genetic analysis in ornamental plants [4,5]. Because alleles at an SSR locus can
be distinguished in heterozygous individuals, these markers are particularly useful for
parentage analysis, diversity assessment, and cultivar identification [6]. According to
their sequence origin, SSR markers are generally divided into two categories: genomic
simple sequence repeat (gSSR) markers and expressed sequence tag–simple sequence re-
peat (EST-SSR) markers. EST-SSRs are developed from transcribed sequences and thus
they are specifically targeted at expressed regions. Since coding sequences are relatively
evolutionarily conserved, EST-SSRs typically exhibit lower polymorphism but higher cross-
species transferability [7,8]. This sequence conservation can enhance the transferability
of markers among related taxa, though it may reduce the resolution of analysis within a
single population. By contrast, gSSRs are developed from whole-genome sequences and
may occur in both coding and noncoding regions. Their broader genome coverage and
often higher polymorphism can improve the detection of genetic variation and population
differentiation [9–11]. Consequently, gSSRs complement EST-SSRs when dense, genome-
wide marker coverage is required. SSR markers have now been developed for numerous
plant species. In Curcuma alismatifolia Gagnep., analysis of whole-genome data identified
257,032 SSR loci, from which 38 highly polymorphic gSSR markers were selected. These
markers supported the construction of a 66-accession core collection and the establish-
ment of DNA barcodes for 178 germplasm resources [12]. In Weigela Thunb., 20 gSSR
markers developed from whole-genome sequence data detected 111 unique alleles among
18 cultivars; only six markers were required to construct a cultivar-identification key [13].
Molecular research on Globba has also advanced in recent years. The chloroplast genome of
G. racemosa has been sequenced, and studies have addressed genetic diversity, phylogeny,
and functional genes [14–16]. Nevertheless, genetic research on Globba remains limited.
Few molecular markers are currently available, constraining the development of molecular
breeding in this species.

Accordingly, this study developed gSSR molecular markers based on the whole-
genome data of G. sherwoodiana and tested associations between these markers and major
ornamental traits, including plant height, bract color, and inflorescence length, to iden-
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tify markers associated with target traits. The results of this study address the limited
availability of trait-associated molecular markers for ornamental traits in Globba and pro-
vide a foundation for germplasm resource evaluation and the molecular marker-assisted
breeding system.

2. Materials and Methods
2.1. Experimental Materials and DNA Extraction

The experiment was conducted at the Baiyun Base Germplasm Resource Nursery
of Zingiberaceae at the Institute of Environmental Horticulture, Guangdong Academy
of Agricultural Sciences. G. sherwoodiana ‘MJ16’ was used as the female parent, and
G. winitii C.H. Wright was used as the male parent. Artificial pollination was performed
to obtain hybrid seeds, which were subsequently sown for seedling emergence. A total
of 173 hybrid progeny were obtained to establish the F1 population (Figure 1). Young
leaves and bracts were collected from healthy, symptom-free plants. Genomic DNA was
extracted using the Tiangen Plant Genomic DNA Extraction Kit (Beijing, China) according
to the manufacturer’s instructions. The DNA concentration was determined using an
ultraviolet spectrophotometer.

Figure 1. Flower photos of partial hybrid F1 population.

2.2. Development of Whole-Genome gSSR Markers and Primer Design in G. sherwoodiana

The MIcroSAtellite identification tool (MISA) was used to identify SSR loci in the
genome of G. sherwoodiana (unpublished). Detailed information on genome assembly qual-
ity is provided in Supplementary Table S1. The minimum repeat thresholds for mono-, di-,
tri-, tetra-, penta-, and hexanucleotide repeats were set at 12, 7, 6, 5, 4, and 4, respectively.
We analyzed the characteristics of SSR loci using SPSS 24.0 and generated the density
distribution plot of genomic SSRs via Tbtools software (Tbtools 2.0). We further conducted
statistical analyses of the number of SSRs and their distribution density using the R lan-
guage and performed a general linear regression analysis to explore the association between
chromosome length and SSR count. Primer 3.0 software (Primer3) was used to design
192 pairs of primers for the identified gSSR loci. The main parameters were set as follows:
the length of forward and reverse primers ranged from 15 to 25 bp, the difference in an-
nealing temperature between the two primers was minimized and maintained between
50 and 60 ◦C, the GC content ranged from 40% to 60%, and the expected amplicon
size ranged from 100 to 300 bp. The primers were synthesized by Sangon Biotech
Co., Ltd. (Shanghai, China). Detailed information on all primers is provided in
Supplementary Table S2.
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2.3. gSSR Primer Screening and Hybrid Identification

DNA samples from the two parents and two progenies with large phenotypic dif-
ferences (No. 18 and No. 158) were used as templates for polymerase chain reaction
(PCR) amplification. The amplification stability was evaluated using 1.5% agarose gel elec-
trophoresis, and polymorphism was further detected using the three-primer (TP-M13) [8]
fluorescent labeling method. Based on the screening results, primers with high poly-
morphism were selected for PCR amplification of DNA samples from the parents and
173 hybrid progenies. The sizes of amplified fragments were determined by capillary elec-
trophoresis using an ABI 3730 DNA Analyzer. Individuals showing male-parent-specific
fragments among the amplification products were identified as true hybrids.

2.4. Determination of Ornamental Traits in Hybrid Progenies

The phenotypic ornamental traits of the parents and 173 hybrid progeny were mea-
sured and recorded during the peak flowering period from June to July 2025. Plants
with vigorous growth, consistent growth status, and no pest or disease damage were
selected. A total of 11 traits were measured, including plant height, flowering-branch
height, terminal leaf length, terminal leaf width, inflorescence length, inflorescence width,
secondary-inflorescence pedicel length, number of ornamental bracts, bract length at the
base of the inflorescence, bract width at the base of the inflorescence, and the presence
or absence of hairs on the abaxial leaf surface. With the exception of two traits—plant
height and presence of pubescence on the abaxial leaf surface—the remaining nine traits
were measured three times on the same individual from different perspectives. The final
phenotypic data were calculated as the average of these repeated measurements.

2.5. Data Processing and Analysis

(1) Excel was used to calculate descriptive statistics, including maximum value, minimum
value, mean value, and standard deviation, from the original data. Analysis of variance
was performed using SPSS (SPSS 12.0), and bar charts and frequency-distribution
plots were generated using Origin 2024.

(2) GeneMapper v4.0 was used to determine the fragment sizes of SSR amplicons. Pow-
erMarker v3.25 was used to calculate and evaluate the polymorphism levels of each
marker locus [17].

(3) TASSEL 4.0 software was used to conduct marker–trait association analysis using
the mixed linear model (MLM). The kinship matrix (K matrix) calculated from the
27 SSR markers was included as a random effect to account for relatedness among
individuals. A threshold of p < 0.01 was used to define significant associations, and the
Benjamini–Hochberg false discovery rate (FDR) correction (Q < 0.05) was subsequently
applied to control for false positives [18,19].

3. Results
3.1. Number and Distribution Characteristics of Whole-Genome SSR Loci in G. sherwoodiana

The research group performed whole-genome sequencing of G. sherwoodiana and
successfully assembled and annotated the first reported G. sherwoodiana genome. The whole-
genome size was 1.05 Gb, and six types of gSSR repeat motifs with different motif lengths
were identified. Statistical analysis of the nucleotide proportions of different repeat types
showed that the mononucleotide repeat type had the highest total nucleotide proportion,
accounting for 58.95%, followed by dinucleotide repeats and trinucleotide repeats, which
accounted for 19.83% and 19.27%, respectively. The nucleotide proportions of all repeat
types were ranked in descending order as mononucleotide repeats, dinucleotide repeats,
trinucleotide repeats, tetranucleotide repeats, hexanucleotide repeats, and pentanucleotide
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repeats. Overall, the G. sherwoodiana genome exhibited a distribution pattern in which the
nucleotide contribution declined as repeat-motif length increased.

Statistical analysis of the 46 gSSR motif types with the highest abundance (Figure 2)
revealed that among repeat motifs containing one to six nucleotides the most abun-
dant repeat sequences were A/T, AT/AT, AAG/CTT, AAAT/ATTT, AAAAT/ATTTT,
and ACTCCG/AGTCGG, accounting for 85.73%, 74.01%, 44.78%, 40.38%, 27.77%, and
13.48%, respectively. Other relatively abundant motifs included C/G, AG/CT, AAT/ATT,
AATT/AATT, and AACCG/CGGTT, accounting for 14.27%, 18.50%, 22.24%, 25.37%, and
13.75%, respectively, with distribution frequencies generally ranging from 10% to 25%.
Overall, AT-rich motifs predominated, whereas GC repeat motifs were less abundant.

Figure 2. The distribution frequency of different base-type repeats.

3.2. Distribution of Whole-Genome SSR Loci on Different Chromosomes of G. sherwoodiana

The LG13 chromosome contained the highest number of SSR loci (24,869), followed
by LG05 and LG06, with 21,533 and 21,366 loci, respectively (Supplementary Table S3).
Statistical analysis showed that the chromosomes of G. sherwoodiana contained an average
of 189.24–297.49 SSR loci per Mb. LG06 exhibited the highest SSR density, with an average
distance of only 3.36 kb between adjacent loci. In contrast, LG08 had a relatively lower SSR
density and an average distance of 5.28 kb between adjacent loci.

SSRs were unevenly distributed across the chromosomes of G. sherwoodiana, with most
loci concentrated at both chromosomal ends. Mononucleotide, dinucleotide, and trinu-
cleotide SSR loci were distributed more densely than pentanucleotide and hexanucleotide
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SSR loci. The overall heatmap of distribution density displayed an obvious decreasing
layered-ring structure, with the lowest distribution density observed for pentanucleotide
and hexanucleotide SSR loci. Linear regression analysis revealed a positive relationship
between chromosome length and the number of SSR loci in G. sherwoodiana. A univariate
regression equation was established to describe this relationship: y = 665.21 + 239.85x
(Pearson r = 0.90225) (Figure 3). The correlation coefficient of 0.902 indicated that chro-
mosome length was significantly and positively correlated with the number of SSR loci.

Figure 3. Distribution of gSSR loci on the chromosomes of G. sherwoodiana. (a) Heatmap showing
microsatellite density across the 16 chromosomes. (b) Number and density of different SSR motif
types in the 16 chromosomes. (** indicates p < 0.01).
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3.3. Screening of Polymorphic gSSR Primers

Based on the genome data of G. sherwoodiana, 192 primer pairs were randomly se-
lected from the designed primers and synthesized. The two parents and two progenies
were used for preliminary screening. The results showed that 27 of the 192 primer pairs
produced polymorphic amplicons in the tested samples. The primer melting temperatures
ranged from 57.7 to 60.35 ◦C, and the expected product sizes ranged from 103 to 280 bp
(Supplementary Table S4). These primers could be used for subsequent experiments involv-
ing the hybrid-progeny population and hybrid identification.

The 27 selected polymorphic primer pairs were used for PCR amplification of the
parental materials and 173 hybrid progeny. Genetic diversity analysis of the 27 polymorphic
primer pairs was performed using PowerMarker (Table 1). The results showed that the
27 primer pairs amplified a total of 203 alleles, with an average of 7 polymorphic loci per
marker. The effective number of alleles (Ne) ranged from 1.69 to 7.14, with an average
value of 3.63. The observed heterozygosity (Ho) ranged from 0.16 to 0.97, with an average
value of 0.69. The expected heterozygosity (He) ranged from 0.41 to 0.86, with an average
value of 0.69. The polymorphism information content (PIC) values of most gSSR loci were
higher than 0.5, ranging from 0.34 to 0.85, with an average value of 0.64. Among them,
gSSR109 exhibited the highest PIC value of 0.85. These results indicated that the selected
primers showed high polymorphism and that the selected hybrid-progeny materials of
Globba contained substantial genetic diversity at the molecular level.

Table 1. Diversity analysis of 27 pairs of SSR polymorphic primers.

Primer Number of
Alleles (Na)

Effective
Number of
Alleles (Ne)

Observed
Heterozygosity

(Ho)

Expected
Heterozygosity

(He)

Polymorphic
Information

Content (PIC)

gSSR6 9 3.85 0.82 0.74 0.69
gSSR15 12 5.56 0.93 0.82 0.80
gSSR19 6 2.78 0.97 0.64 0.58
gSSR22 7 3.23 0.91 0.69 0.64
gSSR34 17 5.88 0.84 0.83 0.82
gSSR35 3 1.69 0.17 0.41 0.37
gSSR38 4 2.22 0.76 0.55 0.47
gSSR39 8 4.17 0.55 0.76 0.73
gSSR40 6 4.00 0.91 0.75 0.71
gSSR48 6 3.70 0.67 0.73 0.68
gSSR50 4 1.75 0.61 0.43 0.34
gSSR64 6 2.78 0.95 0.64 0.59
gSSR72 11 3.85 0.71 0.74 0.70
gSSR76 11 4.55 0.64 0.78 0.75
gSSR85 12 3.57 0.55 0.72 0.68
gSSR87 5 2.86 0.76 0.65 0.58

gSSR103 13 5.88 0.54 0.83 0.81
gSSR105 4 3.03 0.68 0.67 0.61
gSSR106 6 3.23 0.97 0.69 0.63
gSSR109 12 7.14 0.89 0.86 0.85
gSSR113 8 3.57 0.57 0.72 0.67
gSSR118 4 2.08 0.40 0.52 0.40
gSSR131 6 4.35 0.73 0.77 0.74
gSSR145 4 2.17 0.72 0.54 0.48
gSSR157 5 4.55 0.82 0.78 0.74
gSSR169 5 2.50 0.16 0.60 0.52
gSSR184 9 2.94 0.36 0.66 0.60

Total 203.00 97.88 18.59 18.52 17.18
Mean 7.52 3.63 0.69 0.69 0.64

3.4. Identification of Hybrid Progenies

Individuals showing male-parent-specific fragments in the amplification products
were identified as true hybrids, whereas individuals showing only female-parent fragments
without male-parent-specific bands were identified as false hybrids [20]. Based on the

https://doi.org/10.3390/horticulturae12091135

https://doi.org/10.3390/horticulturae12091135


Horticulturae 2026, 12, 1135 8 of 16

amplification results of the 27 primer pairs, molecular hybrid identification was performed
for the F1 population derived from the cross between G. sherwoodiana ‘MJ16’ and G. winitii
(Supplementary Table S5). The results showed that all 173 hybrid progeny were true
hybrids, with a hybrid-identification success rate of 100%. Except for gSSR22, the true
hybrid-identification rates of the other 26 primer pairs ranged from 26.59% to 99.42%,
indicating that it was not feasible to distinguish all true and false hybrids using a single
marker alone. Considering that gSSR50 showed a true hybrid-identification rate of 99.42%,
with only one individual not successfully identified, a dual-marker combination was further
applied. The results showed that multiple combinations could successfully identify all
hybrid progenies, achieving an identification rate of 100%.

3.5. Determination of Phenotypic Ornamental Traits in Hybrid Progenies

The quantitative traits of the hybrid progeny are summarized in Tables 2 and 3. All
traits varied substantially, with coefficients of variation (CVs) ranging from 13.09% to
27.43%. Variation of this magnitude indicates that the progeny population contains useful
phenotypic diversity across vegetative and floral characters. Terminal leaf length had
the lowest CV (13.09%). Terminal leaf width averaged 6.72 cm and ranged from 2.50 to
11.00 cm, with a standard deviation of 1.62 and a CV of 24.09%, which was significantly
greater than the CV for leaf length. This pattern indicates extensive recombination of
leaf shape and length-to-width ratio in the progeny population. The stronger relative
variation in width than in length also suggests that the two leaf dimensions did not vary
to the same extent. The CVs for floral traits, including inflorescence length, inflorescence
width, secondary-inflorescence pedicel length, number of ornamental bracts, and basal
inflorescence-bract length, were all above 20%. The number of ornamental bracts had
the highest CV (27.43%), indicating pronounced variation in inflorescence morphology
and floral organs. These floral traits may therefore offer a comparatively broad scope
for phenotypic selection. Plant height and flowering-branch height had CVs of 14–16%,
representing moderate variation. These plant-architecture traits therefore combined relative
stability with scope for differentiation and may be useful indicators of architectural stability.
Their more moderate CVs should nevertheless be interpreted as population-specific esti-
mates rather than evidence of genetic stability by themselves. Frequency histograms for all
10 quantitative traits approximated normal distributions. Skewness describes distributional
asymmetry, whereas kurtosis describes tail weight and peakedness; both statistics were
used here to assess departures from normality. Absolute skewness values were below 1
(−0.46 to 0.85), as were absolute kurtosis values, which were also below 1 (−0.35 to 0.88).
Plant height, flowering-branch height, and terminal leaf length were negatively skewed,
whereas the remaining traits were positively skewed. Plant height, flowering-branch height,
terminal leaf width, number of ornamental bracts, and basal inflorescence-bract length had
negative kurtosis; the remaining traits had positive kurtosis. Collectively, these distribu-
tional statistics were consistent with approximately normal phenotypic data and supported
subsequent statistical analyses and core-germplasm construction.

The phenotype distribution analysis of qualitative traits in the hybrid progeny is shown
in Figure 4. The results indicated that the population exhibited significant heterogeneity
in trait distribution. Among the hybrid progenies derived from G. sherwoodiana ‘MJ16’
and G. winitii, the frequencies of individuals with and without hairs on the abaxial leaf
surface were relatively similar, indicating limited variation and a comparatively balanced
distribution of this trait.
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Table 2. Comparison of quantitative trait data and coefficient of variation of 173 hybrid offspring.

Quantitative Trait Minimum Maximum Mean Standard
Deviation (SD) Skewness Kurtosis Coefficient of

Variation (CV) (%)

Plant height (cm) 37 80 56.86 8.19 −0.03 −0.19 14.41
Flowering-branch height (cm) 23 56 38.52 6.09 −0.11 −0.03 15.81

Terminal leaf length (cm) 8.5 25 19.30 2.53 −0.46 0.88 13.09
Terminal leaf width (cm) 2.5 11 6.72 1.62 0.23 −0.35 24.09
Inflorescence length (cm) 6 20 11.60 2.57 0.47 0.30 22.13
Inflorescence width (cm) 4 17 9.81 1.97 0.41 0.85 20.08
Secondary-inflorescence

pedicel length (cm) 2 7.5 3.92 0.92 0.85 0.88 23.37

Number of ornamental bracts 4 21 11.88 3.26 0.34 −0.24 27.43
Basal inflorescence-bract

length (cm) 2 5.5 3.50 0.73 0.25 −0.26 20.84

Basal inflorescence-bract
width (cm) 1.5 4.5 2.86 0.55 0.41 0.21 19.36

Table 3. Classification of quality traits and resource distribution of hybrid offspring.

Qualitative Trait Trait Description Number of Individuals Frequency (%)

Presence or absence
of leaf back hairiness

With hairs 93 53.76
Without hairs 80 46.24

 

Figure 4. Distribution frequency of quantitative traits of hybrid offspring. (a) Frequency distribution
of plant height. (b) Frequency distribution of flowering-branch height; (c) frequency distribution
of terminal leaf length; (d) frequency distribution of terminal leaf width; (e) frequency distribution
of inflorescence length; (f) frequency distribution of inflorescence width; (g) frequency distribution
of secondary-inflorescence pedicel length; (h) frequency distribution of ornamental bract number;
(i) frequency distribution of basel inflorescence-bract length; (j) frequency distribution of basel
inflorescence-bract width.

3.6. Association Analysis Between Ornamental Traits and gSSR Molecular Markers in
Hybrid Progenies

Based on the MLM, association analysis was conducted between gSSR genotypes
and ornamental traits in hybrid progenies (Table 4). After applying the false discovery
rate (FDR) correction with a significance threshold of Q < 0.05, a total of six gSSR loci
were found to be significantly associated with seven phenotypic ornamental traits of
the hybrid progenies. The phenotypic variance explained (R2) ranged from 7.78% to
16.86%, with a mean proportion explained of 11.40%. Among these loci, gSSR48 showed
the highest phenotypic variance explained for basal inflorescence-bract width, reaching
16.86%, followed closely by gSSR184 for the same trait (16.09%) and gSSR109 for secondary-
inflorescence pedicel length (14.16%). In contrast, gSSR105 showed the lowest phenotypic
variance explained among the significant associations for terminal leaf length, with an
R2 value of 7.78%.
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Table 4. gSSR markers significantly associated with phenotypic traits based on mixed linear model
analysis (* Indicates p < 0.05).

Trait gSSR Marker F Value p Value Q Value Explained
Variance (R2)

Plant height (cm) gSSR34 4.758 0.0032 0.065 7.79%

Terminal leaf length (cm)
gSSR105 7.171 0.0010 0.034 * 7.78%
gSSR184 4.642 0.0038 0.060 7.61%
gSSR64 4.995 0.0078 0.097 5.55%

Terminal leaf width (cm)

gSSR184 7.165 1.48 × 10−4 0.009 * 11.28%
gSSR105 7.712 6.22 × 10−4 0.031 * 8.32%
gSSR48 5.510 0.0012 0.037 * 8.91%
gSSR39 4.938 0.0025 0.059 8.06%

Presence or absence of leaf back
hairiness

gSSR169 6.184 0.0025 0.063 6.78%
gSSR106 4.704 0.0035 0.065 7.71%
gSSR105 4.767 0.0096 0.115 5.31%

Flowering-branch height (cm)
gSSR109 4.845 0.0029 0.062 7.92%
gSSR15 4.344 0.0056 0.079 7.16%
gSSR34 4.287 0.0060 0.078 7.07%

Inflorescence length (cm) gSSR109 4.292 0.0060 0.081 7.08%

Secondary-inflorescence pedicel
length (cm)

gSSR109 9.293 1.01 × 10−5 0.001 * 14.16%
gSSR184 4.646 0.0037 0.063 7.62%
gSSR105 5.629 0.0042 0.064 6.21%

Basal inflorescence-bract length
(cm)

gSSR48 5.947 7.04 × 10−4 0.026 * 9.55%
gSSR38 5.175 0.0019 0.052 8.41%
gSSR39 4.667 0.0036 0.064 7.65%

Basal inflorescence-bract width
(cm)

gSSR48 11.428 7.33 × 10−7 0.00022 * 16.86%
gSSR184 10.806 1.56 × 10−6 0.00023 * 16.09%
gSSR105 11.071 3.02 × 10−5 0.002 * 11.52%
gSSR113 6.008 6.50 × 10−4 0.028 * 9.64%

Several gSSR markers were associated with multiple ornamental traits, which could
be a pattern consistent with pleiotropy or linkage. Marker–trait associations alone can-
not distinguish a single pleiotropy or linkage causal factor from several linked factors
within the same genomic region. Under the Q < 0.05 threshold, gSSR105 was associated
with three traits: basal inflorescence-bract width, terminal leaf width, and terminal leaf
length. gSSR109 was associated with secondary-inflorescence pedicel length (Q = 0.001).
gSSR184 was associated with basal inflorescence-bract width and terminal leaf width
(Q < 0.05) as well as terminal leaf length and secondary-inflorescence pedicel length at
p < 0.01. gSSR48 was associated with basal inflorescence-bract width (Q < 0.001), basal
inflorescence-bract length (Q = 0.026) and terminal leaf width (Q = 0.037). gSSR113 was
associated with basal inflorescence-bract width (Q = 0.026). The recurrence of these signifi-
cant markers across traits identifies genomic regions that warrant further validation and
biological investigation. Conversely, several markers were significantly associated with the
same trait. Basal inflorescence-bract width was associated with four markers passing the
Q < 0.05 threshold: gSSR48, gSSR105, gSSR113, and gSSR184. Terminal leaf width was also
associated with three markers exceeding the FDR threshold: gSSR48, gSSR105 and gSSR184.
Additionally, three markers were significantly associated with terminal leaf length at the
Q < 0.05 level only when considering gSSR105, while gSSR184 and gSSR64 showed nominal
significance (p < 0.01). These patterns are consistent with polygenic architectures involving
multiple loci of modest effect. They do not demonstrate that the markers themselves control
the traits, because an associated marker may instead be linked to a causal variant. Thus,
the trait-associated gSSR markers in Globba included putatively pleiotropic or linked loci
that may support simultaneous selection for several traits, as well as multiple associated
loci for individual complex traits. Validation in independent populations will be required
before these markers can be used reliably for simultaneous trait selection.
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4. Discussion
4.1. Development of Whole-Genome gSSR Molecular Markers in G. sherwoodiana

Simple sequence repeat markers are widely used to identify plant germplasms and
characterize genetic diversity because they are abundant, broadly distributed, highly poly-
morphic, and codominant [21]. SSR loci may occur within or near genes that influence plant
traits, and variation in some SSRs can contribute to quantitative phenotypic variation and
adaptive responses. However, SSR-locus abundance alone is not a direct measure of genetic
differentiation; its value lies primarily in providing a dense source of informative markers.

The 1.05-Gb G. sherwoodiana genome contained 276,809 gSSR loci, equivalent to ap-
proximately one locus every 4.03 kb and a mean density of about 250.75 SSRs/Mb. Among
related Zingiberaceae species, this density was similar to that reported for Curcuma alismati-
folia, whose approximately 0.99-Gb genome contains 257,032 SSR loci and chromosome-
specific densities of 216.1–367.3 SSRs/Mb [12]. The similar genome sizes and locus counts
provide a direct basis for comparing SSR abundance between these two taxa. Genome
assembly of Hedychium spicatum Buch.-Ham. ex Smith identified 60,695 candidate SSR
loci across nuclear, chloroplast, and mitochondrial genome components [22]. A MiCAPs
study of 14 Zingiberaceae species indicated that the genetic background of Zingiber was
more conserved than that of Curcuma, suggesting group-specific differences in SSR distri-
bution within the family [23]. The SSR density of G. sherwoodiana was intermediate among
the Zingiberaceae taxa considered, indicating an abundant marker resource for future
genetic diversity studies. Polyploidization is frequent in Zingiberaceae, and variation in
chromosome number and genome size is positively associated with taxonomic diversity;
these features may contribute to differences in SSR density among taxa [22]. Differences in
genome assembly completeness, repeat-detection criteria, and motif thresholds may also
affect comparisons of reported SSR abundance. Mononucleotide repeats were the most
common motif class in the G. sherwoodiana genome (58.95%), followed by dinucleotide
(19.83%) and trinucleotide (19.27%) repeats. Pentanucleotide and hexanucleotide repeats
were rare, each representing less than 0.25%. Thus, motif frequency generally declined as
repeat-unit length increased, consistent with patterns reported for C. alismatifolia [12] and
Arabidopsis thaliana (L.) Heynh. [24], as well as across 12 sequenced plant genomes [25]. This
inverse relationship provides a consistent descriptive feature for cross-species comparison
of SSR composition. The G. sherwoodiana genome was dominated by AT-rich motifs: A/T
represented 85.73% of mononucleotide repeats, AT/AT represented 74.01% of dinucleotide
repeats, and AAG/CTT represented 44.78% of trinucleotide repeats, whereas GC-rich
motifs were uncommon. A similar AT-rich bias has been reported in C. alismatifolia [12]
and A. thaliana [24]. Its occurrence in several taxa suggests that nucleotide composition
and repeat-generation processes may contribute to shared motif preferences. SSR loci were
also unevenly distributed among the 16 chromosomes of G. sherwoodiana. LG13 contained
24,869 loci, more than twice the 11,644 loci on LG01; a comparable chromosome-level imbal-
ance was reported for C. alismatifolia [12]. Mononucleotide repeats predominated on every
G. sherwoodiana chromosome (56.57–60.43%), followed by dinucleotide and trinucleotide
repeats. This chromosome-level pattern mirrored the genome-wide distribution, indicating
that motif-class composition was broadly conserved across chromosomes. Together, the
abundance, motif diversity, and chromosomal coverage of these loci support their use in
marker development and genetic analysis of Globba.

In this study, 27 pairs of polymorphic primers were selected. Seven primer pairs
showed hybrid-identification rates above 80%, and gSSR50 exhibited the highest identi-
fication rate (99.42%). In Hedychium species, 62 candidate SSR primers were ultimately
used to identify 20 markers, and 11 markers were successfully genotyped in 99 germplasm
resources [22]. The identification efficiency of gSSR50 in G. sherwoodiana was comparable
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to that reported in Hedychium. These results indicated that gSSR markers developed
based on whole-genome data could effectively support parentage verification in hybrid
populations and provide reliable tools for germplasm resource identification and future
marker-assisted breeding programs.

4.2. Genetic Diversity of Phenotypic Ornamental Traits

Phenotypic ornamental traits are outcomes of interactions between genetic factors
and environmental conditions, exhibiting both stability and variability [26]. Variability is
manifested by the highly diverse phenotypic traits observed in hybrid offspring, while
stability is typically defined by maintaining its characteristics across multiple environments,
with no significant alterations to key ornamental characteristics. This in fact describes the
core requirement of breeding new varieties, which must maintain stability, specificity
and consistency of traits. Characterizing ornamental phenotypes helps quantify diversity
and identify traits with breeding potential. By assessing diversity indicators of plant
phenotypic ornamental traits, the degree of genetic variation among plants can be rapidly
evaluated within a short period [27,28]. The coefficient of variation (CV) is an indicator
used to measure the degree of dispersion of phenotypic traits. A higher CV value indicates
greater differences among varieties, whereas the diversity index reflects the distribution
equilibrium of these variations [29]. Previous studies have shown that when the CV
of phenotypic traits exceeds 10%, appreciable variation may exist among germplasm
resources [30–32]; this threshold is not a statistical significance test.

Analysis of 11 ornamental phenotypic traits in 173 hybrid progeny showed that CVs
for the 10 quantitative traits ranged from 13.09% to 27.43%. Terminal leaf length had the
lowest CV, whereas ornamental-bract number had the highest, indicating greater variation
and greater potential response to selection for bract number in this population. Because
CV is scale-independent, it also permits comparison of relative dispersion among traits
measured in different units. The 10 quantitative traits also showed approximately normal
distributions, consistent with polygenic inheritance. For the qualitative trait—presence or
absence of leaf back hairiness—the reported distribution frequency ranged from 2.31 to
53.76. This qualitative trait should be interpreted separately from the CV-based comparisons
of quantitative traits. Overall, every quantitative trait had a CV above 10%, indicating
broad phenotypic variation among the 173 hybrid progeny. This variation provides useful
material for selecting and developing superior germplasm and supports further utilization
of the population. Its value for selection should be confirmed across environments because
observed phenotypes can reflect both genetic and environmental effects.

4.3. Association Analysis Between Phenotypic Traits and gSSR Markers

Association analysis tests for nonrandom relationships between marker genotypes
and target traits, often while accounting for linkage disequilibrium (LD) and population
relatedness. Marker effects are commonly summarized as phenotypic variance explained
(R2), which estimates the proportion of trait variation statistically attributable to a marker
in the fitted model. This statistic is specific to the model, population, marker set, and
environment and should not be interpreted as a universal effect size. In this study, an
MLM was used to test associations between gSSR markers and ornamental traits. After
applying the FDR correction with a stringent Q < 0.05 threshold to control for multiple
testing, a total of six gSSR loci were significantly associated with seven phenotypic traits.
The R2 values for these significant associations ranged from 7.78% to 16.86%, with a
mean of 10.40%. Among these loci, gSSR48 had the largest estimated effect, explaining
16.86% of the variation in basal inflorescence-bract width. This was closely followed by
gSSR184, which explained 16.09% of the variation for the same trait, and gSSR109, which
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explained 14.16% of the variation in secondary-inflorescence pedicel length. We found
several gSSR markers were associated with multiple ornamental traits, which could be a
pattern consistent with pleiotropy or linkage. However, markers associated with several
traits should not be interpreted as evidence of pleiotropy because the same pattern may
result from linkage, relatedness within the population, or false-positive associations. These
estimates were broadly comparable to values reported for association analyses in sea island
cotton (Gossypium barbadense L.) [33], barley (Hordeum spontaneum L.) [34], and daylily
(Hemerocallis spp.) [35]. Such comparability supports the potential relevance of the detected
loci but does not, by itself, establish causality. An association may arise because the marker
is in linkage disequilibrium with a causal variant rather than because the marker has a direct
functional effect. Because the largest R2 was 16.86%, more than 83% of phenotypic variation
remained unexplained by any single reported marker. No single marker therefore captured
most of the observed variation in its associated trait. This outcome is typical for plant
quantitative traits for at least two reasons. First, ornamental traits are often influenced by
many loci of small effect, so each marker accounts for only a limited portion of variation [36].
Second, epistasis and genotype-by-environment interactions can contribute substantially to
phenotypic variation [37]. Limited marker density can also leave causal genomic regions
insufficiently represented. Both multi-trait and multi-marker association patterns were
observed. Under the more stringent Q < 0.05 criterion, gSSR184 was significantly associated
with two traits. In contrast, gSSR48 and gSSR105 each showed significant associations with
three traits. These patterns suggest that the corresponding genomic regions may contain
pleiotropic genes, linked genes, or regulatory elements involved in multiple developmental
processes. Distinguishing among these alternatives will require denser mapping and
functional evidence. Comparable patterns have been reported in other species. For example,
Xgwm468.1 and Xgwm538.1 were each associated with grain iron and zinc concentrations
in wheat (Triticum aestivum L.) [38]. In sorghum (Sorghum bicolor (L.) Moench), pleiotropic
quantitative trait loci (QTLs) for multiple insect-resistance traits have been identified [39],
and several barley chromosome regions have been reported to influence multiple traits.
Conversely, basal inflorescence-bract width was associated with four gSSR loci (gSSR48,
gSSR105, gSSR113, and gSSR184) that all passed the FDR threshold, while terminal leaf
width was associated with three markers (gSSR48, gSSR105 and gSSR184) meeting the
Q < 0.05 criterion. Terminal leaf length, basal inflorescence-bract length and secondary-
inflorescence pedicel length each had at least one highly significant marker, and additional
loci were nominally associated at the p < 0.01 level. These findings are consistent with
polygenic architectures involving multiple loci of modest effect. Overall, the ornamental
traits appear to reflect a complex genetic architecture comprising the detected marker
effects together with numerous undetected genetic and environmental effects. The multi-
trait markers provide starting points for investigating floral-organ development and plant
morphology and may assist marker validation and fine mapping. The six markers that
passed the FDR correction, along with three additional loci showing nominal significance,
should therefore be described as preliminary candidate loci rather than markers ready for
breeding applications. Their value for marker-assisted selection can only be established
after validation in independent populations, across multiple environments, and using
an appropriate statistical model with correction for multiple testing. Future work will
integrate fine mapping, candidate-gene analysis, and functional testing to identify robust
markers for breeding. For practical selection, marker effects and predictive performance
should also be evaluated across breeding populations and production environments.
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5. Conclusions
This is the first report on genome-wide mining of SSR markers in G. sherwoodiana. A

total of 276,809 SSR loci were identified with an average density of 189.24–297.49 SSRs/Mb
within each chromosome. Phenotypic traits were investigated for the 173 individual plants,
indicating the coefficient of variation of the 10 phenotypic traits ranged from 13.09% to
27.43%. We then synthesized 192 primer pairs and screened 27 pairs of g-SSR markers with
high polymorphism, amplifying a total of 203 alleles. Moreover, marker–trait association
analysis suggested that six gSSR loci were found to be significantly associated with six
phenotypic traits, exhibiting the highest interpretation ratio (16.86%) between gSSR48 and
basal inflorescence-bract width. The identification of large-scale g-SSR markers will provide
valuable references for germplasm resource evaluation and molecular breeding of Globba.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/horticulturae12091135/s1, Table S1. The detailed information
on genome assembly quality of Globba sherwoodiana; Table S2. Detailed information of 192 pairs of
primers; Table S3. The number of nucleotides in the whole genome chromosome of G. sherwoodiana;
Table S4. 27 pairs of polymorphic gSSR information; Table S5. Identification of true hybrid F1 plants
using gSSR primers.
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