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23 Abstract

24 Dietary fiber composition is a major determinant of fruit nutritional quality, yet its genetic
25  basis remains poorly characterized in wild Vaccinium species. Here, we combined extensive
26  phenotyping with a genome-wide association study (GWAS) to dissect the genetic control of
27  dietary fiber traits in Colombian agraz (Vaccinium meridionale Swartz). Total dietary fiber
28  (TDF), insoluble dietary fiber (IDF), and soluble dietary fiber (SDF), the SDF/IDF ratio, and
29  maturity index (MI) were quantified in fruits from 119 genotypes, representing the most
30  comprehensive evaluation of dietary fiber fractions in fresh Vaccinium fruit to date. GWAS
31  mapped this phenotypic diversity to 24 QTLs distributed across 15 chromosomes, revealing
32 a polygenic architecture underlying fiber-related trait. A TDF QTL (Chr41:26883013)
33 directly co-localized with VaccDscaff31-augustus-gene-268.33, a 7-deoxyloganetin
34 glucosyltransferase, embedded within a glycosyltransferase-rich LD block. IDF variation
35  was associated with VaccDscaff33-processed-gene-116.2 (pectin methylesterase 15) while
36 the SDF/IDF ratio co-localized with VaccDscaff55-augustus-gene-9.30, encoding a
37  xyloglucan endotransglucosylase/hydrolase. Together, the integration of high-resolution
38  phenotyping with QTL mapping connects natural variation in dietary fiber content and
39  composition to specific biosynthetic, remodeling, and regulatory pathways, providing
40  actionable molecular targets for marker-assisted and genomic selection aimed at improving

41  nutritional quality, texture, and processing traits in Vaccinium breeding programs.

42  Key words: Gnome-wide association study, QTL, dietary fiber composition, insoluble

43 and soluble fiber, cell wall polysaccharides, glycosyltransferases.
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44 Introduction

45  Blueberries are widely recognized as a health-protective fruit, primarily due to their bioactive
46  compounds, especially flavonoids (such as anthocyanins), flavonols (such as quercetin
47  [1]glycosides), phenolic acids (such as chlorogenic acid) [1], and dietary fiber [2]. The
48  Colombian blueberry, known as agraz (Vaccinium meridionale Swartz), is a wild species
49  belonging to the Ericaceae family, that grows spontaneously in the mountainous regions of
50  Colombia, Ecuador, Peru, Venezuela, and Jamaica [3]. Its fruit is an edible berry with an
51 acidic and astringent taste, valued by consumers who demand natural sources of beneficial
52 compounds. It is consumed fresh, dehydrated or in preparations such as wines, nectars, and
53 jams [4]. Previous studies indicate that agraz fruits contain a variety of polyphenolic
54 compounds and dietary fiber, which are associated with significant bioactive properties, such
55  as high antioxidant capacity [5], antiproliferative, and cytotoxic effects against cancer cells
56  [6], antimicrobial activity, and protection against colorectal cancer [7,8].

57

58  Dietary fiber is an important component in foods since it is related to human health. A recent
59  meta-analysis including 17,155,277 individuals reported that high dietary fiber intake is
60 associated with a reduced risk of several chronic diseases, particularly cardiovascular disease
61  mortality, pancreatic cancer, and diverticular disease [9]. Although we have recently reported
62  information on the chemical and genetic architecture of polyphenolic composition in
63  Colombian V. meridionale fruits [10], information regarding the variability of dietary fiber
64  fractions in this species remains limited. Moreover, studies evaluating dietary fiber
65  composition across large genotype collections are scarce not only for agraz but also for other

66  Vaccinium species.
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67 Dietary fiber in fruits is a complex and dynamic trait primarily determined by the
68  composition and structural organization of plant cell wall polysaccharides [11]. It is mainly
69  composed of cellulose, hemicellulosic polysacharides, lignin, and pectins, which together
70  define the mechanical properties, texture, and nutritional quality of fleshy fruits [11].

71

72 From anutritional perspective, dietary fiber is conventionally classified into insoluble dietary
73 fiber (IDF) and soluble dietary fiber (SPF). IDF is largely associated with cellulose, lignin,
74  and hemicellulosic polysaccharides [12], while SDF, is dominated by pectins and
75  hemicellulosic polysaccharides [13]. Hemicellulosic polysaccharides are present in both
76  fractions; however, they differ markedly in structural complexity, branching patterns, and
77  association with the plant cell wall matrix. In the IDF fraction, hemicelluloses are
78  predominantly composed of structurally integrated polymers that are tightly bound to
79  cellulose microfibrils and lignin [12]. These typically include less branched xylans and
80  structural mannans or glucomannans, which contribute to cell wall rigidity and exhibit
81  limited water solubility [11]. In contrast, the hemicellulosic polysaccharides found in the
82  SDF fraction are generally more loosely associated with the cell wall or are readily
83  extractable [12]. These polymers are often characterized by higher degrees of branching and
84  structural heterogeneity, including arabinoxylans with extensive arabinose substitutions,
85  xyloglucans, and mixed-linkage B-glucans, which enhance hydration properties and
86  solubility [13].

87

88  Understanding the structural differences between fiber fractions requires consideration of the
89  biosynthetic pathways that determine cell wall polymer assembly and remodeling. Cellulose

90 is synthesized by CesA genes, which encode the subunits of the cellulose synthase enzyme
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91  complex, visible in the plasma membrane [14]. Hemicelluloses comprise a diverse group of
92  heterogeneous polysaccharides that function as cross-linking components between cellulose
93 microfibrils in the primary cell wall, including heteromannans, xyloglucans, heteroxylans,
94  and mixed-linkage glucans [15]. Their biosynthesis is mediated predominantly by
95  glycosyltransferases (GTs), including uridine 5’-diphospho-glucuronosyltransferases (UDP-
96  glycosyltransferases). The synthesis of the xyloglucan backbone is catalyzed by members of
97  the cellulose synthase-like (CSL) family, enzymes belonging to the GT2-CSL superfamily
98 [15]. Within this group, distinct CSL clades specialize in the synthesis of different
99  hemicellulosic polymers: CSL-C proteins are involved in xyloglucan chain elongation, CSL-
100 A members participate in the biosynthesis of mannan and glucomannan backbones, and CSL-
101  F enzymes contribute to mixed-linkage glucan formation [15]. In contrast, the assembly of
102 xylan backbones is mediated by glycosyltransferases of the GT43 family, which exhibit -
103 1,4-xylosyltransferase activity [16]. Hemicellulose remodeling involves enzymes such as
104  xyloglucan endotransglucosylase/hydrolases (XTHs), which modify xyloglucan chain length
105 and connectivity [17], as well as B-xylosidases and a-L-arabinofuranosidases, which
106  participate in the degradation and restructuring of hemicellulosic polysaccharides during cell
107  wall remodeling [18,19].
108
109  In addition to polysaccharide components, the insoluble fiber fraction also includes lignin, a
110  complex phenolic polymer that reinforces secondary cell walls and contributes to tissue
111  rigidity. Lignin biosynthesis occurs through the phenylpropanoid pathway and is mediated
112 by the coordinated action of enzymes such as cinnamoyl-CoA reductase (CCR), 4-
113 cinnamoyl-CoA ligase (4CL), shikimate O-hydroxycinnamoyltransferase (HCT), and

114  peroxidases (PODs), which contribute to secondary wall strengthening and tissue rigidity
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115  [20]. In Vaccinium corymbosum, genome-wide analyses identified 92 caffeic acid O-
116  methyltransferase (COMT) genes, with specific members such as VeCOMT40 and
117 VeCOMT92 showing a direct relationship with lignin accumulation during fruit development,
118  underscoring their relevance for fruit firmness and shelf life [21].

119

120  Finally, pectin, a heterogeneous group of complex polymers composed mainly of
121  homogalacturonan (HG) and rhamnogalacturonan I and II (RG-I and RG-II) [22,23].
122 Homogalacturonan is the most abundant pectic domain and consists of linear chains of
123 (1—4)-a-D-galacturonic acid residues, whose backbone is synthesized in the Golgi apparatus
124 by galacturonosyltransferases (GAUTs) [24]. Following biosynthesis, pectin undergoes
125  extensive remodeling mediated by enzymes such as pectin methylesterases (PMEs) and
126 polygalacturonases (PGs), which regulate the degree of methylesterification,
127  depolymerization, and interactions with other cell wall polymers, thereby modulating pectin
128  solubility and the mechanical properties of the cell wall [25].

129

130  Based on the above considerations, we hypothesize that there are genetic mechanisms
131  underlying the natural variability in the dietary fiber in V. meridionale. Accordingly, this
132 study aimed to quantify IDF, SDF, total dietary fiber (TDF), and the SDF/IDF x 100 ratio in
133 a large collection of ripe agraz fruit genotypes collected in rural areas of the Colombian
134 Departments of Santander, Boyac4, and Cundinamarca. In addition, a genome-wide
135  association study (GWAS) was conducted in a representative agraz subpopulation to identify
136  quantitative trait loci (QTL) potentially associated with dietary fiber traits. The results of this
137  study provide deeper insight into the genetic mechanisms underlying dietary fiber content in

138  agraz and establish a scientific foundation for future breeding strategies aimed at improving
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139  fiber-related nutritional quality. Moreover, these findings highlight the importance of
140  advancing research in wild and underutilized crops with high nutritional and commercial
141  potential, emphasizing their value as genetic reservoirs for crop improvement and sustainable
142 agriculture.

143

144 Materials and methods

145 Fruit samples

146 A previously reported collection of 118 fruit genotypes sampled from rural areas of
147  Santander, Boyaca, and Cundinamarca (Colombia) was established as a genetically diverse
148 V. meridionale population [10,26]. Also, a control commercial V. meridionale sample was
149  analyzed [10] to complete a collection of 119 fruit material (S1 Table).

150

151 Dietary fiber content

152 IDF and SDF contents were measured by the enzymatic-gravimetric method as described in
153  the AOAC 985.29 and AOAC 991.43 methods [27] in the freeze-dried-ground samples. Both
154  components (IDF and SDF) were experimentally found by performing three replications.
155  Corrections because of ash and protein contents were performed for both, SDF and ISF
156  contents. Additionally, TDF content was calculated as the sum of SDF and IDF. For sample
157  digestion, 0.5 g of each freeze-dried sample was weighed and subjected to treatments with
158 o-amylase, protease, and amyloglucosidase, adjusting the pH and temperature at each stage
159  to facilitate the digestion of specific components. Dietary fiber kit was purchased from

160  Sigma-Aldrich (Darmstad, Germany). IDF content was determined by filtering the resulting
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161  digestate, followed by sequential washing of the retained residue with water, 78% aqueous
162  ethanol, 95% aqueous ethanol, and acetone; the residue was then dried at 105 °C until
163  constant weight. SDF was determined by mixing the filtrate with 95% (v/v) aqueous ethanol
164  at aratio of 1:4 (filtrate: aqueous ethanol, v/v). The mixture was allowed to stand overnight
165 at 4 °C to precipitate soluble fiber components. The precipitate was recovered by filtration
166  and sequentially washed with 78% (v/v) aqueous ethanol, 95% aqueous ethanol, and acetone.
167  The recovered SDF was then dried at 105 °C to constant weight. Both types of fiber contents
168  were corrected for protein and ash content. Method reproducibility was assessed by
169  performing technical replicates for selected genotypes. Results are expressed as mean values
170  + standard deviation, reported on both a dry weight (DW) and fresh weight (FW) basis.

171

172 To verify if the measured dietary fiber variables were correlated with the maturity state of
173 the collected fruit samples the altitude of harvesting, both the maturity index (MI) and the
174  altitude of harvesting data were taken from previous research (Reference).

175

176 ~ Statistical analysis

177  Dietary fiber data set of the fruit collection was analyzed by the Kolmogorov-Smirnov test
178  for normality, one-way ANOVA, Box-plot representation, principal component analysis
179  (PCA), and hierarchical clustering. Spearman’s correlation coefficients were calculated to
180  evaluate potential dependencies among dietary fiber parameters and to determine whether
181  those variables were related to harvesting altitude and MI. The mentioned statistical analyses
182  were done using R-Studio software (2025.09.2+418), with the packages: ggplot2 [28], nortest

183  [29], tidyr [30], dplyr [31], ggrepel [32], tibble [33], and ragg [34] .
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184 Genotypic data, population structure, and genome-wide

185 association analysis

186  The GWAS were performed using a previously generated single nucleotide polymorphism
187  (SNP) dataset for V. meridionale, originally described by Narvaez et al. (2026, accepted).
188  Briefly, genotyping was conducted using a genotyping-by-sequencing (GBS) approach, and
189  raw sequencing reads were processed to identify high-quality SNPs. Clean reads were
190  mapped to the V. corymbosum cv. Draper v1.0 reference genome [35], using the set of the
191  longest scaffolds (scaffolds 1 to 48) to represent the 48 chromosomes [36]. SNP markers with
192 more than 30% missing data, those with a minor allele frequency (MAF) lower than 0.01, as
193  well as INDELSs, multiallelic, and monomorphic /oci were excluded. In addition, genotypes
194  presenting more than 70% missing data were excluded. Following quality filtering, 69 of the
195 initial 118 phenotyped genotypes were retained, yielding 16,709 high-quality SNPs across
196 the filtered genotypes for downstream analyses.

197

198  Population genetic structure, genome linkage disequilibrium (LD), and genome-wide SNP
199  distribution were previously characterized using this SNP dataset, as described by Narvaez
200 etal. [10]. Population structure was inferred using admixture analysis implemented through
201  the sNMF algorithm, and ancestry coefficients and LD estimates were directly incorporated
202 into the association models to control for population stratification.

203

204  To identify significant quantitative trait loci (QTL) associations, a GWAS were performed
205 independently for each phenotypic trait that exhibited significant variability among the 69

206  genotypes, as determined by ANOVA, using seven different association mapping models, as
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207  follows: General Linear Model (GLM) [37], Mixed Linear Model (MLM) [38], Multiple Loci
208  Mixed Model (MLMM) [39], Compressed Mixed Linear Model (CMLM) [40], Fixed and
209  Random Model Circulating Probability Unification (FarmCPU) [41], Bayesian-information
210  and Linkage-disequilibrium Iteratively Nested Keyway (BLINK) [42], and Settlement of
211  MLM Under Progressively Exclusive Relationship (SUPER) [43]. Significance of marker—
212 trait associations was initially assessed using nominal p-values derived from the GWAS
213 models. Multiple testing was accounted for by applying a false discovery rate (FDR)
214  correction, and associations with FDR-adjusted p-value < 0.05 were retained as significant.
215  Quantile—quantile plots were examined to evaluate model performance and control of Type
216  lerror [44]

217

218 Candidate gene identification

219  Genomic positions of the identified QTLs were mapped and predicted functional annotation
220  was performed to classify each variant as intergenic, intronic, coding, or regulatory. using
221 the V. corymbosum cv. Draper v1.0 reference genome [35]. Candidate genes were identified
222 within a LD window of £161.782 kb surrounding each significant QTL, according to the LD
223 decay previously reported for the genotype-population [10]. Gene annotation information

224 was retrieved from the VacciniumGDB database (https://www.vaccinium.org/).

225
226  Functional annotation of candidate genes was performed using protein homology and curated

227  biological information from the UniProt (https:/www.uniprot.org/) and NCBI

228  (https://www.ncbi.nlm.nih.gov/) databases. Gene Ontology (GO) analyses were conducted

229  using the OmicsBox cloud platform (https://www.biobam.com/omicsbox/).

10
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230 Results

231 Dietary fiber fractions across the fruit collection

232 Information on the SDF, IDF, TDF contents (in DW) as well as the SDF/IDF * 100 ratio is
233 presented in S1 Table. While in the fruit collection the IDF content ranged from 19.9 + 1.2
234 ¢/100 g DW (in G13) to 47.0 = 2.0 g/100 g DW (in E02) (2.4-fold change), the SDF content
235  ranged from 0.9 £ 0.2 g/100 g DW (in CP 23) and 0.9 + 0.6 g/100 g DW (in CP40) to 6.1 +
236 1.6 g/100 g DW (in GO08) (6.5-fold change). Additionally, the TDF content ranged from 23.1
237  £2.0g/100 g DW (in G03) to 49.6 = 1.4 g/100 g DW (in E02). In all cases, the IDF fraction
238  showed higher levels than the SDF fraction, with a SDF/IDF * 100 ratio ranging from 3.0 +
239 1.8% (in SC22) to 24.9 + 4.9% (in GO8), highlighting a compositional profile dominated by
240  the IDF. The coefficients of variation (CV) associated with biological replicates ranged from
241 0.6 to 25.7% for IDF, 3.5 to 97.2% for SDF, and 0.8 to 22.2% for TDF. In contrast, CV
242  values obtained from technical replicates were lower, ranging from 0.34 to 10.4% for IDF,
243 1.3 to 24.9% for SDF, and 0.1 to 9.3% for TDF. Furthermore, The IDF and TDF values
244  recorded in the control fruit sample (29.7 + 0.5 and 30.6 + 0.2 g/100 g DW, respectively) fall
245  within the mid-range of the values detected across the fruit collection. In contrast, the SDF
246  content in such control sample (1.0 = 0.4 g/100 g DW) is at the lowest end of the observed
247  range for the fruit collection. When analyzing data of the fruit collection together with the
248  control sample, the ANOVA indicated that IDF, SDF, TDF, and the SDF/IDF * 100 ratio
249  were statistically influenced by the genotype (F value < 0.0001). Considering a serving size
250  of approximately 150 g (FW) and a recommended daily total dietary fiber intake of 30 g [9],
251  the control ripe fruit sample, with a content of 3.3 + 1.3 g TDF/100 g FW, would contribute

252  only about 17% of the daily requirement. In contrast, several genotypes within the fruit

11
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253 collection showed a markedly higher nutritional contribution. Four genotypes supplied 90-
254 100% of the recommended daily intake (SC16, 93%; G15, 97%; G21, 99%; and GAOS,
255  100%). Furthermore, five genotypes exceeded this threshold, providing more than 100%
256  (G18, 102%; G13, 108%; G24, 108%; GA24, 120%; and GOS8, 124%).

257

258  Correlations among variables

259  No significant associations were found between dietary fiber fractions (IDF, SDF, TDF) or
260  the SDF/IDF x 100 ratio and the altitude at which fruits were collected, suggesting that
261  altitude did not substantially influence fiber composition under the conditions studied. In
262  contrast, the MI was positively associated with IDF (r = 0.2655, p <0.01), SDF (r = 0.2217,
263  p<0.05), and TDF (r=0.3003, p <0.001). A strong and significant positive correlation was
264  found between IDF and TDF (r = 0.9622, p <0.001), reflecting the predominance of the IDF
265 over the SDF content across samples. Furthermore, SDF showed a positive, strong, and
266  significant correlation with the SDF/IDF * 100 ratio (r = 0.9128, p < 0.001). A negative,
267  strong, and significant correlation was found between IDF and the ratio SDF/IDF * 100 (r =
268  -0.5661, p <0.001). All these results are presented in S1 Fig.

269

270 Principal component analysis (PCA) and cluster analysis

271 PCA revealed that the first two components accounted for 99.5% of the total inertia (Fig 1).
272 Proximity of vectors confirm the relationship described in the precedent subheading between
273  IDF and TDF as well as between SDF and SDF/IDF * 100 ratio. Clustering analysis yielded

274  three groups with biological interest. Group I (blue) comprises 14 genotypes and was

275  characterized by the greatest IDF and TDF contents, along with intermediate SDF content

12
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276  and SDF/IDF x 100 ratio. The elevated TDF values observed in genotypes E02 (49.6 + 1.3
277  g/100 g DW), 002 (47.5+0.7 g/100 g DW), B07 (47.5 + 1.1 g/100 g DW), B06 (47.4 + 5.6
278  g/100 gDW), and T0O2 (45.1 = 1.5 g/100 g DW), identified as outliers in the box-plot analysis
279  (S2Fig), suggest a superior capacity for dietary fiber accumulation, which may be associated
280  with genotype-dependent differences in cell wall composition. Group II (green) includes the
281  majority of the genotypes (82 out of the 119 fruit material collected) and was characterized
282 by intermediate IDF and TDF contents and the lowest SDF content and SDF/IDF x 100 ratio.
283  In contrast, Group III (orange), comprising 23 genotypes, showed the lowest IDF and TDF
284  contents but the greatest SDF content and SDF/IDF x 100 ratio. Within this group, genotypes
285 GOS8 and GA24 exhibited the greatest SDF contents (6.1 + 1.5 g/100 g DW and (6.1 + 0.4
286  g/100 g DW) and the greatest SDF/IDF x 100 ratios (24.9 + 4.9% and 24.0 £ 3.2%,
287  respectively). These genotypes were identified as outliers in the Box-plot analysis (S2 Fig),
288  indicating a distinct fiber composition profile dominated by soluble fractions. Taken
289  together, Groups I and III represent contrasting dietary fiber profiles, with Group I
290  characterized by a high TDF and IDF content, whereas Group III is distinguished by a higher

291  proportion of soluble fiber.
292

293  Fig 1. Principal component analysis (PCA) biplot with clustering based on insoluble
294  dietary fiber (IDF), soluble dietary fiber (SDF), total dietary fiber (TDF), and the
295  SDF/IDF x 100 ratio. Vectors representing each dietary fiber variable are shown. Three
296  distinct clusters were identified. Group I (blue) comprises 14 genotypes and is characterized
297 by the greatest IDF and TDF contents, along with intermediate SDF content and SDF/IDF x
298 100 ratio. Group II (green) includes 82 genotypes and is characterized by intermediate IDF

299  and TDF contents and the lowest SDF content and SDF/IDF x 100 ratio. Group III (orange),

13
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300 comprising 23 genotypes, is characterized by the lowest IDF and TDF contents but the
301  greatest SDF content and SDF/IDF x 100 ratio. Genotypes marked with an asterisk are those
302  included in the genome-wide association study (GWAS).

303

304 Genome-wide association analysis

305 A total of 24 QTLs were identified across the evaluated traits, showing levels of significance
306 ranging from 3.39 x 107° to 2.71 x 107". Among these, the QTL Chr10:31193910 was
307  detected in association with both TDF and IDF, exhibiting the highest statistical significance,
308  whereas the QTL Chr41:26883013, associated with TDF, showed the lowest significant
309  value (Table 1).

310

311  Significant associations were detected using the MLMM, BLINK, and FarmCPU models
312  after correction for population structure and multiple testing. The Q-Q plots indicated an
313  adequate fit between observed and expected p-values for each analyzed trait, supporting the
314  robustness of the applied association models (Figs 2 and 3). The Manhattan plots illustrate
315  the genomic distribution of the significant QTLs across the genome (Figs 2 and 3).

316

317  Regarding their genomic distribution, the QTLs were located in different functional regions,
318 including nine QTLs in introns, nine within coding sequences (CDS), one in the 5" UTR,
319  three in the 3' UTR, and two in intergenic regions. Among the QTLs located in coding
320  regions, five nucleotide substitutions resulted in non-synonymous amino acid changes, while
321  four corresponded to synonymous substitutions (Table 2).

322
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323  Based on a linkage disequilibrium window of +£161.782 kb, a total of 501 candidate genes
324  were identified across all traits. These genes were defined exclusively by their physical
325  proximity to significant QTLs (S2 Table).

326

327  Fig 2. Manhattan and Q—Q plots of estimated —log10(p-value) for SNP associations with
328  dietary fiber traits identified by GWAS. (A, B) Total dietary fiber (TDF) by the FarmCPU
329  model. (C, D) TDF by the MLMM model. (E, F) TDF by the BLINK model. (G, H) Insoluble
330  dietary fiber (IDF) by the BLINK model. (I, J) IDF by the MLMM model. The horizontal
331 dashed line indicates the genome-wide significance threshold for phenotype—genotype
332 associations.

333

334  Fig 3. Manhattan and Q-Q plots of estimated —log10(p-value) for SNP associations with
335 dietary fiber traits identified by GWAS. (A, B) Soluble dietary fiber (SDF) by the
336  FarmCPU model. (C, D) SDF/IDF x 100 ratio by the MLMM model. (E, F) maturity index
337  (MI) by the BLINK model. (G, H) MI by the FarmCPU model. (I, J) MI by the MLMM
338  model. The horizontal dashed line indicates the genome-wide significance threshold for

339  phenotype—genotype associations.
340

341  Table 1. Statistical summary of QTLs significantly associated with dietary fiber-related

342 traits identified by GWAS in Vaccinium meridionale populations.

Trait QTLe Allele p-value H&B.P.Value | Allelic | MAF® | Model

Effect

TDF* Chr41: 26883013 | C/G | 2.71 x 1077 5.0x107 4916 0.06 | FarmCPU

Chr36: 6980209 A/G | 1.47x1077 2.0x107 2.630 0.37 | BLINK

15


https://doi.org/10.64898/2026.02.19.706934
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2026.02.19.706934; this version posted February 20, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

343
344
345
346
347
348
349

available under a CC-BY 4.0 International license.

Chr10: 31193910 | G/T | 3.39x107"° 0.0 x 10° -5.171 0.09 | MLMM
IDF? Chr10: 31193910 | G/T | 1.42x107° | 237x107® -0.077 | 0.09 | BLINK
Chr47: 11475242 | C/T | 3.57 x 1077 298 x 1072 -0.085 | 0.05 | BLINK
Chr28: 2741502 G/T | 1.70x107® 2.84 x 1072 0.075 0.07 | MLMM
SDF* Chr7: 5871188 C/T | 1.13x107® 6.31 x 1072 0.289 0.41 | FarmCPU
Chr7: 5871210 A/G | 1.13x107® 6.31 %1072 0.289 0.41 | FarmCPU
Chr7: 5871211 A/T | 1.13x107® 6.31x107? 0.289 0.41 | FarmCPU
SDF/IDF | Chr55: 950149 G/T | 1.02x107° 1.71 x 107 -7.505 | 0.07 | MLMM
ratio Chr44: 2352242 A/C | 220x107° 1.84 x 1072 -4.350 | 0.23 | MLMM
MI¢ Chr2: 38594279 C/T | 1.40x107° 2.93 x 107 -1.004 | 0.09 | BLINK
Chr6: 38156513 G/C | 9.28x10™* | 1.55x107*® | -13.507 | 0.01 | FarmCPU
Chr6: 38156521 C/A | 1.80x1072° | 1.51x107® 3.500 0.01 | FarmCPU
Chr13: 32668778 | C/T | 2.70 x 107" 9.02 x 1078 -2.056 | 0.04 | BLINK
Chr15: 10224969 | C/T | 1.25x107® 347 %1072 1.839 0.03 | FarmCPU
Chrl18: 3682850 C/T | 5.00x1077 1.67 x 1072 -1.251 0.48 | MLMM
Chr21: 21155 G/A | 8.05x107"7 | 1.29x 1072 -4.506 | 0.04 | BLINK
Chr25: 5250255 G/A | 3.64x107"®* | 2.03x107" -3.014 | 0.11 | MLMM
Chr30: 12983665 | A/T | 1.69 x 1078 7.07 x 107° 1.438 0.49 | MLMM
Chr32: 27271453 | A/C | 7.68 x 107° 2.14 x 107 -1.921 0.04 | BLINK
Chr42: 3842884 A/G | 997x1072 | 4.16x 1078 -3.475 | 0.04 | BLINK
Chr43: 2102167 C/A | 886x107'® | 493 x 10712 -4.448 | 0.04 | BLINK
Chr46: 5969978 C/T | 3.32x1077 7.93 x 107 -0.848 | 0.45 | BLINK
Chr303: 34520 G/A | 6.79%x107® 1.62 x 1072 -1.895 | 0.03 | FarmCPU

aTDF: Total dietary fiber
IDF: Insoluble dietary fiber
°SDF: Soluble dietary fiber

dMI: Maturity index

*QTL: The QTLs are reported as Chr: position, where Chr indicates the chromosome and

Position corresponds to the physical position (bp) in the reference genome
'MAF: Minor allele frequency
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350

351 Table 2. Functional annotation and predicted coding effects of QTL-associated

352  candidate genes identified in Vaccinium meridionale.

Trait QTL: Regio Gene ID Codon Amin Gene #C
n changef | o acid function Gh
chang
8
TDF* | Chr4l: Intron | VaccDscaff31-augustus- NT NT | 7- 23
26883013 gene-268.33 deoxyloganeti
n
glucosyltransf
erase
Chr36: Intron | VaccDscaff46-snap-gene- NT NT | DEAD-box 14
6980209 69.23 ATP-
dependent
RNA helicase
5
Chrl10: Interge NT NT NT - 21
31193910 nic
IDF® Chrl10: Interge NT NT NT - 21
31193910 nic
Chr47: UTR | VaccDscaff33-augustus- NT NT | Cactin 28
11475242 5' gene-114.25-mRNA-1
Chr28: CDS | VaccDscaff38-augustus- AA[C]J/A | K169 | Ankyrin 25
2741502 gene-27.36-mRNA-1 A[A] K repeat-
containing
protein BDAI
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SDF¢ | Chr7: Intron | VaccDscaffl2-snap-gene- NT NT | Multidrug 28
5871188 58.40-mRNA-1 resistance
Chr7: CDS [TIGT/[C | R53R | efflux
5871210 1GT transporter
Chr7: CDS AT[TV/A 1521 | EmrE
5871211 T[A]
SDF/I | Chr55: Interge NT NT NT - 29
DF 950149 nic
ratio | Chrd4: Intron | VaccDscaff42-augustus- NT NT | F-box/LRR- 30
2352242 gene-23.32 repeat protein
7
MI¢ Chr2: UTR3 | VaccDscaff2-augustus- NT NT | Leucine-rich 27
38594279 gene-386.31 repeat-
containing
protein
Chro6: Intron | VaccDscaffl1-augustus- NT NT | Family not 33
38156513 gene-381.25 named
Chr6: Intron NT NT
38156521
Chr13: CDS | VaccDscaff5-snap-gene- [GICT/[A | S380 | Syntaxin 23
32668778 326.15 ICT T SynN 4
Chrl5: Intron | VaccDscaff9-snap-gene- NT NT | DNA polyme | 24
10224969 102.35 rase_A
Chrl8: CDS | VaccDscaff15-processed- | [G]TT/[A | F2241 | Catalase 3 8
3682850 gene-37.1 ITT
Chr21: Intron | VaccDscaff27-snap-gene- NT NT | Family not 12
21155 0.31 named
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Chr25: CDS | VaccDscaff8-snap-gene- [CICC/[T | S179S | AA permease | 30
5250255 52.38 ]CC 2
Chr30: UTR3 | VaccDscaff19-augustus- NT NT | Ethylene- 20
12983665 gene-129.36 responsive
transcription
factor ERF118
Chr32: CDS | VaccDscaff32-snap-gene- | TT[A)/TT | L57F | ATP-Binding 18
27271453 272.30 [C] Cassette
Transporter
Chr42: CDS | VaccDscaff24-augustus- | [AJAG/[G | K181 | Family not 39
3842884 gene-38.30 1AG E named
Chr43: UTR3 | VaccDscaff41-augustus- NT NT | Family not 14
2102167 gene-21.19 named
Chr46: Intron | VaccDscaff48-augustus- NT NT | Family not 40
5969978 gene-59.47 named
Chr303: CDS | VaccDscaff303-snap- G[C]T/G[ | G582 | ER lumen 15
34520 gene-0.58 T]T 3V protein-
retaining
receptor

353  aTDF: Total dietary fiber

354  PIDF: Insoluble dietary fiber

355  °SDF: Soluble dietary fiber

356  IMI: Maturity index

357 °QTL: The QTLs are reported as Chr: position, where Chr indicates the chromosome and
358  Position corresponds to the physical position (bp) in the reference genome

359  fCodon change: Codon variation at the SNP site is presented as Reference/Alternative. For
360 example, AA[C]/AA[A] indicates a change from C (reference) to A (alternative).

361 &Amino acid change: Amino acid substitutions are indicated using the one-letter code
362  (OriginalPositionAlternative). The first letter represents the reference amino acid, the number
363  its position, and the second letter the alternative amino acid. K (Lysine), R (Arginine), |
364  (Isoleucine), S (Serine), T (Threonine), F (Phenylalanine), L (Leucine), E (Glutamic acid),
365 G (Glycine), V (Valine), and NT (Not transcribed)

366  MCG: Number of candidate genes in LD with each QTL
367
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368 Functional characterization of candidate genes based on Gene

369 Ontology

370  Among the 501 analyzed genes, 380 were successfully annotated with Gene Ontology terms.
371  Within the Cellular Component category, the most represented terms were intracellular
372  anatomical structure (119 genes), membrane (108), organelle (100), and cytoplasm (76),
373  while a smaller proportion of genes was associated with the endomembrane system (22). In
374  the Molecular Function category, genes were predominantly involved in binding and
375 enzymatic activities, with organic cyclic compound binding (83 sequences) and small
376  molecule binding (79) being the most frequent, followed by transferase activity (54),
377  hydrolase activity (36), catalytic activity acting on a protein (33), carbohydrate derivative
378  binding (30), and oxidoreductase activity (20). Regarding Biological Process, the dominant
379  term was metabolic process (118 sequences), accompanied by a substantial representation of
380  regulation of cellular process (50), establishment of localization (35), cellular response to
381  stimulus (33), response to stress (30), and cellular component organization or biogenesis (26),
382  whereas transmembrane transport, signaling, signal transduction, and cell communication
383  were each represented by 22 sequences (Fig 4).

384

385  Fig 4. Gene Ontology (GO) classification of the annotated genes. Bar plots show the
386  distribution of GO terms assigned to the 380 annotated genes across the three main GO
387  categories: (A) Cellular Component, (B) Molecular Function, and (C) Biological Process.
388  While the x-axis indicates the number of sequences associated with each term, the y-axis
389  represents the GO terms within each category.

390
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391  Discussion

392  Genotype and physiological maturity drive dietary fiber

393 variability in V. meridionale fruits

394  The contents of IDF found in the fruit collection of V. meridionale are greater than the values
395  found in six cultivars of V. corymbosum (blueberry, 10.6 - 15.5 g/100 g DW) [45], and also
396  greater than the one found in Vaccinium myrtillus (bilberry, 17.8 g/100 g DW) [46]. In
397  contrast, the values reported of SDF not only in V. myrtillus (6.2 g/100 g DW) [46] but also
398 in V. corymbosum (six cultivars, 2.4 - 4.3 g/100 g DW) [45] are comparable with the values
399  for this dietary component found in the V. meridionale fruit collection. Predominance of IDF
400 towards SDF coincides with such findings in V. corymbosum [45] and V. myrtillus
401  (Reference) and it seems to be a common feature in different fruits [47]. The lower variability
402  observed between technical replicates compared to biological replicates supports the
403  reproducibility of the analytical technique used. Therefore, the high dispersion obtained
404  between genotypes, mainly for SDF content, is attributed to biological variability and not to
405  methodological limitations. IDF is associated with a positive effect on bulking fecal material,
406  improves gastrointestinal motility, can be fermented at a certain extent by gut microbiota,
407  and is more protective than SDFs against some metabolic diseases such as Type 2 diabetes
408  mellitus. In contrast, SDF reduces the diffusion and absorption rates of glucose and lipids
409 and is closely related to improving gut microbiota due to its high fermentability which is
410 negatively correlated with the incidence rate of many chronic diseases, including
411  inflammatory bowel disease, colorectal cancer, obesity, and type 2 diabetes mellitus [48,49].

412 This divergence highlights complementary nutritional targets for genotype selection.

21


https://doi.org/10.64898/2026.02.19.706934
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2026.02.19.706934; this version posted February 20, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY 4.0 International license.

413  Moreover, the identified genotypes meeting daily dietary fiber requirements suggest that
414  these materials would provide good candidates for breeding programs.

415

416  Although fruits were harvested at a similar external color, the MI exhibited considerable
417  variability, suggesting heterogeneity in physiological maturity. A previous study analyzed
418  ripe berries from a large set of Vaccinium stamineum genotypes harvested when pedicels
419  changed from green to red, which was used as a visual indicator of maturation. However,
420  despite the application of this criterion, considerable variability in physiological maturity was
421  detected, as reflected by differences in pH, total soluble solids, and titratable acidity [50].
422 The authors concluded that both genotype and physiological maturity significantly affected
423 these quality parameters. These findings are consistent with the variability observed in the
424  present study and support the notion that visual harvest indices alone may not adequately
425  represent physiological maturity in Vaccinium berries. Additionally, the MI may contribute
426  to differences in the accumulation or structural modification of dietary fiber components,
427  potentially through ripening associated cell wall polysaccharide remodeling [51].

428

429  Multiple QTLs reveal polygenic and regulatory control of dietary

430 fiber composition in V. meridionale

431  Genome-wide association analyses confirmed a complex and polygenic genetic architecture
432  underlying dietary fiber-related traits in V. meridionale. Across TDF, IDF, SDF, the
433  SDF/IDF ratio, and MI, multiple QTLs were identified across at least 15 chromosomes using
434  complementary association models (BLINK, FarmCPU, and MLMM). These QTLs mapped

435  to both coding and non-coding genomic regions, supporting a genetic model in which dietary
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436  fiber traits are shaped by a combination of structural variation in key enzymes and regulatory
437  variation affecting gene expression [52]. This pattern is consistent with the quantitative
438  nature of dietary fiber composition, which depends on coordinated cell wall biosynthesis,
439  remodeling, and developmental regulation rather than on single major-effect loci [53].

440

441  Glycosyltransferase (GT) gene families underpin fiber-related

442  variation

443 A striking convergence between QTL location and functional annotation was observed for
444  genes encoding glycosyltransferases across all fiber-related traits, supporting their central
445  role in dietary fiber variation in V. meridionale. For TDF, the QTL Chr41:26883013 directly
446  overlapped the glycosyltransferase gene VaccDscaff3 1-augustus-gene-268.33, annotated as
447  a 7-deoxyloganetin glucosyltransferase and showing 56.31% sequence identity with its
448  Gardenia jasminoides homolog, strongly suggesting this gene as a primary causal candidate
449  underlying the QTL effect. This signal was further reinforced by the presence of five
450  additional glycosyltransferase genes within the same LD block, spanning distances from 11.4
451  to 52.7 kb, including VaccDscaff3 1-processed-gene-268.6 (11,444 bp), VaccDscaff3 1-snap-
452  gene-268.40 (16,617 bp), and VaccDscaff31-augustus-gene-268.31 (40,394 bp), all
453  annotated as 7-deoxyloganetin glucosyltransferases, as well as VaccDscaff3 1-augustus-
454  gene-268.38 (52,534 bp), encoding a UDP-glycosyltransferase 85A3, and VaccDscaff31-
455  processed-gene-268.14 (52,689 bp), encoding UDP-glycosyltransferase 85A5. The tight
456  physical clustering and functional coherence of these genes indicate a glycosylation hotspot
457  likely contributing to variation in fiber biosynthesis or cell wall-associated secondary

458  metabolites.
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459

460  For IDF, the QTL Chr47:11475242 mapped within a LD block containing VaccDscaff33-
461  snap-gene-113.46, located 99.5 kb from the peak SNP and annotated as a probable
462  glycosyltransferase homologous to At5g03795 from Arabidopsis thaliana. Although this
463  gene does not overlap the QTL peak, its proximity and annotation support a role in the
464  biosynthesis and modification of hemicellulosic polysaccharides, tightly bound to the cell
465  wall matrix, and cellulosic polysaccharides, which constitute the main structural components
466  of IDF [54,55]. In addition, glycosyltransferase mediated glycosylation has been shown to
467  regulate lignin deposition and secondary wall development in fruit tissues, as demonstrated
468  for PbUGT72A4J2 in pear (Pyrus bretschneideri), where altered uridine diphosphate
469  glycosyltransferase (UGT) activity modulates lignin accumulation [56].

470

471  Similarly, for the SDF/IDF ratio, the QTL Chr55:950149 was associated with VaccDscaff55-
472  augustus-gene-9.30 at 29.3 kb, encoding a xyloglucan endotransglucosylase/hydrolase.
473 Xyloglucan-modifying enzymes regulate hemicellulose restructuring and wall extensibility,
474  processes known to influence fiber solubility [57,58]. The physical proximity of this gene to
475  the QTL therefore supports its candidacy as a contributor to variation in the relative
476  proportions of soluble and insoluble dietary fiber.

477

478  Glycosyltransferase involvement extended to MI, as MI-associated QTLs colocalized with
479  genes encoding enzymes involved in cell wall polysaccharide modification rather than
480  pathways directly related to sugar or organic acid biosynthesis. Specifically, the QTL Chr18:
481 3682850 was associated with VaccDscaff15-snap-gene-38.27 (14.5 kb), encoding UDP-

482  glycosyltransferase 92A1; Chr32: 27271453 with VaccDscaff32-augustus-gene-273.17 (85.2
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483  kb), encoding a dolichyl-diphosphooligosaccharide—protein glycosyltransferase subunit 4;
484 and Chr43: 2102167 with VaccDscaff41-augustus-gene-22.14 (124.9 kb), encoding a
485  probable xyloglucan glycosyltransferase 12. These associations reinforce the role of
486  glycosylation-driven cell wall remodeling during fruit maturation, a process in which
487  xyloglucan-modifying enzymes are central to the assembly and restructuring of
488  hemicellulose networks within the primary cell wall. Consistent with this interpretation,
489  Yuan et al. [59] identified xyloglucan glycosyltransferases as core components of the
490  cellulose—hemicellulose matrix, directly contributing to wall extensibility and polysaccharide
491  architecture. Moreover, the significant positive correlations observed between MI and IDF,
492  SDF, and TDF indicate that MI in V. meridionale integrates coordinated changes in dietary
493  fiber composition, reflecting structural modifications of the cell wall that are characteristic
494  of fruit ripening rather than solely the balance between soluble sugars and organic acids.
495

496  The enrichment of glycosyltransferase genes within fiber-associated QTLs is supported by
497  functional studies demonstrating that GT involved in the assembly and remodeling of wall
498  polysaccharides strongly influence fiber solubility and physicochemical properties [45].
499  Moreover, genome-wide characterization of the UDP-glycosyltransferase family (UGT
500  subfamily) in blueberry (V. corymbosum) identified 361 VcUGTs, with marked expansion of
501 groups E and G driven by genome duplication events [60]. The co-localization of UGTs
502  within LD windows of multiple fiber-related QTLs in V. meridionale is therefore consistent
503  with the evolutionary and functional prominence of this family in blueberry.

504

505  Functional evidence further supports this link: silencing of VeUGT160 (UGT8S subfamily)

506  altered cytokinin homeostasis during blueberry fruit development [60]. Given the role of
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507  cytokinins in cell expansion and wall deposition, allelic variation in UGT genes near fiber-
508  associated QTLs may influence dietary fiber traits through hormone-mediated developmental
509  pathways. Collectively, the repeated association of specific glycosyltransferase families;
510  UDP-glycosyltransferases, and xyloglucan endotransglucosylase/hydrolases with QTLs
511  across multiple traits provides strong evidence that allelic variation in glycosylation
512  pathways represents a major genetic determinant of dietary fiber composition in V.
513 meridionale.

514

515 Cell wall remodeling enzymes and polysaccharide turnover

516  The QTLs identified for dietary fiber traits in V. meridionale revealed a consistent enrichment
517 of candidate genes involved in cell wall remodeling and polysaccharide turnover,
518  highlighting the importance of post-synthetic regulation of wall architecture in shaping fiber
519  composition. Dietary fiber composition in fruits is increasingly recognized as a dynamic trait
520  governed not only by primary biosynthetic pathways but also by extensive remodeling of
521  pectic [61] and hemicellulosic polymers during development and ripening, which directly
522  affects polysaccharide interactions, extractability, and solubility [52]. Consequently, the
523  fiber-associated loci identified here point out to coordinated enzymatic and regulatory
524  mechanisms controlling wall restructuring, rather than isolated variation in biosynthetic
525  capacity.

526

527 A key component of this regulatory framework involves genes controlling pectin
528  modification, given the central role of pectin structure in cell wall mechanics and fruit texture

529  [62]. The IDF-associated QTL Chr47: 11475242 was linked to VaccDscaff33-processed-
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530 gene-116.2, located 143.3 kb from the peak SNP and annotated as a probable pectin
531  methylesterase. Although pectins are a major component of SDF, their physicochemical state
532 is highly dynamic and can be altered by enzymatic modification, particularly through changes
533  inthe degree of methyl-esterification that influence solubility and interactions within the cell
534  wall [63,64]. Pectin methylesterases regulate the demethylesterification of
535  homogalacturonan, a process that reduces pectin solubility by promoting calcium-mediated
536  cross-linking and enhanced interactions with cellulose and hemicelluloses [62,65].
537  Consequently, increased demethylesterification favors the formation of rigid pectate
538  networks with reduced extractability, effectively shifting pectins toward the insoluble dietary
539  fiber fraction [66,67]. Consistent with previous studies linking cell wall pectin to tissue
540  mechanical properties, and intercellular adhesion and firmness in fruits [68,69]. The
541  proximity of this pectin methylesterase gene to the IDF-associated QTL supports its role in
542 modulating insoluble fiber accumulation through coordinated regulation of cell wall
543  architecture rather than direct polymer identity.

544

545 In addition to enzymatic candidates, several QTL regions harbored regulatory genes
546  implicated in signaling pathways that coordinate cell wall remodeling with developmental
547  cues. Notably, receptor-like kinases (RLKs) were associated with the IDF QTL
548  Chr28:2741502, including VaccDscaff38-snap-gene-27.46 at 29.7 kb, and with the MI QTL
549  Chr25:5250255 through VaccDscaff8-snap-gene-54.38 at 152.3 kb. RLKs form a large
550 family of plasma membrane localized receptors that perceive extracellular and
551 developmental signals and transduce them to intracellular signaling networks, thereby
552  influencing cell expansion, wall integrity maintenance, and polysaccharide remodeling

553  [70,71]. Functional studies have shown that specific RLK subfamilies, such as wall-
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554  associated kinases (WAKSs) and malectin-like receptor kinases (CrRLK1Ls), directly interact
555  with cell wall components, including pectin, and trigger downstream pathways that regulate
556  cell wall dynamics and development [72,73]. For example, WAKSs can bind pectin fragments
557  resulting from wall modification and initiate signaling that alters expression of cell wall
558  remodeling genes, while CrRLK1Ls such as FERONIA mediate growth regulation in
559  response to cell wall status [72]. The co-localization of these receptor kinases with fiber-
560  related QTLs in V. meridionale indicates that allelic variation in RLK-mediated signaling
561  could underlie differential regulation of wall remodeling during fruit development and
562  maturation, integrating environmental and developmental signals with changes in wall
563  architecture.

564

565  Taken together, our results provide the first comprehensive insight into the polygenic basis
566  of dietary fiber variation in V. meridionale, revealing a complex and promising genetic
567  framework that opens new avenues for molecular and precision breeding strategies in agraz.
568  Nonetheless, expanding population size and incorporating rigorous functional validation
569  approaches will be essential to confirm causality and to fully establish the biological
570  relevance of the identified candidate genes.

571

572 Conclusion

573  This study presents an extensive and underexplored diversity in dietary fiber composition
574  within Vaccinium meridionale, identifying this species as a promising source of dietary fiber
575  within the Vaccinium genus. The identification of genotypes capable of meeting or exceeding

576  recommended daily fiber intake, highlights the outstanding functional potential of this
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577  species. Moreover, the genetic architecture elucidated in this study indicates that cell wall
578  glycosylation, remodeling processes, and putative regulatory pathways are major
579  determinants of dietary fiber composition in V. meridionale. The consistent co-localization
580 of fiber-related QTLs with genes encoding glycosyltransferases, pectin methylesterase
581 enzymes, and xyloglucan-modifying enzymes provides promising targets for breeding
582  strategies aimed at modulating both total fiber content and the balance between soluble and
583  insoluble fractions. Given that dietary fiber strongly influences fruit texture, firmness, and
584  extractability, allelic variation at these loci is expected to affect not only nutritional quality
585  but also key fruit quality attributes relevant for fresh consumption and processing. In
586  particular, genes involved in pectin and hemicellulose remodeling represent leverage points
587  for fine-tuning fiber solubility, which are directly linked to recognized health benefits.
588  Together, these results open future possibilities for developing a molecular framework to
589  guide the breeding of Vaccinium varieties with improved dietary fiber profiles, with potential
590  to integrate nutritional value and desirable fruit quality traits through marker-assisted and

591  genomics-informed selection.
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