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Abstract 17 

Background: Caraway (Carum carvi L., 2n = 2x = 20) is a major essential oil crop with biennial and 18 

annual flowering. Combining both genepools offers a promising strategy to enhance genetic diversity 19 

and climate resilience, requiring a clear understanding of flowering time and vernalization genetics. 20 

Despite the increasing availability of genome assemblies in Apiaceae, genetic mapping studies beyond 21 

carrot remain scarce. Building on previous findings of polygenic control in a wild background, this 22 

study investigated two expanded F2 mapping populations (N = 288 each) comparing a cultivated (P1) 23 

and a wild (P2) biennial parent crossed with the same annual parent. In addition, phenotypic data of 15 24 

other F2 populations were analyzed. Phenotyping under early sowing conditions was combined with 25 

genotyping-by-sequencing (GBS).  26 

Results: GBS identified 1,245 (P1) and 1,560 (P2) segregating SNPs, which were used to construct 27 

linkage maps and a consensus physical map comprising 1.34 Gb (72% of the draft assembly). Early 28 

sowing resulted in a strong dominance of annual flowering (P1: 97.9%; P2: 99.7%), contrasting with 29 

previous observations under late sowing. QTL mapping revealed contrasting genetic architectures 30 

between the cultivated and wild backgrounds. In cultivated P1, two novel major QTLs likely associated 31 

with vernalization response were identified on LG02 and LG06, jointly explaining 30.7% of 32 

phenotypic variance, suggesting an oligogenic architecture. Diagnostic PACE markers were developed 33 

and validated for future fine-mapping of these QTLs, achieving a 96.3–98.8% GBS conversion rate. 34 

Conversely, wild P2 confirmed a cumulative effect of four previously identified vernalization 35 

associated QTLs, explaining only 7.5% of phenotypic variance and supporting a polygenic 36 

architecture. Across populations, a potentially common QTL on LG10 was detected as a candidate 37 

general flowering time regulator. Additionally, two previously reported QTLs on LG01 and LG10 for 38 

rose flower color were re-detected. 39 
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Conclusions: While we observe an increasing number of genome assemblies in Apiaceae, QTL studies 40 

are still rare in this family. This comprehensive study on flowering time in caraway sheds new light on 41 

the potential diversity and complexity of flowering time regulation in Apiaceae, demonstrating a strong 42 

environmental impact and a contrasting genetic architecture between a wild and a cultivated biennial 43 

background. 44 

 45 
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Introduction 53 

Caraway (Carum carvi L., 2n = 2x = 20) is a major essential oil crop of the Apiaceae family used for 54 

various pharmaceutical, culinary and industrial purposes (Mahboubi 2019). It is characterized by two 55 

distinct flowering types: biennial and annual (Németh 1998; Pank 2012), which is associated with the 56 

prevalent population structure of caraway genetic resources (von Maydell et al. 2021). While biennials 57 

require a winter vernalization period and occupy the field for two growing seasons, annuals complete 58 

their life cycle within a single year. To enrich the limited genetic diversity of the annual genepool, 59 

introgression from widespread biennial populations is a promising breeding strategy. Particularly for 60 

breeding of “climate-resilient” winter annual caraway (autumn sowing), the attributes of biennials like 61 

winterhardiness can be very valuable (von Maydell et al. 2026a). However, the genetic dissection of 62 

agronomic traits in caraway has long been hampered by a lack of genomic resources (Misginna et al. 63 

2026). 64 

Recently, von Maydell et al. (2026b) established the first basic genomic framework for caraway by 65 

developing a draft genome assembly and a structural and functional gene annotation. Moreover, a 66 

genetic map consisting of 10 linkage groups (LGs) was established by analyzing an F2 mapping 67 

population from a cross of the wild-type biennial accession ‘CARUM 63’ and the annual inbred line 68 

‘L32’. They identified five quantitative trait loci (QTLs) for flowering time on LGs LG02, LG03, 69 

LG05, LG08, and LG10, which collectively explained 42.7% of the phenotypic variance, supporting a 70 

polygenic, predominantly additive model for flowering time regulation of this cross. Furthermore, it 71 

was hypothesized that the QTL on LG10 might be a general flowering time regulator, whereas the 72 

other QTLs might be predominately but not exclusively involved in vernalization response. 73 

Additionally, von Maydell et al. (2026b) analyzed flower color, since the biennial parent ‘CARUM 74 

63’ showed a rare rose flower color. They identified one major QTL for flower color on LG10 (26% 75 

explained phenotypic variance), with the biennial allele showing a rose coloration and a second QTL 76 
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on LG01 (10.9% explained phenotypic variance), interestingly with the annual allele (from the white 77 

parent) seeming to stabilize the rose coloration.  78 

Despite these recent insights, several critical questions and methodological limitations remain to be 79 

addressed. First, the initial genetic map was restricted by marker density and population size (N = 187). 80 

Second, environmental factors, specifically sowing date, might strongly influence flowering 81 

phenology. Under the late sowing conditions (LSC) of the previous study, only 36% of the F2 plants 82 

exhibited an annual habit. Taking into account that annual flowering should be dominant (100% annual 83 

flowering in F1), this suggested that the "true" genetic flowering type of many individuals may have 84 

been masked by late cultivation. This issue affected the discrimination between QTLs involved in 85 

vernalization response and QTLs generally regulating flowering time. Third, the polygenic model of 86 

von Maydell et al. (2026b) using a “wild” biennial parent contrasted with the observations from 87 

Nemeth and Pluhar (1996), who suggested one major QTL for vernalization requirement and additional 88 

minor QTLs affecting flowering time based on a segregation analysis using a cultivated biennial parent 89 

(‘Maud’). To address these gaps, this study strived to achieve the following objectives: 90 

1. Map improvement, cross-validation & integration of physical and genetic information: We 91 

aimed to refine and cross-validate the caraway genetic map by increasing both sequencing depth 92 

(marker density) and population size (up to 288 plants per population) across two distinct F2 mapping 93 

populations: Population P1 (biennial cultivar 'Rekord' x 'L32') and Population P2 (CARUM 63 x annual 94 

inbred line 'L32'). To allow direct comparison of QTL intervals across different mapping populations, 95 

a consensus physical framework was constructed using the draft genome assembly. 96 

2. Environmental impact on QTL detection in wild biennial background (P2): To test the 97 

hypothesis that early sowing unmasks the “true” genetic flowering habit, we conducted a comparative 98 

QTL mapping under early sowing conditions (ESC) using the expanded F2 P2, allowing a direct 99 

environment-comparison with the identical cross from von Maydell et al. (2026b). 100 
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3. Comparison of QTL detection with cultivated biennial background (P1) & Diversity of 101 

flowering time regulation: To investigate the contrasting findings between cultivated and wild 102 

material, we performed a second QTL mapping using the newly developed F2 Population P1 dissecting 103 

the genetic architecture of a standard commercial biennial background ('Rekord'). In case of common 104 

QTLs, this would also allow a second validation of QTLs.  105 

4. Diversity of flowering time regulation Additionally, we expanded the genetic landscape by 106 

analyzing phenotypic data from crosses involving 15 different biennial maternal genotypes and an 107 

annual paternal genotype (N = 48 to 92 per each F2). 108 

5. Re-detection of QTLs for flower color (in P2): In addition, we tested whether the detected QTLs 109 

for flower color from von Maydell et al. (2026b) could be re-detected in P2 under ESC.  110 

6. Diagnostic markers for fine mapping: Finally, to bridge the gap to fine mapping aiming towards 111 

marker-assisted selection (MAS), we designed PCR-based PACE markers targeting the peak and 112 

flanking regions of the most promising identified QTLs for flowering time. We validated functionality 113 

and evaluated their conversion rate from GBS data. 114 

  115 
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1 Material and methods 116 

1.1 Biparental QTL mapping of 2 F2 populations 117 

1.1.1 Biparental mapping populations 118 

We crossed two different biennial genotypes with the annual inbred line ‘L32’ of the Julius Kühn 119 

Institute (JKI, Quedlinburg, Germany) of the 5th inbred generation. One F1 plant from each cross was 120 

self-fertilized to produce two segregating F2 mapping populations. As biennial parent for population 121 

P1 we used the Czech cultivar ‘Rekord’ (originally purchased from Agritec Plant Research Ltd., 122 

Šumperk, Czech Republic), which is a frequently cultivated variety. As biennial parent for population 123 

P2 we used the biennial wild-type accession ‘CARUM 63’ from the Leibniz Institute of Plant Genetics 124 

and Crop Plant Research (IPK, Seeland OT Gatersleben, Germany), which had shown late flowering 125 

among biennial accessions and a rare rose flower color (von Maydell et al. 2024). According to IPK 126 

passport data, this accession originates from Russia and was originally provided as a donation by the 127 

Botanical Garden of Halle (Saale), Germany. The biological classification of ‘CARUM 63’ was 128 

confirmed by IPK genebank curators, with official reference specimens archived in the Gatersleben 129 

Herbarium (GAT). P2 represents the same cross as used in a recent mapping under LSC (von Maydell 130 

et al. 2026b). The biennial parents ‘Rekord’ and ‘Carum 63’ were also chosen because of a high genetic 131 

distance (von Maydell et al. 2021) increasing the possibility to identify diverse QTLs. 132 

1.1.2 Genotyping by sequencing, SNP discovery and filtering 133 

Genomic DNA was extracted from young leaves using DNeasy Plant Mini Kit, Qiagen (for P1) or 134 

NucleoSpin Plant II Mini Kit, Marchery-Nagel (for P2 and parents). GBS library preparation followed 135 

the protocols described in detail in von Maydell et al. (2026b). Briefly, DNA was digested with PstI 136 

and MspI (Bastien et al. 2017; Poland et al. 2012), and sequenced on an Illumina NovaSeq 6000 137 

platform (150-bp paired-end). 138 
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Bioinformatic processing was conducted using the Galaxy platform according to the pipeline 139 

established by von Maydell et al. (2026b). Briefly, raw reads were trimmed using Trim Galore (Krueger 140 

2021), mapped against the caraway draft assembly (von Maydell et al. 2026b) using BWA-mem (Li 141 

2013), followed by SNP calling using bcftools (Li et al. 2009). The resulting SNPs were filtered for 142 

quality (score ≥ 40, depth ≥ 4, ≤ 10% missing data), homozygous polymorphisms between parental 143 

genotypes, and segregation patterns (15–35% for both homozygous genotypes, 35–65% 144 

heterozygosity). We used this segregation pattern filter as potentially less conservative pre-filter than 145 

a chi square test, which could be strict at high sample sizes. Deviating from von Maydell et al. (2026b), 146 

we performed a redundancy reduction prior to map construction: SNPs showing identical genotypes 147 

(except for missing values) across all F2 individuals were grouped into bins, with only the most 148 

informative marker (lowest amount of missing data) per bin being retained for the mapping process. 149 

Altogether, these filters are meant as preliminary quality filters to gain a reasonable number of high-150 

quality SNPs reducing computational time in the downstream mapping process, which includes 151 

additional filters. 152 

 153 

1.1.3 Construction of linkage maps  154 

Linkage groups (LGs) were established using JoinMap 5.0 (van Ooijen 2018) with a minimum LOD 155 

score threshold of 7 (no more changes until LOD = 10). Loci with mean χ2 contributions >5 and loci 156 

causing spurious linkage between LGs were removed (merely one SNP per population). LGs were 157 

ordered according to the map from von Maydell et al. (2026b) using common contigs. The regression 158 

mapping algorithm with the Kosambi mapping function was applied to construct genetic maps. To 159 

ensure stable models and low multicollinearity during QTL mapping, the genetic map was thinned to 160 

a maximum density of one marker per 1 cM (the marker with the lowest proportion of missing data 161 

was chosen to represent the bin). 162 
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1.1.4 Construction of a consensus physical map and map integration 163 

To compare QTL intervals across different mapping populations, a consensus physical framework was 164 

constructed using the draft genome assembly. Instead of calculating a joint genetic consensus map in 165 

centimorgans (cM), which is prone to distortions due to population-specific recombination rates, 166 

markers from both individual genetic maps (P1, n = 870; P2, n = 735) were projected onto the physical 167 

genomic sequences. Contig ordering within each linkage group (LG) was established based on the 168 

median genetic cM position of all anchored markers per contig, using the denser P1 map as the primary 169 

reference skeleton. To seamlessly integrate contigs exclusively mapped in P2 without scale-induced 170 

positional shifts, P2 genetic positions were harmonized onto the P1 reference scale via linear 171 

interpolation using shared anchor contigs prior to final order assignment. In the same way we integrated 172 

the map of von Maydell et al. (2026b), which contained a few contigs not included in the maps of this 173 

study. Contig orientation (Forward/Reverse) was mathematically determined using Spearman’s rank 174 

correlation coefficient (rho) between the physical bp coordinates and genetic cM positions for contigs 175 

containing >= 2 markers. Orientations with a correlation r >0.3 were classified accordingly, while 176 

contigs with single markers or conflicting signals were conservatively designated as "Unknown". To 177 

visualize collinearity and recombination landscapes between the populations, Marey maps were 178 

generated by plotting genetic distances against the cumulative pseudo-physical chromosome lengths. 179 

1.1.5 Phenotyping 180 

Seeds of F2 and parents were sown in the greenhouse at March 17, 2025. To represent parents as 181 

controls, self-fertilized seeds from the parental plant were used. The pre-grown plants were 182 

acclimatized under protected outdoor conditions for two weeks at the end of April. In early May, plants 183 

were transplanted to the field in rows of 24 plants, with 50 cm spacing between plants and 50 cm 184 

between rows (100 cm after every second row as a passage). During this early outdoor-period (4 weeks) 185 

the lowest (night) temperature ranged from 2 to 12 °C and averaged about 5°C; the highest (day) 186 
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temperature ranged from 10 to 28°C. In total, 288 plants per each F2 and 92 plants per each parent were 187 

planted (Figure 1).  188 

 189 

1.1.6 QTL Mapping 190 

QTL analysis followed the approach described by von Maydell et al. (2026b). Briefly, analysis was 191 

performed in MapQTL 5 (van Ooijen 2004), with genome-wide LOD thresholds (α = 0.05) determined 192 

via 1,000 permutation tests. Initial interval mapping (IM) was followed by multiple QTL mapping 193 

(MQM), final co-factor settings per trait in Table S1. Final QTL parameters such as position of the 194 

peak and explained variance were estimated from the MQM model, while 1- and 2-LOD support 195 

intervals and flanking markers were derived from restricted MQM (rMQM). For the binary trait flower 196 

color, we compared MQM results with the non-parametric Kruskal-Wallis test. 197 

For cross-validation of MQM, we used the Bayesian-information and Linkage-disequilibrium 198 

Iteratively Nested Keyway (BLINK) model (Huang et al. 2019), which is implemented in the R 199 

package GAPIT (Lipka et al. 2012). Here, we used the full set of filtered SNPs. The effectiveness of 200 

this model, originally designed for genome-wide association studies (GWAS), for cross-validation had 201 

been shown in von Maydell et al. (2026b). Notably, BLINK effectively excludes loci correlated with 202 

peak markers in contrast to standard models like GLM or MLM, which is a highly effective filter 203 

against redundancy in absence of a chromosome-level assembly. 204 

 205 

1.2 Phenotypic analysis of 15 additional F2 populations 206 

To screen more diversity, we evaluated well-documented, unpublished data of the JKI working group 207 

from the years 1999 and 2000 for 15 different F2 populations resulted from crosses between biennial 208 

and annual caraway. As maternal material the biennial cultivars ‘Cesky’, ‘Hollandi’, ‘Kami’, 209 
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‘Konczewicki’, ‘Mansholts’, ‘Maud’, ‘Niederdeutscher’, ‘Plewiski’, ‘Prochan’, ‘Sylvia’, ‘Trojica’, 210 

‘Volhouden’ as well as three biennial accessions from the Leibniz Institute of Plant Genetics and Crop 211 

Plant Research (IPK, Seeland OT Gatersleben, Germany) were used. The accessions CARUM 10, 212 

CARUM 13 and CARUM 16 origin from Romania, Czech Republic and Italy, respectively and can be 213 

defined as wild-type or landrace. As paternal parent an annual selection of the JKI was used. 214 

In mid of March 1999 or 2000, F2 populations and the annual parent were directly sown into the field 215 

in plots/rows with 45 cm distance between plots at the JKI location in Quedlinburg. After germination 216 

plants were singled to a distance of 40 cm between plants. A randomized complete block design with 217 

4 repetitions and 21 plants per genotype and repetition was used. The number of annual flowering 218 

plants per genotype was collected for all 84 plants, however, merely documented for F2 populations 219 

grown in 1999. Begin of flowering was measured for 12 randomly chosen annual flowering plants per 220 

plot, resulting in a sample size of 48 plants per genotype. Deviating from this in 1999, the total sample 221 

size of the annual parent was 96. 222 

 223 

1.3 Diagnostic markers for selected flanking and peak markers 224 

We built and evaluated PACE markers (3cr Bioscience) for the flanks and the peaks of the two major 225 

QTLs detected in P1 on LG02 and LG06 as listed in Table 1. We aimed to select peak markers at 226 

maximum 2.0 cM in distance to the peak and flanking markers at the margins of the 1.5 LOD interval 227 

(Dupuis and Siegmund 1999) to balance mapping precision and positional certainty. Primers were 228 

designed by 3cr Bioscience and produced by Life Technologies (Thermo Fisher Scientific). Sequence 229 

information (50 bases up and down of the SNP of interest) and primer sequences are deposited in Table 230 

S4. PACE assays were conducted following the protocol from von Maydell et al. (2020) using the 231 

CFX96 real-time system and the CFX Maestro software (Bio-Rad). In general, 40 PCR cycles 232 

(excluding touchdown) at 57°C annealing temperature were applied. For a comparison with GBS 233 
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results, PACE assays wer conducted for 88 F2 plants per locus, including parental DNA and extraction 234 

buffer as controls. We used the same DNA samples as used for GBS, without normalizing DNA 235 

concentration to simulate the conditions of an applied high-throughput screening. Based on Qubit 236 

results, DNA concentration ranged from 20 to 372 ng/µl. 237 

 238 

 239 

 240 

Table 1 List of PACE markers used in this study and basic details of corresponding SNPs. Extended 241 

informations in Table S4. 242 

Marker_ID LG cM SNP_position Purpose 

M178 LG02 37.2 contig_127_1178505 Left flank 

M183 LG02 41.3 contig_127_11822745 Peak 

M175 LG02 47.6 contig_1125_6569290 Right flank 

M198 LG06 33.5 contig_2317_10137733 Left flank 

M192 LG06 43.1 contig_2029_245099 Peak 

M204 LG06 47.0 contig_907_3309145 Right flank 

 243 

1.4 Statistics and Visualizations  244 
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Basic test statistics such as ANOVA, Fishers’s exact test or chi-square goodness-of-fit test were 245 

conducted with base R (R Core Team 2025). For various filtering steps frequently the R packages tidyr 246 

(Wickham et al. 2019) and dplyr were employed. Figures were created using ggplot2 (Wickham 2016). 247 

 248 

  249 
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2 Results 250 

2.1 Biparental QTL mapping of 2 F2 populations 251 

2.1.1 Genotyping by sequencing  252 

In total, we generated about 3,850 M reads (average 13.4 M) and 3,400 M reads (average 11.8 M) for 253 

P1 and P2, respectively. We gained a sufficient number of sequences (approx. > 2 M reads) for 280 254 

and 275 F2 individuals for P1 and P2, respectively. To ensure a low number of missing values for 255 

parents, we generated a high number of reads for parents (about 192.9 M reads for ‘Rekord’, 626.3 M 256 

reads for ‘CARUM 63’ and 397.4 M reads for ‘L32’. After a first quality filter, 13,093 and 12,169 257 

SNPs were gained by GBS for P1 and P2, respectively. Filters for homozygous SNPs between parents, 258 

the segregation ratio and redundancy resulted in a final set of 1,245 and 1,560 high-quality SNPs for 259 

subsequent mapping for P1 and P2, respectively. Based on these datasets the parents ‘Rekord’, 260 

‘CARUM 63’ and ‘L32’ had a heterozygosity of 17.4%, 31.8% and 9.2/9.6% (P1/P2). We tested 261 

whether the integration of SNPs, which were heterozygous in the maternal genotypes and showing a 262 

1:2:1 segregation-like pattern in F2 could be used to increase marker density. However, we found that 263 

the number of markers was merely marginally increased after redundancy reduction and the map 264 

construction was not improved. The SNP matrices and effect of all filters are shown in Table S1 C and 265 

D. 266 

 267 

2.1.2 Linkage maps & Consensus physical map 268 

For both populations, markers were grouped into 10 linkage groups (LGs) after excluding one marker 269 

per each population, which caused spurious linkage between LG9 and LG10 (P1) or LG01 and LG03 270 

(P2). All LGs could be aligned to the reference map from Paper 1 von Maydell et al. (2026b) based on 271 

common contigs without contradictory findings. Table 2 and Figure 2 compare the thinned linkage 272 
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maps of both populations. We chose the thinned maps for comparison because these are not biased by 273 

regions with high marker density. Full and thinned maps are provided in Table S2. 274 

Map P1 comprised a total of 392 SNP markers covering a total genetic distance of 796.7 cM. Marker 275 

numbers per linkage group (LG) fluctuated between 14 (LG09) and 60 (LG02), averaging 39.2 markers 276 

per LG. The mean inter-marker distance (average gap) was 2.4 cM. In comparison, Map P2 contained 277 

337 SNP markers spanning a total genetic length of 780.1 cM. The number of markers per LG ranged 278 

from 21 (LG07) to 57 (LG02), with an average of 33.7 markers per LG. This resulted in a mean average 279 

gap of 2.6 cM. While the average distance between adjacent markers remained relatively consistent 280 

between both maps, distinct differences were observed regarding the maximum interval sizes (largest 281 

gaps) within individual linkage groups. Map P1 achieved a substantially higher resolution for LG07 282 

and LG08. Conversely, Map P1 exhibited large marker-deficient intervals on LG09 and LG10. 283 

Notably, the largest gap on LG10 increased from 8.6 cM (Map P2) to 36.1 cM (Map P1). 284 

  285 
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Table 2: Summary of the genetic linkage maps (Map P1/Map P2) developed via regression mapping 286 

thinned to one marker per cM. Summary of the consensus physical map. 287 

 Linkage Maps P1/P2 Consensus Physical Map 

Group Number 

SNPs 

Length (cM) Largest 

gap (cM) 

Average 

gap (cM) 

Number 

SNPs 

Number 

Contigs 

Length 

(Mb) 

LG01 41 / 53 94.8 / 106.7 9.1 / 8.8 2.4 / 2.1 296 30 189.71 

LG02 60 / 57 85.2 / 85 6.6 / 9.3 1.4 / 1.5 363 31 152.48 

LG03 37 / 29 81.5 / 69.9 11.9 / 10.1 2.3 / 2.5 196 23 177.53 

LG04 30 / 30 89.9 / 69.6 16.3 / 6.8 3.1 / 2.4 214 29 136.37 

LG05 43 / 33 68.5 / 73.4 5.6 / 10.8 1.6 / 2.3 269 31 146.41 

LG06 48 / 22 77 / 57.7 11.4 / 14.1 1.6 / 2.7 226 27 139.89 

LG07 44 / 21 64.7 / 68.9 7.4 / 15.2 1.5 / 3.4 242 22 161.25 

LG08 43 / 34 73.4 / 82 5.3 / 18.9 1.7 / 2.5 228 35 121.2 

LG09 14 / 22 67.3 / 81.6 32.7 / 22.6 5.2 / 3.9 71 7 26.92 

LG10 32 / 36 94.4 / 85.3 36.1 / 8.6 3 / 2.4 134 12 128.62 

Average 39.2 / 33.7 79.7 / 78 - / - 2.4 / 2.6 223.9 24.7 138.04 

Total 392 / 337 796.7 / 780.1 - / - - / - 2239 247 1380.38 

 288 

Across the 10 linkage groups (LG01–LG10), a total of 2,239 SNPs from all three available full maps 289 

were placed into the consensus physical map across 247 contigs, covering a total physical length of 290 

1.38 Gb. On average, each linkage group comprised 223.9 SNPs, 24.7 contigs, and an average physical 291 

length of 138.04 Mbp (Table 2, Figure 3, Table S2 E, Figure S1). Notably, LG09 was the smallest 292 

linkage group, exhibiting significantly lower values than average with only 71 SNPs, 7 contigs, and a 293 

physical span of 26.92 Mbp (Table 2). Remarkably, the genetic map from von Maydell et al. (2026b) 294 
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contained a severely different order of contigs in LG08 and merely a fragmented part from LG10 295 

(Figure 3). 296 

 297 

2.1.3 Phenotypic data 298 

The raw phenotypic data for P1 and P2 are placed in Table S1 A and B, respectively. 299 

2.1.3.1 Flowering time 300 

The annual parent ‘L32’ exhibited a highly synchronized onset of flowering, compressing its 301 

phenotypic range to between 87 and 116 days after sowing (DAS, Figure 4). It reached a distinct single 302 

peak at 92.5 DAS, with 100% of the population flowering within first year (92 out of 92 plants). 303 

The F2 population P1 showed a distinct bimodal distribution stretching over a wide phenotypic range 304 

(79 to 224 DAS), with the vast majority of individuals segregating as annuals (97.91%, 281 out of 287 305 

plants, Figure 4). Kernel density estimation identified a major flowering peak at 103.0 DAS (10.5 DAS 306 

later than the annual parent), followed by a secondary, smaller peak at 118.6 DAS. Notably, the 307 

corresponding biennial parent ‘Rekord’ exhibited a remarkably high annual flowering fraction of 308 

25.00% (24 out of 96 plants) despite its classified biennial habit. However, the first flowering plant 309 

occurred at 130 DAS. Merely, 19 of 287 plants of P1 fall within the range of annual flowering plants 310 

of ‘Rekord’. 311 

The F2 population P2 displayed a strongly left-skewed distribution, with an almost complete shift 312 

towards the annual habit (99.65% annual fraction, 283 out of 284 plants, Figure 4). The earliest P2 313 

individuals initiated flowering at 87 DAS, matching the earliest annual parents, and reached a single 314 

major peak at 98.9 DAS (6.4 DAS later than the annual parent, but earlier than P1). In contrast to 315 

'Rekord', the biennial parent 'CARUM 63' maintained its biennial character far more strictly, exhibiting 316 

a minimal annual flowering fraction of just 4.88% (4 out of 82 plants). These plants flowered within a 317 
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late ten-day window from 131 to 141 DAS, overlapping with the late-flowering tail of the P2 318 

population (6 plants, extending up to 158 DAS). 319 

In general, plants of ‘CARUM 63’ showed a typical biennial morphotype with remaining in a leaf 320 

rosette stage, developing a low number of leaves, which lying flat on the soil (Figure 1 D). 34 out of 321 

82 plants survived the winter and flowered in the second year. In contrast, plants of ‘Rekord’ soon 322 

developed a bush of many erected leaves (Figure 1 E) and all flowering plants (25%) merely developed 323 

weak inflorescences, which scarcely produced any viable seeds. All plants of ‘Rekord’ died during 324 

winter. Notably, in both biennial parents a high number of plants died not because of frosts, but was 325 

killed by mice. In general, F2 plants were visually much more vigorous regarding overall number and 326 

size of leaves and inflorescences than the inbred line ‘L32’ (Figure 1). Interestingly, we observed that 327 

many plants of P1 were strongly affected by diseases during ripening stage (in particular powdery 328 

mildew) independent from flowering time, whereas plants of P2 were usually healthy and produced 329 

healthy seeds. 330 

 331 

2.1.3.2 Flower color 332 

In general, the determination of flower color was difficult due to strong bleaching of the rose coloration 333 

under ESC with flowering predominately in summer with high radiation in 2025. We merely detected 334 

purely white flowering plants (212, 73.9%) and plants with a slight rose coloration (75, 26.1%). For 335 

mapping white flowering plants were noted as “0” and rose flowering plants as “2”. 336 

 337 

2.1.4 QTL mapping  338 

Detailed results from mapping (IM, MQM and rMQM) with MapQTL5 including final cofactor 339 

settings are placed in Table S1 E. LOD profiles from the rMQM are presented in Figure 5. Kruskal-340 

Wallis and BLINK results are provided in Table S1 F-H. In general, MQM, IM, BLINK and Kruskal-341 
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Wallis showed highly congruent results. In the following sections we will focus on the description of 342 

the MQM results. All QTL statistics with additional information are presented in Table S1 H and 343 

corresponding phenotypic data per QTL are shown in Figure S2. Table 3 shows a selection of the most 344 

interesting detected QTLs. Each QTL identified in this study has a unique identifier across studies and 345 

populations, because currently evidence is insufficient to clearly determine identical loci across studies 346 

and populations. However, we will discuss the likelihood of identical loci below.  347 

 348 

2.1.4.1 Flowering time 349 

 350 
Major QTLs on LG02/LG06 of P1 351 

Most conspicuously, we detected two major QTLs for BOF in P1 on LG02 (peak locus 352 

contig_127_8357699 at 40.3 cM) and on LG06 (peak locus contig_2317_2291222 at 41.8 cM). Cc-353 

FT02.1 mapped with a LOD score of 10.32 and explained 12.1% of the phenotypic variance with an 354 

additive effect of -5.6 days in relation to the annual allele, whereas Cc-FT06.1 exhibited an even 355 

stronger effect with a LOD score of 15.22, explaining 18.6% of the variance and an additive effect of 356 

-6.6 days (Table 3, Figure 5). Notably, these effects and explained variances were reached without 357 

inclusion of non-flowering or very late (>160 DAS) flowering plants. The confidence interval of Cc-358 

FT02.2 slightly overlaps at its boundary with the previously identified QTL Cc-FT02.1 (von Maydell 359 

et al. 2026b), but shows a distinct peak position (Figure 7). On the consensus map, the 1-LOD intervals 360 

of the QTLs on LG02 and LG06 encompassed 12.4 Mb (457/572 annotated genes/transcripts) and 361 

approximately 6 Mb (258/335 annotated genes/transcripts), respectively. In close proximity (<0.2 Mb) 362 

of both peak markers, Zinc finger RING/FYVE/PHD-type coding genes were detected. A list of all 363 

genes and transcripts within 1-LOD intervals is provided in Table S1 I. 364 

To further scrutinize the two major QTLs, we investigated the phenotypic distribution for the four 365 

homozygous combinations. Genotypes with a double homozygous annual (aa) combination on average 366 
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flowered earliest about 98 DAS, whereas genotypes with a double homozygous biennial (bb) 367 

combination flowered latest about 128 DAS (Figure 6). In an ANOVA, among ‘normally’ flowering 368 

homozygous individuals (80–160 days), both loci displayed strong, highly significant additive main 369 

effects (p < 0.001), jointly explaining 56.01% of the phenotypic variance without significant linear 370 

interaction (p = 0.208). However, a distinct epistatic threshold effect emerged when examining non-371 

flowering (NF) and very late flowering (VLF) phenotypes (>160 days): these extreme phenotypes 372 

occurred exclusively in double homozygous biennial (‘bb’) individuals (6 out of 19 plants; 31.6%), 373 

whereas all aa, ab, and ba genotypes flowered ‘normally’ (100%). This enrichment of non-flowering 374 

phenotypes in the bb class was highly significant (Fisher's exact test, p = <0.001). 375 

 376 

Potentially common QTL on LG10 of P1 and P2 377 

On LG10, a consistent QTL (Cc-FT10.2) was identified in both populations, with peak marker 378 

contig_1019_2561338 in P1 (22.8 cM, LOD = 4.12, R² = 8.9%, Add = -4.2) and contig_875_3986579 379 

in P2 (29.4 cM, LOD = 7.56, R² = 9.8%, Add = -3.6). In the consensus physical map, Contig 875 380 

directly precedes Contig 1019, placing the peak markers ~2.72 Mb apart plus an assembly gap of 381 

unknown size. Due to this tight consensus alignment and matching additive directions both signals may 382 

anchor to the identical locus. However, it must be noted that there is a large gap without markers is P1, 383 

which was even more severe in P2 2023. Since a large part of >59 Mb including contigs 875 and 1019 384 

is completely missing in von Maydell et al. (2026b) a comparison with the QTL Cc-FT10.1 (P2 2023) 385 

is scarcely possible. The shown 1-LOD interval (Figure 7) can likely be limited by the fragmentation 386 

of LG10 so that 1-LOD intervals can potentially overlap between all three observations. 387 

 388 
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Other QTLs 389 

Four additional minor QTLs associated with flowering time exceeded genome-wide significance 390 

thresholds (LOD 4.28–5.13), accounting for 5.4%–7.2% of phenotypic variance. A single QTL was 391 

mapped in P1 (LG05 at 13.9 cM), while three QTLs were identified in P2 (LG03 at 1.1 cM, LG05 at 392 

66.1 cM, and LG09 at 27.7 cM). Additive effects were negative across LG03 and LG05, whereas the 393 

LG09 locus displayed a positive additive effect in relation to the annual allele (Table 3). Potentially, 394 

on LG05 several minor QTLs might be, because it was difficult to determine a peak position in MQM, 395 

also resulting in extreme broad 1-LOD intervals (Figure 7). 396 

 397 
Missing vernalization-responsive QTLs (on LG02, LG04, LG05, LG08) in P2 under ESC? 398 

None of the four minor to medium QTLs for flowering time potentially associated with vernalization 399 

response detected under LSC (von Maydell et al. 2026b) was explicitly re-detected under ESC of this 400 

study. In case of the QTLs on LG05 this might be not fully clear due to the large overlapping 1-LOD 401 

interval (Figure 7). Interestingly, the medium QTL detected on LG02 for P2 in 2023 resided on the 402 

neighboring contig of the strong QTL detected in P1 (Figure 7). 403 

We tested whether the cumulative additive effect of those four genetic regions (von Maydell et al. 404 

2026b) might still be detectable by analyzing the phenotypic distribution of the cumulative number of 405 

biennial ‘b’ alleles in P2. For this purpose we used the peak markers from von Maydell et al. (2026b) 406 

if applicable or a marker in close physical proximity to the peak marker. Linear regression analysis 407 

revealed a highly significant cumulative effect across these loci (N = 260, p = 7.01 × 10⁻⁶). To account 408 

for potential selection bias and genomic background noise, we performed 1,000 empirical permutations 409 

sampling four random loci across the genome. The cumulative QTL effect remained statistically 410 

significant (p = 0.025). On average, each additional biennial ‘b’ allele delayed flowering by 1.85 days 411 

(R² = 7.54%). This indicated a significant dosage-dependent polygenic influence of the four QTL 412 
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regions on flowering time, even though the individual loci did not reach the significance threshold for 413 

QTL detection under ESC. 414 

 415 
Tests for segregation ratio of flowering type 416 

To test a two-locus dominant epistatic model (expected 15:1 ratio) for flowering type in P1 while 417 

accounting for incomplete penetrance, the expected phenotypic frequencies were adjusted for the 418 

observed 25% annual-flowering rate in the biennial parent under ESC of this study. Assuming 25% of 419 

genetically biennial individuals express an annual phenotype, the adjusted expected phenotypic ratio 420 

shifts to 61:3 (95.31% annual: 4.69% biennial). In an F2 population of N = 287 plants (observed: 281 421 

annual, 6 biennial), a chi-square goodness-of-fit test revealed a slight but significant deviation from 422 

this model (Chi-square = 4.33, df = 1, p = 0.037). For comparison, the simple two-locus model (15:1 423 

ratio) without penetrance adjustment showed a much stronger deviation from the observed data (Chi-424 

square = 8.47, df = 1, p = 0.0036). 425 

Further, we formally tested whether segregation in P2 was consistent with the four-locus model 426 

proposed by Maydell et al. (2026). Under this model, the biennial phenotype is expected only in plants 427 

homozygous for the biennial allele at all four loci. Accounting for the incomplete penetrance of the 428 

biennial parent under early sowing (4.88% annual flowering), the expected frequency of biennial F₂ 429 

plants was 0.372% (1.06 of 284 plants). Because the expected number of biennial individuals under 430 

the four-locus model was very low, segregation was evaluated using an exact binomial test rather than 431 

a chi-square test. One biennial F₂ plant was observed, which was fully consistent with this expectation 432 

(exact binomial test, P = 1.00). However, notably this individual did not harbor all eight alleles from 433 

the four-locus model (Figure 8s). 434 

 435 

  436 



  

Table 3: Characteristics of selected significant QTLs associated with flower color (COL) and flowering time (BOF). Corresponding results 437 

from the IM and BLINK analyses are shown in parentheses () and square brackets [], respectively. The 1-LOD confidence intervals were 438 

obtained from the restricted MQM model. Expl. Var. denotes the proportion of phenotypic variance explained (%), while Add. and Dom. 439 

represent the additive and dominance effects of the annual allele, respectively. Significant values, as determined by permutation tests for 440 

MQM/IM or by false discovery rate (FDR) correction for BLINK, are highlighted in bold. 441 

QTL_ID Population Trait LG Position 
cM 

1-LOD 
cM 

LOD 
MQM 
(IM) 
[BLINK] 

Expl. 
Var. 
% 

Add 
MQM 
 
[BLINK] 

Dom Peak Locus 

Cc-FT02.2 P1 BOF LG02 40.3 39.2-
43.2 

10.32 

(6.54) 

[21.97] 

12.1 
 
[8.1] 

-5.6 -0.1 contig_127_8357699 

Cc-FT06.1 P1 BOF LG06 41.8 39.8-
43.1 

15.22 

(10.84) 

[14.15] 

18.6 
 
[14.9] 

-6.6 -3.0 contig_2317_2291222 

Cc-FT10.2 P1 BOF LG10 22.8 9.8-
44.9 

4.12 

(2.65) 
[4.95] 

8.9 
 
[2.4] 

-4.2 -3.2 contig_1019_2561338 

Cc-FT10.3 P2 BOF LG10 29.4 26.0-
32.4 

7.56 

(4.45) 

[9.71] 

9.8 
 
[5.4] 

-3.6 -0.2 contig_875_3986579 

Cc-COL01.2 P2 COL LG01 53.5 53.1-
55.6 

8.34 

(6.33) 

[5.00] 

11.9 
 
[4.71] 

0.42 -0.21 contig_83_28558179 

Cc-COL10.2 P2 COL LG10 64.3 62.8-
73.4 

6.16 

(4.13) 

[8.14] 

8.6 
 
[6.34] 

-0.36 0.025 contig_1950_3482482 

 442 
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2.1.4.2 Flower color 444 

QTL mapping revealed two significant loci associated with flower color. One QTL was located on 445 

LG01 at 53.53 cM and showed an overlapping 1-LOD interval with the corresponding locus identified 446 

by von Maydell et al. (2026b) (Figure 7). This locus showed the strongest association (LOD = 8.34) 447 

and explained 11.9% of the phenotypic variance (Table 3). It exhibited a positive additive effect in 448 

relation to the annual allele. The other QTL was located on LG10 at 64.30 cM with the peak marker in 449 

close physical proximity (<0.5 Mb) to the peak marker of the corresponding locus in von Maydell et 450 

al. (2026b) (Figure 7). This locus was detected with a LOD score of 6.16, explaining 8.6% of the 451 

phenotypic variance (Table 3). In contrast to the QTL on LG01, it displayed a negative additive effect 452 

in relation to the annual allele. Comparing the phenotypes for homozygous combinations of both loci, 453 

the combination ‘ab’ (annual LG01, biennial LG10) had the highest proportion of rose flowering plants 454 

(72.0%), whereas the reverse combination had no rose flowering plants (Figure 9). 455 

 456 

 457 



  

2.2 Phenotypic analysis of 15 additional F2 populations 458 

Across the F2 populations from 1999, 95.2% (maternal biennial cultivar ‘Volhouden’) to 98.8% 459 

(maternal biennial cultivars ‘Plewiski’, ‘Kami’, and ‘Prochan’) of plants (N = 84) showed an annual 460 

flowering behavior (details Table S3). For F2 populations analyzed in 2000, the proportion of annual 461 

flowering plants was evenly high, but exact quantification results are not available. On a quantitative 462 

scale F2 populations (N = 42), flowered on average 9.29 and 13.78 days later than the annual parent in 463 

1999 and 2000, respectively (Figure 10). For each comparison between the annual parent and an F2 464 

population the difference was significant according to the Tukey HSD test accounting for multiple 465 

testing. The strongest difference showed the F2 from ‘CARUM 16’ with a later flowering of 21.10 days 466 

in 2000 (Figure 10). In general, the phenotypic range per genotype was broader in 2000. Notably, the 467 

F2 populations of ‘Niederdeutscher’ and ‘Konczewicki’ were tested in both years and showed larger 468 

average differences from the annual parent in 2000 indicating a year effect. Raw data and detailed 469 

results are deposited in Table S3.  470 

 471 

  472 



 
26 

2.3 Diagnostic markers for selected flanking and peak markers 473 

We tested PACE marker designs for several SNPs in proximity of flanking and peak marker positions 474 

of QTLs on LG02 and LG06 detected for P1. We selected the SNP and corresponding PACE marker 475 

showing best discrimination (Figure 11) between all three genotypic constitutions of the SNP per 476 

position for this study. Therefore, the used loci for PACE marker design can deviate from the exact 477 

positions of the peak/flanks as given in Table 3. The selected markers representing the peak are at 478 

maximum 2.0 cM in distance to the peak of the QTL and the selected flanking markers are 479 

approximately at the margins of the 1.5 LOD. All designed markers showed a high conversion rate 480 

with GBS data ranging from 96.30 to 98.77% (Table 4). 481 

Table 4: Comparison of GBS and PACE results for selected flanking and peak markers. 482 

Marker Sample 

Size 

PACE 

Failed 

GBS 

Failed 

Valid 

Comparisons 

Matches Conversion 

Rate 

M175 88 2 5 81 80 98.77 

M178 88 2 5 81 80 98.77 

M183 88 1 5 82 81 98.78 

M192 88 2 5 81 80 98.77 

M198 88 2 5 81 78 96.30 

M204 88 3 5 80 78 97.50 

 483 

 484 
  485 
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3 Discussion 486 

3.1 Map improvement, cross-validation & integration of physical and 487 

genetic information 488 

3.1.1 General considerations regarding mapping strategy 489 

We consider that classical F2 mapping with filtering for homozygous contrasts between parents is the 490 

most effective mapping strategy for caraway compared to realistic alternative strategies such as 491 

pseudo-testcross or BC1 (developing of RILs or DH is not manageable for an orphan crop like 492 

caraway). First, the biological and experimental setup of caraway highly favors an F2 approach. 493 

Producing an F1 generation is straightforward, and a single F1 individual can easily be selfed to yield a 494 

large mapping population of potentially more than 2000 F2 plants, providing excellent genetic 495 

resolution also for subsequent fine mapping without complex crossing schemes. Second, while 496 

integrating markers that are heterozygous in the parents might theoretically increase marker density, 497 

our data demonstrates that this is practically ineffective. Although the maternal lines showed 498 

considerable heterozygosity (17.4% to 31.8%), utilizing SNPs that were heterozygous in the maternal 499 

genotypes and showed a 1:2:1 segregation-like pattern in the F2 population merely marginally 500 

increased the number of unique markers after redundancy reduction and failed to improve map 501 

construction. Furthermore, we observed unexpected levels of heterozygosity in the paternal line ‘L32’ 502 

(>9%), which actually represent a fifth inbreeding generation. In such an advanced inbreeding stage, 503 

high heterozygosity is highly biologically implausible. This strongly indicates a high risk of pseudo-504 

heterozygosity typical for GBS (McKinney et al. 2017). Attempting to integrate these markers could 505 

introduce severe noise. Consequently, focusing strictly on the high-confidence, classical F2 506 

configuration remains the most robust and reliable strategy for high-quality linkage map assembly in 507 

caraway. 508 

 509 
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3.1.2 Genetic maps & consensus physical map 510 

In the previous study (von Maydell et al. 2026b), a substantial number of SNPs was lost during filtering 511 

due to missing values in both the parents and the F2 population. By substantially increasing the 512 

sequencing depth, particularly for the parental lines, we successfully mitigated the impact of missing-513 

value filtering. Consequently, substantially more high-quality SNPs were retained throughout the 514 

filtering pipeline prior to linkage mapping (1,245 for P1 and 1,560 for P2 versus 731 SNPs in von 515 

Maydell et al. (2026b)). Additionally, the overall map length expanded from the previous map of 662.9 516 

cM to 780.1 cM (P2), which is consistent with the larger F2 population size (288 vs. 187 plants, notably 517 

originating from the same cross) allowing for a higher resolution of recombination events. Although 518 

the final number of markers integrated into the thinned linkage maps for QTL mapping (392 and 337 519 

SNPs for P1 and P2, respectively) remains relatively modest, it still marks an improvement over the 520 

259 SNPs utilized in von Maydell et al. (2026b). Crucially, for subsequent fine-mapping efforts, the 521 

larger pool of markers available in the full genetic maps provides a valuable resource for marker 522 

saturation within specific regions of interest. 523 

However, the resolution of our genetic maps remains constrained by larger gaps. Whereas we could 524 

not solve this issue for mapping, the constructed consensus physical map filled some of these gaps 525 

differentiating between populations. It still appears that approximately 0.52 Mbp (28%) of the draft 526 

assembly remains unplaced in the consensus physical map and that the current ordering and orientation 527 

are prone to errors in regions with low marker density or contradictory signals between populations. In 528 

particular, the small physical length of LG09 indicates a high degree of missing physical information. 529 

The published karyogram of caraway does not support the existence of such a fragmented chromosome 530 

(Pank 2012). The restriction-enzyme-based genome reduction inherent to GBS can result in uneven 531 

genomic representation potentially contributing to the remaining marker-deficient intervals (Davey et 532 

al. 2013). In addition, segregation distortion can affect linkage-map construction and marker ordering, 533 

and the exclusion of distorted markers may reduce genome coverage (Zhu et al. 2007; Zuo et al. 2019). 534 
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However, less stringent filtering resulted in severe computational problems during linkage-map 535 

construction in JoinMap in our dataset. Therefore, stringent filtering was retained as a practical measure 536 

to obtain a stable and interpretable linkage map for caraway in absence of a chromosome-resolved 537 

assembly. 538 

Despite these limitations, the consensus physical framework currently provides the most practical 539 

coordinate system for systematically comparing overlapping QTL intervals across independent 540 

mapping populations. Furthermore, this pseudo-chromosomal map may provide an empirical resource 541 

to validate a future chromosome-level genome assembly, e.g. generated based on Hi-C (Belton et al. 542 

2012; Chen et al. 2020; Zhou et al. 2020). 543 

 544 

3.2 Environmental impact on QTL detection in wild biennial 545 

background (P2) 546 

By observing 99.7% annual flowering in P2 under ESC, we confirmed that the “true” phenotype was 547 

masked in P2 under LSC with merely 36% annual flowering F2 plants (von Maydell et al. 2026b). The 548 

biennial parent of P2 (‘CARUM 63’) merely showed a low proportion of annual flowering individuals 549 

(4.88%), indicating that vernalization requirement was largely functional and was not fully overcome 550 

under ESC in the biennial genetic background. Therefore, we cannot explain the high proportion of 551 

annual flowering F2 plants solely by environmental effects, such as a complete fulfillment of 552 

vernalization requirement by mild temperatures in the first outdoor period in April or the complete 553 

overcoming of vernalization requirement by heat or day-length during summer. Instead, the higher 554 

proportion of annual flowering under early sowing is likely driven by advanced plant development 555 

compared to late sowing, interacting with the genetic background. Thus, we need to explain the 556 

observations from ESC and LSC by an adequate genetic model. 557 

 558 
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The observed phenotypic ratio (one biennial plant among 284 F2 plants) is consistent with a four-locus 559 

model in which homozygosity for the biennial allele at all four loci is required to re-establish the 560 

biennial phenotype. For four independently segregating loci, such a model would predict a frequency 561 

of 1/256 for the fully biennial genotype, which is close to the observed frequency of 1/284. von Maydell 562 

et al. (2026b) identified four minor to medium significant loci associated with flowering type on LG02, 563 

LG03, LG05 and LG08 jointly explaining 32.2% of the phenotypic variance, which would fit to a four-564 

loci (+ x, i.e., additional minor loci) model (The fifth QTL on LG10 is discussed below). Vernalization 565 

potentially works via an allele-dosage dependent threshold model causing predominantly a qualitative 566 

difference between annuals and biennials. Thus, vernalization responsive loci do not necessarily need 567 

to exert a quantitative effect on flowering time among annual flowering F2 plants. While the loci 568 

detected under LSC contributed in different combinations to the extreme difference between annuals 569 

and biennials (Additive effects of 31 to 47 DAS per locus, for uncorrected BOF), this was not possible 570 

under ESC in the absence of a sufficient number of biennial F2 plants. This can explain why these four 571 

loci were not individually re-detected under ESC despite the considerably increased sample size (187 572 

to 284). Yet, the detected significant cumulative effect indicates that a low additive effect remained. 573 

 574 

This is also supported by the fact that the F2 population shows later flowering than the annual parent. 575 

this difference could also be explained by loci independent of vernalization response. Interestingly, a 576 

fifth QTL on LG10 detected in von Maydell et al. (2026b), might represent a re-detection of the 577 

previously reported QTL (further discussed below) under ESC in this study. This provides further 578 

support for the hypothesis that this QTL might represent a more general flowering-time regulator, 579 

which was assumed because this QTL had an effect within annual F2 plants before vernalization and 580 

within biennial F2 plants after vernalization (von Maydell et al. 2026b). 581 

 582 
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We do not want to claim that the significant detection of four QTLs by von Maydell et al. (2026b) 583 

under LSC, together with the evidence for a weak cumulative effect of these four QTLs under ESC 584 

constitutes a validation of these QTLs. Nor can we currently completely explain vernalization 585 

requirement in this wild biennial background. For example, it remains an interesting question, whether 586 

the dosage of biennial alleles affects the duration of low-temperature exposure required for 587 

vernalization, so that some F2 plants with a low number of biennial alleles might be vernalized in the 588 

early outdoor period by low night temperatures. This would be similar to annual carrot, which still 589 

needs a cold stimulus in early spring, while this would not be sufficient in biennial carrot (Wohlfeiler 590 

et al. 2022). Intensive analyses will be necessary to validate these QTLs and to mechanistically 591 

understand vernalization, including its interaction with other pathways of flowering time. So far, the 592 

data of this study in combination with von Maydell et al. (2026b) support a polygenic four-loci (+x) 593 

model for vernalization requirement in our wild-type biennial accession. On a quantitative scale, these 594 

loci may exert cumulative additive effects, while their phenotypic expression depends on 595 

environmental conditions, e.g. resulting from sowing date. 596 

3.3 Comparison of QTL detection with cultivated biennial background 597 

(P1)  598 

Already the phenotypic data for P1 and the biennial parent ‘Rekord’ suggested some differences in the 599 

genetic architecture of flowering regulation. 1) The high number of annual flowering individuals within 600 

‘Rekord’ (25%) towards the end of the year indicated a lower penetrance of vernalization requirement. 601 

Thus, other flowering pathways associated with temperature, day length or general growth status likely 602 

surpassed vernalization requirement. However, the unusual bushy morphology and weak 603 

inflorescences indicated that the fine-tuning of flowering regulation was rather impaired in this cultivar 604 

under ESC. 2) The higher proportion of non-flowering F2 plants despite the incomplete penetrance of 605 

biennial flowering in the parent indicated that a lower number of loci might explain vernalization 606 
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requirement in P1/’Rekord’. 3) The later average flowering of P1 compared to P2 including a second 607 

peak of late flowering F2 plants indicated a higher effect size of biennial alleles in the F2. 608 

Indeed, the QTL mapping identified two major QTLs on LG02 and LG06. The significant association 609 

of non-flowering F2 plants with the group of double-homozygous biennial F2 plants suggests an 610 

association of these loci with vernalization requirement. However, since non-flowering plants were not 611 

included in QTL mapping, the detection of these loci likely reflects their strong effects on flowering 612 

time as a quantitative trait within annual flowering F2 plants. Even considering the incomplete 613 

penetrance of biennial flowering in the parent, a pure two-locus model cannot yet explain the observed 614 

segregation so that one or a few additional minor loci may contribute to vernalization response. The 615 

detected minor QTL on LG05 and LG10 do not explicitly fulfill this role since the biennial allele seems 616 

not to be strongly associated with non-flowering individuals, but given the low number of non-617 

flowering individuals this can be a random finding. 618 

 619 

Notably, the QTL interval of P1 on LG02 (Cc-FT02.2) slightly overlaps with the QTL interval of P2 620 

detected under LSC (Cc-FT02.1). It cannot be excluded but it seems unlikely that both QTLs refer to 621 

the same locus, also considering that this locus was not detected in P2 under ESC. Interestingly, 622 

preliminary analyses also hint at a strong flowering-time-independent locus associated with thousand-623 

grain weight in close proximity to Cc-FT02.1, indicating that this region might be very interesting for 624 

breeding of developmental and agronomic traits. 625 

 626 

3.4 Diversity of flowering time regulation  627 

While our analysis of a cultivated biennial background clearly demonstrated a different genetic 628 

architecture compared to P2/‘Carum 63’, it still does not support the one-major-locus interpretation 629 

proposed by Nemeth and Pluhar (1996), who suggested one major locus associated with flowering type 630 
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and additional minor loci associated with flowering time on a quantitative scale. At first glance this 631 

might be explained by the use of different cultivars (‘Maud’ in Nemeth and Pluhar (1996) vs. ‘Rekord’ 632 

in our study), but our data for an F2 based on ‘Maud’ showed 97.6% (Table S3) annual flowering under 633 

ESC. Therefore, we hypothesize that the apparent simple one-locus pattern reported by Nemeth and 634 

Pluhar (1996) may have resulted from environmental effects associated with specific environmental 635 

conditions. Since we no longer have access to the cultivar ‘Maud’ we cannot finally check the genetic 636 

regulation in this cultivar. In addition, the study from Nemeth and Pluhar (1996) marked as 637 

‘preliminary analyses’ does not provide any detailed data or method descriptions. 638 

 639 
Although the unpublished data from 1999 and 2000 are rather old, we considered these data very 640 

valuable for the current study, also taking into account that such a number of crosses is scarcely 641 

manageable based on current resources for an orphan crop like caraway. These data add additional 642 

years and a considerable degree of diversity to this study with a focus on cultivated material. With the 643 

inclusion of four gene bank accessions (CARUM 10, 13, 16 and 63, the last in the QTL mapping 644 

population P2), which can be classified as land race or wild-type, the investigated material spans a 645 

broad range of the phylogenetic diversity of biennial caraway germplasm as presented in von Maydell 646 

et al. (2021). The usage of the same annual parent allows differences between F2 populations to be 647 

attributed to differences between biennial parents. 648 

Across all F2 populations and years we can state that the proportion of annual flowering plants is always 649 

very high (>95%) under ESC. Thus, we may hypothesize that vernalization requirement in caraway is 650 

unlikely to be explained by simple one- or two-locus Mendelian models alone. We further observed 651 

that F2 populations on average showed a significantly later beginning of flowering than the annual 652 

parents. This indicates that loci from the biennial parent generally delay flowering time on a 653 

quantitative scale instead of operating merely on a qualitative scale (flowering vs. non-flowering). 654 

 655 
 656 
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 657 
 658 

3.5 Re-detection of QTLs for flower color (in P2) 659 

Based on observations in the greenhouse von Maydell et al. (2026b) reported bleaching of flower color 660 

under high radiation. We can confirm that the intensity of rose coloration is strongly environmentally 661 

dependent as it was strongly bleached during flowering in summer. Despite the difficult phenotyping 662 

under ESC we re-detected both loci on LG01 and LG10 from von Maydell et al. (2026b). However, 663 

possibly due to phenotyping errors the explained phenotypic variance was lower and the QTL intervals 664 

were not improved, although sample size was considerably increased. Fine-mapping remains 665 

necessary. Notably, the peak of the QTL on LG10 in this study was even closer (<0.2 Mb compared to 666 

>0.6 Mb in von Maydell et al. (2026b)) to the annotated cluster of MYB transcription factors on 667 

contig_1950, which may contain potential candidate genes. In carrot these genes are involved in the 668 

regulation of purple pigmentation (Bannoud et al. 2019; Xu et al. 2019). Interestingly, under ESC, the 669 

QTL on LG01 had a stronger effect than the QTL on LG10, which was the dominant locus under LSC 670 

(von Maydell et al. 2026b). Based on the hypothesis that the annual allele of the QTL on LG01 has a 671 

stabilizing effect on coloration, it might be that this stabilization was more important for detecting rose 672 

coloration under bleaching conditions. 673 

 674 

3.6 Diagnostic markers for fine mapping 675 

Due to the high explained phenotypic variance and small confidence intervals of the QTLs on LG02 676 

and LG06 detected in P1, we consider that validation and fine-mapping of these QTLs as well as their 677 

final application in breeding programs might be achieved relatively quickly. Considering the high 678 

number of genes (457 and 258 for LG02 and LG06, respectively) within the 1-LOD intervals fine-679 

mapping remains absolutely necessary. Nevertheless, Zinc finger RING/FYVE/PHD-type coding 680 

genes in close proximity to peak markers of both QTLs (Table S1I) may be interesting candidates, 681 
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considering that such genes were already detected at the peak marker of the strongest QTL potentially 682 

associated with vernalization response in P2 under LSC (von Maydell et al. 2026b). However, these 683 

genes, which can be associated with vernalization genes such as VRN2 or VIN3 (Gendall et al. 2001; 684 

Labandera et al. 2021; Sung and Amasino 2004), may not be exclusively targeted prior to additional 685 

evidence. 686 

 687 

QTLs from P2 could also be very interesting to fine tune flowering time regulation, but likely this can 688 

only be achieved in a long-term process due to their polygenic and environmentally dependent 689 

background. Admittedly, we cannot be sure that QTLs from P1 are stable in different environments, 690 

but at least this can be efficiently checked by diagnostic markers in F3 generation. 691 

 692 

Based on the developed and validated PACE markers it will be possible to select F2 plants homozygous 693 

for defined QTL intervals, but otherwise variable parental background. After propagation by self-694 

fertilization the resulting F3 families could be useful to analyze the effect of the QTLs in different 695 

combinations under varying conditions (e.g. sowing dates). This could be more effective than 696 

additional F2 screenings, which are difficult to effort in an orphan crop. Moreover, these markers can 697 

be used for selecting recombinant F2 plants for fine-mapping of QTLs from P1 in their segregating F3 698 

families. For this purpose, it is very advantageous that one F1 plant can produce >2000 F2 seeds. 699 

Despite using non-normalized DNA concentrations for PACE assays, we achieved a high conversion 700 

rate between GBS and PACE results. Therefore, these markers can be used in quick and effective 701 

screening protocols in laboratories not equipped with automated sample preparation as usual for 702 

research groups or breeding companies working on orphan crops like caraway. We do not claim that 703 

these markers can be used as diagnostic markers in other crosses of biennial and annual caraway or as 704 

diagnostic markers for the flowering type in general. Preliminary analyses using diverse annual and 705 

biennial caraway germplasm from von Maydell et al. (2021) indicate that all PACE markers are 706 
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working in other genetic backgrounds, but that some markers show rather random segregation at least 707 

within the biennial gene pool. Thus, we recommend carefully testing each single plant used for crosses. 708 

3.7 Limitations of the study, future prospects & conclusions 709 

By choosing two extremely far-related biennial parents, we focused on and succeeded in revealing 710 

potential genetic diversity in flowering time regulation in caraway. As a disadvantage, both populations 711 

scarcely cross-validate the detected QTLs so that our findings still need further validation. In particular 712 

in cases of overlapping QTL intervals, it needs to be determined whether these refer to identical or 713 

different loci. Moreover, the current knowledge is restricted to two biennial genotypes and in case of 714 

the cultivar ‘Rekord’ to ESC. Whether flowering time regulation in other biennial cultivars resembles 715 

the genetic architecture of the investigated ‘Rekord’ and whether the detected QTLs operate 716 

consistently under medium to late sowing conditions needs to be tested. Although the QTL intervals 717 

for P1 were relatively small, the number of genes potentially associated with flowering time (see Table 718 

S1 I) was still too high to narrow down to a small number of candidate genes. We consider that our 719 

study prepares the stage for several fine-mapping and more mechanistic studies including 720 

transcriptomics, which will be necessary to finally understand the genetic regulation of flowering in 721 

caraway. The developed PACE markers provide a starting tool for these future studies. 722 

While we observe an increasing number of genome assemblies in Apiaceae as basic genetic resources 723 

(Iorizzo et al. 2016; Liu et al. 2025; Liu et al. 2024; Palumbo et al. 2018; Song et al. 2021; Song et al. 724 

2019), QTL studies are still rare in this family despite their importance for linking genetic variation to 725 

traits relevant for classical breeding. So far, mapping studies on flowering time have focused on carrot, 726 

revealing monogenic to digenic control of vernalization (Alessandro et al. 2013; Wohlfeiler et al. 727 

2019), with two duplicated SOC1 genes recently identified within one major QTL (Wohlfeiler et al. 728 

2026). Therefore, this comprehensive study on flowering time in caraway sheds new light on the 729 

potential diversity and complexity of flowering time regulation including vernalization requirement in 730 
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Apiaceae, demonstrating a strong environmental impact associated with sowing date and a contrasting 731 

genetic architecture between a wild and a cultivated biennial background. 732 

  733 
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Glossary 925 

BOF: Begin of flowering 926 

COL: Flower color 927 

DAS: Days after sowing 928 

ESC: Early sowing conditions 929 

LSC: Late sowing conditions 930 

MAS: Marker assisted selection 931 

P1: F2 Population P1 originating from the cross of the biennial cultivar 'Rekord' x annual inbred line 932 

'L32' 933 

P2: F2 Population P2 originating from the cross of the biennial wild-type accession 'CARUM 63' x 934 

annual inbred line 'L32' 935 

Figure Captions 936 

Figure 1. Field trial at JKI in Quedlinburg. A) At left side biennial parent ‘Carum 63’ with few 937 

flowering plants; at right side corresponding F2 P2 with many plants close to end of flowering. B) At 938 

left side biennial parent ‘Rekord’ with few flowering plants; at right side corresponding F2 P1 with 939 

many plants within full flowering or close to end of flowering. C) At left side F2 P1; at right side annual 940 

parent L32. D/E) Typical morphology in the first year of ‘Carum 63’ and ‘Rekord’, respectively. C 941 

from June 30, 2025; others from Juli 28, 2025. 942 

Figure 2 Density distribution of SNP markers across the 10 linkage groups (LG) of the thinned genetic 943 

maps for P1 and P2. 944 
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Figure 3: Comparison of genetic and physical marker positions (Marey maps) per LG. The plots 945 

visualize the relationship between genetic distance (y-axis) and estimated physical position (x-axis). 946 

Input data consist of three genetic linkage maps: population P1 (represented by purple dots), population 947 

P2 2025 (represented by gold triangles) and population P2 2023 (represented by grey stars). The 948 

physical coordinates on the x-axis represent cumulative pseudo-chromosomal lengths calculated by 949 

concatenating the unanchored contigs of the draft genome assembly according to their genetically 950 

estimated order. 951 

Figure 4: Begin of flowering of A: F2 population P1 (purple) and parents and B: F2 population P2 952 

(yellow) and parents. Quantitative data of plants flowering in the second year (merely applicable for 953 

‘CARUM 63’) are not presented. Legend: N = Number of presented annual flowering plants out of 954 

total number of plants, which had a healthy status until end of the first vegetation period (i.e. including 955 

biennials); percentage = proportion of annual flowering plants. 956 

Figure 5 Genome-wide LOD score profiles for the traits BOF (light green) and COL (pink) obtained 957 

from rMQM. Panels are structured by linkage groups (columns) and populations/years (rows: P1 2025, 958 

P2 2025, and P2 2023). The dashed red line indicates the genome-wide significance threshold, 959 

displaying exclusively the more stringent (higher) significance level calculated for each respective 960 

population and trait. 961 

Figure 6 Effect of two-locus (LG02/LG06) homozygous genotype combinations (aa, ab, ba, bb) on 962 

beginning of flowering. The lower panel illustrates normal flowering response (80–160 days) with 963 

boxplots (medians), red dashed bars (class means), and individual genotypes (jittered dots). The upper 964 

panel indicates extreme phenotypes classified as Very Late Flowering (VLF, > 200 days) or Non-965 

Flowering (NF). 966 
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Figure 7 Comparison of some QTLs mapped on the consensus physical map across three population-967 

year combinations (P2 2023, P2 2025, and P1 2025). The pseudochromosome backbones are 968 

represented by grey vertical bars. Colored bars indicate the 1-LOD (thick) and 2-LOD (thin) confidence 969 

intervals, while white diamonds denote the peak marker positions. 970 

Figure 8 Relationship between the cumulative number of biennial 'b' alleles across four QTL peak loci 971 

from von Maydell et al. (2026b) and beginning of flowering. Red dashed bars show arithmetical means, 972 

and individual jittered dots represent genotypes. The solid blue line shows the linear regression model. 973 

Figure 9 Effect of two-locus (LG01/LG10) homozygous genotype combinations (aa, ab, ba, bb) on 974 

flower color with ‘a’ representing the annual and ‘b’ representing the biennial allele. Red dashed bars 975 

= class means and jittered dots = individual genotypes. 976 

Figure 10 Begin of flowering of 15 different F2 populations and the annual parent in the years 1999 977 

and 2000. N per genotype and year = 46-48. N of annual parent 1999 = 96. Red dashed line indicates 978 

arithmetical mean. Different letters indicate significant differences among groups according to Tukey's 979 

HSD test (α = 0.05). 980 

Figure 11 Exemplary allelic discrimination by PACE marker M183 with 88 F2 samples, 6 parental 981 

samples and two negative controls (black diamonds). Orange dots represent homozygous annual (allele 982 

1/FAM) genotypes, blue squares homozygous biennial (allele 2/HEX) genotypes and green triangles 983 

heterozygous genotypes. 984 

Supplementary 985 

Table S1: Raw data and summaries from biparental mapping. Detailed explanations/definition within 986 

tables. A/B) Phenotypic data; C/D) SNP Matrices; E) Mapping Results; F) Kruskal-Wallis, G) BLINK, 987 

H) Full QTL Table, I) List of genes in 1-LOD intervals of Cc-FT02.2 and Cc-FT06.1 988 
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Table S2: A-D) Thinned and full SNP matrices of P1 and P2 and E) consensus map statistics. 989 

Table S3: Detailed data of 15 additional F2 populations: A) Raw data. B) Segregation ratio in 1999. 990 

C) Mean values. D) Tukey-HSD test. 991 

Table S4: Detailed information of PACE markers including primer sequences. 992 

 993 

Figure S1: Consensus physical map showing the estimated order and orientation of contigs. 994 

Figure S2: Effect of detected QTL on BOF or COL per genotype combinations. 995 
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