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Abstract 41 

 42 

Background Simple sequence repeats (SSRs) are among the most informative molecular 43 

markers for plant genetics, yet their genome-wide distribution and marker potential in coriander 44 

(Coriandrum sativum) and related Apiaceae remain poorly characterized. Here we surveyed 45 

and compared SSRs in the publicly available whole-genome sequences of five Apiaceae 46 

species: coriander, carrot (Daucus carota), celery (Apium graveolens), gotu kola (Centella 47 

asiatica) and fennel (Foeniculum vulgare).  48 

Results A total of 569,531 perfect microsatellites were recovered in the 2,118.68 Mbp 49 

coriander assembly, an overall density of 268.8 SSRs/Mbp that places coriander at the low-50 

density end of the family. Tetranucleotides were the most abundant repeat type in coriander, 51 

celery and fennel, while dinucleotides predominated in carrot and gotu kola; across all genomes 52 

exons were consistently depleted in SSRs and enriched in frame-preserving trinucleotides and 53 

AG-type motifs, a shift consistent with selection against frame-disrupting repeats in coding 54 

sequence. From the coriander loci we designed 1,806 primer pairs and assessed their 55 

transferability in silico across the family; requiring a predicted amplicon within 50 bp of the 56 

expected size, verified transferability was low and strongly dependent on the mismatch 57 

tolerance applied, ranging from 2.2 to 7.6% in carrot, 4.3 to 15.6% in celery, 2.8 to 11.0% in 58 

fennel and 0.2 to 4.2% in gotu kola across thresholds of one to three mismatches per primer, 59 

whereas a homology-only screen of the same primers returned 74.9 to 98.0%, indicating that 60 

homology screening substantially overstates cross-genus transferability. Comparison of repeat 61 

number at 552 orthologous motifs, of which 191 had sufficient locus support for analysis, 62 

showed that length change was nearly universal, with expansions and contractions roughly 63 

balanced across repeat types and stable loci essentially absent, while repeat number was 64 

positively correlated with allele-length divergence (Spearman's ρ = 0.53 to 0.86), pointing to 65 

replication slippage as the dominant process. Applied to 14 coriander accessions of diverse 66 

origin, six polymorphic loci resolved 26 alleles (mean 4.3 per locus; mean PIC = 0.68) and 67 

revealed limited diversity with weak population structure, in line with the narrow genetic base 68 

of the crop.  69 

Conclusions This work delivers the first genome-wide SSR catalogue for coriander and a set 70 

of cross-genus primer pairs that can serve as practical anchors for comparative genomics, 71 

mapping and marker-assisted breeding across Apiaceae.  72 

 73 

Keywords: Coriander, Apiaceae, Simple sequence repeats, Genetic diversity, Comparative 74 

genomics 75 

 76 

 77 

 78 

Introduction  79 

 80 

Coriander (Coriandrum sativum L.) is an annual herbaceous member of the Apiaceae family, 81 

native to the Mediterranean region and cultivated worldwide as a culinary and medicinal crop 82 

[1, 2]. Both its foliage and seeds are economically important, and the species is valued in the 83 

food, pharmaceutical and fragrance industries for its essential oils, flavonoids, phenolics and 84 

terpenoids [3]. Cultivated for several millennia and believed to be of Mediterranean origin [4], 85 

coriander is the only widely cultivated member of the genus Coriandrum, together with the 86 

wild species C. tordylium (Fenzl) Bornm. [5]. It is a diploid species (2n = 2x = 22) whose 87 

immature plants are commonly known as cilantro, whereas its seeds are referred to as coriander 88 

[6]. 89 
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The Apiaceae family comprises approximately 466 genera and 3,820 species [7] and 90 

includes several crops of major agronomic importance, such as carrot, celery, fennel, parsley 91 

and dill [8-10]. Despite the economic significance of these species, genomic resources remain 92 

limited for coriander and most of its relatives within the family, restricting the development of 93 

molecular tools and slowing the pace of genetic improvement. 94 

Among the available molecular markers, simple sequence repeats (SSRs), also known 95 

as microsatellites, are short tandemly repeated DNA motifs consisting of one to six nucleotides. 96 

They are abundant in both prokaryotic and eukaryotic genomes and contribute to genetic 97 

variation, genome evolution, and gene regulation [11-13]. Owing to their high polymorphism, 98 

co-dominant inheritance and reproducibility, SSRs have been extensively used in genetic 99 

diversity studies, population genetics, linkage mapping and marker-assisted breeding [14, 15]. 100 

Consequently, they remain widely employed across plant species for crop improvement and 101 

the assessment of genetic diversity [16, 17]. 102 

In coriander, however, only a limited number of SSR markers have been developed and 103 

applied [18]. Furthermore, the transferability of these markers to related species is generally 104 

low, constraining comparative genetic analyses and breeding applications. Although advances 105 

in next-generation sequencing have enabled rapid and cost-effective genome-wide SSR 106 

discovery in numerous crops [19, 20], information regarding the abundance and distribution of 107 

SSRs in coriander and other Apiaceae genomes remains scarce. Existing studies within the 108 

family have focused primarily on transcriptomic or organellar resources. For example, Song et 109 

al. [21] developed the Coriander Genomics Database using cilantro and carrot genomic 110 

resources, Wang et al. [20] reported the coriander mitochondrial genome, and Tulsani et al. 111 

[22] characterized the transcriptomes of 14 coriander cultivars for marker development. To our 112 

knowledge, no comprehensive genome-wide analysis of SSRs in coriander or closely related 113 

Apiaceae species has yet been reported. 114 

A genome-wide survey is therefore needed to determine the abundance, distribution 115 

and composition of SSRs across these genomes. Moreover, a comparative analysis among 116 

related species could provide insights into microsatellite organization within the family and 117 

facilitate the identification of conserved loci with potential utility for marker transferability and 118 

comparative genomics. In this study, we characterized and compared SSRs in the publicly 119 

available whole-genome sequences of coriander, carrot, celery, gotu kola and fennel. 120 

Specifically, we aimed to (1) identify and characterize SSR loci in the coriander genome, (2) 121 

compare SSR frequency, distribution and motif composition among the five species, and (3) 122 

evaluate the utility of coriander-derived SSRs for cross-species transferability and genetic 123 

diversity analysis. 124 

 125 

 126 

Materials and Methods 127 

 128 

Source of whole genome sequences 129 

The whole genome sequences of coriander, carrot (Daucus carota L.), celery (Apium 130 

graveolens L.), gotu kola (Centella asiatica L.) and fennel (Foeniculum vulgare Mill.) were 131 

used in this study to characterize the distribution of simple sequence repeats across the 132 

Apiaceae family. Detailed information on the genomic sequences used, including assembly 133 

versions, sequence sources, project IDs and total sequence lengths, is provided in 134 

Supplementary Table S1. Whole-genome SSR densities were compared across all five species, 135 

whereas the analysis of specific genomic fractions, including non-coding DNA, genes (introns 136 

+ exons), untranslated genic regions (introns + UTRs) and exons, was restricted to coriander, 137 

carrot and celery, the three species whose genomes are annotated. For gotu kola and fennel, 138 

whose genome sequences are not annotated, only whole genome sequence data were analyzed. 139 
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 140 

Detection and analysis of SSRs in different fractions of genomic sequences 141 

Although SSRs are commonly defined as repeats of 1- to 6-bp motifs [23], in this work we also 142 

analyzed repeats with 7-bp motifs, whereas mononucleotides were not considered due to the 143 

difficulty of distinguishing bona fide microsatellites from sequencing or assembly errors (these 144 

biases are more common in whole genome shotgun sequence data). Thus, DNA sequences were 145 

searched for perfect microsatellites with a basic motif of 2–7 bp using the computer program 146 

MISA (MIcroSAtellite identification tool) [24]. Repeats with a minimum length of 12 (for di- 147 

to tetranucleotides), 15 (for pentanucleotides), 18 (for hexanucleotides), and 21 (for 148 

heptanucleotides) were recorded. 149 

 150 

SSR primer design 151 

Oligonucleotide primers flanking SSRs identified in the coriander genome were designed using 152 

Primer3 (v. 0.4.0) software [25]. Primers were designed to generate amplicons of 100-400 bp 153 

in length (optimum 250 bp) with the following minimum, optimum, and maximum values for 154 

Primer3 parameters: primer length (bp): 18-22-27; Tm (°C): 57-60-63; GC content (%): 30-50-155 

70. Other parameters used the program default values. 156 

 157 

In silico PCR and cross-species transferability 158 

Cross-species transferability of the coriander primer pairs was evaluated by in silico PCR 159 

against the whole-genome assemblies of carrot, celery, gotu kola and fennel, with coriander 160 

included as a positive control. Simulations were run with ipcress from the exonerate package 161 

v. 2.4.0 [26], which reports a product only when both primers of a pair anneal to the same 162 

sequence in convergent orientation within a defined product-size window (here 100-1,000 bp). 163 

Because no canonical mismatch threshold exists for cross-genus comparison, and preliminary 164 

runs showed the result to depend strongly on this parameter, each genome was screened at one, 165 

two and three mismatches per primer and the resulting range is reported. A primer pair was 166 

scored as transferable to a species when at least one predicted product fell within 50 bp of the 167 

size expected in coriander, following the criterion applied to bench amplification by Barboza 168 

et al. [27]; products outside that window were treated as non-specific and disregarded, 169 

irrespective of their number. For comparison with the homology-based approach often used in 170 

silico, transferability was also estimated by mapping each primer independently to the target 171 

genome and scoring a pair by the lowest of its two hit counts. 172 

 173 

In silico analysis of SSR polymorphisms between coriander and carrot 174 

To investigate contractions and expansions of SSRs between the coriander and carrot genomes, 175 

and to test whether repeat number is associated with length variation, we compared the number 176 

of repeat units of orthologous motifs between the two species. Perfect SSRs identified by MISA 177 

(section 2.3) were used; compound repeats were excluded. Motifs were reduced to their 178 

canonical form so that equivalent motifs were treated as one. A motif was considered 179 

orthologous when present in both genomes. For each orthologous motif, the mean number of 180 

repeat units was calculated separately in coriander and carrot, and the allele-length difference 181 

(Δal) was computed as the absolute difference in mean repeat number multiplied by the motif 182 

length. A motif was scored as expanded or contracted in carrot relative to coriander (taken as 183 

the reference state), or as stable when the mean repeat number was identical. To ensure that 184 

mean repeat numbers were based on reliable estimates, only motifs supported by at least 10 185 

loci in each species were retained for the length-variation analysis. The relationship between 186 

repeat number and Δal was assessed for each SSR type using Spearman's rank correlation, and 187 

differences in Δal among SSR types were tested with the Kruskal-Wallis test. 188 

 189 



5 

 

Coriander genetic diversity analysis based on SSRs 190 

A collection of 14 coriander accessions representing diverse geographical origins, including 191 

seven Turkish accessions and seven accessions from Afghanistan, the Czech Republic, 192 

Denmark, Egypt, Japan, Syria and Russia, was used to evaluate the potential of SSR markers 193 

for genetic diversity analysis (Supplementary Table S2). Non-Turkish accessions were 194 

obtained from the United States Department of Agriculture (USDA) through the Germplasm 195 

Resources Information Network (GRIN; https://www.ars-grin.gov/), with accession numbers 196 

indicated in Supplementary Table S2. Turkish accessions correspond to registered varieties and 197 

were purchased from local seed markets at their respective provinces and/or cities, indicated in 198 

Table S2. Fifteen SSR markers were screened across the collection, and all subsequent diversity 199 

analyses were based on the subset that produced polymorphic, scorable bands. For these 200 

markers, a matrix was constructed recording the presence or absence of the different alleles at 201 

each SSR locus. General statistics, including the number of alleles (na), effective number of 202 

alleles (ne) [28], gene diversity (h) [29], Shannon's information index (I) [30] and the 203 

polymorphic information content (PIC), were calculated using Popgene v. 1.32 [31]. Analysis 204 

of molecular variance (AMOVA) was computed using GenAlEx v. 6.5 [32]. Pairwise genetic 205 

similarity values among accessions were estimated according to Jaccard's coefficient, and the 206 

resulting matrix was used to construct a dendrogram depicting phenetic relationships among 207 

accessions using the unweighted pair-group method with arithmetic means (UPGMA). 208 

Principal coordinate analysis (PCoA) was performed to further visualize the distribution of 209 

genetic diversity among accessions. The population structure of the 14 coriander accessions 210 

was analyzed using a model-based Bayesian clustering approach implemented in 211 

STRUCTURE v. 2.1 [33]. 212 

 213 

 214 

Results 215 

 216 

Distribution of SSR types across genomic fractions of coriander and related Apiaceae 217 

We recovered 569,531 perfect microsatellites in the 2,116.68 Mbp of assembled coriander 218 

genome sequence, which amounts to an overall density of 268.8 SSRs/Mbp (Table 1). 219 

Tetranucleotides were, by a wide margin, the most abundant repeat type, making up 39.7% of 220 

all SSRs, with trinucleotides (27.0%) and dinucleotides (21.6%) following at comparable levels 221 

and the remaining types (penta- at 7.5%, hexa- at 3.4% and heptanucleotides at 0.8%) trailing 222 

well behind (Supplementary Table S3). Dinucleotides, however, carried more repeat units on 223 

average (12.6) than any other type, so that despite ranking third in frequency they occupied a 224 

disproportionate share of the sequence given over to microsatellites. 225 

The same five species were screened on a whole-genome basis for comparison 226 

(Supplementary Table S4). Overall SSR density varied about 1.5-fold across the family, from 227 

268.8 SSRs/Mbp in coriander to 390.5 SSRs/Mbp in gotu kola, with carrot (282.9), celery 228 

(281.2) and fennel (306.4) in between. Coriander, then, sits at the low-density end of the 229 

Apiaceae sampled here. The most abundant type, however, was not conserved across the 230 

family: tetranucleotides led in coriander, celery and fennel, whereas dinucleotides were the 231 

densest type in carrot and gotu kola (Table 1). The second rank was likewise variable: 232 

tetranucleotides ranked second in carrot, trinucleotides second in coriander and gotu kola, and 233 

dinucleotides second in celery and fennel (Table 1). 234 

Partitioning the three annotated genomes (coriander, carrot, celery) into genomic 235 

fractions revealed a consistent gradient (Fig. 2; Supplementary Table S4). The non-coding 236 

fraction tracked the whole genome closely (269.9 SSRs/Mbp in coriander, 297.8 in carrot and 237 

281.6 in celery). Genic sequence was not enriched relative to the genome as a whole (255.2, 238 

238.9 and 238.9 SSRs/Mbp in coriander, carrot and celery), but within the genic compartment 239 
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the density was unevenly distributed: introns carried the densest microsatellite content of any 240 

fraction we examined (291.9, 303.6 and 303.6 SSRs/Mbp in coriander, carrot and celery, 241 

respectively), while exons ran sharply against this trend, holding the lowest densities 242 

throughout (197.0, 119.3 and 213.7 SSRs/Mbp). The depletion in exons was accompanied by 243 

a shift in composition: trinucleotides, which represent roughly a fifth of SSRs genome-wide, 244 

became by far the most frequent type in coding sequence, reaching 44.0% in coriander, 75.0% 245 

in carrot and 42.5% in celery. This enrichment for frame-preserving repeats came largely at the 246 

expense of tetranucleotides, which fell well below their genome-wide share in all three species; 247 

dinucleotides showed a more variable pattern, nearly disappearing in carrot exons (2.8%) yet 248 

remaining the second most frequent type in coriander (24.5%) and celery (29.1%).  249 

 250 

Distribution of SSR motifs across genomic fractions 251 

Within each repeat type the individual motifs were far from evenly distributed, and their 252 

relative ranking shifted predictably as we moved from non-coding into coding sequence (Figs. 253 

3 and 4; Supplementary Tables S5–S9). 254 

Among dinucleotides, AT was the dominant motif in the whole genome of every 255 

species, accounting for 63.4% in coriander, 69.3% in celery, 59.9% in carrot, and 60.7% and 256 

63.3% in gotu kola and fennel (Supplementary Table S6). AG ranked second in all five species 257 

(25.2% in coriander, 22.8% in carrot, 16.4% in celery, 20.0% in gotu kola and 20.4% in fennel), 258 

while CG was negligible everywhere, never exceeding 0.28% of dinucleotide SSRs. The 259 

trinucleotide picture was more uniform: AAT was the leading motif in all five species, from 260 

31.7% in gotu kola to 60.9% in fennel (33.7% in coriander, 39.9% in carrot, 43.0% in celery). 261 

Among tetranucleotides, the AT-rich AAAT was by far the most frequent motif in every 262 

genome (34.9–48.6%), followed by AATT, so that the two together accounted for more than 263 

half of tetranucleotide SSRs in each species. Heptanucleotides, the rarest class, were more 264 

heterogeneous: AATAATT dominated in coriander (32.2%), AATATAT in carrot (10.2%), 265 

AAGTACC in fennel (25.8%), and the homopolymer-adjacent AAAAAAT in gotu kola 266 

(14.7%) and celery (4.6%). 267 

The contrast between coding and non-coding sequence was sharpest among the 268 

dinucleotides. AT held and slightly strengthened its lead in non-coding DNA (67.1% in 269 

coriander, 71.2% in celery, 66.7% in carrot) but collapsed in exons, where it fell below 13% in 270 

all three species (12.2%, 10.8%, and 9.5%). In its place, AG became strongly predominant in 271 

exonic dinucleotides (67.4% in coriander, 77.4% in celery, and 77.0% in carrot), a near-272 

complete reversal of the genome-wide pattern. Trinucleotides shifted in the same direction: the 273 

AT-rich AAT that led non-coding sequence (34.2%, 43.6%, 44.9% in coriander, celery and 274 

carrot) fell sharply in exons to under 9% everywhere, giving way to frame-tolerant, often GC-275 

containing motifs such as AAG, ATC and AGC. Tetranucleotides showed the same retreat of 276 

AT-rich repeats: AAAT, which made up around half of non-coding tetranucleotide SSRs, 277 

dropped to 11–18% in exons, while AAAG and ACAT rose to prominence. The untranslated 278 

genic regions fell, as expected, between the two extremes, with AT recovering relative to exons 279 

but AG remaining elevated; indeed in introns AAT reached its highest share of any fraction 280 

(around 52% in all three species). Taken together, the motif data describe the same coding/non-281 

coding divide seen in the type frequencies: an AT-rich, AT-led landscape across most of the 282 

genome, displaced in exons by repeats that read into codons without disrupting them. 283 

 284 

SSR marker development and cross-species transferability 285 

Primer pairs were designed for 1,806 coriander SSR loci, with the flanking sequences, expected 286 

product sizes, annealing temperatures and GC contents listed in Supplementary Table S11. 287 

When these primers were tested in silico with ipcress [26] against the coriander assembly itself, 288 
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all 1,806 primer pairs recovered a product of the expected size, confirming that the pipeline 289 

behaves as expected on the source genome. 290 

Transferability to the other Apiaceae was assessed in two ways (Table 2). Under the 291 

amplicon-based criterion, which counts a pair as transferable only when ipcress predicts a 292 

product within 50 bp of the size expected in coriander [27], transferability was low 293 

(Supplementary Table S13). Screening each genome at one to three mismatches per primer, 294 

carrot recovered 2.2 to 7.6% of the primers, celery 4.3 to 15.6%, fennel 2.8 to 11.0% and gotu 295 

kola 0.2 to 4.2%; the full list of transferable primers with their predicted product sizes is given 296 

in Supplementary Table S14. The values rose steadily with the mismatch tolerance without 297 

reaching a plateau, so the range, rather than any single figure, is the meaningful result. The 298 

ranking did not follow phylogenetic distance: celery and fennel, whose assemblies are the 299 

largest of the panel, returned more hits than the more closely related carrot, indicating that 300 

assembly size and completeness influence recovery alongside true sequence conservation. 301 

By contrast, a homology-only approach in which each primer is mapped independently 302 

and a pair scored by its weaker match returned far higher figures for the same primers 303 

(Supplementary Table S12): 98.0% in carrot, 91.6% in fennel, 80.1% in gotu kola and 74.9% 304 

in celery. The gap between the two approaches, roughly an order of magnitude in carrot, reflects 305 

the many primers pairs whose individual primers find a match somewhere in the target genome 306 

but do not together define an amplifiable, correctly sized locus. The homology figures are 307 

therefore best regarded as an upper bound and the amplicon-based ranges as the more realistic 308 

estimate of how these markers behave when transferred across genera. 309 

 310 

SSR polymorphisms and length contractions/expansions between coriander and carrot 311 

Length variation between the coriander and carrot genomes was assessed by comparing the 312 

number of repeat units of orthologous motifs, reduced to their canonical form, between the two 313 

species. Of the motifs recovered, 552 were shared by both genomes and formed the basis of 314 

the comparison; coriander carried a further 279 motifs (33.6%) with no counterpart in carrot, 315 

while 126 motifs (18.6%) were unique to carrot (Supplementary Table S15). To base each 316 

mean repeat number on a reliable sample, only motifs supported by at least ten loci in each 317 

species were retained for scoring, leaving 191 motifs for the length-variation analysis 318 

(Supplementary Table S16) 319 

Change was nearly universal: of the 191 motifs, 94 (49.2%) revealed expansions and 320 

96 (50.3%) contractions in carrot relative to coriander, while only a single motif (0.5%) was 321 

stable (i.e., presented the same size; Fig. 5A). The direction of change varied with repeat type 322 

(Supplementary Table S17). Trinucleotides were biased toward expansion (80.0% versus 323 

20.0% contraction) and heptanucleotides likewise (71.4% versus 28.6%), whereas 324 

pentanucleotides leaned toward contraction (62.7% versus 35.8%, with 1.5% stable). Di-, tetra- 325 

and hexanucleotides were split close to evenly between the two directions, and stable loci were 326 

essentially absent from every class. 327 

The magnitude of these changes followed the same logic only loosely (Fig. 5B). Mean 328 

allele-length differences (Δal) were largest for the short dinucleotides (3.03 bp) and for the long 329 

hexa- and heptanucleotide motifs (1.10 and 2.72 bp), and smallest for the abundant tri-, tetra- 330 

and pentanucleotides (0.55, 0.49 and 0.43 bp). Across the informative classes the number of 331 

repeat units was positively correlated with Δal (Fig. 5C): Spearman's ρ ranged from 0.53 in 332 

tetranucleotides to 0.86 in heptanucleotides (0.66 in tri-, 0.69 in penta- and 0.79 in 333 

hexanucleotides), so that loci carrying more repeat units tended to differ more in length 334 

between the two genomes. The dinucleotide coefficient (ρ = 0.80) rested on only four motifs, 335 

was not statistically significant, and was excluded from this range.  336 

 337 

SSR-based genetic diversity in coriander germplasm 338 
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A panel of 14 coriander accessions of diverse geographical origin was genotyped with 15 SSRs, 339 

of which six yielded scorable polymorphic bands (Supplementary Table S18). These six loci 340 

resolved 26 alleles, an average of 4.3 per locus and a range of 3 to 6. The markers were 341 

informative: polymorphic information content ranged from 0.62 at ssr3 to 0.78 at ssr11, 342 

averaging 0.68, with a mean effective allele number of 1.50 and a mean gene diversity of 0.29 343 

(Table 3). 344 

Pairwise genetic similarity (Jaccard) spanned the full available range, from 0.32 to 1.00, 345 

with a mean of 0.56 across the panel (Supplementary Table S19). The lowest value separated 346 

the Turkish accessions ‘Kudret and Gurbuz’ and ‘Kudret and Kerkuk’, while two groups of 347 

accessions (i.e., the Japanese accession and the Turkish Kudret, Antakya, and Erbaa; and, 348 

conforming the second group, the Gurbuz and Kerkuk) were genetically indistinguishable at 349 

these loci (GS = 1.00). The UPGMA dendrogram built from this matrix (cophenetic correlation 350 

coefficient was 0.95, indicating a very good representation of the underlying similarity matrix) 351 

resolved four principal groups, clustering the accessions with pair-wise genetic similarities 352 

above 0.58 (Fig. 6). In the first group, the Turkish Erbaa, Antakya and Kudret clustered with 353 

the Japanese accession; a second group clustered two European accessions from Czech 354 

Republic and Denmark; a third group included only Turkish materials (Gurbuz, Kerkuk, 355 

Arslan, and Pelmus); and the fourth group included three accessions from Syria, Afghanistan, 356 

and Russia. Geographic origin and genetic grouping were thus moderately coupled, with 357 

Turkish accessions distributed across more than one cluster. 358 

This weak structuring was borne out by both model-based and variance-partitioning 359 

analyses. AMOVA assigned the overwhelming majority of variation, 91.6%, to differences 360 

within the predefined groups and only 8.4% among them, and the corresponding differentiation 361 

was not significant (ΦPT = 0.084, P = 0.299; Supplementary Table S20). STRUCTURE, run 362 

under a model with K = 4, with a mean LnP(D) = -88.57 and CLUMPAK [34] similarity of 363 

0.990, recovered two well-defined clusters, one comprising Antakya, Erbaa, Kudret-K, Egypt 364 

and Japan and the other Gürbüz, Kerkük, Arslan and Pelmuş, each with membership 365 

coefficients above 0.92. A separate set of admixed accessions (Afghanistan, Czech Republic, 366 

Denmark, Syria, Russia) had ancestry split almost evenly between the two remaining clusters 367 

(Supplementary Table S21). The principal coordinate analysis reproduced this arrangement, 368 

separating the two coherent clusters from the admixed group. The concordance of the three 369 

methods points to limited overall differentiation among these accessions. 370 

 371 

 372 

Discussion 373 

 374 

At an overall density of 268.8 SSRs/Mbp, coriander sits at the low-density end of the five 375 

Apiaceae examined here even though it carries one of the largest genomes in the set. This 376 

apparent paradox is consistent with the survey of Palumbo et al. [35], who reported that across 377 

Apiaceae the absolute number of SSRs scales with assembly size, with the smallest genome 378 

(carrot) returning the fewest repeats and the largest (celery) the most, while the fraction of 379 

sequence the repeats occupy shows no such relationship with genome size. Our per-megabase 380 

densities behave in exactly that decoupled way, so that a large genome can still be repeat-poor 381 

on a density basis. Notably, the two densest assemblies in our comparison are also the two 382 

whose draft genomes are least complete, and Palumbo et al. [35] cautioned that short-read 383 

assemblies tend to collapse repetitive tracts and can distort repeat counts, so those two figures 384 

are best read as provisional. What held firm across every genome was the numerical dominance 385 

of tetranucleotides and the concentration of the catalogue in di-, tri-, and tetranucleotide classes, 386 

which together accounted for roughly 81% of coriander SSRs, a composition that falls within 387 

the 82.6 to 97.6% range that Cavagnaro et al. [8] recorded for these three classes in carrot. This 388 
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genome-wide prominence of tetranucleotides departs from the composition recovered 389 

whenever the expressed fraction of the family has been surveyed: di- and trinucleotides 390 

together made up 97.6% of the fennel EST-SSR catalogue [36], and dinucleotides alone led the 391 

transcriptome in celery and parsley [37-39] and in coriander itself [22]. Far from contradicting 392 

our result, this pattern follows from it, since a transcriptome survey samples only the genic 393 

compartment, where the composition shifts away from the genome-wide tetranucleotide signal 394 

in the manner set out below. 395 

Partitioning the annotated genomes into genomic fractions showed that the genic 396 

sequence was richer in microsatellites than the genome at large, that the untranslated genic 397 

compartment was the densest fraction of all, and that exons were consistently the poorest. The 398 

same ordering, with microsatellite density peaking in untranslated regions and falling through 399 

coding sequence, was described in maize [40] and in Arabidopsis and rice [41], so the gradient 400 

we recovered in coriander, carrot and celery appears to be a general feature of plant genomes 401 

rather than a family-specific one. The depletion of repeats in exons is expected given that 402 

microsatellites mutate rapidly and that expansions or contractions in coding sequence risk 403 

disrupting the product, which Vieira et al. [42] invoked to explain the generally lower 404 

occurrence of SSRs in plant gene regions. Against that depleted background, trinucleotides 405 

rose to become the most frequent or near-most-frequent type in coding sequence. Because the 406 

gain or loss of a trinucleotide unit preserves the reading frame whereas an indel that is not a 407 

multiple of three shifts it [43, 44], this exonic enrichment of trinucleotides is the predictable 408 

signature of selection filtering out frame-disrupting repeats while tolerating those that read 409 

cleanly into codons. 410 

A decline in heterologous SSR amplification with phylogenetic distance is a well-411 

established expectation, reported within Apiaceae [8] and beyond it in pear and its Rosaceae 412 

relatives [45], in chokecherry across Prunus and other rosaceous genera [46], and in Carex 413 

[47]; within the family, the cross-genus screen of Sahu et al. [48] found Centella primers 414 

amplifying 83.3% of loci in the congeneric Centella javanica but only about 25% on average 415 

across nine other Apiaceae genera, and the grouping of coriander with carrot recovered by 416 

Youssef et al. [49] would predict carrot to be the easiest target. Our verified results depart from 417 

that expectation on two counts. First, once a correctly sized amplicon is required, the rates are 418 

low rather than high (2.2 to 15.6% across species), so the broad conservation implied by a 419 

homology screen does not translate into amplification. Second, the ordering did not follow 420 

phylogeny at all: the closely related carrot was not the top target, and recovery instead tracked 421 

assembly size, with the large celery and fennel assemblies scoring highest. The phylogenetic-422 

decay pattern seen in wet-lab studies may still hold in the laboratory, but it is not what an 423 

amplicon-based in silico screen recovers across these particular genome assemblies. 424 

The motif data told the same story at finer resolution. AT was the leading dinucleotide 425 

in the whole genome of every species and CG was almost absent, a pattern reported for 426 

Apiaceae [35] and that Qin et al. [50] found to strengthen with repeat number in dicotyledonous 427 

plants generally, where AT/TA rises and CG/GC declines as arrays lengthen. The trinucleotide 428 

picture was led by AAT in coriander, in agreement with the AAT/ATT preference recorded for 429 

the family [35]. The sharpest contrast was again between coding and non-coding sequence; the 430 

genome-wide dominance of AT among dinucleotides collapsed in exons, where AG took its 431 

place, and the AT-rich tetranucleotides gave way in coding sequence to G-containing motifs 432 

such as AAAG and ACAT. The same exonic shift toward AG/CT repeats is recovered wherever 433 

the transcribed fraction of coriander is sampled [22] and wherever genomic and transcribed 434 

carrot SSRs are compared [8]. The fact that this enrichment recurs across the expressed 435 

sequence of other Apiaceae, including fennel, celery, parsley, and Centella asiatica [37, 38, 48, 436 

51], indicates that within-codon selection, rather than regional base composition alone, governs 437 

which dinucleotides persist in coding DNA. The exonic shift toward AG-type dinucleotides 438 
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and G-containing tetranucleotides therefore reflects the same constraint seen in the type 439 

frequencies, namely repeats that can be carried inside codons without disrupting them. 440 

The verified transferability we recorded is far lower than a homology-only screen of 441 

the same primers would suggest, and it sits much closer to the levels seen in the laboratory 442 

when Apiaceae primers are moved across genera, such as the roughly 30% amplification in 443 

cilantro reported by Cavagnaro et al. [8], the 23% transfer of carrot SSRs into fennel found by 444 

Aiello et al. [52], who attributed the shortfall to poor conservation of the flanking regions and 445 

a high mutation rate among distantly related taxa, and the 39% of carrot loci that Choudhary et 446 

al. [53] recovered in coriander, of which only 5% proved polymorphic. The contrast between 447 

our two estimates is itself informative: a homology screen counts every conserved priming site 448 

and returned 75 to 98% here, whereas requiring both primers to define a correctly sized 449 

amplicon collapses the figures by roughly an order of magnitude. This gap quantifies, on a 450 

single primer set and genome panel, how far the homology shortcut overstates cross-genus 451 

transferability, and it cautions against reading in silico homology counts as amplification rates. 452 

As Barboza et al. [27] applied it at the bench, a transfer was credited only when a product of 453 

the expected size appeared; imposing the same size criterion computationally is what brings 454 

our in silico estimates into line with wet-lab experience. That recovery tracked assembly size 455 

as much as phylogenetic proximity, with the larger celery and fennel assemblies outscoring the 456 

more closely related carrot, reinforces this reading, since a more complete assembly offers 457 

more opportunities for a size-matched product to be found. It remains important, as Cavagnaro 458 

et al. [8] emphasised, that recovery of a product does not by itself prove locus homology, since 459 

size homoplasy can converge non-homologous fragments, so the markers flagged here as 460 

transferable are best treated as candidates pending bench confirmation. With that caveat, the 461 

breadth of conservation is notable for an annual herb, given that faster generation turnover in 462 

herbaceous taxa is expected to accelerate genomic differentiation relative to woody perennials, 463 

as Butler et al. [54] argued; the 1,806 primers developed here still represent a substantial 464 

genomic resource for coriander and a starting point for cross-genus work in Apiaceae, helping 465 

to close the marker gap that Palumbo et al. [35] identified for the family outside carrot. 466 

Comparing repeat number at orthologous motifs between the two genomes let us score 467 

length variation at 552 shared motifs, of which 191 had sufficient locus support for analysis. A 468 

third of the coriander motifs (33.6%) had no counterpart in carrot, while a smaller fraction of 469 

carrot motifs (18.6%) were absent from coriander. A substantial fraction of species-specific 470 

loci is unsurprising given that structural rearrangements, copy-number changes and indels 471 

routinely generate and erase repeat-bearing segments between genomes, as reviewed by 472 

Dolatabadian and Fernando [55] and documented for spontaneous restructuring in Brassica 473 

[56]. Within Apiaceae itself, the assembled coriander genome revealed extensive and 474 

unbalanced gene loss between coriander and carrot following the two tetraploidizations the 475 

species share, with most orthologous positions retaining fewer copies than expected from the 476 

ancestral state [7], a lineage-specific fractionation that offers a direct, family-internal source 477 

for the loci we found confined to one genome. Among the shared loci, polymorphism depended 478 

strongly on repeat type. Change was nearly universal across the informative motifs, with 479 

expansions and contractions roughly balanced and stable loci essentially absent, while the 480 

direction of change varied by type, trinucleotides and heptanucleotides leaning toward 481 

expansion and pentanucleotides toward contraction. The number of repeat units was positively 482 

correlated with the allele-length difference in every class, with Spearman coefficients ranging 483 

from 0.53 to 0.86 across the informative types, so that longer arrays within each type expanded 484 

or contracted more between the two genomes. This is the expectation set by Vieira et al. [42], 485 

who noted that longer and purer repeats mutate more often through the addition or loss of whole 486 

units, and the mechanism behind those small gains and losses is the slipped-strand mispairing 487 

described earlier [43, 44], in which the replication complex reanneals one or two units out of 488 
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register and so drives the stepwise expansions and contractions that dominated our data. The 489 

occasional large jumps at some long-motif loci sit outside the range of simple slippage and are 490 

better explained by larger indels or repeat-mediated rearrangements, a process whose 491 

dependence on repeat abundance has been documented in other plant systems, such as the 492 

Medicago plastomes [57], where the degree of rearrangement rose with the abundance of 493 

repetitive sequence. It is also possible that some of these large length variations could arise 494 

from InDels outside the microsatellite sequences. Overall, the practical reading of these 495 

patterns is straightforward: repeat-rich loci are the most rewarding to target when polymorphic 496 

markers are the goal. 497 

Applied to a panel of 14 coriander accessions, six polymorphic loci resolved 26 alleles, 498 

an average of 4.3 per locus, with a mean PIC of 0.68. As a measure of marker performance, 499 

this allelic richness is close to the 4.47 alleles per locus reported for genomic SSRs in Viburnum 500 

[58] and the 5.2 found with EST-SSRs in Angelica dahurica [36], while the informativeness 501 

exceeds the mean PIC of 0.267 obtained with carrot-derived SSRs in fennel [52] and falls 502 

within the 0.264 to 0.728 range recorded in Chinese cherry [59]. The closest benchmark, 503 

however, comes from coriander itself: genotyping 14 Indian accessions with transcriptome-504 

derived SSRs, Tulsani et al. [22] recovered a comparable richness of roughly four alleles per 505 

locus alongside similarly modest diversity, and the low yield of polymorphic carrot loci 506 

transferred into coriander by Choudhary et al. [53] points the same way. The overall level of 507 

diversity is nonetheless modest when set against the 19 alleles per locus and expected 508 

heterozygosity of 0.84 that Cavagnaro et al. [8] measured across a broad carrot collection, a 509 

contrast that reflects both their larger and more diverse accession set and the narrow genetic 510 

base of cultivated coriander. That narrow base is borne out by the population analyses: 511 

AMOVA placed 91.6% of the variation within groups and only 8.4% among them, and the 512 

differentiation was not significant, a weak structuring consistent with the cultivated origin of 513 

the material and comparable to the gap between observed and expected heterozygosities traced 514 

to the same cause [58]. Even so, the markers were polymorphic enough to separate the 515 

accessions, in keeping with the high information content that makes SSRs more discriminating 516 

than biallelic markers [42]. 517 

 518 

 519 

Conclusions 520 

 521 

This study provides a genome-wide catalogue of microsatellites for coriander and sets it within 522 

a comparative framework of four related Apiaceae. Coriander proved to lie at the low-density 523 

end of the family, yet it shares with the other species a set of broadly conserved features: a 524 

landscape dominated by tetra- or dinucleotides depending on the species, an AT-rich motif 525 

composition that shifts toward frame-preserving, G-containing repeats in coding sequence, and 526 

a marked concentration of microsatellites in introns and other untranslated genic regions, a 527 

combination that appears general to plant genomes rather than specific to the family. 528 

From this catalogue we designed 1,806 primer pairs and assessed their cross-species 529 

transfer in silico by two approaches. When transfer was scored realistically, requiring a 530 

correctly sized amplicon, verified transferability was low across the family (below 16% in 531 

every species) and, unexpectedly, did not track phylogenetic distance: recovery was governed 532 

more by the size and completeness of each target assembly than by relatedness to coriander, so 533 

that the closest species, carrot, was not the most accessible. A homology-only screen returned 534 

far higher figures, but the roughly ten-fold gap between the two shows that homology counts 535 

conserved priming sites rather than amplifiable loci and therefore overstates true 536 

transferability. These primers nonetheless constitute the first in silico-characterised set of 537 

cross-genus SSR markers for Apiaceae and offer a starting point for comparative work that has 538 
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been constrained in the family beyond carrot, provided the candidates are confirmed at the 539 

bench. The comparison between coriander and carrot further showed that length variation at 540 

orthologous loci is governed chiefly by repeat number, with longer arrays diverging more and 541 

short-motif repeats proving the most labile; expansions and contractions were nearly balanced 542 

and stable loci essentially absent, a pattern consistent with replication slippage that identifies 543 

repeat-rich loci as the most productive targets for polymorphic markers. When applied to a 544 

panel of cultivated accessions, six of these markers resolved informative but modest diversity 545 

with little population structure, in agreement with the narrow genetic base documented for the 546 

crop. 547 

Bench validation of the most transferable primers and their application to a broader and 548 

wilder set of accessions would convert this resource into a working toolkit for the genetic 549 

improvement and conservation of coriander and its Apiaceae relatives. 550 

 551 
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Table 1. Distribution of SSRs in genomic sequences of coriander and related Apiaceae species. 

 

   

SSR Type 

Coriandrum sativum  
Microsatellite density in related species 

(SSR/Mbp) All 

species 

mean 
Count 

Rel. freq. 

(%) 

Mean repeat 

number 

Density 

(SSR/Mbp) 
 D. carota A. graveolens C. asiatica F. vulgare 

    

Genomic    

Dinucleotide 122,917 21.6 12.6 58.0  91.2 83.8 124.4 78.9 87.3 

Trinucleotide 153,984 27.1 4.9 72.7  61.5 67.6 112.3 75.6 77.9 

Tetranucleotide 226,108 39.7 3.1 106.7  78.6 102.5 104.1 93.1 97.0 

Pentanucleotide 42,919 7.5 3.1 20.3  35.2 18.5 33.4 42.4 30.0 

Hexanucleotide 19,088 3.4 3.1 9.0  13.8 7.5 13.3 12.7 11.3 

Heptanucleotide 4,515 0.8 3.2 2.1  2.7 1.5 3.0 3.8 2.6 

Total/mean 569,531 100.0 5.7 268.8  283.0 281.4 390.5 306.5 306.0 

Total seq. (Mbp)    2,118.7  421.5 3,332.6 455.6 1,011.4  

GC content (%)                                                                34.8  34.8 35.7 34.4 33.6  

    

Non-coding sequences    

Dinucleotide 109,455 20.6  55.5  94.1 82.8   77.5 

Trinucleotide 145,514 27.4  73.8  62.0 68.0   67.9 

Tetranucleotide 214,917 40.4  109.0  83.8 103.6   98.8 

Total/mean 469,886 88.3  238.3  239.9 254.4   244.2 

Total seq. (Mbp)    1,971.9  313.3 3,200.7    

    

Genic sequences    

Dinucleotide 13,621 36.6  92.8  82.7 107.3   94.3 

Trinucleotide 8,447 22.5  57.5  59.9 57.7   58.4 

Tetranucleotide 11,107 29.6  75.7  63.2 74.2   71.0 

Total/mean 33,175 88.5  226.0  205.8 239.2   223.6 

Total seq. (Mbp)    146.8  108.2 131.9    

    

Untranslated genic regions    

Dinucleotide 10,877 41.6  121.4  126.2 130.2   125.9 

Trinucleotide 3,476 13.3  38.8  43.4 40.8   41.0 

Tetranucleotide 8,732 33.4  97.4  89.7 91.7   93.0 

Total/mean 23,085 88.3  257.6  259.3 262.7   259.9 

Total seq. (Mbp)    89.6  69.9 87.6    

    

Exons    

Dinucleotide 2,755 24.5  48.2  3.3 62.1   37.9 

Trinucleotide 4,955 44,0  86.6  89.5 90.9   89.0 

Tetranucleotide 2,336 20.7  40.8  14.1 38.9   31.3 

Total/mean 10,046 89.2  175.6  106.8 191.9   158.1 

Total seq. (Mbp)    57.2  38.3 44.3    
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Table 2. Cross-species transferability of the 1,806 coriander SSR primer pairs, estimated in silico 

by two approaches. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3. Genetic diversity statistics for six polymorphic SSR loci in 14 coriander accessions. 

 

Locus Alleles Na Ne He I PIC 

ssr1 3 1.667 1.547 0.300 0.428 0.643 

ssr4 5 1.800 1.435 0.259 0.394 0.687 

ssr5 4 1.75 1.636 0.344 0.488 0.652 

ssr6 6 1.833 1.525 0.308 0.459 0.713 

ssr11 5 1.800 1.259 0.196 0.328 0.784 

ssr3 3 1.667 1.577 0.308 0.436 0.624 

Mean 4.3 1.753 1.497 0.286 0.422 0.684 

SD 1.2 0.072 0.134 0.052 0.056 0.057 

Na: observed number of alleles; Ne: effective number of alleles; He: Nei's expected heterozygosity; 

I: Shannon's information index; PIC: polymorphism information content. 

Species Genome (Mbp) Homology-based (%) Amplicon-based (%) 

Coriandrum sativum  2,118.7 100 100 

Daucus carota 421.5 98.0 2.2 – 7.6 

Apium graveolens 3,332.6 74.9 4.3 – 15.6 

Centella asiatica 455.6 80.1 0.2 – 4.2 

Foeniculum vulgare 1,011.4 91.6 2.8 – 11.0 
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Fig. 1 Relative frequency (%) of the six SSR types identified in the coriander genome. 

Values were calculated from a total of 569,531 SSRs detected in 2,119 Mbp of genomic 

DNA sequence of the reference coriander genome [6]. Detailed information for this figure is 

presented in Supplementary Table S3. 
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Fig. 2 Density (SSRs/Mbp) of the different SSR types in the whole-genome sequences of 

coriander, carrot, celery, gotu kola and fennel, and in the non-coding, genic, untranslated 

genic and exonic fractions of the three annotated genomes (coriander, carrot and celery). 

Detailed information for this figure is presented in Supplementary Table S4. 
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Fig. 3 Distribution of different SSR motifs of di- and trinucleotide repeats in whole genome 

sequences of the Apiaceae coriander, carrot, celery, gotu kola, and fennel; and in specific 

genomic fractions of non-coding, genes, untranslated genic regions, and exons. Frequency 

values were expressed as number of repeats per million base pairs of sequence. Detailed 

information of the data presented in this figure is presented in Supplementary Tables S5-S9.  
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Fig. 4 Distribution of different SSR motifs of tetranucleotide repeats in whole genome 

sequences of the Apiaceae coriander, carrot, celery, gotu kola, and fennel; and in specific 

genomic fractions of non-coding, genes, untranslated genic regions, and exons. Frequency 

values were expressed as the number of repeats per million base pairs of sequence. Detailed 

information of the data presented in this figure is presented in Supplementary Tables S5-S9. 
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Fig. 5 Length variation at orthologous SSR loci between the coriander and carrot genomes, 

by repeat type. (A) Relative frequency (%) of loci scored as stable, expanded or contracted in 

carrot relative to coriander, the latter taken as the reference (initial) state of the repeat. (B) 

Mean allele-length difference (Δal, in bp) between the two genomes. (C) Spearman's rank 
correlation coefficient (ρ) between the number of repeat units and Δal for each SSR type. 
Significant correlations are indicated with asterisks, for p < 0.05 (*), p < 0.01 (**), and p < 

0.001 (***); ns. non-significant.  
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Fig. 6 UPGMA dendrogram based on six polymorphic SSR loci showing genetic relationships 

among 14 coriander accessions. Colored clusters include accessions with pair-wise genetic 

similarities > 0.58 (denoted by the blue dashed vertical line). The accessions are labeled based 

on their country of origin and, for Turkish materials, their specific location. 
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