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ABSTRACT  34 

Duckweeds are the fastest growing angiosperms and have the potential to become a 35 

new generation of sustainable crops. Although a seed plant, Spirodela polyrhiza clones 36 

rarely flower and multiply mainly through vegetative propagation. Whole genome 37 

sequencing using different approaches and clones yielded two reference maps. One for 38 

clone 9509, supported in its assembly by optical mapping of single DNA molecules, and 39 

one for clone 7498, supported by cytogenetic assignment of 96 fingerprinted BACs to its 40 

20 chromosomes. However, these maps differ in the composition of several individual 41 

chromosome models. We validated both maps further to resolve these differences and 42 

addressed whether they could be due to chromosome rearrangements in different 43 

clones. For this purpose, we applied sequential multicolor fluorescence in situ 44 

hybridization (mcFISH) to seven S. polyrhiza clones, using 106 BACs that were mapped 45 

onto the 39 pseudomolecules for clone 7498. Furthermore we integrated high-depth 46 

Oxford Nanopore (ON) sequence data for clone 9509 to validate and revise the 47 

previously assembled chromosome models. We found no major structural 48 

rearrangements between these seven clones, identified seven chimeric 49 

pseudomolecules and Illumina assembly errors in the previous maps, respectively. A 50 

new S. polyrhiza genome map with high contiguity was produced with the ON sequence 51 

data and genome-wide synteny analysis supported the occurrence of two Whole 52 

Genome Duplication events during its evolution. This work generated a high confidence 53 

genome map for S. polyrhiza at the chromosome scale, and illustrates the 54 

complementarity of independent approaches to produce whole genome assemblies in 55 

the absence of a genetic map. 56 

 57 
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INTRODUCTION 59 

The aquatic, neotenous duckweeds are the smallest flowering plants. They are 60 

comprised of 5 genera with 37 known species. Phylogenetically, duckweeds were 61 

considered as a subfamily (Lemnoideae) of the family Araceae (Cabrera et al. 2008; 62 

Cusimano et al. 2011; Nauheimer et al. 2012) but more recently proposed to be a 63 

separate family (Lemnaceae) with subfamilies of Lemnoideae and Wolffioideae (Les et 64 

al. 2002; Appenroth et al. 2015; Sree et al. 2016). Due to notable features of duckweeds 65 

such as their worldwide distribution (except in the Arctic and Antarctica), water surface 66 

habitat, fast growth rate - yielding up to 100 tons dry mass/hectare/year (Lam et al. 67 

2014; Ziegler et al. 2015), the ability to remove contaminants from wastewater 68 

(Chaudhuri et al. 2014; Goswami et al. 2014; Teixeira et al. 2014), high quality and 69 

quantity of protein (Rusoff et al. 1980; Appenroth et al. 2017) and high starch content in 70 

some strains under particular growth conditions (Cui and Cheng 2015; Sree et al. 2015; 71 

Ma et al. 2018), duckweeds are attractive as a new crop production platform. They are 72 

considered as a potential resource for an increasing world population, useful for 73 

wastewater remediation, feedstock for biofuels, animal feed, as well as for human 74 

nutrition, without competing with traditional crops for arable land.  75 

 The genomes of S. polyrhiza clones 7498 (Wang et al. 2014) and 9509 (Michael 76 

et al. 2017) have been sequenced because of this species’ ancestral position among 77 

duckweeds and its small genome size (Wang et al. 2011, Bog et al. 2015). By means of 78 

mcFISH, 96 anchored and fingerprinted BACs, representing 32 pseudomolecules 79 

assembled from genome sequences of clone 7498 using a combination of short-read 80 

and BAC-end sequencing approaches, were integrated into its 20 chromosome pairs 81 

(Cao et al. 2016). The final genome assembly (v3.0) of clone 9509 (Michael et al. 2017) 82 

was enabled by parallel optical mapping of single DNA molecules with nanochannels 83 

(Irys R System, BioNano Genomics, San Diego USA) after incorporating the initial 84 

assembly available for clone 7498 (Wang et al. 2014; Michael et al. 2017). Surprisingly, 85 

the resulting chromosome maps between that of Cao et al. (2016) and Michael et al. 86 

(2017) displayed several differences regarding the location for assembled 87 

pseudomolecules (Fig. 1), and as a result the enumeration was identical for two 88 

chromosome pairs (ChrS 14 and 19 in nomenclature of Cao et al. (2016)) only. This 89 
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discrepancy could result from either chromosomal rearrangements between the tested 90 

clones, or from erroneous assembly of the sequence contigs, since no genetic map is 91 

available to aide assembly validation for this largely asexually propagating species. To 92 

resolve these issues and to provide a high-confidence reference map for this species, 93 

we performed more detailed mcFISH experiments on seven S. polyrhiza clones that 94 

included clones 7498 and 9509. The cytogenomic study revealed no chromosome 95 

rearrangements between the seven clones, but several mis-assemblies were uncovered 96 

in both previous maps. These new cytogenetic results were corroborated and extended 97 

by high-depth Oxford Nanopore (ON) sequence data from clone 9509 that determined 98 

the correct junction sequences at the new joins. Our study highlights the importance of 99 

deploying complementary approaches for genome assembly to overcome inherent 100 

deficiencies of each technique, and demonstrated their ability to generate high-101 

confidence chromosome level sequence in the absence of a genetic map for the 102 

species of interest. 103 

 104 

RESULTS 105 

Detailed validation of the S. polyrhiza physical and cytogenetic maps 106 

Comparison of the two genome maps for S. polyrhiza presented by Cao et al. (2016) 107 

and Michael et al. (2017) revealed five major differences between them and we carried 108 

out further validations of the portions in the proposed chromosome maps that are in 109 

question. As summarized in Fig.1A and B, we selected suitable BACs (Table 1) and 110 

pooled them according to the aim for each experiment. To minimize the need for 111 

revising published work that utilized the previous cytogenetic map (Hoang and Schubert 112 

2017), we decided to keep to the chromosome enumeration (designated as ChrS for 113 

Chromosome of Spirodela) from Cao et al. (2016) that was numbered according to their 114 

estimated length in descending order for the first chromosome map of clone 7498.  The 115 

pooled BACs of Ψ 08 (031L10, 031B15, 010L16 and 020L20) and Ψ 04 (004A24, 116 

006F09, 013D18, 035L13 and 017E03) were used to validate the chromosomal position 117 

of these pseudomolecules (locations for BACs shown in Table 1). Our mcFISH results 118 

showed for all investigated S. polyrhiza accessions Ψ 04 and Ψ 08 labeled two different 119 
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chromosome pairs (ChrS 04 and 13, respectively, Figs. 2A and S1), as described in 120 

Cao et al. (2016). In addition, mcFISH with two previously un-tested BACs of Ψ 16 121 

(024J03 and 025H07 = Ψ 16a) confirmed that this pseudomolecule is chimeric (Fig. 122 

3C), as deduced in Michael et al. (2017) and more recently validated by Oxford 123 

Nanopore sequencing (see below), because the two BACs hybridized to ChrS 04, while 124 

the previously studied BACs (Ψ 16b) labeled ChrS 14 (Fig. S2). 125 

 In the experiment series to determine the location of Ψ 21b, two BACs of this 126 

pseudomolecule fragment (037I18 and 006D12) were labeled in different colors and 127 

used as probes. BACs of other pseudomolecules were pooled to produce chromosome-128 

specific probes (BACs 006B02, 009O07, 004N06 [Ψ 07a] and 009L02 [Ψ 32] for ChrS 129 

17 and BACs 003B08, 036F14, 040G15 [Ψ 16b] and 006A07 [Ψ 30] for ChrS 14). After 130 

two mcFISH rounds, for all studied S. polyrhiza clones, the combination of Ψ 16b, 21b 131 

and 30, as reported by Michael et al. (2017), was confirmed (Fig. 2B). 132 

 Another experiment was performed to determine whether Ψ 21a forms a 133 

separate chromosome according to (Michael et al. 2017) or co-localized with Ψ 19 and 134 

Ψ 26 as reported by Cao et al. (2016). The pooled BAC probes of this pseudomolecule 135 

fragment (013I04 and 006P24) were hybridized together with BAC pools representing Ψ 136 

19a and Ψ 26 (Fig. 2C). The results for all seven S. polyrhiza accessions supported 137 

linkage of Ψ 21a, Ψ19 and Ψ26 (Fig. S3), confirming the conclusion in Cao et al. 138 

(2016).    139 

 Ψ 11 was suggested in the model of Michael et al. (2017) to be a chimeric 140 

pseudomolecule of which the larger part is co-localizing with Ψ 24 and a smaller part 141 

with Ψ 05. Therefore, we tested two BACs of Ψ 11 which were not included in the study 142 

of Cao et al. (2016). BAC 024C02 co-localized with Ψ 24 on ChrS 09, while BAC 143 

001C15 gave a FISH signal together with BACs of Ψ 05 on ChrS 11 in all investigated 144 

S. polyrhiza clones (Figs. 3A and S4A), confirming that Ψ 11 is indeed a chimeric 145 

pseudomolecule as suggested by the model generated with optical mapping data.  146 

 Finally, Ψ 14 should be chimeric according to the model of Michael et al. (2017), 147 

with one part co-localizing with Ψ 25 and Ψ 28 and another part with Ψ 13. The length 148 

of Ψ 14 is 4,409,270 bp. In the cytogenetic map for clone 7498 (Cao et al. 2016), the 149 

two BACs 027D17 (with the start and end positions on Ψ 14: 626,874 – 673,272) and 150 

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



This article is protected by copyright. All rights reserved 

030K22 (with the start and end positions on Ψ 14: 2,749,101- 2,824,616), were reported 151 

to be linked with Ψ 25 and Ψ 28. Our FISH result with these two BACs confirmed the 152 

position of these BACs in the combination with Ψ 25 and Ψ 28. Then, we selected BAC 153 

002L10 from the other end of Ψ 14 at position (3,574,027 – 3,664,195) and confirmed 154 

the chimeric character of Ψ 14. In detail, BAC 002L10 co-localized with Ψ 13 in one 155 

chromosome pair (ChrS 16), while BACs 027D17 and 030K22 labeled another 156 

chromosome pair (ChrS 05) in all investigated S. polyrhiza clones (Figs. 3B and S4B). 157 

These findings increase the number of chimeric pseudomolecules in the assembly of S. 158 

polyrhiza 7498 to six (Ψ 11, 14 and 16 together with Ψ 07, 21 and 27 which were found 159 

by Cao et al. (2016) as well as by comparison with the assembly of clone 9509 in 160 

Michael et al. (2017)). 161 

 162 

In a further round of experiments to incorporate all the validated assignment of the BAC 163 

fragments to distinct linkage groups, 20 chromosome-specific probes were generated 164 

by pooling 101 of the BACs that have been anchored to the 38 pseudomolecules or 165 

pseudomolecule fragments (Table 1). All 20 probes were subsequently integrated into 166 

one metaphase plate of S. polyrhiza clone 9509 using pseudocolors to confirm their 167 

unique chromosomal location (Fig. 4). 168 

 169 

Integration of the Oxford Nanopore assembly for clone 9509 170 

In parallel to the more extensive cytogenomic validation of the different chromosome 171 

structures proposed, we re-sequenced S. polyrhiza clone 9509 with the ON MinION 172 

platform to validate the previous assemblies and cytological results because of its ability 173 

to rapidly generate ultra-long reads of >200 kb (Fig. S5). The final ON assembly 174 

(Sp9509_oxford) contained 109 contigs with an N50 length of 2.9 Mb with the longest 175 

contig at 7.3 Mb and the total assembly covering 139.7 Mb. The Sp9509_oxford 176 

assembly has much higher contig contiguity as compared to Sp9509v3, and is of high 177 

quality as visualized by dotplot (Fig. S6). We found that 97.7% mapped to the previous 178 

Sp9509v3 assembly with an average coverage of 30x and identity of 85% (Fig. S7). 179 

 Cytological maps suggested that the model for chromosome 1 (Chr 01) from 180 

(Michael et al. 2017) should be broken into two chromosomes. Consistent with this 181 
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observation we identified one large break on chromosome 1 (Chr 01) of Michael et al. 182 

(2017) between 5,346,121 and 5,402,687 bp (Fig. 5A-C). Chr 01 was previously 183 

considered as a fusion of scaffold 011 (so11), so03 and so27, with these joins validated 184 

by PCR (Michael et al. 2017). This corresponds to a combination of Ψ 08, Ψ 0, Ψ 16, 185 

and Ψ 04 of the assembly Sp7498v2 for clone 7498 (Wang et al. 2014). However, since 186 

Ψ 08 and Ψ 0, underlying so03, were found to be separated by the cytological data 187 

forming ChrS 04 and ChrS 13, the Oxford sequence results confirms a mis-assembly 188 

underlying the original Illumina de novo assembly in so03 that was not identified using 189 

BioNano physical mapping. Actually, contig32 of the Sp9509_oxford and Ψ 08 of 190 

Sp7498v2 end at 5,370 kb on Chr 01 of Sp9509v3 (Fig. 5A) supporting the FISH data of 191 

Cao et al. (2016) that this is likely the end for this chromosome and so03 assembled 192 

from Illumina reads in the work of Michael et al. (2017) is in fact chimeric. In addition, 193 

the new ON sequencing data confirmed that sequences corresponding to a portion of 194 

Ψ0 and a fragment from Ψ16 (BACs 024J03 and 025H07 = Ψ 16a) of the 7498 195 

assembly is contiguous with one end of Ψ4, as suggested by the model in Michael et al. 196 

(2017) and confirmed by FISH (Fig. 3C).  Sp9509_oxford Contig100 (named as 197 

consensus_consensus_utg100I_pilon) completely spans this region and has well 198 

distributed read coverage (Fig. 5C). These additional sequences are indicated in the 199 

new chromosome models shown in Fig. 6 and increase the size of ChrS 04 by about 200 

720 kb. 201 

 To reveal scaffolds that were broken improperly in the Sp9509v3-based 202 

chromosome assembly, we identified three Sp9509_Oxford contigs that spanned more 203 

than one of the chromosome models in Michael et al. (2017): contig52: Chr 20-Chr 11 204 

(now ChrS 08); contig06: Chr 12-Chr 11 (now ChrS 08 and 16); and contig38: Chr 17-205 

Chr 16 (now ChrS 15 and 17). The fusion of Ψ 21a with Ψ 26 and Ψ 19a (ChrS 08) in 206 

contig52 is supported by high read coverage, consistent with the cytological data that 207 

these should be linked (Figs. 2 and 5D). The original so22 should not have been broken 208 

between Chr 11 and Chr 20 (Michael et al. 2017) and instead Chr 20 should be fused to 209 

the beginning of Chr 11 (so22 of 9509v3 corresponding largely to Ψ 26 of 7498v2; Fig. 210 

5D). Another join was found regarding contig06 of the ON assembly that involved Chr 211 

12-Chr 11 according to Michael et al. (2017). This join was well supported by 212 
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sequencing reads and adds 834 kb of sequence that corresponds to a segment of Ψ 0 213 

and a part of Ψ 19 (Ψ 19b) from the Sp7498v2 assembly to Ψ 14 of ChrS 16 (Fig. 5E) 214 

which were linked previously to Chr 11 (Michael et al. 2017). This join could be 215 

confirmed by co-localization of FISH signals from BACs (004G18, 024L10, 040C11) of 216 

Ψ 0 with BACs belonging to Ψ 13 (009J15, 011H02) on the same chromosome ChrS 16 217 

(Figs. 5E, 5F and S8).  In detail, BACs 004G18, 024L10 and 040C11, showing hits on 218 

Chr 11 of Sp9509v3 and on Ψ 0 of Sp7498v2, uncovered that BAC 004G18 (with the 219 

start and end positions on Ψ 0: 1,333,667 – 1,444,699) belongs to ChrS 08, while the 220 

other two BACs 024L10 (1,545,287 – 1,665,194) and 040C11 (1,635,096 – 1,746,050) 221 

co-localized together with a part of Ψ 19 (Ψ 19a) to ChrS 16 (009J15, 011H02), in 222 

accordance with contig06 of the Oxford Nanopore assembly.  In summary, Contig06 223 

from the ON assembly links a distal part of Chr 11 from the model of Michael et al. 224 

(2017) (now ChrS 08) with Ψ 14b at the end of Chr 12 (now ChrS 16) and resolved mis-225 

assemblies in both Sp9509v3 and Sp7498v2 chromosome models (Fig. 5F). The 226 

seventh chimeric pseudomolecule (Ψ 19) was thus resolved only by ON assembly. 227 

Finally, the third join suggested by contig38 combining Chr 17 and Chr 16 (now ChrS 15 228 

and ChrS 17) was found to be a mis-assembly in the Sp9509_oxford assembly, which 229 

was based on low coverage.  This example illustrates that even with long ON reads, 230 

mis-assemblies still can occur and require validation with alternative technologies.  231 

Figure 6 shows the revised chromosome model for the species S. polyrhiza integrating 232 

all available data and the latest validation with long-read ON sequences and more 233 

comprehensive mcFISH studies with increased number of mapped BAC probes. 234 

Leveraging the cytological mapping data, co-linearity with the chromosome 235 

resolved Sp9509v3 assembly, and BAC-end data we ordered and oriented the ON 236 

contigs into 20 chromosomes using the chromosome numbering from Cao et al. (2016) 237 

as the reference point (Figure 6). The resulting Sp9509_oxford_v3 assembly was 238 

analyzed for repeat sequences and protein coding genes. A total of 801 full-length long 239 

terminal repeat (LTR) retrotransposons were identified as compared to 656 identified in 240 

the previously published Sp9509v3 assembly, which is 22% more LTRs identified in the 241 

ON assembly and consistent with its improved coverage of the N regions of the 242 

previous Sp9509v3 assembly. The overall repeat content in the genome remained 243 
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similar to Sp9509v3 at 25% suggesting that the ON assembly captures much more of 244 

the repeat content of the Spirodela genome. In addition, we predicted 20,661 protein 245 

coding genes, using a similar pipeline that we previously used for Sp9509v3 (Michael et 246 

al., 2017), which is more than previously predicted in Sp9509v3 or Sp7498v2, 247 

suggesting that we captured additional protein coding genes in the new chromosome-248 

level assembly based on the ON sequence data. 249 

Importantly, the improved contiguity of the Sp9509_oxford_v3 assembly provides 250 

an excellent opportunity to assess the evolutionary history of the Spirodela genome with 251 

high confidence. First, we conducted intragenomic, whole-genome analyses for 252 

synteny, and visualized syntenic blocks via a self-self dotplot with synonymous mutation 253 

coloration (Figure 7). We identified almost three times more syntenic relationships (460 254 

vs. 158 syntenic blocks; 3,347 vs. 979 genes) compared to a similar analysis with our 255 

previous Sp5909v3 assembly (Figure S9A), and confirmed with higher resolution the 256 

two whole genome duplication (WGD) events previously identified with the sequence 257 

assembly of clone 7498 (Wang et al., 2014). The four syntenic regions correspond well 258 

with the seven predicted Ancestral Spirodela (AS) chromosomes from Cao et al. (2016). 259 

We also asked if the updated genome could reveal novel evolutionary relationships 260 

between species closely related to Spirodela. We chose a basal flowering plant 261 

Amborella trichopoda (Amborella Genome Project, 2013), a non-grass monocot orchid 262 

Apostasia shenzhenica (Zhang et al., 2017), and the model grass monocot 263 

Brachypodium distachyon. We found clear evidence for the four Spirodela syntenic 264 

blocks (AS chromosomes) between Amborella and Apostasia, consistent with the two 265 

WGD in Spirodela (Figs. S9B, S9C). In addition, we identified roughly a 4:8 ratio of 266 

syntenic regions between Brachypodium and Spirodela, consistent with the two WGD 267 

after the shared monocot WGD in Spirodela (Schnable and Lyons, 2015), and the 268 

lineage specific Brachypodium WGD events (Fig. S9D). The long-read ON Spirodela 269 

assembly clearly brings the evolutionary history of the duckweed family into sharper 270 

resolution through its highly contiguous coverage of the genome. 271 

 272 

Location of the 45S and 5S rDNA loci on S. polyrhiza chromosomes 273 

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



This article is protected by copyright. All rights reserved 

In eukaryotic genomes, the conserved ribosomal RNA genes (rDNA) are organized as 274 

tandem repeat units. Variations regarding number and chromosomal position of 5S and 275 

45S rDNA are often species-specific and can be useful to help elucidate karyotype 276 

evolution, for instance in the Brassicaceae (Ali et al. 2005; Mandakova and Lysak 2008) 277 

and the Anthemideae (Abd El-Twab and Kondo 2012). 278 

 A strikingly low number of 45S rDNA repeats in S. polyrhiza was first discovered 279 

by independent methods (Michael et al. 2017). From Southern blot analysis 87 to 94 280 

copies for this rDNA cluster were estimated, and by optical mapping 81 copies were 281 

revealed (Michael et al. 2017). This is an extreme reduction in numbers compared to 282 

the 570 copies estimated in Arabidopsis thaliana (Rosato et al. 2016) with a similar 283 

genome size as S. polyrhiza, the up to 12,000 copies in the more than 10-times larger 284 

genome of Zea mays (Liu et al. 2017), or the 150 copies in the very small genome 285 

(~12.2 Mbp/1C) of Saccharomyces cerevisiae (Kobayashi 2014). In the genome of S. 286 

polyrhiza clone 9509, only one region of 18S-5.8S-26S rDNA repeats was identified and 287 

located at the end of Chr 02 (Michael et al. 2017). Using the 18S + 26S rDNA probe for 288 

FISH on all S. polyrhiza clones, we confirmed that there is only one locus which is on a 289 

chromosome that corresponds to ChrS 01 in the revised chromosome map (Fig. 6 and 290 

Fig S10).  291 

 Using the A. thaliana 5S rDNA sequences (AY130716.1 and AY130712.1) to 292 

search against the S. polyrhiza genome sequence, we found two loci of 5S rDNA on Ψ 293 

06 and Ψ 08, but FISH revealed only one locus on ChrS 13, corresponding to Ψ 08 (Fig 294 

S9). Either the locus in Ψ 06 represents just a low copy locus not detectable by FISH, or 295 

it could indicate a mis-assembly in this pseudomolecule. To address this question, we 296 

selected two BACs (026N01 and 008B06) harboring 5S rDNA flanked by sequences of 297 

Ψ 06 and Ψ 08, respectively, for another FISH experiment. While the BAC from Ψ 08 298 

(008B06) labeled exclusively ChrS 13, the BAC from Ψ 06 labeled ChrS 06 and ChrS 299 

13 (Fig. S11A), suggesting that the copies of 5S rDNA on Ψ 06 likely represent a minor 300 

locus not detectable by FISH using only the 5S rDNA sequence. For testing this 301 

assumption, these two BACs were used as templates for PCR reactions with 5S rDNA–302 

specific primers (Table S2), and yielded the 116 bp 5S rDNA fragments (position 303 

1598581–1598696 on Ψ 8 and 3523681–3523796 on Ψ 6) from both BACs. Further 304 
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support was obtained by FISH after labeling of the 5S rDNA PCR products from both 305 

BACs. In this case, both probes labeled only ChrS 13, as expected if ChrS 06 harbors 306 

just a minor locus of 5S rDNA with a low number of repeats (Fig. S11B). Hence, S. 307 

polyrhiza likely possesses two 5S rDNA loci, located on Ψ 06 (ChrS 06) and Ψ 08 (ChrS 308 

13), with significantly different copy numbers, of which only the locus on ChrS 13 is 309 

detectable by FISH. The ON assembly supported both loci and revealed a 5-fold larger 310 

copy number on ChrS 13 than on ChrS 06 (60 versus 12 copies). This result shows 311 

again the importance of applying different independent approaches for validation of 312 

genomic mapping data as well as the ability of long-read ON sequence-based 313 

assemblies to resolving tandem repeat sequences. 314 

 315 

DISCUSSION 316 

De novo assembly, DNA fingerprinting, genetic linkage mapping, physical mapping 317 

using single-molecule optical techniques and cytogenetic mapping are different 318 

technologies that are frequently applied to assign sequences correctly to chromosomes 319 

of large and complex genomes. However, none of these approaches alone can lead to 320 

a complete genome sequence assembly with high accuracy throughout (Gilchrist et al. 321 

2015). FISH turns out to be a helpful approach for validation and chromosomal 322 

integration of results from NGS datasets (Cao et al. 2016), because the ability of FISH 323 

to uncover linkage between sequence contigs that is not affected by large physical 324 

distance and/or the presence of repetitive sequences (Chang et al. 2008). For instance, 325 

the chromosomal positioning of 35 scaffolds of Amborella trichopoda (Chamala et al. 326 

2013) and the chromosomal integration of the 32 original pseudomolecules into the 20 327 

chromosomes of S. polyrhiza clone 7498 (Cao et al. 2016) were achieved by mcFISH. 328 

Moreover, it is necessary to apply FISH with suitable probes when different maps show 329 

diverging results, as for instance between the optical map-guided assembly (Michael et 330 

al. 2017) and the cytogenetic map (Cao et al. 2016) in different S. polyrhiza 331 

chromosome assemblies.  However, some types of rearrangements such as 332 

translocations involving the ends of pseudomolecules, not covered by the BACs tested, 333 

are not easily resolved by FISH. In addition, inverted orientation of a sequence within a 334 

scaffold or pseudomolecule is only detectable via cytogenetics approach when mcFISH 335 
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probes comprising the regions involved are available and known. Such rearrangements 336 

are more easily detected by the higher resolution of optical mapping for instance.  337 

In this work, we applied serial multicolor in situ hybridization of 106 fingerprinted BACs 338 

from 39 pseudomolecules (including Ψ 0), or pseudomolecule fragments, for 339 

chromosomal sequence assignment to seven mainly asexual clones of the Greater 340 

Duckweed S. polyrhiza in comparison with the chromosomal models deduced with the 341 

help of single molecule optical mapping data. We could resolve all discrepancies 342 

between previous maps (Fig. 1C) that were due to errors or incompleteness of former 343 

studies rather than to chromosomal rearrangements between clones. In addition, we 344 

integrated high-depth ON assemblies that corroborated with and extended the mcFISH 345 

results. This enabled us to correct and revise several linkages that were mis-interpreted 346 

or mis-assembled before (Fig. 6). Lastly, these results were confirmed later on by using 347 

mcFISH for whole genome karyotyping with pooled probes for all chromosomes on a 348 

single metaphase plate. Our present work thus provides an improved and updated 349 

reference genome sequence map of S. polyrhiza chromosomes for comparative 350 

genome mapping of other duckweed species and presents clear evidence for the utility 351 

of cytogenetic and long-read sequencing approaches to validate and correct genome 352 

assembly results (Fig. 6). Furthermore, we could show that the difference regarding the 353 

number of 5S rDNA loci in S. polyrhiza is due to different copy numbers in the two loci, 354 

making only one locus detectable by FISH, while the number of repeats in both the 355 

high- and low-copy loci could be resolved by long-read (e.g. nanopore sequencing) 356 

genome assembly.  357 

 Overall, in spite of the significant amount of labor, costs and time involved with 358 

the technique, mcFISH has a unique niche in the size range that it is able to cover and 359 

so is invaluable for confirming assembly results, especially for species with which it is 360 

difficult to obtain comprehensive genetic maps because of their mainly asexual mode of 361 

propagation, such as S. polyrhiza and other Lemnaceae species. However, such 362 

successful FISH approach requires an end-sequenced BAC library anchored to the 363 

genomic sequence and thus a significant investment of resources up-front. On the other 364 

hand, we demonstrate here the ability of low cost, long-read sequencing technologies 365 

such as the ON platform to provide genome-wide, sequence-based validation of 366 
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sequence assemblies at high resolution as well as to identify likely regions of mis-367 

assembly in a genome draft. It is especially useful in quickly resolving repeat 368 

sequences, such as those for the rDNA repeats, that are often difficult to assemble with 369 

short-read sequence datasets generated by typical NGS technologies. With the long 370 

reads that the ON technology can provide, significantly higher contiguity can be 371 

obtained in the assembled genome sequence draft, which in our case translated into a 372 

larger number of mapped transposable elements as well as resolving more syntenic 373 

regions in the genome. These improvements brought stronger statistical support for 374 

genome-wide analyses using the assembled sequences. We believe its high-375 

throughput, long-read and low-cost nature makes the ON platform a promising 376 

technology for polishing genome assemblies as well as resolving repeats in genome 377 

drafts. In any case, creating a "gold-standard" reference genome at the chromosome 378 

level of resolution will likely require more than two independent approaches for high-379 

confidence in the proposed genome sequence map.  380 

 381 

MATERIAL AND METHODS 382 

Plant material and chromosome preparation 383 

Spirodela polyrhiza (L.) Schleid. clone 7498 was obtained from Elias Landolt via 384 

BIOLEX (Pittsboro, NC, USA) and the Rutgers Duckweed Stock Cooperative (New 385 

Jersey, USA) (Table S1). The clones 9500, 9505, 9507, 9509, 9510 and 9511 for the 386 

cytogenetic studies were provided by K.-J. Appenroth. The fronds were grown in liquid 387 

nutrient medium (Appenroth et al. 1996) under 16 h white light of 100 µmol m-2 s-1

Cao 

, 388 

24°C. Spreading of mitotic S. polyrhiza chromosomes was carried out according to 389 

et al. (2016). In brief, healthy fronds were treated in 2 mM 8-hydroxylquinoline at 37oC 390 

for 3.5 h and then fixed in fresh 3:1 absolute ethanol:acetic acid for at least 48 h. The 391 

samples were washed twice in 10 mM Na-citrate buffer, pH 4.6, for 10 min each before 392 

and after softening in 2 mL PC enzyme mixture [1% pectinase and 1% cellulase in Na-393 

citrate buffer, pH 4.6] for 90 min at 37oC, prior to maceration and squashing in 45% 394 

acetic acid. After freezing on dry ice, slides were treated with pepsin [50 µg/ml in 0.01 N 395 

HCl] for 5 min at 37°C, post-fixed in 4% formaldehyde in 2x SSC [300 mM Na-citrate, 30 396 
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mM NaCl, pH 7.0] for 10 min, rinsed twice in 2x SSC, 5 min each, dehydrated in an 397 

ethanol series (70, 90 and 96%, 2 min each) and air-dried. 398 

 399 

Probe preparation 400 

Using designed primer pairs, 18S and 26S rDNA (Kuzoff et al. 1998; Shoup and Lewis 401 

2003; Tippery et al. 2015) and 5S rDNA (Gottlob-McHugh et al. 1990) were amplified 402 

from S. polyrhiza genomic DNA (Table S2). PCR products were used as template for 403 

PCR-labeling to generate the corresponding FISH probes. Telomere-specific probes 404 

were generated by PCR using tetramers of the Arabidopsis-type telomere repeats 405 

without template DNA according to Ijdo et al. (1991). BAC clone selection and BAC 406 

DNA isolation were performed as described by Cao et al. (2016). The probes were 407 

labeled with Cy3-dUTP (GE Healthcare Life Science), Alexa Fluor 488-5-dUTP, Texas 408 

Red-12-dUTP, biotin-dUTP or digoxigenin-dUTP (Life Technologies) by nick-translation 409 

(with 1 µg purified DNA per BAC in 50 µL reaction mixture) or by PCR-labeling (with 100 410 

ng PCR product of 18S, 26S and 5S rDNA in 25 µL reaction mixture), and ethanol 411 

precipitated (Mandakova and Lysak 2008). Probe pellets from 10 µL nick translation 412 

product for BAC probes or 10 µL PCR-labeling product for 18S, 26S, 5S rDNA and 413 

telomere probes were dissolved in 100 µL hybridization buffer [50% (v/v) formamide, 414 

20% (w/v) dextran sulfate in 2× SSC, pH 7] at 37°C for 1 hour or more. The ready-to-415 

use FISH probes were stored at -20°C. 416 

 417 

Fluorescence in situ hybridization  418 

We applied sequential mcFISH on metaphase chromosomes of seven S. polyrhiza 419 

clones to further validate and integrate pseudomolecules into the 20 chromosome pairs, 420 

as well as to detect significant structural variations between the clones, if any.  Probes 421 

were pre-denatured at 95°C for 5 min and chilled on ice for 10 min before adding 10 µL 422 

probe per slide (up to 3 different labeled probes simultaneously). Mitotic chromosome 423 

preparations were denatured together with the probes on a heating plate at 80oC for 3 424 

min and then incubated in a moist chamber at 37o

Heslop-

C for at least 16 h.  Post-hybridization 425 

washing and signal detection were carried out according to Lysak et al. (2006). For 426 

subsequent rounds of FISH experiments, the hybridized probes were stripped (427 

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



This article is protected by copyright. All rights reserved 

Harrison et al. 1992; Shibata et al. 2009). In brief, slides were placed on a heating plate 428 

at 38oC for 10 min, coverslips were then removed carefully with forceps. Slides were 429 

washed in 0.1x SSC at room temperature for 2x, 5 min each, before washing under 430 

shaking condition at 42o

 436 

C with the following solutions: 0.1x SSC, probe stripping 431 

solution [0.05% (v/v) Tween-20, 50% (v/v) formamide in 0.1x SSC] and 4T [0.05% (v/v) 432 

Tween-20 in 4x SSC] for 30 min each. After repeating the fixation in 4% formaldehyde, 433 

dehydration in an ethanol series and air-dried, the slides were ready for the next FISH 434 

experiment. 435 

Microscopy and image processing 437 

Fluorescence microscopy for signal detection followed Cao et al. (2016). The images 438 

were processed (brightness and contrast adjustment only), pseudo-colored and merged 439 

using Adobe Photoshop software (Adobe Systems). 440 

 441 

Oxford Nanopore sequence assembly 442 

S. polyrhiza clone 9509 was grown in sterile liquid Schenk and Hildebrandt (SH) media 443 

supplemented with 0.5% sucrose for 1 week. Five grams of flash frozen leaf tissue was 444 

ground in liquid nitrogen and extracted with 20 mL CTAB/Carlson lysis buffer (100 mM 445 

Tris-HCl, 2% CTAB, 1.4 M NaCl, 20 mM EDTA, pH 8.0) containing 20 μg/mL proteinase 446 

K for 20 min at 55℃. The DNA was purified by addition of 0.5x volume chloroform, 447 

which was mixed by inversion and centrifuged for 30 min at 3,000 RCF, and followed by 448 

a 1x volume of 1:1 phenol: [24:1 chloroform:isoamyl alcohol] extraction. The DNA was 449 

further purified by ethanol precipitation (1/10 volume 3M sodium acetate, pH 5.3, 2.5 450 

volumes 100% ethanol) for 30 min on ice. The resulting pellet was washed with freshly-451 

prepared ice-cold 70% ethanol, dried, and re-suspended in 350 μL 1x TE buffer (10 mM 452 

Tris-HCl, 1 mM EDTA, pH 8.0) with 5 μL RNase A (Qiagen, Hilden) at 37°C for 30 min, 453 

followed by incubation at 4°C overnight. RNase A was removed by extracting twice with 454 

24:1 chloroform:isoamyl alcohol, centrifuging at 22,600x g for 20 min at 4°C prior to 455 

ethanol precipitation for 3 h at 4°C. The pellet was washed as before and re-suspended 456 

overnight in 350 μL 1x TE.  457 
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 The genomic DNA sample was further purified for Oxford Nanopore Tech. (ONT) 458 

sequencing with the Zymo Genomic DNA Clean and Concentrator-10 column (Zymo 459 

Research, Irvine, CA). Purified DNA was then prepared for sequencing following the 460 

protocol in the genomic sequencing kit SQK-LSK108 (ONT, Oxford, UK). Briefly, 461 

approximately 1 μg of purified DNA was repaired with NEBNext FFPE (NEB, USA) 462 

Repair Mix for 60 min at 20°C. The DNA was purified with 0.5x Ampure XP beads 463 

(Beckman Coulter). The repaired DNA was End-prepped with NEB NExt Ultra II End-464 

repair/dA tail module including 1 μL of DNA CS reagent (ONT, Oxford, UK) and purified 465 

with 0.5x Ampure XP beads. Adapter mix (ONT, Oxford, UK) was added to the purified 466 

DNA along with Blunt/TA Ligase Master Mix (NEB, Beverly, MA) and incubated at 20°C 467 

for 30 min followed by 10 min at 65°C. Ampure XP beads and ABB wash buffer (ONT, 468 

Oxford, UK) were used to purify the library molecules and to recover them in Elution 469 

buffer (ONT, Oxford, UK). The purified library was combined with RBF reagent (ONT, 470 

Oxford, UK) and Library Loading Beads (ONT, Oxford, UK) and loaded onto a primed 471 

R9.4 Spot-On Flow cell (FLO-MIN106). Sequencing was performed with a MinION 472 

Mk1B sequencer from ONT running for 48 h. The resulting FAST5 files were base-473 

called using the ON Guppy software (v2.0) and parameters for FLO-MIN106, and SQK-474 

LSK108 library type. 475 

The Oxford reads were filtered to remove reads that are <15 kb and the 476 

remaining 133,838 reads with over 3 Gb of sequence were assembled with 477 

minimap/miniasm (Fig. S5). The consensus assembly was generated with 10 rounds of 478 

Racon (Vaser et al. 2017), and 2 rounds of Pilon polishing (Walker et al. 2014) using 479 

2x100 Illumina reads (Michael et al. 2017). The raw reads were mapped back to the 480 

Sp9509v3 (Michael et al. 2017) and the Sp9509_oxford assemblies using Minimap2 (Li 481 

2016) to identify chromosome breaks and fusions. Integrative Genomics Viewer (IGV) 482 

was used to visualize alignment (Robinson et al. 2011). 483 

A final Sp9509 ON assembly was generated using three pieces of evidence: 484 

cytological data from mcFISH studies, whole genome alignment with the chromosome 485 

resolved Sp9509v3 (Michael et al. 2017), and BAC-end sequence used to scaffold the 486 

assembly of clone 7498 (Wang et al. 2014). The Mummer suite of tools (Kurtz et al., 487 

2004) was used to perform whole genome alignment between Sp9509v3 and 488 
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Sp9509_oxford and the coordinates (--coords) were used to order and orient contigs 489 

with 300-400 Ns inserted between contigs. Then the SynMap tool in the CoGe suite 490 

(Lyons and Freeling 2008) was used to align Sp9509v3 and Sp9509_oxford assemblies 491 

based on protein coding gene synteny (Fig. S6). The two whole genome aligns were 492 

checked for inconsistencies and conflicts, which none were found. All but 14 contigs 493 

were anchored to the Sp9509v3 assembly, of which four mapped to unanchored 494 

scaffolds that were all mitochondrial sequences. The remaining 10 contigs mapped to 495 

chloroplast, rDNAs, and one was a nuclear sequence (142 kb) that could not be placed 496 

with either method. The final Sp9509_oxford assembly was checked using BAC-end 497 

sequences. Retrotransposons were identified de novo using LTRharvest (Ellinghaus et 498 

al., 2008), and protein coding genes were identified using Augustus (Stanke et al., 499 

2006) with a Duckweed specific model. Synteny analysis was carried out in CoGe using 500 

the SynMap tool (Lyons and Freeling, 2008).  Sp9509_Oxford_v3 assembly has been 501 

deposited and accessible in GoGe with the Genome ID of 51364 502 

(https://genomevolution.org/coge/GenomeInfo.pl?gid=51364). In addition, it has also 503 

been submitted to the European Nucleotide Archive (ENA) with the accession number 504 

of PRJEB27612. 505 

 506 
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 526 

SHORT SUPPORTING INFORMATION LEGENDS 527 

 528 

Figure S1.  Detection of two pseudomolecules on separate chromosomes in a panel of S. 529 

polyrhiza clones. 530 

 531 

Figure S2. Location of Ψ 21b on S. polyrhiza chromosome ChrS 14. 532 

 533 

Figure S3. Location of Ψ 21a on S. polyrhiza chromosome ChrS 08. 534 

 535 

Figure S4. Location of chimeric pseudomolecules Ψ 11 and Ψ 14 on S. polyrhiza 536 

chromosomes.   537 

 538 

Figure S5. Relationship between read length and average read quality for Oxford Nanopore 539 

Sp9509 sequencing.  540 

 541 

Figure S6. Sp9509_oxford assembly is highly collinear with Sp9509v3 assembly.  542 

 543 

Figure S7. Relationship between percent identity and read quality of mapped Sp9509 Oxford 544 

Nanopore reads.  545 

 546 

Figure S8. Confirming mis-assembly in Chr11 (BioNano-based map).  547 

 548 

Figure S9. Histograms of syntenic blocks from genome comparisons.  549 

 550 

Figure S10. Localization of rDNA loci on S. polyrhiza chromosomes.   551 
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Figure S11. Localization of BACs harboring 5S rDNA loci on S. polyrhiza chromosomes.  553 

 554 

Table S1. List of S. polyrhiza clones, and their place of origin, used in this study.   555 

 556 

Table S2. List of primers used to generate probes for mcFISH studies. 557 

 558 

 559 

 REFERENCES   560 

Abd El-Twab MH, and Kondo K (2012) Physical mapping of 5S and 45S rDNA in Chrysanthemum and 561 

related genera of the Anthemideae by FISH, and species relationships. J Genet 91(2):245-249.  562 

Ali HB, Lysak MA, and Schubert I (2005) Chromosomal localization of rDNA in the Brassicaceae. Genome 563 

48(2):341-346. doi: 10.1139/g04-116 564 

Amborella Genome Project (2013) The Amborella genome and the evolution of flowering plants. Science  565 

342(6165):1241089.  566 

Appenroth K-J, Teller S, and Horn M (1996) Photophysiology of turion formation and germination 567 

inSpirodela polyrhiza. Biologia Plantarum 38(1):95-106. doi: 10.1007/bf02879642 568 

Appenroth KJ, Crawford DJ, and Les DH (2015) After the genome sequencing of duckweed - how to 569 

proceed with research on the fastest growing angiosperm? Plant Biol (Stuttg) 17 Suppl 1:1-4. 570 

doi: 10.1111/plb.12248 571 

Appenroth KJ, Sree KS, Bohm V, Hammann S, Vetter W, Leiterer M, and Jahreis G (2017) Nutritional 572 

value of duckweeds (Lemnaceae) as human food. Food Chem 217:266-273. doi: 573 

10.1016/j.foodchem.2016.08.116 574 

Bog, M., Lautenschlager, U., Landrock, M. F., Landolt, E., Fuchs, F., Sree, K. S., Oberprieler, C., and 575 

Appenroth, K. J. (2015) Genetic characterization and barcoding of taxa in the genera Landoltia 576 

and Spirodela (Lemnaceae) by three plastidic markers and amplified fragment length 577 

polymorphism (AFLP). Hydrobiologia. 749, 169-182. 578 

Cabrera LI, Salazar GA, Chase MW, Mayo SJ, Bogner J, and Davila P (2008) Phylogenetic relationships of 579 

aroids and duckweeds (Araceae) inferred from coding and noncoding plastid DNA. Am J Bot 580 

95(9):1153-1165. doi: 10.3732/ajb.0800073 581 

Cao HX, Vu GT, Wang W, Appenroth KJ, Messing J, and Schubert I (2016) The map-based genome 582 

sequence of Spirodela polyrhiza aligned with its chromosomes, a reference for karyotype 583 

evolution. New Phytol 209(1):354-363. doi: 10.1111/nph.13592 584 

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



This article is protected by copyright. All rights reserved 

Chamala S, Chanderbali AS, Der JP, Lan T, Walts B, Albert VA, dePamphilis CW, Leebens-Mack J, Rounsley 585 

S, Schuster SC et al. (2013) Assembly and validation of the genome of the nonmodel basal 586 

angiosperm Amborella. Science 342(6165):1516-1517. doi: 10.1126/science.1241130 587 

Chang SB, Yang TJ, Datema E, van Vugt J, Vosman B, Kuipers A, Meznikova M, Szinay D, Lankhorst RK, 588 

Jacobsen E et al. (2008) FISH mapping and molecular organization of the major repetitive 589 

sequences of tomato. Chromosome Res 16(7):919-933. doi: 10.1007/s10577-008-1249-z 590 

Chaudhuri D, Majumder A, Misra AK, and Bandyopadhyay K (2014) Cadmium removal by Lemna minor 591 

and Spirodela polyrhiza. Int J Phytoremediation 16(7-12):1119-1132. doi: 592 

10.1080/15226514.2013.821446 593 

Cui W, and Cheng JJ (2015) Growing duckweed for biofuel production: a review. Plant Biol (Stuttg) 17 594 

Suppl 1:16-23. doi: 10.1111/plb.12216 595 

Cusimano N, Bogner J, Mayo SJ, Boyce PC, Wong SY, Hesse M, Hetterscheid WL, Keating RC, and French 596 

JC (2011) Relationships within the Araceae: comparison of morphological patterns with 597 

molecular phylogenies. Am J Bot 98(4):654-668. doi: 10.3732/ajb.1000158 598 

Ellinghaus D, Kurtz S, and Willhoeft U. (2008) LTRharvest, an efficient and flexible software for de novo 599 

detection of LTR retrotransposons. BMC Bioinformatics 9:18.  600 

Gilchrist CA, Turner SD, Riley MF, Petri WA, Jr., and Hewlett EL (2015) Whole-genome sequencing in 601 

outbreak analysis. Clin Microbiol Rev 28(3):541-563. doi: 10.1128/CMR.00075-13 602 

Goswami C, Majumder A, Misra AK, and Bandyopadhyay K (2014) Arsenic uptake by Lemna minor in 603 

hydroponic system. Int J Phytoremediation 16(7-12):1221-1227. doi: 604 

10.1080/15226514.2013.821452 605 

Gottlob-McHugh SG, Levesque M, MacKenzie K, Olson M, Yarosh O, and Johnson DA (1990) Organization 606 

of the 5S rRNA genes in the soybean Glycine max (L.) Merrill and conservation of the 5S rDNA 607 

repeat structure in higher plants. Genome 33(4):486-494. doi:  608 

Heslop-Harrison JS, Harrison GE, and Leitch IJ (1992) Reprobing of DNA:DNA in situ hybridization 609 

preparations. Trends Genet 8(11):372-373.   610 

Hoang PTN, and Schubert I (2017) Reconstruction of chromosome rearrangements between the two 611 

most ancestral duckweed species Spirodela polyrhiza and S. intermedia. Chromosoma. doi: 612 

10.1007/s00412-017-0636-7 613 

Ijdo JW, Wells RA, Baldini A, and Reeders ST (1991) Improved telomere detection using a telomere 614 

repeat probe (TTAGGG)n generated by PCR. Nucleic Acids Res 19(17):4780. doi:  615 

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



This article is protected by copyright. All rights reserved 

Kobayashi T (2014) Ribosomal RNA gene repeats, their stability and cellular senescence. Proc Jpn Acad 616 

Ser B Phys Biol Sci 90(4):119-129. doi:  617 

Kurtz S, Phillippy A, Delcher AL, Smoot M, Shumway M, Antonescu C, and Salzberg SL (2004) Versatile 618 

and open software for comparing large genomes. Genome Biol.  5(2):R12.  619 

Kuzoff RK, Sweere JA, Soltis DE, Soltis PS, and Zimmer EA (1998) The phylogenetic potential of entire 26S 620 

rDNA sequences in plants. Mol Biol Evol 15(3):251-263. doi:  621 

Lam E, Appenroth KJ, Michael T, Mori K, and Fakhoorian T (2014) Duckweed in bloom: the 2nd 622 

International Conference on Duckweed Research and Applications heralds the return of a plant 623 

model for plant biology. Plant Mol Biol 84(6):737-742. doi: 10.1007/s11103-013-0162-9 624 

Les DH, Crawford DJ, Landolt E, Gabel JD, and Kimball RT ( 2002) Phylogeny and Systematics of 625 

Lemnaceae, the Duckweed Family. Systematic Botany Vol.27 No.2 pp.221-240. doi:  626 

Li H (2016) Minimap and miniasm: fast mapping and de novo assembly for noisy long sequences. 627 

Bioinformatics 32(14):2103-2110. doi: 10.1093/bioinformatics/btw152 628 

Liu S, Zheng J, Migeon P, Ren J, Hu Y, He C, Liu H, Fu J, White FF, Toomajian C et al. (2017) Unbiased K-629 

mer Analysis Reveals Changes in Copy Number of Highly Repetitive Sequences During Maize 630 

Domestication and Improvement. Sci Rep 7:42444. doi: 10.1038/srep42444 631 

Lyons E, and Freeling M (2008) How to usefully compare homologous plant genes and chromosomes as 632 

DNA sequences. Plant J. 53(4):661-73.  633 

Ma YB, Zhu M, Yu CJ, Wang Y, Liu Y, Li ML, Sun YD, Zhao JS, and Zhou GK (2018) Large-scale screening 634 

and characterization of Lemna aequinoctialis and Spirodela polyrhiza strains for starch 635 

production. Plant Biology 20:357-364. doi: 10.1111/plb.12679 636 

Mandakova T, and Lysak MA (2008) Chromosomal phylogeny and karyotype evolution in x=7 crucifer 637 

species (Brassicaceae). Plant Cell 20(10):2559-2570. doi: 10.1105/tpc.108.062166 638 

Michael TP, Bryant D, Gutierrez R, Borisjuk N, Chu P, Zhang H, Xia J, Zhou J, Peng H, El Baidouri M et al. 639 

(2017) Comprehensive Definition of Genome Features in Spirodela polyrhiza by High-Depth 640 

Physical Mapping and Short-Read DNA Sequencing Strategies. Plant J. doi: 10.1111/tpj.13400 641 

Nauheimer L, Metzler D, and Renner SS (2012) Global history of the ancient monocot family Araceae 642 

inferred with models accounting for past continental positions and previous ranges based on 643 

fossils. New Phytol 195(4):938-950. doi: 10.1111/j.1469-8137.2012.04220.x 644 

Robinson JT, Thorvaldsdottir H, Winckler W, Guttman M, Lander ES, Getz G, and Mesirov JP (2011) 645 

Integrative genomics viewer. Nat Biotechnol 29(1):24-26. doi: 10.1038/nbt.1754 646 

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



This article is protected by copyright. All rights reserved 

Rosato M, Kovarik A, Garilleti R, and Rossello JA (2016) Conserved Organisation of 45S rDNA Sites and 647 

rDNA Gene Copy Number among Major Clades of Early Land Plants. PLoS One 11(9):e0162544. 648 

doi: 10.1371/journal.pone.0162544 649 

Rusoff LL, Blakeney EW, Jr., and Culley DD, Jr. (1980) Duckweeds (Lemnaceae family): a potential source 650 

of protein and amino acids. J Agric Food Chem 28(4):848-850. doi:  651 

Schnable JC, and Lyons E (2015)  Plant Paleopolyploidy. 652 

http://figshare.com/articles/Plant_Paleopolyploidy/1538627 653 

Shibata F, Sahara K, Naito Y, and Yasukochi Y (2009) Reprobing multicolor FISH preparations in 654 

lepidopteran chromosome. Zoolog Sci 26(3):187-190. doi: 10.2108/zsj.26.187 655 

Shoup S, and Lewis LA (2003) Polyphyletic origin of parallel basal bodies in swimming cells of 656 

chlorophycean green algae (Chlorophyta). Journal of Phycology 39:789–796. doi: 657 

10.1046/j.1529-8817.2003.03009.x 658 

Sree KS, Adelmann K, Garcia C, Lam E, and Appenroth KJ (2015) Natural variance in salt tolerance and 659 

induction of starch accumulation in duckweeds. Planta 241(6):1395-1404. doi: 10.1007/s00425-660 

015-2264-x 661 

Sree KS, Bog M, and Appenroth KJ (2016) Taxonomy of duckweeds (Lemnaceae), potential new crop 662 

plants. Emir J Food Agric 28(5):291-302. doi:  663 

Stanke M, Schöffmann O, Morgenstern B, and Waack S (2006) Gene prediction in eukaryotes  with a 664 

generalized hidden Markov model that uses hints from external sources. BMC Bioinformatics 665 

7:62.  666 

Teixeira S, Vieira MN, Espinha Marques J, and Pereira R (2014) Bioremediation of an iron-rich mine 667 

effluent by Lemna minor. Int J Phytoremediation 16(7-12):1228-1240. doi: 668 

10.1080/15226514.2013.821454 669 

Tippery NP, Les DH, and Crawford DJ (2015) Evaluation of phylogenetic relationships in Lemnaceae using 670 

nuclear ribosomal data. Plant Biol (Stuttg) 17 Suppl 1:50-58. doi: 10.1111/plb.12203 671 

Vaser R, Sovic I, Nagarajan N, and Sikic M (2017) Fast and accurate de novo genome assembly from long 672 

uncorrected reads. Genome Res 27(5):737-746. doi: 10.1101/gr.214270.116 673 

Walker BJ, Abeel T, Shea T, Priest M, Abouelliel A, Sakthikumar S, Cuomo CA, Zeng Q, Wortman J, Young 674 

SK et al. (2014) Pilon: an integrated tool for comprehensive microbial variant detection and 675 

genome assembly improvement. PLoS One 9(11):e112963. doi: 10.1371/journal.pone.0112963 676 

Wang, W., Kerstetter, R. A., and Michael, T. P. (2011) Evolution of genome size in duckweeds 677 

(Lemnaceae). Journal of Botany Article ID 570319. doi:10.1155/2011/570319.  678 

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t

http://figshare.com/articles/Plant_Paleopolyploidy/1538627�


This article is protected by copyright. All rights reserved 

Wang W, Haberer G, Gundlach H, Glasser C, Nussbaumer T, Luo MC, Lomsadze A, Borodovsky M, 679 

Kerstetter RA, Shanklin J et al. (2014) The Spirodela polyrhiza genome reveals insights into its 680 

neotenous reduction fast growth and aquatic lifestyle. Nat Commun 5:3311. doi: 681 

10.1038/ncomms4311 682 

Zhang GQ, Liu KW, Li Z, Lohaus R, Hsiao YY, Niu SC, Wang JY, Lin YC, Xu Q, Chen LJ, Yoshida K, Fujiwara S, 683 

Wang ZW, Zhang YQ, Mitsuda N, Wang M, Liu GH, Pecoraro L, Huang HX, Xiao XJ, Lin M, Wu XY, 684 

Wu WL, Chen YY, Chang SB, Sakamoto S, Ohme-Takagi M, Yagi M, Zeng SJ, Shen CY, Yeh CM, Luo 685 

YB, Tsai WC, Van de Peer Y, and Liu ZJ. (2017) The Apostasia genome and the evolution of 686 

orchids. Nature 549(7672):379-383. 687 

Ziegler P, Adelmann K, Zimmer S, Schmidt C, and Appenroth KJ (2015) Relative in vitro growth rates of 688 

duckweeds (Lemnaceae) - the most rapidly growing higher plants. Plant Biol (Stuttg) 17 Suppl 689 

1:33-41.  690 

 691 

 692 

LEGENDS TO TABLES 693 

Table 1. Updated map of the 20 S. polyrhiza chromosomes integrating 39 694 

pseudomolecules (including Ψ0) represented by 106 BACs. Location for 106 BACs 695 

(constructed from the Sp7498 genome) in the 20 updated Spirodela chromosomes are shown 696 

relative to the respective pseudomolecules (shaded in gray).  (*) Bold and underlined BACs 697 

were not used in Cao et al. (2016); BACs in italics, bold and underlined were not included in the 698 

probe set for karyotyping clone 9509 shown on Fig. 4; (**) BACs were selected based on their 699 

position in fingerprinted contigs (FPC) in the 7498 assembly (Cao et al, 2016).  700 

 701 

 702 

 703 

 704 

 705 

LEGENDS TO FIGURES 706 

 707 

Figure 1. Differences between two genome maps of Spirodela polyrhiza and the resulting 708 

maps for these regions in the updated chromosome map.  A) Enumeration of chromosomes 709 
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from (Michael et al. 2017) in black and the corresponding ones of (Cao et al. 2016) in gray. B) 710 

Location of pseudomolecules within chromosomes: Ψ 08 and 04 were considered to constitute 711 

Chr 01 or to be separated as ChrS 13 and ChrS 04; Ψ 16 was considered to be split between 712 

Chr 01 and Chr 14 or to be located entirely on ChrS 14; Ψ 21b was considered to co-localize 713 

with Ψ 16b and 30 as Chr 14 or with Ψ 07a and 32 as ChrS 17; Ψ 21a was considered to stay 714 

separately as Chr 20 or to be linked with Ψ 19 and Ψ 26 as ChrS 08; Ψ 14 was considered to 715 

be split between Chr 09 and Chr 12 or to be located entirely on ChrS 05; Ψ 11 was considered 716 

to be split between Chr 08 and Chr 10 or to be entirely located on ChrS 09;  C) Updated 717 

chromosomal location of pseudomolecules after validation by mcFISH. Size for the indicated 718 

segments in (B) and (C) are not drawn to scale and is only for diagrammatic illustration of the 719 

linkage between pseudomolecules that were assembled from clone 7498 in Wang et al. (2014).  720 

The color of the horizontal arrows depicts whether the arrangement of the pseudomolecules in 721 

Cao et al. (2016), in gray, or in Michael et al. (2017), in black outline, is adopted in the updated 722 

map.  In the case of gray and black outlined arrow at the top, both maps contributed to the final 723 

validated structures in the 2 chromosomes. 724 

 725 

Figure 2. Location of Ψ 04 and Ψ 08; Ψ 21b; and Ψ 21a on S. polyrhiza chromosomes by 726 

mcFISH in clone 7498 and 9509. A) Pseudomolecules Ψ 04 and Ψ 08 located on two 727 

chromosome pairs (ChrS 04 and ChrS 13); B) Two BACs 006D12 (yellow), 037I18 (green) of Ψ 728 

21b labeled together with Ψ (16b+30) (red) chromosome pair ChrS 14, while Ψ (07a+ 32) (pink) 729 

marked chromosome pair ChrS 17; C) BACs 013I04 and 006P24 of Ψ 21a (red) labeled the 730 

same chromosome pair as pooled BACs of Ψ 19a and Ψ 26 (green), indicating linkage of Ψ 731 

21a, 19a and 26 on ChrS 08 (yellow color due to the overlap of green and red). Top panels: 732 

clone 7498; lower panels: clone 9509. The chromosomes were counterstained with DAPI. 733 

Scale bars = 5 µm. 734 

 735 

Figure 3. Location of chimeric pseudomolecules Ψ 11, Ψ 14 and Ψ 16 on S. polyrhiza 736 

chromosomes in clones 7498 and 9509.  A) BAC 001C15 (blue) of Ψ 11b co-localized with Ψ 737 

5 (cyan) on ChrS 11, while the remaining BACs from Ψ 11a co-localized with Ψ 24 on ChrS 09  738 

(pink); B) BAC 002L10 (yellow) belonging to Ψ 14b co-localized with Ψ 13 (green) on ChrS 16 739 

while Ψ 14a including BACs 030K22 and 027D17 (red) labeled another chromosome pair (ChrS 740 

05); C) Newly tested BACs 024J03 (yellow) and 025H07 (red) (Ψ 16a) co-localized with ChrS 741 

04 (pink), while the remaining BACs (Ψ 16b) co-localized with Ψ 21b and Ψ 30 on ChrS 14  742 
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(green). Top panels: clone 7498; lower panels: clone 9509. The chromosomes were 743 

counterstained with DAPI. Scale bars = 5 µm. 744 

 745 

Figure 4. The complete karyotype of S. polyrhiza clone 9509.  Multicolor FISH with 20 746 

chromosome-specific probes (Table 1) shows the predicted pseudomolecule linkage for each 747 

chromosome on the same metaphase plate. The upper panel indicates the probes used; the 748 

lower panel enumerates the chromosome pairs. The right upper image shows signals for 749 

(18S+26S) rDNA (red) on ChrS 01 and for 5S rDNA (yellow) on ChrS 13. The chromosomes 750 

were counterstained with DAPI. Scale bar = 5 µm. 751 

 752 

Figure 5. Oxford Nanopore assembly of the 9509 genome suggests several mis-753 

assemblies and new joins between contigs. A) Chromosome models based on cytological 754 

data and validated by Oxford Nanopore sequencing data. The new ChrS 04 and ChrS 13 755 

(green) split the final Sp9509v3 Chr 01 (black). The original assembly (red) was due to an 756 

Illumina-based mis-assembly in scaffold so03. Ψ 8 of the Sp7498v2 assembly (blue) also 757 

supports a break in Chr 01.  B) Integrated genome viewer (IGV) displays Oxford Nanopore 758 

reads that are aligned (purple) or soft-clipped (grey) consistent with an end at 5,370 kb of 759 

Sp9509v3 Chr 01 (indicated by red arrowhead on the bottom) since the soft-clipped reads 760 

traverse the gap but do not align to the other side. In addition, the Sp9509_oxford assembly 761 

contig32 (utg000032I_pilon) and Sp7498v2 assembly Ψ 8 both end at the same location on 762 

Sp9509v3 Chr 01 (bottom blue bars) supporting the break. Sp9509_oxford assembly contig100 763 

(utg000100I_pilon) also supports a new end for ChrS 04.  C) IGV display of the alignment of 764 

oxford reads (purple) supporting the junction of Ψ 16 junction with Ψ 04. The junction is also 765 

supported by Sp9509_oxford assembly contig100 (utg000100I_pilon; bottom blue bars). D) 766 

Sp9509_oxford Contig52 links Chr 20 and Chr 11. Integrated genome viewer (IGV) display of 767 

Oxford Nanopore reads (purple) with good coverage (grey coverage plot) over the region where 768 

Contig52 connects Chr 20 and Chr 11 (Black bars). Sp9509 Scaffold so22 (red) was 769 

erroneously broken in the final super scaffold step of Sp9509v3.  E) Sp9509_oxford Contig06 770 

links Chr 12 and one end of Chr 11. Oxford reads (purple) have good coverage over the Chr 12 771 

and Chr 11 junction suggested by Contig06.  F) New chromosome models based on cytological 772 

data and Oxford Nanopore reads. Chr 20 and 11 from Sp9509v3 are merged into ChrS 08. An 773 

834 kb segment from the distal end of Chr 11 is merged to the distal end of Chr 12 to produce 774 

the new ChrS 16. Mapped Oxford Nanopore reads (purple); coverage of mapped reads (grey); 775 

Sp9509v3 chromosome models (black); Sp9509 scaffolds (red); Sp7498v2 scaffolds (blue); new 776 
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Sp9509 chromosome models based on cytological and Oxford Nanopore data (green).  Green 777 

circles indicate joins that were confirmed by gDNA-PCR in Michael et al. (2017). 778 

 779 

Figure 6.  Updated map for the 20 chromosomes of S. polyrhiza integrating additional 780 

cytogenetic and nanopore long-read sequences.  The corresponding pseudomolecules (Ψ) 781 

and superscaffolds (so) assembled from clones 7498 (in gray) and 9509 (in white) respectively 782 

are shown for comparison with earlier maps by Wang et al. (2014) and Michael et al. (2017).  783 

The validated chromosomes are labeled in descending order using the previous numbering 784 

scheme as in Cao et al. (2016).  Since some major changes in assignment of segments in 785 

different chromosomes were implemented by the updated information, the order of the 786 

chromosome numbers no longer follow a strict relationship to their estimated size.  For 787 

composition of BACs in each of the pseudomolecules, see Table 1. The size shown on the left 788 

of each chromosome are from the final ON assembly (Sp9509_oxford_v3) and thus may not 789 

exactly match the size of the combined pseudomolecules or superscaffolds shown for each 790 

updated chromosome. 791 

 792 

 793 

Figure 7. Updated Sp9509 Oxford Nanopore based genome assembly reveals more 794 

syntenic blocks.  A) A self-self dotplot of Sp9509_oxford_v3 generated using the SynMap tool 795 

on CoGe. The chromosome numbers for the respective genome assembly are listed on the X- 796 

and Y-axis. Syntenic blots are highlighted in color for different levels of synonymous mutations 797 

in syntenic gene pairs. B) Histogram and color scheme of Ks values derived from syntenic gene 798 

pairs in the ON genome assembly.  799 

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



 

This article is protected by copyright. All rights reserved 

ChrS  BACs (start - end position) and  pseudomolecules (length) 

1 
030D21 (2606260 - 2685831) 014L22 (1717219 - 1827551) 019A13 (unknown - 311931) 012O14 (4737987 - 4860473)  019L04 (6303899 - 6438502) 023E03 (7836208 - 7949728) 003D17  (8650584 - unknown) 

ΨϮϯ ;ϮϳϮϱϭϮϰͿ Ψϯ ;ϴϳϯϲϰϭϭͿ 

2 
004D21 (1117391 - 1226295) 005N05 (2775089 - 2903059)  037B02 (6237992 - 6338310) 003P15 ( 7623129 - 7741301) 003H12 ( 8927523 - unknown)     

Ψϭ ;ϴϵϰϭϭϳϮͿ     

3 
021D24 ( 3036781 - 3146218) 002E10 ( 3243741 - 3360983) 002K06 (6082625 - 6201482)  011P20 (6431461 - 6537909) 010J02 (8574996 - 8668853)      

ΨϮ ;ϴϳϵϲϭϰϳͿ     

4 
004A24 ( **) 006F09 (1336569 - 1445949) 013D18 (3418863 - 3507724) 035L13 (5720468 - 5826867) 017E03 (8352328 - 8444691) 024J03 (18141- unknown)  025H07 (18442 - unknown) 

 Ψϰ ;ϴϰϵϭϱϬϬͿ Ψϭϲ ;ϯϳϱϵϭϬϵͿ - a 

5 
030K22 (2749101 - 2824616) 027D17 (626874 - 673272) 009A15 (116434 - 224310) 005B18 (**) 009O20 (1018564 - 1140429)     

Ψϭϰ ;ϰϰϬϵϮϳϬͿ - a ΨϮϱ ;ϮϭϮϲϴϴϳͿ ΨϮϴ ;ϭϴϰϯϰϰϳͿ     

6 
023I01 (72545 - unknown) 034P03 (2339883 - 2365418) 002I04 (2423356 - 2556370) 026N01 ( 3493229 - 3579170) 035L19 (5679141 - 5816708) 033A10 (14644 - 124630)   

Ψϲ ;ϲϯϯϯϮϯϴͿ ΨϮϵ ;ϭϳϵϮϲϯϳͿ   

7 
014F03 (134000 - 235973) 035P21 (1769022 - 1875238) 004A04 (4122930 - 4235007) 013C18 (465110 - 570238) 030B11(3046632 - 3154571)     

Ψϵ ;ϰϵϮϰϴϬϮͿ ΨϮϬ ;ϯϭϳϳϳϰϴͿ     

8 
013I04 (unknown - 209512) 006P24 (2016823 - 2084639) 006L17 (1803530 - unknown) 032L08 (unknown - 512544) 034K03 (1604431 - 1734467) 004E01 (2431463 - 2507949) 004G18 (1333667 - 1444699) 

ΨϮϭ ;ϮϵϵϴϰϬϴͿ - a ΨϮϲ ;ϭϵϱϵϭϲϮͿ Ψϭϵ ;ϯϮϴϲϮϮϬͿ - a ΨϬ 

9 
037H06 (4487847 - 4623724) 025O16 (3521620 - 3639111) 019G12 (2291940 - 2392994) 024C02 (211879 - 335777) 036C07 (unknown - 107534) 001D13 (1567225 - 1675474) 010M07 (2389434 - 2412255) 

Ψϭϭ ;ϰϲϴϳϱϰϳͿ - a ΨϮϰ ;ϮϱϭϱϰϵϮͿ 

10 
035P14 (6156209 - 6227891) 002B12 (4639357 - 4760314)  037K21 (3369801 - 3491621) 008G11 (3260495 - 3369796) 020G09 (947293 - 1069203) 028B20 (13186 - 121259) 026G16 (2195544 - 2288704) 

Ψϳ ;ϲϮϯϵϮϱϰͿ - b ΨϮϳ ;ϭϴϱϴϱϲϬͿ - a ΨϮϮ ;ϮϵϴϯϯϱϮͿ 

11 
019I03 (98023 - 208537) 010P10 (3025329 - 3127384) 004G03 (4185984 - 4277305) 011L15 (5606973 - 5711303)  001C15 (6887 - 120542)     

Ψϱ ;ϲϱϱϮϴϯϬͿ Ψϭϭ ;ϰϲϴϳϱϰϳͿ - b     

12 
028L12 (unkown - 1096345) 035F17 (4411629 - 4530198) 018A14(**) 030D24 (751534 - 851534) 017A15 (863291 - 971787)     

ΨϭϮ ;ϰϲϳϭϰϱϬͿ Ψϯϭ ;ϭϮϲϵϳϮϵͿ     

13 
031L10 (unknown - 200940) 008B06 (1598133 - 1646677) 031B15 (2302375 - 2436388) 010L16 (3749165 - 3856320) 020L20 (5315551 - 5439967)     

Ψϴ ;ϱϰϳϲϲϯϬͿ     

14 
003B08 (271353 -411550)  036F14 (2051159 - 2151426)  040G15(3425541 - 3540680) 037I18 (2379739 - 2455354) 006D12 (2804349 - 2916783) 006A07 (119532 - 234004)   

Ψϭϲ ;ϯϳϱϵϭϬϵͿ - b ΨϮϭ ;ϮϵϵϴϰϬϴͿ - b ΨϯϬ ;ϭϯϯϵϱϵϳͿ   

15 
011C23 (149483 - 260499) 021P03 (971326 - 1080357)  020E12 (2320463 - 2431482) 035L20 (3076199 - 3163936) 013G21 (4150978 - 4235244)     

ΨϭϬ ;ϰϳϮϲϰϮϵͿ     

16 
009J15 (232869 - 319888) 011H02 (**) 002L10 (3574027 - 3664195) 024L10 (1545287 - 1665194) 040C11 (1635096 - 1746050)     

Ψϭϯ ;ϰϲϮϯϲϭϬͿ Ψϭϰ ;ϰϰϬϵϮϳϬͿ - b ΨϬ     

17 
006B02 ( unknown - 31094) 009O07 (unknown - 805068) 004N06 (2942393 - unknown) 009L02 (816544 - 956328)       

Ψϳ ;ϲϮϯϵϮϱϰͿ - a ΨϯϮ ;ϵϵϯϱϰϴͿ       

18 
026D06 (5837 - unknown) 037B13 (2072992 - 2189428) 029K19 (3411813 - 3519955)         

Ψϭϱ ;ϰϯϳϬϮϲϵͿ         
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19 
015L03 (186904 - 383018) 029E13 (1772604 - 1877776) 015J20 (3182285 - 3297665) 037H19 (1609342 - 1699356) 008A12 (1576879 - 1685451)     

Ψϭϴ ;ϯϰϰϭϭϮϴͿ ΨϮϳ ;ϭϴϱϴϱϲϬͿ - b     
20 006C19 (2155226 - 2262972) 007A03 (3275732 - 3383604)           
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Figure 1. Differences between two genome maps of Spirodela polyrhiza and the resulting maps for these regions in the updated chromosome map.  A) Enumeration of 

chromosomes from (Michael et al. 2017) in black and the corresponding ones of (Cao et al. 2016) in gray.  B) Location of pseudomolecules within chromosomes: Ψ 08 and 04 were 

considered to constitute Chr 01 or to be separated as ChrS 13 and ChrS 04; Ψ 16 was considered to be split between Chr 01 and Chr 14 or to be located entirely on ChrS 14; Ψ 21b 

was considered to co-localize with Ψ 16b and 30 as Chr 14 or with Ψ 07a and 32 as ChrS 17; Ψ 21a was considered to stay separately as Chr 20 or to be linked with Ψ 19 and Ψ 26 as 

ChrS 08; Ψ 14 was considered to be split between Chr 09 and Chr 12 or to be located entirely on ChrS 05; Ψ 11 was considered to be split between Chr 08 and Chr 10 or to be 

entirely located on ChrS 09;  C) Updated chromosomal location of pseudomolecules after validation by mcFISH. Size for the indicated segments in (B) and (C) are not drawn to scale 

and is only for diagrammatic illustration of the linkage between pseudomolecules that were assembled from clone 7498 in Wang et al. (2014).  The color of the horizontal arrows 

depicts whether the arrangement of the pseudomolecules in Cao et al. (2016), in gray, or in Michael et al. (2017), in black outline, is adopted in the updated map.  In the case of gray 

and black outlined arrow at the top, both maps contributed to the final validated structures in the 2 chromosomes. 
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Ψ (16b+30), Ψ (07a+32) 
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Ψ (19a+26) 

Ψ 21a (013I04, 006P24) 

Figure 2 

Figure 2. Location of Ψ 04 and Ψ 08; Ψ 21b; and Ψ 21a on S. polyrhiza chromosomes by mcFISH in clone 7498 and 9509. 

A) Pseudomolecules Ψ 04 and Ψ 08 located on two chromosome pairs (ChrS 04 and ChrS 13); B) Two BACs 006D12 (yellow), 

037I18 (green) of Ψ 21b labeled together with Ψ (16b+30) (red) chromosome pair ChrS 14, while Ψ (07a+ 32) (pink) 

chromosome pair ChrS 17; C) BACs 013I04 and 006P24 of Ψ 21a (red) labeled the same chromosome pair as pooled BACs of 

Ψ 19a and Ψ 26 (green), indicating linkage of Ψ 21a, 19a and 26 on ChrS 08 (yellow color due to the overlap of green and 

red). Top panels: clone 7498; lower panels: clone 9509. The chromosomes were counterstained with DAPI. Scale bars = 5 

µm. 
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001C15(Ψ 11b),  

Ψ 5,(Ψ 11a +24) 

002L10 (Ψ 14b),  

Ψ 13,Ψ 14a 

ChrS 14, ChrS 04, 

024J03, 025H07  
A B C 

Figure 3 

Figure 3. Location of chimeric pseudomolecules Ψ 11, Ψ 14 and Ψ 16 on S. polyrhiza chromosomes in clones 7498 and 9509.  A) 

BAC 001C15 (blue) of Ψ 11b co-localized with Ψ 5 (cyan) on ChrS 11, while the remaining BACs from Ψ 11a co-localized with Ψ 24 

on ChrS 09  (pink); B) BAC 002L10 (yellow) belonging to Ψ 14b co-localized with Ψ 13 (green) on ChrS 16 while Ψ 14a including BACs 

030K22 and 027D17 (red) labeled another chromosome pair (ChrS 05); C) Newly tested BACs 024J03 (yellow) and 025H07 (red) (Ψ 
16a) co-localized with ChrS 04 (pink), while the remaining BACs (Ψ 16b) co-localized with Ψ 21b and Ψ 30 on ChrS 14  (green). Top 

panels: clone 7498; lower panels: clone 9509. The chromosomes were counterstained with DAPI. Scale bars = 5 µm. 
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Figure 4 

Figure 4. The complete karyotype of S. polyrhiza clone 9509.  Multicolor FISH with 20 chromosome-specific 

probes (Table 1) shows the predicted pseudomolecule linkage for each chromosome on the same metaphase 

plate. The upper panel indicates the probes used; the lower panel enumerates the chromosome pairs. The right 

upper image shows signals for (18S+26S) rDNA (red) on ChrS 01 and for 5S rDNA (yellow) on ChrS 13. The 

chromosomes were counterstained with DAPI. Scale bar = 5 µm. 
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Figure 5. Oxford Nanopore assembly of the 9509 

genome suggests several mis-assemblies and new 

joins between contigs. A) Chromosome models based 

on cytological data and validated by Oxford Nanopore 

sequencing data. The new ChrS 04 and ChrS 13 (green) 

splits the final Sp9509v3 Chr 01 (black). The original 

assembly (red) was due to an Illumina-based mis-

assembly in scaffold so03. Ψ 8 of the Sp7498v2 

assembly (blue) also supports a break in Chr 01.  B) 

Integrated genome viewer (IGV) displays Oxford 

Nanopore reads that are aligned (purple) or soft-

clipped (grey) consistent with an end at 5,370 kb of 

Sp9509v3 Chr 01 (indicated by red arrowhead on the 

bottom) since the soft-clipped reads traverse the gap 

but do not align to the other side. In addition, the 

Sp9509_oxford assembly contig32 (utg000032I_pilon) 

and Sp7498v2 assembly Ψ 8 both end at the same 

location on Sp9509v3 Chr 01 (bottom blue bars) 

supporting the break. Sp9509_oxford assembly 

contig100 (utg000100I_pilon) also supports a new end 

for ChrS 04.  C) IGV display of the alignment of oxford 

reads (purple) supporting the junction of Ψ 16 

junction with Ψ 04. The junction is also supported by 

Sp9509_oxford assembly contig100 

(utg000100I_pilon; bottom blue bars). D) 

Sp9509_oxford Contig52 links Chr 20 and Chr 11. 

Integrated genome viewer (IGV) display of Oxford 

Nanopore reads (purple) with good coverage (grey 

coverage plot) over the region where Contig52 

connects Chr 20 and Chr 11 (Black bars). Sp9509 

Scaffold so22 (red) was erroneously broken in the final 

super scaffold step of Sp9509v3.  E) Sp9509_oxford 

Contig06 links Chr 12 and one end of Chr 11. Oxford 

reads (purple) have good coverage over the Chr 12 

and Chr 11 junction suggested by Contig06.  F) New 

chromosome models based on cytological data and 

Oxford Nanopore reads. Chr 20 and 11 from Sp9509v3 

are merged into ChrS 08. An 834 kb segment from the 

distal end of Chr 11 is merged to the distal end of Chr 

12 to produce the new ChrS 16. Mapped Oxford 

Nanopore reads (purple); coverage of mapped reads 

(grey); Sp9509v3 chromosome models (black); Sp9509 

scaffolds (red); Sp7498v2 scaffolds (blue); new Sp9509 

chromosome models based on cytological and Oxford 

Nanopore data (green).  Green circles indicate joins 

that were confirmed by gDNA-PCR in Michael et al. 

(2017). 

Figure 5 tpj_14049_f5.pptx

This	article	is	protected	by	copyright.	All	rights	reserved

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



Figure 5. Oxford Nanopore assembly of the 9509 

genome suggests several mis-assemblies and new 

joins between contigs. A) Chromosome models based 

on cytological data and validated by Oxford Nanopore 

sequencing data. The new ChrS 04 and ChrS 13 (green) 

splits the final Sp9509v3 Chr 01 (black). The original 

assembly (red) was due to an Illumina-based mis-

assembly in scaffold so03. Ψ 8 of the Sp7498v2 

assembly (blue) also supports a break in Chr 01.  B) 

Integrated genome viewer (IGV) displays Oxford 

Nanopore reads that are aligned (purple) or soft-

clipped (grey) consistent with an end at 5,370 kb of 

Sp9509v3 Chr 01 (indicated by red arrowhead on the 

bottom) since the soft-clipped reads traverse the gap 

but do not align to the other side. In addition, the 

Sp9509_oxford assembly contig32 (utg000032I_pilon) 

and Sp7498v2 assembly Ψ 8 both end at the same 

location on Sp9509v3 Chr 01 (bottom blue bars) 

supporting the break. Sp9509_oxford assembly 

contig100 (utg000100I_pilon) also supports a new end 

for ChrS 04.  C) IGV display of the alignment of oxford 

reads (purple) supporting the junction of Ψ 16 

junction with Ψ 04. The junction is also supported by 

Sp9509_oxford assembly contig100 

(utg000100I_pilon; bottom blue bars). D) 

Sp9509_oxford Contig52 links Chr 20 and Chr 11. 

Integrated genome viewer (IGV) display of Oxford 

Nanopore reads (purple) with good coverage (grey 

coverage plot) over the region where Contig52 

connects Chr 20 and Chr 11 (Black bars). Sp9509 

Scaffold so22 (red) was erroneously broken in the final 

super scaffold step of Sp9509v3.  E) Sp9509_oxford 

Contig06 links Chr 12 and one end of Chr 11. Oxford 

reads (purple) have good coverage over the Chr 12 

and Chr 11 junction suggested by Contig06.  F) New 

chromosome models based on cytological data and 

Oxford Nanopore reads. Chr 20 and 11 from Sp9509v3 

are merged into ChrS 08. An 834 kb segment from the 

distal end of Chr 11 is merged to the distal end of Chr 

12 to produce the new ChrS 16. Mapped Oxford 

Nanopore reads (purple); coverage of mapped reads 

(grey); Sp9509v3 chromosome models (black); Sp9509 

scaffolds (red); Sp7498v2 scaffolds (blue); new Sp9509 

chromosome models based on cytological and Oxford 

Nanopore data (green).  Green circles indicate joins 

that were confirmed by gDNA-PCR in Michael et al. 

(2017). 

Figure 5 tpj_14049_f5.pptx

This	article	is	protected	by	copyright.	All	rights	reserved

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



so09 so28a so07b ChrS 01 
11.6 Mb Ψ3 Ψ23 

Ψ0 

Ψ1 

so02 

Ψ0 

ChrS 02 
8.2 Mb 

so01a 

Ψ2 

so36 

Ψ0 Ψ4 

ChrS 03 
8.9 Mb 

so03b so27 

Ψ0 

so39 

Ψ16a 

ChrS 04 
9.5 Mb 

Ψ14a Ψ25 Ψ28 

so35 so06 

so07a 

ChrS 05 
7.1 Mb 

so40 

Ψ6 Ψ29 

Ψ0 

so24 so20 so01b 

so37 so28c 

ChrS 06 
8.3 Mb 

Ψ9 Ψ20 

so21 so12 

so28b 

ChrS 07 
7.9 Mb 

so16a so22 so04b 

Ψ19a Ψ26 Ψ21a 

ChrS 08 
8.5 Mb 

so38 

Ψ24 

so05 ChrS 09 
7.8 Mb 

Ψ0 

1 Mb 

Ψ 22 Ψ 27a 

so19 so31 

Ψ 7b 

so29 

so04c 

ChrS 10 
8.0 Mb 

Ψ05 

so23 so08 

Ψ11b 

ChrS 11 
6.7 Mb 

Ψ12 Ψ31 

so18 so26 ChrS 12 
6.0 Mb 

so11 

Ψ8 

so03a 
ChrS 13 
6.3 Mb 

Ψ30 Ψ21b Ψ16b 

so14 so30 
ChrS 14 
5.6 Mb 

Ψ10 

so25 so32 
ChrS 15 
4.6 Mb 

so33a 

Ψ14b 

Ψ19b 

Ψ13 

so13 so23b 
ChrS 16 
5.8 Mb 

so16b 

Ψ32 Ψ7a 

so10 

Ψ0 

ChrS 17 
4.6 Mb 

Ψ0 Ψ15 

so04a 

Ψ0 

ChrS 18 
5.3 Mb 

Ψ18 

so15 ChrS 19 
3.9 Mb 

Ψ0 
Ψ27b 

Ψ17 

so17 ChrS 20 
4.0 Mb 

 Ψ0 

Ψ0 

so34a 

9509 assembly 

7498 assembly 

Telomere repeats 

Figure 6 

Figure 6.  Updated map for the 20 chromosomes of S. polyrhiza integrating additional cytogenetic and nanopore long-read sequences.  The corresponding pseudomolecules (Ψ) and 

superscaffolds (so) assembled from clones 7498 (in gray) and 9509 (in white) respectively are shown for comparison with earlier maps by Wang et al. (2014) and Michael et al. (2017).  

The validated chromosomes are labeled in descending order using the previous numbering scheme as in Cao et al. (2016).  Since some major changes in assignment of segments in 

different chromosomes were implemented by the updated information, the order of the chromosome numbers no longer follow a strict relationship to their estimated size.  For 

composition of BACs in each of the pseudomolecules, see Table 1. The size shown on the left of each chromosome is from the final ON assembly (Sp9509_oxford_v3) and thus may not 

exactly match the size of the combined pseudomolecules or superscaffolds shown for each updated chromosome.  
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Figure 7. Updated Sp9509 Oxford Nanopore based genome assembly reveals more syntenic blocks.  A) A self-self dotplot of 

Sp9509_oxford_v3 generated using the SynMap tool on CoGe. The chromosome numbers for the respective genome assembly are 

listed on the X- and Y-axis. Syntenic blots are highlighted in color for different levels of synonymous mutations in syntenic gene pairs. 

B) Histogram and color scheme of Ks values derived from syntenic gene pairs in the ON genome assembly. 
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