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Abstract 

DNA markers are an essential tool for the detection and evaluation of genetic variations, a central theme in genetics and biology. Effective 

markers must be highly reproducible, polymorphic, accurate and efficient to profile. We developed multiple dispersed nucleotide polymorphism 

(MNP) DNA marker and an efficient MNP genotyping method called MNP-Seq. The MNP marker was 17.48% more polymorphic than the 

highly polymorphic marker of microsatellites on a collection of hybrid rice plants. When applied to genotype more than 80,000 individual MNP 

markers of diploid rice and polyploidy hybrid cotton varieties which were notoriously difficult to genotype accurately, MNP-Seq finished in two 

days and achieved accuracies of 99.999% and 99.988%, respectively. We adopted MNP-Seq to reveal the ubiquitous, albeit subtle and neglected, 

genetic heterogeneities in homonyms of Nipponbare rice, a popular model organism for plant biology. This result raised a question on the 

consistency of the published results using the model plant. We also used MNP-Seq to accurately and efficiently determine the identities of plant 

varieties, a key but difficult problem for the protection of plant intellectual property rights. While being applied to plants in the current study, the 

MNP marker and MNP-Seq are general and readily applicable to similar problems in animals and micro-organisms. 

 Key words: DNA marker, Genetic variations, Plant variety identity, Variety identity determination   
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Introduction 

DNA markers, fragments designated to specific genomic loci, are an important tool for studying various biological problems such as genetic 

diversity, evolution and speciation, and genetic linkage, and can be used for, e.g., genetic fingerprinting, forensic analysis, and genomic 

breeding1-5. To support such broad applications, it is imperative to accurately evaluate genetic variations using DNA markers that are highly 

reproducible, polymorphic, accurate and efficient to genotype. 

Among the early DNA markers are random amplified polymorphic DNA (RAPD), inter simple sequence repeat (ISSR), restriction fragment 

length polymorphism (RFLP), and amplified fragment length polymorphism (AFLP)6-8. The profiling of these markers is complicated. Their 

results are often determined by the presence or absence of specific DNA fragments that are derived from the restriction digestion or 

amplification of oligonucleotide primers. Technical expertise and strict experimental conditions, such as enzymic digestion and electrophoresis, 

are required. Therefore, it is difficult to ensure the genotyping reproducibility and accuracy of these markers. 

One type of popular DNA markers is the simple sequence repeats (SSRs), also dubbed as short tandem repeats or microsatellites. An SSR is 

a fragment of repetitive DNA where a motif of one to six base pairs is repeated in tandem for 5 to 50 times9. The copy number variation of the 

motif gives rise to high polymorphism. However, repetitive SSRs can induce DNA polymerase slippage during polymerase chain reaction 

(PCR)10, which introduces erroneous SSR alleles to downstream analysis and consequently increases genotyping error as high as e.g., 5%11,12. 
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Moreover, the size of the amplicon of an SSR marker is typically determined by laborious electrophoresis13-15, resulting in low genotyping 

efficiency. The slippage error and low efficiency have been addressed in specific applications, e.g., forensic analysis, by designing species- and 

application-specific markers and optimizing experimental conditions16,17. Such a scheme is infeasible in general due to high cost. 

Another common DNA marker is the single nucleotide polymorphisms (SNPs). As SNPs are mostly biallelic and highly abundant in the 

genome, a high-throughput genotyping method, e.g., microarray or whole-genome sequencing (WGS)18-21, is used to detect a large number of 

SNPs to guarantee the accuracy for the estimation of genetic variations. However, microarray has a typical error of 1%, which increases to as 

high as 6.1% on hybrid plants20-22. Besides, microarray has intrinsic technical issues of missing data, low sensitivity, and poor reproducibility21,23. 

A WGS method requires to sequence the genome, which limits the sequencing depth with acceptable cost, resulting in a genotyping error of 0.9% 

to 7.9%18,19,24. While a strategy of random DNA barcode has been introduced to increase genotyping accuracy25,26, the high cost and heavy 

workload restrict the strategy to a limited number of SNPs and introduce sampling biases to SNPs on the genome. 

For polyploidy plants, the detection of multiple alleles on one locus, particularly minor alleles, is required but technically challenging using 

the existing markers. For example, for SSR electrophoresis and SNP microarray, 30 or more PCR amplification cycles are typically needed to 

produce enough signals for adequate visual inspection. Such a large amount of amplification may distort the actual proportions of marker alleles 

because of nonlinear PCR amplification, resulting in inaccurate genotyping. The situation is exacerbated by hybrid samples and samples from a 
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population that has a complex genetic background and high genetic heterogeneity. It should be noted that about one-third of flowering plants27 

and many crops such as cotton are hybrid and polyploidy, and the derived samples often form a population. 

We developed a novel type of DNA marker named multiple dispersed nucleotide polymorphisms (MNP) and an efficient MNP-genotyping 

method, called MNP-Seq, to accurately detect and estimate genetic variations, particularly for polyploid hybrid plants. We analyzed the eminent 

features of the MNP marker and MNP-Seq on rice and cotton, including reproducibility, polymorphism, accuracy, and efficiency. We also 

applied them to two case studies, each of which addressed a challenging problem in plant biology and agriculture, to demonstrate their utility and 

power. While we only applied the MNP marker and MNP-Seq to plants, they are a generic tool that is readily applicable to animal species. 

Results 

Genotyping MNP markers 

An MNP is a set of multiple dispersed SNPs within a genomic segment of less than 300 bp in length. A total of 930 and 943 MNP markers 

for rice and cotton, respectively, were designed and used in this study (Supplementary Table 1). The goal of development of MNPs marker is to 

discriminate varieties for the targeted species and the discriminative power was determined by marker’s polymorphism, number of markers and 

accuracy of genotyping. Thus a similar number of MNP were selected for these species despite the big difference in genome size, and same MNP 

locus could be used for other varieties. A method for genotyping MNP markers, named as MNP-Seq, was developed (Fig. 1). First, a multiplex 
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PCR reaction was performed to enrich all the designed MNP markers from the genomic DNA of a sample to be genotyped. A unique DNA 

barcode was then added to the PCR products of the sample to construct a sequencing library. The libraries for all samples were pooled and 

sequenced by a high-throughput sequencing method. The sequencing reads were partitioned into the samples according to their unique DNA 

barcodes and mapped to all MNP loci for MNP genotyping (see Method).  

A total of 196,310,412 reads were produced from the technical triplets for the 47 rice and 43 cotton varieties (see Method), and each of the 

MNP loci for these varieties was, respectively, covered by 2,739 and 1,918 times in each replicate on average (Supplementary Table 2). Besides, 

an average of 924 (99.40%) of the 930 rice MNPs and 936 (99.21%) of the 943 cotton MNPs were genotyped for each variety in each replicate 

(Supplementary Table 2), showing a low missing rate of MNP-Seq. The MNP-Seq method was also efficient; we were able to genotype more 

than 80,000 MNP markers (47 rice X 930 markers plus 936 markers x 43 cottons) of all the varieties in one of the technical triplets within 48 

hours, a significant improvement over the conventional methods. Due to the high reproducibility and accuracy of MNP-seq (see next), no 

replicate was required for the determination of MNP genotype in practice. 

High polymorphism and discriminative power of MNP markers 

The SSR marker is well known for high polymorphism. We assessed the polymorphism of the MNP marker by genotyping 39 rice varieties 
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and then comparing their 930 MNP markers and the 412 highly polymorphic SSR markers. On average, each MNP had 3.36 ± 1.13 alleles, and 

in comparison, each SSR had 2.86 ± 1.54 alleles (Supplementary Table 3), showing the former was 17.48% more polymorphic than the latter (p 

= 1.59 x 10-10, Student’s t-test). The higher polymorphism of the MNP markers provided a higher discriminative power than the SSR markers 

(Fig. 2A). Indeed, 53.66% ± 15.38% of the 930 MNP markers had different genotypes between varieties, and in contrast, 44.67% ± 10.91% of 

the 412 SSR markers had different genotypes. It is interesting to note that a strong correlation (r=0.94, Pearson correlation coefficient) could be 

observed between the distances calculated based on MNPs and SSRs for any two varieties [Fig. 2A]. 

High reproducibility and accuracy of MNP-Seq 

Beyond polymorphism, reproducibility and accuracy are also essential for a genotyping method. Here the reproducibility was estimated by 

comparing the genotypes of each MNP locus between each two of the triplets separately. We used the data of the technical triplets to compare a 

total of 127,875 and 116,700 MNP pairs of genotypes of rice and cotton varieties, respectively. Among these MNPs, 99.998% (127,872) and 

99.975% (116,671) were reproducible for rice and cotton varieties (Table 1), respectively. Under the assumption that genotyping errors ware 

independent and identically distributed, we estimated the accuracies of MNP-Seq to be 99.999% and 99.988% for hybrid rice and polyploidy 

hybrid cotton varieties, respectively (Table 1).Thus accurate genotypes could be got by only once experiment in practice and no cost need to 

afford for repeats. For comparison, these high accuracies improved upon the reported accuracies of SSR (94.47%)12 and SNP (94.3% - 99.1%) 
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genotyping methods19,20. It should be highlighted that the population (e.g., plant varieties), polyploidy, and hybrid samples considered in this 

study were difficult for accurate genotyping. 

Applications of MNP marker and MNP-Seq 

Taking advantage of the high polymorphism of MNP markers, high reproducibility, accuracy and efficiency of MNP-Seq, we applied them 

to two problems where it is critically important to accurately identify subtle genetic variations or to efficiently and conveniently compare DNA 

fingerprints. 

Detection and analysis of genetic homonyms for ensuring scientific reproducibility 

As the first sequenced model plant of Gramineae, Nipponbare has been widely used in plant biology and agriculture research. In this study, 

we collected 30 Nipponbare lines from different labs at geographically diverse locations in China (Supplementary Table 4), and constructed and 

compared their DNA fingerprints of the 930 rice MNP makers (see Method). We compared the fingerprints of each two of 30 Nipponbare lines, 

and a total of 435 pairs of fingerprints were compared. 416 (95.63%) of 435 pairs had differences of 0.11% to 12.76% (Fig. 2B and 

Supplementary Table 5). Further analysis suggested that a total of 138 MNP loci have different genotypes between at least one pair of lines, and 

many of the these MNP locus located at protein coding genes, such as disease resistance protein RGA4 gene, F-box protein At4g22030 gene and 
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ethylene-responsive transcription factor ERF018 gene. This large range of genetic heterogeneity among the homonyms raised strong concern 

regarding the reproducibility of the research results using Nipponbare. 

The more accurate a DNA marker method is, the more subtle genetic variations it can detect. Four pairs of Nipponbare line, which had the 

smallest genetic variation of only one different genotype, were chosen for validation of their distinct genotypes by Sanger sequencing. All (100%) 

of them were successfully validated (Fig. 2C, D and Supplementary Fig. 1), confirming the observed genetic heterogeneities in the 30 rice lines 

and further demonstrating the accuracy of MNP-Seq.  

Accurate and efficient determination of plant variety identity 

Registration and protection of the plant variety intellectual property rights required to accurately and efficiently determine the identities of 

plant varieties. Comparing SSR fingerprints from different experiments may be efficient but is not accurate to determine plant variety identities 

because of genotyping error. In this study, we constructed an MNP fingerprint database using the 47 rice varieties of the first technical triplets 

plus 150 other widely-used hybrid rice varieties (Supplementary Table 6). The second technical triplets of the 47 varieties were taken as blind 

samples and their identities were determined to be the ones in the database based on MNP fingerprint differences. As a result, the identities of all 

47 blind varieties were correctly determined (Supplementary Table 7), indicating a 100% accuracy for the identity determination by MNP 
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fingerprints across experiments. 

In another related application, this scheme of variety-identity determination using MNP fingerprints was adopted to investigate the possible 

infringements of 29 rice varieties that were directly from the seed market but had different labeled names. Variety pairs that had MNP fingerprint 

differences less than 1% were deemed to include infringed varieties. As a result, 3 pairs were found to be suspected from the 406 pairs of the 29 

varieties. These three pairs were all validated to include infringed varieties since they had greater than 1% different MNP fingerprints from their 

standard varieties (Supplementary Table 8), showing the ratio of infringement to be 3/29 = 10.34%.  

Combined, these results suggested MNP-Seq be an effective and enabling technique for accurately detecting infringing plant varieties and 

for protecting the intellectual property rights of plant varieties. Indeed, the new MNP-Seq method has been adopted as the Chinese national 

technical standard for plant identity determination28. 

Discussion 

The novel MNP markers and its genotyping method provide significant improvement over existing DNA marker technology. First, existing 

amplicon-based approaches (e.g., cancer gene, 16S rRNA, plant and animal sequencing) often focus on known housekeeping genes or 

disease-causing genes, and hardly used to identify the identity of plant variety due to low polymorphism or low discrimination of these targeted 
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genes. In contrast, each MNP markers include several SNPs and thus have at most 2k distinguish alleles, which mean high polymorphism and 

high discriminative for each MNPs in the analysis of plant variety. The developments of MNP were based on the whole genomic SNPs of several 

variety or accessions, thus a large number of polymorphic loci can be obtained simply and quickly. To detect variants from amplicon sequencing 

data, most genotyping methods employ a probabilistic framework and genotyped SNPs one by one. Thus the confidence of genotyping was often 

confounded by numerous factors such as extreme read depth, homopolymer and population samples. In contrast, the genotyping of each MNP 

locus were conducted based on the whole reads pair (one pair by another), and errors randomly occurred could be excluded easily. Finally, the 

unique genotyping method of MNP-seq makes it more suitable for population (e.g., plant varieties), polyploidy, and hybrid samples compared 

with other approaches. 

The features of MNP marker and MNP-Seq 

A high degree of polymorphism can reduce the number of markers needed and subsequently genotyping error. High genotyping efficiency 

can help rapidly genotype a large number of markers to decrease sampling bias. The MNP marker gained high polymorphisms by using multiple 

k SNPs within a short DNA segment to capture 2k possible alleles. In this study, the polymorphism of the MNP marker for rice was shown to be 

greater than that of the SSR marker, which has been widely applied due to its high polymorphisms.  
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The efficiency of MNP-Seq was attributed to multiplex amplification, high-throughput sequencing, and bioinformatics analysis. The 

multiplex amplification in the first step had a high efficiency to enrich thousands of marker loci by a single PCR reaction12,29. When combined 

with deep sequencing and bioinformatics analysis using the efficient MNP-Seq software, we were able to efficiently genotype more than 1,000 

MNP markers for a collection of rice and cotton in about two days.  

Several factors contributed to the accuracy of MNP-Seq (see Method). Marker design and selection avoided error-prone sequences, such as 

successive SNPs and simple repeats; the sequencing-based detection of MNP markers overcame the uncertainty inherent in the SSR amplicon 

length displayed on a gel and the microarray hybridization noise for SNP markers; the amplicons of MNP markers were often sequenced 

thousands of times (Supplementary Table 2) so that random experiment errors were minimized; the chance that two different MNP genotypes 

were mistaken as identical dramatically decreased to approximately the level that all of the SNPs within the MNP were incorrectly genotyped. 

As a result, the accuracy of MNP-Seq reached 99.988% for polyploidy hybrid varieties, which were popular in crops but rather difficult to 

accurately genotype. Table 2 summarizes the advantages of our novel MNP-Seq method over the major existing methods for genotyping DNA 

markers. 

These imminent features made MNP-Seq the method of choice for fast, accurate and genome-scale genotyping, which was compared 

favorably over the other existing methods. Indeed, MNP-Seq has been adopted as the Chinese national technical standard of genotyping for plant 
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identity determination28. 

The applications of the MNP marker and MNP-Seq method 

Combined, the MNP marker and MNP-Seq genotyping method offered the first practical and genome-scale genotyping approach that is 

potentially the method of choice for many applications. We demonstrated the usage and power of MNP-Seq using two important but challenging 

problems as case studies in the current paper, which would be rather difficult or even impossible without the MNP marker and MNP-Seq. 

 Homonyms are biological materials for research that were labeled by the same name but genetically heterozygous. Homonyms may cause 

serious problems regarding the reproducibility and consistency of research results from multiple labs and the results overall a period. Homonyms 

and their problem of result reproducibility have been reported for Hela cells, which were widely used in biological and cancer research30-32. In 

the current study, we also revealed homonyms for Nipponbare, a widely adopted model organism in plant biology. 

The genetic variations among biological homonyms are usually subtle due to low mutation rates, i.e., typically 10-9 per generation in human33 

and thus were often shadowed by technical errors of the existing DNA marker profiling methods, e.g., 5% error rate for SSR11,12 and 1% to 6.1% 

error rates for SNP marker20-22. MNP-Seq greatly reduced the average number of erroneous genotypes to no more than 0.113 per sample (Table 

1), suggesting that any distinct genotypes discovered by MNP-Seq were highly likely real genetic variations. Indeed, even the smallest genetic 
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variation discovered by MNP-Seq, i.e. the only one different genotype between two Nipponbare homonyms, was validated to be true by the 

Sanger sequencing (Figure 2C, 2D and Supplementary Fig. 1). 

The accuracy of the identity determination of a plant variety is a core problem for registration and protection of the plant variety intellectual 

property rights. The efficiency of the identity determination is also important to handle many varieties whose rights have to be protected. 

Although comparing SSR fingerprints is popular for plant identity determination, a substantial amount of parallel experiments is needed to 

compare the variety under the test with the varieties to be protected, e.g., over 6,000 registered maize varieties in China34, to determine if the 

former is an essentially derived variety (EDV) or an infringed variety of one of the latter. In this process, the heavy workload of parallel 

experiments defeats the SSR fingerprint method. Since the reproducibility of the MNP marker was over 99.974% (Table 1), comparing two MNP 

fingerprints from different experiments can have high accuracy, as shown to be 100% for the two cases of determining the blind sample identity 

and screening some rice varieties from the seed market. This strategy of direct comparison of MNP fingerprints is also highly efficient by 

avoiding laborious parallel experiments. For example, to determine the identities of the 47 blind varieties from the 197 to be protected, the 

workload using the MNP fingerprinting is only 
������

��������
� 1.32% of that using SSR fingerprinting. 

As a final note, we like to highlight that while we focused on difficult problems in plant biology, the MNP marker and MNP-Seq can be 

directly applied to many similar problems in animals and micro-organisms. 
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Materials and methods 

Plant materials  

The study used plant materials of 43 tetraploid hybrid cotton varieties, 197 hybrid or selfing diploid rice varieties, 29 rice varieties collected 

from the market in China (Supplementary Table 6), and 30 ‘Nipponbare’ rice lines from different labs (Supplementary Table 4). All these 

materials were collected in this study. Genomic DNA of each variety or line was extracted from a mixture of equal-amount young leaves of 30 

individual plants, following the protocol of E-Z 96 ® Mag-Bind® Plant DNA Kit (Cat. No. M1027, Omega Bio-tek, USA).  

Design of MNP marker and multiplex PCR primer 

The public SNP data of 50 rice varieties from35 and 318 cotton varieties from19 were used to design MNP markers for rice and cotton, 

respectively. A sliding window of 125 base pairs (bp) was used to scan the genome with an increment of 5 bp. The discriminative power (DP) of 

a window was defined as t / c(N,2), where c(N,2) was the number of variety pairs among N varieties used and t the number of the pairs each of 

which had at least two dispersed SNPs within the window. The windows with DP ≥ 0.2 were chosen for multiplex PCR primer design and 

synthesis at Molbreeding Biotechnology Co., China. About 1,000 windows without simple sequence repeat and successive SNPs were randomly 

chosen from those with adequate multiplex PCR primers and the SNPs within these windows were used as MNP markers (Supplementary Table 
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9). The length of all primers ranged from 18 bp to 39 bp. No further optimization were conducted for PCR conditions after the primer designed 

and an MNP locus will be ignored if no products generated in the multiplex PCR amplification.  

Library construction and high-throughput sequencing  

Sequencing libraries were constructed from 10 ng genomic DNA following the protocol of MGIEasy Library Prep Kit (Cat. No. 1000006985) 

with some modification to adopt BGI-seq high-throughput sequencing platform as done in12. The PCR cycle for library construction was set 

below that of the nonlinear amplification, i.e., less than 17 cycles. To allow for multiplexing during sequencing, ten�nucleotide barcode 

sequences specific for each sample were appended to all libraries. The libraries were sequenced on MGISEQ-2000RS platform (BGI, Shenzhen, 

China) using 150 bp paired-end sequencing at our lab. To test the reproducibility, 47 rice and 43 cotton varieties were randomly selected and the 

library construction and sequencing were repeated for three times (technical triplets) with at least 30-day intervals between any two repeats.  

MNP Genotyping, fingerprinting and comparison 

Sequencing reads without ambiguous bases were retained and mapped to the reference genome (IRGSP-1.0 for rice or Gossypium hirsutum 

acc. TM-1 for cotton) with Bowtie2 (version 2.1.0) using the default parameters. The unmapped reads were further mapped with BWA (version 

0.7.9a) using the default parameters. An MNP allele was defined to be a haplotype of the SNPs in the MNP locus. The allele with at least 20 
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mapped reads and having the highest read count was defined as the major allele of the MNP locus. For clarity, define the α value of an MNP 

allele to be the ratio between its number of supporting reads and that of the major allele for the locus. For a locus having a major allele, the 

candidate alleles were the ones with over 2 supporting reads and their α values greater than 0.2. A candidate allele was called a true allele when 

its α value was greater than 0.5. The genotype of an MNP locus was the set of all its candidate alleles. The MNP fingerprint of a sample was the 

collection of all its MNP genotypes.  

When comparing two genotypes of an MNP locus in two samples, if all the true alleles of either genotype were the same or a subset of the 

other one, the two genotypes were identical, or different, otherwise. When comparing the fingerprints of two samples, the difference of their 

fingerprints was defined as the ratio between the numbers of the different genotypes and all of the genotypes that the two samples shared in 

common.  

Estimation of the reproducibility and accuracy of MNP-Seq  

The MNP profiling results from the technical triplets of the 47 rice and 43 cotton varieties were used to estimate the reproducibility of 

MNP-Seq. Here the reproducibility was estimated by comparing the genotypes of each MNP locus between each two replicates separately. A 

reproducible MNP genotype was observed if identical genotypes were observed between two replicate, or irreproducible, otherwise. The 
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reproducibility of the MNP-Seq method was then estimated as r = n/N, where n and N were, respectively, the numbers of the reproducible and all 

genotype pairs compared. The chance that two reproducible genotypes were incorrect but identical should be rather small. Thus, both 

reproducible genotypes were taken as correct, or one of them as incorrect, otherwise. Therefore, the accuracy of MNP-Seq was estimated as 

1-(1-r)/2 = 0.5 + 0.5r. 

SSR genotyping and validation of MNP genotypes 

The genotypes of 3,105 SSRs in 8 rice samples have been reported in12. The polymorphism of each SSRs was calculated based on the 

reported genotyping results and the top 412 most polymorphic SSRs were used in this study (Supplementary Table 9). These SSR markers were 

genotyped for 39 of the 47 rice varieties (Supplementary Table 6) following the method in12. 

The validation of MNP genotypes began with PCR amplification of the chosen MNP loci using the same primers used before 

(Supplementary Table 1) and following the protocol of AmpliTaq Gold® 360 Master Mix (4398876, Applied Biosystems™, USA). The PCR 

products were then sequenced by Sanger sequencing (TsingKe Company, China). 

Data Availability 

All the genomic sequence data sets are available in the NCBI Sequence Read Archive under accessions PRJNA622759. 
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Figure Legends  

Figure 1. The procedure of MNPs design and MNP-Seq. (A) The development of MNP markers involves two steps, first to identify genomic 

loci of candidate MNPs that have diverse alleles across plant varieties and then to refine the candidate MNPs to accommodate effective PCR 

primers. Each colorful dot represents an SNP site on k genome sequences. (B) The major steps of MNP-Seq genotyping method, including 

library preparation, sequencing and bioinformatics analysis. 

Figure 2. The discriminative power of rice MNP markers and MNP-Seq accuracy. (A) Comparison between the ratios of the distinct rice 

MNP and SSR genotypes. Each dot represented a pair from the 39 rice varieties (Supplementary Table 6). The majority of the dots are below the 

diagonal line, showing that the MNPs are more discriminative than the SSRs on average. (B) The distribution of distinct MNP genotypes among 

the 30 Nipponbare lines from different labs. (C) The distinct genotypes between Nipponbare line 200393 and 200394 on locus AMPL1563256 

determined by MNP-seq. The variant bases were listed in bold. (D) Validation of the variants shown in (C) by Sanger sequencing. The 

corresponding variants are marked with arrows.  

Supplementary Figure 1. Validation of distinct MNP genotypes between Nipponbare lines. The numbers on right are the codes of the 

Nipponbare lines. The upper and the lower parts for each MNP locus are the genotypes from MNP-Seq and Sanger sequencing, respectively. 

Variants bases are indicated by arrows. (A) Locus AMPL1563256. (B) Locus AMPL1563256. (C) Locus AMPL1563757. 

Table 1. The reproducibility and accuracy of MNP-Seq. 

Table 2. Three major maker types and their genotyping features and performance. 

Supplementary Table 1. Supplementary Table 1. Multiplex PCR primers used for MNP genotyping rice and cotton varieties. 

Supplementary Table 2. Statistics of sequencing data for rice and contton varieties. 
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Supplementary Table 3. The allele number for each of SSR and MNP loci. 

Supplementary Table 4. Nipponbare rice lines used in this study. 

Supplementary Table 5. Distinct MNP genotypes for each pair of Nipponbare lines. 

Supplementary Table 6. Rice and cotton varieties used in this study. 

Supplementary Table 7. Identity determination of blind samples. 

Supplementary Table 8. Infringed varieties. 

Supplementary Table 9. Multiplex PCR primers used for SSR genotyping in rice varieties.  
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Table 1. The reproducibility and accuracy of MNP-Seq. 

Species Ploidy Heterozygosity 
Variety 
number 

MNP 
markers 

Compared genotype 
pairs 

Reproducibility Accuracy 

Erroneous genotypes 

Total Reproducible 
Number per 

sample 
Ratio 

Rice Diploid Hybrid * 47 930 127,875 127,872 99.998% 99.999% 0.009 0.001% 
Cotton Tretroploid Hybrid 43 943 116,700 116,671 99.975% 99.988% 0.113 0.012% 

*for 46 of 47 rice varieties. 

  

.
C

C
-B

Y
-N

C
-N

D
 4.0 International license

available under a
(w

hich w
as not certified by peer review

) is the author/funder, w
ho has granted bioR

xiv a license to display the preprint in perpetuity. It is m
ade 

T
he copyright holder for this preprint

this version posted M
arch 10, 2021. 

; 
https://doi.org/10.1101/2021.03.09.434561

doi: 
bioR

xiv preprint 

https://doi.org/10.1101/2021.03.09.434561
http://creativecommons.org/licenses/by-nc-nd/4.0/


27 

 

Table 2. Three major maker types and their genotyping features and performance. 

Marker type MNPs 
 

SSRs 
 

SNPs 

Genotyping method MNP-seq  SSR-seq 
Sanger 
sequencing 

Capillary 
electrophoresis  

 WGS 
Chip 
array 

Polymorphism Highest 
 

Higher Higher Higher  Lowest Lowest 

Accuracy  Highest 
 

Higher High Middle 
 

Low General 

Efficiency High 
 

High Lowest Low 
 

Highest Higher 

Genetic discriminative power using 
the same number of markers 

Highest 
 

Higher High Middle 
 

Low Low 

Forms of the genotype Base 
 

Base Base Amplicon length 
 

Base Base 

DNA polymerase slippage No 
 

Yes Yes Yes 
 

No No 

Genotyping cost per maker locus Middle 
 

Middle Highest High 
 

Lowest Low 

The time required for genotyping Short 
 

Short Short Shortest 
 

Long Long 

Parallel experiment No need 
 

No need No need Required 
 

No need No need 

Amount of template DNA needed to 
genotype the same number of markers 

Low 
 

Low Highest Higher 
 

Lowest lower 
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Figure 1. The procedure of MNPs design and MNP-Seq.  
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Figure 2. The discriminative power of rice MNP markers and MNP-Seq accuracy.  
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