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Abstract
Key message  The efficiency of phenotype-based assessments of plant variety protection and registration could be 
improved by the integration of DNA-based testing. We review the current and proposed models in the era of next-
generation breeding.
Abstract  The current plant variety protection system relies on morphological description of plant varieties. Distinctness, 
uniformity, and stability (DUS) assessments determine whether a new variety is distinguishable from common knowledge 
varieties and exhibits sufficient phenotypic uniformity and stability during two independent growing cycles. However, DUS 
assessment can be costly, time-consuming and often restricted to a relatively small number of traits that can be influenced by 
environmental conditions. This calls for the adoption of a DNA-based system which is endorsed by the International Union 
for the Protection of New Varieties of Plants (UPOV). This could enable examiners to deploy trait-specific DNA markers in 
DUS testing as well as using such genetic markers to manage reference collections. Within UPOV’s system, breeders can 
freely use protected varieties in breeding programs. However, breeders of protected varieties may seek sharing in ownership 
of essentially derived varieties once it is proven that they, with the exception of a few distinctive DUS trait(s), conform to 
parental varieties in essential characteristics. As well as their complementary role in DUS testing, DNA markers have been 
known as a good replacement of morphological traits in defining boundaries between independently and essentially derived 
varieties. With the advent of new breeding technologies that allow minor modification in varieties with outcomes of spe-
cific merit or utility, detecting distinctness between varieties may become increasingly challenging. This, together with the 
ever-increasing number of varieties with which to compare new candidate varieties, supports the potential utility of using 
DNA-based approaches in variety description.

Abbreviations
CKV	� Common knowledge varieties
DUS	� Distinctness, uniformity, and stability
EDV	� Essentially derived variety
IPR	� Intellectual property rights
PBR	� Plant breeder’s rights

PVP	� Plant variety protection
SNP	� Single nucleotide polymorphism
SSR	� Simple sequence repeat
UPOV	� International Union for the Protection of New 

Varieties of Plants

Introduction

Breeding new plant varieties is a costly task in terms of 
skill, infrastructure and genetic resources. It can also be 
time-consuming, taking for example around 10 years to 
release a barley variety via pure line selection. Plant breed-
ers have various options to protect the ownership of their 
new varieties in order to prevent unauthorized utilization. 
Such protection affords exclusive rights and is a means for 
recouping research and development costs via the collection 
of royalties, so supporting further breeding activities.
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Among different mechanisms, plant variety protection 
(PVP) via the International Union for the Protection of New 
Varieties of Plants (UPOV) represents a harmonized sys-
tem for the awarding of intellectual property rights (IPR) 
among its 75 member states and organizations (as of Febru-
ary 2019) for recognizing plant breeder’s rights/plant vari-
ety rights (PBR/PVR). Under the 1991 Act (latest revision) 
of the UPOV convention, PBR are granted for a period of 
not less than 20 years to protected varieties (UPOV 1991). 
In some countries, such as the USA, Japan, and Australia, 
breeders can also apply for a grant of plant or utility patent 
rights, if new varieties satisfy the required criteria. Alterna-
tive forms of protection for plant varieties and attaining IPR 
exist, such as contract law, registered trademarks, and trade 
secrets. The latter is particularly suitable for protection of 
the parental lines of hybrid varieties (Curtis and Nilsson 
2012). In addition, breeders can benefit from self-regulatory 
protection systems, such as hybrid seed and variety-specific 
genetic use restriction technologies (reviewed by Lombardo 
2014), which require growers to buy seed for each growing 
season.

Within the framework of UPOV’s PVP system, new 
varieties must satisfy three technical criteria to be eligible 
for protection. They should be distinct (D) from any other 
common knowledge varieties (CKVs) in at least one mor-
phological trait; sufficiently uniform (U) in relevant char-
acteristics depending on reproduction system of species; 
and stable (S) in expression of traits after two independent 
growing cycles. A total of 325 test guidelines are currently 
available in different plant species (as of February, 2019) 
for conducting such “DUS” tests. In some species, electro-
phoresis of isozymes (in sunflower, soybean, and maize) or 
storage proteins (glutenins in wheat and hordeins in barley) 
have been incorporated as additional characteristics in test 
guidelines. Although DUS testing is the pivotal component 
of UPOV’s PVP system, it is also a compulsory requisite 
for registering arable crops, vegetables, and fruits in the 
European Union’s Common Catalogue, prior to marketing. 
Moreover, agricultural crop varieties should exhibit “Value 
for Cultivation and Use” (VCU) in comparison with existing 
check cultivars across multi-environmental trials (Cooke and 
Reeves 2003). Thus, while the “utility” of new crop varie-
ties is evaluated by the VCU process, variety descriptions, 
as the outcome of DUS tests, describe their morphological 
“identity”. In 2008–2009, the European Commission opened 
legal registration of agricultural and vegetable “conservation 
varieties” in the Common Catalogue, helping to address the 
gradual genetic erosion that has historically taken place as 
landraces were in more recent decades supplanted by more 
genetically uniform varieties. For example, “list C” of the 
French Official Catalogue currently maintains registration 
records of nine potato landraces and one maize open-pol-
linated population. However, the inherent heterogeneity 

of landraces demands applying a looser uniformity (i.e. U 
within DUS tests) standard for registration. For instance, 
up to 10% aberrant plant frequency may be tolerated for a 
landrace variety. Moreover, they are exempted from VCU 
assessment unless an exceptional merit or utility is claimed. 
Despite registration of landraces that authorize limited mar-
keting of seeds, they are excluded from scope of protection 
under PVP system of UPOV convention as they cannot fulfil 
novelty criteria (not released more than 1 year before in the 
country). In contrast, extant varieties (including landraces 
and farmer’s varieties) are subject of protection in India (not 
a UPOV member) under the Protection of Plant Varieties & 
Farmer’s Rights (PPV&FR) Act of 2001.

The increased availability and cost-efficiency of DNA-
based markers in recent years makes them attractive 
options to explore their use to supplement, or even ulti-
mately replace, existing morphological- and protein-based 
approaches. Indeed, exploring such options is the focus of 
UPOV’s working group on “Biochemical and Molecular 
Techniques and DNA Profiling in Particular” (BMT). So 
far, two models, i.e. “characteristic-specific molecular mark-
ers” and “combining phenotypic and molecular distances in 
the management of variety collections” have been favoured 
(UPOV 2013a). Given the importance of this issue, the 
Community Plant Variety Office (CPVO), which administers 
the system of IPR within the European Union and is itself 
a member of the UPOV Convention, has also established a 
think-tank of experts for the “Integration of Molecular Data 
into DUS Testing” (IMODDUS) and acts to define relevant 
funding topics under the pan-European “Horizon 2020” 
research programme.

In this review, we summarise the literature over the last 
2 decades regarding the application of molecular markers in 
DUS testing and the identification of EDVs, highlight two 
new models favoured by UPOV, and discuss future prospects 
and challenges associated with new breeding technologies 
for both DUS testing and the consideration of DNA-based 
variety description.

Why are DNA marker approaches being 
evaluated for possible future use in DUS 
testing?

DUS examiners are always looking for ways of improving 
the current system of variety protection and registration, 
which currently relies predominantly on morphological 
traits. In the current system, morphological traits may be 
influenced by environmental factors, including between site 
and between year factors, which complicate evaluation (Nuel 
et al. 2001; Cooke and Reeves 2003; Singh et al. 2004). 
This is especially true for the evaluation of disease resistance 
traits (which are obligatory in some vegetable varieties, e.g. 
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tomato. Arens et al. 2010), or traits of a quantitative nature 
(e.g. the time of flowering) which comprise the majority of 
descriptors in many outbreeding species, such as ryegrass 
(Wang et al. 2016). The measurement of traits is also time-
consuming and requires skill and adequate experience (Reid 
and Kerr 2007) and in some cases, special conditions or trial 
designs are required to conduct the tests (e.g. for assessment 
of the requirement for vernalization in barley and wheat). 
Moreover, establishing DUS criteria in some crops, such as 
ryegrass (Wang et al. 2016) and alfalfa (Annicchiarico et al. 
2016), is arduous due to the high level of intra-population 
variation within cultivars.

In contrast, DNA markers are free from environmen-
tal effects (Noli et al. 2008) and could be applied to seed 
or early stages of plant growth. Therefore, they have the 
potential to greatly reduce the duration and cost of DUS 
tests, given the development of an appropriate regulatory 
system with which to govern their use. With ever-increasing 
numbers of plant varieties, conducting DUS trials is getting 
increasingly expensive (Lombard et al. 2000; Reid and Kerr 
2007; Gunjaca et al. 2008; Wang et al. 2016). For instance, 
in the case of maize in China, there were a total of 6291 reg-
istered varieties as of 2013, and these all need to be grown 
out in DUS tests alongside the new candidate varieties for 
every DUS assessment, highlighting the laborious and costly 
process of field assessment (Tian et al. 2015). Thus, DNA 
markers could be an efficient approach for pre-screening 
or grouping reference varieties before sowing in the field. 
Thus, only those reference varieties sufficiently similar to the 
candidates under test would be utilised, so reducing overall 
costs (Lombard et al. 2000; Tommasini et al. 2003; Noli 
et al. 2008; Smỳkal et al. 2008). Moreover, they may be 
helpful where current DUS traits fail to differentiate varieties 
(Bernet et al. 2003; Gunjaca et al. 2008; Bonow et al. 2009).

However, the potential use of DNA-based approaches 
should be balanced against the proven efficacy of current 
DUS systems, and the associated cost and disruption that 
would be associated with the validation and implementa-
tion of a significantly altered system. Indeed, the use of 
DNA markers for DUS testing has been faced with cautious 
consideration by the International Seed Federation (ISF), a 
non-governmental organization that represents the interests 
of the seed industry at a global level. In their view, the sole 
use of anonymous DNA-based markers (with no relevance 
to phenotypic DUS characteristics) would jeopardize the 
essence of PBR, by theoretically reducing the minimum 
distance between varieties to a difference of only one DNA 
base pair. However, utilization of markers under currently 
recommended models is supported in such way that they be 
included in DUS test guidelines after reaching a harmonized 
method of publicly available markers (ISF 2012).

A review of the literature finds that amplified fragment 
length polymorphisms (AFLPs) and simple sequence repeats 

(SSRs) represent the most-used marker technologies for 
evaluation of the potential of DNA-based approaches as 
complementary traits in DUS testing of agricultural crops, 
vegetables, fruit and forest trees (Table 1). Of these, SSRs 
have the advantage of being highly polymorphic and origi-
nate from defined chromosomal locations. Single nucleotide 
polymorphisms (SNPs) have more recently been used in dis-
tinctness testing of maize and alfalfa varieties. Compared to 
SSRs, bi-allelic SNPs are more abundant in plant genomes, 
making them the marker of choice for DNA fingerprinting in 
modern plant breeding and plant research programs.

Assessment of distinctness (D)

While the AFLP-based studies use markers that originate 
from genomic regions not a priori known to be linked to 
genetic loci controlling DUS characteristics, studies using 
other marker types have been more targeted. For example, 
expressed sequence tag (EST)-based SSRs derived from 
transcribed genomic regions have been used that represent 
markers within genes with speculated relevance to DUS 
traits. Bonow et al. (2009) used 13 SSRs from the region 
upstream of MADS-box genes and 37 EST-SSRs for the 
identification of 37 closely related rice varieties in Bra-
zil. The resulting genotypic data allowed differentiation 
of japonica and indica rice subspecies. Moreover, as per 
application of multivariate analyses (e.g. cluster and prin-
cipal component analysis, PCA), varieties were grouped 
according to some attributes. Namely, SSRs separated rice 
varieties into basmati and non-basmati groups as well as 
showing congruency with pedigree and breeding history of 
14 rice varieties (Sarao et al. 2009). Similarly, SSR markers 
showed better performance than DUS traits in distinguishing 
and fitting with pedigree of 41 maize inbred lines (Gunjaca 
et al. 2008). In rapeseed, two AFLP primer combinations 
could distinguish and separate 83 cultivars based on seasonal 
growth habit (winter versus spring), breeding company, 
and country of origin (France or Germany) using PCA and 
analysis of molecular variance (AMOVA) (Lombard et al. 
2000). Other studies in rapeseed also identified SSRs that 
delineated varieties according to their type (winter, spring, 
and forage). Moreover, genetic distance calculated on mark-
ers revealed better consistency correlated with pedigree of 
varieties (Tommasini et al. 2003). In sugar beet, cluster anal-
ysis based on Nei’s genetic distances based on AFLP data 
on 15 varieties grouped them according to their breeding 
programme origins (De Riek et al. 2001). Finally, AFLPs 
have been found to allow clustering of 66 poplar commer-
cial clones, consisting of various species and hybrids, to 
their correct taxonomic classification (Fossati et al. 2005). 
These results suggest that selected markers can be effective 
in grouping varieties according to their population structure.
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Table 1   Summary of a literature review on the use of genetic markers in DUS testing

Crop Marker system DUS test Key message References

Agricultural crops
 Rice SSRs D, U, S Mapped SSRs of 12 rice linkage groups 

could differentiate all 23 aromatic varieties; 
no variation was seen in the analysis of 20 
individuals of all seed classes of cv. “Pusa 
Basmati 1” using 55 SSRs, hence suggesting 
SSRs for uniformity and stability tests

Singh et al. (2004)

SSRs D Highly polymorphic SSRs separated rice varie-
ties into basmati and non-basmati groups, as 
well as showing congruency with pedigree and 
breeding history of 14 rice varieties

Sarao et al. (2009)

EST-SSRs D A small set of 5 EST-SSRs distinguished 37 rice 
varieties in Brazil based on their subspecies, 
i.e. indica or japonica; SSRs can efficiently 
complement morphological descriptors

Bonow et al. (2009)

Total protein, Isozymes, RAPDs D Biochemical and molecular markers were 
presented to potentially complement morpho-
physiological descriptors which failed distin-
guishing a variety

Patra and Chawla (2010)

RAPDs, ISSRs D ISSRs were more successful in distinguishing 44 
indigenous local strains of rice than RAPDs

Shukla et al. (2011)

SSRs D A combination of 5 polymorphic SSRs were 
successful in differentiating 40 varieties, sug-
gesting these SSRs as useful set for comple-
menting DUS tests

Pourabed et al. (2015)

 Barley SNPs, InDels D KASP genotyping using 25 genetic markers in a 
panel of 169 UK barley varieties could predict 
14 DUS traits with different values. While 
3 DUS traits (number of ear rows, seasonal 
type, and disposition of grain lodicules) were 
correctly predicted (100%), predictive values 
for other traits ranged 81–99%. These markers 
promised for their deployment in variety iden-
tification via BMT’s Model 1

Cockram et al. (2012)

SSRs, SRAPs D A panel of 143 barley varieties, landraces and 
advanced lines were genotyped with 149 SSRs 
and 30 SRAP primer combinations. Associa-
tion study revealed associated markers for 15 
out of 36 DUS traits. This was the first report 
of associated SSR markers with awn roughness 
and grain colour in barley. An SSR marker 
confirmed previously reported linked markers 
to time of ear emergence QTLs

Jamali et al. (2017)

SNPs U KASP genotyping for SNP-based markers diag-
nostic for selected DUS traits in barley could 
be used to robustly detect off-types in DNA 
representing pools of 10 individuals

Cockram (unpublished)
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Table 1   (continued)

Crop Marker system DUS test Key message References

 Maize SSRs D 28 SSRs were used to discriminate 41 maize 
inbred lines; compared to 32 DUS traits they 
fitted better with pedigree of lines and showed 
higher resolving power

Gunjaca et al. (2008)

RAPDs D Compared to morphological and physiological 
traits, RAPDs showed more genetic diversity 
in a set of maize inbred lines

Yadav and Singh (2010)

SNPs D An array of 3072 SNPs in genic regions were 
developed for fingerprinting 276 Chinese 
maize hybrid varieties

Tian et al. (2015)

SNPs D SNPs were more powerful than morphologi-
cal, ribonucleic acid (RNA) transcription, and 
metabolomics data in distinguishing 10 maize 
inbred lines of three heterotic groups

Hall et al. (2016)

 Rapeseed AFLPs D Utilization of two AFLP primer combinations 
was sufficient to uniquely identify 83 rapeseed 
cultivars. PCA and AMOVA analyses unam-
biguously delineated 83 cultivars based on 
seasonal growth habit (winter versus spring), 
breeding company and country of origin

Lombard et al. (2000)

AFLPs U Usefulness of AFLPS were shown for uniformity 
assessment of rapeseed inbred line varieties; 
using multivariate tools, the same off-types as 
observed in the field were identified

Lombard et al. (2002)

SSRs D, U Multiplex PCR of SSRs was developed for dis-
tinctness and uniformity of rapeseed varieties; 
PCoA analysis grouped varieties based on their 
types, i.e. winter, spring, and forage. Degrees 
of variation were observed within varieties 
based on variety and SSR locus. Although no 
correlation was found between SSRs and phe-
notypes, SSRs linked to the pedigree of varie-
ties and presumed to be useful in the number 
of varieties before field comparisons

Tommasini et al. (2003)
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Table 1   (continued)

Crop Marker system DUS test Key message References

 Soybean RAPDs, AFLPs, SSRs D Despite narrow genetic base of 100 soybean 
cultivars in Argentina, fingerprinting with 
RAPDs, AFLPS, and SSRs was successful; 
among these markers, SSRs showed best fit 
to pedigree data as well as morphological 
descriptors; establishment of minimum genetic 
distances based on combinations of SSRs and 
morphological traits for distinctness within 
PVP

Giancola et al. (2002)

SSR D Three polymorphic SSRs out of 16 utilized 
markers could clearly distinguish 15 soybean 
varieties. These markers were recommended as 
complementary tools to morphological traits 
for variety identification and DUS testing

Jamali et al. (2011)

SSR D 148 soybean varieties were clearly discriminated 
by a set of 16 SSR markers. These markers 
were recommended as complementary traits 
in DUS testing as well as trueness-to-type and 
seed purity issues

Kwon (2016)

SSR D 10 polymorphic SSR loci were used in barcod-
ing 102 soybean Indian varieties that resulted 
in a 10-digit barcode for identification and 
genetic purity tests

Rani et al. (2016)

SSR D Nine SSRs distinguished 6 soybean varieties and 
were recommended for checking genetic purity 
of seeds

Kumar et al. (2017)

 Wheat AFLPs D AFLPs were found to be useful in discriminat-
ing 55 wheat varieties in the UK provided that 
polymorphic bands were between v (no. of 
varieties) and 2v

Law et al. (1998)

SSRs U Twenty-four out of 45 wheat varieties meet the 
standards of uniformity using 7–9 SSR loci

Cooke et al. (2003)

SSR, EST-SSR, SCAR-AFLP S SSRs were used for the assessment of stability of 
wheat varieties; eighty polymorphic loci were 
suggested for the calculation of the homozy-
gous SSR loci ratio (SSR-HLR) as an index; 
varieties with SSR-HLR > 95% and < 91% 
were classified as stable and unstable, respec-
tively; varieties within the gap were entered to 
field for stability assessment

Wang et al. (2013)

SSRs D SSRs were useful for the reduction in number 
of wheat varieties for field comparisons; 
therefore, only varieties with > 90% genetic 
similarity were required for morphological 
testing; a technical protocol based on 80 SSRs 
was suggested for test of distinctness

Wang et al. (2015)

SNPs D A panel of 429 Chinese wheat cultivars were 
genotyped with 9000 SNPs, of which 43 mark-
ers were used for generating specific barcodes

Gao et al. (2016)



1917Theoretical and Applied Genetics (2019) 132:1911–1929	

1 3

Table 1   (continued)

Crop Marker system DUS test Key message References

 Durum wheat SSRs, AFLPs D A panel of 58 durum wheat varieties was 
phenotyped for 42 traits and genotyped using 
70 SSRs and 234 AFLPs. Unlike estimating 
high correlation between genetic similarities 
between two marker types, lower values were 
obtained between morphological and either of 
markers. In contrast to failure of DUS traits, 
molecular markers provided indication of 
known pedigree data

Maccaferri et al. (2007a)

SSRs, AFLPs D SSRs were more successful than AFLPs in 
distinguishing closely related durum wheat 
lines which were indistinguishable by 17 
morphological descriptors; molecular markers 
were suggested as a complementary tool for 
reducing field costs and improvement of DUS 
field trials

Noli et al. (2008)

 Pea Isozymes, SSRs, IRAPs, RBIPs D While SSRs could clearly distinguishing 25 pea 
varieties due to multi-allelic merit, retrotrans-
poson-based markers (RBIPs and IRAPs) 
were also useful to complement distinctness 
assessment

Smỳkal et al. (2008)

 Bean SSRs D A combination of 49 morpho-agronomic 
descriptors and 37 SSR markers were recom-
mended in distinctness of 39 common bean 
cultivars registered in Brazil

Delfini et al. (2017)

SSRs D Ten SSRs were utilized, as complementary 
tools, in distinguishing 11 French bean varie-
ties in India

Mall and Chawla (2014)

 Potato SSRs D A 1-day procedure for distinguishing over 400 
potato cultivars were developed based on a set 
of six SSRs

Reid and Kerr (2007)

IRAPs D A complex of three IRAP primers clearly distin-
guished 20 registered potato varieties on the 
Czech variety list, suggesting this genotyping 
method as a valuable complementary tool

Nováková et al. (2009)

SSRs D Minimum sets of polymorphic SSRs were 
introduced for DUS testing of 48 Indian potato 
varieties

Tiwari et al. (2018)

 Sugar beet AFLPs D AFLPs clustered 15 sugar beet candidate varie-
ties for listing in Belgium, according to the 
breeding programs they originated from

De Riek et al. (2001)

 Alfalfa SSRs, SNPs D 2902 GBS-generated SNPs along with 41 poly-
morphic SSRs were used in the identification 
of 11 alfalfa landraces from Italy. They were 
recommended as substitute or complementary 
tools for 11 morpho-physiological traits

Annicchiarico et al. (2016)

 Camelina SSRs D Unique DNA profiles were generated for 128 
elite oil camelina cultivars by analysing 10 
polymorphic SSRs

Chen et al. (2016)

Vegetables
 Pepper SSRs D Cluster analysis based on 27 SSRs grouped 

66 pepper varieties based on their type, 
though no significant correlation was found 
with morphological traits. Thus, SSRs could 
complement conventional traits and be used 
in pre-screening or grouping of existing and 
candidate varieties

Kwon et al. (2005)
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Table 1   (continued)

Crop Marker system DUS test Key message References

 Tomato SSRs U Nine out of 10 tomato varieties meet the stand-
ards of uniformity using 6 SSRs.

Cooke et al. (2003)

SSRs, InDels D A core set of 6 SSRs and 35 InDel markers were 
introduced for distinguishing 62 F1 tomato 
cultivars, as well as for checking genetic purity 
of hybrid seeds

Phan et al. (2016)

 Cucumber RAPDs D RAPDs showed the same relationship among 
main groups of 36 cucumber varieties as mor-
phological traits did; however, morphologi-
cally uniform samples showed variation with 
RAPDs; better design of field assessment for 
each group of cucumber could be supported 
by RAPDs

Bernet et al. (2003)

 Lettuce SSRs D 58 out of 370 EST-SSR markers were polymor-
phic enough to distinguish 92 lettuce cultivars

Hong et al. (2015)

 Chinese cabbage SSRs D 21 polymorphic SSRs were highlighted as a 
useful tool for discriminating 162 Chinese cab-
bage genotypes

Choi et al. (2016)

 Brassica chinensis SSRs D, U Distinctness and uniformity of 4 OP and 4 
hybrid varieties of B. Chinensis were assessed 
by SSRs; They were more distinguishing and 
showed greater uniformity than morphological 
traits, hence were highlighted as complemen-
tary tool

Yim et al. (2009)

Fruit trees
 Olive SSRs, AFLPs D Similar results were obtained using morphologi-

cal and molecular (AFLPs, SSRs) datasets for 
the discrimination of olive varieties; however, 
only molecular data helped the identification 
of duplicate samples

Rotondi et al. (2003)

 Grapevine SSRs D A collection of 489 grapevine genotypes, 
synonyms, and sports were evaluated with 9 
SSRs. A minimum of 2 alleles were a base for 
distinguishing 119,316 pairs of comparisons

Ibàñez et al. (2009)

SSRs U, S Nine polymorphic SSRs, already used in 
distinctness of grapevine varieties, were 
assessed for uniformity and stability testing; 
these markers were successful in assessments 
in nearly all 171 variety × SSR combinations 
examined

Vélez and Ibánez (2012)

 Coffea arabica SSRs D 16 out of 34 SSR markers were used for discrim-
ination of 34 closely related and phenotypi-
cally similar cultivars

Sousa et al. (2017)

Forest trees
 Poplar SSRs, AFLPs D Both SSRs and AFLPS showed high levels 

of variation between 66 poplar commercial 
clones of various species and hybrids, high-
lighting them as effective tools for identifica-
tion of clones; AFLP data clustered the clones 
according to their taxonomic classification

Fossati et al. (2005)

AFLPs amplified fragment length polymorphisms, ESTs expressed sequence tags, InDels insertion–deletions, DUS distinctness, uniformity, 
stability, IRAPs inter-retrotransposon amplified polymorphisms, RAPDs randomly amplified polymorphic DNA, RBIPs retrotransposon-based 
insertion polymorphisms, SCAR​ sequence characterized amplified regions, SNPs single nucleotide polymorphisms, SSRs simple sequence 
repeats, D distinctness, U uniformity, S stability
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While these studies demonstrate the potential of DNA 
markers as complementary traits to classical morphological 
descriptors, other advantages, such as use in the manage-
ment of reference collections for improving the quality of 
field comparisons, has also been highlighted (Lombard et al. 
2000; Tommasini et al. 2003).

Assessment of uniformity (U) and stability (S)

Relatively few studies have investigated the utility of molec-
ular markers for the assessment of uniformity and stabil-
ity. Investigation using 55 SSRs on DNA extracted from 20 
individuals of a single rice cultivar obtained from multiple 
sources (nucleus, breeder, foundation, certified, and farm-
er’s saved seed) found no variation between 100 plants (20 
individuals × 5 seed classes), indicating SSRs potentially 
represent a useful tool for uniformity and stability tests 
(Singh et al. 2004). AFLPs have also been used for uni-
formity assessment in morphologically heterogeneous rape-
seed inbred lines, where similar detection rates for off-types 
were obtained using PCA and Rogers’ distances, compared 
to those observed in the field (Lombard et al. 2002). Also, 
15 SSRs have been used for the uniformity assessment of 10 
rapeseed varieties, where different values of intra-varietal 
diversity were detected depending on variety tested and SSR 
used (Tommasini et al. 2003). Cooke et al. (2003) used SSRs 
for assessment of uniformity in wheat and tomato varieties—
in spite of observing non-uniformity, 24 out of 45 wheat 
varieties met the uniformity standards by using seven to nine 
SSR loci. Also, nine of the ten tomato varieties were uni-
form using six SSR loci. Higher levels of uniformity were 
observed using SSRs than morphological traits in 3 (out of 
4) hybrid varieties of Brassica chinensis (Yim et al. 2009). 
Furthermore, 9 polymorphic SSRs were used to assess the 
utility of genetic markers for the assessment of distinctness 
in grapevine and have also been assessed for application to 
uniformity and stability testing. These markers were suc-
cessful in assessments in nearly all 171 variety-SSR com-
binations examined, except in one combination where the 
number of off-types did not meet the uniformity standard 
(Vélez and Ibánez 2012). In a study investigating stability 
testing in wheat, Wang et al. (2013) developed an SSR-based 
index as a replacement for field-based stability tests. In their 
method, varieties with a homozygous SSR loci ratio (SSR-
HLR) more than 95% and less than 91% were deemed to 
be stable and unstable, respectively, while those between 
these two thresholds were entered into field tests for mor-
phological assessment. Based on SSR-HLR, the stability test 
of 633 regional varieties was enabled by a set of 80 poly-
morphic markers. More recently, Cockram (unpublished) 
demonstrated that Kompetitive Allele-Specific PCR (KASP) 
SNP-based markers diagnostic for selected DUS traits in 
barley could be used to robustly detect off-types in DNA 

representing pools of ten individuals. This approach high-
lights how SNP-based markers could potentially be used as 
a like-for-like replacement for morphological traits—at least 
in those cases where genetics underlying the traits are well 
described. In the medium term, this could potentially be of 
relevance to morphological traits or grouping characteristics 
which are difficult, costly, or time-consuming to phenotype.

BMT models for application of DNA markers 
in DUS assessment

Characteristic‑specific molecular markers

The use of gene- or allele-specific markers that accurately 
predict states of expression of phenotypic traits used in 
conventional DUS testing is known within UPOV’s BMT 
framework as the “Model 1” approach.

In the last 3 decades, evolution of DNA markers has had 
huge impact on molecular-assisted plant breeding. Appropri-
ate genetic resources, such as classical bi-parental linkage 
mapping (Collard et al. 2005), association mapping (AM), 
multifounder advanced generation inter cross (MAGIC) and 
nested association mapping (NAM) populations (reviewed 
by Cockram and Mackay 2018), can be used to identify 
genetic markers that predict the phenotypic expression of 
traits controlled by a small number of genes of large effect, 
as well as by quantitative trait loci (QTL). These approaches, 
combined with advances in the availability of crop genome 
reference assemblies (even for large genome polyploid spe-
cies such as wheat, IWGSC 2018), promote acceleration 
of the identification of linked or causative polymorphisms 
underlying phenotypes of interest, including DUS traits. 
Such markers represent valuable tools for indirect selection 
of phenotypes through marker-assisted selection (MAS) pro-
grammes and also pyramiding desirable genes in a single 
genotype.

Where available, functional markers (FMs) would be the 
best choice for MAS and DUS testing under Model 1, as they 
are derived from the underlying causative polymorphism(s) 
controlling the effect of a given genetic locus. Therefore, 
FMs could be highly predictive of trait expression and over-
come the problem of using linked markers that are prone to 
recombination between marker and the target gene or causa-
tive polymorphism(s). In addition, linked markers may not 
always work in different genetic backgrounds (Collard et al. 
2005), thus limiting their utility in MAS programmes and 
DUS testing.

For a review of FMs for agronomic and quality traits, 
disease resistance and abiotic stress tolerance in wheat and 
other major grain crops, see Liu et al. (2012) and Kage 
et al. (2015), respectively. Here, we highlight some breeder-
friendly FMs in rice developed for grain length (short versus 
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long), endosperm type (glutinous versus non-glutinous), 
amylose content of endosperm (different classes), gelatini-
zation temperature (low versus high), and aroma in decor-
ticated grain (fragrant versus non-fragrant), which could 
be practically utilized for the measurement of DUS charac-
teristic numbers 58 and 62–65 (UPOV 2004) whose meas-
urements are examiner dependent (fragrance) or expensive 
(amylase content). In addition, FMs aimed at DUS testing 
for disease resistance to pathogens in tomato (UPOV 2013b) 
and 13 morphological traits in barley (UPOV 2018) are also 
presented below.

In rice, Fan et al. (2009) validated a FM for grain length 
based on a C/A SNP in second exon of the gene, GRAIN 
SIZE 3 (GS3). The derived cleaved amplified polymorphic 
sequence (CAPS) marker could predict with 100% accuracy 
the long (> 9.0 mm) and short grain (< 8.5 mm) genotypes. 
This marker (which requires digesting the amplicon with 
the enzyme PstI) was later converted to an allele-specific 
primer (ASP) assay (Ramkumar et al. 2010). A tightly linked 
microsatellite to the Waxy gene and a G/T SNP at the puta-
tive leader intron 5′ splice site have been used to differen-
tiate amylose classes of rice varieties (Ayres et al. 1997). 
Moreover, a dCAPS marker was developed for differenti-
ating non-waxy (glutinous) indica and japonica varieties 
(Yamanaka et al. 2004). CAPS and dCAPS markers were 
developed in rice for the Starch Synthase IIa gene confer-
ring gelatinization temperature of starch (Lu et al. 2010). 
Bradbury et al. (2005) developed an allele-specific ampli-
fication (ASA) assay for discriminating fragrant and non-
fragrant rice varieties across a wide range of samples based 
on an 8-bp deletion and three SNPs in exon 7 of the Betaine 
Aldehyde Dehydrogenase 2 (BAD2) gene. This marker was 
later improved to a single co-dominant FM (Sakthivel et al. 
2009). In another complementary study, FMs were devel-
oped based on a 7-bp deletion in exon 2 of the gene, as well 
as previously discovered 8-bp deletion (Shi et al. 2008). New 
mutations were found based on deletion of 803 bp between 
exons 4 and 5 of the gene, resulting in development of new 
FM for detecting fragrant varieties (Shao et al. 2011). More-
over, under a pseudonym (Os2AP) for the same gene, a 3-bp 
insertion allele in exon 13 was converted to a new FM for the 
detection of aromatic rice varieties from Myanmar (Myint 
et al. 2012).

In tomato, Arens et al. (2010) validated existing tightly 
linked sequence characterized amplified regions (SCAR) 
markers to a tomato mosaic virus (ToMV) resistance gene 
(Tm1) and a Fusarium resistance gene (I), in addition to 
developing robust tetra-primer amplification refractory 
mutation system (ARMS)-PCR and CAPS markers for 
identifying resistance to Verticillium (Ve1, Ve2), Fusarium 
(I2), tomato mosaic virus (Tm2, Tm22), and Meloidogyne 
incognita nematode (Mi1-2), all of which represent obliga-
tory traits in DUS testing of tomato candidate varieties. 

High correlation was found between the results of these 
markers and biological assays, highlighting their potential 
use as a complement or alternative to bioassay tests.

In barley, PCR-based markers have been introduced 
for prediction of seasonal growth habit based on inser-
tion/deletion (InDel) polymorphisms at the vernalization 
requirement locus, VRN-H1 (Cockram et al. 2009). This 
assay, together with primers targeting candidate ZCCT​
-H genes at the VRN-H2 vernalization locus (Karsai et al. 
2005), can predict winter or spring phenotype. Recent 
molecular characterization of alternative (also termed 
“facultative”) seasonal growth habit and flowering time in 
barley now provided valuable tools for identification of all 
three growth habits in barley for variety registration pur-
poses (Cockram et al. 2015). Furthermore, in a genome-
wide association study (GWAS) of 32 DUS characteristics 
with 1536 EST-based SNPs in a panel of ~ 500 UK barley 
cultivars, significant associations were found for 15 traits 
(Cockram et al. 2010). These positive associations were 
then validated in 169 UK barley varieties using the KASP 
genotyping platform, providing a suite of 25 genetic mark-
ers for predicting phenotypic expression across 15 DUS 
traits (Cockram et al. 2012).

With the recent advancements in several genomics plat-
forms, several genes of economic importance have been 
cloned which somehow needs to be converted into func-
tional-based assays. Even the available functional markers 
may complement for number of traits in the current scenario 
with the morphological DUS characterization.

Also, the importance of specific markers could be recog-
nized in green forensic investigations. Cristo-Araújo et al. 
(2017) showed that how estimation of Reynold’s coances-
try coefficient between peach palm landrace accessions, as 
genotyped by 9 SSR markers, resulted in detection of origin 
of smuggled seeds of a popular landrace. Considering pos-
sible use of DNA markers in differentiating plant landraces 
dates back to the studies of Konieczny and Ausubel (1993), 
where ecotype-specific CAPS markers were introduced for 
distinguishing Arabidopsis thaliana Columbia and Lands-
berg erecta ecotypes. Likewise, ISSR markers were inves-
tigated for possible identification of 11 lentil landraces 
specific to different regions of Italy, of which a high VCU 
landrace “Castelluccio” is protected under EU’s “Geographi-
cal Indication” (GI) classification (Sonnante and Pignone 
2007). In another study, unique SSR markers were identified 
for evaluation of 104 Perilla frutescens herbaceous landrace 
accessions collected from different geographical regions of 
Korea and Japan (Park et al. 2008). Also, whole-genome 
sequencing of African sorghum (Sorghum bicolor) revealed 
landrace-specific SNP alleles, suggesting their usefulness in 
differentiation of modern and landrace materials (Mace et al. 
2013). Development of such specific markers suggests that 
they could be utilized in protection of farming community 
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from biopiracy, smuggling, and any fraudulent marketing of 
recognized landraces.

Combining phenotypic and molecular distances 
in the management of variety collections

Developed by experts of the French Group for the Study 
and Control of Varieties and Seeds (GEVES), reduction in 
the number of candidate and reference collection varieties 
before conducting direct comparisons in the field is the key 
feature of BMT “Model 2” (UPOV 2013a). Its aim is to use 
only those reference varieties that are appropriately similar 
to candidate varieties for field evaluation, based on a com-
bination of phenotypic (measured by GAIA software) and 
molecular (Roger’s) distances. The GAIA distance between 
varieties is calculated from a combination of phenotypic dif-
ferences, in which characteristics are weighed according to 
their variability and susceptibility to the environment. There-
fore, the determination of “distinct plus” varieties, which are 
deemed to be robustly eliminated from field evaluations, is 
done by plotting distances of molecular against morphologi-
cal data. All pairs of varieties with a GAIA distance ≥ 6 are 
classified as “super distinct varieties” and excluded from 
DUS trial. Moreover, those pairs with a morphological dis-
tance > 2 plus a Roger’s distance ≥ 0.2 are also eliminated 
from field comparisons. In recent years, the use of SSRs has 
been replaced by a selected set of 312 SNPs for management 
of the maize reference collection comprising 4000 inbred 
lines and hybrids (UPOV 2014a). Similarly in potato, deci-
sions on reducing the volume of field comparisons have been 
based on combination of morphological traits and 9 SSR 
markers. In that respect, a candidate/reference variety pair 
with a City block (Manhattan) distance > 0.1 plus a Jaccard 
distance > 0.2 are considered as “distinct plus” and exempted 
from second year of DUS testing (UPOV 2011).

In barley, the feasibility of this approach was assessed by 
using a large set of markers (3072 SNPs) in 431 winter and 
spring barley varieties phenotyped by 28 DUS traits (Jones 
et al. 2013). In spite of achieving high levels of correlations 
between molecular and morphological distances, it was not 
possible to demonstrate “distinct plus” varieties on a basis 
of one-to-one correspondence. In a subsequent study, cor-
relation values were further improved by implementing ridge 
regression among molecular distances, and a reliable value 
(r > 0.60) was achieved once over 500 SNPs were used in the 
approach (Jones and Mackay 2015).

In earlier studies, despite detecting low to moderate lev-
els of correlations between DUS traits and DNA markers, 
application of this approach was envisaged. For instance, 
seed storage proteins of wheat were used for grouping CKVs 
prior to field testing. Compared with morphological traits, 
they showed advantages in terms of both reducing costs 
and improving the quality of PVP (Jones et al. 2003). Nuel 

et al. (2001) proposed a statistical approach for predicting 
phenotypic distances based on molecular data (generated 
using restriction fragment length polymorphism, RFLP). 
They applied their model to a panel of 144 maize inbred 
lines characterized by RFLPs and morphological quantita-
tive traits, resulting in a reduction of field comparisons to 
only those most similar cultivars. In durum wheat, moderate 
correlations were found between morphological and molecu-
lar marker (AFLPs, SSRs) similarity distances in a set of 69 
advanced breeding lines, for which a set of 28 SSRs (one per 
chromosome arm) was introduced as a pre-screening tool. It 
was determined that field comparison could be avoided for 
pairs of varieties, provided that they were polymorphic at 
more than 13 loci (Noli et al. 2008). In soybean, in spite of 
detecting weak correlations (0.11–0.24) between similarity 
coefficient matrices of DUS traits and molecular markers 
(SSRs, AFLPs, RAPDs), establishing minimum genetic dis-
tances was favoured by a combination of morphological and 
SSR markers (Giancola et al. 2002). Correlation between 
distance matrices derived from 32 morphological and 28 
SSR markers was low (0.2) between 41 maize inbred lines 
(Gunjaca et al. 2008). Similar results were found in rapeseed 
(Tommasini et al. 2003), in which no significant correlation 
was found between SSRs and phenotypes. In durum wheat, 
despite estimation of high correlation between genetic sim-
ilarities of AFLPs and SSRs, lower values were obtained 
between morphological and either of markers (r = 0.46 
and 0.56), respectively (Maccaferri et al. 2007a). In pep-
per, similar low correlations were found between SSRs and 
morphological traits (Kwon et al. 2005). Besides applying 
this model for distinctness testing, Wang et al. (2013) devel-
oped a procedure for reducing the number of comparator 
varieties for assessment of stability of wheat varieties before 
field comparisons. Based on the homozygous SSR loci ratio 
(SSR-HLR), only those varieties with a ratio between 91 
and 95 are entered to the field, while pairs of varieties with 
a ratio > 95 and < 91 are considered stable and unstable, 
respectively.

“Essentially derived”: the other side 
of the PVP coin

Classical and creative breeding of new varieties, for which 
the UPOV convention was intended to support from the out-
set, relies on free access of researchers to protected germ-
plasm as material for breeding new varieties. However, this 
principle, known as “breeder’s exemption” within the PVP 
system, may be faced with prohibitions in claims for utility 
patents (Lesser and Mutschler 2004).

In some instances, the developed varieties may conform 
to existing protected varieties from which they would be 
classified as “essentially derived”. The “essential derivation” 



1922	 Theoretical and Applied Genetics (2019) 132:1911–1929

1 3

concept was introduced as a process in which most of 
the essential characteristics of the initial (founder) vari-
ety remain intact in the newly bred variety. The so-called 
essentially derived varieties (EDVs) may be obtained using 
breeding techniques that result in only a minor or “cosmetic” 
modification, like mutation, backcrossing, and genetic engi-
neering. The scope of PBR also extends to EDVs, as they 
are dependent on the founder variety and cannot be exploited 
without consent of the initial breeder, hence entitling some 
royalty sharing. Aimed at protecting the rights of the initial 
breeder, it is stipulated that “cascade of derivations” are pos-
sible, rather than the alternative option, “cascade of depend-
ence”. Therefore, where EDV-2 is derived from EDV-1, PBR 
associated with the initial variety applies to both derived 
varieties.

By definition, a variety is deemed to be EDV if it is 
clearly distinct from an initial variety from which is pre-
dominantly derived, and conforms to it in the expression of 
essential characteristics (UPOV 1991). Therefore, distinct-
ness testing and assessing conformity of varieties can be 
considered as “two sides of the same coin”. The technical 
concept of essential derivation is parallel to “substantial 
equivalence” as the backbone of risk assessment of geneti-
cally modified organisms (GMOs), which should be substan-
tially equivalent to their non-GMO counterpart except the 
engineered transgene. Accordingly, EDVs share their essen-
tial characteristics with the initial parental variety except for 
the distinctive trait.

For practical purposes, a boundary of ownership (thresh-
old) has to be defined around the initial variety, where a new 
variety falls within this boundary, it would be deemed to be 
essentially derived from it. On the other hand, if exceeded, 
it would be considered as an independently derived vari-
ety. This boundary has to be broad enough not to erode the 
rights of the initial breeder, but narrow enough to allow the 
use of protected varieties to perform innovative breeding 
work. While the UPOV convention has handed the essen-
tial derivation dispute over breeders, the Australian PBR 
Act defines a role for national authority as responsible for 
defining essential characteristics and administering EDVs 
(PBRA 1994).

Essential derivation can be assessed through variety ori-
gin, breeding methods, heterosis, and phenotypic and/or 
genotypic characteristics. In spite of technical discrepancies 
regarding assessment of conformity by phenotypic charac-
teristics or molecular data, genetic distances based on DNA 
markers have been commonly studied and are strongly sup-
ported by ISF (ISF 2012). Heckenberger (2004) suggested 
a redefinition of the term essential characteristics used in 
the definition of essential derivation in the UPOV conven-
tion, by which marker information can also play the same 
role as phenotypic traits for essential characteristics. It is 
now widely accepted that DNA markers can, when used 

appropriately, provide a largely unbiased estimate of related-
ness and similarity between two varieties due to their lack of 
sensitivity to environmental factors—in contrast with even 
highly heritable phenotypic traits that often offer only an 
estimate of the true relatedness. Also, in spite of conven-
tional traits controlled only by a low number of genetic loci, 
DNA-based approaches can be selected to ensure equal and 
dense genome coverage. Currently, AFLPs and SSRs repre-
sent the most widely used markers in published datasets for 
defining EDV thresholds on the basis of calculating genetic 
similarity between varieties.

Thresholds for identifying EDVs

A number of criteria for choosing markers in developing 
an EDV protocol were discussed by Van Eeuwijk and Law 
(2004), including marker unbiasedness, precision, and 
genome coverage. For the latter case, to determine whether 
markers should be distributed equidistantly across genome 
or be confined to specific regions controlling differences 
in characteristics, computer simulations of the distribution 
of genetic similarities between maize parental inbred lines 
and their progenies derived from F2 and different back-
cross populations were undertaken. The results showed that 
with increasing number and length of chromosome, when 
using dense and uniform marker distributions, there was a 
decrease in standard deviations and overlaps of distribu-
tions in the studied materials. In that respect, Leigh et al. 
(2003) suggested that marker system and statistical method 
should be specified on a crop-by-crop basis for the establish-
ment of EDV thresholds. This recommendation was based 
on comparing AFLP, SSR, inter-retrotransposon amplified 
polymorphism (IRAP), and sequence-specific amplified 
polymorphism (S-SAP) markers in a set of 40 registered 
barley varieties. Despite discrepancies in distances with each 
marker between variety groups (UK versus Finnish), similar 
patterns of diversity (based on Jaccard similarity measures) 
were observed through combined principal co-ordinate 
analysis (PCoA) plots.

Van Eeuwijk and Law (2004) defined three approaches for 
defining thresholds, namely “tail”, “calibration”, and “ped-
igree” principles, recently reviewed and elaborated on by 
Noli et al. (2013). So far, the threshold for a number of crops 
(perennial ryegrass, maize, oilseed rape, cotton, and lettuce) 
has been adopted by ISF according to these approaches 
(https​://www.world​seed.org/our-work/trade​-rules​/#essen​
tial-deriv​ation​, accessed 26 April 2019). Based on tail prin-
ciple, a percentile point as threshold is chosen in the upper 
tail end of the distribution of similarities within the reference 
collection. The composition of the collection is required to 
be known, as selection of threshold in a collection of no ED 
pairs is statistically less complicated than calculation on a 

https://www.worldseed.org/our-work/trade-rules/#essential-derivation
https://www.worldseed.org/our-work/trade-rules/#essential-derivation
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mixture of non-ED and ED similarity distribution. Applica-
tion of this approach in lettuce led to the introduction of a 
threshold of 0.96, based on Jaccard similarity coefficient 
for three known groups of varieties (ISF 2004). Maccaferri 
et al. (2007b) compared molecular markers (68 SSRs, 217 
AFLPs) with pedigree information for establishing ED in 
a panel of 134 durum wheat varieties. Although pedigree-
based coefficients did not match with the registered parent-
ages of 58 of the accessions, SSRs could identify “breed-
ing lineages” in the collection. In another study, a set of 60 
durum wheat genotypes with different levels of relatedness 
were genotyped by 13 AFLP primer combinations and 109 
SSR loci for EDV identification. A threshold of 0.96 Jaccard 
similarity calculated from AFLPs was proposed based on tail 
principle (Noli et al. 2012). This principle was also applied 
for defining EDV thresholds based on Dice similarity in Cal-
luna vulgaris, a popular pot plant in Europe (Borchert et al. 
2008).

During implementation of the calibration principle, the 
threshold is defined on pedigree information or known rela-
tionships of closely related genotypes. Van Eeuwijk and Law 
(2004) adopted this approach for barley and decided to place 
the threshold at the level of second backcross. Recently, a 
high correlation between coefficient of relatedness and 
genetic (3072 SNPs) or morphological (28 DUS traits) dis-
tances were observed, using 431 barley varieties grouped 
according to their pedigree relationships, suggesting both or 
either type of data could be suitable for essential derivation 
issues (Jones et al. 2013). Using this approach, genetic simi-
larities among 83 rose varieties were studied using AFLP 
markers for establishing essential derivation, where mutants 
(also known as “sport”) as putative EDVs were distinguished 
at a threshold of 0.95 from original varieties (Vosman et al. 
2004). Earlier studies on the ability of morphological traits 
and seed storage proteins (Gilliland et al. 2000) and AFLP 
markers (Roldán-Ruiz et al. 2000) for estimating the genetic 
conformity between related ryegrass (Lolium perenne L.) 
varieties revealed congruent results via multivariate clus-
tering methods. A set of 107 SSR and 48 SCAR markers 
were used in cucumber, representing a species with narrow 
genetic base, to define threshold values for identification 
of EDVs. Results based on genetic distances showed some 
levels of polymorphisms in three sets of backcross families, 
restraining the establishment of thresholds, while identifying 
SNPs as better discriminators (Staub et al. 2005).

In the pedigree principle, a threshold is defined in such 
a way that observed genetic similarities are related to iden-
tity by descent (IBD) probabilities. Therefore, utilization of 
genome-wide markers with known map position would help 
implement this approach. Using this method, morphologi-
cal traits, heterosis, and molecular markers (AFLPs, SSRs) 
have been used for identification of EDVs in maize inbred 
lines (Heckenberger et al. 2002, 2003, 2005a, b). Based on 

comparison of these various data for estimating genetic dis-
tances, a complementary application of AFLPs and SSRs 
was recommended for uncovering close pedigree relation-
ships and distinguishing EDVs from IDVs (Heckenberger 
et al. 2006). These studies depicted three zones in maize 
based on already defined boundaries or thresholds of genetic 
conformity between varieties. Similar to traffic lights, the 
zones of “non-distinctness or indisputable essential deri-
vation” (red), “uncertainty” (orange), and “non-derivation 
or independence” (green), define boundaries between 
varieties. It is assumed that once putative EDVs fall into 
the orange zone, a reversal of burden of proof occurs and 
their breeders should prove the independency of them for 
the initial variety. In recent years, ISF updated SSR-based 
zones (namely < 82% similarity (green), 82–90% (orange), 
and > 90 (red)) with SNP-based EDV thresholds. Therefore, 
genetic similarity < 91% and ≥ 95% between the initial vari-
ety and EDV is considered as non-derivation (green) and 
definitely derivation (red), respectively. Accordingly, puta-
tive EDVs with genetic similarity ≥ 91 to < 95% reside in 
orange zone (ISF 2014; UPOV 2014b). The list of 3072 SNP 
markers used for the recent guideline in maize is available 
on the ISF website (https​://www.world​seed.org/wp-conte​
nt/uploa​ds/2015/10/Annex​_2_SNP_Marke​rs_EDV_Maize​
_2014.pdf, accessed 26 April 2019).

In another study, Kahler et al. (2010) introduced a set of 
285 SSRs for utilization in variety (including EDV) iden-
tification in US maize. The markers constitute 150 SSRs 
already validated by the American Seed Trade Association 
(ASTA) and 135 loci, selected totally according to their 
informativeness, allele size, fragment expression, and ease 
of scoring on gel-based systems. Comparing the discrimina-
tory power of these markers among 30 US inbred lines with 
other results of loci recommended by the French Association 
of Maize Breeders (SEPROMA) showed high congruence, 
suggesting the suitability of both ASTA and SEPROMA pro-
tocols for determining essential derivation in maize.

In cases where molecular thresholds are not defined, mor-
phological differences may be used for resolving varietal 
disputes. This was illustrated by litigation of Danziger, the 
initial breeder, against the gypsophila (commonly known as 
Baby’s Breath) variety “Blancanieves”, bred by Astee Flow-
ers. The two breeders independently conducted genetic simi-
larity assessments, with Danziger finding the founder variety 
“Million Stars” conforms 97.7% (similarity for 209 out of 
214 markers tested) to the putative EDV “Blancanieves”. 
However, the second breeder identified lower relatedness 
(91%) via analysis of 133 markers. The court declined to 
use the genotypic data and referred to the phenotypic differ-
ences (evidenced by second breeder) between two disputed 
varieties to reject Danziger claim of EDV ownership. In 
that case, distinguishing morphological traits such as plant 
height, branching, length of the flower stem, and flower 

https://www.worldseed.org/wp-content/uploads/2015/10/Annex_2_SNP_Markers_EDV_Maize_2014.pdf
https://www.worldseed.org/wp-content/uploads/2015/10/Annex_2_SNP_Markers_EDV_Maize_2014.pdf
https://www.worldseed.org/wp-content/uploads/2015/10/Annex_2_SNP_Markers_EDV_Maize_2014.pdf
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diameter were sufficient to prove that “Blancanieves” was 
not essentially derived from “Million Stars”. Thus, the court 
dismissed genotypic tests owing to complexities in compar-
ing quantitative values and even differences in number of 
markers tested by breeders (Janis and Smith 2007).

Future prospects

Challenges of new breeding technologies for DUS 
testing

DUS testing is prerequisite for authenticating a unique 
“identity” before protection and registration of new varie-
ties of plants. Moreover, agricultural crops are required to 
have a specific “utility” or VCU adequacy. A recent study 
on the socio-economic impact of plant breeding (period 
2001–2015) shows that a good part (75%) of overall pro-
ductivity growth in the European Union is due to improved 
cultivars for nine major crops, with an annual 1.24% yield 
increase (Noleppa 2016). This significant contribution 
could be higher if cultivars with sufficient VCU were not 
eliminated by DUS testing. In France, 26% of alfalfa (Med-
icago sativa L. ssp. sativa) varieties were rejected during 
2001–2010 due to lack of distinctness from CKVs. Moreo-
ver, the elimination rate was much higher (21%) compared 
to those (3%) with insufficient VCU during a 2-year period 
(Annicchiarico et al. 2016). Similar figures were recorded 
for Lolium spp. and white clover (Trifolium repens L.), 
where just over one-tenth of cultivars did not satisfy DUS 
criteria during 2000–2008, peaking at 19% (Gilliland and 
Gensollen 2010).

Recent demands for sustainability in agriculture has also 
incentivised breeders to develop vegetable varieties that 
uptake and use nutrients more efficiently while producing 
high biomass (Ferrante et al. 2017). While disease resistance 
has been included in vegetable DUS test guidelines, inclu-
sion of agronomic traits is not recommended due to signifi-
cant interaction with environment, and hence complicating 
measures of distinctness. Therefore, a spinach variety that 
utilizes nitrogen more efficiently than check varieties, while 
indistinguishable for other characters, would be a challenge 
for variety protection and registration.

Agronomic traits such as number of seeds per spikelet and 
thousand-seed weight in ryegrass (Wang et al. 2016), and 
sugar content, yield, Na, and K content in sugar beet roots 
(https​://www.naktu​inbou​w.com/agric​ultur​e/varie​ty-descr​
iptio​n/sugar​-beet-beta-vulga​ris-l, accessed 26 April 2019) 
have been included in variety descriptions. These are exam-
ples of compensating for the low potential of morphological 
traits in distinguishing cultivars with sufficient VCU. As a 
solution, a marker-based registration has been suggested as 

a way to provide a connection between VCU and DUS traits 
(Cooke and Reeves 2003).

Recently, plant breeders have been enabled to precisely 
manipulate gene sequences in order to create new alleles, or 
remove undesirable ones, using programmable nucleases. 
This technology, known as gene/genome-editing, may revo-
lutionize plant breeding by allowing development of plants 
with enhanced or novel traits, e.g. for combating present 
biotic and abiotic stresses, as well as making herbicide-
resistant crops (Nogué et al. 2016). Among the various tools 
available, clustered regularly interspaced short palindromic 
repeats (CRISPR) is currently particularly favoured, owing 
to its high efficiency and simplicity. Despite the feasibil-
ity of engineering specific DUS phenotype combinations 
to satisfy DUS testing purposes (Liu and Moschou 2018), 
and so complicating current EDV regulations, agronomically 
important traits will be the predominant target of CRISPR-
assisted plant breeding.

Conventional breeding that is implicitly considered “crea-
tive” by the UPOV convention generally relies on genetic 
recombination. This process allows for selection of prom-
ising varieties via creation of new allelic and phenotypic 
combinations. The generation of such novel combinations 
is also enhanced in multi-parent advanced generation recur-
rent selection (MAGReS), where the genetic backgrounds of 
multiple parents are thoroughly shuffled via intercrossing 
(Huang et al. 2015). On the other hand, genotypic distances 
between varieties are impaired by genome-editing, in which 
modification can occur at the level of a few nucleotides. 
For instance, an elite maize cultivar could be modified to 
be tolerant to glyphosate by editing only two nucleotides of 
the EPSPS gene using CRISPR technology. If the founder 
variety would be considered as the line protected by PBR, 
the new CRISPR-plant would be subject to an EDV claim as 
it wholly conforms and retains the essential characteristics 
of it, with the exception of a 2-bp difference. However, this 
minor modification that results in adding value for cultiva-
tion (herbicide tolerance) to the initial variety could also 
be considered as a distinctive trait in DUS testing. In that 
respect, satisfying distinctness with specific markers target-
ing SNPs would result in an unequivocal decision of herbi-
cide tolerance phenotype, analogous to phenotype derived 
by spraying in the field (UPOV 2013a).

A redefinition of essential derivation concept is inevi-
table to fortify the “breeder’s exemption” principle within 
the UPOV convention. In this regard, the Australian PVP 
Act, in which a newly bred variety from the initial variety 
can be declared EDV unless it adds a VCU trait as an essen-
tial characteristic, could be paradigmatic—since, it is the 
responsibility of the putative EDV breeder to explain the 
VCU of the distinctive trait (e.g. a shorter internode length 
in turf grass could be defined as increasing thatch and hence 
resistance to wear).

https://www.naktuinbouw.com/agriculture/variety-description/sugar-beet-beta-vulgaris-l
https://www.naktuinbouw.com/agriculture/variety-description/sugar-beet-beta-vulgaris-l
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Shifting from phenotype‑ to DNA‑based variety 
description: advantages and drawbacks

Variety descriptions as the outcome of DUS testing have 
multiple functions. They provide a unique “identity” to new 
varieties as an essential requirement of PVP, as well as vari-
ety registration. In addition, they can be utilized by variety 
maintainers to ensure variety purity and by field inspectors 
during the seed certification process (van Wijk and Lou-
waars 2014). It is now more than half a century since the 
PVP system was introduced via the UPOV convention. So 
far, a huge number of varieties have been developed and 
released for many uses, including food, feed, and fibre. 
Within this timeframe, distinguishing candidate varieties 
from large number of CKVs with narrow genetic base has 
become increasingly challenging for DUS testing. Towards 
reducing DUS testing costs, limiting the number of varieties 
required for side-by-side comparison in the field is highly 
favoured by the BMT (Model 2) and IMODDUS working 
groups.

With the rapidly reducing costs of next-generation 
sequencing (NGS) and genotyping-by-sequencing (GBS) 
platforms, plant breeders are shifting from conventional 
to next-generation breeding approaches (Barabaschi et al. 
2016). The increasing availability and cost-efficient access 
to SNP markers and sequencing data will facilitate dissec-
tion of marker-trait associations in many crops (Liu et al. 
2012). Such tools would also be used in genomic selec-
tion, in which breeding values of individuals are accurately 
predicted by their genotypes over multiple generations in 
the absence of phenotyping (Lin et al. 2014). Indeed, the 
timeframe between sequential crossing cycles remains an 
inherent major constraint for increasing the rate of genetic 
improvement. Therefore, combining genomic selection with 
approaches to speed up breeding cycles, such as “speed 
breeding” (Watson et al. 2018; Voss-Fels et al. 2019) or 
the potential of “in vitro cycling”, where generations are 
advanced via marker-assisted selection on gametes without 
progressing individuals to adult plants, (De la Fuente et al. 
2013), would be highly favourable. Such advances mean it 
could be possible that varieties will be released at a faster 
rate than before (Li et al. 2018). This supports the case for 
a considerable reduction in duration of DUS testing, as it is 
conceivable that releasing a crop cultivar would take much 
less than the current 10–15 years. Against a background of 
increased use of emerging technologies such as GBS, GS, 
accelerated generation cycling approaches and phenomics 
as the integrated hallmarks of “next-generation breeding”, 
renewed focus on detailed investigation of molecular-based 
or molecular-assisted DUS testing processes could be timely.

Centrally maintained databases of DNA sequences 
of CKVs have been constructed for the determination of 
distinctness in certain species like potato, tomato, rose, 

Phalaenopsis, and Gypsophila (Kees van Ettekoven, per-
sonal communication). It is conceivable that SSR databases 
for soybean (Oliveira et al. 2010), wheat (Röder et al. 2002; 
Jaiswal et al. 2017), tomato (Bredemeijer et al. 2002; Iquebal 
et al. 2013), rose (Smulders et al. 2009), potato (Reid et al. 
2011), and lettuce (Hong et al. 2015) will be switched to 
SNPs due to their high abundance and genome coverage. 
While these databases could be utilized during infringe-
ment of PBRs and EDV disputes, some challenges remain 
in addressing uniformity and stability of plant varieties. 
Increasing numbers of aberrant individuals in a submit-
ted sample for uniformity testing is of utmost concern. In 
that case, considering a new definition of “plant variety” 
with reference to characteristics of genomic tools in “next-
generation breeding” is a timely topic for all those involved 
with the development, evaluation, and release of new crop 
varieties.
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