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Abstract

Crop germplasm conserved in genebanks, are a fundamental resource of genetic diversity for
crop improvement activities, underpinning future food security and sustainable agricultural
practices. However, taxonomic errors in genebank germplasm (due to misclassification,
contamination and poor data collation) restrict the effective use of this material for correct
purpose. Earlier studies investigating species genetic diversity using genebank germplasm,
have shown varying levels of taxonomic error within the Brassica species. In response to
this reported taxonomic error of global collections, together with the availability of a multiplex
PCR (MPCR) marker, targeting the specific chromosomes (A, B and C) of the six Brassica
species in U’s triangle, this study was undertaken to confirm the taxonomic identity of acces-
sions within the Australian Grains Genebank’s (AGG) long-term Brassica collection. A total
of 5161 accessions were analysed with MPCR for taxonomic identification, of which, 4842
(93.8%) were confirmed to be consistent (correct) with their labelled taxonomy, while the
remaining 319 (6.2%) were identified as taxonomically inconsistent (in-error). Through the
evaluation of earlier regeneration and original seed of the error accessions with MPCR, we
determined that 80.9% of the taxonomic errors were traced back to the original seed, while
19.1% of errors were the result of genebank seed regeneration handling practices. Results
from this study directly enhance information of the AGG Brassica collection and shape direc-
tions for distribution, acquisition and regeneration practices within the AGG and potentially
other global genebanks, which will facilitate in a more effective use of these valuable genetic
resources by researchers and breeders.

Introduction

Domestication through plant breeding and selection primarily for yield over numerous years
has resulted in a bottleneck or homogeny of traits and a lack of diversity in many of today’s
agricultural crops (Gizlice et al., 1994; Abbo et al., 2003; Hyten et al., 2006; Aguilar et al., 2015;
Olodo et al., 2020). This, together with the rising impacts of climate change and the growing
global population, has placed an increasing focus and importance on plant genetic resources
(or crop germplasm) to improve current crop varieties (Dempewolf et al., 2014; Pilling et al.,
2020; Crop Trust, 2021; Palanivel and Shah, 2021). Genebanks have been established by the
worlds’ scientific community with the mandate to acquire, conserve and share plant genetic
resources between the world’s researchers and plant breeders. The diversity in global genebank
collections are comprised of traditional and modern varieties, advanced breeding lines, genetic
stocks and crop wild relatives. These germplasm collections have been established over time
through local and international donations or deposits from breeders, collectors, research insti-
tutes and other global collections, and form the genetic basis for crop improvement. Thus,
ex-situ conservation of crop plant germplasm in genebanks is crucial to supporting our future;
through alleviating global food insecurity and promoting sustainable agriculture.

To ensure an efficient continuum between the conservation and the utilization of
plant genetic resources, it is critical that the users of crop germplasm receive material that
is true to type. Crop breeders and researchers rely on the genetic integrity of material from
genebanks, as research and breeding efforts using these genetic resources are expensive and
time-consuming practices. Errors in genebank germplasm, due to misclassification, misiden-
tification, mislabelling, contamination or poor data collation, restrict the effective use of this
germplasm for correct purpose. Historically, genebank germplasm passport data has some-
times been incomplete or missing, with limited information recorded, and formal taxonomic
identification of collected or donated material often not undertaken. Proper taxonomic clas-
sification and correct identification of germplasm is vitally important, but often remains a
challenge for genebank managers due to the lack of specialist taxonomic expertize, and
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reliance on morphological characters that are prone to subjective
errors and are less accurate where there is trait ambiguity
(Czajkowska et al., 2019), and variability due to genotype-by-
environment interactions (Ndjiondjop et al, 2018). Genebank
managers are heavily reliant on the accuracy of the passport infor-
mation from donors, which can exacerbate inaccuracies unless
appropriate validation is undertaken. Errors within genebanks
can also occur, resulting in genetic contamination and/or mis-
labelling of accessions at various stages of genebank activities
including registration, sampling and especially during seed
regeneration or multiplication practices, or when handling large
numbers of plant material (Girma et al., 2012). Genetic contam-
ination during seed regeneration is most likely to occur through
inadequate control of cross pollination by interfertile species.
Errors have been reported in several species including Triticum
(Czajkowska et al., 2019), Oryza (Ndjiondjop et al, 2018),
Arabidopsis thaliana (Anastasio et al., 2011), Theobroma cacao
L. (Motilal et al., 2011), Solanum (Ellis et al., 2018), Dioscorea
(Girma et al, 2012), Lens (Wong et al, 2015) and Brassica
(Mason et al., 2015) and are severely detrimental to the effective
conservation, dissemination and use of these crop germplasms.
The Brassica genus, belonging to the Brassicaceae family (for-
merly Cruciferae), contain the most genetically diverse collection
of agriculturally important plant species, including oilseed, leaf
vegetables, condiment and root vegetable crops such as rapeseed,
broccoli, cabbage, bok choy, mustard and turnip. Brassica crops
are major contributors to horticultural and agricultural economies
worldwide, with 70.5 million metric tonnes of rapeseed alone pro-
duced globally in 2019, with a gross production value of US$26.7
billion (FAO, 2021). The six main Brassica species have an
interesting genetic relationship, which is described as U’s
triangle (Fig. 1), whereby three diploid species Brassica rapa
(AA, 2n =20), Brassica nigra (BB, 2n =16) and Brassica oleracea
(CC, 2n = 18) were determined to be the progenitors of three allo-
tetraploids species, Brassica juncea (AABB, 2n=36), Brassica

B. nigra
BB
2n=16

B. juncea
AABB
2n=36

B. carinata
BBCC
2n=34

B. oleracea
CC
2n=18

B. napus
AACC
2n=38

Fig. 1. The Triangle of U, showing the genetic relationships of the six species in the
Brassica genus. The three diploid progenitor species B. rapa, B. nigra and B. oleracea
with genomes AA, BB and CC respectively, through natural hybridization and chromo-
some doubling gave rise to three allotetraploid species B. napus (AACC), B. juncea
(AABB) and B. carinata (BBCC). Diploid chromosome number (2n) is shown.
Adapted from U (1935).
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napus (AACC, 2n=38) and Brassica carinata (BBCC, 2n = 34),
which arose through natural hybridization and chromosome
doubling (U, 1935). Traditionally, classification of Brassica species
has been based on morphological traits, such as floral architec-
ture, the angle between the pedicel and rachis, leaf morphology
and the presence of leaf hairs (Pradhan et al., 2011). However,
due to similarities in morphological characters and the wide
ranges of morphotypes, it is difficult to delineate between some
of the Brassica species (Annisa et al., 2013; OECD, 2016; Shen
et al., 2018). For example, within the B. rapa species, several mor-
photypes exist including oilseed, root vegetable, leafy vegetable
and fodder crop types (Guo et al., 2014). Furthermore, many spe-
cies in the broader Brassicaceae, including the wild radishes
(Raphanus), woad (Isatis), dog mustard (Erucastrum), hoary mus-
tard (Hirschfeldia incana) and white mustard (Sinapis), can also
hybridize with important crop species within Brassica (Lefol
et al., 1996, 1997; Warwick et al, 2003; FitzJohn et al., 2007;
Kumar et al., 2013; Zhan et al., 2017). Therefore, due to the eco-
nomic importance of Brassica, together with the ability for hybrid
introgression from wild relatives and the existing rich genetic
diversity in the non-cultivated forms, Brassica is a key component
of genebanks worldwide.

Recently, molecular studies investigating the centre of origin,
genetic diversity and species identification of Brassica crop germ-
plasm sourced from global collections, have identified taxonomic
errors within the Brassica germplasm evaluated (Pradhan et al,
2011; Annisa et al, 2013; Chen et al., 2013; Guo et al., 2014;
Mason et al., 2015). For example, when characterizing B. nigra
germplasm with simple sequence repeat (SSR) markers it was dis-
covered that B. nigra accessions formed distinct groups associated
with country/region of origin (Pradhan et al., 2011). As a result of
this study, 26.7% of the germplasm assessed were found to be
mislabelled or misidentified as B. nigra. Similarly, Chen et al.
(2013) who analysed the genetic diversity in a globally diverse
set of B. juncea using SSRs found 3.3% of accessions to be mis-
labelled or misclassified. Furthermore, results from research
investigating diversity (Annisa et al., 2013) and centre of origin
(Guo et al., 2014) of B. rapa accessions using SSR markers iden-
tified 6.4 and 7.5% of the respective germplasm sets were misclas-
sified. In addition, Mason et al. (2015) evaluated Brassica lines
using an Illumina Infinium Brassica 60 K SNP (Single Nucleotide
Polymorphism) array to assess for genetic diversity and species con-
firmation, and identified 18.0% of samples as misclassified. In
response to these findings, together with the recent publication
and public availability of B. rapa, B. oleracea and B. napus complete
genome maps (Wang et al., 2011; Chalhoub et al., 2014; Liu et al.,
2014), a chromosome specific multiplex polymerase chain reaction
(MPCR) marker assay for the rapid taxonomic identification of
Brassica species in U’s triangle was developed and validated by
Koh et al. (2017), with the sensitivity to detect the Brassica A, B
and C genomes of individual seeds within pooled seed samples
due to its low detection limit (0.1 ng DNA).

Considering these past studies highlighting the prevalence of
taxonomic error within global Brassica germplasm, and the recent
development of a reliable, species specific MPCR marker assay,
this study was undertaken to confirm taxonomic identity of
Brassica germplasm at the Australian Grains Genebank (AGG)
and detect any taxonomic error within the collection. The objec-
tives of this study were to (a) evaluate all Brassica accessions in the
AGG long-term collection for taxonomy using the MPCR marker
assay; (b) evaluate lines with taxonomic error to determine the
source of this error; and (c) use results from this study to develop
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specific acquisition, curation, regeneration and distribution proto-
cols for the AGG.

Materials and methods
Selection of germplasm

Seed of 5161 Brassica accessions (comprising of wild, landraces/
traditional cultivars, breeding lines, Plant Breeders Rights (PBR)
reference samples and advanced cultivars), representing six spe-
cies (B. rapa [2303], B. napus [1188], B. juncea [1167], B. oleracea
[262], B. nigra [133] and B. carinata [108]) were sampled from
the AGG long-term collection (online Supplementary Table S1).
Where possible, seed from the most recent regeneration cycle
(Current Active) was used, however, in instances where low
seed number occurred, the previous regeneration (if present) or
the original seed lots were sampled (Original and Archive) (online
Supplementary Table S1). From each accession, a 2 g seed sample
was visually inspected, and characteristics recorded including seed
size and colour (using the TBPGR Descriptors of Brassica and
Raphanus’ IBPGR, 1990), and any observed seed mixtures were
also recorded (online Supplementary Table S1). As controls,
seeds from six accessions (representing each of the species)
who’s taxonomic identity had been previously confirmed
(Pradhan et al.,, 2011; Mason et al., 2015; Koh et al., 2017) were
sampled from the AGG, except for B. oleracea where the commer-
cial variety ‘Red Cabbage’ was used to align with the previous
study by Koh et al. (2017) (Table 1).

Following initial analysis, those accessions identified as being
inconsistent (in-error), with their labelled taxonomic classifica-
tion, were further evaluated using seed from an earlier regener-
ation cycle and from the original seed where possible (based on
seed availability). These additional seed samples were sourced
from the AGG long-term storage, sampled and visually inspected,
as described above. In total, 5335 samples of seed (5161 for initial
analyses and 174 for further evaluation), were analysed and are
presented in this study (online Supplementary Table S1).

Further to the analyses, those accessions identified as produ-
cing a mixed species genotypic result (online Supplementary
Table S1), were re-tested using single seed analysis, whereby a
minimum of eight individual seeds per accession, visually
inspected and representatively sampled to match the overall
seed phenotype, were evaluated to determine the species constitu-
ents of the identified mixed seed sample.

DNA extraction

Genomic DNA was extracted from 25 mg of seeds (eight seeds)
per accession for a bulk DNA extraction or extracted individually
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where single seed analysis was undertaken. Seeds were placed in
96 well Collection Microtube racks (Qiagen) - one accession
per well for bulk extractions or one seed per well for single seed
extractions — with seven wells per rack left blank for the controls
(positive and negative). Seeds were rehydrated in 200 pl of sterile
distilled water per well and left at room temperature overnight,
after which the water was removed. DNA was extracted from
Brassica seeds using the DNeasy 96 Plant Kit (Qiagen) on the
QIAcube HT Robotic system (Qiagen), according to manufac-
turer’s instructions. Seeds were ground in 400 ul of AP1 Lysis
Buffer, RNase A and Reagent DX (Qiagen), with two tungsten
beads (Qiagen) per well, on a Mixer Mill 300 (Retsch,
Germany) at 30 Hz for 1.5 min. The rack was then rotated before
grinding again. The DNA was eluted in 100 ul of AE Elution
Buffer (Qiagen) and stored at —20°C until required. DNA
concentration was measured using a NanoDrop 2000 spectropho-
tometer (Thermo Scientific), according to manufacturer’s instruc-
tions, and concentrations adjusted to 10-25 ng/ul for bulk DNA
extractions and 5 ng/ul for single seed DNA extractions, with ster-
ile distilled water.

Genotyping and analysis

Following extraction, the DNA was amplified using the MPCR
assay developed by Koh et al. (2017). MPCR assays were per-
formed on a Mastercycler thermocycler (Eppendorf) in 12.5 pl
volumes, containing 2.5ul of 5x MyTaq Red Reaction Buffer
(Bioline), 0.75 units of MyTaq HS DNA Polymerase (Bioline),
10-25 ng of template DNA, and primer mix (forward and reverse
each) C1 0.36 uM, C9 0.32 uM, A6-1 0.16 uM, A6-2 0.24 uM and
B 0.2uM. Primer sequences and PCR cycling conditions are
described in Koh et al. (2017). Negative (water; no DNA) and
positive DNA controls (Table 1) were included with every
MPCR assay run to ensure no DNA contamination and to con-
firm successful MPCR amplification (Fig. 2).

After amplification, the MPCR products were separated by gel
electrophoresis on a 2.0% w/v agarose gel in 1 x TAE (40 mM Tris
Acetate, 1 mM EDTA) buffer using a BioRad gel apparatus at 5V/
cm for 2h, along with a molecular marker weight ladder
(HyperLadder 100 bp, Bioline). The products were visualized
under UV light, after staining with SYBR Safe DNA Gel
Stain (Invitrogen, Thermo Fischer Scientific) and gel images
were captured on a GelDoc XR +imaging system (BioRad).
Banding patterns of each accession were visually analysed, and
results determined by comparing them to the bands of known
fragment sizes of the Brassica controls and the known fragments
sizes of the molecular weight ladder (HyperLadder 100 bp,
Bioline) (Fig. 2).

Table 1. Six samples of known Brassica species identity used as controls in this study

Species AGG Number Primary accession name Improvement status Country of origin Reference
Brassica rapa AGG90210 Nagoaka C Unknown Unknown Koh et al. (2017)
Brassica napus AGG90553 Darmoor Advanced Cultivar Poland Mason et al. (2015)
Brassica juncea AGG93387 Domo Advanced Cultivar Canada Mason et al. (2015)
Brassica oleracea Red Cabbage Commercial Variety Australia Koh et al. (2017)
Brassica nigra AGG91057 BRA 185/78 Unknown Greece Pradhan et al. (2011)
Brassica carinata AGG94024 BRA 926/78 Unknown Ethiopia Pradhan et al. (2011)
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Fig. 2. Gel image of MPCR amplification of six positive controls of known species identity, a negative (water) control, and eight AGG long-term Brassica collection
accessions, together with the molecular weight ladder (HyperLadder 100 bp, Bioline). M: Molecular weight ladder (HyperLadder100 bp, Bioline), (1) B. rapa control
(AA) AGG90210, (2) negative control (H,0, no DNA), (3) B. juncea control (AABB) AGG93387, (4) B. napus control (AACC) AGG90553, (5) B. nigra control (BB) AGG91057,
(6) B. carinata control (BBCC) AGG94024, (7) B. oleracea control (CC) Red Cabbage, (8) AGG90046, (9) AGG90059, (10) AGGI0060, (11) AGGI0061, (12) AGG90062, (13)
AGG90063, (14) AGG90069, (15) AGG90070. Lanes 8-15 are B. napus labelled accessions which all gave a B. napus (AACC) result with MPCR, except Lane 14
(AGG90069) which gave an ABC result, this denotes a mixed bulk sample. MPCR results were resolved on a 2.0% agarose gel. Fragment sizes of the MPCR products
(C9, B, A6-1, A6-2 and C1) are labelled on the left in base pairs (bp) and molecular weight ladder band sizes are labelled on right in bp.

Results

Brassica germplasm taxonomic ID screening and error source
determination

The MPCR results, seed characteristics and a subset of the pass-
port data for each of the accessions are presented in online
Supplementary Table S1. Of the 5161 Brassica accessions
screened, 4842 were identified as taxonomically correct when
compared to their labelled taxonomy (93.8%), while the remain-
ing 319 were identified as inconsistent (incorrect or mixed seed).
These incorrect accessions accounted for 6.2% of the total germ-
plasm analysed and included 129 B. rapa accessions, 56 B. napus,
77 B. juncea, 15 B. oleracea, 36 B. nigra and six B. carinata acces-
sions (Table 2).

Of the 319 incorrect accessions, the error source for 283 was
resolved. Of these 283 accessions, 229 (80.9%) were identified as
the result of donor source errors (either misclassified or contami-
nated by the donor source), and 54 (19.1%) were due to inhouse
genebank errors (mislabelling or poor sample handling or regen-
eration procedures) (Table 2). For the remaining 36 incorrect
accessions, which included nine B. rapa, six B. napus, seven B.
juncea, four B. oleracea and 10 B. nigra, the error source was

not able to be resolved due to the unavailability of seed from
the original sample (Table 2).

Brassica rapa

Brassica rapa labelled accessions contributed to 2303 (44.6%) of
the total germplasm samples analysed by MPCR in this study.
Of these, 2174 (94.4%) were identified as taxonomically correct,
with the remaining 129 (5.6%) accessions identified as taxonom-
ically incorrect (Table 2). Further MPCR evaluation of these
incorrect accessions, using seed from a previous regeneration
cycle and from the original seed, were carried out, with nine
unable to be evaluated due to seed unavailability. For 120 acces-
sions with an incorrect labelled taxonomy, 108 (90.0%) had an
error source traced back to the original donor of the seed, with
12 (10.0%) linked back to genebank practices occurring in 2005,
2009, 2011 and 2014 (Tables 2 and 3). Of the 108 accessions
showing original seed source error; 34 were taxonomically reiden-
tified by our study as B. napus, 25 as B. juncea, six as B. oleracea,
three as B. carinata and two accessions (AGG92013 and
AGG97702) failed to produce banding patterns. The remaining
38 accessions were identified as contaminated through single

Table 2. Summary of the MPCR genotyping results for 5161 accessions from the Australian Grains Genebank long-term Brassica collection, showing the number and
percentage of accessions tested and error accessions identified, and source of taxonomic error in this collection by Labelled Taxonomy group

No. error No. error Extra No. accessions No. accessions

No. of No. of error accessions accessions samples original seed AGG practices
Labelled accessions accessions (% in without with original tested - source error source error
taxonomy tested parentheses) original seed seed error source (%) (%)
B. rapa 2303 129 (5.6) 9 120 54 108 (90.0) 12 (10.0)
B. napus 1188 56 (4.7) 6 50 71 26 (52.0) 24 (48.0)
B. juncea 1167 77 (6.6) 7 70 19 65 (92.9) 5 (7.1)
B. oleracea 262 15 (5.7) 4 11 0 11 (100.0) 0 (0.0)
B. nigra 133 36 (27.1) 10 26 28 13 (50.0) 13 (50.0)
B. carinata 108 6 (5.6) 0 6 2 6 (100.0) 0 (0.0)
Total 5161 319 (6.2) 36 283 174 229 (80.9) 54 (19.1)
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Table 3. Number of accessions with taxonomic error due to genebank regeneration handling practices, in the year the error occurred, as determined by MPCR

evaluation, for each Labelled Taxonomy group

Labelled taxonomy Number of error accessions 2004 2005 2006 2007 2008 2009 2011 2014 2015
B. rapa 12 6 2 2 2

B. napus 24 16 5 1 1 1
B. juncea 5 1 2 2

B. oleracea 0

B. nigra 13 8 4 1

B. carinata 0

Total 54 1 6 16 2 2 15 7 4 1

seed MPCR analysis and were mixtures of B. rapa with either B.
napus or B. juncea (35), a mixture of B. rapa, B. napus and B. oler-
acea (1) a mixture of B. napus and B. oleracea (1) and a mixture of
B. carinata and B. oleracea (1) seeds (online Supplementary
Table S1).

Brassica napus

Brassica napus labelled accessions contributed to 1188 (23.0%) of
the total germplasm analysed in this study. Of these, 1132 (95.3%)
were identified as taxonomically correct, with the remaining 56
(4.7%) accessions identified as taxonomically incorrect
(Table 2). Following further MPCR evaluation, the source of
error was successfully identified in 50 of these incorrect acces-
sions, with 26 (52.0%) traced back to the original donor of the
seed. The remaining 24 (48.0%) were linked back to genebank
practices mostly occurring in 2006 (16) and 2009 (5), with only
one occurrence each in 2011, 2014 and 2015 (Tables 2 and 3).
Of the 26 incorrect B. napus accessions showing original seed
source error, 16 were taxonomically reidentified by our study as
B. rapa accessions, three B. juncea, two B. oleracea and two B.
nigra. There was one accession (AGG92102) that failed to pro-
duce bands, and two accessions were shown to be mixtures of
B. rapa and B. napus by single seed MPCR analysis (online
Supplementary Table S1).

Brassica juncea

Brassica juncea labelled accessions contributed to 1167 (22.6%)
of the total germplasm evaluated by MPCR in this study. Of
these, 1090 (93.4%) were identified as taxonomically correct,
with the remaining 77 (6.6%) accessions identified as being
taxonomically incorrect (Table 2). Following further MPCR
evaluation, the source error was successfully identified in
70 of these incorrect accessions, with 65 (92.9%) traced back
to the original donor of the seed and five (7.1%) linked to gen-
ebank practices in 2004, 2007 and 2008 (Tables 2 and 3). Of the
65 B. juncea accessions showing original seed source error, 13
were taxonomically reidentified by our study as B. carinata,
six as B. napus, 10 as B. nigra and 31 identified as B. rapa
(online Supplementary Table S1). The remaining accessions
were identified as being seed mixtures by single seed MPCR
analysis, with three comprising a mixture of B. juncea and
B. napus, one a mixture of B. juncea and B. carinata and the
other a mixture of B. carinata and B. rapa seeds (online
Supplementary Table S1).
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Brassica oleracea

Brassica oleracea labelled accessions contributed to 262 (5.1%) of
the total germplasm evaluated by MPCR in this study. Of these,
247 (94.3%) were identified as being taxonomically correct, with
the remaining 15 (5.7%) accessions identified as being taxonom-
ically incorrect (Table 2). Following further MPCR evaluation, the
source error was successfully identified in 11 of these incorrect
accessions, with all (100.0%) errors traced back to the original
donor of the seed (Tables 2 and 3). Of the 11 incorrect B. oleracea
labelled accessions, three were taxonomically reidentified by our
study as B. rapa, two as B. napus, two as B. carinata, three as
B. juncea and one a mixture between B. oleracea and B. juncea
(online Supplementary Table S1).

Brassica nigra

Brassica nigra labelled accessions contributed to 133 (2.6%) of the
total Brassica germplasm evaluated by MPCR in this study. Of
these, 97 (72.9%) were identified as taxonomically correct, with
the remaining 36 (27.1%) accessions identified as being taxonom-
ically incorrect. Following further MPCR evaluation, the source
error was successfully identified in 26 of these incorrect acces-
sions, with 13 (50.0%) traced back to the original donor seed
and 13 (50.0%) due to genebank handling practices (Table 2);
with a high proportion of errors occurring in the 2009 regener-
ation year (8), and the remaining errors in 2011 (4) and 2014
(1), as shown in Table 3. Of the 13 accessions with original
donor source error, 10 were taxonomically reidentified by our
study to be B. juncea, one as B. rapa, one as B. napus and one
accession, using single seed MPCR analysis, was found to be a
mixture of B. nigra and B. rapa seed (online Supplementary
Table S1).

Brassica carinata

Brassica carinata labelled accessions contributed to 108 (2.1%) of
the total germplasm evaluated by MPCR in this study. Of these,
102 (94.4%) were identified as taxonomically correct, with the
remaining six (5.6%) accessions identified as being taxonomically
incorrect. Following further MPCR evaluation, the source of error
for these incorrect accessions was successfully identified with all
errors (100.0%) originating from the original donor seed source
(Tables 2 and 3). The inconsistent accessions were taxonomically
reidentified by our study as B. juncea (4), B. rapa (1) and B. nigra
(1) (online Supplementary Table S1).
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Discussion

Genebanks conserve diverse genetic material that are valuable
sources of traits for plant breeders and researchers, however it
is imperative that genebanks conserve and distribute germplasm
with the correct taxonomic identity to ensure effective and effi-
cient development of new, more resilient plant varieties for cur-
rent and future growing conditions. In our study, the multiplex
PCR marker assay (MPCR) (Koh et al., 2017) targeting specific
chromosomes (A, B and C) of the Brassica complex was used
to confirm species taxonomic identification of Brassica accessions
sampled from the AGG, a widely used germplasm collection
located in Horsham, Victoria, Australia. Of the 5161 Brassica
accessions evaluated in this study, 4842 (93.8%) were confirmed
to have the correct taxonomic identity, while the remaining 319
accessions were identified as taxonomically incorrect, with the
overall level of taxonomic error of the AGG Brassica collection
being 6.2% (Table 2). Of the six Brassica species (in U’s triangle)
included in our study, we identified taxonomic error rates for B.
napus of 4.7%, B. oleracea of 5.7%, B. carinata of 5.6%, B. rapa
of 5.6%, B. juncea of 6.6% and B. nigra of 27.1% (Table 2).
Previous studies using SNP and SSR markers to investigate species
confirmation, genetic diversity and centre of origin also reported,
to varying degrees, the presence of taxonomic error within
Brassica germplasm, selected from global genebanks (Pradhan
et al, 2011; Annisa et al., 2013; Chen et al, 2013; Guo et al,
2014; Mason et al., 2015). Although these studies found varying
levels of taxonomic error, they sampled fewer accessions and
less species than ours. Thus, our study, to date, is the most com-
prehensive assessment in resolving the taxonomic identity, and
detecting taxonomic errors and their source, of accessions from
a single genebank, across all six Brassica species in the U’s
triangle.

To identify the source, or origin, of these taxonomic errors,
seed from previous regenerations as well as the original seed sam-
ple (where available) were assessed with MPCR and the results
were compared against those from the initial screening. Of the
319 accessions that were identified in the initial screening as taxo-
nomically incorrect, 54 were due to errors resulting from gene-
bank regeneration handling practices (Table 2). For these
accessions identified as an internal genebank error, historical
regeneration records (N Sawyer, pers. comm.) were used to deter-
mine where errors may have occurred. For the 13 B. nigra acces-
sions (Table 2), eight (61.0%) occurred in 2009 (Table 3), with all
but one identified to be B. napus or mixed for B. napus and B.
nigra (online Supplementary Table S1). Similarly, for the 24 B.
napus accessions (Table 2), 16 (66.7%) occurred in 2006
(Table 3). Historical regeneration records indicated that these B.
napus accessions were either substituted with B. carinata seed
or mixed/contaminated with B. carinata seeds (online
Supplementary Table S1). Errors, or mistakes, can occur during
any sample handling stage of the regeneration process without
good quality control measures in place, for example, at subsamp-
ling, sowing, harvest, threshing and seed cleaning. Mistakes that
fail to be identified are at risk of being passed on in subsequent
regeneration events. Evidence of this can be seen in accessions:
AGG90506, AGGI0568, AGG90655, AGGI0661, AGGI1073,
AGG91105 and AGG92441 (online Supplementary Table S1).
For example, for B. napus accession AGG90506, MPCR analysis
identified that an error was made in the 2006 regeneration cycle,
with resultant seed from this cycle consisting of B. napus mixed
or contaminated with B. carinata seed (online Supplementary

https://doi.org/10.1017/51479262123000035 Published online by Cambridge University Press

199

Table S1). This contaminated 2006 regeneration seed lot was
subsequently used as the parent seed for a regeneration cycle in
2010, perpetuating this error. Therefore, genebanks that fail to pre-
vent or detect contamination errors will have continual issues with
incorrect germplasm, with potentially significant downstream
ramifications for research and breeding programmes following
distribution.

To the best of our knowledge, there have been no other studies
providing evidence of the source of misclassification in Brassica
germplasm, however similar work has been performed with
Oryza species in a study by Ndjiondjop et al. (2018). Here,
DArTseq-based SNP technology was used for the development
of species and sub-species (ecotype) specific diagnostic quality
control markers for genotyping a large set of rice (Oryza) germ-
plasm, representing three African rice species (O. glaberrima,
O. barthii and O. longistaminata) and Asian rice (O. sativa spp.
indica and japonica), from the AfricaRice genebank. They identi-
fied 3.1% of the accessions (97/3134) as being taxonomically
incorrect. From these 97 misclassified accessions, 37 were from
regenerated seed lots (which included O. glaberrima [32], O. long-
istaminata [1] and O. sativa [4]). When they compared the geno-
typic data of the original collections with the regenerated seed
lots, they identified that most of these errors (35/37) were caused
during seed regeneration, multiplication, seed processing and
handling. The remaining two samples were due to the original
seed lots also being misclassified, probably because of species mis-
classification during germplasm collection. The error attributable
to genebank regeneration and seed handling practices accounted
for 36.1% (35/97) of the overall errors found in the Oryza germ-
plasm study by Ndjiondjop et al. (2018). While in a separate study
(Ellis et al., 2018), errors in genebank germplasm due to genebank
handling, regeneration and manipulation of germplasm were
detected when 250 potato (Solanum) landrace accessions repre-
senting paired samples consisting of original mother plants and
their in vitro counterparts, from the International Potato Center
(CIP) genebank were analysed. These accessions were SNP finger-
printed using the Infinium 12K V2 Potato Array and pairwise
comparisons of the SNP fingerprint profiles between the in
vitro plantlets and the mother plants revealed errors and genetic
mismatches in 11 of the 250 (4.4%) accessions.

Despite having standard operating procedures for the manage-
ment of plant genetic resources in ex-situ genebanks, human error
can occur at numerous stages during genebank activities and pro-
cesses, e.g., seed handling, labelling, storage and harvesting. While
these errors can occur, it is imperative that genebanks have strin-
gent quality management systems (QMS) and quality assurance
(QA) practices in place and that are regularly reviewed to minim-
ize mistakes from occurring. The genebank regeneration and sam-
ple handling errors identified in this study are important, however
the majority (90.7%) occurred prior to 2014 (Table 3), during
regeneration events in a precursor genebank that was amalga-
mated into the AGG. While the predecessors that sourced, regen-
erated and maintained this material should be commended for
their foresight and diligence, QMS and QA practices historically
employed to ensure sample integrity, were not as advanced as
they are today. Since 2014, and the amalgamation into the
AGG, all sampling handling practices have been reviewed and
more stringent QMS and QA practices implemented as preventa-
tive measures to minimize similar errors occurring into the future.

While 19.1% of taxonomic errors in our study were due to
genebank regeneration practices, 80.9% of errors were traced
back to the original seed that was deposited into the AGG
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Brassica long-term collection (Table 2). These original donor seed
taxonomic errors may be due to misidentification of the seed
from the depositor and/or donor, lack of information in exchange
between depositors and the collection curators, mislabelling or
mishandling on entering the donor genebank or poor information
tracking systems. An additional source of error could be due to
mislabelling or mishandling during registration into the recipient
genebank, however the likelihood of this type of error is very low.
As these errors occurred outside the AGG it can be difficult to
determine the true cause of a particular error. It is likely that
the difficulty in correctly classifying the species due to the reliance
on subjective morphological traits (Pradhan et al., 2011) and the
existence of several morphotypes both within and between species
(Guo et al., 2014), poor pollination control of outcrossing Brassica
species during regeneration, the lack of information and history of
some of the material, together with the age of the material in the
collection (acquired from 1987 onwards) contributed to this level
of taxonomic error (online Supplementary Table S1).

All the errors for B. carinata and B. oleracea labelled acces-
sions, and 92.9 and 90.0% respectively for B. juncea and
B. rapa were due to original seed donor source (Table 2).
Within the misclassified B. rapa labelled accessions (108) that
were traced back to original seed source, 36 (33.3%) of these
were identified, by single seed analysis, as being a mixture of B.
rapa and another Brassica species. This high level of species mix-
ture within B. rapa as compared to the other species in this study,
may be due, in part, to the self-incompatible nature of the B. rapa
species. Self-incompatibility, or the inability of self-fertilization, is
seen as a frequent problem in B. rapa accessions (Takayama and
Isogai, 2005) and is one of the major causes of heterozygosity and
mixed phenotypes in B. rapa breeding programs through cross
pollination by other species when pollination control is not
applied. Guo et al. (2014) identified 46.8% of B. rapa accessions
as self-incompatible, with almost no seed set when protected
from cross-pollination, whereas self-compatible types had a few
pods under self-pollinating conditions. This high level of species
mixture within B. rapa shown in our study is likely a reflection
of the contaminated seed lots which arose from the lack of strin-
gent protocols during seed regeneration or multiplication prac-
tices from the donor source or genebank. The high level of
self-incompatibility of the B. rapa species and the high level of
mixtures identified in this study show that great care needs to
be taken and strict pollination control procedures, particularly
in open-pollinated cultivars, need to be followed during seed
regeneration and multiplication.

Some interesting observations from our study were the reclas-
sification of accessions by source genebanks from the correct to an
incorrect species, and naming contradictions (Labelled Taxonomy
and Primary Accession Name) in the passport data of some error
accessions. For example, the AGG passport data showed two B.
rapa labelled accessions (AGG93685 and AGG90310), identified
by MPCR as B. juncea, were originally correctly classified as B.
juncea but had been reclassified as B. rapa by the USDA in
1992 (online Supplementary Table S1). Similarly, two accessions
(AGG90304 and AGG93687) labelled as B. nigra that were iden-
tified to be B. juncea by MPCR in this study, had originally been
classified correctly as B. juncea and were reclassified to B. nigra by
the USDA in 1989 (online Supplementary Table S1). In addition,
accession AGG92971 was labelled as B. napus but found to be
B. nigra by MPCR, had the Primary Accession Name of ‘Brassica
Nigra’ in the genebank passport data (online Supplementary
Table S1), while one accession (AGG93214) labelled as B. juncea,
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had ‘Carinata’ as the Primary Accession Name and was tested to
be B. carinata by MPCR (online Supplementary Table S1).
Furthermore, two accessions (AGG92013 and AGG97702)
labelled as B. rapa and one accession (AGG92102) labelled as
B. napus, produced no amplification products when tested with
MPCR, with the accession AGG97702 having ‘SV Raphanus’ as
the Primary Accession Name (online Supplementary Table S1).
The MPCR marker assay (Koh et al, 2017) targets specific
regions on the chromosomes (A, B and C) of the six Brassica spe-
cies in U’s triangle, with relatives of the Brassica species (such as
Raphanus spp.) not possessing these A, B or C chromosomes, and
will hence lack amplification product by MPCR. The absence of
amplification product for accessions, AGG92013, AGG97702
and AGG92102, suggests that these accessions are not one of
the six main Brassica species in U’s triangle (Koh et al., 2017).
On visual inspection of the seeds from these accessions, they
appeared to have a vastly different seed morphology as compared
to seeds from the Brassicas species evaluated in this study (online
Supplementary Fig. S1). Further genetic and morphological ana-
lysis would need to be performed to confirm species identity
for AGG92013, AGG92102 and AGG97702. These observations
highlight that there are difficulties and confusion with the taxo-
nomic identification of Brassica species (OECD, 2016) and that
caution needs to be taken in the taxonomic identification, reclas-
sifying and naming of Brassica accessions. These observations
also emphasize the importance of database curation by genebanks
to ensure correct and complete passport data is sourced from the
donor upon material acquisition (Girma et al., 2012), together
with the adoption of appropriate information systems for the
recording, tracing and collating of accession data. Accurate and
effective data management is vital for genebank curators to man-
age their collections (Weise et al., 2020), and that poor data cur-
ation, at least in the past (Anastasio et al., 2011; Ellis et al., 2018;
Hay et al., 2021), may have contributed to the taxonomic errors
arising in global genebank collections.

In this study, the MPCR assay proved to be a reliable, robust
and cost-effective method to determine the correct taxonomic
identity of Brassica accessions in the AGG long-term collection.
MPCR was also able to resolve species constituents in sample
mixtures, without the need for expensive and sophisticated
equipment or software. However, a limitation of this assay is
that, unlike the more advanced SNP based methods, such as
genotyping-by-sequencing (GBS) (Khedikar et al, 2020;
Abdel-Haleem et al., 2022) and array (Xiao et al., 2021) technolo-
gies, MPCR does not provide sequence information for assess-
ment of genetic diversity. Subsequently, the MPCR assay cannot
differentiate individuals arising from intraspecific hybridization
(Mason et al., 2015) and lacks the capability to resolve taxonomy
to a subspecies level, for example, it cannot distinguish B. rapa
spp. silvestris individuals from B. rapa spp. oleifera individuals.
Whilst the assessment of genetic diversity and resolution of sub-
species members of the AGG Brassica germplasm was outside the
scope of this study, this is planned for future investigation using a
SNP based assay to further evaluate the genetic integrity of the
Brassica collection.

The AGG has used the misclassification and contamination
data identified in our study to develop more stringent curation
and distribution protocols to best manage the misclassified and
contaminated accessions. All accessions that have been identified
as erroneous are currently being archived and removed from dis-
tribution. The AGG is in the process of developing a schedule to
reimport and rebuild the Brassica accessions where the donor is
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the source of the error, and through this process will advise the
source genebanks of the identified inaccuracies related to previ-
ously supplied germplasm seed lots. Germplasm that has been
contaminated through internal genebank practices will be purified
where possible, with contaminated seed lots either discarded or
archived if previously distributed. QMS and QA practices,
together with seed handling and regeneration protocols, have
been developed by the AGG since 2014, with significant improve-
ments around pollination control for open-pollinated Brassica
species. These new protocols aim to eliminate the occurrence of
contamination, with taxonomic validation now undertaken as a
routine practice to immediately identify it if it does occur within
the genebank program.

In concluding, the taxonomic identity of Brassica germplasm
within the AGG collection has been quantified (93.8% as taxo-
nomically correct), and taxonomic errors (6.2%) assessed to iden-
tify the cause of error as either a donor source error, or through
previous poor genebank practices. The conventional taxonomic
classification of the Brassica species is very highly correlated to
the MPCR analytical results (93.8%), however, the 6.2% of incor-
rect accessions serves as a reminder to genebanks that despite
adhering to standards and guidelines for long-term conservation
and maintenance of genetic resources, mistakes can and do occur.
Ensuring germplasm maintains its true genetic identity is critical
for genebanks, therefore the continual improvement in QMS and
QA practices is essential to minimize the occurrence of mistakes,
and to identify and rectify any mistakes when they do occur. For
the AGG, the identification of such errors has enabled more
stringent QMS and QA curation and regeneration protocols,
especially around pollination control, to be developed to best
manage the Brassica collection, and to limit impact on down-
stream research and breeding programs. All new Brassica acces-
sions received into the genebank, and following internal
regeneration events, are now screened using the MPCR protocol
as a rapid taxonomy screen prior to being accessioned into the
collection, until a cost-effective Brassica species specific SNP
based technology is available. All historical recipients of misclas-
sified or contaminated accessions/seed lots will be notified, as will
the original donors of the germplasm. Future directions to inter-
rogate the Brassica collection further will use technologies that
enable taxonomic verification, genetic diversity, genetic integrity
and trait identification to be determined. This will further
increase the genetic information of this collection and facilitate
the utilization and uptake of genebank germplasm and accelerate
the development of new varieties suited to future growing
conditions.

Supplementary material. The supplementary material for this article can
be found at https:/doi.org/10.1017/S1479262123000035.
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