
Abstract Identifying annual ryegrass contamination in
perennial ryegrass seed lots has been of major interest in
seed-testing laboratories and for seed regulatory agencies
in the USA for many years. This study was conducted to
characterize a superoxide dismutase locus (Sod-1) and
determine its potential to distinguish cultivated ryegrass
species. The inheritance of Sod-1 was evaluated in a
three-generation annual × perennial ryegrass mapping
population and segregation fitted an expected 1:2:1 ratio
for a single locus with two alleles. The molecular form
of the Sod-1 locus was determined by H2O2 and KCN 
inhibitor assays which indicated that the Sod-1, and a
second independently segregating Sod-2, locus were
both Cu/ZnSod enzymes. The common alleles at the
Sod-1 locus were scored in 13 annual and 24 perennial
ryegrass cultivars to determine the potential of using this
locus for species separation. The Sod-1b allele was ho-
mozygous in 98% of perennial ryegrass individuals from
24 cultivars, but those not 100% homozygous for Sod-1b
were seed lots with unknown contamination from annual
ryegrass. These results indicate that the Sod-1b allele in
the homozygous condition is a good indicator of perenni-
ality. All eight annual ryegrass cultivars originating in
Europe or Asia had a low frequency of Sod-1b homozy-
gous individuals or none at all. The five cultivars origi-
nating in the Western Hemisphere, however, had geno-

type frequencies for homozygous Sod-1b of up to 56%.
The potential of the Sod-1 locus to serve as a test to 
separate the two growth forms depends on the source of
the annual-type contamination.

Keywords Loliumperenne L · Lolium multiflorum Lam. ·
Ryegrass · Superoxide disumtase · Seed testing

Introduction

Perennial ryegrass (Lolium perenne L.) and Italian, or
annual ryegrass (Lolium multiflorum Lam.) are two of
the most widely cultivated grasses used for turf and 
forage throughout the world. These two outbred species
of the Lolium genus are interfertile where their flowering
dates overlap. In fact Naylor (1960) proposed that these
two species be grouped under a common species name
and be regarded as subspecies. Tyler et al. (1987) 
suggested that the European Loliums represent a hybrid
swarm with perennial and Italian ryegrasses representing
the extreme types. Balfourier et al. (2000) proposed that
L. perenne evolved from a bottleneck of Lolium rigidum
Gaud. populations. Further, L. multiflorum may have
also arisen from the common ancestor, L. rigidum
(Charmet et al. 1997). This common ancestry and the 
genomic similarities indicate that these two main species
are very closely related.

Approximately 90% of the world supply of certified
seed of perennial and Italian ryegrass is produced in 
Oregon’s Willamette Valley. The close genetic similarity
of the two species is of concern to seed certification
agencies because genetic or physical contamination of
turf-type perennial ryegrass by forage-type annual rye-
grass is objectionable for high quality turf use. Identify-
ing annual ryegrass contamination in perennial ryegrass
seed lots has been of major interest in seed-testing labo-
ratories and for seed regulatory agencies for many years.
United States seed regulatory agencies utilize the seed-
ling root fluorescence test to identify annual ryegrass
contamination of perennial ryegrass seed lots. The seed-

Communicated by A.L. Kahler

S.E. Warnke (✉)
USDA-ARS, Natural Arboretum, 3501 New York Ave N.E.,
Washington, DC 2002, USA
e-mail: warnkes@onid.orst.edu
Fax: +1-541-750 8750

W.C. Young III · R.L. Cook
Crop and Soil Science Department, Oregon State Univ., 
Corvallis, OR 97331, USA

R.E. Barker
USDA-ARS, National Forage Seed Production Research Center,
3450 SW Campus Way, Corvallis, OR 97331-7102, USA

L.A. Brilman
Seed Research of Oregon, Corvallis, OR 97333, USA

Theor Appl Genet (2002) 105:1146–1150
DOI 10.1007/s00122-002-1007-0

S.E. Warnke · R.E. Barker · L.A. Brilman
W.C. Young III · R.L. Cook

Inheritance of superoxide dismutase (Sod-1) in a perennial × annual
ryegrass cross and its allelic distribution among cultivars

Received: 6 August 2001 / Accepted: 7 March 2002 / Published online: 3 October 2002
© Springer-Verlag 2002

Verwendete Distiller 5.0.x Joboptions
Dieser Report wurde automatisch mit Hilfe der Adobe Acrobat Distiller Erweiterung "Distiller Secrets v1.0.5" der IMPRESSED GmbH erstellt.Sie koennen diese Startup-Datei für die Distiller Versionen 4.0.5 und 5.0.x kostenlos unter http://www.impressed.de herunterladen.ALLGEMEIN ----------------------------------------Dateioptionen:     Kompatibilität: PDF 1.2     Für schnelle Web-Anzeige optimieren: Ja     Piktogramme einbetten: Ja     Seiten automatisch drehen: Nein     Seiten von: 1     Seiten bis: Alle Seiten     Bund: Links     Auflösung: [ 1200 1200 ] dpi     Papierformat: [ 595 785 ] PunktKOMPRIMIERUNG ----------------------------------------Farbbilder:     Downsampling: Ja     Berechnungsmethode: Bikubische Neuberechnung     Downsample-Auflösung: 150 dpi     Downsampling für Bilder über: 225 dpi     Komprimieren: Ja     Automatische Bestimmung der Komprimierungsart: Ja     JPEG-Qualität: Mittel     Bitanzahl pro Pixel: Wie Original BitGraustufenbilder:     Downsampling: Ja     Berechnungsmethode: Bikubische Neuberechnung     Downsample-Auflösung: 150 dpi     Downsampling für Bilder über: 225 dpi     Komprimieren: Ja     Automatische Bestimmung der Komprimierungsart: Ja     JPEG-Qualität: Mittel     Bitanzahl pro Pixel: Wie Original BitSchwarzweiß-Bilder:     Downsampling: Ja     Berechnungsmethode: Bikubische Neuberechnung     Downsample-Auflösung: 600 dpi     Downsampling für Bilder über: 900 dpi     Komprimieren: Ja     Komprimierungsart: CCITT     CCITT-Gruppe: 4     Graustufen glätten: Nein     Text und Vektorgrafiken komprimieren: JaSCHRIFTEN ----------------------------------------     Alle Schriften einbetten: Ja     Untergruppen aller eingebetteten Schriften: Nein     Wenn Einbetten fehlschlägt: Warnen und weiterEinbetten:     Immer einbetten: [ ]     Nie einbetten: [ ]FARBE(N) ----------------------------------------Farbmanagement:     Farbumrechnungsmethode: Alles für Farbverwaltung kennzeichnen (keine Konvertierung)     Methode: StandardArbeitsbereiche:     Graustufen ICC-Profil: Dot Gain 10%     RGB ICC-Profil: sRGB IEC61966-2.1     CMYK ICC-Profil: R705-Noco-gl-01-220499-ICCGeräteabhängige Daten:     Einstellungen für Überdrucken beibehalten: Ja     Unterfarbreduktion und Schwarzaufbau beibehalten: Ja     Transferfunktionen: Anwenden     Rastereinstellungen beibehalten: JaERWEITERT ----------------------------------------Optionen:     Prolog/Epilog verwenden: Nein     PostScript-Datei darf Einstellungen überschreiben: Ja     Level 2 copypage-Semantik beibehalten: Ja     Portable Job Ticket in PDF-Datei speichern: Nein     Illustrator-Überdruckmodus: Ja     Farbverläufe zu weichen Nuancen konvertieren: Nein     ASCII-Format: NeinDocument Structuring Conventions (DSC):     DSC-Kommentare verarbeiten: NeinANDERE ----------------------------------------     Distiller-Kern Version: 5000     ZIP-Komprimierung verwenden: Ja     Optimierungen deaktivieren: Nein     Bildspeicher: 524288 Byte     Farbbilder glätten: Nein     Graustufenbilder glätten: Nein     Bilder (< 257 Farben) in indizierten Farbraum konvertieren: Ja     sRGB ICC-Profil: sRGB IEC61966-2.1ENDE DES REPORTS ----------------------------------------IMPRESSED GmbHBahrenfelder Chaussee 4922761 Hamburg, GermanyTel. +49 40 897189-0Fax +49 40 897189-71Email: info@impressed.deWeb: www.impressed.de

Adobe Acrobat Distiller 5.0.x Joboption Datei
<<     /ColorSettingsFile ()     /AntiAliasMonoImages false     /CannotEmbedFontPolicy /Warning     /ParseDSCComments false     /DoThumbnails true     /CompressPages true     /CalRGBProfile (sRGB IEC61966-2.1)     /MaxSubsetPct 100     /EncodeColorImages true     /GrayImageFilter /DCTEncode     /Optimize true     /ParseDSCCommentsForDocInfo false     /EmitDSCWarnings false     /CalGrayProfile (Dot Gain 10%)     /NeverEmbed [ ]     /GrayImageDownsampleThreshold 1.5     /UsePrologue false     /GrayImageDict << /QFactor 0.9 /Blend 1 /HSamples [ 2 1 1 2 ] /VSamples [ 2 1 1 2 ] >>     /AutoFilterColorImages true     /sRGBProfile (sRGB IEC61966-2.1)     /ColorImageDepth -1     /PreserveOverprintSettings true     /AutoRotatePages /None     /UCRandBGInfo /Preserve     /EmbedAllFonts true     /CompatibilityLevel 1.2     /StartPage 1     /AntiAliasColorImages false     /CreateJobTicket false     /ConvertImagesToIndexed true     /ColorImageDownsampleType /Bicubic     /ColorImageDownsampleThreshold 1.5     /MonoImageDownsampleType /Bicubic     /DetectBlends false     /GrayImageDownsampleType /Bicubic     /PreserveEPSInfo false     /GrayACSImageDict << /VSamples [ 2 1 1 2 ] /QFactor 0.76 /Blend 1 /HSamples [ 2 1 1 2 ] /ColorTransform 1 >>     /ColorACSImageDict << /VSamples [ 2 1 1 2 ] /QFactor 0.76 /Blend 1 /HSamples [ 2 1 1 2 ] /ColorTransform 1 >>     /PreserveCopyPage true     /EncodeMonoImages true     /ColorConversionStrategy /UseDeviceIndependentColor     /PreserveOPIComments false     /AntiAliasGrayImages false     /GrayImageDepth -1     /ColorImageResolution 150     /EndPage -1     /AutoPositionEPSFiles false     /MonoImageDepth -1     /TransferFunctionInfo /Apply     /EncodeGrayImages true     /DownsampleGrayImages true     /DownsampleMonoImages true     /DownsampleColorImages true     /MonoImageDownsampleThreshold 1.5     /MonoImageDict << /K -1 >>     /Binding /Left     /CalCMYKProfile (R705-Noco-gl-01-220499-ICC)     /MonoImageResolution 600     /AutoFilterGrayImages true     /AlwaysEmbed [ ]     /ImageMemory 524288     /SubsetFonts false     /DefaultRenderingIntent /Default     /OPM 1     /MonoImageFilter /CCITTFaxEncode     /GrayImageResolution 150     /ColorImageFilter /DCTEncode     /PreserveHalftoneInfo true     /ColorImageDict << /QFactor 0.9 /Blend 1 /HSamples [ 2 1 1 2 ] /VSamples [ 2 1 1 2 ] >>     /ASCII85EncodePages false     /LockDistillerParams false>> setdistillerparams<<     /PageSize [ 595.276 841.890 ]     /HWResolution [ 1200 1200 ]>> setpagedevice



1147

ling root fluorescence (SRF) test is based on the finding
that seedling roots of Italian ryegrass secrete an alkaloid
compound called annuloline that produces a blue fluo-
rescence under untraviolet light; however, perennial rye-
grass roots do not normally fluoresce (Gentner 1929).
Ever since Genter’s discovery, the test has been used to
determine the purity of perennial ryegrass seed samples.
Nyquist (1963) was able to develop fluorescent perennial
ryegrass, indicating that the fluorescent trait does not in-
fluence growth habit and is not tightly linked to any trait
that conditions annuality.

The search for alternative tests for SRF has resulted
in the identification of several traits associated with the
annual or perennial growth type, but none have been 
developed into a suitable alternative to SRF. A seed es-
terase isoenzyme (Nakamura 1979; Payne et al. 1980;
Griffith and Banowetz 1992), like the electrophoresis of
other general seed proteins and isozymes, was able to 
detect species differences but these associations were
based on bulked samples and lacked the necessary sensi-
tivity to be an adequate replacement test (Larsen 1966;
Ferguson and Grabe 1984). Morphologically, leaf verna-
tion differences between perennial and Italian ryegrass
have been used (Grabe 1998; Okora et al. 1999), but this
test is time consuming and can be inconclusive. Alterna-
tively, Charmet and Balfourier (1994) examined 13 leaf
isozymes in eight Lolium species and Festuca pratensis
L. Two leaf isozymes were identified that could be uti-
lized as species indicators. A Phosphoglucose isomerase
locus (Pgi-2) and a superoxide dismutase locus (Sod)
showed frequency differences between L. perenne and 
L. multiflorum. Eight different alleles were reported at
the Pgi-2 locus with the Pgi-d allele much more com-
mon in L. rigidum and L. multiflorum populations than in
L. perenne populations. The relative frequency of the
Sod-1a and Sod-1b alleles of the Sod locus, originally 
reported to be the indophenol oxidase (Ipo) locus by 
Polans and Allard (1985), discriminated L. perenne from
all other Lolium species evaluated by Charmet and 
Balfourier (1994).

Superoxide dismutase is a well-studied enzyme that
catalyzes the disproportionation of superoxide radicals to
hydrogen peroxide and dioxygen. Three forms of the 
enzyme exist, as classified by the metal ions present at
the active site: copper/zinc (Cu/ZnSOD), manganese
(MnSOD), and iron (FeSOD). These three enzymes are
distributed throughout different subcellular locations,
presumably because O2

– cannot cross membranes 
(Takahashi and Asada 1983) and must therefore be dealt
with at their sites of production. The three forms of SOD
can be distinguished on electrophoretic gels by exploit-
ing their differential sensitivities to KCN and H2O2
(Kanematsu and Asada 1990; Van Camp et al. 1990).
Cu/ZnSOD is characterized as being sensitive to both
H2O2 and KCN, FeSOD is sensitive only to H2O2, while
MnSOD is resistant to both inhibitors.

The three SODs can be categorized into two families
with unrelated DNA sequences. Cu/ZnSOD is located
mainly in the cytosol and/or chloroplasts of plants,

whereas the other family contains either Mn (MnSOD)
in the mitochondria or Fe (FeSOD) in the chloroplast
(Fridovich 1986). For monocotyledonous plants, cDNAs
for chloroplastic and cytosolic Cu/ZnSODs and mito-
chondrial MnSOD have been isolated from Oryza sativa
and Zea mays (Zhu and Scandalios 1993; Kernodle and
Scandalios 1996; Kaminaka et al. 1997).

The objectives of this research were to: (1) study the
segregation of the Sod-1a and Sod-1b alleles in an annu-
al × perennial ryegrass mapping population, (2) establish
the allelic frequencies of the Sod-1 locus in a range of 
L. perenne and L. multiflorum cultivars, and (3) deter-
mine the isozyme form of SOD represented by the Sod-1
locus.

Materials and methods

Mapping population

Segregation of SOD was conducted on a three-generation rye-
grass pseudo testcross population. The population was developed
by crossing one grandparent perennial ryegrass plant from cv
Manhattan with an annual ryegrass grandparent plant from the cv
Floregon to produce an F1 population. A second F1 population
was generated by crossing a different Manhattan grandparent
plant with a different Floregon plant. A random F1 clone was se-
lected from each Manhattan maternal F1 population and these
clones were crossed to produce a segregating mapping population
containing 167 individuals. SOD segregation was tested on 162
progeny.

Data for time to flowering without vernalization was obtained
by growing two replications of each clone of the mapping popula-
tion in a growth chamber under a 24-h photoperiod
(425 µmol m–2 s–1 PAR) at 25 °C for 116 days. The time of head
emergence was recorded for each plant. Plants with no head emer-
gence at 116 days were given a value of 116 days in the evalua-
tion.

Seed source for cultivars

Seed of perennial and annual ryegrass cultivars was obtained from
seed testing samples maintained by the Oregon State University
Seed Laboratory, from commercial seed companies, and from Ore-
gon Seed Certification Service voucher samples of OECD culti-
vars. The annual cv LE 284 was obtained from Uruguay.

Starch-gel electrophoresis

Isozyme analysis was performed on individual annual and peren-
nial ryegrass seedlings at the three to four leaf stage of develop-
ment. A crude protein extract was obtained by macerating five to
six, one centimeter-long leaf pieces in 80 µl of chilled extraction
buffer composed of 75 mM Tris-HCL buffer, pH 7.5, 5% polyvi-
nyl-pyrrolidone-40 (w/v) and 14 mM mercaptoethanol (0.2% v/v).
The extraction was performed in chilled, 12-sample porcelain
plates with a plexiglass rod rounded on one end. The crude ex-
tracts were absorbed onto 2-mm by 8-mm blotter-paper wicks and
stored at –20 °C.

Super oxide dismutase (SOD) isozymes were resolved in Tris-
citrate/lithium-borate pH 8.3 gels (Wendel and Weeden 1989) after
approximately 4.5 h of electric current at 50 to 60 mA. Gel slabs
consisted of 10.5% (w/v) potato starch (Sigma chemical compa-
ny). SOD activity stains were prepared according to Wendel and
Weeden (1989). Gel slices were incubated in the dark for 30 min
then placed under a light box with two 60 W fluorescent bulbs 
until white bands could be visualized against a dark blue gel.
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SOD inhibitor assays

Total protein was isolated by grinding 100 mg of leaf tissue in
300 µl of SOD activity extraction buffer (Weeden and Wendel
1989) and centrifuging for 5 min at 15,000 rpm. Protein extracts
were subjected to electrophoresis at 100 V for 2.5 h in a 12%
acrylamide nondenaturing PAGE. The gels were stained for SOD
activity as described by Beauchamp and Fridovich (1971). Inhibi-
tor studies were as described by Pan and Yau (1992).

Results and discussion

Three Sod-1 genotypes were observed in the annual ×
perennial ryegrass mapping population (Fig. 1). The 
perennial grandparents from the population had the com-
mon Sod-1b band and the F1 parents were both three-
banded heterozygotes. The annual grandparents from
this population died prior to Sod genotyping; however,
the fact that both F1 parents had the Sod-1a allele indi-
cated that both annual grandparents must have had this
allele. The segregation from 162 individuals of the map-
ping population was 44aa:85ab:33bb which fit the 
expected 1:2:1 ratio for a single locus with two alleles
(χ2 = 1.88, 0.5 > P > 0.1). 

The Sod-1 locus was inhibited by both H2O2 and
KCN clearly indicating that Lolium Sod-1 is a Cu/ZnSod
(Fig. 2). While Sod-1 was the primary locus a slower 
migrating locus marked Sod-2 was also present (Figs. 1
and 2). Sod-2 is also sensitive to H2O2 and KCN indicat-
ing that it is a Cu/ZnSod as well. 

Screening for the Sod-1a and Sod-1b allele frequen-
cies in 13 annual and 24 perennial ryegrass cultivars
confirmed the findings of Charmet and Balfourier
(1994). The Sod-1b allele is almost monomorphic in pe-
rennial ryegrass cultivars (Table 1). The most notable ex-
ceptions were ‘Linn’, a very old perennial ryegrass culti-
var that almost meets the definition of a landrace in the
USA, and Derby Supreme, a cultivar with some seed lots
that have exhibited variable SRF. Absence of the hetero-
zygous genotype (Sod-1ab) in Derby Supreme and
Aquarius II suggested physical contamination because
plants resulting from a cross between annual and peren-
nial ryegrass would be expected to have the Sod-1ab
genotype. Plants having the common annual ryegrass
(Sod-1a) homozygous bands from these two cultivars, as
well as those from Linn, had an annual-like growth habit
(light green color and flowering without vernalization). 

Most of the annual ryegrass cultivars had a very low
frequency of homozygous Sod-1bb plants (Table 1). The
reason for the low frequency of the Sod-1bb plants is not
obvious from this research. Initial data does not indicate
a selective survival advantage for any particular Sod-1
genotype. Cultivars originating in Europe or Asia had 
either a low frequency of, or no, homozygous Sod-1bb
genotypes. While we do not have the information to con-
firm breeding history, we suspect that European and
Asian cultivars are more closely Westerwold types. On
the other hand, the cultivars from the USA had homozy-
gous Sod-1bb genotype frequencies ranging from 0.11 to
0.56. All of the Western Hemisphere cultivars are long-
term reseeding cultivars and similar to the Italian 
ryegrass type (Arnold et al. 1981; Watson et al. 1990).
Westerwold grasses are generally characterized as fast
growing, early flowering, but not long lasting. These
types originated in Norway (Jung et al. 1996). It is be-
lieved that Italian types originated in Italy (Jung et al.
1996). Our results confirm the evolutionary relationships
and patterns proposed by Charmet et al. (1997) and 
Balfourier et al. (2000). It is interesting to note that the
frequency of Sod-1bb plants seems to be associated with
longevity. The shorter-lived Westerwolds having a low
frequency of homozygous Sod-1bb plants, a higher 
frequency in the almost biennial types characterizing the
Italians, and finally the perennials being almost com-
pletely homozygous Sod-1bb plants.

Fig. 1 12% polyacrylamide gel
of superoxide dismutase from
an annual × perennial ryegrass
mapping population. Lanes 1
and 2 perennial grandparents;
lanes 3 and 4 F1 parents; 
lanes 5 and 8 = bb genotype;
lanes 6 and 7 = aa genotype;
lanes 9, 10 = ab genotype.
The segregation ratio was
44aa:85ab:33bb, (χ2 = 1.88, 
0.5 > P > 0.1)

Fig. 2 Inhibitor assay of Sod-1 and Sod-2 on a 12% acrylamide
nondenaturing PAGE gel. Both loci are susceptible to H2O2 and
KCN indicating that they are Cu/Zn Sod isozymes
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Results indicated that the Sod-1a allele is a good indi-
cator of physical and genetic contamination of perennial
ryegrass seed lots by Westerwold type annual ryegrass.
The high frequency of Sod-1bb plant types in Italian rye-
grass, however, would reduce accuracy if Italian rye-
grass, such as the cultivar Gulf, is the source of contami-
nation. We tested four lots of Gulf, including LE 284,
which was the original progenitor of Gulf (Weihing
1963). Frequencies of the homozygous Sod-1bb geno-
type ranged from 0.23 to 0.56 for these four seed lots,
demonstrating that while the frequency remained high
for the cultivar, there is variability among seed lots based

on the history of that particular seed source. Gulf is also
the annual ryegrass cultivar longest grown in the Oregon
seed production area, and the soil seed bank may contain
considerable amounts of this type. The error rate of us-
ing the Sod-1a allele to identify physical contamination
of perennial ryegrass seed lots may be as high as 50%;
however, it is an excellent indicator of a problem peren-
nial ryegrass seed lot because of the very low frequency
of this allele in high quality perennial cultivars.

Homozygosity of the Sod-1b allele appears to be a
good indicator of perenniality, and the locus is distally
linked to loci influencing vernalization control of flower-

Table 1 Genotype frequencies of the Sod-1 locus for annual and perennial ryegrass cultivars

Cultivar Country VFLb No. Sod-1 genotype
of of plants
maintainera tested aa ab bb

Annuals
Ace (4N) JPN – 19 0.32 0.68 0.0
Avance (4N) NLD – 20 0.30 0.70 0.0
Fabio (4N) NLD – 22 0.55 0.46 0.0
Jeanne (4N) DNK – 20 0.50 0.50 0.0
Tenor NLD – 20 0.30 0.70 0.0
Waseyutaka JPN – 24 0.50 0.46 0.04
Zorro (4N) DNK – 21 0.19 0.76 0.05
Aubade (4N) NLD – 17 0.41 0.53 0.06
Jackson USA 98.80 19 0.31 0.58 0.11
Marshall USA 96.00 20 0.20 0.65 0.15
Gulf (141940) USA 99.02 43 0.16 0.61 0.23
Grazer USA 99.78 19 0.63 0.11 0.26
La Estanzuela 284 URY – 21 0.24 0.48 0.29
Gulf (857) USA 99.02 40 0.23 0.45 0.33
Gulf (L19) USA 99.02 71 0.07 0.37 0.56
Totals 396 0.28 0.51 0.21

Perennials
Linn USA 5.00 20 0.10 0.20 0.70
Derby Supreme USA 2.85 16 0.13 0.0 0.88
Caddieshack USA 1.57 11 0.0 0.09 0.91
Aquarius II USA – 19 0.05 0.0 0.95
Brightstar II USA 2.24 16 0.0 0.0 1.00
Buccaneer USA 7.44 27 0.0 0.0 1.00
Calypso II USA 0.47 17 0.0 0.0 1.00
Cutter USA 1.65 26 0.0 0.0 1.00
Dancer USA 0.78 19 0.0 0.0 1.00
Delaware Dwarf USA 2.60 15 0.0 0.0 1.00
Divine USA 3.09 19 0.0 0.0 1.00
Express USA 4.00 12 0.0 0.0 1.00
Lorettanova DEU – 11 0.0 0.0 1.00
Lowgrow USA 1.31 23 0.0 0.0 1.00
Palmer USA 1.04 22 0.0 0.0 1.00
Pennfine USA – 21 0.0 0.0 1.00
Pleasure USA 4.09 16 0.0 0.0 1.00
Racer USA 1.23 18 0.0 0.0 1.00
Repell III USA 0.80 20 0.0 0.0 1.00
Saturn USA – 17 0.0 0.0 1.00
SRX4801 USA – 15 0.0 0.0 1.00
Sunshine USA 2.65 20 0.0 0.0 1.00
Top Hat USA 0.77 16 0.0 0.0 1.00
Totals 416 0.01 0.01 0.98

a Country of cultivar maintainer as recorded in OECD <http://www.
oecd.org/agr/code/seeds/seeds1.htm > or Oregon Seed Certification
Service <http://www.oscs.orst.edu/index.html > on-line lists verified
1 August 2001. DEU = Germany, DNK = Denmark, GBR = United

Kingdom, JPN = Japan, NLD = Netherlands, NOR = Norway, 
URY = Uruguay, USA = United States
b Variety fluorescence level as reported by the USA National Grass
Variety Review Board



Hayward MD, Mcadam NJ, Jones JG, Evans C, Evans GM, 
Forester JW, Ustin A, Hossain KG, Quader B, Stammers M,
Will JK (1994) Genetic markers and the selection of quantita-
tive traits in forage grasses. Euphytica 77:269–275

Jung GA, van Wijk AFP, Hunt WF, Watson CE (1996) Ryegrasses.
In: Moser LE, Buxton DR, Casler MD (eds) Cool-season for-
age grasses. Agron Monogr 34. ASA, Madison, Wisconsin,
pp 605–641

Kaminaka H, Morita S, Yokoi H, Masumura T, Tanaka K (1997)
Molecular cloning and characterization of a cDNA for plasti-
dic copper/zinc-superoxide dismutase in rice (Oryza sativa L.)
Plant Cell Physiol 38:65–69

Kanematsu S, Asada K (1990) Characteristic amino-acid sequences
of chloroplast and cytosol isozymes of Cu/Zn-superoxide dis-
mutase in spinach, rice and horsetail. Plant Cell Physiol
31:99–112

Kernodle SP, Scandalios JG (1996) A comparison of the structure
and function of the highly homologous maize antioxidant
Cu/Zn superoxide dismutase genes, Sod4 and Sod4A. Genetics
144:317–328

Kliebenstein DJ, Monde RA, Last RL (1998) Superoxide dismu-
tase in Arabidopsis: an eclectic enzyme family with disparate
regulation and protein localization. Plant Physiol 118:637–
650

Larsen AL (1966) A distinction between proteins of annual and
perennial ryegrass seeds. Proc Assoc Off Seed Anal 56:47–
51

Nakamura S (1979) Separation of ryegrass species using electro-
phoretic patterns of seed protein and enzymes. Seed Sci Tech-
nol 7:161–168

Naylor B (1960) Species differentiation in the genus Lolium. 
Heredity 15:219–233

Nyquist WE (1963) Fluorescent perennial ryegrass. Crop Sci
3:223–226

Okora JO, Watson CE, Gourley LM, Keith BC, Vaughn CE (1999)
Comparison of botanical characters and seedling root fluores-
cence for distinguishing Italian and perennial ryegrass. Seed
Sci Technol 27:721–730

Pan S-M, Yau Y-Y (1992) Characterization of superoxide dismu-
tase in Arabidopsis. Plant Cell Physiol 37:58–66

Payne RC, Scott JA, Koszykowski TJ (1980) An esterase isoen-
zyme difference in seed extracts of annual and perennial rye-
grass. J Seed Technol 5:14–20

Polans NO, Allard RW (1985) Inheritance of electrophoretically
detectable variants in ryegrass. J Hered 76:61–62

Takahashi M-A, Asada K (1983) Superoxide anion permeability of
phospholipid membranes and chloroplast thylakoids. Arch
Biochem Biophys 226:558–566

Tyler BF, Chorlton KH, Thomas ID (1987) Collection and field-
sampling techniques for forages. In: Tyler BF (ed) Collection,
characterization and utilization of genetic resources of temper-
ate forage grass and clover. IBPGR Train Courses: Lect Ser 1.
Int Bd Plant Genet Resour, Rome, pp 3–10

Van Camp W, Bowler C, Villarroel R, Tsang EWT, Van Montagu M,
Inze D (1990) Characterization of iron superoxide dismutase
cDNAs from plants obtained by genetic complementation in 
Escherichia coli. Proc Natl Acad Sci USA 87:9903–9907

Watson CE Jr, McLean D, Edwards NC Jr (1990) Registration of
Jackson Annual Ryegrass. Crop Sci 30:1368

Weeden NF, Wendel JF (1989) Genetics of plant isozymes. In:
Soltis DE, Soltis PS (eds) Isozymes in plant biology. Timber
Press, Portland, Oregon, pp 46–72

Weihing RM (1963) Registration of Gulf Annual Ryegrass. Crop
Sci 3:366

Wendel JF, Weeden NF (1989) Visualization and interpretation of
plant isozymes. In: Soltis DE, Soltis PS (eds) Isozymes in
plant biology. Timber Press, Portland, Oregon, pp 5–45

Zhu D, Scandalios JG (1993) Maize mitochondrial manganese su-
peroxide dismutases are encoded by a differentially expressed
multigene family. Proc Natl Acad Sci USA 90:9310–9314
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ing in the annual/perennial ryegrass mapping population
(unpublished data). Hayward et al. (1994) also reported a
Quantitative Trait Locus (QTL) for the date of ear emer-
gence, the first harvest year distal to the Sod-1 locus.
These results indicate that the Sod-1 locus, like seedling
root fluorescence, is a good species indicator in the 
ryegrasses. The Sod-1 locus, however, can be unambigu-
ously scored while SRF has been shown to exhibit con-
siderable variation due to growth conditions (Floyd and
Barker 2002). The actual utility of the Sod-1 locus as a
replacement test for SRF will depend on the source of
the annual contamination. The Sod-1 locus, however,
may be an excellent supplemental test to SRF for ques-
tionable seed lots.
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