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The reed canarygrass (Phalaris arundinacea L.) is a
wild-growing rhizomatous perennial cereal plant. This

is a valuable forage and decorative crop, widely spread
over all the continents except for Antarctic. So far, the

reed canarygrass has become rather demanded in many
European countries as a source of bioenergy. Among

the major advantages of the reed canarygrass are high
biomass yield, ecological stability, tolerance, and high seed
production. Similar to most of wild-growing plants, the
reed canarygrass is poorly studied. In the current study,
the genetic diversity of a reed canarygrass collection

(42 populations collected in meadow biocenoses of
several regions in Russia and some other countries)

was investigated using isozyme markers IDH (isocitrate
dehydrogenase), GDH (glutamate dehydrogenase), MDH
(malate dehydrogenase), ME (malic enzyme), and SKDH
(shikimate dehydrogenase). Genetic control of these
enzymes was determined in reed canarygrass for the first
time. IDH and ME are controlled each by one locus (/dh and
Me, respectively), SKDH and GDH have digenic control (loci
Skdh1 and -2; Gdh1 and -2, respectively), MDH is controlled
by 3 loci (Mdh1, -2 and -3). A number of alleles per locus
varied from 1 to 3. High activities in different organs and
tissues, as well as codominant inheritance make isozymes
convenient genetic markers in various studies into
ecological and population genetics, especially in plant
species, like reed canarygrass, with unsequenced genome.
Cluster analysis based on isozyme data distinguished 22
diverse groups. The degree of genetic similarity was not
related with geographical origin of the material.

Key words: Phalaris, canarygrass, bioenergy source, genetic
diversity, genetic markers.
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TeHeTYeCcKoe pa3Hoo6pasue
KaHapeeuHuKa (Phalaris arundinaceae L.),
BBISIBJIEHHOE C TTIOMOIIIbIO
130(epMeHTHBIX MapKepoOB

PC. FOanual @, E K. XaecTkunal 2

1 DepepanbHoe rocyfAapcTBEHHOe OI0AXKETHOE HayUHOe yupexaeHne
«DefepanbHbIii UCCNEAOBATENbCKUIA LEHTP VIHCTUTYT LMTONOIN 1 reHeTUKN
Cunbupckoro otaeneHnsa Poccuiickon akagemmm Hayk», HoBocnbnpck, Poccua
2 DepepanbHoe rocyaapcTBEHHOE aBTOHOMHOE 0bpa3oBaTenbHoe
yupexpaeHve Bbicliero obpasoBaHna «HoBOCMOUPCKNIA HaLMOHabHbIN
NCcCnepoBaTeNbCKui rocyfapCcTBEeHHbIN YHUBEpCUTET», HoBocnbupck, Poccusa

KaHapeeuHuK TpocTHMKOBMAHDBIV (Phalaris arundinaceae L.) -
MHOTFONETHUIN KOPHEBULLHbIN AUKOPACTYLLMIA 3M1aK. ITa LieHHasn
KOPMOBas 1 feKopaTrBHasA Ky/bTypa, LWMPOKO PacnpocTpaHeH-
Has Mo BCEM KOHTUHEHTaM (KpoMe AHTapKT/AbI), paccmaTpuriBa-
eTcA B nocsieiHee Bpems BO MHOTMX €BPOMENCKMX CTpaHax

elle 1 Kak nepcrneKkTUBHbI NCTOYHKK 6roTonnmea. OCHOBHbIMYU
[LOCTOMHCTBaMU KaHapeeyHnKa ABNAIOTCA BbICOKaA NPOAYKTUB-
HOCTb BMOMACChI, SKoNormyecKas CTabmnbHOCTb 1 YCTONUMBOCTb
K abMOTMUECKOMY CTPECCY, BbICOKAsA CEMeHHas NPOayKTUBHOCTb.
Mo cpaBHeHMIO € 6ONBLIMHCTBOM APYIMX AUKOPACTYLIMX pacTe-
HUI TPOCTHUKOBUAHDBIN KaHapeeyHUK n3yyeH cnabo. B HacTos-
e paboTe ¢ NOMOLLbIO M30PEPMEHTHBIX MaPKEPOB M30LUTPaT-
nerngporeHassl (MAN), rnytamatgerngporenass (T4, manatge-
rngporeHasbl (HAQ-MZAI), manuk-3H3uma (M3) n wrknmatae-
rnaporeHasbl (LM n3yyeHa Konnekuma KaHapeeyHnKa TpocT-
HMKOBUAHOrO, NpefcTaBfieHHasn 42 nonynaumnaMmM Nyroebix 61o-
LIeHO30B HECKOJIbKMX PermoHoB Poccum u paga gpyrux cTpaH.
[laHHble pepMeHTbI TPOCTHNKOBUAHOTO KaHapeeyHKa BrepBble
OnucaHbl B HACTOALLEM UCCNELOBaHUY C FEHETNYECKOW TOUKNM
3peHus. YctaHoBneHo, uto VAT n M3 koanpyoTca KaXkabli OGHUM
nokycom (Idh n Me cootsetctBeHHo), LWAT v TAT umetoT gnreHHbIN
KOHTpOnb (nokycbl Skdh1 v Skdh2, Gdh1 n Gdh2 cooTBETCTBEHHO).
MAT cootseTcTBY!IOT 3 NoKyca (Mdh 1, Mdh2 n Mdh3). Yvcno
annenei Ha NOKyC BapbupoBaso oT 1 fo 3. Bbicokaa akTMBHOCTb
B Pa3/INYHbIX OpraHax 1 TKaHAX, a TakXKe KOLOMUHAHTHbIV TUM
HacnefoBaHUA fenatoT n3odpepMeHTbl y4oOHbIMY MapKepamm

B 3KOJIOrO- 11 MOMNYNALUNOHHO-TEHETNYECKUX NCCNIEAOBAHMSAX,
0COGEHHO Y BMAOB PAacTeHNIN C HEN3YYEHHBIM FEHOMOM, K KOTO-
PbIM OTHOCUTCA N KaHAPEeeYHWK TPOCTHUKOBUAHBIN. B cTaTbe
0o6cyKaaloTCA pe3ynbTaTbl KNACTePHOro aHaNn3a, BbINOIHEHHOTO
Ha OCHOBE AiaHHbIX UCCNeA0BaHNA N30DEPMEHTOB B KOMIEKLMMN
KaHapeeyHnKa. KnactepHbli aHann3 BbIABU 22 pa3nyHble
rpynnbl. CAenaH BbIBOA O TOM, YTO CTEMEHb FrEHETUYECKOrO
CcXoAcTBa 06pa3LIoB M3 U3YUYEHHOW KOMINEKLMU He CBA3aHa

C reorpadryeckum NPONCXoXLEeHNEM MaTepurana.

KntoueBble CnoBa: KaHapeeYHUK TPOCTHUKOBUAHDIV (Phalaris
arundinaceae L.), N'CTOYHVK BUOTOMNNNBA, FreHETUYECKOE
pa3Hoob6pa3me, n30bepMeHTHbIE MapKepbl.



n the 215 century, the humankind encounters the problem
in increasing energy consumption on the background of
reducing resources of fossil fuel. In addition, it is commonly
accepted that one of the factors involved in changing climate
is greenhouse gas discharges into the atmosphere resulting
from fuel combustion. This has induced the research into re-
newable energy sources and design of novel technologies for
energy production. Biogas production via anaerobic cleavage
of various raw plant materials is ever increasing worldwide as
an alternative energy source. More promising is utilization of
green mass of various perennial plants as a raw material for bi-
ogas stations, including, Miscanthus Anderss., Galega Tourn.
ex L. and Polygonum sachalinense F. Schmidt ex Maxim.
However, the reed canarygrass (Phalaris arundinacea L.) is
most demanded for manufacturing biogas in the United States
(Tahir et al., 2011), Canada (Wrobel et al., 2008) and several
European countries: Latvia (Dubrovskis et al., 2009), Poland
(Kacprzak et al., 2012), and Denmark (Kandel et al., 2013).
Among the major advantages of the reed canarygrass are
high biomass yield, ecological stability, tolerance, and high
seed production (Wrobel et al., 2008; Dubrovskis et al., 2009;
Tahir et al., 2011; Kacprzak et al., 2012; Kandel et al., 2013).
Similar to most of wild-growing plants, the reed canarygrass

is poorly studied. It is known that the breeding success for any
agricultural species is determined by the level of knowledge
about its specific genetics. With all the evident success of
DNA technologies applied to studies into plant genetic di-
versity, which have become most widespread during the last
two decades (Khlestkina et al., 2004a, 2004b; Van De Wouw
et al., 2010; Borner et al., 2012), isozyme analysis still holds
its grounds as a simple, reliable, and reasonable method for
distinguishing the loci and alleles of the genes detectable by
this method (Sikdar, 2010; Siva et al., 2013). Isozymes also
remain most useful genetic markers, since they provide reli-
able and comprehensive genetic information over a short time
period with relatively small labor and material expenditures.
The goal of this work was to detect and examine the variation
in isozyme markers in the reed canarygrass genetic collection.

Materials and Methods

Totally, forty-two Phalaris arundinacea populations from the
ICG stock collection were assayed. The material had been
collected in meadow biocenoses of several regions in Russia
(Altay, Arkhangelsk, Chelyabinsk, Komi, Krasnoyarsk, Len-
ingrad, Novgorod, Novosibirsk, Omsk, Sverdlovsk, Tomsk,
Volgograd and Vologda regions), as well as in other countries
(Canada, Germany, Kazakhstan, Norway and USA). Patterns
of the following five enzymes have been analyzed: isocitrate
dehydrogenase (EC 1.1.1.42, IDH), glutamate dehydrogenase
(EC 1.4.1.3, GDH), malate dehydrogenase (EC 1.1.1.37,
MDH), malic enzyme (EC 1.1.1.40, ME), and shikimate de-
hydrogenase (EC 1.1.1.25, SKDH). Isozymes were separated
using a standard system for horizontal electrophoresis in 14 %
starch gel Tris—citrate system with subsequent histochemical
detection of enzyme activities ( Levites, 1986). Homogenate
was prepared with 0.15 M Tris—HCI buffer (pH 8.3). The gel
buffer (pH 7.0) contained 0.0125 M Tris and 0.041 M citric
acid and the electrode buffer, the same components in the fol-
lowing proportions: 0.0375 M Tris and 0.0125 M citric acid.
Electrophoresis was conducted for 6 h at a voltage of 160 V.

At least 50 individuals from each population have been as-
sayed. The isozymes were assayed in seeds, seedlings, and
leaves (over the entire vegetation period). The presence or
absence of each allele in population was coded by 1 or 0,
respectively, and was scored for a binary data matrix. The
binary data were used to compute a pairwise similarity matrix
using the DICE similarity index (Dice, 1945). The similarity
matrix was subjected to cluster analysis using the UPGMA
(unweighted pair-group method with arithmetic average) al-
gorithm (Sokal, Michener, 1958) on NTSYS-pc, version 2.0
(Rohlf, 1998).

Results

Isozyme analysis

Starch gel electrophoresis has been used to detect the isozyme
patterns of isocitrate dehydrogenase (IDH), glutamate de-
hydrogenase (GDH), malate dehydrogenase (MDH), malic
enzyme (ME), and shikimate dehydrogenase (SKDH). As
an example, IDH spectra are presented at Fig. 1. The data on
enzyme activity, designation and number of detected loci and
alleles are summarized for all five isozymes in Table.

IDH. The IDH pattern of the reed canarygrass displays
one anode enzyme activity zone with fast and slow migrating
enzyme variants (Fig. 1). It was mainly detectable in leaves
and was also expressed in seedlings. The fast migrating en-
zyme variant (FF) was widespread in various reed canarygrass
populations and the slow migrating variant (SS) was rare.
Some plants display a three-band pattern, comprising FF,
SS, and FS (the variant with an intermediate mobility). These
results and known dimeric quaternary structure of plant IDH
suggest monogenic control of the IDH synthesis in the reed
canarygrass. Two alleles of the /dh locus were designated
Idh-F and Idh-S.

MDH. Electrophoretic pattern of the reed canarygrass
SKDH displayed three activity zones (see Supplementary
materials!). Three-band phenotypes (NNLLFF and NNLLSS
according to our designations) as well as five-band ones
(NNLLFS) were observed. The enzyme variants in the first two
anode slow migrating zones were assumed to be monomorphic
and controlled by two monomorphic loci Mdhl and Mdh2.
The third zone (the corresponding locus was designated Mdh3)
displayed polymorphism: two one-band enzyme variants with
fast (FF; allele Mdh3-F) and slow (SS; allele Mdh3-S) mobili-
ties and a hybrid three-band variant (FS; heterozygous). The
reed canarygrass displayed a high activity in the leaves over
the entire vegetation period as well as in seedlings. It was also
detectable in seeds (Table).

SKDH. Electrophoretic pattern of the reed canarygrass
SKDH displayed two activity zones, anode slow migration
zone 1 and fast migration zone 2 (see Supplementary materi-
als). A low enzyme activity in zone 2 interfered with interpre-
tation of the patterns. Several types of patterns are detectable
in the slow migration zone 1, namely, three types of one-band
patterns differing in the electrophoretic mobility (FF, fast
migrating phenotype; NN, intermediate; and SS, slow) and
three types of two-band patterns, also differing from each other
(NS, FS, and FN phenotypes). Since SKDH is a monomer, the

1 Supplementary materials see in Appendix 2: http://www.bionet.nsc.ru/
vogis/download/pict-2016-20/appx3.pdf
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detected two-band patterns represent three different types of
heterozygotes formed by different alleles. Correspondingly,
the observed SKDH variants in zone | are the products of the
Skdh1 locus with the alleles Skdhi-F, Skdhl-N, and Skdhl-S.
SKDH was detectable in leaves only (Table).

GDH. In the GDH isozyme pattern, two isozyme activ-
ity zones were identifiable (see Supplementary materials).
Both zones house two types of one-band patterns with fast
and slow mobilities (FF and SS). Any hybrid patterns have
been undetectable. Presumably, the observed isozymes are
the products of two loci, Gdhl with the alleles Gdhl-F and
Gdhli-S and Gdh2 with the alleles Gdg2-F and Gdh2-S, which
control GDH in the reed canarygrass. GDH was expressed in
leaves only (Table).

ME. The reed canarygrass ME has one anode activity zone
(see Supplementary materials). It was detectable in leaves
only. Two types of one-band patterns differing in their mo-
bilities are detectable in this zone, namely, fast (FF) and slow
(SS) variants. No geterozygotes were observed. Presumably,
these ME isozymes are products of the Me-F and Me-S alleles
of the Me locus (Table).

Cluster analysis

Comparison of the forty-two populations by the isozymes al-
lelic composition (presence/absence of certain alleles in the
populations) is presented as dendrogram (Fig. 2). Analysis
distinguished 22 groups combined into six major clusters.
Cluster I included six populations from Russia (Altay, Komi,
Novosibirsk (3 populations) and Sverdlovsk regions) and one
from Germany. Cluster II combined three populations from
West Siberia (Novosibirsk, Omsk and Tomsk regions) and one
from Eastern Kazakhstan. Four populations from distinct parts
of Russia were included into each cluster III and I'V. Cluster
V contained two similar populations from Novosibirsk and
Krasnoyarsk regions (Russia), whereas the biggest cluster VI
included twenty-one populations from Canada, Kazakhstan,
Norway, Russia and USA (Fig. 2). Thus, the genetic similarity
established between populations was not related with their
geographical origin.

Discussion

IDH is a dimeric enzyme, with genetic control considerably
differing among plant species. The rye IDH is monomorphic
(Mitra, Bhatia, 1971). Two loci (Idhl, comprising five al-
leles, and /dh2, comprising eight alleles) have been detected
in the maize (Goodman, Stuber, 1980), while this enzyme
of the sugar beet is controlled by three loci, including two
polymorphic diallelic loci (Levites, 1986). Genetic control
of this enzyme in reed canarygrass is different from the
described above. The presence of plants with one- and three-
band patterns in populations of reed canarygrass as well as
the dimeric quaternary structure of plant IDH suggests that
the IDH synthesis in this species is controlled by one locus,
Idh, with two alleles Idh-F and Idh-S.

The plant MDH is a rather well-studied enzyme. Differences
in the number of loci, degree of polymorphism, and interac-
tions between various alleles and loci have been detected in
different plant species. Note that polymorphism and specificity
of multiple MDH molecular forms are characteristic of both
different tissues within one plant and different cell compart-
366
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Fig. 1. Spectra of IDH in reed canarygrass homozygous (FF and SS) and
heterozygous (FS) plants.

ments (Goodman et al, 1980; McMillin, Scandalios, 1981;
Newton, 1983; Tarasova, 1988; Zoro et al, 1999; Yudina,
Levites, 2007). Several plant genes involved in the MDH
control have been localized on chromosomes (Goodman et
al, 1980; Newton, Schwartz, 1980;Wijsman, 1983). As has
been shown, the MDH molecule is a dimer in its quaternary
structure (Levites et al, 1980; Goodman et al, 1980; McMil-
lin, Scandalios, 1982; Benito, Salinas, 1983; Arus, Orton,
1984). Several researchers have used MDH isozymes as a
genetic marker in population genetic studies of incense-cedar
(Harry, 1983), maize (Levites, 1986), cultivated peach forms
(Arulsekar et al, 1986), sugar beet (Tarasova et al, 1988),
and amaranth (Yudina et al, 2005). Based on the MDH dimer
structure in different plant species and having conditionally
separated the mobility of isoforms into three zones, we have
assumed the presence of the two monomorphic loci Mdh1 and
Mdh2 (Table). The presence of hybrid isozyme in the MDH
pattern of the polymorphic zone 3 suggests a dimeric nature
of the reed canarygrass MDH, and the detected MDH pattern
in zone 3 is a typical pattern for a dimeric enzyme, controlled
by the locus Mdh3 with the alleles Mdh3-F and Mdh3-S.

SKDH is a monomer in its quaternary structure. The wheat
SKDH is controlled by three homoeologous genes (Koebner,
Shepherd, 1982) and the maize SKDH, by only one gene
(Wendel et al, 1985). This enzyme is widely used as a marker
for detecting genetic variation in various plant species, such
as the larch (Larionova, 2004), English oak (Mullagulov et
al, 2008), tulip (Kutlunina, Belyaev, 2008), and water lotus
(Koren et al, 2012). From the two activity zones displayed by
the reed canarygrass SKDH, the zone 2 had too low enzyme
activity for proper interpretation of the patterns, while the
observed SKDH variants in zone 1 were the products of the
Skdh 1 locus with the alleles Skdhi-F, Skdhi-N, and Skdhi-S
(Table).

GDH in various plant species is controlled by different
number of loci distinct in their expression. In its quaternary
structure, GDH is a hexamer. The maize GDH is controlled by
two loci, Gdhl and Gdh2. Interaction of the products of these
loci gives a distinct seven-band pattern, confirming a hexamer
nature of the enzyme (Suchorzhevskaya, 1980; Goodman,
Stuber, 1983). The rice has an analogous GDH system (Endo,
Morishima, 1983). A single polymorphic locus has been
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Isozymes loci identified in the study of eed canarygrass

Enzyme Abbreviation EC number Tissue Loci Alleles
Isocytrate IDH 1.1.1.42 Seedlings and Idh Idh-F
dehydrogenase leaves Idh-S
Malate MDH 1.1.1.37 Seedlings, leaves Mdh1 Mdh1
dehydrogenase and seeds e
Mdh2 Mdh2
Mdh3 Mdh3-F
Mdh3-S
Shikimate SKDH 1.1.1.25 Leaves Skdh1 Skdh1-F
dehydrogenase Skdh1-N
Skdh1-S
Skdh2 _*
Glutamate GDH 14.1.3 Leaves Gdh1 Gdh1-F
dehydrogenase

*The products of Skdh2 display a very weak activity, interfering with data interpretation.

125, Altay region, Russia

144, Germany

| 130, Komi region, Russia
147, Novosibirsk region, Russia
162, Novosibirsk region, Russia

163, Novosibirsk region, Russia

104, Sverdlovsk region, Russia
141, Arkhangelsk region, Russia
140, Tomsk region, Russia

n 108, Chelyabinsk region, Russia

138, Novosibirsk region, Russia

142, Arkhangelsk region, Russia

100, Leningrad region, Russia

143, Moscow region, Russia

065, Novosibirsk region, Russia

113, Tomsk region, Russia

129, Tomsk region, Russia

134, Canada

111, Eastern Kazakhstan

066, Moscow region, Russia

109, Novosibirsk region, Russia

153, Novosibirsk region, Russia

161, Novosibirsk region, Russia

117, Norway

115, Tomsk region, Russia

124, Tomsk region, Russia

137, Volgograd region, Russia

Vi 119, USA
L 132,USA

101, Novgorod region, Russia

103, Sverdlovsk region, Russia

128, Sverdlovsk region, Russia
116, Krasnoyarsk region, Russia
158, Novosibirsk region, Russia
054, Vologda region, Russia
145, Novosibirsk region, Russia
159, Novosibirsk region, Russia
053, Sverdlovsk region, Russia
110, Eastern Kazakhstan
139, Tomsk region, Russia
| 059, Novosibirsk region, Russia
133, Omsk region, Russia

<

0.78 0.83 0.89 0.95 1.00
Similarity coeffici t

Fig. 2. Genetic diversity of 42 reed canarygrass populations collected in meadow biocenoses.
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identified in the pine Pinus taeda L. (Adams, Joly, 1980a, b)
and barley (Brown, Munday, 1982). In the reed canarygrass
GDH isozyme pattern two isozyme activity zones (1 and 2)
were identifiable, corresponding two loci, Gdhl with the al-
leles Gdhli-F and Gdhli-S and Gdh2 with the alleles Gdg2-F
and Gdh2-S (Table).

Malic enzyme has been studied in the maize, and two cor-
respondingly loci, Mel and Me2, have been identified. The
products of Mel locus are present in the seedling tissues,
while the Me2 products appear in adult plant. Four alleles have
been identified, namely, three very rare alleles and one null
allele (Larionova et al, 2004). The maize ME is a tetramer.
Two loci, Modl and Mod2, are involved in the ME genetic
control in the sugar beet (Levites, 1986). Six alleles — C, D,
F, E, S, and L, differing in electrophoretic mobility of the
encoded products — have been identified in the locus Mod1.
The heterozygotes for this locus display five isozymes, sug-
gesting a tetrameric nature of ME. The reed canarygrass ME
has one anode activity zone, corresponding to Me locus with
Me-F and Me-S§ alleles (Table).

As is mentioned above, we have assayed different reed
canarygrass tissues for isozymes, namely, seeds, seedlings,
and leaves. Tissue specificity of the studied enzymes in the
reed canarygrass development has been observed. Only NAD-
dependent MDH is detectable in seeds; MDH and IDH appear
in seedlings; and the remaining enzymes, ME, SKDH, and
GDH, as well as MDH and IDH are present in leaves (Table).
Further on, high activities of all the examined enzymes are
retained during the overall vegetation period until harvesting.
The data on genetic control of the studied isozymes allows the
tissue specificity to be interpreted as a result of differential
gene activity during the reed canarygrass development.

The results obtained suggest that the polymorphism in the
studied enzymes detected in the reed canarygrass (Phalaris
arundinacea L.) is genetically determined by the presence of
several loci with multiple alleles. Cluster analysis performed
in the current study using isozyme markers distinguished 22
diverse groups among 42 reed canarygrass populations col-
lected in meadow biocenoses of several regions in Russia and
some other countries. The degree of genetic similarity was
not related with geographical origin of the material (Fig. 2).

Opverall, a distinct phenotypic manifestation, high activities
in different organs and tissues, and codominant inheritance
make isozymes convenient genetic markers in various studies
into specific, ecological, and population genetics.
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