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Abstract—Allozyme variation of a rare relict plant, birthwort Aristolochia manshuriensis Kom., was exam-
ined. The main parameters of genetic variation in natural populations of A. manshuriensis from the Anan’evka,
Nezhinka, and Malaya Borisovka river basins (Primorskii Krai) were inferred from analysis of nine enzyme
systems, presumably encoded by 18 loci. At 99% polymorphism criterion, 24.4% of A. manshuriensis loci were
shown to be polymorphic. The mean number of alleles per locus was 1.24; the mean observed and expected

heterozygosities, 0.12 and 0.10, respectively.
DOI: 10.1134/5102279540702010X

INTRODUCTION

Relict plant species have witnessed unique pro-
cesses related to global climatic changes and transfor-
mations of the continents. The Russian Far East under-
went a massive Pleistocene climatic cooling, remaining
free of a continuous solid ice cover, and thereby retain-
ing many plant species that had originated in earlier
epochs [1]. These preserved, mostly heat-loving plants,
to date are generally low in abundance and have
strongly fragmented ranges. The condition of popula-
tions of such plants is often exacerbated by human
impact, which further reduces their size [2]. This gen-
erally results in decreasing genetic diversity and
increasing negative effects of gene drift and inbreeding,
which can lead to the complete extinction of the species
[3, 4]. For instance, many Far Eastern plant species,
which that were common even in the early 20th century,
became rare and endangered under increasing anthro-
pogenic influence.

The birthwort Aristolochia manshuriensis Kom.
belongs to the ancient angiosperm family Aristolochi-
aceae. It is a relict wood liana, endemic to the Manchu-
rian floristic region [5, 6]. Kurentsova [7] believes
A. manshuriensis to be an element of the Turgai flora;
Popov [8] assigns the members of the genus Aristolo-
chia to the Gingko flora, which is among the oldest
angiosperm floras. The main part of the species range
covers North Korea and northeastern China. In Russia,
natural A. manshuriensis populations occur only in the
southern Primorye, reaching the northern boundary of
the species. Some authors [5, 9] suggest continuity and
long duration of the A. manshuriensis occurrence in
southern Primorye, which is indirectly supported by the

cenotypic relationships of this species [10]. Indeed, the
relict butterfly Papilio alcinous, which uses A. manshu-
riensis leaves as a sole food source, occurs only in
A. manshuriensis habitats in the south of Primorye [5].

In southern Primorye, known habitats of A. manshu-
riensis are located in the valleys of Borisovka,
Nezhinka, Anan’evka rivers and their tributaries,
divided by ridges [5, 9, 10]. The species is listed in the
Red Book of the Russian Federation as endangered
[11]. Natural A. manshuriensis populations are in a
depressed state, self-reproduction of the species is
insignificant [7, 9].A key role in reducing the popula-
tion size of the species is played by anthropogenic fac-
tor, primarily fires and uncontrolled collecting of the
plant, caused by high medicinal value of its extract
[12]. Today the issue of conservation and restoring the
natural A. manshuriensis populations is extremely
urgent. Its resolution will allow to preserve not only the
species and the natural biotops, but a valuable medici-
nal resource [12, 13].

To prevent rare species from extinction, a basic level
of their genetic variation should be maintained to serve
as a primary source for adaptive change [14-17].
Because of this, examination of genetic parameters is
central in projects on rare species conservation [18, 19].
Data on allozyme polymorphism in A. manshuriensis,
as well as in other Aristolochia species, lack in litera-
ture. In this connection, the aim of the present study
was selecting markers and estimating the level of alloz-
yme variation in A. manshuriensis inhabiting the Rus-
sian part of the species range and requiring develop-
ment of a conservation strategy.

156



ALLOZYME VARIATION OF THE RELICT PLANT 157

Table 1. Buffer systems and conditions of electrophoretic separation of the enzymes

Buffer Electrode buffer Gel buffer Regime and duration Enzymes
system of separation
TC 0.223 M Tris, 0.086 M citric acid, |Electrode buffer 15mA, 105V, 14 h; ACP, ME
pH 6.2 diluted 1 : 22 13mA,95V,15h
TC 0.14 M Tris, 0.04 M citric acid, pH | Electrode buffer 80 mA, 180V, 14 h FE, GPT, IDH, MDH
7.8 diluted 1 : 2.5
TEB 0.18 M Tris, 0.10 M boric acid, Electrode buffer 17mA, 180V, 16 h AAT, FE, GPI, GPT,
0.004 M EDTA, pH 8.6 diluted 1 : 25 PGM

MATERIALS AND METHODS

For isozyme analysis, we used stored in liquid nitro-
gen leaves of 191 A. manshuriensis plants from three
natural populations located in the Nezhinka (57 plants),
Anan’evka (27 plants), and Malaya Borisovka (107
plants) river basins (Nadezhdinskii, Khasanskii, and
Ussuriiskii districts of Primorye) (Fig. 1). Within pop-
ulations, A. manshuriensis usually occurs in river flood-
lands, being restricted by a certain height. The plant
distribution is nonuniform, populations consisting of
patches of dense monodominant groups. Sometimes,
individual plants occur at a distance of 0.5 km and more
from each other. This is particularly characteristic of
population Borisovka River and its tributary Malaya
Borisovka, where the patchy population structure is
weakly expressed. For allozyme analysis, we collected
leave samples from randomly chosen plants from such
monodominant groups. Since both seed reproduction
[9, 10] and vegetative reproduction [5, 7] had been
described in natural A. manshuriensis populations, a
distance of at least 15 m was taken between sampling
sites; a distance between groups within each population
ranged from 300 m to 4 km.

The leaves were homogenized in 50 pl of 0.1 M
phosphate extraction buffer (pH 7.4), containing 10
mM ascorbic acid, 1 mM EDTA, 1% detergent Triton
X-100 and 1% B-mercaptoethanol. Electrophoresis was
run in 13% starch gel in three buffer systems: Tris-cit-
rate (pH 6.2), Tris-citrate (pH 7.8), and Tris-EDTA-borate
(pH 8.6). The buffer systems and electrophoresis condi-
tions are described in Table 1. The following enzyme sys-
tems were examined: aspartate aminotransferase (AAT,
E.C. 2.6.1.1), glutamate pyruvate transaminase (GPT,
E.C. 2.6.1.2), (GPI, E.C. 5.3.1.9), isocitrate dehydroge-
nase (IDH, E.C. 1.1.1.42), acid phosphatase (ACP, E.C.
3.1.3.2), malate dehydrogenase (MDH, E.C. 1.1.1.37),
malic enzyme (ME, E.C. 1.1.1.40), fluorescent esterase
(FE, E.C. 3.1.1.2), and phosphoglucomutase (PGM,
E.C. 2.7.5.1). After electrophoretic fractionation, the
enzymes were visualized using standard procedures
[20] with slight modifications. Enzymes, loci, and alle-
les were designated following accepted nomenclature
[21], i.e., loci and alleles were numerated in order of
decreasing electrophoretic mobilities of the bands of
the corresponding enzymes.
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Polymorphism parameters were calculated by
means of conventional procedures [22]. The proportion
of polymorphic loci was estimated according to the
95% criterion (a locus was considered polymorphic if
the frequency of the most common allele did not exceed
0.95) and to the 99% criterion (scoring loci with the fre-
quencies of the common alleles not exceeding 0.99).
Population subdivision was analyzed using Wright’s F-
statistics [23]: the coefficient of inbreeding of an indi-
vidual relative to the population (F\g), the coefficient of
inbreeding of an individual relative to the total species
(Fr), and the subdivision index, or the coefficient of
inbreeding of a population relative to the species (Fgr).
These parameters were estimated for each locus and on
average over all loci.

RESULTS

Electrophoretic analysis of nine A. manshuriensis
enzymes revealed 23 different electrophoretic variants,
presumably encoded by 18 loci (Figs. 2, 3). Two alleles
were found in all polymorphic loci (Fig. 3). Nearly all
allelic variants were readily interpreted on the basis of
the data on their quaternary structure and principle of
codominant inheritance. For only three enzymes the
patterns were problematic to interpret.

Glucosephospate isomerase (GPI) showed two
activity zones on the gel (Figs. 2, 3) The fast fraction
GPI-1, seen as a broad diffuse band, was not taken into
account. This fraction is characteristic of many plants
species and is thought to result from the expression of
a plastid gene [24]. The bottom zone was polymorphic
and detected as three or five enzyme fractions. This
zone was interpreted as locus Gpi with two alleles, each
of which was detected as three fractions, and heterozy-
gotes, as five fractions.

Isocitrate dehydrogenase (IDH) has two activity
zones (Fig. 2). The fast zone (IDH-1) was represented
by one enzyme fraction, the slow one (IDH-2) by three
fractions in all plants samples examined. Both zones
lacked variation and were scored as the products of
monomorphic loci Idh-1 and Idh-2, respectively.

Malate dehydrogenase (MDH) was detected on the
electrophoregrams as four activity zones, which were
interpreted as being the products of monomorphic
genes Mdh-1, Mdh-2, Mdh-3, and Mdh-4. The fastest
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Fig. 1. Sampling sites of A. manshuriensis plants. Numerals designate populations: /, Nezhinka River basin; 2, Anan’evka River

basin; 3, Malaya Borisovka River basin.

zone had seven fractions, and each of the slower zones,
one (Fig. 2).

Multiple enzyme fractions within a zone may be
explained either by posttranslational modifications of
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the protein products of one gene [20] or by duplication
of some genes or the whole genome during evolution
[24]. In most plant species studied, the isozyme compo-
sition of some enzymes, including GPI, IDH, and
Vol. 43
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Enzyme AAT ME MDH ACP
Locus Aat-1 | Aat-2 | Me | Mdh-1 | Mdh-2 | Mdh-3 | Mdh-4 | Acp-1 Acp-2
Alleles 1 1 1 1 1 1 1 1 1 2
+ —
Enzyme FE PGM | GPT IDH GPI
Locus Fe-1 Fe-2 Fe-3 Fe-4 Pgm Gpt Idh-1 | Idh-2 Gpi
Alleles 1 2 1 1 1 1 2 1 2 1 1 1 2
+ — —

Fig. 2. Scheme of electrophoretic enzyme variants in leaves of A. manshuriensis.

MDH, has at least two activity zones, which correspond
to the cytoplasmic and the plastid fraction [20, 24]; the
products of nuclear genes of one enzyme often combine
in the cytosole, forming intermediate hybrid zones [20].
The multiple forms of the A. manshuriensis enzymes
examined may also result from duplications, but elucida-
tion of these issues was beyond the scope of our study.

The allele frequencies in the populations studied are
presented in Table 2. The A. manshuriensis populations
examined did not differ in the allele composition, but
differed in their frequencies. Among the polymorphic
loci detected, only one, Acp-2, was highly variable in
all populations. One more locus, Pgm, showed high
variation only in one population, Malaya Borisovka.
Interestingly, different alleles of this locus prevailed in
thee other two populations, whereas at all of the
remaining loci, the same alleles are common in all of
the three populations (Table 2). Only one allele out of
all found in A. manshuriensis, Gpi', was rare for popu-
lation Malaya Borisovka, i.e., occurred in it at a fre-
quency less than 0.05. No rare alleles were found for
the species as a whole.

Heterogeneity of allele frequencies was found at
loci Gpi, Pgm, and Gpt (Table 2). The among-popula-
tion differences in allele frequencies of loci Fe-/ and
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Acp-2 were nonsignificant, but the general heterogene-
ity test for all marker genes detected significant differ-
ences among the populations (P < 0.01, Table 2).

In general, polymorphism in the A. manshuriensis
populations proved to be low. Averaged over the popu-
lations, the proportion of polymorphic loci P was
24.1%; the number of alleles per locus A was 1.24
(Table 3). The observed heterozygosity varied insignif-
icantly in the A. manshuriensis populations, being on
average 12%. In total for the species, this estimate vir-
tually coincides with the expected heterozygosity
value, calculated from the Hardy—Weinberg propor-
tions (0.10, Table 3).

The population-genetic structure of A. manshurien-
sis was analyzed using Wright’s F-statistics (Table 4).
The coefficient of inbreeding of the individual relative
to the population Fg estimated for different loci, varied
from —0.9065 to 0.3546; the average value for all loci
was —0.0385, showing a slight excess of heterozygotes
at the population level. The estimates of the inbreeding
coefficient of an individual relative the total species,
Fir, ranged from —0.9062 for locus Acp-2 to 0.4619 for
locus Gpi, while the average value for all loci showed
an approximately 1.6% heterozygote deficiency in the
total species (0.0156, Table 4). The subdivision index
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Fig. 3. Zymograms of pol)/morphlc enzymes from leaves of A. manshuriensis. (a) Gpi, plant genotypes: /, 2—homozygotes Gpi
(b) Fe-1, plant genotypes: /, 3—h0mozygotes Fe-17%;

3, 4—homozygotes sz ; 35, 6—heterozyg0tes sz]/2

Fe-1"1; 2—heterozy I%ote F e-1172;
heterozygotes Acp-2
(e) Pgm, plant genotypes S5—homozygote Pgm] 1,

Fgr varied from 0.0001 to 0.1662, being 0.0714 on
average for all loci. This means that only 7.1% of the
total variation is accounted for by the interpopulation
covariation component, whereas the most part of the
variability is maintained within populations. Thus, the
results of test for heterogeneity and the Fgy value sug-
gest some differentiation among the A. manshuriensis
populations.

DISCUSSION

In the populations of A. manshuriensis, a low level
of polymorphism was found as compared to the average
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; (¢) Acp-2, plant genotypes: 2—h0m0 Iy%ote Acp-Z p
; (d) Gpt, plant genotypes; /, 2—homozygotes Gpt
7—homozygote Png/2
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34, 5— homozygotes Gp. —heterozygote Gpt
I 2, 3,4, 6—heterozygotes Pgml/

estimates for plants (Table 5). The proportion of poly-
morphic loci and the number of alleles per locus in A.
manshuriensis at the species level were substantially
lower than in such plant groups, as woody, rare, and
endemic plants. At the population level, polymorphism
parameters in A. manshuriensis were only a little lower
than the corresponding average values in populations of
rare and endemic plants. The expected heterozygosity
in this species at the population and species level (0.10
and 0.11, respectively) was slightly lower than the val-
ues characteristic of plants in general (0.11 and 0.15)
and for woody plants in particular (0.148 and 0.177).
However, it coincides with the averages for endemics at
No. 2
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Table 2. Allele frequencies at polymorphic loci in samples fr
neity of the samples

161

om natural A. manshuriensis populations and test for heteroge-

Locus | Allele Population Mefan weighted frequency
Nezh. An. Mal. Bor. or three populations
N 57 27 107 191
Gpi 1 0.6052 0.7407 0.9532 0.8193
2 0.3948 0.2593 0.0468 0.1807
Test for heterogeneity: X2 =63.52;df =2; P<0.01
Pgm 1 0.2807 0.7037 0.5000 0.4635
2 0.7193 0.2963 0.5000 0.5367
Test for heterogeneity: x> = 28.99498; d.f. = 2; P < 0.01
Fe-1 1 0.2719 0.2963 0.3878 0.3403
2 0.7281 0.7037 0.6122 0.6597
Test for heterogeneity: x> = 5.6429; d.f. = 2; P > 0.05
Gpt 1 0.6404 0.8519 0.9345 0.8351
2 0.3596 0.1481 0.0655 0.1649
Test for heterogeneity: x> = 46.6430; d.f. = 2; P < 0.01
Acp-2 1 0.5175 0.5000 0.5046 0.5078
2 0.4825 0.5000 0.4954 0.4922
Test for heterogeneity: 2 = 0.0640; d.f. = 2; P > 0.05
Test for heterogeneity: x> = 144.8648; d.f. = 10; P < 0.01
Note: N is the number of plants examined.
Table 3. Genetic diversity parameters in natural A. manshuriensis populations
Population N H, H, A Pys Py
Nezhinka River basin 57 0.13 0.12 1.28 27.78 27.78
Anan’evka River basin 27 0.11 0.10 1.22 22.22 22.22
Malaya Borisovka River basin 107 0.11 0.09 1.23 22.22 23.33
Total for the species 191 0.12 0.10 1.24 24.07 24.44

Note: N, the number of plants examined; Pgs, Pgg, %, polymorphism at the 95 and 99% criterion; H,,, observed heterozygosity;
H,, expected heterozygosity; A, the number of alleles per locus.

the species level (0.110) and is even a little higher than
the corresponding value at the population level (0.076).
The observed heterozygosity in the A. manshuriensis
populations is higher than the average estimate for rare
plant populations (Table 5).

Note that Table 5 lists average polymorphism indi-
ces of rare and endemic plants, whereas some members
of these groups may exhibit extremely low or very high
values of these parameters. For instance, very low
allozyme variation was reported for such narrow
endemic species as Clarkia franciskana (P = 7.7%
[25]), Oenothera organensis (P = 6.7% [26)), Lisianth-
ius habuensis (P = 8.3% [27]), Pinus torreyana (P =
3.4%, He = 0 [28]), Panax ginseng (P = 7.6%, He =
2.2% [29). However, some species with extremely
restricted ranges are characterized by very high poly-
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Table 4. Wright’s F-statistics in the A. manshuriensis pop-
ulations

Locus Fig Fir Fyr
Gpi 0.3546 0.4619 0.1662
Pgm -0.1335 -0.0584 0.0662
Fe-1 0.1962 0.2067 0.0130
Gpt 0.2961 0.3744 0.1112
Acp-2 —-0.9065 -0.9062 0.0001
Over all loci -0.0385 0.0156 0.0713

Note: Fig, coefficient of inbreeding of an individual relative to the
population; Ft, coefficient of inbreeding of an individual rel-
ative to the total species; Fgr, population subdivision index.
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Table 5. Polymorphism parameters in A. manshuriensis compared to corresponding mean parameters for different plant groups

Species il 7 i Ap A H, Hy H, H., |Ggt (Fgr)|Reference
(%

Aristolochia manshuriensis 241 | 2778 | 1.24 1.28 | 0.12 0.12 0.10 0.11 0.0713 | Our data
Plants 35 51 1.52 1.97 0.113 | 0.150 [41]
Woody 49.3 65.0 1.76 222 0.148 | 0.177 | 0.088 [15,41]
Rare 29.9 36.7 1.53 1.94 | 0.095 | 0.219 [40]
Endemic 292 | 43.8 1.43 1.88 0.076 | 0.110 [15]
Cross-pollinating species: [41]

by wind 49.7 66.1 1.79 240 | 0.259 | 0.293 | 0.148 | 0.162 | 0.099

by insects 359 50.1 1.54 1.99 | 0.243 | 0.310 | 0.124 | 0.167 | 0.197

Note: P, the proportion of polymorphic loci at the population level; Pg, the proportion of polymorphic loci at the species level;
A, the number of alleles per locus at the population level; A, the number of alleles per locus at the species level; H,,, the observed
heterozygosity at the population level; Hy, the observed heterozygosity at the species level; H,, the expected heterozygosity
at the population level; H,, the expected heterozygosity at the species level.

morphism, for instance Layia discoidea (P = 90.5%
[30]), Limnanthes vinculans (P = 41.2% [31]), Allium
aaseae (P = 56.9% [32]), Eucalyptus argutifolia (P =
45.9% [33]) and Oxytropis chankaensis (P = 48.6% [34]).

Earlier, it was noted that rarity of a species is
explained by different reasons in each individual case
[19], which may reflect on variation of this species [15,
35]. It seems that rarity of A. manshuriensis is primarily
explained by the history of formation of its populations
located at the northern border of its range. Many relict
species, especially at range margins, survive at the limit
of their adaptive potential, being subject to section, on
the one hand, and gene drift because of low population
number, on the other. For example, Soltis et al. [36]
have shown that populations of the relict plant Benso-
niella oregona virtually completely lacked allozyme
polymorphism, which the authors explain by their
existence on a geologically ancient territory in the form
of small populations, the bottleneck effect, and inbreed-
ing associated with the mating system of this species.
Conversely, strikingly high allozyme variability in
another paleoendemic, Dedeckera eurekensis (P =
88.9, He = 33.2), found by Wiens et al. [37], they
explain by selection favoring multilocus heterozygotes,
and its rarity and poor reproductive success, by cross
pollination and genetic load.

It is noteworthy that the proportion of polymorphic
loci in A. manshuriensis at the species level is almost
twice lower than on average in plants, whereas het-
erozygosity is nearly equal to the average value for
plants (Table 5). The relatively high level of heterozy-
gosity in A. manshuriensis populations is probably
maintained through the mating system of the species,
which is narrowly specialized to cross-pollination by
flies of the genus Pedoplata [38]. It is thought that high
heterozygosity is essential for plants to adapt to chang-
ing environments [4]. It is possible that in A. manshu-
riensis, as well as in the aforementioned Dedeckera
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eurekensis [37], outbreeding resulted in powerful vege-
tative growth and abundant flowering of this relict
liana, which, however, has a low percentage of fruit for-
mation [38].

Interestingly, the lowest heterozygosity in A. man-
shuriensis was found in the largest and most thriving
population of the Malaya Borisovka River (Table 3).
This may be explained by the northernmost position of
this population that has a difficult access (Fig. 1). The
highest polymorphism level was recorded in the
Nezhinka River population, which, similarly to the
Anan’evka River population, is represented only by
plants in the juvenile stage and growth of cut down or
burnt lianas (no fruit-bearing plants were found in these
two populations).

The differences in polymorphism parameters
between the populations of the Nezhinka and
Anan’evka rivers, which are similar in structure and the
level of anthropogenic impact, can hardly be explained
by different directions of selection. It is also highly
unlikely that these differences are caused by inbreed-
ing, because A. manshuriensis is highly adapted to
cross-pollination: selfing is virtually impossible in this
species, owing to a specific flower structure (gynoste-
mium) and temporal discordance between the male and
female flowering phases [38].

Analysis using Wright’s F-statistics also showed the
absence of inbreeding in the A. manshuriensis popula-
tions. The Fig index revealed 3.8% excess of heterozy-
gotes in the A. manshuriensis populations, while 1.6%
deficiency of heterozygotes was found at the species
level (Fir = 0.0156, Table 4). The small deficiency of
heterozygotes in A. manshuriensis may be related to
sibbing and geitonogamy, effected by insects, which
cannot be excluded in this species, because no studies
has been undertaken to elucidate this issue.

It is most likely that the differences in polymor-
phism parameters in the A. manshuriensis populations
Vol. 43
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are explained by stochastic processes, such as gene drift
and bottleneck effect, which always reduce genetic
diversity in small and fragmented populations with
decreasing size [3, 4, 14, 16, 39]. This is indirectly
shown by a low number of alleles per locus (A = 1.24,
Table 3), because gene drift primarily reduces allele
diversity, and, consequently, the proportion of poly-
morphic loci, whereas inbreeding results in a reduction
in heterozygosity [16].

The test for heterogeneity showed differentiation
among the A. manshuriensis populations from Primorye
(Table 4). The Fgr value proved to be low (0.0713,
Table 4), but comparable with the mean Fgp in woody
plants (Table 5). This indicates low differentiation
among the A. manshuriensis populations and the exist-
ence of gene flow among them currently or in the recent
past. Gene flow and, consequently, low Fgy are charac-
teristic for cross-pollinating species; species pollinated
by insects usually exhibit higher Fgp values than wind-
pollinating species (Table 5). In the A. manshuriensis
populations, Fgy is rather low and comparable with that
in wind-pollinating plants (Table 5). This may be
explained by the fact that gene flow among the A. man-
shuriensis populations may involve not only pollen
transfer, but also seed dispersal, because in this species
seeds are adapted to be born by water flows. Another
possible explanation of low differentiation observed in
the A. manshuriensis populations is the recent integrity
of its range and closer connection among the popula-
tions in the recent past, because the Fgr value in long-
lived species often reflects the gene exchange level,
which was characteristic for them at the time of their
formation [16].

Thus, the relict A. manshuriensis populations from
southern Primorye are characterized by low genetic
diversity. Because of small size and fragmentation of
the A. manshuriensis populations, as well as their isola-
tion from one another, an essential contribution to the
reduction in their variation is likely made by gene drift,
including that caused by anthropogenic impact. The
results of this study are of significant importance for
developing strategies of conservation of this valuable
relict species in Primorye, while the allele variants
detected can be used as markers in monitoring and spe-
cies conservation measures. Evaluation of the contribu-
tion of individual genetic processes in the formation of
the A. manshuriensis population requires further
research.
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