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Abstract

Intermediate forms in gross morphology that are assumed to be natural hybrids between
Avrtemisia capillaris (2n=18: 2x) and A. japonica (2n=236: 4x) were found in the sympatric populations
developed in the flood plain habitats of several large rivers, including the Jinzu, Jyoganji, and Sho
Rivers in Toyama Prefecture, Honshu, Japan. All 27 karyologically examined individuals intermedi-
ate in gross morphology proved to be triploid (3x) with 2n=27 somatic chromosomes and also
intermediate karyotypes. Meiosis of such triploid plants all showed irregular pairings, including at
least two to four univalents and three trivalents. The fertility of triploid pollen was exceedingly low,
attaining at most 42.3% on average, with varying diameters and lacking nuclei. The frequent
occurrence of diploid or tetraploid plants with somewhat intermediate leaf characters and exceeding-
ly low pollen fertility in sympatric populations of the two Artemisia species suggests the possibility
of heterogamy by partial backcrosses between triploid hybrids and parental diploid or tetraploid
plants. The bioclogical status of hybrid swarms was also discussed in the light of all available
information.
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Artemisia capillaris Thunb. ex Murray and A.
japonica Thunb. ex Murray, both belonging to
Section Capillaris (Compositae), are common
perennial species in Japan. A. capillaris mainly
occurs in a typical maritime sand dune habitat,
whereas A. japonica is a species of ruderal habitat
developed on the foothills or at the margin of the
secondary deciduous forests, mainly consisting of
Quercus servata, Q. acutissima, Carpinus laxiflora,
etc., although these two species often grow side by
side in the grassy habitats developed on the flood
plain of the rivers.

Recently we discovered several sympatric sites
of these two closely related Arfemisia species on
the flood plains of several large rivers in Toyama
Prefecture, Honshu : the Kurobe, Katakai, Haya-
tsuki, Jvoganji, and Sho Rivers (Fig. 1); further-
more, we found there numerous individuals of
Artemisia which in several gross morphological
characters exhibited intermediate features
between A. capillaris and A. japonica.

In this paper, we report the results of detailed
analyses on such sympatric populations which
comprise a number of hybrid-like individuals
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Artamisia capiiiaris (2x)
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Arlemista faporica {4x)

The distribution ranges of Ariemisia capiliaris and A. japonica in Toyama Prefecture, Honshu,

Japan. Note that the main ranges of these two species are confined to maritime sand dunes and the flood
plains of major rivers in Toyama Prefecture. Arrows specify the research sites: 1. Sho River site; 2,
Nalkada, Sho River; 3, Iwasechama, Hamakurosaki, Toyama City; 4, Usaka, Jinzu River, Toyama

City; 5 Katakake, upper Jinzu River, Nei-gun.

between A, capillaris and A. japonica. Various
characters of Aw#femisic plants, including gross
morphology, somatic chromosome numbers and
karyotypes, meiotic chromosome pairing, pollen
size and fertility of both parental Arlemisia
species, and their putative hybrids, were critically
examined. We further discuss the present status
of such hybrid swarms occurring in the sympatric
populations of these two Arfemisia species, and its
evolutionary implications.

Materials and Methods
1. Field Research Sites and Environmental
Factors Surveyed
Sympatric populations of two A»femisia species
were discovered at several sites on the flood
plains of the Jinzu, Sho, Jyoganji, Hayatsuki,

Katakai, and Kurobe Rivers (Fig. 1). In this study,
we have selected populations developed on the
flood plain of the Sho River for critical analyses
from various standpoints. First, one 3 X 90 m
belt-transect was established across the east side
of the flood plain of the river from the stream to
the river bank (Fig. 2). Then, for each of 44 qua-
drats {5 X 5 my), all plant species associated with
A. capillaris and A. japowica and their cover
degrees, frequencies of A. capillaris, A. japonica,
and their putative hybrids were surveyed.

Soil samples were also taken from 22 plots,
each with 5-m intervals, and then the amounts of
total carbon and total nitrogen were analyzed
with a C-N automatic analyzer (Yanagimoto).

Within the above belt-transect, one 3 X 5 m plot
was further established to survey in more detail
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Fig. 2. The diagram illustrating the belt-transect (3 X 90 m) across the flood plain of the Sho
River site (see Fig. 1), in which the relative abundance of plant species associated with two
Ariemisia species, A. capillaris and A. japonica, and putative hybrids between them. Note that
A. capillaris is more common in wetter sites near the river stream, while A. japonica occurs in
more interior sites near the river bank. Total carbon, total nitrogen, and C/N ratio in the soil
layer of the above transect were examined, and they clearly show the occurrence of a gradient
across the transect in these important soil elements.
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4 Artemisla faponica (4%)

0 Artemisia capifiars (2x}
% Arfermisia japonica (4x)

The diagram illustrating the plot (3 x 5 m) where all Arfemisia individuals were mapped

and then collected for further detailed karyological and morphological studies. Filled circles
indicate A. capillaris (2x); filled triangles A japonica (4x); and open rectangles, hybrids
between the above two species (3x). The final identification of all these individuals was based

upon the chromosome counts.

as to the distributions of individuals of two

Artemisia species, i. e., A. capillaris and A. japon-

ice, and their putative hybrids (Fig. 3).

2. Gross Morphological Characters and
Sources of Materials

The following 16 morphological, palynological
and karyological characters were examined in the
present study based on the mass collections made
for typical A. capillaris, A. japonica, and their
putative hybrids: (1) leaf shape; (2) leaf area/
leaf (cm?); (3) leaf weight/leafl (mg/dry weight);
(4) leaf area ratio (cm?/g dry weight); (5) seed
length (mm); (6) seed width (mm); (7) external
involucre length (mm); (8) internal involucre
length (mm); (9) ratios of the internal/external
involucre length ; (10) floret numbers/head ; (11)
female floret numbers/total florets (%) ; (12) pol-
len fertility (%) ; (13) pollen size (xm); (14) chro-
mosome numbers (2n) ; (19} karvotypes; and (16)
meiotic behaviors of chromosomes.

The materials examined for gross mor-
phological wvariations, poillen fertility, meiosis,
somatic chromosome numbers, and Kkaryotypes
were mainly collected from the Sho River popula-
tion (52 plants), but for comparison those from
populations of A. capillaris from Iwasehama (12
plants) and Usaka (18 plants), Jinzu River,
Toyama City, and of A japonica from Usaka (20

plants), lower Jinzu River, Toyama City, Kataka-
ke (10 plants), upper Jinzu River, Nei-gun, and
Nakada (10 plants), Sho River, Toyama Prefec-
ture, where A. capillgris and A. japonica occur
allopatric, were also examined.

3. Examinations of Pollen Size and Fertility,

and Meiosis

Pollen size and fertility of 15 plants of A.
capillaris, 17 of A. japonica, and 20 of putative
hybrids from the Sho River population were
examined (Tablel); in addition 30 plants of A.
capillaris from Iwasehama and Usaka populations
and 40 of A. japonica from Usaka, Nakada, and
Katakake populations were also examined for
comparison (Table 2).

Pollen grains were squeezed from anthers onto
the slide glass and stained with 19 cotton blue,
and then size and fertility were examined with an
Olympus microscope.

For examinations of the meiotic behaviors of
chromosomes, voung flower buds were fixed with
Newcomer’s fixative (Newcomer 1953), stained
with 1% acetic éarmine, and observed with an
Olympus microscope.

4. Somatic Chromosome Preparations
Somatic chromosome numbers and karyotypes
were examined using the 8-hydroxyquinoline-
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Tablel. Acmparison of various characters among Avrtemisia capillavis, A. japonica and their
putative hybrids collected from Shogawa, Toyama
Crileria N Leaf Leal  Leafarea Seed  Seed External  Indernal  Inlernall — Floret  Femelfl/  Pollen  Pollen  Ghr, no.
areal  waight! ratio Length  width  involucre Involucre External  no./ total fl. fertility  diameter {2n)
Taxa Jeal(cm?) leal{mgt  (em#g)  (mm) fmm) _ lengthimm) langih{mm) head {35) (%) W)
A capitasis 15 132 13.23 96.7 097  0.49 0.74 1.43 196 B3 4147 79.88 2071 18(2X)
0,77 6,43  £228 009 005  £0.10 097 £0.272  #1.19 B8.08 £19.49  £1.51
A capifaris 20 285 1438 2005 086  0.45 0.90 143  1.644 1277  B548 4232 2289  27(3X)
X A. japonica +1.50  £7.39  £20.3 012 2005  20.15 .41 20320 214 £9.46 1870  +1.98
A japonica 17 415 18.35 2190 094  0.51 1.08 168  1.558 12,89 6548 88.72 2433 384X}
+1.23  £5.49 401 20,09  20.03  20.19 017 0948  £220 2786  $694  £1.13
*Mean + S.D.
Table 2. Fertility of pollen grains of Artemisia capillaris (2X) and A. japonica (4X) from
several populations in Toyama Prefecture
Criteria No.of plants  Fentile Sterile Total %
Taxa and examined pollen pollen pollen
populations examined
A, capillaris(2X):
Iwasehama, 12 3009 3 3011 999
Toyama City
Usaka, Jinzu 18 5249 0 5249 100
River, Toyama
City
A, japonica (4X):
Usaka, Jinzu 20 5523 0 5523 100
River, Toyama
City
Nakada, Sho 10 3134 12 3146 99.6
River
Katakake, 10 2998 2 3000 995
Upper Jinzu
River
acetic orcein squash method {(Kawano and Iltis Results
1963). Excised root tips in the native habitats were 1. Population Structures and Underlying

pretreated with 0.002 mol. aqueous 8-
hydroxquinoline at 17 °C for 4 hrs, then fixed with
Farmer's solution for 1-2 min, stained in 1%
aceto-orcein overnight, treated with a 1: 1 mix-
ture of 1% aceto-orcein and 1 N HCI for ca. 15
min, and then squashed with a 1: 9 mixture of
glycerol and 459% glacial acetic acid aq. over the
flame. The ohservations were made with an
Olympus microscope. The total number of plants
used in the karyological analysis was 62, includ-
ing 20 plants of A. capillaris, 22 of A. japonica,
and 20 of putative hybrids.

Environmental Regimes of Artemisia
capillaris and A, japonica Habitats
Artemisia capillaris is a typical Compositae
perennial of maritime sand dunes, often forming
large but scattered populations, while A. japonica
grows sporadically in somewhat sunny, small
patchy tall grasslands developed on the river
banks and at the margin of lowland deciduous
forests, mainly consisting of Quercus acutissima,
Q. serrata, Q. wvariabilis, Carpinus laxiflore, and
Alnus japonica.
However, on the flood plain of large rivers,
notably on the Japan Sea side of Honshu, we can
often recognize that both species are growing side
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by side, forming sympatric' populations. In
Toyama Prefecture, there occur many large
rivers, such as the Kurobe, Katakai, Hayatsuki,
Jyoganji, Jinzu, Sho and Oyabe Rivers;
sympatric populations of both Arfemisia species
occur along all except for the Oyabe River. At the
same time, typical sand dune populations of A.
captilaris are developed along the sea coast fac-
ing the Toyama Bay. It is most likely that this
typical sand dune perennial has migrated into the
floed plains of these rivers from the river mouth
and expanded its range further into the interior
parts of the river flood plains, where these two
closely related Artemisia species have met with
and established sympatric populations. In this
respect, these two species must have been origi-
nally allopatric.

A close examination of the habitats of these
two Artemisia species clearly reveals that A.
capillaris occurs on dry, sterile sand dunes {obser-
ved at Iwasehama, Hamakurosaki, in the suburbs
of Toyama City) where only other typical sand
dune species, such as Lathyrus maritimus, Glehnia
Littoralis, Arabis stellevi var. japonica, Ischaemum
anthephroides, etc. grow, forming loose sporadic
populations here and theré on the dunes. Thus
there is obvicusly ne intensive interspecific com-
petition. In contrast, A. japonica is a species of
tall grasslands developed in the inland lowlands
and foothills, often associated with Lespedeza
cuneata, Miscanthus sinensis, Solidago virgaurea
ssp. asiatica, etc., where occasional artificial or
natural disturbances of the habitats may take
place. The habitats of A. japonica may thus be
defined as semi-natural grasslands exposed to
occasional disturbances, where soil layers with
humus develop to a certain extent. On the flood
plains of the rivers, this species thus often occurs
in drier humus-rich sites and also on the river
bank, densely covered by several other shrubs and
tall herbs.

Such an ecological situation is well illustrated
in the belt-transect established on the flood plain
of the Sho River in the present study (Fig.2).
Here, A. capillaris occurs on the gravelly sites in
the center of the flood plain of the river, where no
other tall herbs or shrubs occur except for the
perennial herb Amnapharis margaritacea var.
vedoensis, which becomes more common in the

wetter sites near the stream. Arfemisia japonica,
however, oceurs more abundantly near the river
bank, associated with several other tall shrubs,
vines, and herbs, such as Rose multifiora, Pueralia
lobata, Lespedeza cuneala, Galium verum var.
asiaticum, etc. The sites where A. japonica is more
abundant are characterized by humus-rich soils, a
condition likewise well demonstrated by conspicu-
ously lower C/N ratios of the soil samples anal-
yzed (Fig. 2).

In the central part of the flood plain where both
Avlemisia species occur side by side, forming
mixed populations, we could occasicnally recog-
nize peculiar intermediate Arfemisia individuals
in gross morphology. Judging from their various
gross morphological characters, these plants are
to be regarded as natural hybrids between A.
capillaris and A. japowica. Indeed, there are
numerous individuals showing such intermediate
morphological features (Fig. 3). Upon examining
the pollen fertility and somatic chromosome num-
bers, we could further firmly determine whether
or not such intermediate forms in gross morphol-
ogy are natural hybrids between the two Artemis-
ie species growing side by side in the flood plain
habitats.

9, Gross-Morphological Characteristics of
Artemisia capillaris, A. japonica, and
Their Putative ¥, Hybrids

A. capillaris (2x) is a perennial subshrub with
somewhat woody stems, 30-100 cm in height,
many branched, and silky-pubescent while young ;
sterile shoots have a tuft of rosulate leaves at the
tip; upper leaves of the sterile shoots are long-
petiolate, broadly clasping at the base, and bipin-

natisect. The ultimate segments are filiform, 0.3—

1 {—2) mm wide (Figs. 4-A, 5), and usually densely

silky. Involucral bracts are 3- or 4-seriate ; exter-

nal involucres are very small, ovate, and obtuse

(0.74+0.10 mm in length), but internal involucres

are much longer (1.43+0.74 mm in length), elliptic,

round at the apex, and keeled on the back. The
ratios of internal/external involucres are 1.960+

0.272. Heads are very numerous, globose or ovoid,

with about 8 florets (mean: 8.13::1,19/head), of

which ca. 409 are female flowers. Achenes are 0.

97 +0.09 mm (mean=S. D.} in length (Table 1).

A. japonica (4%), a perennial herb, is character-
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Fig. 4. Cauline leaves of typical Artemisia capillaris (2x) collected from the coastal sand dune
habitat of Iwasehama, Tovama City, and those of A. japonica (4x) collected from Katakake,
upper Jinzu River, Toyama Prefecture (see Fig. 1).
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Fig. 5. Cauline leaves of Artemisia capillaris (2x) collected from the Sho River site. Each figure
in the diagram corresponds to individuals mapped and shown in Fig. 3.

ized by having a tuft of leaves at the tip of the
elongate non-flowering stems. Leaves of the ster-
ile shoots are spathulate, 3.5-8 ¢m long, 1-3 cm
wide, round, often pinnately lobed and toothed
(Fig. 4-B), and loosely silky-pubescent on both
sides ; median leaves are rather fleshy, cuneate-
spathulate, toothed, trifid, pinnately parted or
pinnately divided (Fig. 6). Heads in panicles are
small, many, ovoid-globose or ellipsoidal, slightly
lustrous, yellow-green, and glabrous. External
involucres are small, ovate, and obtuse (mean: 1.

08=0.11 mm in length); internal involucres are
elliptic, round at the apex (mean: 1.68+0.17 mm
in length). The ratios of internal/external involu-
cres are 1.56+0.15, The number of florets/head is
12.89, of which female florets are 65.48£7.869.
Thus, the proportion of female florets is some-
what higher in A. japonica. Achenes are 0.94%0.
09mm {mean=+3S, D.) in length.

The plants which possessed somewhat interme-
diate leaf characters (Fig. 7} are considered to be
putative hybrids (and indeed all selected interme-
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Fig.6. Cauline leaves of Artemisia japonica (4x) collected from the Sho River site. Figures in the
diagram correspond to those mapped and shown in Fig. 3.
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Anemisia capillaris (2x} x Artamisia japonica (4x)

Fig.7. Cauline leaves of hybrid Arfemisia individuals (3x) between A, capillaris (2x) and A,
japonica (4x). Each figure corresponds to those which were mapped and shown in Fig. 3.

diate plants karyologically examined turned out
to be 3x and thus assumed to be natural hybrids).
Leaves of the sterile shoots are more or less
spathulate, but leaf segments are diverse in tooth
size or in serration, as well as in leaf area ratio
{cm?/g) (Fig.8) and leaf weight/leaf (Table 1).
The length of both the external and internal
involucres was intermediate between A. capiliaris
and A. japonica (Table 1), The number of florets
per head and the proportion of female florets
were much closer to 4. japonica, showing more or

less the same values (see Table 1).

3. Somatic Chromosome Numbers and
Karyotypes

A. capiliaris has been known to be diploid with
2n=18 somatic chromosomes (Shimotomai 1947 ;
Arano 1962, 1965 ; Masumori 1961 ; Masumori et
al. 1973 ; Masumori 1976b), and the same chromo-
some number was confirmed in the typical forms
of A. capillaris collected from the Iwasehama and
Sho River populations. The karvotype of 4. capil-
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Fig. 8 Leaf area ratio (cm®/g) of Artemisia Individuals collected from the Sho River site. For
each individual, means, maximum and minimum values are shown, and then means, maximum
values and minimum values, and standard deviations for A. capiliaris, A. japonica, and their
hybrids are exhibited. Figures in the diagram correspond to those mapped and illustrated in Fig.
3. The measurements taken from two typical A. capillaris plants collected from Iwasehama,

Toyama City, are also shown for comparison.

laris is composed of two large submedian pairs
with a satellite on the abaxial end of the short
arms, one large subterminal pair, and six median
or submedian medium pairs {Figs. 3A, C and 11).
The number of satellites, however, varied from
one to four in the plants examined.

On the other hand, A. japonica has been known
to be tetraploid with 2n=236 somatic chromo-
somes (Shimotomai 1947; Suzuka 1950, 1952;
Arano 1962). The same chromosome number was
also counted in the typical forms of A. japonica
that occurred in the Katakake, upper Jinzu River
and Sho River populations, The karvotype of A.
Japonica consists of two large median pairs occa-
sionally with a satellite on the abaxial end of the
short arms (often satelites were invisible, how-
ever, and its presence was not confirmed in all
preparations), etght pairs of large median or sub-
median chromosomes in constriction, two pairs of
large subterminal pairs, often with a satellite on
the abaxial end of the short arms, two pairs of
terminal chromosomes, and four small pairs of

median or submedian chromosomes (Figs. 10 and
11).

All 27 individuals intermediate in gross mor-
phology that were karyologically examined in the
present study proved to be triploid with 2n=27
somatic chromosomes (¢f. Tablel). This fact
clearly indicates that such morphologically inter-
mdiate forms are F; hybrids. The karyotypes of
triploid plants are rather variable, having unequal
numbers of satellite pairs and variable
chromosomal pairs, which is a good indication of
obvicus hybridization (Figs. 9B, D and 11). How-
ever, exact identity of each choromosome sets, i
2., its origins from diploids or tetraploids etc., was
not determined in all cases, since most of the
chromosome complements are consisting of
median or submedian chromosomes of more or
less similar sizes at metaphase in somatic cell
division. In the root-tip cells pretreated with
8-hydroxyquinoline or colchicine, the degree of
chromosome condensation at metaphase is so
great that often we can not identify exactly the
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Fig.9. A and C, photomicrographs illustrating somatic chromosome complements of Artemisia
capillaris (2n=18); B and D, those of triploid hybrids (2n=27) between A. capillaris and A.
Japonica. Materials were collected from the Sho River site, and karyologically examined.
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Fig. 10. A and B, photomicrographs illustrating somatic chromosome complements of Arfemisia
Japomica (2n=236). Materials examined are from the Sho River site.

homologues in the cell plates. Meiotic chromosome pairings were also

examined on ten selected triploid plants (Nos. 5,
4. Chromosome Pairings in Meiosis 11, 14, 18, 25, 26, 34, 35, 37, and 41 in Fig. 3).
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As shown in Fig. 12, the pairings were all irreg-
ular, forming two to four univalents, three to four
trivalents, and five to six bivalents. In contrast,
both diploid A. capillaris (2n=18) and tetraploid
A. japonice (2n=36) examined all exhibited 9 and
18 regular bivalents, respectively.

5. Pollen Size and Fertility

Pollen size and fertility were examined in both
mother plants and their putative hybrids in the
Sho River population (Fig. 13). As expected, di-
ploid A, capillaris possessed the smallest pollen in
size, ranging from 17 to 26 gm {mean: 20.71 gm=+
1.51), and its fertility rate was ca. 809% (Table 1};
whereas tetraploid A. japonica had the largest
pollen, 20.5-31 gm in size (mean: 24.33 pgm=1.33),
with a high fertility rate of ca. 89% (Table 1, Fig.
14).

In contrast, pollen grains of triploid plants were
quite variable in size, ranging from 15 to 32.5 um
with exceedingly variable pollen fertility (mean:
42.32+18.709%) (see also Figs. 14, 15 and 16) This
is also a good indication of hybridization of these
intermediate forms.

Figure 15 demonstrates pollen fertility (%) of
selected individuals of A. tepiliaris (2x) (Nos. 8,
31, 33, 38, 39, 46 and 50}, A. japonica (4x) (Nos. 1,
6, 9, 10, 12, 17, 19, 22, and 24), and hybrids (3x)
(Nos. 5, 11, 14, 18, 25, 26, 34, 35, 37, 41 and 51)
collected from the Sho River site (all mapped
individuals in Fig. 3). The pollen fertility (%) of
A. capillaris plants collected from the coastal
sand dune habitat of Iwasehama, Toyama City,
and the flood plain habitat of Usaka, Jinzu River;
and also those of A. japonica from the flood plain
habitats of Katakake, upper Jinzu River, Usaka,
lower Jinzu River, and Nakada, Sho River were
also included for comparison (Table 2).

As expected, pollen grains of all triploid plants
from the Sho River population were exceedingly
variable in size, mostly completely lacking nuclei,
but several diploid and tetraploid plants referable
to A. capillaris and A. japonica from the Sho
River site also showed unexpectedly low pollen

fertility, lacking nuclei, which may be due to the
effects of partial gene flow from triploid plants by
backcrosses with parental plants. On the other

hand, all the plants of A. capiliaris and A. japo-

nica from some other allopatric populations

examined for comparison, pollen fertility was
nearly 100 % (Table 2).

6. Character Correlations in Parental Species
and Hybrids

Character correlations were examined more
critically in both A. capiliaris and A. japonica and
their hybrids. Figure 16 illustrates the character
correlations by a pictorialized scatter diagram for
diploid A. capillaris, tetraploid A. japonica, and
their triploid hybrids or hybrid derivatives. It is
very clear that most of the triploid plants exhibit
more or less intermediate features, but a few
triploid individuals fall into the variation range of
A. japonica, especially in leaf characters, despite
the fact that they have very low pollen fertility.

We have also examined the variabilities of the
two parental Arfemisia species and their hybrids
by principal component analysis (Figs. 17 and 18).
The percentages of total variance were 36.09% in
the first component (Z,), 20.03 in the second
component (Z;), and 12,50 in the third component
(Z5). The first two components (Z, and Z.) extract-
ed from the correlation matrix accounted for 56.
1% of the total variance (Table 3). Considering
the factor loading of 13 characters, the first prin-
cipal component (Z,) seems to indicate various
size characters such as leaf area and weight,
involucre lengths, floret numbers and pollen diam-
eters, whereas the second principal component
(Z.) reveals variations in pollen fertility (Fig. 17).

The results of the PCA (Fig. 18) revealed that
individuals of A. japonica (4x) are in the first
quadrant and those of A.capillaris (2 x) are in the
second quadrant, whereas those of hybrids (3 x)
are all in the third and fourth quadrants. It is
interesting to note that some diploid and tetra-
ploid individuals also fall in the range of hybrids,
suggesting a possible partial gene flow from tri-
ploid plants to A. cepilleris and also to A. japon-
ica individuals by heterogamy. However, since
the number of individuals examined in the present
analysis is rather limited, further studies may be
needed in order to confirm as to the occurrence of
heterogamy.

Discussion
The results of the present study clearly demon-
strate that the A#temisiz plants intermediate in
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Fig.12. A, B, and C: Photomlcrographs illustrating meiotic behaviours of triploid hybrids (2n=
27 between A. capillaris (2n=18) and A. japonica (2n=236). Note that three to four univalents,
two to three trivalents, and four to six bivalents occur, which indicates the degree of heter-
ogeneity in the genomic constitution between these two diploid and tetraploid 4 »temisia species.

their gross morphological characters, which are
oceasionally found in the sympatric populations
of diploid A. capiliaris and tetraploid A. japonica
developed in the flood plain habitats of the Sho
River, Toyama Prefecture, central Honshu, all
proved to be F, hybrids or hybrid derivatives
(with 2n=27 somatic chromosomes) originated
from the hybridization between these two

Artemisia taxa. This is in agreement with

Masumori's previous karyological findings
(Masumori 1976h).
® -
\ ® 5 ®
@

Somewhat similar ecological situations occur-
red in the flood plain habitats of other large rivers
in Toyama Prefecture, e. g., the Jinzu, Jyoganji,
Kurobe Rivers and so on, where both Axfemisia
species form sympatric populations ; as expected,
we also found there similar putative hybrids
between A. capillaris and A. japonica, showing
intermediate morphological features {cf. Table 1).
The background ecological conditions of all these
flood plain habitats are more or less the same,
with irregular natural and artificial disturbances

A B C

Artemisia capilaris (2x)
b Anem;s;’a japonica (4x)

o

Affemr‘?r'a; anpiﬂaris {2x) Artemisia japonica (4x)
- $-19

Fig. 13. Photomicrographs showing pollen grains stained with 19 cotton blue of Awtemisia
capillaris (2x) (I-12 from Iwasehama, Toyama City), A. japonica (4x) (S-19 from the Sho River
site), and hybrids (3x) (8-37 from the Sho River site) between them. Note unstained, irregular-
sized pollen grains of triploid plants, occasionally lacking nuclei,
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Fig. 14. The diagram illustrating the size variations of pollen grains of Arfemisia capillaris (2x),
A. japonica (4x), and their hybrids (3x). For each individual of these Arfemisia plants examined,
means, maximum and minimum values, and C. V. are shown, and further means, maximum and
minimum values, and'S. D. are shown for pooled samples. Figures in the diagram correspond
to the plants mapped and coliected from the Sho River site shown in Fig. 3. For 4. capillaris,
twao selected plants collected from Iwasehama, Toyama City, are also included for comparison.

here and there, often accompanied by flooding
and artificial fires (Fig. 19).

Species of the genus Arfemisiz are all known to
be wind-pollinated, and thus if sympatric popula-
tions are once formed and there is no strong
sterility barrier or reproductive isolation between
the two taxa, hybridization may easily take place.

Indeed, in the present study, all clearly intermedi- .

ate Artemisia plants in gross morphological char-
acters turned out to he triploid F, progeny or
derivatives with 2n=27 chromosomes, with vari-
ously changing levels of pollen fertility. This fact
suggests that hybridization occurs in such
sympatric _populations of these two Artemisia
species, recruiting new hybrid progenies in the
populations more or less continuously. Otherwise,
all these triploid hybrids will soon be elliminated
from the populations (Fig. 17). However, judging
from exceedingly low pollen fertilities and some-
what intermediate leaf characters of some tetra-
ploid plants (Figs.3, 5, 6, 7 and 15), we cannot

deny the possibility of hybrid derivatives
produced by partial gene flow, i. e, heterogamy,
from triploids to diploid or especially to tetra-
ploid plants. Indeed, some of the tetraploid plants
(e. g., Nos. 12, 19, and 21 in Fig. 6), though referred
to A. japonica based on floral characters, were
not always typical in their leaf characters as
found in coastal or inland allepatric populations
(Fig. 4-A and B) and thus at a glance indistinguish-
able from triploid hybrid plants, unless the chro-
mosome number was determined.

The occurrence of natural hybrid swarms in
plants is of course a universally known phenome-
non {Stebbins 1950, 1971 ; Anderson 1949 ; Grant
1963, 1981, 1985), and various classic examples—
including so-called introgressive hybridization or
introgression {Anderson and Hubricht 1938 ; An-
derson 1949; Riley 1938, 1939; Kawano 1961;
Kawano and Noguchi 1973)— have been reported
from numerous plant groups. Above all, natural
interspecific hybridization and subsequent poly-
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Fig. 15. Pollen fertility of Artemisia capillaris (2x), A. japonica (4%), and their hybrids (3x). Each
figure in the diagram corresponds to the plants mapped and collected from the Sho River site
shown in Fig. 3. I-11 and I-12 are those which were collected from Iwasehama, Toyama City,
and K-9 is from Katakake, upper Jinzu River, Toyama Prefecture, which are included here for
comparison. The black part of the diagram indicates proportions of pollen grains lacking

nuclei,

ploidization are known to be unique but frequent
in plants, and have no doubt played significant
roles in the process of speciations, e.g., Aegilops
and Triticusn (Kihara and Nishiyama 1930;
Kihara 1954, 1957 ; Zohary and Feldman 1962;
Johnson 1967a, b, 1968, 197‘2a, b; Johnson et al
1967 ; Johnson and Hall 1965; Hall et al. 1966 ;
Nakai and Tsunewaki 1971), Trillizem (Kurabaya-
shi, 1958; Samejima and Samejima 1962), As-
plenium (Wagner 1954 ; Smith and Levin 1963),
Tragopogon (Ownbey 1950 ; Ownbey and McCol-
lum 1953) and Cardamine (Urbanska and Landolt
1978 ; Urbanska 1977a, 1977b, 1978, 1980, 1981,
1984). However, taxonomists have likewise recor-
ded a large number of putative interspecific
hybrids from various plant groups in floras of
different regions {e.g., Stebbins 1950, 1971; Fer-
nald 1950 ; Munz and Keck 1965 ; Kitamura ef al.
1960 ; Kitamura and Murata 1961 ; Kitamura ef
al. 1967 ; Stace 1975).

All these facts clearly indicate the common
occurrence of interspecific hybridization in natu-
ral populations of plants. However, the roles of
hybridization in terms of speciation seem to be
not very clear in all circumstances, especially in
the cases of hybrids produced between plants with
different ploidy levels, e.g., between 2x and 4x,
just as shown in the present study. Normally,
triploids are sterile and do not produce fertile F,

progeny, unless chromosome doubling occurs
simultaneously or some other mechanisms such as
agamospermy or vegetative reproduction are
involved for the recruitment of hybrid progeny.
The case history known in Cardamine X insueta
(2n==24}, which possibly originated in hybridiza-
tion between unreduced gametes of C. rivularis
(2n=16) and C. amara (2n=16), is an extraordi-
nary example. It was assumed that some triploid
plants produced a small amount of viable pollen,
and the limited reproduction by seeds resulted in
a most unusual pattern of heterogamy (Urbanska
and Landolt 1978 ; Urbanska 1987).

The examples shown in Aegilops-Triticum (Ki-
hara 1954 ; Zohary and Feldman 1962), Trillium
(Kurabayashi 1958 ; Samejima and Samejima
1962), Cardamine (Urbanska 1977b, 1980, 1984)
and Aspleninm (Wagner 1954 ; Smith and Levin
1963) are all cases in which subsequent polyploid-
ization (ie., amphiploidy) played a most signifi-
cant role for the differentiation of these particular
plant groups.

Normally, segregation in the F, or any subse-
quent generations derived from an interspecific
cross can be completely stopped or greatly
restricted by various mechanisms. The occur-
rence of peculiar intermediate forms of Astemisia
individuals in sympatric populations developed in
the flood plain habitats of the Sho River, Toyama
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Fig. 16. Scatter diagram illustrating character
correlation hetween leaf area/leaf (cm?) and
length of external involucres (mm) of Arfemisia
capillaris (2x), A. japownica (4x), and their
hybrids (3x), together representing pollen fertil-
ity data. Most of the triploid hybrids showed
intermediate features between the parental
species, but note that some triploid hybrids fall
in the variation range of the A. japonica leaf
size.

Prefecture, e.g., Nos. 12, 16, 19, and 21 (Fig.6;
also see Figs.7 and 16), however, suggests that
partial gene flow from diploid A.capillaris or
triploid hybrids into tetraploid A. japonica may
be taking place, and due to heterogamy some
heterogenous individuals in genome constitution
may have been produced, with 2n=36, a tetra-
ploid somatic chromosome number. Interestingly,
these peculiar forms of tetraploid plants with
hybrid-like leaf characters showed considerably
low pollen fertility, lacking nuclei, a feature com-
monly noted in the triploid plants (see Fig. 15). In
order to confirm, however, whether or not what is
the true situation, we need to examine more
ample individual plants in such sympatric popula-
tions.

Grant (1981) summarized various previously
known mechanisms of hybrid stabilization as
follows; (1) vegetative propagation, {2} agamo-

River population. 1 (L. A)), leaf area/leaf
(cm?®); 2 (leaf wt), leaf weight/leaf (mg dry
weight) ; 3 (L. A. R, leaf area ratio (cm?/g dry
weight) ; 4 (pollen dia), pollen diameter {(#m) ; 5
(pollen dia-CV), coefficients of variations of
pollen diameter; 6 (pollen fer), pollen fertil-
ity(%); 7 (pollen fer-n), pollen fertility(%) of
sample plants from Iwasehama, Toyama City
(A. capillaris) and Katakake, upper Jinzu River
(A. japonica); 8 (fl. n.), floret number/head ; 9
(fe/total), female floret/total floret(%); 10
(chr. n.), somatic chromosome numbers {2n) ; 11
(ext. inv.), external involucre length (mm); 12
(int. inv.), internal involucre length {mm); 13
(int/ext), internal involucre length: external
. involucre length ratio.

spermy, (3) permanent translocation heter-
ozygosity, (4) permanent odd polyploidy, (5) am-
phiploidy, (6) recombinational speciation, and (7)
the segregation of a new type isolated by external
barriers. However, in the case of Arfemisia hybri-
ds reported in the present paper, the breakdown
of hybrid swarms appears to be repeatedly occur-
ring, and thus the current status of hybrid swarms
is more or less similar to those reported from
Cardamine X insueta (Urbanska 1987).

Hybrid swarms like those found in Arfemisia,
however, may be rather common in the sympatric
populations consisting of 2x and 4x species, where
no sterility barrier or specific isolation mecha-
nisms exist. On the other hand, the elimination {or
selection) of such tripleid individuals from the
populations may be taking place simultaneously
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Fig. 18. Results of principal component analysis
based on 13 characters (as shown in Fig, 17) of
Artemista capillaris (2x), A. japonica (4x) and
their triploid hybrids projected on the Z,-Z,
axis.

in changing environments, such as in the flood
plains of rivers exposed to frequent strong natural
or artificial disturbances. Considering all the
cases hitherto reported, the expansion of their
ranges ot habitats, or introduction into alien terri-
tories, first provide opportunities for the two or
more closely related species which were once
allopatric, and thus ecological or at least spatial
isolation existed previously, to become contigu-
ous or overlapping in their ranges, and then to
give further chances for mating or hybridization
({Ownbey 1950 ; Ownbey and McCollum 1953).

In short, the establishment and survival of the
first hybrid generation is the necessary prerequi-
site for further evolutionary development. How-
ever, subsequent hybrid generations may require
further site differentiation for successful estab-
lishment {Urbanska 1987). The vast majority of
the present open and “hybridized” habitats are the
result of human intervention; many are depen-
dent upon regular management if they are not to
disappear. This management usually involves
manipulation of the moisture content or nutrient

content of the soil resulting in changes in the
vegetation cover (Urbanska 1987). The hybrid
swarms in such a sympatric population of two
closely related species may thus be maintained
temporarily in such somewhat unstable, changing
environments exposed to occasional human or
natural disturbances, also with a continuous sup-
ply or recruitment of hybrid F, progeny(3X) by
hybridization between diploid and tetraploid
plants within a sympatric population, with a lim-
ited extent of gene flow into diploid or tetraploid
parental individuals by backcrosses.

The density of individuals within a sympatric
site and the roles of pollination mechanisms, thus,
seem also to be very significant for the formation
of interspecific hybrids, especially for wind-
pollinating plants such as Artemisia species. Also,
seasonal {or allochronic), ethological, or mechani-
cal isolations may play key roles for maintaining
these different species populations separately as
independent reproductive communities even if
there are no internal reproductive isolating bar-
riers differentiated— d.e., in another word, no
postfertilization {prezygotic as well as post-
zygotic) isolating mechanisms existing between
the two species. The situations found in sympatric
Avrtemisia populations here are somewhat differ-
ent from those of interspecific hybrid populations
of diploid species, where often introgression-— i.
., more frequent back-crosses to either one of
parental species individuals are taking place (An-
derson 1949 ; Kawano 1961 ; Kawano and Nogu-
chi 1973), or development of some other specific
reproductive systems, e. g., agamospermy or vege-
tative propagation (Stebbins 1950 ; Grant 1981),
and cleistogamy (Watanabe eof af. 1992) is
involved for the maintenance of hybrid swarms.
However, judging from the variabilities of vari-
ous gross morphological characters, pollen fertil-
ity, and chomosome numbers (Figs. 6, 7, and 15),
we cannot deny the possibility that frequent recip-
rocal outcrossings are taking place among di-
ploid, triploid, and tetraploid individuals in such
a sympatric population, although these abnormal
offspring produced temporarily may be exter-
minated rather quickly from the population.

Natural hybrid swarms, just as found in
sympatric populations of two diploid and tetra-
ploid Artemisin species demonstrated in the pres-
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Eigenvalue 6.135 3.405 2.125 1.455
Contribution(%) 36.09 20.03 12.50 8.557
Accumulated 36.09 56.12 68.62 77.18
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Fig. 19. The process of the formation of
hybrid swarms in two Arfemisia speci
es, A.capillaris (2x) and A. japonica
(4x).

ent study, may represent a sort of deadlock situa-
tion in terms of evolutionary processes occurring
in wild sympatric populations of two closely
related species, unless further simultaneous poly-
ploidization or differentiations of some other
mechanisms, including agamospermy, vegetative
propagation, and so forth (Grant 1981) take place
there. Perhaps, however, such circumstances
would not be very rare in the natural populations,
representing the initial stages of differentiation
through hybridization in plants, just as found in
the hybrid populations of Trillium or Cardemine
species (Kurabayashi 1958 ; Samejima and Same-
jima 1962 ; Urbanska 19887). Concerning the fate
of such hybrid populations, field observations
seem to be worth continuing ; the results obtained
will shed a light on the differentiation process of
plant populations.

We thank constructive criticisms of referees, by
which the content of this paper was improved.
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