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Chromosome complements of 1 N=8-12 are reported for seven species of Ulvales (Chlorophyta) from
coastal North Carolina. Microspectrophotometry with the DNA-localizing fluorochrome hydroethidine is
used to estimate nuclear genome sizes. Incorporation of fluorescence values for the angiosperm Antirrhinum
majus L. and the greeen alga Cladophora albida (Hudson) Kuetzing with known 2 C DNA contents permitted

quantification of I; values for the Ulvales.

In the seven species examined, 2 C DNA contents range from

0.6-1.0 pg. The absence of a positive correlation between estimated genome size and 1 N chromosome
complement excludes the possibility that speciation has resulted exclusively from loss or gain of
chromosomes and associated genome. Evidence in support of fusion/translocation processes is discussed.
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Comparative studies of ultrastructural fea-
tures in both vegetative and motile cells have
shown the order Ulvales, as circumscribed by
Bliding (1963, 1968), to be a heterogeneous as-
semblage (Hori 1973, Swanson and Floyd
1978, O’Kelly and Floyd 1983, Stuessy et al.
1983). Consequently, several genera have
been transfered to the Ulotrichales sensu
Kornmann (1964) or to the Ulvacean family
Kornmanniaceae (Hori 1973, O’Kelly ¢t al.
1984, Golden and Cole 1986). Blidingia, En-
teromorpha and Ulva have been retained in the
Ulvaceae on the basis of a large number of
shared ultrastructural features (Golden and
Cole 1986).

Chromosome numbers for species in the Ul-
vaceae suggest a basic haploid complement of
N=10, with numbers of N=>5-13 reported
(Yabu and Tokida 1960, Gayral 1967,
Kapraun 1970, Rhyne 1973, Sarma 1970,
1982, 1983). This aneuploid series could
have resulted from non-disjunction and subse-
quent chromosome loss or gain (Freshwater et
al. 1990). However, reported variations in
chromosome size and karyotype asymmetry
in species of Ulva and Enteromorpha (Niizeki

1957, Sarma and Chaudhary 1975) are consis-
tent with an alternate explanation. Specifical-
ly, centric fusion and/or fission as well as
translocations could have produced these
changes in chromosome numbers. Whereas
non-disjunction would be accompanied by
nuclear genome size changes, centric
fusion/fission could have occurred with little
or no change in the total amount of nuclear
DNA. Unfortunately, no quantitative data
are available for nuclear genome sizes in any
species of the Ulvaceae. Consequently, the
karyological processes which have accompa-
nied speciation in these green algae remain
speculative.

The present investigation was initiated to
obtain karyotype information for species of
Blidingia, Enteromorpha and Ulva representa-
tive of the Ulvaceae in coastal North Carolina
(Kapraun 1984). In addition, estimates of
nuclear genome sizes were obtained by
cytophotometry to elucidate karyological
processes which may have accompanied speci-
ation in these entities.
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Materials and Methods

Source of Specimens

Seven species of Ulvaceae were collected
from southeastern North Carolina, January
through March, 1990: Blindingia marginata (J.
Ag.) P. Dangeard, Blidingia minima (Naeg. ex
Kuetz.) Bliding, Enteromorpha clathrata (Roth)
Greville, Enteromorpha linza (L.) J. Agardh, En-
teromorpha prolifera (O. F. Muell.) J. Agardh,
Ulva curvata (Kuetz.) DeToni and Ulva fasciata
Delile. Habitat descriptions and location
map are available elsewhere (Kapraun 1984).

Fixation and Karyotype analysis

Field collected material was cleaned and
placed in enriched seawater medium
(Freshwater and Kapraun 1986). Fronds
with discolored distal portions indicative of
sporulation (Kapraun 1970) were transferred
to petri dishes lined with glass coverslips onto
which biflagellate swarmers readily settled
(Hinson and Kapraun 1991). In the Ul-
vaceae, both gametes and zoospores can be
biflagellate (Bliding 1963, 1968, Kapraun
1970). Consequently, the neutral term
“swarmers” is used in this communication for
biflagellate  motile  reproductive  cells.
Reproductive fronds were fixed at 24:00 and
swarmers within 4hr after attachment to
coverslips, in 3:1 absolute ethanol-glacial acet-
ic acid and stored in 70% ETOH. Fixed
material for karyotype analysis was transfered
to distilled water for 15 min, soaked in 1 N
HCL for 4-5min, and then stained with
aceto-orcein  as  previously  described
(Kapraun and Martin 1987), or with
hydroethidine as detailed below. Karyotypes
were prepared by viewing 35 mm Kodak
Plus-X film with a 48X microfiche reader and
tracing the projected images (Kapraun and
Freshwater 1987).

Fixed material for measurement of nuclear
DNA was treated as follows: 1) coverslips
with attached swarmers were emersed in dis-
tilled water for 15 min, 2) soaked in phos-
phate buffered saline (Polysciences # 8828) for
15 min, 3) stained 1-2 min in hydroethidine
(Polysciences, Warrington, PA), and 4)

returned to PBS and refrigerated for 24 hr
prior to examination.

Determination of nuclear DNA

Microspectrophotometric data for an an-
giosperm, snapdragon (Antirrhinum majus L.)
with a 2C DNA content of 3.2 picograms
(Bennet and Smith 1976, Leutwiler et al.
1984) and the green seaweed Cladophora albida
(Huds.) Kuetzing with a 2 C DNA content of
0.8 pg (Bot et al. 1989a, Kapraun and Dutch-
er 1991) were used to quantify fluorescence in-
tensity (Iy) values for specimens of the Ul-
vaceae. Proportionality of nuclear staining
between the angiosperm and Cladophora speci-
mens has been demonstrated (Kapraun and
Dutcher 1991). Angiosperm seeds were ger-
minated and root tips fixed and stained with
hydroethidine as previously described
(Kapraun and Dutcher 1991). Released
swarmers from C. albida were allowed to settle
on glass coverslips and then placed in fixative
as described above. Cladophora material fol-
lowing aceto-orcein staining revealed a
haploid chromosome complement of 1 N=12
(Kapraun and Gargiulo 1987). Consequent-
ly, it was assumed that swarmers had DNA
contents corresponding to 1C and 2C
haploid nuclei (Hinson and Kapraun 1991).

Fluorescence intensity (Iy) values of 1C
nuclei of C. albida and 2 C nuclei of Antirrhi-
num majus were determined (Fig. 11) and plot-
ted against their known DNA contents
(Kapraun et al. 1991) to derive a standard line
(Fig. 12). DNA contents for isolates of the
Ulvaceae were extrapolated by plotting their
I; values of G1- and G2-phase nuclei along
this Iy /DNA slope.

Instrumentation and methodology for
cytophotometry and I; data analysis have
been described previously (Kapraun and
Shipley 1990, Kapraun e al. 1991).

Observations and Discussion

Identification of Specimens

Members of the Ulvaceae are characterized
by poorly marked interspecific distinctions
and numerous intermediate forms. Much of
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the taxonomic confusion in this group is prob-
ably the result of reliance on criteria such as
frond size and color, and degree and pattern
of branching which are too variable to be relia-
ble (Bliding 1963, 1968, Kapraun 1984, Koe-
man 1985). In the present study, identifica-
tions were based on features considered to
have taxonomic significance including pyre-
noid number, cell size and dimension in sur-
face and section views.

Karyology

Use of DNA-localizing fluorochromes and
epifluorescence for karyological studies can
pose special photomicrographic difficulties.
Lightly stained material fluoresces too faintly
to produce a clear photographic image, while
over-stained specimens result in a fluorescent
blush, distorting the actual size of chromo-
somes. Consequently, absolute size compari-
sons between specimens stained at different
times should be avoided. Despite these poten-
tial problems, chromosomes visualized follow-
ing hydroethidine staining typically appear
less condensed than with aceto-orcein or
aceto-carmine (Kapraun et al. 1988, Kapraun
and Shipley 1990). Thus, constrictions
indicative of centromeric regions can often
be identified, and relative chromosome sizes
in individual preparations more accurately
determined with DNA-localizing fluoro-
chromes.

Chromosome numbers for the seven species
examined in this investigation are listed in Ta-
ble 1. Apparently, this is the first published
report of karyological data for Blidingia mar-
ginata and B. minima. Present results for En-
teromorpha and Ulva species are in general
agreement with previously published data
(Kapraun 1970, Rhyne 1973, Sarma and
Chaudhary 1975). However, chromosome
numbers differing from these have been
reported for Japanese populations of Enteromor-
pha linza (Niizeki 1957) and Ulva fasciata (Migi-
ta and Fujita 1987).

Both species of Blidingia are characterized
by 1 N=8 (Figs. 1 & 2), with early metaphase
chromosomes arranged in a circle (Fig. 1).
No size difference was apparent among these

highly condensed chromosomes. The three
species of Enteromorpha have haploid chromo-
some complements of 1 N=10 (Fig. 8). In
E. clathrata (Fig. 3) and E. prolifera (Fig. 5),
karyotypes show a gradual decrease from
large to small chromosomes (Fig. 8). In E.
linza (Fig. 4), the two larger chromosomes
with strongly constricted centromeric regions
(Fig. 8), can become dissociated in thinly
squashed preparations, suggesting the
presence of twelve chromosomes. In U. fascia-
ta, the haploid chromosome complement of
1 N=10 (Fig. 7) is characterized by four larg-
er, submetacentric chromosomes and an
asymmetric karyotype (Fig. 8).

Thus, the karyotypes of both Blidingia spe-
cies as well as those of Enteromorpha clathrata
and E. prolifera, show a uniform gradation
from large to small chromosomes (Fig. 8),
and can be characterized as asymmetric and
unspecialized (Jackson 1971). In contrast,
the karyotypes of Enteromorpha linza and Ulva
fasciata with their marked difference between
large and small chromosomes and the
presence of submetacentrics (Fig. 8), can be
characterized as asymmetric and specialized
(Jackson 1971).

Chromosome numbers in the Ulvaceae sug-
gest a basic haploid complement of N=10
(Fig. 9). However, reports of a haploid chro-
mosome complement of N=5 (Gayral 1967),
haploid meiosis (Hoxmark and Norby 1974)
and pairing of homologous chromosomes dur-
ing mitosis in haploid nuclei (Fig. 7) provide
evidence that N=>5 may be the basic chromo-
some number in the Ulvaceae, and that most
extant species have a polyploid origin.

DNA cytofluorometry

Microspectrophotometry has been used
previously with the marine green algae to esti-
mate relative DNA contents (Eckhart and
Schnetter 1984, Schnetter et al. 1984, Eckhart
and Schnetter 1986, Kapraun ¢t al. 1988, Cal-
derén-Saenz and Schnetter 1989, Beutlich et
al. 1990, Bodenbender and Schnetter 1990)
and to quantify their nuclear genomes
(Spring et al. 1978, Schnetter e al. 1981,
Kapraun and Shipley 1990, Hinson and
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Figs. 1-7. Haploid mitotic nuclei in seven species of Ulvaceae following hydroethidine staining. Scale bar
on photographs=>5 /m.
. Blidingia marginata with 1 N=8.
. Blidingia minima with 1 N=8. Note late prophase circle of chromosomes in top nucleus.
. Enteromorpha clathrata with 1 N=10.
. Enteromorpha linza after initiation of sporulation. Note presence of two chromosomes with pronounced
centromeric regions (arrows) in nucleus on left with 1 N=10.
. Enteromorpha prolifera with 1 N=10.
. Ulva curvata with 1 N=12.
7. Ulva fasciata with 1 N=10. Note presumed homologous pairing (arrows).

00 RO

O

Kapraun 1991). hydroethidine staining indicated unaccepta-
In the present study, initial observations  ble levels of fluorescence from extra-nuclear
made with vegetative cells following DNA, especially that associated with the
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Fig. 8. Typical karyotypes for seven species
of Ulvaceae representing chromosomes in haploid
mitotic nuclei.

5 um

cup-shaped chloroplast, which ob-
Use of swarmers
which have a central nucleus distinct from
the small chloroplast (Fig. 10) was found to
greatly reduce extra-nuclear fluorescence.
However,

large,
scured the parietal nucleus.

significant variation of I; peaks
among periodic fixations of Enteromorpha linza
and Ulva curvata swarmers suggested that
different stages in the S-phase (DNA synthe-
sis) of the nuclear cycle were being observed.
Subsequently, I; observations were restricted
to swarmers fixed within 4 hr of release which
consistantly had estimated DNA values close-
ly approximating half the G2-phase (2C
DNA levels) obtained from vegetative cells
(Table 2).

Conditions necessary for use of microspec-
trophotometry (I; data) to estimate nuclear

Number of Species

15

=
o

o

5 6 7 8 9 10 11 12 13 14
1 N Chromosome Number

Fig. 9. Haploid chromosome complements
reported in species of Ulvaceae: Blidingia, Enteromor-
pha and Ulva. Data from present study, Yabu and
Tokida 1960, Yabu and Park 1968, Kapraun 1970,
Rhyne 1973, Hoxmark and Nordby 1974, Sarma
1982.

DNA contents are detailed elsewhere (Bennet
and Smith 1976, Kapraun and Shipley
1990).
Cladophora albida were found to give propor-
tionality between observed I; values and

Previously, Antirrhinum majus and

Fig. 10.
following hydroethidine staining.

Settled swarmers of Ulva fasciata
n=nucleus.
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Comparison of frequency distributions of relative DNA values for nuclei after hydroethidine stain-

ing. n=number of nuclei used to calculate C levels (Kapraun and Shipley 1990), I;=fluorescence intensity
mean*SD. Cladophora albida (A) and Antirrhinum majus (B) were used as standards for E. clathrata (C), E. prolifera

(D) and B. marginata (E).

known DNA contents (Kapraun and Shipley
1990, Kapraun and Dutcher 1991), and were
used in the present investigation to derive a
standard line (Fig. 12). The Antirrhinum
served as a standard for DNA quantification,
and the North Carolina isolate of Cladophora al-
bida was used to confirm the proportionality of
staining between the angiosperm and green al-
gal samples.

Comparison of I; values for the Ulvaceae
species (Fig. 11) permitted extrapolation of
their DNA contents (Fig. 12). Genome size
(pg) estimates for 1 C and 2 C nuclei from all
observations are listed in Table 2 and summa-
rized in Table 1. The standard deviation
(SD) for most observations was less than
0.1 pg, and seldom exceeded 0.2 pg. Mean
2 C nuclear DNA levels for all experiments
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Table 1.
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Comparison of haploid chromosome numbers and genome sizes for seven species of Ulvaceae.

Genome size estimates are based on observed I; values for 1 C and 2 C nuclei and on calculation of the mean 2 C

genome size from these I; data {2 C genome= 9

genome size (pg)/1 N chromosome number.

2(10)+2¢C

). Mean chromosome size was calculated from

Genome size estimates (pg)

Chromosome N Mean

Species number chromosome size

p (IN) o Observed ) Cal;u(l}ated (pg/chromosome)
Blidingia marginata 8 0.4 0.8 0.8 0.10
Blidingia minima 8 0.4 0.9 0.8 0.10
Enteromorpha clathrata 10 0.3 — 0.6 0.06
Entermorpha linza 10 0.3 0.6 0.6 0.06
Enteromorpha prolifera 10 0.5 0.9 1.0 0.10
Ulva curvata 12 0.4 0.7 0.7 0.05
Ulva fasciata 10 0.3 0.6 0.6 0.06

(Table 1) indicate a genome size of 0.6-1.0
pg for the seven species of Ulvaceae observed.
These derived nuclear DNA contents are
within the range of values reported for mul-
tinucleate green algae: Cladophora=0.3-
0.8 pg (Bot et al. 1989a, 1989b), Chaetomor-

3.5

y = 0.12x —0.001

GENOME SIZE (pg)
o ot N N w
° o o o o

°
o

pha=0.2-0.6 pg (Hinson and Kapraun
1991), Bryopsis=0.7-1.0 pg (Kapraun and
Shipley 1990) and Acetabularia=1.8 pg
(Spring et al. 1978) and slightly larger than
nuclear genome sizes for unicellular (uninucle-
ate) green algae: Chlamydomonas=0.3 pg and

/
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B CLADOPHORA ALBIDA
O E. CLATHRATA
® E. PROLIFERA
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Fig. 12. Fluorescence intensity (I;) values for Antirrhinum 2 C nuclei (A) and Cladophora (W) 1 C nuclei plot-
ted against their known DNA contents (Bennett and Smith 1976, Leutwiler et al. 1984, Bot et al. 1989, Kapraun
and Dutcher 1991) to derive a standard line. DNA contents for 1 C nuclei in E. clathrata (O), E. prolifera (®) and

B. marginata (®) are extrapolated from their I; values.
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N 'I)'abl::l 22C (g;nolllne sizel (p‘g) for 1C (G1- Polytoma=0.2 pg (Spring et al. 1978).
phase) an -phase) nuclei for seven species of : 3
Ulvaceae. Data standardized to the 2 C DNA level The three genera represen‘.ced in this St,udy
of Antirrhinum majus (3.2 pg). Mean=standard do not appear to be characterized by a unique
deviation is given for each sample. n=number of genome size (Table 1). It is perhaps notewor-
nuclei observed in each sample. : :
thy that the intraspecific range of genome
Species n 1C 2C sizes observed in Enteromorpha (0.6-1.0 pg) ex-
Blidingia 31 0.48% 07 cee‘d.s t‘he intergeneric range for Ulva . and
marginata 37 0.44+ .07 Blidingia. Results of the present study indi-
38 0.33%.12 cate no correlation between nuclear DNA con-
3f 0.27 .05 0.72%.04 tents and 1 N chromosome numbers (Fig.
13 0.78+.10 13). For example, the three species with
25 0.43%.10 I N=10 exhibit a greater range of genome
% =0.39 X=0.75 sizes than found between species with N=8
Blidingia 17 0.87+.10 and N=12. These data appear to exclude
minima 11 0.48+0.0 the possibility that speciation has been accom-

39 0.44£.10

32 0.43+ 10 panied exclusively by loss or gain of chromo-

somes (and associated genome). In such

X=0.43 X=0.87 cases, a positive correlation is predicted be-
E":Z:’m:‘:ha ?(3) gggfég tween chromosome number and genome size
35  0.33+.96 (Stucky and Jackson 1975, Ohri et al. 1981).
In the present study, linear regression analy-
Enteromorpha 58 oxzjigfz s%s of pg‘/chrom.osome (me?n clfromosome
linza 50 0.29+ 08 size) implies an inverse relationship between
49  0.26%.07 genome size and chromosome complement
gg 8§§f (I)g (Fig. 14). These observations are consistent
50  0.33+.13 with currently understood mechanisms such
26 0.58+.11 as translocations and centric fusion and/or fis-
26 0.26:+.08 sion which produce independent changes in
X=0.30 =058 chromosome numbers and nuclear DNA con-

Enteromorpha 42 0.58+.15 tents (Pichersky 1990).
prolifera i; 0.40% 11 0.18%1.3 A recent investigation of nuclear DNA base
59 043+ .06 pair compositions (mol % G+ C) of nuclear
18 1.10+.06 genomes in some Ulvales (Freshwater ef al.

35 0.36+.06

58 0.58.% 20 1990) provides indirect evidence of fusion/fis-

sion events in the evolution of these algae.

X=0.47 X=1.09 Results indicate G+C values of 36-54% for

Ulva curvata 30 0.42%.06 0.76:.05 nine species of Blidingia, Enteromorpha and
gg 0.39+.07 R Ulva. This relatively wide range of base pair

10 0.73£.06 compositions as well as the range of chromo-

ig gggf gg some numbers reported for these genera (Fig.

47 0.36+.08 9) are consistent with large-scale translocation

50 0.70%.12 events and differential loss or gain of centro-

%=0.36 2=0.73 mere assoFiated genome (Freshwater et al.

Ulsa fasciata 50 0.57+0.1 1990). It is perhaps noteworthy that chromo-
37 0.25%+0.0 some numbers less than 10 are nearly twice as

0.25 0.57 common as numbers greater than 10, suggest-

ing that chromosome fusions are more easily
tolerated than chromosome fissions.
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