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Abstract

DNA reassociation kinetics were used to determine nuclear genome organization and complexity in
Agardhiella subulata (Gigartinales, Rhodophyta). Results indicate the presence of three second-order
components corresponding to fast (22%), intermediate (68%) and slow (10%) fractions. Thus, the ge-
nome consists of 90% repetitive sequences. Microspectrophotometry with the DNA-localizing fluoro-
chrome DAPI was used to confirm ploidy level differences in the gametophytic and tetrasporophytic
phases. Results indicate that meiosis occurs during tetrasporogenesis. Comparison of mean nuclear
DNA (If) values to chicken erythrocytes (RBC) resulted in an estimate of 0.9 pg/2C genome for Agar-
dhiella. Karyological studies using aceto-orcein revealed a chromosome complement of 2N = 44 in car-
posporangia and the presence of 22 bivalents during diakinesis of tetraspore mother cells.

Introduction

Members of the Gigartinales provide the basis for
a significant carrageenan manufacture industry
(Craigie, 1990). Until the 1970's, the supply of
seaweed biomass was obtained primarly from the
harvest of natural populations of Chondrus crispus
and Gigartina stellata from the North Atlantic,
and Iridea from Chile (McHugh, 1984). More re-
cently, the industry has come to rely on maricul-
ture, with Eucheuma cultivation in the Philippines
representing more than half of the world's supply
(Abbott & Cheney, 1982; McHugh, 1984). Do-
mestication of the 'cottonii types' of Eucheuma
(i.e. K. alvarezii (Doty) Doty), which produce the
hydrocolloid kappa-carrageenan, is generally
cited as one of the most significant developments

leading to large-scale phycoculture (Doty & Al-
varez, 1975; Glenn & Doty, 1981; Doty, 1985).

Strain improvement of these carrageenophytes
has been restricted to phenotypic selection of vig-
orous clones (for a recent review, see van der
Meer, 1990). Surprisingly, no attempt has been
made to characterize or quantify the nuclear ge-
nomes of these taxa, although such information
could provide a basis for genetic improvement
programs (Kapraun & Dutcher, 1991) such as
development of somatic hybrids (e.g. Cheney
1985, 1988, 1990).

In contrast, information is now available for
genome size, organization and complexity in
several species of Gracilaria and Gracilariopsis
(Gracilariales) (Dutcher et al., 1990; Kapraun &
Dutcher, 1991) which are sources of the commer-
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cial gels agar and agarose (Dawes, 1987). Re-
cently, we initiated a research program to adapt
these cytophotometric and DNA reassociation
kinetics techniques to the carrageenophytes from
the warm temperate western Atlantic. The present
paper concerns results with Agardhiella subulata
(C. Agardh) Kraft and Wynne which is consid-
ered to have potential industrial value (Chopin
et al., 1990).

Materials and methods

Source of specimens

Agardhiella subulata specimens for the molecular
biology procedures were obtained from shallow
bays near Kure Beach, North Carolina (for loca-
tion map and habitat descriptions see Kapraun,
1980) during February and March 1990. Material
for cytophotometry was collected in the lower
Chesapeake Bay near Gloucester Point, Virginia
(for habitat descriptions see Humm, 1979) during
October 1991.

Fixation and karyotype analysis

Specimens were fixed at 24:00 h in 3:1 absolute
ethanol: glacial acetic acid (Carnoy's) for 24 h,
and transferred to 70 % v/v ethanol for storage at
4 C (Kapraun & Bailey, 1989). Branch tips with
developing tetrasporangia were identified with a
dissecting microscope, removed and transferred
to 5 % w/v EDTA for 1-2 h to soften tissue (Goff
& Coleman, 1990). Small sections of cortical tis-
sue containing tetrasporangia were separated
from medulla, squashed on coverslips treated with
Subbing solution (0.1 g gelatin, 0.01 g chromium
potassium sulfate in 100 ml water) and stained
with 2% w/v aceto-orcein (Kapraun & Bailey,
1989). Cystocarps were dissected from medullary
tissue, transferred to EDTA and squashed on
coverslips as above, and stained with DAPI as
described for cytophotometry. Chromosome
numbers were determined from late prophase-
early metaphase meiotic figures in tetraspore

mother cells, and from mitotic carposporangia.
Instrumentation for photomicrographic docu-
mentation has been described previously (Ka-
praun & Shipley, 1990).

DNA Cytophotometry

Algal material for cytophotometry was fixed and
prepared for examination on subbed slides as de-
scribed above. Chicken erythrocytes (RBC) used
as the internal standard were collected from 18-
day-old embryos in a solution of 19 mg sodium
citrate in 0.5 ml distilled water, centrifuged, and
supernatant removed. Cells were fixed in 9:1
methanol: formaldehyde (Gold & Price 1985) for
20 min, centrifuged, and the supernatant re-
moved. The resulting pellet was rinsed in distilled
water and centrifuged three times to remove fix-
ative, and transferred to 70 % v/v ethanol for stor-
age at 4 C (Gold & Price, 1985). The fixed RBC
were smeared on a glass coverslip and air dried.
Immediately upon drying, coverslips with algal
material and RBC were rehydrated in 200 mM
KCI (2.98 g KCI in 200 ml water) for 30 min (Goff
& Coleman, 1984, 1985), stained in the dark for
30 min with 0.5 ,ug/ml 4'-6 diamidino-2-phenylin-
dole (DAPI) (Sigma Chemical Co., St. Louis,
Mo) in Macllvane's pH 4.1 buffer (Goff & Cole-
man, 1985, 1990; Gonzalez & Goff, 1989) and the
slide sealed with nail polish (Goff & Coleman,
1984, 1985). Prepared slides were stored in a re-
frigerator overnight prior to examination.

Cytophotometric measurements are made with
an Olympus BH2-RFK fluorescence microscope
equipped with a high pressure mercury vapor
lamp (HBO, 100W), and a 340-nm excitation fil-
ter and a 420-nm suppression filter which are
specific for DAPI-bound emissions (Shihira-
Ishikawa, 1984; Shihira-Ishikawa & Kuroiwa,
1984).

Microspectrophotometric data for RBC with a
DNA content of 2.4 pg (Clowes et al., 1983) was
used to quantify mean fluorescence intensity (If)
values for algal specimens (Kapraun et al., 1991).
Comparison of frequency distributions (If) for 2C
nuclear values obtained for gametophyte and tet-
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rasporophyte tissue served as an internal stan-
dard. Nuclear DNA contents for Agardhiella
specimens were estimated by comparing the If
values for G 1- and G2-phase nuclei to the If value
of RBC standard (Johnson et al., 1987; Tiersch
etal., 1989; Kapraun etal., 1991): RBC If/
Agardhiella If = 2.4 pg/X pg. The number of algal
nuclei examined in each sample and the number
of samples (each including 3-5 plants) for each
isolate were recorded (Table 1).

Proportionality of DAPI-staining between the
RBC standard and algal nuclei was previously
evaluated by comparison of If values obtained
with red algae having known nuclear DNA con-
tents (Kapraun & Dutcher, 1991; Kapraun et al.,
1991).

DNA isolation and purification

Nuclear DNA was isolated from algal samples
using a modification of a technique previously

described for bacteria and vascular plants (Mar-
mur, 1961; Bachmann & Price, 1977). Thirty
grams of freshly thawed sample were homoge-
nized in 5-10 ml of TES buffer (0.15 M tris hy-
droxymethylaminomethane hydrochloride (Tris),
0.05 M ethylenediaminetetra-acetic (EDTA),
0.1 M NaCl, and adjusted to pH 8.0) with a virtis
tissue homogenizer. Aliquots of the homogenate
were stored frozen (-90 C) until use. Frozen
samples were thawed, diluted with 20-30 ml TES
buffer, and sodium dodecyl sulfate added to a
final concentration of 1% w/v. The mixture was
heated to 60 C then frozen and thawed to lyse
cells. Sodium perchlorate (5 M, pH 8.0) was
added to the cell suspension to a final concentra-
tion of 1%. Chloroform-isoamyl alcohol (24:1)
was added to an equal volume of cell suspension,
gently mixed until homogeneous and centrifuged
14000 x g/10 min. The resulting supernatent was
decanted and treated again with chloroform-
isoamyl alcohol as above. The aqueous solution
was further purified of polysaccharides with hy-

Table 1. Genome size (pg) for Agardhiella subulata nuclei after DAPI staining. Data standardized to the DNA level of chicken
erythrocytes (RBC = 2.4 pg).

Number of Number of Nuclear genome size (pg)
slides nuclei

2C 4C 8C

Gametophyte ( )
Spherical medulla 7 343 0.9 + 0.0
Filamentous medulla 6 283 0.9 + 0.0
Telophase nuclei 1 28 0.8 +0.1

Carposporophyte
Carpospores 5 232 1.8 + 0.1

Tetrasporophyte
Spherical medulla 4 190 1.0 + 0.1
Filamentous medulla 1 4 2.0 + 0.0
Telophase nuclei 1 5 2.1 + 0.2

Tetrasporangia
Uninucleate 2 21 3.8 + 0.1
Binucleate 2 9 1.9 + 0.2

Tetraspores 1 8 1.0 + 0.1

Mean (X) 0.9 + 0.0 1.9 +0.1 3.8 +0.1
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droxylapatite (Johnson, 1981). Nucleic acids in
the aqueous phase are bound by mixing with hy-
droxylapatite under low salt conditions in 0.10 M
sodium phosphate buffer (equimolar amounts of
Na2HPO 4 and NaH2PO4, pH 8.0). Addition of
0.5 M sodium phosphate buffer selectively elutes
double stranded DNA. The resulting solution was
mixed with 0.10mg/ml DNase-free RNase
(Sigma) (2 mg/ml on 0.15 M NaCl at pH 5.0,
boiled 10 min, stored frozen) and allowed to di-
gest for 1 h at 37 C. Purified DNA was precip-
itated at room temperature with 0.1 volume of
2 M sodium acetate and 0.54 volumes of isopro-
pyl alcohol. The precipitate was dried and dis-
solved in 0.12 M phosphate buffer.

Determination of Cot curves

Dialyzed algal and E. coli (standard) DNA
were sheared by several passages through an 18
gauge needle. DNA samples, 50-60 #g/ml, were
placed in stoppered cuvettes, and sealed with a
thin layer of mineral oil to prevent evaporation.
DNA was heat denatured to 100 ° C, 1 C/min in
closed thermostatically controlled cuvettes of a
Gilford Model 2600 spectrophotometer with
thermoprogrammer. Thermal denaturation tem-
perature (Tm) was determined from the hyper-
chromatic shift.

Denatured DNA was reassociated in 0.12 M
phosphate buffer (0.18 M Na + ) at (Tm-25 C)
by perfusing the cell housing with ice water. The

optical density after the temperature drop was
allowed to stabilize and was taken to represent
0% renaturation. Renaturation was monitored
continuously for 24 h or until the optical density
reading stabilized. 100% renaturation corre-
sponded to the optical density of DNA before the
hyperchromatic shift.

Renatured DNA was plotted log Cot versus
percent reassociation (Britten & Kohne, 1968).
Reassociation data were analysed with a com-
puter program generating a best fit non-linear re-
gression representing three second order compo-
nents. DNA of E. coli (4.2 x 106 bp, Cot 1/2 pure
3.23) was used as a standard to convert Cot val-
ues into nucleotide base pairs or complexity of
each component (Lewin, 1990).

Observations and discussion

Karylogy

Aceto-orcein staining revealed the presence of 22
bivalents in several late prophase-early metaphase
(diakinesis) meiotic nuclei in Agardhiella subulata
tetrasporocytes (Fig. 1). The haploid chromosome
complement of IN = 22 includes 20 dot-like chro-
mosomes as well as two which are conspicuously
larger (Fig. 1). Mitotic nuclei in carposporangia
visualized following DAPI staining had chromo-
some complements of 2N= 44 (Fig. 2). Specula-
tion concerning a basic chromosome complement
in the Soliariaceae would be premature as pub-

Fig. 1. Optical sections and composite drawing of early metaphase (diakinesis) meiotic nucleus following aceto-orcein staining
showing 22 bivalents. Arrows indicate presence of two larger chromosomes.
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Fig. 2. Optical sections and composite drawing of mitotic carposporangial nucleus following DAPI staining and visualization with
UV illumination showing 2 N= 44.

lished reports are restricted to Anatheca montagnei
Schmitz, N= 7-8 (Bodard, 1966) and Turnerella
pennyi (Harv.) Schmitz, N= 18-20 (South et al.,
1972).

Microspectrophotometry

Microspectrophotometry with DNA-localizing
fluorochromes has been used previously to esti-
mate the relative DNA contents of marine red
algae (for recent review see Goff & Coleman,
1990). These techiques can be used for DNA
quantification as well, providing that specific con-
ditions are met (Kapraun & Shipley, 1990; Ka-
praun & Dutcher, 1991). In the present study,
DAPI staining with the protocol developed by
Goff & Coleman (1984, 1985, 1990) resulted in
reproducible, stable nuclear fluorescence with
only slight cytoplasmic interference (Fig. 3).

Variations in nuclear DNA levels associated
with ploidy level differences in gametophytic and
tetrasporophytic phases of red algae have been
demonstrated with microspectrophotometry
(Goff & Coleman, 1990; Kapraun & Dutcher,
1991). In the present study, mean fluorescence
(If) values for telophase (replicated) G2-phase
nuclei in female gametopytes closely approximate
50% of the values for telophase (4 C) G2-phase
nuclei in tetrasporophytes (Fig. 4).

Extrapolated nuclear DNA contents reveal a
2 C genome size of 0.9 pg for A. subulata (Ta-

Fig. 3. Haploid interphase nuclei in female gametophyte fila-
mentous and spherical medullary cells following DAPI stain-
ing and visualised with UV illumination.

ble 1). Mean DNA values for gametophyte med-
ullary cells indicate that these nuclei have 2 C
DNA contents corresponding to G2-phase hap-
loid levels. While tetrasporophyte medullary fila-
ments have the expected 4 C DNA contents in-
dicative of G2-phase diploid nuclei (Kapraun &
Bailey, 1989), spherical medullary cells typically
have 2 C DNA contents corresponding to G1-
phase (unreplicated) diploid levels (Table 1).

Reduction in nuclear DNA levels in tetraspore
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mother cells (tetrasporocytes) associated with
meiosis has previously been demonstrated red
algae (Goff & Coleman, 1984, 1985, 1990;
Gonzalez & Goff, 1989). In these species, repli-
cated tetrasporocyte nuclei were found to have
DNA contents corresponding to 4 C levels. In
Agardhiella subulata, DNA contents of uninucle-
ate tetrasporophyte medullary cells indicate that
these pre-meiotic nuclei have 8 C DNA levels
(Table 1). Since tetrasporocytes in diakinesis
have 22 bivalents (Fig. 1) and mitotic nuclei in
gametophytic medullary filaments were observed
to have 18-22 chromosomes, it appears that the

elevated DNA level in tetrasporocytes is not as-
sociated with increased numbers of chromosomes
(polyploidy) as reported in some red algal apical
cells (Goff & Coleman, 1990).

Reassociation kinetics

DNA Reassociation operates on the principle that
separated complementary strands of purified
DNA recognize each other, and under appropri-
ate conditions, specifically reassociate. This phe-
nomenon provides a useful tool for determining
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Fig. 5. Reassociation kinetics of whole cell DNA from
Agardhiella subulata. Cot (moles of nucleotides per litre x s),
DNA concentrations were 50-60 pg DNA ml - ' in 18 M Na +
at 60 C. Solid lines: best non-linear regression analysis of
data. Dashes lines: predicted second order kinetic compo-
nents, correlation coefficient 0.997.

the presence and complexity of repetitive se-
quences (Britten & Kohne, 1970). Cot 1/2, when
reassociation is half complete, is proportional to
the complexity of the DNA sequences present.
DNA reassociation follows the time course of a
single second order reaction. If repetitive se-
quences are present, up to three second order
components could be present in one reassocia-
tion curve. The rapidly reassociating fraction rep-
resents the highly repetitive sequences, 1000-
10 000 copies. The intermediate fraction
represents the mid-repetitive sequences, 10-1000
copies. The final fraction represents the unique
sequences or single copy.

Requirements for efficient, reproducible reas-
sociation reactions have been specified previ-
ously (Marmur et al., 1963; Dutcher et al., 1990).
In the present study, reassociation kinetics for

Agardhiella subulata were carried out under
moderately stringent conditions (Tm-25 °C,
0.18 M Na+ ) Computer analysis of DNA reas-
sociation revealed the presence of three second
order components (correlation coefficient.997), a
fast fraction representing highly repetitive se-
quences (22%), an intermediate fraction of mid-
repetitive sequences (68 %0) and a slow fraction of
unique or single copy sequences (10%) (Fig. 5).
Complexities and copy numbers for each fraction
are summarized in Table 2. Although the repeti-
tive fraction may contain some chloroplast DNA
as whole cell DNA was used, significant chloro-
plast contamination is not indicated as double
melt profiles were not observed during DNA de-
naturation.

Reassociation kinetics can provide an estimate
of genome size if reassociation of the slow com-
ponent is complete (Lewin, 1990). In the present
study, experimental parameters precluded deter-
mination of slow component Ct 1/2 (Dutcher
etal., 1990). Consequently, genome size esti-
mates from cytophotometry were used to extrap-
olate a complexity of 8.2x 108 bp using the
0.913 x 109bp/pg (Britten & Davidson, 1971).
The magnitude of the A. subulata genome be-
comes apparent when compared to the an-
giosperm Arabidopsis thaliana (L.) Heynhold with
7 x 107 bp (Leutwiler et al., 1984).

Reassociation kinetics have been used success-
fully with a wide variety of vascular plants to
examine their genome organization (Bachmann &
Price, 1977; Leutwiler et al., 1984). Only recently
have these techniques been applied to seaweeds.
Published results indicate that both green (Olsen
etal., 1987; Bot etal., 1989) and brown algae
(Stam et al., 1988) have genomes with unique and

Table 2. Kinetic analysis of Agardhiella subulata DNA reassociation.

Isolate & kinetic Fraction Complexity Repetition Genome size
component (base pairs) frequency (pg)

Agardhiella subulata 0.90
Fast 0.22 3.2 x 105 570
Intermediate 0.68 1.7 x 106 330
Slow 0.10 8.2 x 107 1

I
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repetitive segments. The only red algae investi-
gated previously, Gracilaria and Gracilariopsis
(Gracilariales), demonstrated significant inter-
and intra-specific variation of genome organiza-
tion and complexities with repeated sequences
comprising 13-95% (Dutcher etal., 1990). In
these Gracilariales, a positive correlation was
suggested between nuclear genome profiles char-
acterized by large repetitive components and
biosynthesis of commercial quality gels. Specifi-
cally, it was hypothesized that these taxa have an
abundance of (repetitive) gene loci for enzymes
associated with polymerization of galactan sub-
units.

Agardhiella subulata, like other species of So-
liariaceae investigated, contains kappa family
carrageens (Asare, 1980; Cheney etal., 1987;
Chopin et al., 1990). It would be of great interest
to obtain comparative genome organization and
complexity information for these taxa, but espe-
cially for Kappaphycus alvarezii (Doty) Doty
(= Euchuema alvarezii Doty; E. 'cottonii-types')
which most closely approaches the idealized
kappa carrageenan structure (Craigie, 1990).

In summary, the present investigation of the
carrageenophyte Agardhiella subulata demon-
strates that cytogenetic, cytophotometric and mo-
lecular biology techniques used successfully with
the Gracilariales can be applied, with little mod-
ification, to the commercially important members
of the Solieriaceae (Gigartinales). It is suggested
that information for characterization and quanti-
fication of nuclear genomes provides an invalu-
able basis for genetic improvement programs.
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