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Abstract

DNA reassociation kinetics were used to determine nuclear genome organization and complexity in four species
of Gracilaria (Gracilariales, Rhodophyta). In Gracilaria tikvahiae, G. caudata, G. cervicornis and G. divaricata,
results indicate the presence of three second order components corresponding to fast, intermediate and slow
fractions. Repetitive sequences varied from 13-46% and unique DNA ranged from 45-78%. Thermal denaturation
(T,) indicated guanine + cytosine (G + C) levels of 41.9-46.0 mol % G + C. Microspectrophotometry with the
DNA-localizing fluorochrome DAPI was used to quantify nuclear DNA content. Comparisons of mean nuclear
DNA (If) values to chicken erythrocytes (RBC) resulted in an estimate of 0.37-0.40 pg/2C genomes for the four
Gracilaria species. Total agar content following alkaline pretreatment ranged from 7-15% dry weight. Gel strengths
were generally below commercial levels, ranging from 40-260 g cm - 2 . Nuclear genome profiles developed from
information for genome size, organization and complexity are compared with data for agar quantity and quality.
Gel quality and quantity do not appear to be correlated with either large repetitive fraction DNA or a high degree
of genome complexity as previously speculated.

Introduction

Members of the Gracilariales (Fredericq & Hommer-
sand, 1989a, 1989b) are among the most economically
important agarophytes, supporting a significant indus-
try based on both cultivated and wild plants (Santelices
& Doty, 1989). Species of Gracilaria are widely dis-
tributed in tropical waters, but their economic poten-
tial is largely unknown (Dawes, 1987). Although strain
improvement of agarophytes generally has emphasized
phenotypic selection of vigorous clones (van der Meer,
1990), it has been suggested that basic information
for nuclear genome characterization and quantification
could provide an invaluable basis for genetic improve-
ment programs (Kapraun & Dutcher, 1991; Kapraun
et al., 1993b). Possible correlations between agar pro-
duction and specific genome organization could be
exploited by appropriate genetic manipulation tech-
niques such as somatic hybridization (Cheney, 1988,

1990), polyploidization (Patwary & van der Meer,
1984) and biolistic gene injection (Kapraun, 1993).

Recently a program was initiated to quantify and
characterize nuclear genomes in agarophytes from the
warm temperate western Atlantic (Kapraun & Dutcher,
1991; Dutcher et al., 1990b, Kapraun, 1993; Kapraun
et al., 1993a, 1993b), and to relate the observed
genome profiles to agar quality and quantity (Dutcher
et al., 1990b; Kapraun et al., 1993b). This program
has now been expanded to include representative trop-
ical agarophytes from both the Atlantic-Caribbean and
Pacific Oceans. The present paper summarizes infor-
mation from microspectrophotometry, nuclear DNA
base pair composition, reassociation kinetics and agar
analysis for additional species of Gracilaria from the
eastern coast of Mexico (Gulf of Mexico).
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Table 1. Source of specimens

Species Location

Gracilaria caudata J. Agardh Punta Piedras, Lagune Madre

Gracilaria cervicornis Miramar Beach,

(Turner) J. Agardh Ciudad Madero

Gracilaria divaricata Harvey Punta Piedras, Laguna Madre

Gracilaria tikvahiae Punta Piedras, Laguna Madre

McLachlan

Materials and methods

Sources and preservation of specimens

Collection sites for four species of Gracilaria included
in the present study are listed in Table 1. All spec-
imens were collected by the authors and identified
by Dr S. Fredericq. Voucher specimens are deposited
in the herbariums of the University of North Caroli-
na at Wilmington (WNC) and Instituto Tecnologico
de Cd. Victoria, Mexico (ITCV). Algal material for
microspectrophotometry was fixed in Carnoy's solu-
tion (Kapraun etal., 1992) and stored in 70% ethanol.
DNA was isolated from samples quick-dried in silica
gel and then stored frozen (-700C) (Kapraun et al.,
1993b). Algal samples for agar analysis were air-dried
at collection sites and subsequently dried to constant
weight in an warm-air (380 C) herbarium cabinet).

Microspectrophotometry
Detailed procedures for microspectrophotometry with
the DNA-localizing fluorochrome DAPI and require-
ments for reproducible staining have been specified
previously (Kapraun et al., 1992). Microspectropho-
tometric data for chicken erythrocytes (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).

DNA isolation and characterization
Detailed procedures for nuclear DNA isolation and
purification and requirements for efficient, repro-
ducible genome characterization have been specified
previously (Dutcher et al., 1990a, b). Algal DNA sam-
ples, with an Eschericia coli DNA standard, were heat-
ed to 1000 C, 1°C min-', in a closed thermostatically
controlled cuvette of a Gilford model 2600 spectropho-
tometer equipped with a thermoprogrammer. Ther-

mal denaturation temperatures (T,'s) were determined
from the hyperchromatic shift for multiple replicates
of each sample using a standard equation: G + C =
Tm(2.280) - 153.7 (Dutcher etal., 1990a). DNA reas-
sociation kinetics were carried out under moderately
stringent conditions (T, - 25°C, 0.18 M Na+). Reas-
sociation data were analyzed with a computer program
generating a best-fit non-linear regression representing
three second-order components (Kapraun et al., 1992).
DNA from E. coli (4.2 x 106 bp, Cot 1/2 pure 2.93) was
used as a standard to convert Cot values into nucleotide
base pairs or complexity of each component for algal
samples (Lewin, 1990; Kapraun et al., 1993b).

Agar extraction and analysis
Detailed procedures for agar extraction following alka-
line pretreatment in 1.0 N NaOH have been specified
previously (Bird & Hinson, 1992). All extractions were
performed using triplicate samples. Agar yield quality
determinations included gel strength, gelling and melt-
ing temperature (Lemus et al., 1991; Bird & Hinson,
1992). Gel strength was determined from 1.5% gels
allowed to cure overnight at room temperature. The
gels were covered to prevent drying. A Marine Col-
loids (Rockland ME 04841) gelometer with a 1 cm' 2

plunger was used to determine gel strengths. Melt-
ing temperature was determined by slowly raising the
temperature of 1.5% gels in test tubes held in a hot
water bath and determining the temperature at which
a small bead sank through the agar. Dynamic gelling
temperature was determined by gradually cooling agar
solutions and noting when the withdrawal of a ther-
mometer left a permanent deformation of the menis-
cus. Gel strengths, gelling and melting temperatures
were determined in triplicate.

Results

Microspectrophotometry
DAPI protocols from Kapraun et al. (1992, 1994) and
Kapraun (1993) resulted in reproducible, stable fluo-
rescence of nuclei with only slight cytoplasmic inter-
ference (Fig. 1). Comparison of If values of RBC ery-
throcytes and algal samples permitted extrapolation of
algal DNA contents (Table 2).

Extrapolated data indicate a DNA content range
for 2C genomes of 0.37-0.40 pg for four species
of Gracilaria: G. caudata J. Agardh, G. cervicornis
(Turner) J. Agardh, G. tikvahiae McLachlan and G.
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Table 2. Genome size (pg) for Gracilaria species nuclei after
DAPI staining. Data standarized to the DNA level of chicken
erythrocytes (RBC = 2.4 pg)

Species Number Number Nuclear genome size (pg)

of slides of

nuclei IC 2C

G. caudata 6 243 0.24±0.004

6 159 0.40±0.02
G. cervicornis 7 238 0.24±0.02

3 97 0.40±0.01

G. divaricata 3 154 0.20±0.05

0.40*

G. tikvahiae 6 197 0.18±0.05

4 159 0.37±0.01

* Extrapolated from C value

Table 3. Mol % G + C values estimated from experimen-
tally determined denaturation temperatures (Ti)

Species Number T (C) Mol %

of G+C

samples

G. caudata 2 85.7±0.7 41.7±0.6

G. cervicornis 3 86.0±0.5 42.3±1.1
G. divaricata 3 86.4±0.3 43.2±0.6

G. tikvahiae 3 87.6±0.4 46.0±0.8

divaricata Harvey (Table 2). Mean fluorescence (If)
values for telophase nuclei (G 1-phase) in gametophytes
closely approximates 50% of the values for telophase
nuclei (G1-phase) in tetrasporophytes (e.g. see data for
Gracilaria tikvahiae in Table 2).

Nuclear DNA base pair composition
Use of melting point procedures for the Rhodophyta
as detailed in Kapraun (1993) resulted in reproducible
melting curves for all species of Gracilaria tested in
this study. Absence of double melting curves in whole
DNA melting profiles (Fig. 2) excludes the possibility
of significant contribution from organelle DNA con-
tamination. Nuclear DNA base pair composition esti-
mates from thermal denaturation temperatures (Tm)
revealed a guanine + cytosine (G + C) range among
the algal samples of 41.9-46.0 mol % (Table 3).

Fig. 1. Gracilaria cervicornis nuclei following DAPI staining
and visualized with episcopic (UV) illumination. Gametophyte
medullary cells showing I N nuclei with 1 C (upper photo) and
2 C (lower photo) DNA contents.

Reassociation kinetics
Computer analysis of DNA reassociation kinetics for
Mexican Gracilariales revealed the presence of three
second order components: a fast fraction representing
highly repetitive sequences, an intermediate fraction of
mid-repetitive sequences, and a slow fraction of unique
or single copy sequences (Fig. 3). Fractions, complex-
ities and repetition frequencies for each species are
summarized in Table 4.

Reassociation kinetics can provide an estimate of
genome size if reassociation of the slow component is
complete (Lewin, 1990). In the present study, exper-
imental parameters precluded determination of slow
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Table 4. Kinetic analysis of DNA reassociation in four species of Gracilaria

Species Component Fraction Complexity Repetition Genome

(%) (bp) frequency size (pg)

G. caudata Fast 1 -- -- 0.40

Intermediate 45 23.79 x 106 7

Slow 54 2.09 x 108 I

G. cervicornis Fast I -- -- 0.40

Intermediate 45 15.38 x 106 11

Slow 54 2.80 x 10s I

G. divaricata Fast 3 -- -- 0.40

Intermediate 13 12.00 x 106 4

Slow 84 3.24 x I08 I

G. kvahiae Fast 2 -- -- 0.37

Intermediate 11 3.58 x 106 10

Slow 87 3.10 x 108 I

E 0.60

C4

0 0.56

- 0.48

O 0.40

.n 0.32
0

= 0.24

_ 0.16

. 0.08

66 70 74 78 82 86 90 94 98

Temperature (C)

Fig. 2. Melting curve of Gracilaria divaricata and G. tikvahiae.
Temperature at the midpoint of the absorbance rise (Tm ) is indicated
for both samples.

component Cot 1/2 (Dutcher et al, 1990b). Conse-
quently, genome size estimates from cytophotometry
were used to extrapolate a complexity of 0.38 x 109 bp
for G. caudata, G. cervicornis and G. divaricata, and
0.35 x 109 bp for the genome of G. tikvahiae, using the
conversion expression 0.965 x 109 bp = 1 pg (Britten
& Davidson, 1971).

Agar characterization
The total agar content following alkaline treatment for
species of Gracilaria ranged from 7-15% of dry weight
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Fig. 3. Reassociation kinetics of whole cell DNA from Gracilaria
tikvahiae. Cot (moles of nucleotides per liter x S), DNA concen-
trations were 50-60 /g DNA ml- I in 18 M Na+ at 600C. Solid
line: best linear regression analysis of data. Dashed line: predicted
second order kinetic components, correlation coefficient > 0.995.

for algal samples (Table 5). Agar yield, gelling and
melting temperatures, and gel strength for G. tikvahi-
ae, G. caudata, G. divaricata and G. cervicornis are
summarized in Table 5. Gel strengths ranged from 40
to 260 g cm- 2 .
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Table 5. Characterization of 1 N NaOH alkali
modified agars from species of Gracilanria. Gel
strengths, gelling and melting temperatures were
determined using 1.5 % w/v agar samples. All deter-
minations were made in triplicate. Gracilaria tik-
vahiac, G. divaricata and G. cervicarnis samples
were collected in July; G. caudata samples were
collected in December

Species Agar Gelling Melting Gel
yield temp. temp. strength

(%) (°C) (°C) (g cm - 2 )

G. caudata 15 30 61 48

G. cervicornis 7 36 75 208

G. divaricata 7 36 67 40

G. tikvahiae 7 42 89 260

Discussion

Microspectrophotometry
Nuclear genome quantifications for G. caudata, G.
cervicornis, G. tikvahiae and G. divaricata indicate
similar values of 0.37-0.40 pg which are in the range
reported for other Gracilariales (0.33-0.47 pg), and
of similar magnitude to Gigartinales and Gelidiales
(Kapraun, 1993; Kapraun et al., 1993c). Apparent-
ly, geographical isolates of Gracilaria tikvahiae from
Mexico (Gulf of Mexico), Florida, North Carolina and
Nova Scotia have similar 2C genome sizes (Kapraun
& Dutcher, 1991; Kapraun, 1993).

Present data for Mexican Gracilariales support
the generalization that the Gracilariales are character-
ized by a narrow range of genome sizes. Previously,
chromosome numbers, and karyotype symmetry were
shown to be highly conserved in these taxa (Kapraun,
1993).

DNA base pair composition
Results of the present study indicate a similar range
of G + C values for Mexican isolates compared with
other species of Gracilaria (37-49.7 mol %) (Dutch-
er et al., 1990a; Kapraun et aL, 1993b). Gracilaria
tikvahiae reveals no differences in base pair compo-
sition among isolates from Mexican (this study) and
other localities from Florida, North Carolina and Nova
Scotia (Dutcher et al., 1990a).

Reassociation kinetics
Gracilaria species in this study revealed a range of 13-
46% repetitive DNA sequences and 45-87% unique

DNA (Table 4). Gracilaria caudata and G. cervi-
cornis have similar genome organizations consisting
of 45.5-46% of repeated sequences and 54-54.5%
unique. Similarly, G. tikvahiae and G. divaricata have
13 and 16% repeated sequences, and 87-84% unique
DNA, respectively.

Genome organization in G. tikvahiae is character-
ized by lowest values for repeated segments (13%) and
highest values for unique DNA (87%). Similar profiles
were obtained with isolates of this species from Nova
Scotia, North Carolina and Florida (Dutcher et al.,
1990b). Wide variations in unique sequences among
species of Gracilaria as shown here have been report-
ed in other species of Gracilariales (Dutcher et al.,
1990b).

Comparison of the percentage of unique sequences
to repetitive sequences (U/R ratio) (Dutcher et al.,
1990b) reveals wide variations among species: G. cau-
data and G. cervicornis both with 1.10, G. divaricata,
5.25 and G. tikvahiae, 6.69. Since genome size is small
and constant among Gracilariales (Kapraun, 1993),
speciation may have been accompanied by changes in
the ratio of unique to reptitive segments rather than by
segment multiplication which results in genome size
increase (Wenzel & Hemleben, 1982; Dutcher et al.,
1990b).

Reassociation kinetics show that the complexities
of the unique component for Gracilaria tikvahiae stud-
ied here (3.1 x 108 bp) is similar to other isolates of
this species from Nova Scotia (3.03 x I08), North Car-
olina (3.78 x 108), and Florida (3.24 x 108) (Dutcher
et al., 1990b). G. divaricata appears to be in the same
range (3.24 x 108). Meanwhile G. cervicornis revealed
an intermediate value (2.8 x 108) and G. caudata the
lowest value (2.08 x 108) among Gracilaria species
studied. These and other complexity data (Dutcher et
al., 1990b) suggest that evolution in Gracilariales could
have involved different accumulation/deletion rates for
repetitive sequences.

Agar characterization
Samples included in this study demonstrated a wide
range for agar yield % and gel qualities. The lower
yields were probably due to water temperatures at the
time of collection. The three species with the lowest
agar yields were collected during July, when tempera-
tures can exceed 300C. Gracilaria caudata was collect-
ed in December, when temperatures are much cooler.
Bird (1988) noted that higher water temperatures led
to lower agar yields in Gracilaria sp. G-16. Among
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KINETIC COMPONENTS

SPECIES
Repetitive FAST

fraction E
G. caudata 2.4 x 107 -

G. cervicomns t5 x 107 E

G. divaricata 12 x 107 @

INTERMEDIATE

F
SLOW Melting Gel strength

U temp.(C) (g cnm2

61 48

75 208

67 40

G. tikvahiae 3.6 x 106

0 20 40 60 80 100

Fig. 4. Estimated percent fast, intermediate and slow kinetic components for four species of Gracilaria compared to agar quality following
alkaline treatment.

our samples only G. tikvahiae and G. cervicornis have
both high gel strength and high melting temperatures
(Table 5), but they still are low when compared with
commercial agarophytes (Bird & Hinson, 1992).

Previous comparisons of genome organization and
complexity data with information for gel quality sug-
gested a possible correlation between genome profiles
and synthesis of commercial-grade agars in species
of the Gracilariales (Dutcher et al., 1990; Kapraun
et al., 1993b). Specifically, taxa with large portions
of repetitive fraction DNA (>85%) and a high degree
of complexity in these segmens (>1 x 108 bp) were
found to produce agars with high gel strength (700-
1290 g cm - 2) and high melting temperatures (99°C),
characteristic of commercial agars (Kapraun et al.,
1993b). In the present study, two species with poor
gel quality (i.e., G. caudata and G. divaricata) have
both large repetitive fraction DNA and a high degree
of complexity in these segments (Fig. 4). In a par-
allel study of Philippine agarophytes, large repetitive
fraction DNA and a high degree of complexity were
associated with Gracilaria species having both poor
(<200 g cm- 2 ) and good (>700 g cm - 2 ) gel quality
(unpublished data). Consequently, our initial specula-
tion that genomes with large repetitive fractions have
an abundance of gene loci for enzymes associated with
polymerization of galactan subunits (Dutcher et al.,
1990) seems overly simplistic.

Recently, investigations of DNA base composi-
tion heterogeneity in some agarophytes suggest that
their unique sequences may represent fossil repeats or
extensively diverged repeated sequences (Kapraun et

al., 1993c). Furthermore, the DNA which is sequence-
specific or genic is probably characterized by composi-
tional compartmentalization into isochores. Therefore,
it seems unlikely that target gene loci associated with
enzymes for polymerization of galactan subunits are
restricted to particular DNA kinetic components.
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