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ABSTRACT
Sequence divergences among nuclear rDNA internal transcribed spacer (ITS) sequences and
single-copy DNA-DNA hybridization data (Normalized Percentage of Hybridization [NPH] and
thermostability reduction of reassociated hybrid DNA [∆Tm]) were compared among the same
set of individuals, all of which are representatives of the closely related genera Cladophora
and Cladophoropsis (Siphonocladales/Cladophorales-Complex, Chlorophyta).

NPH varies linearly with rDNA ITS sequence divergence (DITS) over the full observed
range of DITS. In contrast, scDNA sequence divergence based on ∆Tm values, varies only
linearly with DITS over a range of 0-4% DITS. Within this latter range, the scDNA sequence
divergence rate is 60% or 90% of the DITS rate, such depending on the factor used to convert
∆Tm values into scDNA sequence dissimilarities. The rate of evolution of scDNA in
Cladophora and Cladophoropsis is comparable with the relatively high rate estimated for
Drosophila.

6.1 INTRODUCTION

From the technical repertoire available to the present-day molecular systematist, single-
copy (sc) DNA-DNA hybridization is the only method which estimates genetic distance
based on thetotal single-copy genome. Aside from the intrinsic desirability of a total
comparison, variance due to small sample size is thus avoided. Unfortunately, high
sensitivity to experimental error (Werman et al. 1990a, Bleiweiss & Kirsch 1993a,b), and
the non-cumulative nature of the data are serious drawbacks of the method. As DNA
sequence data have superseded scDNA-DNA hybridization data, it is still of interest to
asses the relation between both types of data.

In algae and land plants relatively few scDNA-DNA hybridization studies exist (e.g.
Flavell 1982, Huss et al. 1986, Olsen et al. 1987, Antonov 1988, Stam et al. 1988, Bot et
al. 1989a,b, 1990, 1991; Kooistra et al. 1992a). In our laboratory, phylogenetic
relationships have been investigated in a number of green algal species using both scDNA-
DNA hybridization data and nuclear rDNA ITS sequences (Bot et al. 1989a,b, 1990, 1991;
Kooistra et al. 1992a,b; Bakker et al. 1995a,b). This allows us to compare scDNA
sequence divergences, based on normalized percentages of hybridization (NPH) and on
thermostability reduction of reassociated hybrids (∆Tm), with rDNA ITS sequence
divergences (DITS) within the same pairs of isolates.

Nuclear rDNA cistrons are arranged in tandem arrays, located on one or more
chromosomes (Maggini et al. 1991). Copy number per genome varies from several
hundred in mammals and insects to many thousands in plants (Long & Dawid 1980). The
cistrons are separated from each other by intergenic spacers, and are transcribed into a
precursor rRNA (pre-rRNA), which includes two internal transcribed spacers (ITS1 and
ITS2). Processing of pre-rRNA into the different mature rRNAs involves excision and
removal of both ITS regions, a condition which results in low evolutionary constraint in
these sequences. Indeed, high evolutionary rates have been found in ITS regions from
insects (Schlötterer et al. 1994), angiosperms (Ritland et al. 1994, Savard et al. 1993), and
green algae (Bakker et al. 1995a). The fact that rDNA cistrons occur in high copy
numbers makes them likely to be a constituent of the mid-repetitive DNA, and therefore,
divergence estimates based on scDNA and rDNA ITS sequences represent different
genomic fractions. In scDNA-DNA hybridizations∆Tm is theoretically expected to increase
linearly with increasing divergence over short evolutionary time (Werman et al. 1990a, p
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241), but the curve levels off when longer evolutionary time is considered. Such
compressed evolutionary divergence estimates will lead to misinterpretations of
evolutionary relationships, and, at those levels of divergence,T50H or NPH will be better
measures of evolutionary divergence (Werman et al. 1990a).

In order to investigate the relationship between∆Tm and evolutionary divergence, two
independent data sets from the same individuals, one with sequence divergence estimates
derived from∆Tm values and one with estimates from individual gene regions, should be
compared, under the assumption that sequence divergence in this gene region is
stochastically linear with time. Caccone & Powell (1990) compared∆Tm based scDNA
sequence divergence with sequence divergence in ADH genes in the same individuals of
Drosophila. The scDNA divergence rate was found to be only slightly lower than the
silent substitution rate in ADH genes. The authors suggested (but did not test) a linear
relationship between both rates over a range up to 5% sequence divergence.

For the calculation of sequence divergence from∆Tm values, an accurately determined
conversion factor which relates∆Tm with percent base pair mismatch is crucial. Based on
thermal stability properties of cloned DNA fragments of known sequence, a linear
relationship between∆Tm and percent base pair mismatch is usually observed (Kohne
1970, Caccone et al. 1988b, Springer et al. 1992), leading to the generalization that 1°∆Tm

equals 1.0% mismatch (Bonner et al. 1973). Other investigators, however, have suggested
that higher values may be more appropriate. Caccone et al. (1988b) based their conversion
factor of 1.7% mismatch/°∆Tm on rRNA genes. Unfortunately, evolutionary constraints on
rRNA gene sequences are not typical for scDNA, which is considered to be noncoding for
>90% and evolving predominantly by random drift (Britten 1986, Werman et al. 1990b).
To alleviate this problem, Springer et al. (1992) based their conversion factor (1.2%
mismatch/°∆Tm) on η-globin pseudogene fragments (7.1 kb), rightfully arguing that this
region is likely to be more representative of the single-copy genome.

In the present study we compare both NPH values and scDNA sequence divergence
(based on∆Tm) with rDNA ITS sequence divergence for 33 pairs of individuals, all of
which are representatives of the closely related green algal generaCladophoraand
Cladophoropsis(Siphonocladales/Cladophorales-Complex, Chlorophyta). An estimate is
made of the average divergence rate of the single-copy genome.

6.2 MATERIALS AND METHODS

Single-copy DNA-DNA hybridization data forCladophora albida, C. sericea, C. flexuosa,
C. ruchingeri, andC. vagabundaare from Bot et al. (1989a, 1989b, 1990), and for
Cladophoropsis membranaceafrom Kooistra et al. (1992a). Data are available for a subset
of all pairwise comparisons among the strains used. All hybridizations were performed
using the hydroxy-apatite (HAP) elution method, and were carried out at a standard
criterion of Tm-25°C. (Bot et al. 1989a, Kooistra et al. 1992a). Nuclear rDNA ITS
sequences forCladophora sericea, C. ruchingeri, C. albida, andC. vagabundaare from
Bakker et al (1995a,b), and forCladophoropsis membranaceafrom Kooistra et al.
(1992b). Percent sequence divergence (with Jukes-Cantor correction) for the total
combined ITS1 and ITS2 regions (DITS) among all taxa were calculated using the program
MEGA (version 1.0, Kumar et al. 1993). Unalignable regions were included and gaps and
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missing data were deleted on a pairwise basis (i.e. not down the entire column of the
alignment).

In order to correct for different substitution rates and levels of saturation in scDNA,
∆Tm values were converted into total single-copy DNA sequence divergences (Dsc) prior to
comparison with ITS sequence divergences (Springer & Krajewski 1989, Werman et al.
1990a). For this purpose,∆Tm values were first expressed as proportion mismatches of
single-copy sequences,psc:

with a conversion factorc of 1.2 (Springer et al. 1992). Next,psc values were converted

(1)psc

∆Tm c

100

into divergence valuesDsc using the Jukes-Cantor correction for multiple substitutions
(Jukes & Cantor 1969):

Dsc values, expressed as percentage sequence divergence, were plotted againstDITS values,

(2)Dsc

3
4
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and, in order to achieve a proportional representation of all data points, curve fitting was
performed with each scDNA-DNA hybridization data point weighted inversely
proportional to its Student’s T 95% probability range.

6.3 RESULTS

Hybridization data, and the calculated values forDsc andDITS are summarized in Table 6.1.
When the NPH andDsc values are plotted againstDITS (Figs 1 and 2, respectively), three
main clusters of data points can be discerned. The first cluster (DITS < 1%) consists of
comparisons between individuals from the same or adjacent populations. The second
cluster (DITS = 1-4%) consists of comparisons between individuals from disjunct
populations, whereas the third cluster (DITS = 28-33%) consists mostly of interspecific
comparisons.

The NPH is linearly related withDITS (regression coefficient r2 = 0.89) over the full
observed range ofDITS, with a decrease of 2.9 NPH for each percent ITS sequence
divergence (Fig. 6.1).Dsc increases non-linearly with increasingDITS, and reaches a
"plateau" value of 8% atDITS values > 15%. Interestingly, atDsc = 1%, ITS sequences
have not yet diverged (Fig. 6.2). In Fig. 6.3 only the points from the first and second
cluster from Fig. 6.2 were plotted, i.e.DITS < 4%. In one of the comparisonsDITS = 0%
andDsc = 3.44% (CvRosc/CvCura, Table 6.1). This point is clearly outside the range of all
other comparisons atDITS = 0% (Fig. 6.2). When this point is omitted from the regression,
the relation betweenDsc andDITS fits the linear regression:

(r2 = 0.71) as drawn in Fig. 6.3. (When the outlying point is included in the regression, r2

(3)Dsc 0.67 DITS 0.6

becomes 0.50, and the slope is 0.59).



TRACER/DRIVER NPH(±T)a ∆TM(±T)a DSC
b(±T)a DITS

c(±SE)

CmCIT2/Cmcif 96.4 (±5.1) 0.0 (±0.7) 0.00 (±0.85) 0.00 (±0.00)

CmCIT2/CmCIT1 97.0 (±3.0) 0.3 (±1.1) 0.36 (±1.35) 0.00 (±0.00)

CmCIT2/CmRS 81.3 (±2.8) 2.4 (±0.9) 2.94 (±1.14) 2.13 (±0.55)

CmCIT2/CmMau 78.8 (±2.9) 2.1 (±0.8) 2.56 (±1.00) 3.59 (±0.72)

CmCIT2/CmStX2 80.2 (±3.0) 2.5 (±0.5) 3.06 (±0.63) 3.44 (±0.71)

CmMau/CmCIT2 85.1 (±2.8) 2.3 (±0.7) 2.81 (±0.30) 3.59 (±0.72)

CmMau/CmRS 86.1 (±2.8) 1.7 (±0.7) 2.07 (±0.87) 2.56 (±0.61)

CmMau/CmBon 92.5 (±2.5) 0.0 (±0.4) 0.00 (±0.24) 0.42 (±0.24)

CmMau/CmStX1 90.3 (±2.8) 0.2 (±0.6) 0.24 (±0.73) 0.14 (±0.14)

CmMau/CmStX2 90.6 (±2.1) 0.4 (±0.8) 0.48 (±1.00) 0.14 (±0.14)

CmStX2/CmCIT2 83.4 (±2.7) 2.7 (±0.8) 3.31 (±1.40) 3.44 (±0.71)

CmStX2/CmRS 91.8 (±4.4) 1.3 (±0.8) 1.58 (±0.99) 2.42 (±0.59)

CmStX2/CmMau 92.1 (±2.6) 0.4 (±0.9) 0.48 (±1.10) 0.14 (±0.14)

CmStX2/CmBon 88.5 (±1.0) 0.8 (±0.7) 0.97 (±0.86) 0.28 (±0.20)

CmStX2/CmStX1 90.8 (±2.9) 0.7 (±0.8) 0.84 (±0.98) 0.00 (±0.00)

CaRosc/CaConn 92.4 (±3.4) 0.8 (±0.4) 0.97 (±0.49) 0.48 (±0.24)

CaRosc/CaHokk 28.2 (±6.2) 5.8 (±0.8) 7.30 (±1.07) 33.09 (±2.66)

CaRosc/CaAust 24.6 (±6.9) 5.9 (±0.8) 7.44 (±1.07) 32.69 (±2.64)

CaHokk/CaAust 85.8 (±6.2) 1.7 (±0.6) 2.07 (±0.75) 0.29 (±0.20)

CaAust/CaConn 29.1 (±6.2) 5.3 (±0.6) 6.65 (±0.80) 32.63 (±2.63)

CaAust/CaRosc 27.5 (±6.9) 5.6 (±1.0) 7.04 (±1.34) 32.69 (±2.64)

CaAust/CaHokk 79.1 (±3.6) 1.8 (±0.6) 2.19 (±0.75) 0.29 (±0.20)

CsRosc/CfNorw 71.0 (±3.6) 3.7 (±1.2) 4.58 (±1.56) 28.50 (±2.50)

CsRosc/CrNorw 33.0 (±2.6) 5.8 (±0.8) 7.30 (±1.07) 28.50 (±2.50)

CsRosc/CaConn 6 - - 42.71 (±3.25)

CsRosc/CaRosc 7 - - 41.80 (±3.21)

CsRosc/CaHokk 5 - - 30.77 (±2.63)

CsRosc/CaAust 8 - - 30.35 (±2.34)

CsRosc/CrCors 31.0 (±4.6) 5.2 (±1.0) 6.51 (±1.33) 28.68 (±2.51)

CsRosc/CsLabr 99.6 (±1.4) 0.1 (±0.8) 0.12 (±0.97) 0.00 (±0.00)

CvRosc/CvCura 64.7 (±7.5) 2.8 (±0.8) 3.44 (±1.02) 0.00 (±0.00)

CvRosc/CvCors 98.7 (±4.2) 0.2 (±1.2) 0.24 (±1.47) 0.00 (±0.00)

CvRosc/CvAust 60.7 (±5.6) 4.8 (±0.4) 5.99 (±0.52) 12.21 (±1.49)

aStudent’s T 95% probability range.
btotal scDNA sequence divergence (%)
crDNA ITS sequence divergence (%)
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In summary, for ITS sequence divergences <4%, the scDNA sequence divergence rate in
CladophoraandCladophoropsisappears to be approximately 60% of the rDNA ITS
sequence divergence rate (or 90% when a conversion factorc = 1.7 is applied, Caccone et
al. 1988b).

6.4 DISCUSSION

In CladophoraandCladophoropsisboth NPH and scDNA sequence divergence based on
∆Tm (Dsc) are linearly related with rDNA ITS sequence divergence (DITS) over the range of
DITS = 0-4%. At higherDITS values, NPH continues to increase linearly, butDsc reaches a
"plateau" value, as is theoretically expected (see Introduction). (Note that ITS sequence
divergence is much stronger correlated with NPH than with scDNA divergence based on
∆Tm.) ∆Tm values > 6°C (Dsc > 7.6%) were not found (Table 6.1). Caccone et al. (1988a)
found a similar maximum∆Tm value forDrosophila, whereas∆Tm values > 10°C have
been found in herons (Sheldon & Kinnarney 1993) and marsupials (Springer et al. 1990).
Since all studies used the same (standard) criterion conditions, the observed differences in
limits of effective resolution must therefore be related to group-specific patterns of scDNA
evolution.

Genome evolution can indeed not be generalized over broad evolutionary groups
(Britten 1986, Li et al. 1985, Li & Tanimura 1987). Not only 5- to 10-fold differences in
sequence divergence rate, but also significant differences in NPH reduction with increasing
∆Tm have been found among insects, mammals, birds and angiosperms - with insect and
angiosperm single-copy genomes evolving fastest (Caccone et al. 1988a). NPH reduction
with increasing∆Tm in Cladophorawas found to be even higher than in angiosperms and
Drosophila (Bot 1992). Such high levels of genomic ’macromutations’ and DNA turnover
(Dover 1982) have been suggested to be characteristic of species with large genomes, such
as plants (Flavell 1982), possibly as an adaptive response to environmental change
(Walbot & Cullis 1985).

An interesting feature of the plot in Fig. 6.1 is that rDNA ITS sequence divergence
does not start after NPH is reduced by ca 10%. Taking into account the relatively high

← Table 6.1. Single-copy DNA-DNA hybridization data and rDNA ITS sequence divergences among
biogeographic isolates of Cladophoropsis membranacea, Cladophora albida, C. sericea, C. flexuosa, C.
ruchingeri, and C. vagabunda. Hybridization data and sequence data were obtained from the same isolate
pairs. ∆Tm values were converted to percent base pair mismatch using the conversion factor 1.2% base
pair mismatch/°∆Tm (Springer et al. 1992). Single-copy DNA sequence divergences (Dsc) were obtained
after Jukes-Cantor correction for multiple substitutions. rDNA ITS sequence divergences (DITS) were
calculated for the combined ITS1 and ITS2 regions (with Jukes-Cantor correction). DNA hybridization
data are from Bot et al. (1989a,b) and Kooistra et al. (1992a). Sequence data are from Kooistra et al.
(1992b) and Bakker et al. (1994a,b). Cmcif = Cladophoropsis membranacea (Fuerteventura, Canary Is.),
CmCIT1 and CmCIT2 = C. membranacea (Tenerife, Canary Is.), CmRS = C. membranacea (Red Sea),
CmMau = C. membranacea (Mauritania), CmBon = C. membranacea (Bonaire), CmStX1 and CmStX2 =
C. membranacea (St Croix, Virgin Is.). CaConn = Cladophora albida (Connecticut), CaRosc = C. albida
(Roscoff, France), CaHokk = C. albida (Hokkaido), CaAust = C. albida (SW-Australia), CrCors = C.
ruchingeri (Corsica), CrNorw = C. ruchingeri (Norway), CfNorw = C. flexuosa (Norway), CsRosc = C.
sericea (Roscoff, France), CsLabr = C. sericea (Labrador). CvCura = Cladophora vagabunda (Curaçao),
CvRosc = C. vagabunda (Curaçao), CvCors = C. vagabunda (Corsica), CvAust = C. vagabunda (SW-
Australia).
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Evolutionary rates in Cladophoraand Cladophoropsis. The scDNA fraction is
believed to be noncoding for more than 90%, evolving predominantly by drift and
randomly distributed nucleotide substitutions (Britten 1986). Based on several independent
reports from the literature, Caccone & Powell (1990) estimated the average nuclear
scDNA divergence rate forDrosophilaand cave crickets to be about 1% per Ma, which is
comparable to the silent substitution rate in ADH genes inDrosophila. Rate estimates in
CladophoraandCladophoropsisare hampered by the absence of a fossil record, a
situation which is generally encountered in green algae. An 18S rRNA molecular clock
calibration for the Dasycladales (sister-order to the Siphonocladales/Cladophorales-
Complex) for which a good fossil record is available, yielded 1% per 25 Ma (Olsen et al.
1994), which is comparable to estimates in land plants (Ochman & Wilson 1987). Based
on this clock, and on 18S rRNA sequence divergence inCladophora, Bakker et al.
(1995a) calculated a rDNA ITS sequence divergence rate of 0.8-2.0% per Ma for the
Cladophora albida/sericeaclade. From our estimate of a 0.6 fold difference in sequence
divergence rate between scDNA and rDNA ITS sequences, we infer that the scDNA
fraction in CladophoraandCladophoropsisevolves at a rate of 0.5-1.2% per Ma (or 0.7-
1.8% per Ma when applying the less preferable conversion factorc = 1.7). This estimate is
similar to theDrosophilaestimate (Caccone & Powell 1990) and suggests that single-copy
genomes ofCladophoraandCladophoropsisare among the fastest evolving known.
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