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Sulllmary. Ribosomal RNAs of 17 species of ar-
Chaebacteria were hybridized to corresponding and
Bon-corresponding nitrocellulose bound DNAs. The
emperature stability of these hybrids and the
amount of bound rRNA were determined.

. A formula was derived to correct the hybridiza-
ton yields for the different genome lengths and
Mumbers of rRNA operons per genome. This cor-
Tection made it possible to determine hybridization

Omologies, as functions of velocity constants, which
‘ould then be used in a similar way as sequence

Omologies,

The results were consistent with those from 16S
'RNA total sequence data. No correlation was found

€tween the hybridization homologies and the tem-
Perature stabilities of the hybrids.

This new method is faster and simpler than the
Method based on total 16S rRNA sequence deter-
Mination although it provides less total informa-
fon, 14 application to archaebacterial phylogeny

48 shown the Thermococcales to represent a third

fanch of the kingdom beside the branch of the
Methanogens + halophiles, and that of the Ther-
Moproteqles + Sulfolobales. The method has also
Provided a detailed description of the phylogeny of
the Sulfolobales showing their origin within the

€rmoproteales.
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Introduction

Ribosomal RNAs are excellent marker molecules
for the investigation of phylogenetic relations (Nol-
ler and Woese 1981). They are ubiquitous, evolu-
tionarily highly conservative, easy to purify, and
now readily analyzed by two molecular biological
methods: sequencing and hybridization. Sequence
comparisons have been widely used for the deter-
mination of phylogenetic relations (Woese and Ol-
sen 1986). These methods, however, require special
expertise and are time-consuming and complex
compared to hybridization methods. In this paper
a relatively quick and technically easy procedure is
presented which provides results on the basis of
hybridizations which correlate well with those of
sequence comparisons.

Hybridization techniques have been improved
and simplified since Hall and Spiegelman (1961)
described the first procedures. In 1975 De Ley and
De Smedt described a procedure for DNA-rRNA
hybridizations which was subsequently used in many
phylogenetic studies (e.g., Mordarski et al. 1980;
Zillig et al. 1980; Garvie and Farrow 1981; Tu et
al. 1982; Schlotterbeck 1984), This method uses the
melting point of the DNA-rRNA hybrids as a mea-
sure for the phylogenetic relations between organ-
isms. The hybridization yield was used only in sim-
ilarity maps for the discrimination of hybrids with
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identical melting points. A quantitative evaluation
of cross-hybridization experiments solely on the ba-
sis of yields has been regarded as impossible because
the hybridization yields appeared inconsistent with
each other. We found that this problem could be
overcome by correcting yield data for the different
genome lengths and operon numbers.

A second major problem in doing hybridization
with rRNA is its extensive renaturation during in-
cubation due to the stability of its secondary struc-
ture (Woese et al. 1980). Baharaeen and coworkers
(1983) solved this problem by synthesis of comple-
mentary DNA from fragmented 255 rRNA using
reverse transcriptase. A simpler solution used by
Schlotterbeck (1984), and in this paper, involves
direct hybridization of rRNA fragments obtained
by alkaline cleavage.

A third problem which was solved by the alkaline
cleavage method was the failure to obtain radioac-
tive labelling of the rRNAs of some thermoacido-
philic archaebacteria in vivo. Fragments of these
rRNAs can be easily labelled with the method de-
scribed here.

Materials and Methods

Organisms

DNA and rRNA were isolated as described below from the fol-
lowing archaebacteria: Halobacterium halobium, Methanolobus
tindarius, Methanothermus fervidus DSM 2088; Methanobacte-
rium thermoautotrophicum DSM 1053; Methanococcus vannielii
DSM 1224, Thermoplasma acidophilum DSM 1728; Thermo-
coccus celer DSM 2161; Calduplex woesei DSM 3773, isolate
AN1; Desulfurococcus mucosus DSM 2163; Thermoproteus tenax
DSM 2978; Sulfolobus sp. B12; Sulfolobus sp. B6/2; Sulfolobus
acidocaldarius DSM 639, Sulfolobus brierleyi DSM 1651; De-
sulfurolobus ambivalens.

Preparation of DNA

Five to ten g of frozen cells were suspended in 5 volumes of 100
mM Na(Cl, | mM Na,-EDTA, 20 mM Tris-Cl, pH 8.0. The pH
was adjusted to 8.0-8.5 and the cells were lysed with SDS (So-
dium laurylsulfate, final concentration 1%) and Triton-X-100
(final cencentration 0.1%). The DNA was isolated from the crude
extract by the phenol procedure as previously described (Zillig
et al. 1980). All DNAs were banded twice in CsCl density gra-
dients and were transferred to nitrocellulose filters (Tu et al.
1982).

Preparation of Total rRNAs

Five to seven g of frozen cells were suspended in 5 volumes of
the same buffer as in the DNA preparation described above with
the addition of 25 mM MgCl,. Cells were opened as before and
after a 30 min incubation at 37°C with 0.2 ug DNasel/ml the
remaining DNA was fragmented by sonication. Cell debris was
pelleted and the ribosomes were isolated from the supernatant

by a number of centrifugation steps. In the first step the super-
natant was layered over a cushion of 20% sucrose in 0.5 M Tris-
Ac, pH 7.5, 22 mM NH,CI, 10 mM Na,-EDTA, 20 mM MgCl
and 0.07% B-mercaptoethanol and centrifuged for $ h at 50,000
rpm at 20°C in the Beckman 50 Ti rotor. The pellet was resus-
pended in the same buffer as before except that the MgCl, con-
centration was reduced from 20-1 mM. This suspension was
layered over a sucrose gradient of 7.5-30% sucrose, 5—10% glyc-
erol, 50 mM Tris-Ac, pH 7.5, 50 mM MgCl,, 0.4 M KCl, 0.07%
B-mercaptoethanol. It was centrifuged for 9 h at 20°C at 27,000
rpm in the Beckman SW27 rotor. The gradient was fractionated
with a peristaltic pump while monitoring the OD,,,. The two
peaks with the 508- and 30-ribosomal subunits were pooled and
phenolized.

Fragments were produced by 30 min cleavage in a borate
buffer (2.5 M H,BO;, 1.2 M NaOH) at 70°C. They were labelled
with y-*2P-ATP and polynucleotide kinase (Silberklang et al. 1979)-
Unreacted mono-nucleotides and smaller fragments were re-
moved over a Sephadex-G-100 column.

Hybridization

The nitrocellulose filters with the DN As were prehybridized over-
nightat 50°Cin 2 x SSC containing 20% formamide, 1 g/l salmon
sperm DNA, 0.5 g/l Saccharomyces cerevisiae tRNA, 2 mM ATP
and 0.1% SDS. For each rRNA sample a dilution series ranging
from 0.5-50 ug labelled TRNA in 1 ml 2 x SSC with 20% form-
amide was prepared. Each cap contained nitrocellulose filters
with various DNAs and a control filter without DNA. Hybrid-
ization was done at 50°C for 48 h. It was followed by three RNA
digestion periods of 30 min each with 15 ug/ml RNase A and
75 U/m] RNase T, in 2x SSC at 37°C. After the third RNas¢
digestion a plateau of rRNA remaining on the nitrocellulose filters
was reached. After the RNase digestions, the nitrocellulose filters
were separated, the RNA was determined by scintillation count-
ing and the DNA by a modified Burton reaction (Giles and Myers
1965; Meijs and Schilperoort 1971).

Melting Curves of the Hybrids

Hybridization for the melting curves was done with 7 ug rRNA/
ml for 48 h. The melting of the DNA-rRNA hybrids was done
as described by Tu et al. (1982).

Hybridization Yield

Nucleic acid hybridizations depend on the collision of two mol-
ecules with complementary sequences. Anderson and Young
(1985) described general mathematical techniques for handling
the kinetics of hybridizations. We have transformed and applied
one of their kinetic equations for DNA-RNA hybridizations:

d (DRYdt = k, x (D) x (R) — ky,(DR) 8}

where (D) = concentration of filter bound DNA; (R) = concen-
tration of RNA in the hybridization solution; (DR) = concen-
tration of the hybrid; k, = velocity constant of hybrid formation
and k, = velocity constant of hybrid decay.

This equation can be simplified under the following condi-
tions: (1) The hybridization temperature 50°C is far below the
melting point of most hybrids. Therefore k, is small compared
with k;; (2) The concentration of free RNA in the hybridization
solution decreased only 1-2% during the reaction. Therefore (R)
can be considered as constant; (3) At low RNA concentrations
and/or short reaction times, conditions far from allowing satu-
ration, the concentration of free DNA remains practically con-
stant; (4) Under these conditions, the concentration of hybrids



(DR) is very low compared with (R) or (D). The second term of
- (1) can then be neglected.

d (DRydt = k, x (R) x (D) )

After integration over time and taking (DR) = O, when f, =
0 Eq. (2) becomes:

(DRY/(D) = k, x (R) x ¢ 3)
This vaue expressed as percent is the “hybridization yield” (Y):
Y = 100 x (DRY/(D) &)

The hybridization mixture contains many different rRNA
fragmems’ which arose during cleavage in borate buffer. (DR) is
therefore the sum of the different hybrids of all those RNA frag-

?lems. The term R, represents one of those fragments. From this
OuowS:

®= 2 R 5
(DR)= 2, (DR) ©®

Equations (3) and (5) substituted into Eq. (4) give:
Y =100 x 2% % kyx R) Q)

-] —n

To increase the accuracy of the hybridization yield determi-
Tation values were taken from regression curves at 1 ug RNA/
Ml for each dilution series. This concentration was chosen be-
Cause it s {ow enough to avoid saturation and high enough for
Teliable signals in scintillation counting.

Fractional H yvbridization

Each hybridization solution contains nitrocellulose filters with
NAs from different species. The hybridization yields of those
’NAs with the RNA in the solution can be compared with the

Yield of the corresponding self-hybridization of this RNA with

the DNA from the same organism. The term D, represents the

DNA which is homologous to the RNA in the hybridization

Solution (RNA R,); D, represents the DNA of any other organ-

8m; D,R, = self-hybridization; D,R, = cross-hybridization:

D,R/D, =t X 2 kuas X (Ra) 8)
i=l—n

DR/Dy=1t x X kip % Ra) ()]
i=l—n

Kiiag = velocity constant of self-hybrid formation between
DNAa and RNA, -fragment,, k,,, = velocity constant of cross-
lYPrid formation between DNA, and RNAq-fragm'en‘t,. The re-
lion between any cross-hybridization and self-hybridization can

® expressed as:

(D,R,/DY(D,R/D,) = 2 ki X (Ra)/

i~l—n

Y ki X Ra) (10)

—=i-n

_ The fraction of (R,)/(R,) is a parameter for the share of k,,
¥ithin &, Since all hybridizations with one RNA are done within
the same hybridization mixture, (R,)/(R,) is only anormalization
for the length distribution of the RNA fragments. The distribu-
Uon of RNA fragment lengths should be the same for all RNAs
as long as the cleavage in the borate buffer is reproducible.

b Kb depends on the sequence homology of the TRNA operon
Clween the two organisms which should be compared. The frac-
tion k, walK\iaq 15 near | for closely related organisms and decreases
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with increasing sequence difference between the fRNA operons
of the two organisms.

The relation between the hybridization yields of any cross-
hybridization and the corresponding self-hybridization is defined
as “fractional hybridization” (BA%) expressed in percent:

BA% = 100 x 2 Ky, x (R

i=1=n

2 K X (Ry) (11

iml—n

Hybridization Homology

The fractional hybridization depends not only on the sequence
homology of the rRNA operons, but also on the genome lengths
and the numbers of rfRNA operons per genome of the two or-
ganisms.

1(a) is the genome length of DNAa; n(a) is the number of
rRNA operons per genome of DNAa. 1(b) and n(b) are the cor-
responding parameters of the DNAD. The fractional hybridiza-
tion of DNAa in a solution of RNAb AB% is therefore:

n(a) x 1(b)
% = b Sl A
AB% = H x 1@ = n(b) (12)
And the corresponding BA% can be expressed as:
b 1
BA% = H x __n( ) % Ua) (13)

1(b) x n(a)

H is the proportionality factor which relates the hybridization
yield with the genome length and the number of rRNA operons

per genome.
Multiplying Eqgs. (12) and (13) leads to the hybridization ho-
mology:

AB% x BA% = H? (14
or;
H =\/AB% x BA% (15)

H is therefore the hybridization homology between the rRNA
operons of two DNAs, calculated solely from the hybridization
yields of the two possible cross-hybridizations, but considering
the different genome lengths and numbers of rRNA operons per
genome.

Genome Length per rRNA Operon

The hybridization homology is not the only parameter which can
be calculated from the hybridization yields. The relation of the
genome lengths per rRNA operon (1(a)/n(a) and 1(b)/n{b)) be-
tween two organisms can also be calculated with the hybridization
yields:

AB%/BA% = (n(a)/1(a) x 1(b)/n(b)y? 16)
OfF;
@)/ 1(a) x 1(by/n(b) = \/AB%/BA% an

There are two applications for Eq. (17); (1) If the number of
TRNA operons per genome for an organism is known, it is pos-
sible to calculate the genome length provided this organism can
be related to a second organism for which both parameters are
known; (2) With this parameter is is possible to calculate the
hybridization homology with only one known fractional hybrid-
ization instead of two in Eq, (15) when the relation of the genome
lengths per rRNA operon between those two organisms is known:

H = BA% x n(a)/a) x 1(b)Yn(b) 18)
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Calculating Phylogenetic Distances

For the construction of a phylogenetic tree the hybridization
homologies are to be transformed into distance values. The basis
of this transformation was the observation of Bonner et al. (1973)
that for each 10% base mismatch the kinetic velocity constant
of hybrid formation will decrease to one half of its original value.
From this observation a formula for the distance (S) can be de-

duced:
§ = 10/1n2 x In(100/H) a9

The value 2 in this formula has not been exactly determined.
Therefore, the distance S only approximately corresponds to per-
cent-sequence difference. (Fig. 1).

Construction of the Phylogenetic Tree

From the distance values a tree can be constructed as described
by Fitch and Margoliash (1967).

Results

32P labelled total rRNAs from 17 species of the ar-
chaebacterial urkingdom were hybridized with the
DNAs of those organisms. Two sets of data were
determined: the hybridization homologies and the
melting points of the DNA-rRNA hybrids. The ho-
mologies were calculated from the yields as de-
scribed in Egs. (15) and (18). The determination of
96 out of the possible 136 distances between the 17
organisms was more than sufficient for the construc-
tion of a phylogenetic tree. Table | shows the hy-
bridization homologies and the distances calculated
from the hybridization homologies with Eq. (19).
In the cases of Thermoproteus tenax and Metha-
nococcus vannielii not only the total rRNAs were
isolated and hybridized against the DNAs of each
other but also the pure 16S and 23S rRNAs. The

~ 100 hybridization homology for the 168 rRNAs was

L\; 0 higher than that for the 23S rRNAs, but the hy-

g bridization homology for the whole operon, calcu-

E 60 lated from the values for the single rRNAs, corrected

< for their different length, is in good agreement with
5 " the value obtained for the total rRNA.

2 For 6 out of the 17 organisms used the total se-

=) 2 quence of the 16S rRNA is known (Woese and Olsen

1986). The correlation between the distances cal-

0 culated from the hybridization homologies of the

100 90 80 70 50 50 total rRNAs and the distances from the percent-

sequence homoiogy %) sequence homologies of the 16S rRINAs is shown in

Fig. 1. Relationship between hybridization homology values Fig. 2. The deviations of some of the points in the

and sequence homology values

diagram may be explained with the different RNA

Table 1. Hybridization homologies and corresponding phylogenetic distances*

H M. T. M M. M T

L C. D. T. D. S S. S. S. S.
B12 B6/2

ha ti ac th fe va ce AN wo mu te am br ac 50
H. halobium x 243 147 294 166 175 266 174 60 130 9.7 3.7 139 145 126 11.9 5.9
M. tindarius 204 x 10.2 17.4 144 157 16.7 12.5 8.2 54 5.4 5.5
T. acidophil. 277 329 «x 129 74 129 166 127 60 78 8.8 46 42 72 79 54 4.0
M. thermoaut. 17.7 253 295 «x 55.1 21.5 31.5 226 147 147 9.5 16.0 15.5
M. fervidus 259 280 376 8.6 «x 18.4 18.5 11.6 11.0 11.5
M. vannielii 25.1 26.7 296 222 245 «x 22.9 7.5 159 7.2 82 86 88 54
T. celer 19.1 258 26.0 16.7 213 x 69.1 232 289 124 15.5 234 134 26.7 210
Isolat AN1 25.3 29.8 53 x 242 398 16.8 13.8
C. woesei 40.6 40.6 374 21.1 205 «x 147 84 3.8
D. mucosus 29.5 30.0 36.8 21.5 243 265 179 133 276 x 325 340 27.8 255 22.5
T. tenax 33.7 36.1 35.2 27.7 31.1 38.1 258 358 162 «x 19.6 15.3 17.8 26.8 32.3
D. ambival. 47.6 44.4 27.7 30.1 23.5 x 339 37.0
S. brierleyi 284 422 458 339 26.8 27.1 X 17.1 39.9 29.4
S. acidocald. 27.8 420 38.0 26.4 319 36.1 20.9 15.6 15,6 255 «x 28.5
S. solfatar. 29.9 36.7 353 29.1 28.6 47.3 18.5 249 133 181 x 506 17.7
S. sp. B12 30.7 420 421 269 31.2 351 19.1 19.7 19.0 14.3 9.8 . x 31.5
S. sp. B6/2 40.8 46.5 42.0 225 214 16.3 17.7 250 167 x

* The upper right part of the table contains the hybridization homologies in percent, the lower left part shows the corresponding
phylogenetic distances (S). H.ha = Halobacterium halobium, M.Ai = Methanolobus tindarius, T.ac = Thermoplasma acidophilum,
M.th = Methanobacterium thermoautotrophicum, M.fe = Methanothermus Jervidus, M.va = Methanococcus vannielii, T.ce = Ther-
mococcus celer, LAN = isolate AN1, C.wo = Calduplex woesei, D.mu = Desulfurococcus mucosus, T.te = Thermoproteus tenax,
D.am = Desulfurolobus ambivalens, S.br = Sulfolobus brierleyi, S.ac = Sulfolobus acidocaldarius, S.so = Sulfolobus solfataricus.
S.B12 = Sulfolobus sp. B12, S.B6/2 = Sulfolobus sp. B6/2
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Colduplex woesei
METHANOMICROBIALES
THERMOPLASMALES

Thermoplasma gcidophilum

Methanalebus tindarivs

Sultotobus sotfotaricus #3

HALOBACTERIALES

Holobaclerium holobium

Suttplobus
sp. B12

METHANDCOCCALES

Melhanacatcus vannielii
tsolate AK1

Thermoooccus
celer

Material (total rRNA against 16S rRNA). The dia-
8ram shows that the two methods of distance de-
lermination are generally in reasonable agreement.

As demonstrated for a few examples in Fig. 3,
the T, -values for the DNA-rRNA hybrids do not
Correlate with the hybridization homologies. There-
Ore T,,-values have not been used for the construc-
Han of a phylogenetic tree.

The distance values of Table 1 were used for the

Construction of a phylogenetic tree. The optimized
tree shown in Fig. 4 had a standard deviation of
10.79%. A not yet optimized version of this tree, with
a standard deviation of 12.0%, has previously been
Shown in Zillig et al. (in press).
. The tree shows Calduplex woesei (Zillig et al.
10 press), the isolate AN'1 (Morgan and Daniel 1982)
and Thermococcus celer (Zillig et al. 1983)in a third,
ntermediary branch of the archaebacterial urking-
dom between the established branches of the meth-
4nogens + halophiles and the Thermoproteales +
Sulfolobales. Tt gives a detailed picture of the Su/-
Jolobales, including Desulfurolobus (Zillig et al.
1986a), and their relation to the Thermoproteales.

Methanothermus fervidus

METHANGBACTERIALES

ophicum

Suttolsbus brierfeys
Desullurolobus
ambivatens

Sulfelobus
oridocoldanys

Thermoproteus
fenax

Qesulfurococcus mucosus
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Fig. 3. The correlation between the hybridization homologies
and the melting temperatures of the corresponding cross-hybrids.
The rRNA used in this example was from Methanococcus van-
nielii, the DNAs were from Methanococcus vannielii and 13 other
archaebacteria

SULFOLOBALES

Sullglobus sp. 86/2

Fig. 4. Phylogenetic tree of the archaebacte-
ria. The organisms on both sides of the tree
have the same mean distance to the vortex at

THERMOPROTEALES
the center of the tree

The hybrization yields could also be used for the
determination of genome length. In the case of Ha-
lobacterium halobium genome length and number
of rRNA operons per genome are known (Moore et
al. 1969). For some other organisms the fractional
hybridization with Halobacterium halobium was
measured and the number of rRNA operons per
genome was known (Neumann et al. 1983). Table
2 shows the calculated genome lengths for these or-
ganisms.

Discussion

The described hybridization procedure produces re-
sults comparable to those of the more laborious se-
guencing methods and is readily applicable to phy-
logenetic and taxonomic problems. It requires little
specialized equipment, only small amounts of cells
for isolating rRNAs and DNAs, which can be stored
for usage in successive cross-hybridizations, and al-
lows easy handling of low doses of radioactivity for
fast and reproducible in vitro labelling of RNA frag-
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Table2. Calculated genome lengths of archaebacteria in million
base pairs

Methanobacterium thermoautotrophicum 6.1
Methanococcus vannielii 6.0
Sulfolobus sp. B12 4.7
Halobacterium halobium 4.1
Thermococcus celer 4.0
Thermoplasma acidophilum 2.9
Thermoproteus tenax 2.7
Desulfurococcus mucosus 2.0

ments. The distance values obtained are of similar
magnitude and are proportional to those from se-
quence data. The main disadvantages compared to
sequence comparison are less information, no “sig-
natures” (Woese and Olsen 1986) are obtained, the
requirement of reference DNAs and rRNAs for each
assignment and the relatively large errors in distance
values caused by small errors in the case of low
hybridization homologies. The ease of the method,
however, compensatesthese drawbacks. DNA-DNA
hybridization has a much shorter range and other
methods like immunochemical cross-reactions and
determining lineages of feature designs are not quan-
titative.

The alkaline cleavage of the rRNAs solves the
problem caused by the stability of the secondary
structure of rRNA and eliminates the difficulties of
in vivo labelling of some organisms. The melting
points of hybrids between DNA and fragmented
RNA are in the same range as those with unfrag-
mented RNAs, but prehybridization was necessary
for the observation of stable hybrids.

The concentration at which the hybridization
yields were compared, 1 ug rRNA/mI, was empir-
ically determined. This concentration has proved to
be high enough for significant label in bound rRNA
and low enough to avoid the influence of unspecific
adsorption of labelled material to the nitrocellulose
filters.

The hybridization time can be reduced to about
16 h, so that hybridization can be done overnight.
RNA dilution series are not necessary. To save time
and material, it is sufficient to perform multiple hy-
bridizations with a standard amount (1 ug RNA/
ml) to decrease the error of the single measurement.

The new method has proved its validity by the
assignment of several novel isolates to their phy-
logenetic position. The phylogenetic tree of the ar-
chaebacteria obtained in this way resembles that
obtained by the comparison of total sequences of
16S rRNAs except in a few details, e.g., the relative
branching order of Methanococcales and Metha-
nobacteriales and of Desulfurococcales and Ther-
moproteus. The new third branch of the archaebac-
teria contains the shortest offshoot, Thermococcus
celer (Woese and Olsen 1986) and the long offshoot

of Calduplex woesei, which gives this branch a depth
comparable to those of the other two branches. The
facultative sulfur reducing and sulfur oxidizing De-
sulfurolobus appears in the middle of the Sulfolo-
bales which arise from within the Thermoproteales.
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Note added in proof: The organism here termed Calduplex woe-
sei has been found to belong to the genus Pyrococcus and has
been renamed Pyrococcus woeset.



