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ABSTRACT

*Title of dissertation: A Study of the 5S Ribosomal RNAs of the

Vi bri on aceae

Michael Terrell MacDonell. Doctor of Philosophy, 1984

Dissertation directed by: Pita P. Colwell, Professor of Microbiology

The University of Maryland. College Park

40

The sequence of the 120 nucleotide bases of 5S ribosomal RNA M~

rRNA) has been determined for each of 243 eubacterial strains classified

as species of the family (ibrionaceae. The methods employed included

the resolution of limited enzymatic digests of end-labeled RNAs by high

voltage polyacrylamide gel electrophoresis, as well as thin-layer

chromatography. Several of the 5S rRN~s. for which the primary

structures were determined. were also subjected to secondary structure

analysis, employing nuclease S1. which hydrolyzes regions of nucleic

acids not participating in the formation of helices, followed by

resolution of the partial digests on thin sequencing gels.

Sequence data obtained from this study were compiled and analyzed,

using statistical methods and group-specific signature analyses, for the

purpose of constructing a phylogenetic taxonomy of the Vibrionaceae.

Dot matrix maps were generated for 5S rRNA sequences determined in this

study, in order to analyze the occurrence, extent, and complexity of

palindromic and repeated base sequences. Data from niuclease SI

analyses, i.e'., observations of interactions among nucleotide bases,

0 -



were used in the evaluation of several secondary structure models

derived from most probable base-pairing schema.

Results of sequence determinations of 5S rRNAs indicate that the

family Vibrionaceae is heterogenous. as presently defined. The present

genus Vibrio may comprise as many as three genera, one of which is

composed of the majority of named Vibrio species. Results of dot matrix

analyses indicate that the 5S rRNA molecule is composed of several

inverted repeats (palindromes). Analyses of the extent of degeneracy of

palindromic sequences suggests that palindrome analysis may be useful in

determining the extent of evolution of a given species, with respect to

others in the Vibrionaceae. Furthermore, composites of palindromic

sequences shared by species of the Vibrionaceae suggest a partial base

sequence of an ancestral 5S rRNA.
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Table 1. bacterial Strains Employed for Sequence Analysis.

Aroponas hydrophila 9071 ATCC'
Pirrosonas iledia 339?07 ATCC
Aliteroponaf putrifaciens 6071 ATCC
Escherichia coli lIRE 600 PL Biochemicals0
PPhotobacterius angustun 25915 ATCC
Phctobacteriup 1e209Tnathi 25521 ATCC
Photobacteriusi logei 15382 ATCC
Plericionas shige'lloldes 14029 ATCC
'Jitric alginolyticus 17749 ATCC
VJtric arngui11arci 19264 ATCC0
'ibric carchariae 35084 ATCC
'Ii br io cholerae 14033 ATCC

E 8498 J.P. Craig
'ibrio 'ciricinnati' vp cmn R.B. B~ode
('ibria damsela 33539 ATCC
Vibric diazotrophiccis 33-466 ATCC0
Vibrio fj~cheri 7744 ATCC
'Jzbric ficivialis NCTC2 1132.8 J.V. Lee
'Jibria gazo genes 19988 ATCC
Vibric varincis (lIP-1) 15381 ATCC
Vibrio setschnikovii 7708 ATCC
VIibrla .iviccis 33655 ATCC
Vibric natriegens 14048 ATCC
Vtr io parahaesol yti cus 17802 ATCC

(ibrio psychroerythrus 27364 ATCC
Vz tri o vulnif ic uS 27 56 2 ATCC

Ke: American Type Culture Collection, Rockville. MD
2 National Collection of Type Cultures. London. UK



MATERIALS ArJD METHODS

A. BACTERIAL STRAINS

All bacterial strains (see Table 1) employe.' in the study were

purchased from The American Type Culture Collection (ATCC. Pockville°

MD). with the following e:ceptions: '. :hclerae strain E-8498 was

provided by J.P. Craig. librio "cincinnatii" was provided by P.B. Bode,

3nd '/. fluvial- strain NCTC l1329 (ATCC 37812) was provided by J.V.

Lee.

B. BACTERIAL CULTURE MEDIA

A broth medium consisting of iqual parts of Marine Broth 2216

'Difco Laboratories. Detroit, MI) and Tryptic Soy Broth (Difco) was

used fr the batch cultivation of marine and estuarine strains.

Tryptic Soy Broth (Dif1:) was used for the cultivation of

non-salt-requir:ng bacterial strains. Psychrophilic marine strain V1.

nfychroerythurs ATCC 27764) was grown in Marine Broth 2216 (Difco).

C. RNA EXTRACTION

Washed. pelleted bacterial cells from approx:imately 00 ml of an

exponential phase broth culture were found to be adequate for recovery

of adequate quantities of 5S rPNA species. When necessary,
Gr3M-negative bacterial cells were lysed using the freeze-thaw

technique (Zablen et al., 1975). Pesuspension of the washed cell

pellet in Tris-borate-EDTA 'TBE' buffer usually resulted in immediate

cell lvsjis, eliminating the need Ic contirue with freezing and thawing

IiS



consequence of a polythetic approach that reliance on a priori

assumptions in the development of a taxonomy of the Vibrionaceae was

minimi:ed. The power of polyphasic taxonomy, in the case of the

Vibrionacear, in providing a natural classification is that it allows

incorporation of new dimensions as the science of systematics advances.

Thus, the ability to elucidate phylogenetic characteristics, i.e.,

characteristics whose possession or absence constitutes a phylogenetic

marker, can now be incorporated into an expanded polyphasic taxonomy for

the Vibrionaceae. Even more attractive is that having a phylogenetic

basis for the family structure, it is possible to select, a posteriori,

those phenotypic characters embedded in the evolutionary history of the

organisms. Selection of such characters is vital because workers in the

field must rely on a determinative scheme for identification of bacterial

taxa, especially when confronting new, previously unidentified species.

The objective of this study, therefore, was to construct a

classification of the Vibrionaceae, using comparative sequencing of the

5S rRNAs as a means of elucidating the phylogeny of the family. In

addition, the 5S rRNA molecules were analyzed for: relationships between

primary (and secondary) structures and environmental parameters;

evolutionary markers in the primary structures; and information of

evolutionary significance at the level of the genetic transcript, viz.,

conservation of reading frames, repeated sequences, inverted repeats, and

conservation of hairpin loops and helices.
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4fiation and ribosomal RNA sequence determinations have shown that the

'librionaceae and Enterobacteriaceae share a relatively common evolution

(Baumann et al.. 1984; Baumann and Schubert, 1984). The proximity in

phylogeny of the two families is reflected in the fact that, taken

together, they contribute more than ninety percent of the species

comprising RNA superfamily I, one of at least five superfamilies of the

eubacterial kingdom (De Vos and De Ley, 1983).

In contrast to their relative similarity, the identification schemes

for the (ibrionaceae and Enterobacteriaceae is strikingly different, due,

in part, to the influence of clinical microbiology on the taxonomy of the

Enterobacteriaceae, resulting in "overclassification" of species and

genera. In fact, the phylogenetic depth of the entire family

Enterobacteriaceae is less than that of the genus Vibrio, suggesting that

0
the genera of the Enterobacteriaceae, as presently defined, more closely

approximate species, on a basis of phylogenetic relationships (MacDonell

and Colwell, 1984b).

The Vibrionaceae, as presently defined, consists of the genera

Vibrio (28 species). Aeromonas (4 species), Photobacterium (3 species)

and Plesiomonas (1 species) (Baumann and Schubert, 1984), all of which

are associated with either aquatic or marine environments. Whereas, the

taxonomy of the Enterobacteriaceae "as heavily influenced by clinical

criteria, the taxonomy of the Vibrionaceae, as presently defined, derives

largely from a polyphasic approach (Citerella and Colwell, 1970; Colwell,

1970; West and Colwell, 1984). Using this approach, dependence upon key

characteristics was abandoned, and instead, a very wide range of equally

weighted characters, both phenetic and genetic, were employed In order to

generate clusters (species) of related strains (Colwell, 1968). It was a



helical regions. there is a tendency for the base sequence to be much

less highly ccnserved. In fact, the rate of mutation in these

hypervariable regions is approximately twice that of conserved regions

(MacDonell and Colwell, 1984a). That two significantly different rates

of mutation exist in 5S rRNA sequences provides a coarse and fine focus

for interpretation of sequence comparisons. Compilations of 5S rRNA

sequences indicate that sequence differences occur in "hypervariable"

regions down to, and possibly including, species, indicating

applicability to phylogenetic inferences within given genera. Sequence

differences in the more highly conserved regions, however, appear to

occur only at the genus and family level. Thus, the different mutation

rates allow an extension of the range of taxonomic levels for which

sequences of 5S rRNA can be compared. At present, the total published

library of bacterial 5S rRNA sequences compvses ca. 50 in number.

C. THE FAMILY VIBRIONACEAE

In 1965, Veron proposed the family Vibrionaceae for non-enteric,

Gram-negative rods, and suggested two major criteria for differentiation

of these strains from those of the family Enterobacteriaceae: (1)

possession of a cytochrome oxidase; and (2) motility by means of a single

polar flagellum (Veron, 1975). The classification scheme of Veron (1965)

was not designed to reflect phylogenetic relationships, rather it was

proposed for convenience in separating the two groups. It is interesting

to note that, although the species assigned to both families have

undergone revision, it has been extensive in the case of the Vibrionaceae

(see Baumann et al., 1980). Comparative studies focussing on bacterial 0

evolution, employing new methods, such as quantitative microcomplement

-m



'158C, bases compared with 120 in 5S rPNAs) is lost because of the need to

resort to oligomer catalogs. At this writing, only seventeen complete

16S rRNA sequences are known to e:ist. although more than 4000 16S rRNA

oligomer catalogs have been constructed (A. Bbck, personal

communication).

Although E. coli 5S rPNA was one of the first nucleic acid molecules

for which the complete nucleotide base sequence was determined (Brownlee

et al., 1967), its secondary structure is still a subject of controversy.

Application of rules derived from more than a decade of research on the

primary and secondary structure of tRNA (Tinoco et al., 1971; Ninio,

1979) has provided several structures, all of which are consistent with

the known physical data, but none has gained acceptance as the

representation of spatial conformation. The concept suggests that the

role of 5S rRNA in the 50S ribosomal subunit may be modulatory, thus, it

may well involve switching between two (or more) conformations.

It is now reasonably well established that comparisons among 5S

rRNAs provide a rather firm basis for evaluating evolutionary relatedness

among bacterial species (Luehrsen and Fox, 1981; Dekio et al., 1984;

MacDonell and Colwell, 1984b; Sogin et al., 1972). In fact, 5S rRNAs

represent ideal material for sequence determination since they are easily

isolated and purified to homogeneity (MacDonell and Hansen, 1985), are

small enough to be sequenced in their entirety, and appear to lack

post-transcriptionally modified bases (Luehrsen and Fox, 1981; MacDonell

and Colwell, 1984d). With regard to comparative sequencing, 5S rRNAs

consist of two qualitatively different regions. In one, that generally

associated with single-stranded portions of the molecule, the nucleotide

base sequence is highly conserved. In the other, usually associated with



which cons~sts of 2S. 16S and 5S rDNA. along with sequences coding for

one or more tPNAs (Lund et al., 1979). Pioneering wor[ in the field cf

rPNA sequence analysis involved comparisons among catalogs of oligomers

prepared from ribonuclease Ti digests of ribosomal PNAs (Sogin et al..

1972). This method gave rise to the employment of two-enzyme comparative

catalogs, from which ribonucleotide base sequences could be inferred with

a relatively high degree of accuracy (Uchida et al., 1974). Chemical

sequencing methods for RNA were developed and improved to the point where

the primary structures of rRNA molecules could be determined both

routinely and unambiguously (Peattie, 1979). Enzymatic methods

(Donis-Keller et al., 1979; Donis-Keller. 1980) were slower in

development and were more restricted in range, since they could not be

employed with either tPNAs or eukaryotic RNAs in which substantial

post-transcriptional modification of nucleotide bases occur. Prokaryotic

5S rRNAs, however, provide ideal substrates for enzymatic methods, and

can be sequenced unambiguously using established techniques (MacDonell

and Colwell, 1984d). It is still considered impractical, in terms of

both time and material, to sequence large ribosomal RNAs. Although

oligomer catalogs from digests of the relatively small 5S rRNAs are

virtually useless, the sequence of its 120 nucleotide bases can be

determined readily. 5S rRNA studies, therefore, generally employ

sequence determinations, whereas 16S rRNA studies still depend on

oligomer cataloging. Comparisons among populations of oligomers,

however, do not allow the same resolution as comparisons among sequences,

since similar oligomer populations do not necessarily reflect unique

sequences. It is frustrating, therefore, that in the construction of

evolutionary trees, much of the potential resolution offered by 16S rRNAs



phosphatase, superox ide dismutase, and glutamnne synthetase (Bang et al.,

1981; Baumann et al., 1960; Baumann et al.. 1983; Woolkalis and Baumann.

1981). Comparative sequencing of ribosomal RNAs, however, remains

unrivaled as a method for evaluating phylogenetic relationships.

B. RIBOSOMAL RNA AND EVOLUTION

The ribosom- is believed to have evolved in three stages: (1)

establishment of a relatively simple archetypal mechanism, along with a

primitive set of codon assignments; (2) increase in complexity of the

translation mechanism, in which the codon assignments assumed their

present form; and (3) increase in the efficiency, i.e., rapidity and

precision of the process of translation (Woese, 1970). Allowing that, in

the process of evolution, central features of primitive processes remain

the central features of their evolved counterparts, it is reasonable to

expect the modern bacterial translation apparatus to reflect

characteristics of its evolutionary predecessor (Fox and Woese, 1975).

Furthermore. since it can be shown that ribosomal RNAs are very highly

conserved, they should reflect the base composition, and to some extent,

the base sequence of the primitive rDNA cistron, and, therefore, the

ancestral genome. Similarly, primary structures of ribosomal components,

particularly the ribosomal RNAs. provide unique insights phylcgenetic

relationships among bacterial taxa, as well as into the nature of

biochemical evolution.

Ribosomal RNAs comprise approximately 80% of the total bacterial

RNA, and are processed post-transcriptionally from a single large (30S)

PNA polymer (Dunn and Studier, 1977: Nikolaev et al., 1973). This single

transcript is coded for by the "ribosomal RNA transcription unit" (rRTU).

eI



compositions provided an interesting contrast to classically derived

taxonomic schema (Colwell and Mandel, 1964; Thornley, 1967), and the

impact of DNA base composition on bacterial systematics has been such

that it is now a requirement for the minimum description of a new

bacterial species by the International Committee of Systematic

Bacteri ol ogy.

Within a decade after the advent of DNA base composition analysis,

DNA/DNA hybridization methods significantly extended the sensitivity with

which the bacterial genome could be probed, and provided a means by which

the primary genetic structures of two distinct genomes could be compared

directly, permitting inference of taxonomic relationships based on

phylogeny, and in which phylogenetic distances between closely related

strains could be quantitated by extent of DNA homology shared by the

strains.

More recently, the ability to routinely determine sequences of

nucleotide bases in genetic material (Sanger et al.. 1977% Donis-Keller,

1979; Peattie, 1979; Maxam and Gilbert, 1980; MacDonell and Colwell,

1984d) has elevated the sophistication of nucleic acid methods. Large

quantities of phylogenetic information can be obtained, stored on the

computer, and retrieved permitting sequence data comparisons as the

sequences are determined, i.e., on-line, if desired.

The introduction of comparative sequencing, and to a lesser extent.

immunologic comparisons, of key biological molecules has allowed

construction of geneologies of species. Biological molecules used for

tracing of natural relationships include quinones (Collins and Jones,

1979), cytochromes (Schlelfer et al., 1982), ferridoxins (Schwartz and

Dayhoff. 1978) and microcomplement fixation techniques employina alkaline

[ ."
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Woese et al., 1984). The authority reflected in the existing system of

nomenclature, even though not warrented, suggests the existence of

natural relationships, and, by implication, a phylogeny, however

specul ative.

We might consider the period between the biochemical taxonomy of

Orla-Jensen (1909), and the publication by Fox et al. of The Phylogeny of

the Prokaryotes (1981), as the determinative era in microbial

systematics. It was during the last two decades of this era that the

enormous advances in molecular biology occurred which brought the

construction of a natural taxonomy of bacterial species closer to

reality. Methods for nucleic acid analysis, including DNA/DNA and

DNA/RNA hybridization, oligomer cataloging, and nucleic acid sequencing,

have attained some prominence in microbial taxonomy in recent years,

although the significance of some results obtained using these methods

are open to interpretation. Nevertheless, the newer methods permit

analysis, in great detail, of the molecular genetic structure, from which

direct evidence of natural relationships among bacterial species can be

deduced.

The first of the new generation of methods to emerge was the

determination of bacterial DNA base composition (Lee et al, 1956; A

Belo:ersky and Spirin, 1960), which provided a direct, although crude,

probe into the bacterial genome. Results of comparisons of "base ratio"

determinations clearly demonstrated the significance of G+C molar ratios

in bacterial taxonomy (Colwell and Mandel, 1964; Hill, 1966; MacDonell

and Colwell, 1984f), and even now provide a powerful and routine means of

confirming relatedness (or the lack of relatedness) among phenetically

similar strains. The earliest compilations of bacterial base

3S



waning need to establish a bacterial phylogeny was all the more insidious
4i

since several generations of microbiologists have had to satisfy

themselves with a taxonomy in a constant state of flux. For these

microbiologists, also, the elucidation of natural relationships among

bacterial species appeared to be an intractable problem, if not a myth.

A result is that many microbiologists have regarded the construction of a

phylogenetic taxonomy of bacterial species as a game of speculation and

an activity irrelevant to the practical aspects of microbiology.

Interestingly, a priori determinative approaches to bacterial

taxonomy, a school of thought for which the later editions of Bergey's

manual might be regarded as a cornerstone, appeared to be reasonably

successful. Determinative approaches, indeed, provided a practical basis

for allocation of bacterial strains to taxa, although at the expense of

regarding phylogenetic relationships as secondary in importance. It is

ironic that, in an atmosphere of skepticism and suspicion of putative

phylogenetic treatments, a level of skill and technology has been

acheived that is sufficient to determine natural, i.e., phylogenetic

relationships with relative ease.

Borne largely out of clinical considerations and reinforced by

successive editions of Bergey's manual, an exaggerated emphasis on the

identification of bacteria by means of a minimum number of key

characteristics, i.e., a determinative approach, has promoted a false

confidence that certain "key" phenetic characters are a priori sufficient

for the definition of natural taxa. Unfortunately, such practice has

been reinforced by the use of Latin and Greek nomenclature, with

associated rules, reserved, by convention, for classifications which

reflect true phylogenetic relationships (Stackebrandt and Woese, 19841



. .]

.

INTJ-RODUCTrI ON

A. HISTORIC APPROACHES TO BACTERIAL SYSTEMATICS

The need to define natural relationships among bacterial species has

dominated classical microbial systematics since its beginnings more than

a century ago. Indeed, numerous systems of taxonomy purporting to

reflect a natural order have been proposed (Cohn, 1872; Bergonzini, 1879;

Orla-Jensen, 1909), in general based on either morphological or

physiological criteria. Despite transient popularity, none of these

systems, founded necessarily on purely phenetic traits, can be said to

represent the true natural order. Bisset (1950, 1952, 1957) attempted an

ambitious bacterial taxonomy based on what he speculated to be

phylogenetic criteria, but was unsuccessful since there existed at that

time no basis for evaluating whether or not a feature was a phylogenetic

characteristic. Thus. the "bacterial phylogeny" of Bisset (1950, 1952,

1957) was. itself, speculative (Sneath, 1962). The failure to achieve a

phylogenetic taxonomy is not surprising since methods involving direct

genetic comparison necessary for (i) detection of true evolutionary

relationships; and (ii) identification of valid phylogenetic

characteristics, have only recently become available.

Over the past several decades bacterial taxonomy has undergone

frequent and extensive rearrangement. Unfortunately, there was also a

slow but significant loss of interest in the historic search for a

natural classification of the bacteria. Indeed, some microbiologists

lost confidence in the belief that a natural classification of bacterial

species could be constructed (Shimwell and Carr, 1960; Cowan, 1962). The

" • = - - -... - " ... • ". L ' " ' ,,,m " " " " -'



ABBREVIATIONS

BAC bis-acrylylcystamine

blovar biological variant

DNA deoxyribonucleic acid

C centigrade

g gram

6 gravity

K(nuc) "nucleotide constant" (see Kimura, 1980).
a measure of evolutionary distance

M molar

NA nucleic acid

n-mor oligomer of subunit length n

1 pmol picomole, i.e., 10-L mole

R purine

RNA ribonucleic acid

RNY "RNY" rule codon, i.e., purine, any base. pyrimidine
(see Shepherd. 1981; 1982)

SAM Evolutionary distance coefficient

S-value Similarity value, coefficient

STOP termination codon (UAA, UAG, or UGA)

TBE Tris-borate-EDTA buffer

ug microgram, i.e., 10-' gram

6
ul microliter. iJe., 10- 6 liter

UPG unweighted pair-group

UPGMA unweighted pair-group mathematical average
0

WPG weighted pair-group

Y pyrimidine

0
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the cells. and significantli reducing e):posure of FNAs to endogenous

PNAses and to lvsc:Yme, a pcssible source of foreign Ptlases. Cell

lysis was evidenced by a rapid and marked increase in viscosity (as

well as a noticatle clearing) of the cell suspension.

The method of Kirby (I056). with ttu modifications discussed

below, was used for extracting 5S rPNA. In the first step, i.e., crude

nucleic acid extraction. the crude cell lysate was brought to IM NaCl

and vortexed with an equal volume of chloroform for 10 minutes. The

aqueous and organic phases were separated by centrifugation at 12,000 x

S for 15 minutes at 4 C. Substitution of chloroform for phenol in the

first extraction step increased yields of the total nucleic acid

fraction as much as 50% (MacDonell and Hansen. 1985). Since chloroform

and phenol remove proteins from aqueous solutions by different

mechanisms, virtually all chloroform-precipitable proteinaceous

material was removed with a single chloroform e.-traction. The aqueous

(upper) phase, containing the nucleic acid fraction, was removed from

underneath with a hook-shaped pasteur pipette. The aqueous phase was

precipitated with 2 volumes of cold (-80 C) absolute ethanol and mixed

several times by inversion, after which it was placed on dry ice for 10

minutes. After chilling, it was collected by centrifugation (12,000 x

G for 10 minutes at 4 C), and resuspended in sterile 50 mM TBE buffer.

The nucleic acid pellet was re-extracted, using a phenol solution of

the following composition: 79% (w/v) phenol (redistilled), 11% (w/v)

m-cresol (redistilled), 10% (v/v) TBE buffer, and 0.05% (w/v)

8-hydro:Yquinoline. AfWer collection, the aqueous phase was

precipitated with 2 volumes of cold (-80 C) absolute ethanol, mi::ed

several times bi inversion and chilled on dry ice for 10 minutes. The



total nucleic ac:d NA) friction was collected b/ centrifugation as

described above. After the alccholic supernatant had been decanted.

the nucleic acid pellet was dried partially under vacuum for several

minutes in order to remove excess ethanol. The nucleic acid was

resuspended in as small a volume of sterile distilled water as would
I,1

permit complete dissolution, generally 10 to 20 ml.

D. ISOLATION OF RNA

To the aqueous nucleic acid solution was added an equal volume of

redistilled 2-methoxyethanol, 2.5 M K2 HP0 4 : and 0.05 volume of 3% (v/v)

H3P04 . This was mined vigorously for 10 minutes and separated by

centrifugation for 10 minutes at 12.000 x G at 4 C. The aqueous

(upper) phase, containing the total RNA fraction, was collected, and

precipitated by addition of 2 volumes of cold ethanol followed by

chilling on dry ice, as described above. Prior to collection by

centrifugation, a substantial quantity of fluffy white RNA, occupying

as much as 1/3 of the vclume of the centrifuge tube. was usually

evident. The RNA pellet was dissolved in a minimum volume (a few

milliliters) of autoclave-sterilized TBE buffer.

S

E. DEAE-CELLULOSE CHROMATOGRAPHY

The small oligomer fraction, representing a significant proportion

of the crude PNA extract, was removed before fractionation and

purification of 5S rRNA by polyacrylamide gel electrophoresis. The

fine cellulose particles were removed (Peterson, 1980) from

approximately I gram of washed and TBE-equilibrated DEAE-cellulose

(Cellem-D. Elio Rad, Richmond, CA). The prepared DEAE-cellulose was

14I
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pacled in a 5 ml sterile plastic syringe barrel, to a depth of 5 to 6

fi_ cm. The crude RNA solution was then applied to the column and was

rinsed with ten column volumes of TBE buffer. A rinse with 0.2 M NaCI

in TBE buffer was sufficient to remove small oligomers (less than about

ni 50 bases). The fraction containing 5S rRNA was eluted with I M NaCI, 7

M urea in 50 mM TBE buffer (Hansen. 1981), and precipitated by addition

of 2 volumes of cold absolute ethanol and chilling on dry ice for 10

minutes. The precipitated RNA was collected by centrifugation, as

described above, and suspended in a tracking dye-buffer of the

following composition: 8 M urea, 0.05% xylene cyanol and 0.05%

* brom-phenol blue in TBE buffer.

F. PURIFICATION OF 5S rRNA

95S rRNA was isolated and purified using 5% (w/v) acrylamide

preparative stacking gels, in which the upper- and lowermost stacks

(approximately 25% of the length) consisted of acrylamide/

* bisacrylamide. and the center stack (middle 50%) consisted of

acrylamide/bis- acrylylcystamine (BAC, Bio Rad, Richmond, CA).

Substitution of bis-acrylylcystamine, a thiol-soluble cross-linking

agent, for N,N'-methylene-bis-acrylamide produces a soluble acrylamide

gel (Hansen. 1976: Hansen et al., 1980; Hansen, 1981). The use of

conventional (bis) acrylamide in the upper stack facilitates the

0 formation of clean, square-bottomed slots (since 5% BAC is somewhat

sticky and tends to adhere to slot formers). After casting the first

(lowest) stack, the gel form (along with the degassed. uncataly:ed

49 BAC-acrylamide) was placed in an incubator set at 42-45 C and left to

equilibrate for approximately an hour. It was necessary to warm the

0



gel form thoroLIgh,'. prior to pouring the gel. since failure to do so

was found to favor the formation of insoluble C-N bonds, a consequence

of reduced temperature during polymerization. After completion of

polymerization, the BAC-acrylamide was poured to within 3 or 4 cm from

the top of the gel form and polymerization allowed to proceed for 60

minutes at 42 C to 45 C. After removal of the gel form from the

incubator, the remaining bis-acrylamide solution was degassed,

initiated and poured. A large 5-tooth preparative slot former was

inserted. Gels (150 mm x 175 mm x 4 mm) were pre-electrophoresed for

at least 30 minutes at 4 to 5 W (constant power), i.e., ca. 20 to 25

mA. After pre-electrophoresis, the sample wells were loaded with 50 to

100 microliters of RNA/tracking dye solution and electrophoresed at 7 W

(constant power), i.e., ca. 40 mA. The current was adjusted so that

the glass plates or the gel form reached 55 C to 65 C, in order to

inhibit formation of secondary structure. Electrophoresis of the RNA

solution was continued until the brom-phenol blue band began to exit

the BAC-acrylamide gel stack, after which the gel was removed, stained

for 30 minutes with a I ug/ml aqueous solution of ethidiua bromide in

distilled water, and viewed on an ultraviolet (short wavelength)

transilluminator, or alternatively, imaged by UV-shadowing (Hassur and

Whitlock, 1974).

The 5S rRNA band, located about 85% of the distance from the

brom-phenol blue band to the xylene cyanol band, was excised with a

sterile blade (see Carmichael, 1980; Hecht and Woese, 1968; Loening,

1967). The excised gel plugs were placed into sterile siliconized

glass test tubes, and solubilized with 5 ml of sterile TBE buffer and

75 ul of 2-mercaptoethanol (Hansen, 1981).
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G. RECOVERY OF RNA FROM LIQUIFIED GEL

DEAE-cellulose columns were prepared as follows. A small plug of

glass wool was aseptically placed in the bottom of a long tip pasteur

pipette. Both the glass wool and the pasteur pipettes were silanized

and autoclave-sterilized. To this was added sufficient DEAE-cellulose

slurry to form a bed of about I cm in height. This was pre-rinsed with

I to 2 ml of the final elution buffer consisting of I M NaCl, 7 M urea

in 50 mM TBE buffer followed by equilibration with 5 ml of fresh TBE

buffer. The solution containing RNA and solubilized gel was added to

the column and rinsed with 2 ml of fresh sterile TBE buffer followed by

2 ml of 0.2 M NaCl in TBE buffer. The 5S rRNA fraction was eluted with

500 ul of I M NaCl in TBE, added in aliquots of 100 ul (Hansen, 1981).

5S rRNA thus recovered was found to be of sufficient purity for

sequence analysis, i.e., >99% pure.

H. SILANIZING GLASS AND PLASTIC WARE

All glassware used in the isolation and purification of RNAs was

silanized (Schlief and Wensink, 1961), and rinsed in reagent grade

water (Milli-9 reagent water system, Millipore Inc., Bedford, MA).

Glassware was baked at 300 C for 4 hours. Plastic micropipette tips

and microfuge tubes were silani:ed as follows. Hpproximately 2 ml of a

O
1:1 ratio of chloroform and dimethyl, dichlorosilane were pipetted onto

a watch glass placed in the bottom of a glass vacuum desiccator from

which the desiccant had been removed. Tubes and pipette tips to be

S

silani:ed were distributed inside, and vacuum was applied for about 10

seconds before being released abruptly. This process was repeated 10

O
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to 15 times, after which the plastic ware was removed, rinsed

thoroughly with distilled water, and sterilized for 5 minutes in an

autoclave followed by a drying cycle.

I. END-LABELING RNA WITH 3=P

Two methods of end-labeling RNA species with "2 P were employed.

In the first, [5' 31P] cytidine-bis-phosphate was covalently attached

to the 3' (OH) terminal of the RNA. The second involved transfer of

the (gamma) phosphate of (gamma 32 P] ATP to a dephosphorylated 5'

terminal nucleotide. End-labeling the 5' terminus of nucleic acids

required a dephosphorylation step, since forward reaction in the case

of phosphate transfer on the 5' terminal is strongly favored by

dephosphorylation of the 5' terminal nucleotide. Although labeling of

the 3' terminal base (using RNA ligase) generally requires a

dephosphorylation step, in order to avoid formation of concatemers

(chains of oligomers attached 5' to 3'). 5S rRNAs are folded in such a

way as to produce a 3' overhang, which obscures the 5' terminal base.

Therefore, dephosphorylation of the 5' terminus prior to 3'

end-labeling was omitted. Since the unequivocal determination of the

compltte sequence requires construction of sequence ladders from both

ends, separate aliquots of the 5S rRNA species were labeled on both

termini, in turn.

@1

J. DEPHOSPHORYLATION OF THE 5' TERMINUS

High yields of end-labeled RNA by the forward phosphorylation of

0
5' hydroxyls required dephosphorylation of the native 5' terminus

(Richardson. 1965; Lillehaug ef al., 1976). Calf intestinal (alkaline)

I S



phosphatase (CIP) was found to be superior to bacterial alkaline i

phosphatase (bAP) for the dephosphorylation of bacterial RNAs.

Furthermore. highly purified (molecular biology grade) CIP is

commercially available (Boehringer, Indianapolis, IN). Approximately

2t pmol (I ug) of 5S rRNA is sufficient for a complete sequence

analysis. With 250 uCi of fresh (i.e., less than a week old)

[gamma-3 2 P] ATP, end-label yields on the order of 10 million cpm/ug of

RNA were commonplace.

To a silanized autoclave-sterili:ed microfuge tube was added I ug

5S rRNA in 10 ul sterile water; 0.1 U of CIP, I mM MgCI2 , 90 ul CIP

buffer, 50 mM Tris-HCl, pH 9.0, 1 mM spermidine. This was incubated

for 30 minutes at 37 C. The reaction was terminated by the addition of

100 ul of phenol/m-cresol solution (described above), and briefly

vortexed. Organic and aqueous phases were separated by centrifugation

in a microfuge for 5 minutes at 4 C. The aqueous (upper) phase was

collected, using a sterile micropipette, placed in a sterile microfuge

tube and chilled in an ice bath. To the organic phase was added 100 ul

of TEE. This was vortexed briefly, and phases were separated by

centrifugation, as described above. The aqueous phase was collected

and pooled. i0 ul of phenol/m-cresol was added, vortexed briefly, and

centrifuged, as described above. The aqueous phase was collected and

to it was added 500 ul diethyl ether (stored over water). The mixture

was vortemed briefly, centrifuged for 10 seconds and the upper (ether)

phase was discarded. Ether extraction was repeated once. The

ether-extracted RNA solution was degassed on a vacuum line for several

minutes to remove traces of dissolved ether, and placed in an ice bath.

50 ul o4 2 M sodium acetate (pH t.5) was added, vortexed briefly, and



returned to the ice bath. The RNA was precipitated with 400 ul cold

'-90 C) absolute ethanol, mixed several times by inversion, and chilled

on dry ice for 10 minutes. The RNA was collected by centrifugation for

5 minutes in a microfuge. Ethanol was gently removed using a drawn

capillary, taking care to avoid disturbing the RNA pellet (usually not

visible). 400 ul of cold absolute ethanol was carefully layered over

the PNA. chilled on dry ice for 2 minutes. and centrifuged for I minute

in a microfuge. The ethanol was discarded, as described above. The

dephosphorylated RNA was placed in a vacuum desiccator for 15 minutes

to remove all remaining traces of ethanol.



K. LABELING THE 5' TEPMINU-

The method employed to end-label the 5' termin3l base of 5S rPNA

was a modification of the method described by D'Alessio (199K). The

dephosphorylated 5S rRNA was resuspended in 10 ul of water. To this was

added 5 ul of 10 uPM ATP. and 2 ul of ICIX kinase buffer of the followina

_cmposiltion: 0.f M Tris-HCI. pH Q.0: 10 mM MgCl=: and V' mM spermidine.

It was then placed in an ice bath. 25C' uCi of [gamma- 32 P] ATP

'Amersham. Springfield. IL), pacled in a 1:1 ratio of ethanol and water.

was evaporated to dryness Linder a nitrogen jet, after which the reaction

mi;:ture was added and vvrtexed briefly. Five U of T. polynucleotide

inase PNK) was added. The mi':ture was vorte;:ed briefly and incubated

for 15 minutes at 7 C. After incubation, the reaction was terminated

by addition of Q' ul of ammonium acetate and 25 ug of phenol-ex:tracted

tPNA (carrier). The 32 P-PNA was precipitated by the additicn of 200 ul

of cold '-90 C? absolute ethanol, and mixed by inversion. The mix:ture

was chilled on dr'v ice for l0 minutes and ccllected b', centrifugation in

a microfuge for 5 minutes. The alcoholic radioacti..e) supernatant was

collected with a drawn capillary and discarded as radioactive waste.

The 3 2 P-P NA was resuspended in I100 ul of cold (1.5 M sodium acetate by

swirling, precipitated in -O0 ul of cold ethanol, and collected as

described above, and overlayed with 5O0 ul of scld ethanol, chilled on

dry ice. centrifuged. and collected as described above. The 3 2P-RPA was

placed in a vacuum desiccator for IC to 15 minutes to remove remaining

traces of alcohol.

6.



L. LABELING THE 3' TERMINUS

To approximately I ug of F:NA. reSuSpended in 10 ul of water. was

added 2 ul dimethyl sulpho;:ide (DMSO): 2 ul of 0.2 M ATP: and 2 ul of 10

X ligase buffer of the following composition: 0.5 M HEPES, pH 7.5: 0.1

M MgCl=: and 31 mM dithiothreitol (DTT). 250 uCi of [32 P] pCp (ICN

Padiochemicals, Palc Alto, CA). packed in water, was evaporated to

dryness under a nitrogen jet, after which the reaction mi-tture was added

and vortexed briefly. The reaction mi;:ture was placed in an ice bath.

and 10 U of RNA ligase was added. The mixture was vortexed briefly, and

:ncubated for 4 hours at 4 C. Termination of the reaction,

precipitation, and collection of 3 2P-RNA was exactly as described above

for 5' end-labeling.

M. ELECTROPHORETIC PURIFICATION OF 3 2 P-RNA

The end-labeled RNA was resuspended in a sterile siliconized

microfuge tube with 20 ul of tracking dye/buffer see Isolation and

Purification section) and placed in an ice bath. A 5% polyacrylamide/B

M urea denaturing gel, 40 cm in length, was cast and pre-electrophoresed

for 30 minutes. The 3 2 P-RNA/tracking dye mixture was heated briefly to

00 C. chilled, loaded on the gel, and electrophoresed until the xylene

cyanol 'upper) band travelled 7/4 of the length of the gel. The glass

plates were removed, and the gel covered with plastic film and

autoradiographed using X-ray film (XAR-5, Kodak Corp.. Rochester, NY).

The image of the 5S rRNA band was identified (Figure 1) and cut from the

film using a ra:or blade, and the film used as a template to locate the

position of the 5S rPNA in the gel. After positioning the film

template. the 'S rPNA band was excised and placed in a sterile



Figure 1. Rlativm locations of RNA bands in a 5% acrylamide
denaturing gal. Bands were generated by the fractionation of 3 2 P-RNA
on a 5% acrylamide gel containing B M urea. Locations of xylene
cyanol FF (::c) and brom-phenol blue (bpb) are indicated by arrows.
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i I:c'nled I ml !tlue) Eppendor4 pipette tip which had been heat sealed 0

and plugged with a small quantity of sterile siliconi:ed glass wool.

N. ELUTION OF 3=P-RNA FROM bis-ACRYLAMIDE GELS 0

Elution of 32 P-RNA from conventional bis-acrylamide gels was

accomplished as follows. The gel slice was crushed to a paste against

the walls of the pipette tip using a sterile siliconi:ed glass rod. The 0

glass rod was rinsed into the gel paste with T0O ul of 0.5 M ammonium

acetate. I mM EDTA in 100 ul aliquots. Phenol-extracted carrier tPNA

was added to a ratio of appro, imate.y 50:1 (in the majority of cases.

about 50 ul). The top of the pipette tip was sealed with parafilm and

incubated overnight at 77 C. The "2 P-RNA was recovered by carefully

cutting the heat-sealed tip with a sterile blade, then removing the

parafilm from the top of the pipette tip, and allowing the PNA solution

to collect in a sterile 1.5 ml m.crofuge tube. The pipette tip was

rinsed with an additional 100 ul of ammonium acetate, precipitated with S

2 volures of cold (-20 C) absolute ethanol, mixed several times by

inversion, and chilled on dry ice, for 10 minutes. The 32P-RNA was

collected by centrifugation in a micro+uge for 5 minutes at 4 C. and 6

stered in sterile EDTA (0.01 M. pH 6.5) at -20 C.

0. TERMINAL ANALYSIS

1. IDENTIFICATION OF THE 5' TERMINAL NUCLEOTIDE

5,000 to 20,0(0 cpm of 5' end-labeled RNA was exhaustively digested

with nuclease P1 and chromatographed on a PEI-cellulose thin layer plate

'with fluorescent indicator). Standards composed of the 4 common

nuclectide Uase monophosphates were spctted on the TLC plate and



-hrcmatcgraphed alongside the labeled digest. using 0.2 M LiCI as the

mobile phase (Fanderath and Fanderath. 1967). After completion of the

chromatography, the reference monophosphates were located with a short

wavelength black light, and their positions marked on the TLC plate.

Ne:,t. the TLC plate was autoradiographed overnight in order to determine

location of the unique radioactive terminal base. F. values of

nuzleotide monophosphates on PEI-cellulose, developed with 0.25 M LiCl

were taken from Panderath and Randerath (1967).

2. IDENTIFICATION OF THE 3' TERMINAL NUCLEOTIDE

Analysis of the 3' terminal base follows the same rationale as 5'

terminal analysis. except that RNase T2 was substituted for nuclease P1

,n the e:xhaustive digestion of the 3 2 P-RNA.
S

P. ENZYMATIC SEQUENCE ANALYSIS OF RNA

Sequences of RNAs not containing modified bases (bacterial 5S

rPMAs) were determined using en:ymatic methods and chromatography on

ultrathin polyacrylamide gels using an enzymatic approach (Donis-Keller,

1980: MacDonell and Colwell. 1984d). A number of specific

endoribonucleases have been characterized and are commercially

available. These include TI, U2, Phy M, B.L., CL", and Ml (PL

Biochemicals, Milwaukee. WI). Endoribonucleases TI (Sato and Egami,

1957) and U2 (Uchida et al.. 1974), exhibit a high degree of

specificity. PNases TI and U2 hydrolyze the phosphate backbone,

prcducing '-phosphates at guanines and adenines respectively. Enzymes S

highl'v specific for cvtxdine and uridine have yet to be characterized.

Thre 'e4rp. it is necessary to errploy several PNases in concert in order

I



sequence variations. however, were observed in virtually every region of

the molecule. Taken as classes, several sequence variations in the

"hypervariable" B/B' helix were found to be characteristic of 5S rRNAs

from clusters of similar strains. The existence of these characteristic

sequences, known as "group-specific signatures" appears to be common to

all ribosomal RNAs (Delihas and Andersen, 1982; Kuntzel et al., 1983).

Based on the possession of common group specific signatures, the 5S rRNA

sequences determined in this study could be grouped into five sets.

These groups, as well as the characteristic signature sequences, are

listed in figure 4.

B. CLUSTER ANALYSIS

Comparison of the 5S rRNA sequences was accomplished by cluster

analysis, using both unweighted pair-group (UPG), and weighted

pair-group mathematical average (WPGMA) methods. In the case of cluster

analysis by UPG, three different dendrograms were generated from the 5S

rRNA sequence data. These correspond to single linkage, average

linkage, and complete linkage clustering (figure 5a-c). In the case of

cluster analysis by single linkage, strains (and clusters of strains)

were linked at the level of the highest degree of relatedness of any two

of their component sequences. In the case of complete linkage, strains

(and clusters) were linked at the highest level of similarity in the

sequence of one cluster compared with every sequence for strains of

another cluster. Average linkage portrays the mathematical average

similarity (S-value) between clusters. For WPGMA cluster anal'sis, the

algorithm of Kimura (1980), which estimates evolutionary distances from

pairwise comparisons of nucleic acid sequences, was used. This

iS.
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Figure 3. Alignment of 5S rRNA sequences. Nucleotide base sequences
of five 5S rRNAs are depicted in the alignment scheme of Erdmann et 0
al. (1983). Boxed areas indicate regions assumed to participate in
helices. Hypothetical loops and helices are indicated using the
lettering scheme of Hori and Osawa (1979). wherein helix B/B', for
example, would derive from the base-pairing of regions B and B'.
Loops (L) are flanked by the adjacent helix designations, indicated in

lower case. •

References:

'MacDonell and Colwell (1984e)

'MacDonell and Colwell (1984a)

'Luehrsen and Fox (1981)
4Woese et al. (1975)
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2b. Sequence ladders generated from limited enzymatic
digest of 5E rPNAs purified from V.vulnificus (left) and A. hydrophila
(right). Identities of the endoribonucleases are listed at the tops of
sequence lanes. A portion of the nucleotide base sequence of V.
vulnificus Zs listed to the left of the enzyle 71 lane.
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Figure 2. Sequence ladders of 5S rRNAs generated using an enzymatic
approach.

2a. Sequence ladders generated from the limited enzymatic
digest of 5S rRNA purified from 41terovonas putrifaciens. Lanes are
identified as to the substrate nucleotide (see text for explanation).
Identities of nucleotide bases are listed to the left of the "5" lane.
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A. 5S rRNA SEQUENCES

The nucleotide base sequences of 5S rRNAs from 26 bacterial strains

were determined by the enzymatic method (Donis-Keller, 1980; MacDonell

and Colwell. 1984d). Sequences were deduced from "sequence ladders"

generated by electrophoresis of limited digests of uniquely end-labeled

5S rRNAs on ultrathin polyacrylamide sequencing gels (Sanger and

Coulsen, 1978) and imaged by autoradiography. A typical autoradiogram,

annotated to indicate the character of digest lanes and identity of base

sequence, is shown in figure 2. The generation of several (typically 3

to 10) such sets of sequence ladders was necessary in order to deduce

each composite, i.e., complete, nucleotide sequence. The sequences of

5S rRNAs from strains representing 25 named, or suspected Vibrio species

(as well as E, coli. included in the study as a control) are listed in

Table 2. Sequence alignments are based on the recommendation of Erdmann

et al. (1983). Helical regions (De Wachter et al., 1982; Erdmann et

al., 1984; MacDonell and Colwell, 1984d) are indicated as boxed-in

areas, and loops and helices are designated by the lettering scheme of

Hori and Osawa (1979). See figure 3. Although a length of 120

nucleotide bases was typical, a range of variation in length, from 119

to 122 nucleotides, was observed. With only a single exception in 26

sequences, i.e., the sequence of 5S rRNA from V. marinus, the site of

length variation was restricted to the base 40 - 44 region of loop cLc'.

Sequence variation was found to be restricted, to a large degree, to two

regions, referred to as "hypervariable" by Fox et al., (1977). These

regions correspond to heli : B/B' and loop cLc' (Figure C). M'nor

6



T. NUCLEASE S1 LIMITED DIGESTS

End-labeled 5S rF:NAs from some species were subjected to limited.

..,. "single-hit" digests using nuclease SI (PL Biochemicals,

Milwaukee. WI). Sequence ladders from these digests, and from

conventional sequencing digests, were generated simultaneously in order

to determine the locations of single-stranded and helical

(double-stranded) regions in the 5S rPNA molecule. SI digests were

prepared as described by Maniatis et al. (1982), except that the

concentration of Zn'- ions was reduced to 5% of that recommended for

hydrolysis of DNA. This was done to reduce exposure of RNA tc Zn'- ions

which have been shown to efficiently introduce lesions in the phosphate

backbones of PNAs (Butzow and Eichhorn, 1975).

U. DATA MANAGEMENT

Storage of sequence data, sequence comparisons, free energy

determinaticns, and generation of dot matrices, evolutionary trees and

dendrograms. as well as generation of graphics, was done using either of

2 computer systems. These were (1) TRS-90 model 100 computer, outfitted

with 64 kilobytes of random access memory (PAM) (Tandy Corp., Ft. Worth,

TX) or (2) Commcdore VIC-20 (Commodore Business Machines, West Chester.

PA). outfitted with 32 kilobytes of RAM. and an 80-column board

(Protecto Enterprises, Barrington. IL). All computer programs employed

in this study are listed in appendix A.

0



:ylene cyanol upper, band. The wrapped gels were placed on a

sheet of cardboard and. in a darkroom, the radioactive bands were imaged

by e':posing the gel to a sheet of X-ray film for appro::imately 10

seconds, the exact exposure time being determined empirically. Using a

sterile knife blade, the photographic image of the 5S rRNA band was

carefully cut from the film. The film was aligned, and used as a

template for e;:cising the 3 2P-55 rRNA from the gel.

2. AUTORADIOGRAPHY OF SEQUENCE LADDERS

In the case of the imaging of sequence ladders produced by the

limited enzymatic digests, very small quantities of radiation often were

involved. Whether or not to use intensification screens for the

autoradiography was dictated by the yield of labeled termini.

Autoradiography of sequence ladders required at least 50.000 cpm of

32 P-RNA per lane, but this could be reduced to 10,000 by using

intensification screens. In general. however, it was possible to read

screened autoradiograms only to about 2/3 the distance as those exposed

without screens.

Thin sequencing gels were removed from the gel form and wrapped in

plastic wrap. In the darkroom, the gels were covered with X-ray film.

placed in a film casette, and allowed to expose overnight. When

intensification screens were used, the cassette was placed in a -70 C

freezer. Otherwise they were placed in a -20 C freezer.

L. . * , * ' - -



2. R:EACTION BUFFERS

PMases TI. PhyMand MI: 0.025 mM sodium citrate, pH 5.0; 7 M

urea; I mM EDTA; and 0.05%. (w/v) each of ;,ylene cyanol FF and

brom-phenol blue.

M~ale 2: 0.025 mM sodium citrate, pH 3.5% 7 M urea; I mM EDTA; *

and 0.05%. (w/v) each of x:ylene cyanol FF and brom-phenol blue.

P~ase B.c.: 0.025 mM sodium citrate, pH 5.0.

S. AUTORADIOGRAPHY OF 3mP-RNA

The generation of autoradiograms was necessary at two stages. The

first was in locating the 32p-RNA after purification by gel

el ectrophoresi s. The second applied to the imaging of end-labeled

fragments resulting from limited enzymatic digests, i.e,, the *sequence

ladder. Kodak XAR-5 film (Kodak Corp., Rochester, NY) was used for

Li

autoradiography. Films were developed with either D-11 or with Kodak

GE'X developer.

1. LOCATING THE PURIFIED 3 2P-RNA BAND

After the RNA had been end-labeled and subsequently purified by, gel

electrophoresis, the PNA band was located and exacised so that the

purified 32 P-MDA could be recovered. Relatively large amounts 010

dpm) of radiation were involved; therefore, typical exposure times q

ranged from 10 to 30 seconds. After completion of purification of

3 2P-RNA electrophoresis. the gel was removed from the gel form and

covered with plastic wrap. When necessary, brittle denaturing gels were

trimmed with a pia cutter in order to produce smooth edges. In 5%d

denaturing acrylamide gels, 5S rRNA bands were located just below the

purified ==-RNA ........ re... er...........................I(,



10% 'w/v), depending on the oligomer size range under investigation. A

lane containing a limited alkaline hydrolysis of an aliquot of labeled

RNA was run alongside the sequence lanes in order to mark the position

of each length of n-mer, from n=l to n-122, in the autoradiogram of the

sequencing gel.

Sequencing gels were cast and run on a 40 cm model SO sequencing

system (BRL. Gaithersburg, MD), to which power was supplied by a Bio Rad

S
(Richmond. CA) model 3000 high voltage transformer. Simultaneous

electrophoresis of the limited RNA digests in adjacent lanes of a thin

denaturing polyacrylamide gel consistently resulted in a unique set of

well-resolved bands from which the RNA sequence was read directly.

Adjustment of the enzyme-to-substrate ratio so as to achieve

"single-hit" conditions was approached two ways: (1) serial 10-fold

S
dilutions of the endoribonucleases to achieve the proper titre; and (2)

adjustment of substrate concentration by addition of carrier tRNA.

Adjustment of substrate concentration was generally more useful in

controlling enzyme/substrate ratios.

R. BUFFERS
S

1. ENZYME DILUTION BUFFERS:

PNases TI and Phy M: 25 mM sodium citrate, pH 5.0; 7 M urea; 1 mM

EDTA; 0.05% (w/v) xylene cyanol FF; and 0.05% (wlv) brom-phenol blue.

RNase U2: 25 mM sodium citrate, pH 3.5; 1 mM EDTA; 0.05% (w/v)

xylene cyanol FF; and 0.05% (w/v) brom-phenol blue.

PNases B.c. and MI: 25 mM sodium citrate, pH 5.0.
0



to unequivocally identify the pyrimidine bases. Three of these: Phy M,

specific for adenine and uridine (Donis-Keller, 1980) B.c.. specific

for cytidine and uridine (Lockard Pt al., 1978); and MI. which

hydrolyzes at adenine. guanine and uridine, but not cytidine residues

(PL Biochemicals, unpublished data), were of particular value.

Endoribonucleases useful for sequence analysis, except for RNase MI.

hydrolyze the phosphate backbone, producing 5' phosphates at the site of

specificity. RNase MI, however, hydrolyzes the phosphate backbone to

produce a 5' nucleotide phosphate. This results in the shifting of the

RNase MI lane one position out of frame, and must be taken into

consideration in analyzing the subsequent sequence ladders. RNase CL3

(Bogusky et al,. 1980; Levy and Karpetsky, 1980), with a putative

specificity for cytidine residues was not employed because of inadequate

specificity.

0. LIMITED ENZYMATIC DIGESTS

"Sequence ladders" from which the nucleotide base sequence of RNA

molecules was read directly, were generated by adjusting the ratio of

enzyme (endoribonuclease) to substrate (RNA) so that each end-labeled

RNA molecule was clipped, on average, at exactly one site. This

resulted in a nested set of fragments in which every possible

end-labeled sequence was represented. Limited digests of separate

aliquots of '2P-NA, using the various endoribonucleases, were used to

generate sets of fragments which were terminated by the enzyme-specific

base on one end and the 3 P label on the other. These fragments were

separated on thin 8 M urea polyacrylamide denaturing gels (Sanger and

Coulsen, 1978) which ranged in total acrylamide concentration from 7% to



Fi gure 4. Group-Specific Signatures in the (iibrlonacesie. The
hypervariable Eq/B' heli: was found to constitute the smallest sequence 4
segment by which the major clusters of strains could be distinguished.
The five consensus sequences, therefore, are considered to represent
group-specific signatures (see Delihas and Andersen, 1982).



5'...S~UUUUG27... 5'...GAUUUG2 ....
3 ...YAAAGC72... 31 .. Y.YU)C,12..

Q. paraharsolyticus V. carchariae
V. natriegens V. harveyi
11. fluvialis Q. diazotrophicas
V. cholerae
V). vulnificas
V. Diicas 3'.. .RUUGUG2 ,...
V. alginolyticus 3'...YAAYRC,...
V. gazogenes
Q. vetschnikovii
V. *cincinnatii" V. marinas

V.anguillarup
V. dassela

5'.. .RUUAUG2 7... P~. putrifaciens
3'.. .UAAUGC,.2... strains UMI40 and W145

P. phosphoreu 5'.. .GCnGUG27...
P. logei 3'.. .UI~nYGC72...
P. angustus
P. leiognathi
V. fischeri P. 5higelloides

E. coli
A. Phydrophila
A. media
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Figure 5. Unweighted pair group (UPG) analysl dandrograms.

3a. The UPG single linkage dendrogram (i.e.,
evolutionary tree) resulting from the clustering of species on a basis
of overall 5S rRNA sequence homology. Numbers denote difference
matrix elements, indicating the total number of base differences out
of 120 (the nucleotide base length of 5S rRNA).
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5b. The UPGMA, or UPS average linkage, dendrogram
resulting from the clustering of species on a basis of overall 5S rRNA

sequence homology.



= - . r - - 5 . ,. - ". . ' *. -, , . -r w rr . U . , . _ . -

.I

5$ rlM naeeg Ce*mnIMm LpW

1 2 3 4 5 6 7 6 9 10 12 12 23 2* 25 26 17 le 2, 20 21 22 23 2q

- Itio.1 l . . .... .....
tfIsmr, -

- Lot ------- -
V-- li -- -----------

L!LM LQ ------ -- i
-- " .I I a.. 1I-.--

A- ...r..l -- .. ----

"c 11"- - ----------

..... d t ........

-V vu'itcw ------------- ... I --------- I

SI- -

......................................

0- Cl-- 
----- --

hyr"i -- --- --- -- -- -- --



W.. V

5c. The UPG complete linkage dendrogram resulting from

the clustering of species on a basis of overall 5S rRNA sequence
homology.
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algorithm, in effect, weights transversions against transitions in

nucleotide base mutations in such a way that transversions are

penalized. A mutation from purine to pyrimidine, or from pyrimidine to

purine constitutes a transversion, and a mutation from one pyrimidine to

another, or from one purine to another constitutes a transition.

Deletions and insertions are assessed as transversions. The algorithm

assigns a coefficient of evolutionary "distance", K(nuc), to each

pairwise comparison, and is not dependent on there being an identical,

i.e., common ancestral sequence.

Computer programs, written in BASIC language, were developed to

compute S-values for sequence comparisons, as well as K(nuc) values (see

Appendix A). The UPG difference matrix, and the evolutionary distance,

i.e., K(nuc), matrix are shown in figure 6. Results of cluster

analyses, were used to construct dendrograms and to detect evolutionary

rel ation ships.

1. UPG Analysis

Dendrograms generated from UPG cluster analyses using single-.

average-, and complete linkage groups are shown in figure 5a-c,

respectively. Dendrograms generated from single linkage clustering

(Figure 5a) were helpful only in indicating maximum relatedness. For

example, it is apparent that Vibrio 5S rRNA sequences are significantly

homologous, with very few differences, thus, the majority of the species

examined appear to belong to a single large cluster. Both average- and

complete linkage clustering, on the other hand, provided additional

information concerning relationships among 5S rRNAs of individual

species. In both cases, two distinct similarity groups were observed.

. • . _ .
. . . . . ." - L - " ' '* ,,,.,= ,,-,, '-"- -' ' . ' - - - - ' mI



Figure 6. UPG and K(nuc) difference matrices.
S

6a. UPG difference matrix. Numbers indicate the base
differences (of 120 total) between the 5S rRNAs from pairs of species.
The difference matrix element for each pair of species is located at
the intersection of that pair. Asterisks indicate identities.
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PH LE LO FI PA NA AL FL MI ME GA CI CA DI HA CH VU DA AN MA UM PU PS

PH 1 1 4 3 12 10 9 15 14 12 9 It 13 11 11 12 10 It 12 15 17 15 19
L 3 4 11 9 8 14 13 11 8 10 12 10 10 11 9 10 I 14 16 14 18
Lo 1 5 8 8 5 11 10 B 7 9 9 0 10 10 ? 15 19 15 21
Fl 1 9 7 6 12 11 9 10 12 10 10 10 9 7 10 It 16 16 12 20
PA 2 3 3 4 4 53 6 5 7 6 7 10 6 14 21 18 21
RA 3 5 4 4 3 7 5 5 4 7 10 8 14 19 16 21
AL 1 6 5 3 4 6 4 4 6 7 7 1 7 17 20 16 22
FL 1 1 3 6 4 6 8 10 6 11 7 17 24 21 24
NI 1 2 5 3 5 7 4 4 5 0 8 18 2 20 25
ME 1 3 3 5 5 9 6 7 8 6 38 1"9 25
6 2 6 4 10 9 10 7 5 17 20 18 24
Cl 1 8 6 12 7 B 9 7 17 22 20 26
CA 2 4 7 8 10 9 17 22 19 22
DI 1 6 9 10 9 7 1? 22 18 24
m 1 9 9 13 13 17 22 19 19

5 3 14 12 14 19 17 23 O
1 11 13 17 19 16 21

DA 1 6 19 19 16 22
1 17 21 17 Z

M 520 1 24
um 1 13 26
Pl 2 23

KEY: PH a P. phosphorea, IE P. I iolatbi (P. angstu), LO -FP. logei, Fl • U. fischeri,
PA x V. parahaepolyticas, NA z V, natriegens, AL x V. dlginolyticus, FL VI. flayjalis,
NI z F. oisicu, ME z 9. setschnikovii, 6A c 9. gazogeves, CI a V. 'cincinnati',
CA z V. carchariae, Dl = V. dizotrophicts, HA =. harveyi, CH = V. cholerae, •1
VU z V. valvifics, DA z U. dasela, AN - V. toloillarma, MA - U. iariiu,
UM m strains UM 40 and W 145, PU A A. patrifacieas, PS P P. sbigelloides



.I

I

6b. K(nuc), or evolutionary distance, difference matrix.
Values at the intersections of pairs of species indicate the
.evolutionary distance" between those species (Kimura, 1980). K(nuc)

values are listed as factors of 10-' to facilitate data handling. TheI
K(nuc) value corresponding to the evolutionary distance between P.
leiogrnathi and P. phosphoreup. therefore, should be read as .0031.
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PH LE LC Fl PA NA AL FL MI ME 6A CI CA DI HA CH VU DA AN MA UM PU PS MD HY

PH 1 31 128 129 364 305 270 436 411 351 270 31b 108 353 340 343 287 308 329 428 484 421 519 491 557

LE I ,5 96 328 270 236 400 375 316 2.,6 282 376 31B 305 30e 252 273 294 39 447 385 482 455 520

LO 1 128 227 n6 138 297 273 216 204 250 273 216 270 273 284 239 196 428 5 417 590 487 552

Fl 1 270 214 181 340 31b 299 293 340 318 305 213 250 195 20 284 454 458 324 548 391 455

PA 1 52 84 64 86 96 129 174 85 140 192 150 193 287 162 415 639 523 615 588 654
NA 2 94 117 " 10 138 183 9" 149 137 0 138 296 216 403 573 461 604 523 588

AL t 15 128 74 106 150 129 116 170 192 203 227 183 510 612 472 643 496 550

FL 1 21 74 151 106 151 207 261 128 171 311 184 491 722 604 700 671 740

mI I 53 129 85 129 184 237 106 149 287 207 5176 94 57 730 643 711

ME 1 74 74 139 129 248 160 204 229 1515 8 706 561 740 577 643

SA 1 42 172 117 282 239 284 218 139 491 612 548 700 615 682

CI 1 218 162 329 193 23B 263 184 544 66b 600 761 671 740

CA 1 53105 193 238 311 22 514 692 573 666 586 652

c1 t 1!9 250 296 53 195 579 706 561 734 573 639
HA 1 237 2498 397 364 525 6 550 561 561 627
CH I 5 403 321 421 621 480 658 544 610
vU 1 308 634 491 560 447 5"511 577

A I 160 539 555 465 638 480 544

AN 1 480 627 48 661 556 622

1 571 506 704 735 733

tr 371 766 755 797

PU 1 646 529 595
1 489 554

rf Y- PH - P. phosplhoreva, L.E P. ItiogDathi (P. apgast~p), LU P. logei, F1 . V. fischeri,

PA a 1. parthaerolyticas, NA a V. natriegens, AL i V. alginolyticm, FL ". flurialis,

MI = V. sihzcgs, Pf q. etschinkovii, 5A - V. ;azogeoes, CI: V. 'cincinnati'

CA - V. carchmriae, 01 - V. dizotrophicas, HA V . harveyi, CH z V. cbolerae,
2 - V. vlDificas, DA z V. daisela, AN x . aoguillarai, MA c V. sarivis,

- strains LM 40 and W 145, PJ P, putrzfacierv, PS : P. sbigelloides, MD A. sedia

HY z 0. hfdrophula

S



The first comprised V. parahaerolyt;cas. V. natriegc ns, V.
S

al'gncI yt:cus, V. fluI'Val.s, V. retschniAcvzi, V. uilicus, V. gazogenes,

V. vuln ficas, /. cholerae, V. carchariae, V. diazotrophicus, V.

harveyi, and a new Vibrio species tentatively designated V. cincinnatii.

The second cluster comprised the Photobacterium species: P. phosphoreus,

P. !eiognathi, P. angustum, and 11. !ogei. and 'U.0 fischeri (Table 3).

Although the generic composition of the clusters was identical,

intra-phenetic differences were observed. For example, the V. fluvialis

- V. misicus and V. cholerae - V. valnificus doublets clustered by

complete linkage, whereas by average linkage, they appeared to be more

distantly related, not cnly to each other, but also to the central

Vibria cluster.

The second major cluster, containing the Photobacteriuw species,

did not change with linkage method employed. Although V. dassela and V.

anguillaraiD formed a doublet related to the main Vibrio cluster by

average linkage clustering (Figure 5b), by both single- and complete

linkage, they represented a separate cluster. A. media and A.

hydrophila were only distantly related to the other species of the

Vibrionaceae by cluster analysis, regardless of linkage method. By

average- and complete linkage, however. V. psychroerythrus clustered

with A. media and P. hydrophila, but at a relatively low similarity

value.

2. Evolutionary Distance

The dendrogram generated from the cluster analysis using the Kimura

algorithm for estimation of evolutionary distance (Figure 7). bears a

strOing resemblance to that generated by UFGMA (average linkage. figure



Table 3. Palindrome Relatedness Groups

Pal indromet GC6AUUA6----CUGACUC-A-6CC6-ACUCAUC--- AUUUA6CG

(I. gazOornes GCG UUU 6 CUGA U C A GCCG ACUCAGU GA AGCG
V. cincinnati GCG UUU 6 CUGA U C A GCCG ACUCAGU &A AGC6
LI. eaumic us 6CG LIUU 6 CU6A U C A CC6 ACUCAG GA A6CG
UI. fluvialif G 6 UIJU 6 CUGA U C A CC6 ACUCAG GA AGCG

UI. ofja lot pop / jcuf GCGAUUU 6 CLUGA U C A GCC6 ACUCAG 6A UUJAGC6
VI. carchdria, GCGAUUU G CUGA U C A LEG ACUCAG GA UUJAGCG
VI. Piticuj5 GC6 IJUU 6 CUIGA U C A CCG ACUCAG GA AGCG

VI. fluvialss G 6 LUJU G CUGA U C A CCG ACUCAG GA AGEG

LI. dJJrotrophicul GC6AULUU G CLU6A U C A GCC6 ACUCAG GA UUIAGCG
VI. carcharjar GCGAUIJU 6 CUGA U C A CCG ACUCAG GA UUAGCG
VI. peraheirmo1ytica5 6 6 UUlA 6 CUG6A U C A CC6 ACUCAG GA UAGCG
VI. fluviatjs 6 G UUU 6 CUGA U C A CC6 ACUCAG GA AGCG

LI. ifiazatrophicur GCGAUU)U 6 CUGA U r A GCCG ACUCAG 6A LPJA GC 6

V. #19i"olyticuss &C6 ULILI 6 CUG6A U C A 6CC6 ACUCAG SA UJAGC6S
P. ]Dori SC6 U U6 CUGA UC A 6CCG ACUCAG 6 UJA6CS
A. ftydrpOhile GCG U 6 CU)GA U C A GCC6 ACUCA6 6 UIAGCS

LI. diazotrophicul GC6AU)UU 6 CU61 U C A 6CCG ACUCAG &A UIA6C6
U/. 81g1"Olyticur, 6C6 UUU G CLU6A U C A 6CC6 ACUCA6 GA UAGCG
Po. logri GC6 U U 6 CUrgA U C A 6CC6 ACUCAG 6 IJA6CG
VI. daalpfa 6G U U 6 CUGA U C A GCCG ACUCAG 6 AGCS

VI. anquillarus 6 6 U U 6 CU6A U C A SCC6 ACUCAG GC6

LI, dialetrophices GCGAtL 6 CUGA U C A 6CC6 ACUCA6 EPA UUJAGCG
VI. atgz"Olyticus GCG UUU 6 CUGA U C A 6CC6 ACUCAG GA UAGCG
P. Iogel G CG U U 6 CUGA U C A GCC6 ALUCAG 6 UIAGCG
LI. fischeri GC U U G CUSA U C A GCC6 ACUCAG G UJAGCS

A. A-Utrfaci mi GC U U G CUGA C A CCG ACUCAG 6 u GCG

V. diazotrophicut GCGAUUU G CUGA U C A GCCG ACUCAG GA ULIAGCG
VI. aiginoloyticui GEG UUU G CUG6A U C A GCCG ACUCAG GA U)AGCG

V. vulnifjCuI GEG uuu G CUGA C A CCG ACUCAG GA U)A6CG
04. Putrificirmf GE U U G LUGA C A CC6 ACUCAG 6 U 6CG

LI. dldzotfop",cur 6CGAUUJU 6 CUGA U C A GCC6 ACUCAG GA U JAGCG

LI. 0101nolyticur GEG ULILI G CU)GA U C A GCCG ACUCAG GA UJAGCG
V. vivacul GCG umIL G CISA U C A CCG ACUCAG GA AGEG

V. flu )J a! G, G UUU G CUGA U C A CCG ACUCAG GA AGEG

... .............. ........ ........ ........... ... ....... S
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V. logel GCG-U-U-G ------ CUGA-U-C-A-GCCG-ACUCAG ------ G --- UAGCG

V. alginolyticus 6CG-UUU-6 ------ CUGA-U-C-A-GCCG-ACUCAG ------ GA--UAGCG

V, anquillarum 5-G-U-U-6 ------ CUGA-U-C-A-GCCG-ACUCAG ------- CG

V. daisela 6C6-U-U-6 ------ CUGA-U-C-A-GCCG-ACUCAG ------ G ---- AGCG

V. diazotrophicus SCGAUUU-6 ------ CUGA-U-C-A-CCG-ACUCAG ------ 6A-UUAGCG

Visual inspection of these sequences suggested the possibility that

base sequences from certain species of the Vibrionaceae. representing

this palindromic region, might be arranged in such a way that a

sequential drift in base sequence could be detected. The five species

of the above example are arranged thus:

V. diazotrophicus 6C6AUUU-6 ------ CUGA-U-C-A-SCCG-ACUCA ------ 6 A-UUAGCG
S

V. alginolyticus SCS-UUU-6 ------ CUGA-U-C-A-GCCG-ACUCAG ------ GA--UAGCS

V. logei 6CS-U-U-6 ------ CUGA-U-C-A-GCCG-ACUCA ------ 6---UAGCG

V. damsela 6C6-U-U-6 ------ CUGA-U-C-A-GCCG-ACUCAG ------ G .-- AGCG

V. anguillarur 6-6-U-U-6 ------ CUGA-U-C-A-SCCS-ACUCAG ------------GCG

When the same approach to arrangement of sequences of the putative

54-base palindrome was applied to all the Vibrionacere 5S rRNA

sequences, eight groupings, all of which appear to suggest evolutionary

relationships among component species were obtained (Table 5). The

relationships implied in the groupings suggest that a single, common,

simultaneous solution to the phylogeny of the eight species can be

portrayed as an evolutionary tree. See figure 9.
S1
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8c. Composite dot matrix map. The boxed-in region
indicates the position of a degenerated 52-base palindrome, portions
or which are contributed by species from several RNA superfamilies.

Key: Vn - 41, natriegens, CS = Calyptogena symbiont (Stahl et I.,
1984), Ta = Therius aquaticus (Dams et al., 1983). Frequency of
occurrence: (open square) = 1, (circle) - 2, (solid square) = 3.
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8b. This is a composite dot matrix in which the
palindromic sequences from 5 Vibrio species have been "overlayed" by
use of a computer, and indicates the existence of a degenerated
54-base palindrome (boxed-in region). Although the palidrome is not
evident in the sequence of any single (ibrio species, composites of
numerous combinations of sequences from Vibrio species yield the same
result. The small solid arrows indicate sequences common to V.
carchariae and V. diazotrophicus. The large solid arrow indicates
sequences common to V. diazotrophicus and V. alginolyticus. Open
arrows indicate the portion of the palindrome contributed by V.
cholerae.

Key: Vch = V. cholerae, Vca - V. carchariar, Va - V. alginolyticus, Vd
= V. diazotrophicus, Vn = V. natriegens. Frequency of occurrence: x =
1, (open diamond) = 2, (solid diamond) = 3, (circle) - 4, (solid
square) = 5.
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Figure 6. Dot matrix analysis of inverted repeats (palindromes). Dot
matrices were generated by comparing truncated sequences, consisting
of bases 11 to 110 (of 120) of 5S rRNAs arranged 5' to 3' versus 3' to
5'. The search algorithm was set to ignore matches less than 3
consecutive bases in length.

Sa. This pattern (boxed-in region), is typical of all of
the 5S rRNAs of the genus (Vibria sensu stricta, and indicates the -

existence of a degenerated 33-base inverted repeat (palindrome). The
sequence shown here is from (/. valoificus.
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D. REPEATED AND PALINDROMIC SEQUENCES

A computer program was developed (MacDonell and Colwell, 1984,

manuscript in review) which searches nucleic acid sequences for repeated

and palindromic sequences, in order to measure the frequency of

occurrence and extent of conservation. Data for 5S rRNA sequences

determined in this study and for those reported in the literature

(Erdmann et al,, 19B4) were analyzed by the program. Results of the

analyses revealed several palindromes (inverted repeats). Repeated

sequences, however, appear to occur infrequently, and are limited to

regions of <10 bases. Dot matrices with palindromic or repeated

sequences are shown in figure 8. Two regions in the base sequences of

5S rRNAs from species of the Vibrionaceae appear to have been derived

from palindromes. These are (1) a 54-base region extending from SI&

through Go:

6C6AUU--G ------ CUGACU-C-A-6CC-ACUCAGUC ------ 6--UUAGC6

and (2) a n3-base region extending from G67 through Gxo4:

SAUG--AGUGU----UUU ---- UU6A--GUA6

which appears to have derived from two smaller palindromes:

GAUSGUAS-------------------------

and .

--------------- AUGUAGAGUA-

Although the sequence of the 33-base palindrome is stable in all

(ibrio 5S rRNAs examined to date, slight differences in the extent of

conservation of the sequence of the 54-base palindrome were detected by

comparison of the 5S rRNA sequences. Five species thusly compared are

listed below.

S
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Table 4. Relative Stability of Helical

and Single-stranded Regions

Frequency of mutation
ogr 100 bases ....|

A 5.2
B 12
C 0
C' 2.4
B' 11.2
E 4.3
D 2.7
D' 3.3
E' 4.3
A' 4
All helices 5.3

LM~R

aLb 2.6
bLc 10.9
cLc' 15.6
c'Lb' 0
b'Le 0
eLd 0
dLd' 14.5
d'Le' 0
e'La' 7.2

All Loops 10.9

Key: ' Refer to Figure 3
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fb). The single difference in the clustering of component phena is the

location of the V. cholerat - V. vuInificus cluster. The location of

the "U. cholerar - V. vulnificus" doublet in the Kimura dendrogram more

closely resembles UPG single linkage clustering (Figure 5a). The

composition and relative locations of the Photobacterium cluster, the A.

media - A. hydrophila - V. psychroerythrus cluster, and the V. damsela -

Q. anguillarus doublet are identical to that predicted by UPGMA

analysis.

C. CONSERVED AND HYPERVARIABLE REGIONS

As suggested by Fox et al. (1977), certain regions of the 5S rRNA

molecule are characterized by a high degree of sequence variation

(hypervariable regions), whereas other regions were apparently resistant

to mutation. Locations of the hypervariable regions, detected by

analysis of the 26 5S rRNA sequences determined in this study are as

follows (listed in order of increasing stability): helix B/', the base

40 - 48 region of loop cLc', loop e'La', base pair 83/130, and to much

lesser degrees, helix D/D' and loop dLd' (Figure 3). Highly conserved

regions in the sequences of 5S rRNAs were detected at (in order of

increasing variability) region C of helix C/C', base 49 - 58 region

overlapping loop cLc' and helix C/C', base 87 - 100 region overlapping

helices D/D' and E/E', and terminal helix A/A' (Figure 3). The relative

stabilities of base sequences associated with these regions, expressed

as percent stability, are listed in Table 4.
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Figure 7. Evolutionary distance (Knuc) dendrogram. This dendrogram
(i.e., evolutionary tree) was derived by the WPG method from K(nuc)
values computed using the algorithm of Kimura (1980), listed in figure
6b. Refer to the text for an explanation of the K(nuc) coefficient.
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iTab 3. iGerea sensu $ rictais ibria and Photobacterius

Iibrio sensu strictul Photobacterius sensu strictul

11. alginolyticas P. angustuso
V. carcharise P. fischeri
V. cholerat P. leiognathi 4
V. 'cincinnatii P. logel
VI. diazotrophicus P.phosphoreuz
V. fluvialis
11, gazo geneS
Q. harveyi
V. oetschnikovii
V. DivicCIs
V. natriegens
V. parahaesolyticus
V. vulnificus

Vibrio species not fitting into genus Vibrio 3

V. angaillaruv
V. damsel a
V.* fischeri (see Phatobactcr1 us)
V. lo gei (see Photobacteruap)
V. iparinus
V. psychroerythrus (see Results)

Key:

SOn a oasis of 5S rRNA phylogeny
2 Possibly a synonym or biovar of P. leiognathi (see Results)

SThe following named Vibria species have not yet been evaluated:
V. caspbelli, V. costicola, V. furnisii, V. hollisae,
V. nerei5, V. nigrapulchritudo, V. ordalli, V. orientalis,
V. pelagius, V. protrolyticus, V. splendidus



Figure 9. Evolutionary tree based on palindromic sequence analysis.
This dendrogram is the graphic representation of one simultaneous
solution for the eight groups of "sequence drift" observed for the
54-base palindrome (see Table 5). Since the 54-base palindrome is
most conserved in the 5S rRNA from Q. diazotrophicas and most
randomized :n that from A.hydrophila, it is suggested that V.
diazotrophicus may represent the least highly evolved of the Vibrio
species. Three bifurcations are evident, indicating the existence of
"intermediate" common ancestors, suggesting a high level of
relatedness between V. carchariae and V. parahaevolyticus; V. fischeri
and A. putrifaciens; and V. mimicas and V. flvialis.
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E. NUCLEASE SI LIMITED DIGESTS

Nuclease Si (from Pspergillus oryzae) preferentially hydrolyzes

single-stranded (ss) regions in nucleic acids, with relative affinities

of approximately 2000:1 (ss:ds) compared with double-stranded regions

(Vogt, 1990). Limited, i.e., Osingle-hit" digests of *2P-5S rRNA, using

nuclease SI, were separated on thin sequencing gels alongside

conventional sequencing ladders in order to map the locations of

nucleotide bases participating in the formation of single-stranded

regions (Figure 10). Using this method, composite maps were generated

for 5S rRNAs from P. shigelloides, Q. alginolyticus, V. diazotrophicus,

Y. natriegens, and V. psychroerythrus. Based on these data, the

following consensus map was constructed (using the V. diazotrophicus

sequence):

U1U6GCM! M6-"AAUJC -,cAcUCA Ci

=6c5sc !i 66 w~scccc 11c

Where broken boxes identify regions which were occasionally clipped

(frequency < 50%); solid boxes identify regions which were frequently

clipped (frequency > 50%); and hatched areas identify regions which were

invariably clipped (frequency a 100%).

No significant differences in hydrolysis patterns were detected

over a wide range of enzyme-to-substrate ratios (102 -fold range);

incubation times (30 seconds to 6 minutes); incubation temperatures (10

to 35 C); or 5S rRNA species employed as a substrate.

F. FREQUENCY OF OCCURRENCE OF "STOP" AND "RNY" CODONS

Since the statistical distribution of "stop" (UAA, UAG, UGA), and

'RNY" (purine, any base, pyrimidine) codons in a reading frame is

7 1



Figure 10. Nuclease St hydrolysis ladders. Limited nuclease S1 digests
were run alongside sequence ladders in order to indicate the locations
of single-stranded regions. Nuclease Si and en:ymatic sequence ladders
were generated from limited digests of 5S rRNA from V. logei and P.
leiognathi. Identity of the endonuclease lanes are as indicated in

figure 2. Arrows mark the positions of lanes resulting from limited S1

digestion. See text for composite SI digest map.
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diagnostic for the existence of a direct coding function (Shepherd,

1981; 1982), a computer program was written (appendix A) to search each

reading frame, in turn, and compile the frequency of occurrence of

*STOPN and "RNY" for each. Results obtained from application of the

search algorithm to 5S rRNA sequences determined in this study are

presented in Table 6. Of the 28 species of the Vibrionaceae for which

5S rRNA sequences have been determined, only A. hydrophila, A. media,

and V. psychroerythrus had at least one stop codon in each reading

frame. The average frequency of occurrence of "stop" codons in each of

the three reading frames was 6.8% (frame 1), 10.8% (frame 2), and 1.45%

(frame 3). The expected frequency, based on random occurrence, is 3/4M

or 4.7%. The average frequency of occurrence of "RNY" codons in each

reading frame was 22.6% (frame 1), 18.7% (frame 2), and 34.9% (frame 3).

The probability of occurrence of "RNYO codons in a random sequence is

1/22 or 25%. By comparing each observed frequency with that expected

from a randon sequence, percent change (A%) values for each reading

frame were determined. These are presented in the form of a histogram

in Figure 11.



Table 6. Occurrence of "RNY" and *STOP* Codons in 5S rFI4A Reading Frames

*STOP* CODONS "STOP" Pg. "RNY" CODONS 'RNY REO.

--- FRAME-- -- FRAIE--- -F FRAME---
1 2 3 1 2 3 1 2 3 1 2 3

I. ydophiJa 1 4 1 2.6 10.3 2.6 7 7 lb to 1 41

A. media 1 4 2 2.6 10.3 5.1 7 7 16 1 19 41

f. pltrzfacieas 3 5 0 7.7 12.1 0 9 7 15 23 19 39.5

ANT 300 3 3 2.6 7.7 7.7 11 8 12 29 20.5 31

P. Iioegnathi 4 5 0 10.3 12.8 0 9 8 13 23 20.5 33

P. aogutga 4 5 0 10.3 12.8 0 9 a 13 23 20.5 33

P. shigelloides 3 4 0 7.7 10.3 0 8 9 12 20.5 23 31

V. algivolrticu 0 5 2 0 12.8 5.1 10 8 11 25.6 20.5 28

V. angei Iau 3 3 0 7.7 7.7 0 ? 6 13 23 15.4 33

9. carcharile 3 4 0 7.7 10.3 0 9 7 15 23 18 38.5

1. choleras 3 4 0 7.7 10.3 0 9 6 15 23 15.4 3B.5

U. ecincinnati" 4 3 0 10.3 7.7 0 ? 8 13 23 20.5 33
V. daselI
9. diazatrophicus 3 4 0 7.7 10.3 0 10 8 13 25.6 20.5 33

Y. fischeri 3 5 0 7.7 12.0 0 9 7 13 23 183M

V. fluvialis 3 3 0 7.7 7.7 0 9 6 14 23 15.436

V. gazegnes 4 3 0 10.3 7.7 0 9 8 13 23 20.5 33

Y. logei 3 5 0 7.7 12.0 0 9 7 13 23 1833

U. sarious 4 6 0 10.3 15.4 0 6 8 16 15.4 20.5 41
Y. Jetscheitovii
V. aiuicus 3 3 0 7.7 7.1 0 9 6 14 23 15.4 36

Y. oatripeas 0 5 2 0 12.9 5.1 10 9 11 25.6 20.5 28

U. parahaeolyticus 0 5 2 0 12.9 5.1 9 8 14 23 20.5 36

V. psychreerythrgs 5 5 1 12.8 12.9 2.6 8 6 16 20.5 15.4 41

N. raeificus 3 4 0 7.7 10.3 0 9 7 13 23 19 33

Values expected for randos sequences: 'STOP', 4.6% (1.8/molecule); "I Y', 251 (
9.75/molecule).
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Figure I1. Histogram of "RNYO and "STOP" codon frequency. The data
for occurrence of "RNY" and "STOP" codons (Table 6) are presented as a
percent of expected random frequency. Reading frames I (starting with
the 5' terminus) and 2 both exhibit (1) an increased frequency of
"STOP" codons and (2) a decreased frequency of "RNY" codons. Reading
frame 3, however, contains almost no "STOP" codons, and a
significantly increased number of "RNY" codons, suggesting a conserved
direct coding function.

7

700

-.- . -.------ -----------.----°----...'..-.o-.-fo.



"STOP" ORNYo
CODONS CODONS

+100%

Percent Change
From Random
Frequency 0%

-100%

READING3 FRAME

77



ID X E3 18 U E3E DNC S

A. MOLECULAR BASIS OF PHYLOGENETIC INFERENCE

A logical interpretation of the phylogenetic data presented here

requires the following assumptions: that prokaryotic species are

monophyletic, and that eubacterial species share a common ancestor.

Both are reasonable assumptions since there are no data available

suggesting otherwise. The first assumption, that prokaryotes are

monophyletic, suggests that prokaryotes, unlike eukaryotes, evolved as -*

cells, and not assemblages of organelles or sub-cellular components with

independent phylogenetic histories. Therefore, phylogeny of a part, the

ribosome for example, should reflect the phylogeny of the whole, or that

the phylogeny of bacterial ribosomal RNA is equivalent to the phylogeny

of the bacterial cell. Although true for prokaryotes, this is not

believed to be the case for eukaryotes, since there is ample evidence -

suggesting that chloroplasts, mitochondria, and nuclei all are of

distinct and independent prokaryotic phylogenies.

The second assumption, in part related to the first, suggests that

all prokaryotic species share a common origin. Although difficult to

prove, there is evidence to support this view. For example, only a

single kind of protein synthesis apparatus occurs in all known forms of

life (Vogel, et &1., 1984). Furthermore, tRNAs and ribosomal RNAs from

the broadest possible range of species share striking similarities,

strongly suggesting a common origin. Since the sequences can be

considered highly conserved over a time frame of more than a billion

78
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years, nucleotide base sequences of ribosomal RNAs provide the

information from which evolutionary relationships can be deduced.

Comparisons among sequences of ribosomal RNAs appear to be ideal for

inference of phylogenetic relationships (see Kunt:el et a1., 1981;

Kuntzel, 1982; Kuntzel et &1., 1983). Unfortunately, the number of

known 5S rRNA sequences is small, with only 43 eubacterial sequences

published to date (Erdmann et &1., 1984; Dekio et al., 1984; MacDonell

and Colwell, 1984a,b,d,e), including 21 Gram-negative species. This is

too few to establish, conclusively, a phylogeny for eubacterla.

A major reason for the small number of eubacterial 5S rRNA

sequences presently available for analysis is that more emphasis has

been placed on investigation of deep phylogenetic branching than of

phylogenetic relationships at the genus and species level. The focal

point has been, primarily, the saltation of archaebacteria and

eubacteria, and deep branches within each group (Stackebrandt and Woese,

1984). In addition, several laboratories undertaking pioneering work on

comparative sequencing of ribosomal RNA as a phylogenetic probe have

focussed on characterization of archaebacterial species (see Fox et al.,

1982; Woese, 1982). Clearly, methods for comparative sequencing of

ribosomal RNAs are just now being developed. It is too soon to expect

large compilations of rRNA sequences, but the situation will alter in

the immediate future.

The main objective of this study was to analyze relationships among

species of a single taxon of the eubacteria, the family (ibrionaceae,

and, thereby, provide information needed for resolution of several

issues. The first, and most immediate, was the clarification of

7~7.
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taxonomic relationships among the 36 species of the (ibrionaceae and

assessment of the utility of the polyphasic approach to bacterial

systematics, upon whose foundations the taxonomy of the Vibrionacear

ICitarella and Colwell, 1970; Colwell, 1970; Colwell, 1971) was

constructed. The second was to evaluate the ability of comparative

sequence analysis to clarify phylogenetic relationships at the species

level. Lastly, and most important, considering the impact on bacterial

systematics, was to provide a basis for selection of phenotypic

characters correlated with phylogeny for the Vibrionacrae, the purpose

being replacement of tables of key characteristics constructed from a

priori assumptions of phylogenetic relationships.

Several methods exist for estimation of evolutionary relationships

among nucleic acid sequences, based on sequence similarities (Klotz et

al., 1979; Kimura, 19B0; Li, 19B1). These derive, for the most part,

from modifications of clustering of difference matrix data by unweighted

pair-group (UPG) algorithms. The modifications are, in general, based

on empirical or statistical models which correct for the tendency for

transitions (purine to purine, or pyrimidine to pyrimidine) to occur

with significantly greater frequency than transversions (purine to

pyrimidine, or pyrimidine to purine) (Kimura, 1980); different rates of

mutation (Klotz et al., 1979; Li, 1981); or compensate for lack of

reference ancestral or prototype nucleotide sequences (Kimura, 1980; Li,

1981). Application of the UPG method, despite its inherent inability to

compensate for the interactions mentioned above, produced virtually the

same clustering (Figure 5b) as the Kimura algorithm (Figure 7), the

latter being considered by many investigators as the most appropriate

.i+°o



for nucleic acid sequence comparisons. Either, however, appears to be

more favorable for estimation of phylogenic relationships than S,,

coefficients (Woese, 1982; Woese et al., 1984; Stackebrandt and Woese,

1984) commonly employed in 16S rPNA studies. A correlation between S4 s

values and sequence homology has not been shown, since S^& values

greater than 0.4 tend to overestimate homologies significantly, whereas

values below 0.4 tend to underestimate to the same degree (Hori and

Osawa, 1982). The result is an unacceptable skewing of evolutionary

distances that are estimated using the So. coefficient, not altogether

surprising, since the S.. was developed to estimate evolutionary

distances from oligomer catalogs. Were methods for direct determination

of nucleotide base sequences available, a more robust coefficient might

have resulted.

B. PHYLOGENY OF THE VIBRIONACEAE

Unweighted pair-group (UPG) analysis, using single-, average-, and

complete linkage (Figure 5a-c), as well as estimation of evolutionary

distance, employing the Kimura (1980) algorithm and comparative sequence

data (Figure 7), were applied to construct evolutionary trees. As

expected, the UPS single-, and UPS complete linkage analyses were of

limited utility in defining phylogenetic relationships, although

helpful, in some cases, such as analysis of relationships between V.

anguillarus and the major Vibrio cluster. Dendrograms generated using

!S rRNA sequence comparisons and UPGMA (average linkage) and using

eestimates of evolutionary distance (Kimura, 1980) were in remarkably



good agreement, suggesting that most of the named Vibrio species share a

recent, common ancestor. These species are concluded to comprise the

genus ibrio sensu strictu (MacDonell and Colwell, 1984b). V.

anguillarum and V. daisrla, and. presumably, V. ordalii and (,

tubiashii, which were considered previously to be biovars of U.

anguillarus are concluded to comprise a separate genus.

V. sarinus, based on the criterion of comparative analysis of 5S

rRNA sequences, shares only a remote common ancestor with any of the

named Vibrio species (MacDonell and Colwell, 1984b), and, as a

consequence, the 5S rRNA sequence is concluded not to permit clustering

of this species with those of either of the two groups described above.

Whether V. narinus constitutes a species of the family Vibrionaceae

sensu strictu requires further study.

Motivated by the observation of Van Landschoot and DeLey (193),

based on rRNA/DNA hybridizations, that Plterosonas putrifaciens may

share a moderately recent common ancestor with the genus Vibrio, the

sequence of the 5S rRNA from that species was determined. Although it

failed to cluster with species of either the genus Vibrio sensu strictu

or V. anguillaruz and V. damsela, it shares, with both groups, a level

of relatedness sufficiently high to suggest that it probably is a member

of the Vibrionaceae. Interestingly, P. putrifaciens shares a common

ancestor with two abyssal marine isolates, UM40 and W145 (Deming et al..

1984) at an phylogenetic depth suggesting a mutual relatedness at

approximately the family level.

The genus Photobacteriu comprises at least four species, P.

pho phorrus, P. leoignathi. V. fischeri, and V. logei. P. angustup
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possesses a 'S rF:NA the sequence of which is identical to that of P.

leiognathi. suggesting, but not proving, they may be biovars of the same

species. Although there is no reason why two species cannot share an

identical 5S rRNA sequence, it appears likely that the time s-ale in

which a common ancestor gives rise to two distinct species is

sufficiently large that one (or several) base differences out of the 120

comprising the 5S rRNA molecule would result. The rate of spontaneous

mutation in 5S rRNA sequences is in the order of 10- years (Stahl et

al., 1984).

Y. psychroerythrus was originally described by D'Aoust and Kushner

(1972) with the suggestion that it be allocated to the genus Vibrio,

although it was never properly validated as a Vibrio species. From

comparison of its 5S rRNA sequence with those for the other species of

the Vibrionaceae included in this study, it is concluded to be misnamed.

The only species with which it shares other than the most remote common

ancestor are A. hydrophila and A. redia, which, based on 5S rRNA

4sequences, as well as rRNA/DNA hybridi:ations (J. DeLey, personal

communicaticn) cannot be considered members of the (ibrionaceae. A

proposal to create a new family composed of the species V.

psychroerythrus, A. hydrophila, A. Pedia and related species is being

prepared (MacDonell and Colwell, manuscript in preparation).

The correct taxonomic position of P. shigelloides has been a topic

of controversy since the original description was proposed by Fergusen

and Henderson (1947), and has been shifted back and forth between the

families Enterobacteriacreae and Vibrionaceae (Hendrie et al., 1971).

The reason for the apparent difficulty in resolving the taxonomic

H 3



pcsiticn of this Species Is that it po5sesses phenotypic characteristics

considered, a prior;, to be characteristic cf each family. The 5S rRNA

sequence, however, appears to be useful in resolving the controversy

since an extensive homology with the 5S rRNA from Proteus sirabilis

(Enterobacteriacrae) was observed. In fact, it is evident that Proteus •

mirabilis shares with Plesiomonas shigelloides a much more recent common

ancestor than with Proteus v'ulgar2s (figure 12). It is concluded,

therefore, that P. shigelloides should be reassigned to the Proteae.

Compared with the classical, i.e., alpha, taxonomy for other

bacterial groups, viz., Pseudomonadaceae and Bacillaceae, the taxonomy

of the (ibrionaceae, derived extensively from application of a

polyphasic approach, which now includes 5S rRNA, is remarkably consonant

in all phases. In fact, had it been known that the DNA base

composition, in the r&Peqe of 45 to 51 mol% GC, is a phylogenetic

characteristic of the genus (ibrio sensu strictu, the polyphasic

approach, without the 5S rRNA data, would have delineated accurately the

genera of the (ibrionaceae. Even without prior knowledge of the utility

of DNA base composition for construction of a taxonomy of Vibrio spp.,

the polyphasic approach has clearly provided a means of estimating a

phylogenetic ta):cnomy.

C. PALINDROMIC SEQUENCES

S

Since the limit of resolution of comparative sequence analyses of

bacterial 5S rRNAs occurs at the species-biovar boundary, it was

speculated that, if repeated or palindromic sequences exist in the 5S

iI
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Figure 12. Evolutionary relationmhips between P. shigelloides and
Proteus spp.. Sequence homologies among 55 rRNAs from the species
Plesiomonas shigelloides, Proteus airabilis, and Proteus vulgaris,

analyzed by UPGMA, indicate that among the three species, the most

recent common ancestor is shared by P. shigelloides and P. mirabilis.
From this, as well as overall homology between the sequence of the 5S

rRNA from P. shigelloides and those from Proteus species, it is

concluded that P. shigelloides is mis-named, and should be allocated

to the Proteae.
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rFNA primary structure. it might be possible to map mutations in a

sequential fashion and in such a way that insight into evolutionary

relationships at the level of biovar could be gleaned. It was

gratifying, therefore, to discover that several degenerated palindromic

(repeated invert) sequences do exist in 'ibrionaceae 5S rRNA. While the

simultaneous solution of the course of sequential mutations in the least

highly conserved palindrome (figure 9) appears to lack the sensitivity

necessary to define relationships at the biovar level, it did

corroborate evolutionary relationships suggested by UPG analysis using

difference matrix and K(nuc) values. It is probable that after a

sufficient number of 5S rRNA sequences from a wide range of bacterial

species have been determined, palindromic sequences may yield a unique

method for analyzing evolutionary trees based on nucleic acid data.

Even though there is no fossil record of ancestral nucleic acid

sequences, perfect palindromes presumably may be considered ancestors of

degenerated sequences.

D. NUCLEASE SI MAPS

Nearly two decades ago, the first 5S rRNA was sequenced (Brownlee

et a., 1967). Since that time dozens more sequences have been

determined. Yet, the secondary structure of 5S rRNA remains to be

resolved fully (Noller, 1984). Most attempts to reveal the secondary

structure of 5S rRNAs have relied on base pairing schema for insight

into "unique" structures (Tinoco et a., 1971; Dams et al., 1982; Dams

et al., 1983; DeWachter et al., 1982; Pieler and Erdmann, 1982). See

• . .. ,



figure I . Unfortunately, no single "permissible" base-pairing scheme

exists. For example, Trifonov and Bolshoi (1983), with the aid of a

computer to overlay dozens of 5S rRNA sequences, demonstrated that two

relatively unrelated secondary structures, termed "Y-form" and *P-form",

appear equally probable. Computer analysis of free energy of the

secondary structure of each of these, using Ninio's rules (Ninio, 1979;

MacDonell and Colwell, 19B4c), indicates that both represent

r thermodynamically stable structures. There have been several chemical

approaches taken to resolve the 55 rRNA secondary structure, including

NMR (Kime and Moore, 1982; 1983b), nuclear Overhauser effect (Kime and

Moore, 1983a), and X-ray scattering (Leontis and Moore, 1984). The

concensus of all is that the A/A', D/D' and E/E' regions (Figure 13)

form a single cylindrical rod (helix), which, although informative, does

not contribute a major insight into the secondary structure problem.

It can be speculated that since 5S rRNA is a relatively small

molecule, with at least two thermodynamically stable secondary

structures, it may possess a modulatory function. If this is true, it

would not be expected to possess a unique secondary structure, but

switch between two (or more) structures. In light of this speculation,

results of the nuclease S1 limited hydrolysis studies (Figure 10) are

encouraging, since they suggest the existence of three types of regions

associated with base-pairingi helical, single-stranded, and

"intermediate'. Helix regions (never hydrolyzed by SI), and loop

regions (always hydrolyzed by SI) are general features of several

secondary structure models (DeWachter et al., 1982; Pieler et &l., 19821

1984; Trifonov and Bolshoi, 1983), whereas "intermediate" regions



Figure 13. Representation of several 5S rRNA secondary structure
models. The proposed secondary structure models of (a) DeWachter et
a]. (1982), (b) Fox and Woese (1975), (c) Trifonov and Bolshoi (1983)
(Y-form model), (d) Trifonov and Bolshoi (1983) (P-form model), and
(e) MacDonell and Colwell (1984d) are presented for comparison.
Although each of these models is supported by experimental evidence,
no single model is adequate to explain the accumulated observations
from secondary structure analyses. It is probable that the 5S rRNA

molecule does not possess a single secondary structure, and that its
role may be modulatory, shifting between 2 (or more) conformations.
Helices are identified as in Hori and Osawa (1979). The 5S rRNA
sequence is that of V. fluvialis (MacDonell and Colwell, 1984e)
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(occassionally hydroly:ed by SI) are represented as helices in some

models and loops in others, best seen by comparing the "P-4orm" model

(Trifonov and Bolshoi, 1983) with the "5-helix* model (DeWachter et a.,

1982). Therefore, rather than confirm a particular secondary structure

for the 5S rRNA molecule, it is concluded that the nuclease Si maps

reported here provide significant indirect evidence for a modulatory

role.

E. A CONSERVED READING FRAME IN 5S rRNA

Shepherd (1981; 1982) showed that a relatively high frequency of

"RNY" codons occurs in reading frames having a direct coding function,

and that these may represent a vestige of an ancestral comma-less code.
I

Sixteen such codons specify B amino acids. Although none of the 3

reading frames of 16S or 23S rRNAs contain other than the statistical

distribution of either "RNY" or "STOPO (UAA, UAG, UGA) codons, one frame

(third) in 5S rRNAs was found to contain a significantly large number of

"RNY" and virtually no "STOP" codons (Erdmann et al., 1983; Colin

Clarke, personal communication). Since the number of 5S rRNA sequences
I

determined in this study is approximately equal to the number of

published 5S rRNA sequences from which such findings were compiled, the

sequences reported herein were screened for frequencies of "RNY"s and
S

"STOPos (Table 6). The results of the frequencies of 'STOP" codons, in

each of the 3 frames, in particular, is striking. Furthermore, in each

of the 5S rRNAs prepared from species of the genus Vibrio sensu strictu,

aa frame with no "STOP" codons occurs, despite the presence of a

., -. .



significant number cf p-int mutations in the populaticn as a whole.

Such a strongly conservated stop-less reading frame justifies the

speculation that frame #3 of 5S rRNA may retain, or participate in, a

direct coding function. The hypothetical 39 amino acid polypeptide

coded for by the 5S rRNA from Vo fluvialis, for example, would bes

5 -Pro-61 y-Asp-Mi s-Ser-Val -Leu-Asp-Pro-Pro-Asp-Ser-Il e-Pro-Asn-Ser-l u-Val -Lys

3' -Ala-61 n-Arg-Hi s-Gl u-Val-k"g-Val -Hi s-Pro-Phe-S] y-Val -Ser-61 y-Asp-Va] -Ser-Asn-kg |

Because of the overall conservation of the nucleotide base sequence of

5S rRNAs, only a small number of amino acid residues are susceptible to

effects associated with point mutations. Taking this information into

account, a concensus polypeptide sequence for the Vibrionacear can be

written, as follows:

5' -r o-Gl y-Asp-Hi s-Sir-X-Y-Asp-Pro-Pro-Asp-Se- (Il e/Met)-Pro-Asn-Ser-l u-Val -lys-Arg-]

3' -Ala-I n-Arg-His-6l u-Val -Arg-Val-His-Pro-Ph e-ly-Val-Ser-6ly-Asp- (Val/AI a)-Ser-(Asn /II) -

Nhere I my be Val, Asp, Cys, or lie, and Y may be Leu, Val, or Phe.

Whether or not this polypeptide species (or an analog) occurs in

the bacterial cell remains to be determined, and if extant, a

function(s) will have to be identified, no doubt contributing even

S
greater understanding of the evolution of the prokaryotes.

0
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APPENDIX A.

The following are original BASIC language computer programs

employed in the management and analysis of nucleic acid data generated
O

in the course of this study.

I. program to generate dot matrices from RNA sequences ........ 9

2. program to search reading frames for RNY and STOP codons . 7

3. program for pairwise comparisons of nucleic acid sequences .98

4. program to assign K(nuc) values to pairs of RNA sequences. . .99

0
5. program to determine free energy using Ninio's rules . . . . 103

6. program for data management: sequence and file handling. . . 109
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1310 IFTa7THEN(AA.2.7
13 15 IFT)7THEWAA+ (.9+ (T-8) 10. 2)
1320 RETURN
1400 CLS

1440 PRINT*Aa
1420 PRINT" AD1IUSThENT FOR MIiER OF HELICES'
1430 PRINTO msuuuuuzauxmazzu

1450 PRINTsINPJTNWMBER OF HEL!CES8;X
1460 AA4X
1470 CIS
1480 PR! NTO us:wzz~sz~z

14"0 PRINTO ADJUSThEHT FOR NULWER OF 6:C TERMINI*
1500 PRINTO *zww~zz -z a zsUxz2 zzuvz w wax

1510 PRIXT' W
1520 PRINT: INPtIT'NW BER OF 6:C TERMINI';Z
1530 AsA-(0.7$Z)
1540 Q.S

1546 PRINT, A

1550 PRINT* c ZR1gZ221

1560 INPUJT, DUMP DATA TO PRIXTER?*;Ji
1570 IFJI<>'YTHENCLOEAR:6OTO2
1580 W U'STRAIN';S$

1b00 I.IRII'STRAIN ='S$
1610 LPRINTPMODE. w'Mit
1620 LPRINT'FREE ENER6Y (NINIO'S RULES) z"A
1630 CLWA:60T023



120 IFIv3THENAA.2.9
930 IFIx6THENAsA+3.2
f40 IFIv7THENA.A.3.5
?50 IFI)7ThENAxA.(3.7+uI-ul.2))
10RETU"

1000 CLS:Ns1
1010 PRINT'imzmunuu~nrusu w
1020 PRINTO ADJ. FOR IILTI-DRANC4 LOOPS *
1030 PRIKV imuuuuumaua~uus

1040 PRINT*(? - ENTER) AWuA
1050 PRINTsINPVT'NrIKBER OF BASES'ill
102 IFlM.?THEN1200
1060 IMITOMDER OF VU RESID([S';UM
1070 6OSMU3100
1075 NI: CL:Sj5OTOI010
1090 IFLJWlOTHEN1130
1095 IFtziTIOM-0A.7
1090 IFII-ZTIENA-A+.o

1100 IF)94THENAA.B
1105 IFM~TNEHAA2.3
1110 IFNz6flfNA=A.2.7
1113 IFffz7flEKNAA2.?
1120 IFl97TEA+3.I+(OI".)10-2)))
12 ETLIRN

1130 IF~tuITHENAxA41.2
13 IF112THNA+01.4

1140 IF~tu3THEN~zAI.6
1145 IFMz4TNE1u42.O
1150 IFlMTHEN~A02.4
llM lVN4THE~izA+2.7
1160 I107Tl(IMA02. ?
1165 lFMD0TENA-0A1.2
1170 WWDI7TENAW3. 1.1M-9 1. 21
1175 FT13N
1200 CLS:NxZ
1210 PRINT'
1220 PRINT" ADJ. FOR UNIPAIRED TERMINUS *
1230 PRINT I wz2**=-m-2 ~ r- Tawxt

1240 PRINT'(999 -ESCAPE> AWsA
120 PRINT: IKPUTJNMBR OF BASES*,-T
1220 IFT?MHTEN1400
1260 60SLU91200
1265 NoN.1
1270 IFN.3THENI400
1275 O.LSt6OTO12l0
1200 IFT.! flENAaA+. *
1245 IFTm2TI(NA'A+I.7
1290 IFTx3THENAaA+..
12?3 TFTn4T1*NA-A.2. I
1300 IF74THE(NAA.2.3
130M IFTW6HENA'A.?.5



340 1FH)7THENAuA.(4.74C(H-B)30.2)):RETURN
350 RETURN
360 IF~m3THEIWA6.9
370 MFN4TH014AA+.1
380 lFHs5TNOIAuA.4.0
390 IF*H'-ENAA4. I
400 IFW7TIENANA.4.4
405 IFN>TflENsAAN.74(fH-9)l0.2))
420 PRINTA
430 REM1
450 CLS:0I:Blz"
460 PRINT auusu'zu~xgzrgz~

470 PRINT, ADJUSTMENT FOR DUJLGE LOOPS LOOP #*N
460 PRINT'*uswRmug~s:~z~sxgg
490 PRINT'(99 - ESCAPE) AWzA
500 PRINT: IWV*M llER OF DASES';B
505 IFb.999TENB0
510 IPPUTOU ER OF Vi RESIDiES;UU
520 60SJ3540
530 Nu*+l:CLS;SE0TO4b0
540 IFUBOTHEM640
550 lFD'ITHEMAA.2.2
Ib0 1FJ2THENAxA+3.3
570 lFl3TNENAA+4.3
580 IFOB4TINAA0. 8
590 lF)25T)EAA+5.2
600 IF8b6THDNAA.3
610 IF~m7TW M A+A..7
620 1FU)7THENAm(5.9.U(B-812Q,2)RETURN
630 RERN
640 IF8)2ITHENA"A+2.8
650 IFI-THEMAaA3.9
660 IF103THENA-A.4.3
670 IF124THENArA..9
680 IFDSTHE0I5.3
690 lF~a4TKENAA,.3
100 IFIITHENAzA+5. 7
710 IF9>7THEMAA.(5.Y+((B-9)l.2fl
720 PETiUe
300 CLS:Mzl:Dsa'
910 PRINTO
920 PRINT' ADJUSTKX.T FOR INTEP14AL LOOPS *'N
330 PRI NT,
840 PRIN7*099 - ESCAPE) AWuA
830 PRINT: IMVPUI BNER OF BASES';!
853 IFIs9THENIOOO
860 GOSU98BO
870 NxN*I:CLS:60T0810
88O IFIvITHEM001..3
9W0 IFIs2THENA-A+1.9
900 IFIu3THEMA-A+2.3
YI10 IFlz4TH[NAsA#2.6



110 IFA%2'U6CATHENI4
III IFASPU6AA*THENI4
112 IFASOU6UCOTNEN14
113 IFAsUAC'THEN14
114 IFAS*6CAOTHEN14
115 IFASw86UCCs THEN 14
116 IFAWu6UIA'THEN14

117 IFA~u6UU'THEM14

119 IFAWa6tAR'THEN14
120 IFAuWATHENI4
121 IFAWWWA~THEN14
122 IFASa'5U660E14
123 ]FAWs'U661THE14
124 IFA~u'UGU'THEM14
125 IFA10MCC6TEM15
126 IFMATHENI6
127 IFASW'UAWTHEM16
129 IFASnOUAMEI6
12? IFAS*'AUAAOTHEN16
130 IFA$**AL6A'THEN16
131 IFAWuAUA60TEM16
132 IFAS'CGGT4THENI7
133 IFA$0-6CJ6TTHEN1B
134 IFAS5'U6UA'THEN19

137 IFA260TEN15O
140 CLS:60TO25
150 NI: Woo
151 Cii
155 fPINT ,
160 PRINT' ADJUSTET FOR HAIRPINS Hairpin #'N
165 PRINT, inxxvxvz~=-m*zwzwzzx

170 PRINT(Y?9 a ESCAPE) A66zA:PRIT:INPUTNMR OF BASES';H
171 IF9?TfHM50
173 INUTNIIBER OF 'U' RESIDIJES*;UH
IS0 GOSU920
190 N=P1:60T0151
200 IFW$OTNEN2
210 IFUI D04E360
220 JFN*3THENA&A.6.4
230 IFH-4THENAuA44.3
240 lF)WTHENAA+3.7
250 IFHx6TNEWA.3. 9
260 IFII7THENAA.4.3
770 IAMITHENA'A.(4.7+((N-BIO.2)1:PETURN
3 0 RETF1
290 IF4'sTMe4A49.4
300 IFH-4THMAA5.9
310 IFHS5ThNA'A+4.9
320 IFHsbTNEI4A*A4.7
330 1F14'7TWENAA4.7



58 IFASz'C6A'T1WNb
59 IFA~sOALUC*THEN6
60 IFA~aAU6WT)(N6

U1 IFAn6CCUOTEN7

63 IFASBOUAAC*hE7
64 IFAW6CU*THfN7
65 IFAu*UACAOTPEN7
66 IFA$m*C6UC*THWN
67 IFASuAUACTHN
6W IFA$WALCA'THMN
69 1FA~sOMUTEMS
70 IFAI-IC66UOHENO
71 IFAWuAUGUTHEMB
72 1FAPOU66CIES
73 IFASOMTENS
74 IFAusASUTEN
75 IFA~zC6S'TVff
76 IFAsSC6C*TRM9
77 1 FA*'CGU'LG HN 10
19 IFASOAUU160THENIO
79 IFA$z'SUUAOMEIO
80 IFA$GU6COTENIO
81 IFAMxAUU6TTEN1
82 IFAismCGUTOTHENIOS
83 IFASOC6U6TITHENIO
84 IFAMxOAUAITEN11
85 IFA'zUAAMU EI I
86 IFA~kiAUTHEN11
87 IFAWAUOTHENh1
88 IFA$x'Ul6Ul6TEN12 11

89 IFAWW6UUTHN12
90 IFA4'OUAOU*TEM12
?1 IFA*UAUCOTHE12
?2 IFA$x*ARJCTEM12
93 IFAS*"AUCUOTHEN12
?4 IFASs"SUWTTHEN12
05 IFA~xOU6LGmPTHEN12
?6 IFAlS'UfTU6TH912
r7 IFAfW'LJ6U'hE12

98 FAm'6M*TWMl(13
,9 IFAP4-UAUJ'TNEN13
100 IFA~u*AUUU*THENIZ
101 IFAS06UUSTHEM13
102 IFAWNIUSUTHEM14
103 IFAS3 ICUOTHENI4
104 IFAIWU6AITEN14
105 IFAI.'U6A6'THEN14
106 IFASOUJGACT1EN14
107 IFAWS~CCOTEM14
108 IFA~s*U666DTfNI4
100 IFA$S'U6ULffT'f N14



0 REMI DETERrIINATIOM OF FREE ENERGY OF SECONDARY STRUCTURE BY NINIO'S RULES
I CLS: Aim):60TO25
2 PzA- 1. 5:0TO25
3 PPA-3.2:60TO25
4 AzA-.2:60T023
5 AxA-.8:60T023
6 A'A*.2:60T025
7 A-0+.96907025
8 AsA-.5:607025
? AxA-3.8:60TO25
10 A=A-1:6OTO215
11 AzA-1.7:60TO25
12 AzA.1:5OTO25
13 A=A+.3:SOTM2
14 RAA1.5:60T025
15 AzA-3.3:60T025
16 *uA-1.2:60T02
17 AxA-.3.60T025
18 AzA-2:6OTO25
21 PRINTO
25 C.S:PRUN1' COM~PUTATION Of AG BY NINIO'S RUJLES
26 PRIMPNTOz~:- -

27 PRINT' Enter Man-Canonical Bases as 2d Pair'
29 PRINT' ---------- _

30 Ata":PRINPm Asu'A:PRIN':PRINTe200, ";:INPIJTAS
31 IFAW:CWt6THEN2
32 IFA~x'5OGU*THEM2
33 IFA='C6C*Mf12
34 IFP4AS*M'THEM2
33 IFA5$'"SAU'ThN3
36 JFAS='6CAIJ'THEN3
37 IFAS'*UACS'ThE3
3B IFAS:AUcG'THEM3
V9 1FA9zz'C6UA'THEN3
40 IFAz'GOJAThN3
41 1FASS'UA6C*flfN3
421 IFAIs'AU6C'fl(N3
43 IFAW~6CAC'THEN4
44 IFASI"6CCAT14
45 IFMS-*CGCA*ThEN4
46 IFA$"CbAC*THEM4
47 1FAW6CC9XTHMN
48 IFAWKW6GTHEM15
49 IFA*C54Z'THEM5
50 IFA$**CW6T)l
51 IFA"S*CAA'THEM6
521 IFAS*"6C64'flEN6
53 IFAIGCA6THEN6
54 1FAI"*C66A'TMEN6
Z5 lFAS"UAGi6TN6
516 1FA0*UACC*THEN6



10030 IFO$s*Y PSYCrHENAsPP
10031 IFg$zoP FLUO*THENA$3FFS
10032 IFQ~saYPIrTHEKA~uIIO
10033 IF21-OR RUBROTIIEASaRRO

10036 IFD'S LOC'TWMIA$.PR
10034 IF209PROCDITENAPNDI

10037 IFR~xT AGUA'TI46iA$SAI
10039 IFO1w9T THEROTHENASeTTS
10039 IF4u'TEPRINTSTRAIN NOT LOCATED IN DATADANI(:FRI'1T0500: NEITI:60T0130
11002 IFR~g1u'Y IHE WA
11000 IFR~suV PFp.ANfl4Ej94.aIL
11001 IFRSOV DIOLTHENWS
11003 IFRSs'Y HARVTHENSWuAS
11004 IFRls*V FISC'THENI~xFIS
11005 IFR$'OV NAIOTHEJNBxAI

11006 IFRts*V AN6'THEWA4

11007 IFR~z*NAYISTHMN14*A$

11009 IFR$s*P PHOS*THENDxPH$
11010 IFRtu'A HYDRTHM3,HYS
11011 IFRIs'RIFTIAmTHENIIRff$

11012 1FR~sCALYPT'THNU4CAS
11013 IFRtuoSOVTHENBISO
11014 IFR$s'P SHIRA'TNEND4:NI

11016 IFR$x'P YLS'THENBI:YLS
11017 IFRIU'Y PESTTH6EMIP
11018 IFR~xaA VIIEOT4ENBI:YII
11019 1FR5zoP AER1PTHE12AE$

*11020 IFR~soE ADESTHENBIcADS
11021 IFRS,,E ARGSTHEN10ARS
11022 IFR~s'S flAKCTENWS-P
11023 IFRWuS TYPHITHEEITYS
11024 IFRWuE CflLPTHEW~IIC0
11025 IFR4s*Y A.6PTHENW~ALl
11026 IFRWsV MATRITHENBDzNN
11027 IFR~xuY NIMIOTHENB1~EII
11021 IFR~sVY CARCmTHEMDSzCCS

11029 IFVRx*V DIAZ*THEKB~xDDS
11030 IFR$s*V PSYCOTHBENBI~P"

*11032 IFIUV*P ITHEN44S

102IFRS 'PO'THESiPRO

11037 IFRSw'T AQUAJTHENB~sOAA

*11039 IFR~s*T THER*THENDSsTTO

11040 RETURN



4025 Slzl/KB
C'4026 S~a(SA*Sl)/2

403 SJSA^2
40 29 9(29^2
4030 &..(SJIP) (SKIR)
4031 5N.((SAIP),(S310))A2
4032 SSu(SL-5Jfl/

rm5145 PRINT'112 Mudic - 60N12

514U PRINTmSE(k) v'55
5147 PRINTOIfW TO PRINTER?'
5140 YSIP(EYIIFY0"THE15149
5149 IFYWYTHEM6SUB6000
5150 PRINT'CONTINUE"oI 5151 RIxINKEYS: IFRSs2f'TEN5151
5152 IFPRz'Y6THlE555
5153 "M
51I3 a.M:60TO6
6000 LPPINT'REF STRAIN x u

6001 LPPINT*TEST STRAIN s 'R$
* 602 LPRINT'I/2 KMaud- 'KH/2

6003 LPRINT'SE(k) z *SS
6004 MPINT
6005 FT1N
10000 AI'*zB5=":IFQ$:'V PAPAOTHENAIPAs
10001 IFO~x'V FLN'TWENA$#tSa10002 lFD~z'V tHLTE1PUS
10003 IFQI"*V HARY'THENA$PHAS
10004 IFglz'y FISC'THENASzFIi
10005 IFDIU'V IARI'THENAPHUA
10006 IFg$s*V V1R.WTHERAPYUIS
10007 IFOWM'ALVIS'THENAIPMAS
10008 IF!]Is'V ANSL'THENAIANs
10009 IpgOS'P PM*STHiEAS~P4i
10010 IFO$z'A HYDR'TKMEN I-4Y
10011 IFORIFTIA'THENAW'Fs
10012 IFOS.'CALYPT'THEIA
10013 IF~ls'SOL*ThENAlmS0$
10014 IF9$x'P 9H16*THEASSH
10015 jpg$t'p MIRA'THENA$WHIS
10016 IFgss'p VtLG'THENAssVLs
10017 1F91**Y PEST*THENA~SPES
10018 IFO~s'A VINE'THENA$sYII
10019 IF9%-'P AER$J'THEMA$sAES
10020 IFDfJ"E ADES'THENW-ADS
10021 IF~ls'E ARGS'flE)MAARI
10022 IFO$-'S MAK'THMA~uffis
1002! IFOSs'S TYPH'THENAszTYl
10024 IFOI"*E COLI'THENAPMIJ
1005 1F01"Y ALSI'THENA~sALS
10026 IFOs'Y NTR'THWf1S
10027 1FOIS*V MIM1'TMEMAsBsM
20028 IFOI"V CARC'THENAWzCC
10029 IFOIZ'V E!'THEWAPDS



131 IW'VTTnt Tmon';RS
132 PRINT:PIKNorking... 0:6SUBIOOOO
133 60TO3000
200 IF MIDS(n,I,1)sA*TENN-N.1
201 IF MI~l,~~'*HNs+:z~
202 IF MIDi3,I,11sUTHENYuV.1:NucNI
203 IF Mh3S(IS,J,1)s*C*THENV.I:NxN,1
204 IF MID$ (11, 1,1 J~m-ofl(NYI i NaN.!
205 60M04000
210 IF HID$ (3IS1, 1) sAflNSaS+lNN#I
211 IF MID$(3$,I,I!s*6oMlNNzN+1
212 IF MID$ (11, , IsU*f"(NU,: N41
2134 IF MID(3$,, I~sCOTHE(NY.:NzN.1
214 IF NIDS(DS,I,I)zo-2THEY+.:NZN4I
21560104001
220 IF MID (1,1, 1 UA6THENYa:NN41
221 IF MM(I1, I)s6'THEfNYV.:NN
222 IF NIDS(BS,1,I~sUIPTENN
M23 IF MIDI3l,I,1)sCTHNSSI:N--NI
224 IF I$D,,)-ffzV1t31
225 60104008
230 IF MItI$,1I)x*A*THEWV+:R--Na1
231 IF KID$ 1I, I1)6THEW--V,1:N:N,1
232 IF MID(ll,I,1~z'U'THE#S-S5~:N-N.j
233 IF MIDI (S, I,I11oC'TENNuN.!
234 IF NID(1,I,11"-THNVV1:NM..1
235 G0TD4008
240 IF MMDS(BS,1, 1) m.A*THEWVV.1:N-l,1
241 IF MID$(W, I,116*THfNYZ+i:N-N,1
242 IF MIDS(IS,I,Is*U*ThEYVe:N=NI1

4243 IF fIDS(3I,1,1)xzC'THENY=V.1:N-4.t
244 IF MIDS3SI,I1)u-flfWN
245 60104001

.76 LINTK DETERMINATION OF EVOLUTIONARY DISTANCE SY KIMMA'S AL60P.ITPM'

7 LPRINT:LPRIMT:LPP.IMT:LPRIKT:.LPRIWT
h27?960106

3000 FVRIITDE
K .001 IF MIDSAS,I,I)*ATHEN 200

3002 IF MIWS,I,IW6'THEM 210
3003 IF MID(AS,I,1)z'UTHEN 220
3004 IF M DS(A$,I,l1:'C'THEN 230
3005 IF MIDi(Al,I,I)z'-*THEN 2.40
4001 NEXT]
4017 P'S/NU:0V/N
4018 KAsl-2$P)-g)
401? K1z(I-(241))
4020 KtuKAIKB
4021 KD'GR (KC)
4022 KEU.6 (KDI
40-3 0~-$CEI2
4024 SA=1/KA



I :M C"?UTATION OF r(nuc) BY T4E ALGORITHM OF KIMURA JME 16:111 90)
2PIN PPOGPAM WRITTEN FOP TRS 80 MODEL !00: flI. JIACDONELL. DEPT MICP.OPIIL0GY, UNIV. MARYLAND
3 O.S:PPINT'DUMP HEADING TO PRIPTER?
4 YlINKVSYIFY$s*8THE%4
5 !FYSv*Y*THWN73
6 DATA"
to lATh"a
15 DATA8

ri20 DATA"
25 DATA"
30 SATA"e
!5 DATA"
40 DATA"
45 DATAu

50 DATA"
51 DATA"
52 DATA"0
53 DATA'a
54 DATA"

4 ~ 55 DATA"0
5b DATAO
57 DATA0
5B DATA"
5P DATA"
60 DATA"*
61 DATA"
62 DATA"
63 DATA"
64 DATA'
65 DATA'w
66 DATA"

667 DATA"
68 DATA"9
69 DATA"
70 DATA"O
71 DATA"
72 DATA"
73 DATA"*
74 DATA"
15 DATA"9
76 DATA"
77 DATA"2
71 DATA"m
79 DATA"8
10 REDLP# IS HHS iMS UWS NP$ KS FW OSS IV$ EV$ EAIA.,
S. TYS, COSNNS,m ,CS, DD$, PP, FF, HS, ~,~ NDI, LU, PM,AA$, lTT
105 1SP1~P1TPTP1TPIT tAPS LOCK ON S':VORJIT07O:NEXT
110 CLtLINE(3,3)I(227,191elgB
III T'0:N'0
120 PRINT:.PRIKT' -it BETER? INATION OF Kfnuc): KIIMURA
125 PRINT
129 D'1:E'149
1!30 INPUT'Reffence Taxon';9S



5 O.S:LIE(60,14-(196,24),,B:PRINT@92,*SEQUE)ICE COflPAPISDN'
to 6SU~ieooo
15 INPVTTet strain taxon';TS
1b PRINTOInput '75' sequmnce';: INPUTDS
20 OLDEN(AS)
25 fl*LEN(39
2? C-0
30 IMHNTHENN-M
35 FORIvITON
40 IFNID$(AI, I)sHIDS(m$,1,1) THEN45
41 CwC+1
45 NEXTI
50 CLS:PRINT.P.RINT'Diffrence matru: elesentz ':LINE(161,6)-(186,16),L,B:PR!NT@&7,C
5 1XIN(MIUMS(-Cf/W)

60 PRINT:PRINT8Z Hosal ogy.: LINE (71,22) -1102.32), 1,3: PRKT!132P, X/1 0
63 PRINT
65 PRINTOContinue?'

V7 IFR~s'1'IEN6b
70 IFRPu'YTHERML:60TO15
71 IFR~z*Y"THECLS:6GTO15
75 REM
1000 PR1NT:INPUTReference strain taxon';R$
1001 PRIN'Input *RV sequence';:ENtJTAS
10 02 RETW



I REMi PP06PAM WRITTEN BY M.T. ?IACDONELL, D>EPT. OF MICROBIOLOGY UNIV OF MARYLAND: SEARCHES FOR 'RNY'
A11D 'STOP' CODONS IN EACH OF THREE READING FRAMES OF NUCLEIC ACID SEQUENCES
2 FIM WRITTEN IN MICROSOFT BASIC FOR IRS 80-HODEL. 100
5 60SUB205
10 PRINT:PINT: PRINT:PRINT: PRINT: INPU7'SEI)ME*;Al
11 IKstEFTSIAS,3)
12 cuo

15 A:0

25 = AS
30 IFMID(Al,X,1)z*ATHENI0O
31 IF MID(Af,X,I)v'6TENI00
40 IsX.3:IF)ZTEN120

p 45 60T030
100 IFMID$(A,1+2,I)-CTHEIAzAt1
101 IF NID$(AS,X,2,I)zUTHENA=A+1
103 1=1.3
106 IFI>ZTtENI20

125 AStIID$ (A$, 2,-I) ra C42

127 Cz.S -

210 LINE(20,22)-C210,32),1,1 .

220 PRINT 1 125,' 'PNY' kc 'STOP' CODON SEARCH'
24 SM 1500, 1% SM25 10I, 1 :SO'iID1500, 1, SOMN25 10, 1 -SBW1500, I SOUND2510, I
225 FOIIT900:NEXT:CLS
23 0 P.EWh a
1000 Ax:XI:C=0:AlzBS+A$
1001l 14.EX(Af)
1005 IFNIDf(AS,X,3=UAA*THE.NII0O
1031 IF MID(AS,1,5)UATEN1IIO
1035 IF MIDI(A%,X,3)='U6A6THENl100
1040 lz1+3: IFX>!ThEN1120
1045 50101005
1100 A=-A.1
1105 11.+3
1106 IFX>ITHEN1120
1110 50T01005
1120 PRINTA'STOP' codons in frame *C.1

1127 ASCI1 .2H

11217 IFt-ITHEM1150
1130 AQO:fwI:6OT01005
1150 PRINT'COP(TINUE?o
151 K$a1NKEYS

1152 IF)s''THEN115I
IIS3 IFCsY*THENCLS:6OT910
1154 MENU



7- 7-.-~*-

4010 ZJS-CHRS(203):6TO402O
4019 ZJSzCHRI(239) :60T04020
4020 LPRINTZJjs;
4054 NEXT)
4055 MPINT
4056 NEXII
4057 IW*JCOTNUE;ZlI
4098 IFUZ~nNDEJIED
405? CLME:6OTO0
514? PRINT
5150 PUNT*CDNTINUE?'
5151 R$sINKEYS:IFR$xz*THEN5151

5152 IFR$z NQTWE%4000
5153 607019

10001 IFWOTHEWN TOS:4 I NOT LOCATED IN PATABAWI': FOPI.ITSOO:N(EXTI :60701311

10039 1FAOOOTHEMRINTSTRAIN NOT LOCATED IN DATABM4I':FOR.1TO500:NEXTI:6OTO13O1

11040 RUmI
20000 FflR91TOO
20001 FORJz1TO0
20003 LPRINT6(JI);:
20004 NEX3
20005 NEXTI
2004N



IFKM BASIC PROGRAM FOR DOT MATRIX ANALYSIS OF PALINDROMIC AND REPEATED SEQUENCES
3 CLEAR: DIM61 (100, 100) :LPRINTCHRI (27)CRO (77) CR(14) :LPR NTCHR (15)LPRINTCRfiI(27) CNRS(65) CHRS(4)
5 REM M.T. 14ACDONEU. & R.R. COLWELL, DEPT OF MICROBIOLOGY, UNIV OF MARYLAND
6 DATA'
180 READ
191 CLStPRIT'DTMX DENSITY MAP PROGRAI'PRIK~sPRIKT811) REPEATED SQENCES'iPRIT'2) PA.INDROMIC
SEWJENIU5'PINT'(3) COMPARE TWO SEQUENCfS'uIPUT'CHOICE';K
190 IINlf'Identify Ref eruence Sequence';QS
191 IF0uITHENN01'EPEATED SEQUECE SEARCH': R*'t: 601005
192 IF~a2THENM~x *PALINDROMIE SEARCH': R00~:60T0I 96
193 IX.3THNM4a
194 INPtT'Identify Test Seouence';Rl
195 INPVTOOL!60MER DEFAULT LEN6TH';L
196 PRIKT:PRIt(TlWrking... 'SOSUDI0000
197 IFX-7THEN60TO3000
198 PRINT'DOT MATRIX: 'QS' x 'Plo
19" PRINT
200 PRINT
201 PRINT
205 IR.EN(AS))LEN(DflTHENOrLEN(AI):60T0210
206 OzMDUB)
210 FORIu1T00:F0R3zITOO
220 IFMID A,J,L) MID$ (B$,1,L)THEN6Z J, 1) zEZ J,I1)
230 NEITJ
240 PRIWTCISI(13); .PRINT(It 100) 'ARRAY ELEMENTS COMPLETED; NEXTI
250 60105149
3000 OLEN(AE:INPUT'OLI160MER DEFAULT LEN6TH*;L
3001 Dtz"':FORI=OTOISTEP-1
3002 YS-tIDS(AS,,I)
3003 B$zB$+Ys
3004 MEXTI
3005 6OTOI99
4000 IWPJT'DUMP TO PRINTER;lZ$:IFl'NTHEEND
4001 IFX=1 THENLPPINT'REPEA1'ED SEQUECE DENSITY MAP': LPRIK T:LPRINTf: PRINT
4002 IFtKz21)O(?RINT'PALINDROMIC SEQUENCE DENSITY MAP':LP PIKT: LPRINT:LPPINTi
4003 LPRINT'REPRESENTATIVE SEQUENCE 'itLPRINT:LPRIKTbLPRINT:LPRINT' 20 30 40
so 60 70 80 90 t0o,
4004 LPRINT'
. zLPRINTiLPRI)NT
4005 LPRIVTAI:LPRINT:LPPINT:LPRINT
4006 FORIvITOO:FORJz1TOO
4007 IF6Z(J,1)>STHENGZ(J,I)-15
4006 IF6Z(3,I)'OTHEN40I4
4001 IF6GZ(3,I)zITHEN4015
4010 IF5X(J,I)uf2ThEN4016
4011 IFSZ(J,I)o3TEN4OI7
4012 IFIZ(J,I)u4THlEM40I8
4013 IF6l(J, 1) 'THEH4OI9
4014 ZJ$zC)Mt(241):607O4020
4013 ZJKHRS~t(43) :60T04020
4016 ZJlmCHRlI (73) :G0T04020
4017 IJSuO4RS(I74) z60T04020



I REM Progras 'DATA ?iAt#GE by M.T. Miac~onell August, 1984. Writtmn for TRS 80 M100 syste,.
2 MAXFJLESu2

10 L19C(2,20)-f2I0,35) .1,3
20 PRINT I 133,IATA r1AA6ER-
24 SOUQ0ISOSOUND210,I:SOWIDISO,1:SOUND2510I,1SOU 1500,1:50uw02510,1
25 FORM*TO W :NEXTiCLS
26 PRINTtLIIE(8,6I-(l03,17) ,1,9: INPUTPREAD OR WRITE';Ll
27 IFLONOTEN26
29 IFLI*'R'THEN2000
29 IFLI<)'THEN26
30 CLS: PRIMT60SU 1000: LINE (124,6) -(139,17), 1,: INPUT'IINUT FILE P.EUUIRED;A1
33 IFA64OTHEN50
40 CLSzi0SUI000tPRINT: LINE (118, 6) -(163,17) q , 1: INPIJT*NAE OF INPUT FILE*;FIS
41 OPENFISFOR INPUT AS I
42 7TsI
50 CLS: 60SUI 1000 PRINT: LIE (124,6) -(169,17), 1,: INPUTNAM E OF OUTPUT FILE";FOS
55 OPENFOFOR OITPtIT AS 2
60 PRINT: OSI 000: LINE( 112,22) -(133,33), 1, 9: IPU~T 9KNER. OF ENTRIES';N
65 PR1Kr:LIlE(160,38)-(17,49),,D:uCUTIS DATA NUMIERIC OR STRIX6*;M1
70 IFTTzI10E100
71 IFLEFT$(fft,1)z"THEK71
72 IFLEFT5S ) aS'THEN9
73 IFLFTsns,flNTEN7l
74 FORIvITON
75 605131000: flCUT'ITEN,DATAg;ITS,DA
90 PRINT2, IT', DA
90 NEXT
93 6MI3100: ICUPENDO;A$

*% 1F*2mYOTHENcOSE1:CLOSEI2:END
97 60TO9
100 IFLEFTCSI)x"TEN65
101 IFLEFT$S,)uSTEN170
102 IFLEFT* (NI, )( )-NI1'EN65
105 FORIx1TDN
110 1NPU TS1,IT$
115 PRINTITS

* 120 6OSU100:IWUT'DATA';DA
130 PRINT#2,IT$;DA
140 NEXT
150 60SI3000: 1NUT'ED*;AS
155 IFA=0YTHENcLOSEi:CLSE02:END
160 60T09
170 FORIm1TOK
175 IN1VT#1,IT1DA
190 PRIXTITI,DA
185 6=9U1000:iNhPUPODATA';DAS
190 PRIXT#2,ITS,DAS
195 NEXT
197 60SMlI000: INPUTIEND';AS
198 1FAIs*Y6HEKILOSEV1:CLOSE12:END



?00 FIITON
905 60SU9IM0: IPUT'JITEM, DATAQ;ITS, DAS
?10 PRINT2,ITS',D0A$
120 NEXT
150 6CJSIBI 000:INV OEND a iA$
960 IFAWUY 0THEMCLOSE@ I : MOSEI2z END

1000 SOIK300,3
1001 RETURN
2000 CLSz6SUBIOOO:PRINTLINE(124,6)-(l&9,17),Z,D:INPUTNANE OF OUTPUT FILE';FOS
2005 OPE1OSFOR INPU T AS 2
2010 FWUITO1O
2020 IWUT#2, ITS, DAS

42023 PRINTITS,DAS
2030 lIEUPIKey to continue IE to end)O;Z$
2033 IFZW2ETENCLOSEII:CLOSEI2:END
2040 NEXT

110



C P

APPENDIX B.

The following are sequences of 5S rRNAs representative of each

major cluster (figures 5 and 7). Secondary structure model employed is

from MacDonell and Colwell (1984d).

1. Photobacterius leiognathi ....... ................. .. 112

2. Vibrio alginolyticus ....... ................... ... 113

3. Alteroxonas putrifaciens ....... ................ .114

4. Vibrio aarinus (MP-1) ...... .. .................. .115

5. (/ibrio anguillarus ......... ................... .116

6. (ibrio psychroerythrus ....... .................. .117

7. Qerosonas hydrophila .. ......... ............ 118

8. Plesiomonas shigelloides ...... ................. ... 119

@1

0l

0

0

0Iil



UGC
A C4C G

C A
C A

U C
A U
G C
U A

4C 6-U
C 6-A
A U
C G

C A
C
A A

S C
G C

A U
U A
U A
G U- A

4C 6'
S C

C A' 1 6u
5v C 6 G G A U

UGCUJUGGCGA CC AU G6IUU666

uACG6ACCGCU_ A A'S US G UuAccCCC C
3' C 6A

PPhtobacteri ur 1 .oignathi



AUGC
C C4C G

U A
U A

U C
A U
G C
U A
C 6-A
C 6-A
A U
C G

C A
C
A A

U G
U A
U A
U A
6 U-A
C G'

A U6G C
C A'I GU

5' C G 6 6 A U
UGCCUGGCGA CC AU GUIGUGGG
ACGGACCGCU, GG UG UGUACCCC U

U AA" A A 6 U'
3' C GA

Vibrio alginolyticas

113



7-N

Uc4 A C
C A
C A

U C
A U
G C
U A

*C 6-A
C 6-A
A U
C G

C A
A
AGA A

G C
U G
G C
U A
U A
A U-U

4 C 6 S
AA 6 CIpA G GA U

UU4JGGUG 6CC AU GU6UG666
UCGGACCGU U66 UG UGUACCCC C

A U C A AG U
3p A GA

Alteraonras putP2 facz ens



c AS

C A
U A

C C
A U

C 6-U
C 6-A
A U

C GA
A
U A

G A
G C
U G
G U
U A
U A
G U- A

A UG C
C A 16 GAU

UGUUULGGCGA 6CC AU GUGUIGGGG
ACGGACCGCU,- /UGG UG UGUACCCC U

3'A A A G
GA

Vibria marinus (MP-1)



ri

UGC
A C

C G
C A
U ALu c

A U
G C
UA
C G-A
C 6-A
A U
C G

C A

A A -
G A

G C
U A
G C
U A
U A
G C-A
U G'

A U G C
C A I GU

5C G GG A U
UGCCUGGCGA CC AU GUGUGGGG
ACGGACCGCU GG UG UGUACCCC C

U AA A A 6 U"
3" C GA

Vibio anguillar~s

S



A C

C A c
C A
C

u C
A U

U A
C (3-U
C G-A
A U
C G

C A
C
A A

G3 A
A U
U G
G C
U A
C G
G3 U-A
U (G'

AC (3 C
C UA I GU

A' At G( A AA
UJGCUUAGCG (3CC AU GUGUGGG G
ACGAAUCGU, CGG UG UGUACCC U

U CAA A A G(3
3' GA

Vijbria psychrocrythrus



A
CEG
C A
CUC A

A U
G C
U A
C -A
C 6-A
A U
C G

C A
A
A A

6 A
C G

C G

6 U.-A
C G

C A I EU
C G 6 A A,

UGCCJGEC6EG CC AU GUGEC U
ACEGACCGUC, 66 UG UGUACCE U

U AA A AG
3' C GA

4Qeromoras hydrophil a

G U3A

A U G

C A I S
5" C G I 1 A



UGC
A C

C G3
C A
C A

C C
A U
G C
U A
C 13-A
C 6-A
A U
C G

C A
c
U A

G A

U G
G C
G C
C G
G3 U-A
U G"

A U GC
C A I GUJ

C G G G A U
UGCCIJGGCGG CC AU GUJGUGGGG

uACGGACCGUC, A 66 UG AGUG4JACCCC ~C

3F C GA

Plesiooas sFhigelloides
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