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Abstract approved:

The molecular relationship of 39 biochemically identified

strains of Klebsiella pneumoniae was determined by DNA-DNA

hybridization experiments. Cultures examined were isolated

from vegetables, pulp mills, drinking water and clinical

(human and animal) habitats. These organisms produced re-

association values of 7% to 100% with ATCC 13882 K. pneumoniae

as the labeled reference indicating a high degree of hetero-

geneity within the species. After dividing cultures into

three groups on the basis of hybridization values, it was

observed that isolates exhibiting low values to ATCC 13882

were most often from 'environmental' habitats in contrast to

those highly related to ATCC 13882 which were predominantly

from clinical origins. No discernable pattern was observed

for those cultures producing intermediate values to ATCC

13882, i.e., cultures were isolated from environmental and

clinical sources.

Additional hybridization experiments were carried out

using a vegetable isolate (V-236) and K. pneumoniae biotype



oxytoca (ATTC 13182) as labeled references. Values obtained

for these two organisms correlated to a high degree with the

two low hybridization groups, relative to ATCC 13882, estab-

lished above. Cultures which were highly related to V-236

exhibited low molecular relatedness (less than 40%) to ATCC

13882 while cultures highly related to ATCC 13182 exhibited

intermediate relatedness (40% to 75%). Furthermore, the

internal homogeneity of each group, ATCC 13882, ATCC 13182

and V-236, is sufficient to recommend the establishment of

three independent species within the genus Klebsiella corres-

ponding to each group.

Although biochemically similar, each group was found to

have phenotypically distinct reaction patterns to four tests.

These tests include indole production (I), pectin liquefaction

(Pc), fecal coliform response (FC) and growth at 10°C (10°).

The most frequent reaction pattern associated with each group

is I-, Pc-, FC+, 10°- for ATCC 13882, I+, Pc+, FC-, 100+ for

ATCC 13182 and I-, Pc-, FC-, 10°+ for V-236.

The molecular, phenotypic and environmental relation-

ships of these three groups is of public health significance.

This is due to the frequency with which Klebsiella exhibiting

a FC+ reaction are isolated from a clinical environment and,

in general, the molecular relationship between organisms of

the group which are FC+ and FC-. In other words, by follow-

ing the above recommendations, essentially all FC- Klebsiella



would be removed from the species K. pneumoniae thereby leav-

ing only those organisms which are FC+ and clearly associated

with clinical environments.
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SUBDIVISION OF THE GENUS KLEBSIELLA ON THE BASIS
OF DNA-DNA MEMBRANE FILTER HYBRIDIZATION

INTRODUCTION

The genus Klebsiella is comprised of organisms which

meet the criteria ascribed to the family Enterobacteriaceae

and the tribe Klebsielleae (12). Specifically, Klebsiella

pneumoniae are gram negative, non-motile rods which are

generally Voges-Proskauer, Simmon's citrate, urease and

lysine decarboxylase positive while being indole, gelatin

and ornithine decarboxylase negative (12, 18). In addition

to their association with both human and animal clinical

situations (1, 23, 29), K. pneumoniae have been isolated

from such varied environments as pulp mill and textile

finishing plant effluents, vegetables and finished drinking

water emanating from redwood reservoirs (17, 29, 31).

Taxonomically, K. pneumoniae has become the subject

of much controversey. This has stemmed from conflicting

points of view resulting from both phenotypic and molecular

data obtained during the past 18 years (2, 10, 15, 27, 29).

Because of the controversy surrounding the taxonomy and

health significance of K. pneumoniae, the present molecular

study was undertaken.
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LITERATURE REVIEW

Klebsiella pneumoniae was first isolated by Friedlander

in 1882 from the sputum of patients with lobar pneumonia (12).

Thereafter, commonly referred to as Friedlander's bacillus,

this organism was given its present taxonomic desgination by

Trevisan in 1887 (12).

In 1948, the genus Klebsiella consisted of a single

species, K. pneumoniae, although nine other species were

mentioned (7). These nine 'species' which included K.

ozaenae and K. rhinoscleromatis mostly reflect different

environmental origins, and, because of their biochemical

similarity to K. pneumoniae, were regarded only as varieties

of K. pneumoniae. In 1957, the seventh edition of Bergey's

Manual of Determinative Bacteriology divided the genus into

three species, K. pneumoniae, K. ozaenae and K. rhino-

scleromatis which are commonly recognized (8, 12). While

there appears to be no substantial debate over the recognition

of K. ozaenae and K. rhinoscleromatis as taxonomic entities,

those organisms which would be classified as Klebsiella

pneumoniae have been the object of controversy for the past

two decades.

At least part of this controversy can be attributed

to an organism first isolated from stale milk by Wyssokowitch

in Flugge's laboratory. The organism was given the name

Bacillus oxytocus perniciosus in Flugge's handbook Die
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Mikroorganismen in 1886. More recently, the third through

the sixth editions of Bergey's Manual placed this organism

within the genus Aerobacter as A. oxytocum (4-7). However,

the last two editions of the manual either completely deleted

mention of the organism or considered it a biotype of K.

pneumoniae (8, 12).

In 1956, Lautrop isolated a group of homogeneous, gram

negative, non-motile organisms which produced indole and

liquefied gelatin (24). On the basis of 23 tests, he found

that, while related to the genus Klebsiella, the organisms

differed from typical K. pneumoniae (12, 18) by being indole

producing, gelatin liquefiers with activity on a greater

number of sugars, properties not normally associated with

K. pneumoniae. After searching the literature, he found

this group of organisms to be essentially identical to

Bacillus oxytocus perniciosus as described by MacConkey in

1909 under the name of B. oxytocum. Because of their greater

biochemical diversity, Lautrop felt it deserved status as a

separate taxonomic unit and should not be grouped with any

presently defined species.

In 1960, Cowan et al examined 176 cultures considered

to be Klebsiella (15). On the basis of 13 biochemical and

physiological tests, he divided the genus into five species

with two varieties of one species. These consisted of K.

pneumoniae, K. ozaenae, K. rhinoscleromatis, K. aerogenes,
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K. edwardsii var. edwardsii and K. edwardsii var. atlantae.

Those organisms which might be considered to be 'oxytoca'

are not included in any of the above groups because Cowan,

agreeing with Lautrop's view that the 'oxytoca' group should

be removed from the genus Klebsiella (24), discarded those

isolates which were indole positive and gelatin positive.

In 1971, Bascomb et al ran a computer analysis of 177

Klebsiella and related isolates (2). Using 50 tests, he

divided the genus into six groups. These groups consisted

of the first three of Cowan, above, plus K. moblis (currently

classified as Enterobacter aerogenes), K. aerogenes/oxytoca/

edwardsii and a sixth unnamed group. There are several dis-

crepancies between Cowan (15) and Bascomb (2), but of

particular note is the composite group. According to Cowan,

these three organisms would represent two species and a

separate genus for the 'oxytoca' group, while Bascomb con-

sidered them to represent a single taxon of 92% similarity.

In contrast to the above mentioned studies, Sakazaki

et al added a third opinion (27). In this study, 240 char-

acteristics were determined for 141 strains of Enterobacteri-

aceae. These were then subjected to numerical analysis.

The results obtained were essentially the same as those of

Bascomb (2), however, Sakazaki felt that K. pneumoniae and

K. aerogenes/oxytoca/edwardsii were sufficiently similar,

85%, as to warrant recognition as a single species, K.

pneumoniae.



5

It is this last opinion which appears to be the pre-

vailing one as recorded earlier (12). In 1963, Ewing believed

that those organisms of the 'oxytoca' group, i.e., indole

positive and gelatin positive, were indeed, Klebsiella and,

in particular, a biotype of K. pneumoniae (19). Furthermore,

the latest edition of Identification of Enterobacteriaceae

states that of all K. pneumoniae cultures isolated, 6% will

be indole positive and 3% will be gelatin positive (18).

One line of study heretofore neglected in the discussion

is that involving a molecular approach to the taxonomy of

the genus, i.e., DNA-DNA reassociation. The attributes and

limitations of the methods currently in use are well docu-

mented (9, 16, 20, 30). However, it bares repeating that

numerical taxonomy relies on information representing only

a small percentage of an organism's genome while molecular

studies are not bound by a set of arbitrarily chosen pheno-

typic characteristics (10). Several studies of this nature,

involving Klebsiella, have been made.

In 1972, Brenner et al used DNA-DNA reassociation

techniques to study the relationships between Enterobacter

aerogenes and Klebsiella (10). They found that while bio-

chemically similar, these two genera showed only 50% to 63%

molecular relatedness. In the same study, they also noted

that the genus Klebsiella was very homogeneous. Using a K.

pneumoniae reference strain, organisms identified as K.

pneumoniae, K. ozaenae, K. rhinoscleromatis and K. edwardsii
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exhibited reassociation values of 80% or greater. These

results were supported by Colwell et al (14) who found 81%

to 91% molecular similarity within the group. However, there

is cause for skepticism when it is noted that in both studies

combined only 12 Klebsiella cultures all from medical origins

were hybridized against one K. Eneumoniae reference strain.

In 1975, Seidler et al ran a more comprehensive molec-

ular study of the species K. pneumoniae (29). On the basis

of 19 biochemical and physiological tests (18), presumptive

K. pneumoniae cultures were isolated from four different

environments. When DNA from these isolates was hybridized

against the proposed neotype K. pneumoniae strain, reassocia-

tion values of 5% to 100% were obtained, revealing a high

degree of molecular heterogeneity within the species.

Obviously, this is contrary to previous reports (10, 14).

Additionally, while no attempt was made to differentiate iso-

lates into 'species' (2, 15), it was noted that indole pro-

duction was the most variable characteristics among the test

cultures and occurred at a frequency much higher than anti-

cipated (11, 18). In an attempt to identify those Klebsiella

isolates exhibiting low reassociation values against the

reference K. pneumoniae culture, selected isolates were

hybridized against Enterobacter reference cultures. The

results indicated that these cultures were as molecularly dis-

dimilar to the Enterobacter reference strains as they were

to the K. pneumoniae reference strain which is in general
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agreement with Brenner (10). This means that some organisms

which are phenotypically being classified as K. pneumoniae,

do, in fact, show less molecular relatedness to the neotype

K. pneumoniae reference as typical isolates of the species

show against the genus Enterobacter.

The significance of the Seidler paper (29) increases

when compared with the study conducted by Jain et al (21).

In 1974, they attempted to ascertain the molecular relation-

ship between those organisms characterized as 'oxytoca' and

the three established Klebsiella species. While hybridiza-

tions were run under highly specific conditions (Tm_
10°

) (22)

and only three isolates of each species were studied, they

were able to show that the 'oxytoca' cultures formed a hybrid-

ization group separate from the other Klebsiella. Further-

more, when DNA from these organisms was hybridized against

Enterobacter sp., they were no more related to them than

they were to the Klebsiella. On the basis of this data,

Jain et al (21) believed the 'oxytoca' group should be

recognized as a separate taxonomic unit in agreement with

Lautrop (24).

The above mentioned points of disagreement bring us

to the purpose of this study. From a molecular viewpoint,

it is hoped that the data obtained here will help determine

1) whether the species K. pneumoniae is a homogeneous group

or heterogeneous as indicated by Seidler et al (29),
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2) if the species is heterogeneous, do the cultures with low

hybridization values represent the 'oxytoca' group mentioned

above and 3) what is the 'correct' taxonomic position of the

'oxytoca' group with respect to K. pneumoniae?

Before continuing, however, it is necessary to bring

attention to the controversy surrounding E. aerogenes

(formerly Aerobacter aerogenes) and K. pneumoniae. The

sixth and seventh editions of Bergey's Manual indicated that

these two organisms were indistinguishable on the basis of

phenotypic characteristics (7, 8). In fact, at times,

classification of these two organisms has depended solely

upon the source of the isolate (8, 10). The eighth edition

of the Manual partially allieviated the confusion between

these two organisms by removing all non-motile forms of E.

aerogenes from the species and grouping them with K.

pneumoniae. The molecular relationship between these two

organisms has already been mentioned (10) as well as the

fat that the recommendations in one study, conducted by

Bascomb in 1971, would place these two organisms within the

same genus (2). It is not the intention of the present

study to resolve this controversy. However, the relation-

ship between these two genera will be significant to any

further discussion involving the possible division of the

species K. pneumoniae,
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MATERIALS AND METHODS

Cultures and Media

Organisms used in this study and their source are

listed in Table 1. All cultures were maintained on nutrient

agar slants at 4°C.

Culture media consisted of 3.Og yeast extract and 10.0g

tryptone per liter (YET), or 3.Og yeast extract, 5.Og sodium

chloride, 5.Og Proteose peptone #3 (Difco), 10.0g tryptone

phosphate broth (Difco) and 12.5g lactose per liter (YSPTL).

YSPTL was used in the early stages of this project in order

to obtain a maximum yield of cells but was later changed to

YET in an attempt to reduce the amount of capsular poly-

sacchride produced by the test strains.

All cultures were pre-grown overnight in 100m1 of

broth. After microscopic examination for purity, approxi-

mately 20m1 of culture was transferred to flasks containing

one liter of medium. Flasks were then incubated with shaking

(300rpm) at 30-35°C for 18 hours at which time cultures were

again checked for purity.

Cells were harvested in a Beckman centrifuge (model J-21)

at 8,000 rpm for 10 minutes. After harvesting, the super-

natant was decanted off and the cells suspended in saline-

EDTA (0.15 M NaCl --0.1 M ethylenediaminetetraacetate). Cells

were finally pelleted at 12,000 rpm for 15 minutes, the super-

natant decanted, and the pellet frozen.
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Table 1. Test cultures examined. The following abbreviations
have been used: CDC (Center for Disease Control),
ATCC (American Type Culture Collection), UOMS
(University of Oregon Medical School), OSU (Oregon
State University), MH (Mercy Hospital), Pittsburgh,
Pa.), PS (Penn State University), UT (University of
Texas), MSU (Michigan State University). Those cul-
tures marked with an asterisk (*) were used as
reference cultures.

Culture Strain No. Source

Klebsiella pneumoniae *ATCC 13882 ATCC
ATCC 13883 ATCC, designated neotype

strain
UOMS-1 UOMS, pus, lower lip
UOMS-5 , pus, kidney
UOMS-112 " , blood
UOMS-10457 " , urine
UOMS-11004 , urine
BC-1346 Pulp mill, wood room

effluent
BC-1738 Pulp mill, sawdust
BC-1746 " , bark
BC-1962 , wood room

slime
BC-2080 , wood room

slime
BC-2275 " , bark
BC-2496 , sea water
MH-11 MH, tomato
MH-21 ", celery
MH-22 ", celery
MH-24 ", radish
MH-27 ", cucumber
MH-29 ", urine
MSU-1684 MSU, bovine milk, mastitis
MSU-1709 It

E 44.5-1 Redwood
CM 3-8 OSU, park isolate
PC 4 " , redwood tank water
PS 8367 C PS, bovine mastitis
PS 8574 A PS,
PsB 49-1 PS, bovine mastitis

originally from
New YOrk

V-86 OSU, vegetable, potato
V-112 7

IT

V-123
V-135 , cucumber
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Table 1. Test cultures examined. (Cont.)

Cultures Strain No. Source

Klebsiella pneumoniae V-233

11

It

11

11

Klebsiella pneumoniae
biotype oxytoca

Klebsiella pneumoniae
biotype oxytoca

*V-236
V-244

UL 3 -2

DS 3-4

CT-10

UT 460 BC
3

*ATCC 13182

ATCC 13183

OSU, vegetable,
leaves

, vegetable,

onions
, park isolate,

drinking water
, park isolate,

drinking water
, park isolate,

drinking water
UT, blood
OSU, park isolate,

drinking water

11

It

11

/I

radish

radish
green

ATCC.

ATCC
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DNA Extraction and Purification

Deoxyribonucleic acid (DNA) was phenol extracted

according to a modified procedure of Marmur (25, 29). Thawed

cells were resuspended in saline-EDTA and lysed by addition

of sodium lauryl sulfate (SDS) to a final concentration of

1% and heating to 55°C for 10 minutes. The resulting suspen-

sion was deproteinized by adding an equal volume of neutral-

ized phenol (10m1 Saline-EDTA per 472m1 phenol, pH 7-8) and

shaking for 30 minutes. The slurry was then centrifuged at

approximately 8,000 rpm for 10 minutes. The upper aqueous

phase was removed and added to an equal volume of chloroform-

isoamyl alcohol (24:1 v/v) (Sevag) and shaken for 10 minutes.

The solution was then centrifuged, the upper aqueous phase

removed and the DNA collected on a glass rod by precipita-

ting with 95% ethanol.

After initial extraction, DNA was redissolved in 0.015 M

NaC1-0.0015 M sodium citrate (0.1 X SSC) and then brought

up to 1 X SSC. Ribonuclease A (Sigma, type I-A) which had

been dissolved in 0.15 M NaC1, adjusted to pH 5.0 with 0.1 N

NaOH, heated at 80°C for 10 minutes and then frozen until

used, was added to the DNA solution at a final concentration

of 1000g/m1 for 3 hours at 37 °C. After incubation, the

solution was deproteinized with neutralized phenol and'Sevag,

and the DNA collected as described above. The DNA was

further deproteinized with Sevag until no protein could be
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seen at the aqueous interface. This normally required three

to eight deproteinizations depending on the sample.

Pure DNA samples were dissolved in 0.1 X SSC and

acetate-EDTA (3.0 M sodium acetate-0.001 M EDTA, pH 7.0)

added at a rate of lml per 9m1 0.1 X SSC-DNA, The DNA was

then precipitated by adding dropwise 0.6 volumes of isopro-

panol and collecting the DNA on a glass rod.

Preparation of DNA for Hybridization

After purification, DNA was dissolved in 0.1 X SSC and

then sheared by passing it through a French pressure cell

(Aminco) twice at 15,000 to 16,000 psi to an average molecular

weight of 1 X 106 daltons (3). Once sheared, the DNA was

again deproteinized with Sevag,

The DNA was finally collected by increasing the salt

concentration above a threshold of 0.45 M NaC1, adding two

volumes of ethanol and centrifuging at 18,000 rpm for 20

minutes. A gelatinous pellet of DNA resulted from this

process which was then dissolved in a minimal volume (z 1.0m1)

of 0.1 X SSC.

Once concentrated, the DNA was adjusted to the renatura-

tion buffer (2 X SSC-40% dimethylsulfoxide (DMSO) ). Salts

tend to precipitate from concentrated DMSO, so, the DNA

solution was first adjusted to 4 X SSC and then added to an

equal volume of 80% DMSO. After adjustment to the renatura-

tion buffer, DNA concentrations were determined by the
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diphenylamine reaction (DPA) (13) and stored at 4°C until

used.

It was noted that occasionally DNA samples stored

for long periods of time (four days or more) in the renatura-

tion buffer would develop a precipitate and/or a cloudiness.

Both conditions were alleviated by mild heating (70°C) for

five to 10 minutes immediately prior to denaturation and

use.

Filter Loading

DNA to be loaded onto membrane filters was extracted

as described above. High molecular weight, purified DNA

was then dissolved in 0.1 X SSC and its concentration

determined by DPA. Six to eight milligrams of unsheared

native DNA was dissollied in 100m1 of 0.1 X SSC and alkaline

denatured by addition of 10m1 of 1.0 N NaOH for seven

minutes (3, 16). The solution was then neutralized with

20m1 of 1.0 N KH
2
PO

4
and the volume increased by adding

500m1 of 6 X SSC (20). All procedures were carried out

in the cold with pre-cooled reagents.

After the volume had been adjusted, the DNA was poured

into a pre-cooled filtering apparatus (Staallich) containing

a 150mm membrane filter (Schleicher & Schuell, B-6) which

had been pre-washed with 200m1 of 2 X SSC. The filter was

then gravity loaded for 18 hours at 4°C after which time
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loading was completed by aspiration. Upon completion,

filters were washed in 100m1 of 6 X SSC, drained on paper

towels and dried under a vacum at 60 to 70°C. After 22

hours, filters were removed and smaller filters (6mm) were

cut out with a paper punch (Gem). Small filters were

stored under a vacum at 4°C until used.

Efficiency of loading was monitored for all filters.

Samples were taken after denaturation (2-1m1 samples), after

neutralization and addition of 6 X SSC (3 -lml samples) and

from the filtrate (3-1ml samples) and the DNA concentration

determined by DPA. Loading efficiency was calculated to be

greater than 90% in all cases.

Labeling of DNA

DNA was labeled with 32
P in the form of H

3
PO4 (New

England Nuclear). Reference cultures (Table 1) were pre-

grown in media containing 0.0106g MgCl2, 0.013g NaSO4,

0.5g NH4CL, 1.5g NaCl and lOg Casamino acids (Difco) per

liter adjusted to 0.01 M Tris, pH 7.5. After overnight

incubation, cultures were examined microscopically and

approximately 20m1 of culture was transferred to the above

medium containing 10 to 18 mCi of 32
P per liter.

After inoculating the cultures into the labeled

medium, they were incubated with shaking at 35°C for 18

hours. At this point, the labeled DNA was extracted,
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purified and sheared as described for the test cultures.

This procedure yielded DNA with an initial activity between

20,000 and 30,000 cpm per pg DNA.

This medium was not phosphate limiting as determined

by the following study. Flasks containing from 0 to 0.1 M

added phosphate (K2HPO4) labeling medium were inoculated

with cultures pre-grown in the labeling medium minus added

phosphate. Flasks were incubated with shaking at 35°C.

Samples were then taken at regular intervals from all flasks

and the optical density at 600nm determined in a Spectronic

20 (Bausch & Lomb). All cultures had reached a final

optical density of 1.4 at the end of 20 hours. When plotted

against time, the growth curve for each concentration of

phosphate was indistinguishable.

DNA Reassociation Experiments

Hybridization experiments were designed according

to the parameters described by Johnson and Ordal (23) in

5.0m1 vials pre-treated with Siliclad (Clay Adams). The

total reaction volume was 0.3m1 consisting of 100pg of

competitor DNA and 0.lpg radioactively labeled homogolous

DNA which had been steamed denatured for 10 minutes, and

a membrane filter loaded with homologous DNA. Microliter

amounts were dispensed with Pipetteman micropipettes (West

Coast Scientific) and final volumes were adjusted to 0.3m1
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with renaturation buffer, 2 X SSC-40% DMSO. All experi-

ments were set up in ice then transferred to a shaking

waterbath (z40 rpm) at renaturation temperature and in-

cubated for 20 hours.

The renaturation temperature for all experiments

corresponds to Tm_
20

(46°C) or Tm_
10 (56°C) for the K.

pneumoniae reference DNAs. The Tm was determined by melt-

ing three K. pneumoniae DNA samples in 2 X SSC-40% DMSO

in a thermostated automatic recording spectrophotometer

(Gilford Instruments, Inc.). The resulting denaturation

curves are presented in Figure 1.

After incubation, filters were put through a series

of three washes in renaturation buffer and three washes in

2 X SSC heated to renaturation temperature. This process

first removes non-specifically bound DNA and then removes

residual DMSO. After washing, filters were placed in

scintillation vials and dried overnight at 45°C. Each vial

then received 5.0m1 of toluene based omnifluor (New England

Nuclear) and was counted in a Beckman scintillation counter

(model LS-100).

Three controls were run with each experiment consist-

ing of 1) a blank membrane filter, 0.1pg labeled DNA and

100pg competitor DNA from which was obtained background

binding counts, 2) a vial containing a homologous DNA mem-

brane filter and 0.lpg labeled homologous DNA used to deter-

mine 100% binding and 3) a vial containing a homologous DNA
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membrane filter, 0.1pg labeled homologous DNA and 100pg

cold homologous DNA used to determine total depression

of counts. Test vials contained a homologous DNA mem-

brane filter, O.1ig labeled homologous DNA and 100pg of

competitor test DNA. Percent relative reassociation was

then determined by the following formula:

(2-1)-(test culture cpm-1)
(2-1)-(3-1) X 100 =% Relative

Reassociation

All experiments were set up in triplicate or quad-

ruplicate and experimental values *determined by averaging

cpm for each set of vials. Those counts deviating from

the average by more than 25% were discarded and the average

recomputed. This final value was then used to determine

percent relative reassociation by the above formula. In

order to be considered valid there had to be at least two

values meeting the above requirements for each set of vials.

Of all the counts obtained, approximately 15% were classi-

fied as deviant values and discarded.
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RESULTS

DNA Hybridization Studies and Environmental
Relationships Among Cultures of

Klebsiella pneumoniae

DNA relative reassociation (RR) values were determined

for 37 biochemically identified strains of Klebsiella

pneumoniae (26, 29) using ATCC 13882 and V-236 as reference

cultures. ATCC 13882 was chosen as one reference strain

because of its phenotypic characteristics, typical of K.

pneumoniae, and because of the 100% relative reassociation

value reported previously with the designated neotype strain,

ATCC 13883 (29). DNA RR values determined in this study

are presented in Table 2.

Considering the RR values obtained at both reassocia-

tion temperatures, it is obvious that there is great

molecular heterogeneity within the species as currently

defined by biochemical characteristics. RR values to the

reference strains ATCC 13882 and V-236 ranged from 7% to

100% and 37% to 100%, respectively, at Tm-20' At Tm-10'

values ranged from undetectable levels to 100% for ATCC

13882 and V-236. Additionally, V-236 and ATCC 13882 had

low RR values when run against each other, i.e., 16% at

Tm-20
when ATCC 13882 was the labeled reference and V-236

the test culture. The data is in agreement with the

results reported by Seidler et al (29) and establishes a
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Table 2. Relative reassociation values for biochemically
identified strains of Klebsiella pneumoniae.

Culture

% Relative Reassociation
ATCC 13882a V-236b

T
m-10

T
m-20 Tm-10 Tm-20

ATCC 13882 100 100 56 0
ATCC 13883 100 67 0
UOMS-1 81 35 84 0
UOMS-5 100 92
UOMS-10457 84 40
UOMS-11004 99 69
BC-1346 29 -- 72
BC-1738 73 96 12
BC-1746 81 -- 42
BC-1962 72 0 87 22
BC-2080 31
BC-2275 63 --
BC -2496 0
E 44.5-1 100 91 4
MH-11 58
MH-21 41
MH-22 8
MH-24 29 74 72
MH-27 44 62
MH-29 7 85 81
V-86 0
V-112 48 44
V-123 75
V-135 42
V-233 40 78 60
V-236 16 6 100 100
V-244 9 99
MSU-1684 77 51 28
MSU-1709 77
UT 460 BC 88 0

CM 3-8 50
PC 4 73
UL 3-2 61 65
DS 3-4 68 49
CT-10 53
PS 8574 A 62 80 72
PsB 49-1 100 37 0

aATCC 13882, American Type Culture Collection Klebsiella
pneumoniae reference strain.

bV-236, OSU vegetable (radish) isolate reference stain.
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molecular basis for dividing K. pneumoniae into at least

two species.

Certain anomalies are apparent from Table 2. When

RR values of the two reference cultures at T
m-20 are com-

pared, the values obtained are not reciprocal. Thus, when

V-236 is hybridized with ATCC 13882 as the reference, a RR

value of 16% is observed as indicated above. However, when

ATCC 13882 is hybridized with V-236 as the reference, a much

higher RR value is obtained. Similar conflicting data has

also been obtained by D. Brenner while working with

Klebsiella (personal communication), but was alleviated by

ultrapurifying the DNA samples on hydroxyapatite prior to

use. This suggests a physical interference in the reaction

probably due to the large amounts of capsular polysacchride

associated with K. pneumoniae DNA. This difficulty was

eliminated in the present study by increasing the renatura-

tion temperature to a more restrictive Tm-10" As a result,

the reassociation value for ATCC 13882 versus V-236 dropped

from 56% at Tm_ to an undetectable level at Tm-10 . In

other words, the reciprocal values at this restrictive temp-

erature (Tm-10 ) for the two reference cultures are now within

6% of each other, which is a more reasonable range of "experi-

mental error".

In an attempt to condense the isolates included in the

hybridization experiments into a homogeneous group(s), RR
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values with ATCC 13882 at both temperatures were compared

with the habitat of origin of each isolate. Using 75%

relative reassociation as a criterian for homogeneity (9,

14, 29), cultures were divided into three groups consisting

of 1) those with 75% or greater RR, 2) those with 40% to

75% RR and 3) those with less than 40% RR to the ATCC 13882

K. pneumoniae reference strain. These results are presented

in Table 3.

It appears that on the basis of the above groupings,

all cultures having a high degree of relatedness to the

ATCC 13882 reference can be traced to a clinical or wood

related source with the exception of V-123 which was isola-

ted from white potato. Conversely, those cultures falling

into the low RR group with ATCC 13882 as reference exhibit

a high degree of relatedness to V-236 and are all from non-

clinical sources with the exception of MH-29. Therefore,

while K. pneumoniae has been isolated from a variety of dif-

ferent environments (12, 28, 29, 31), it appears that there

is a noticable difference in frequency with which each

hybridization group may be isolated from a particular

environment (1, 26).
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Table 3. Grouping of test cultures based on habitat of
origin vs percent relative reassociation to ATCC
13882 K. pneumoniae.

Source
Percent Relative Reassociation Range
75% 40%-70% Less than 40%

ATCC 13882

ATCC 13883b

UOMS-5 UOMS-1 b

Clinicala MSU-1684 UOMS-10457 MH-29

UT 460 BCb PS 8574 A

PsB 49-1

UOMS-11004b

BC-1346

BC-1738b BC-2275 BC-1962

Pulp Mill BC-1746
b BC-2080

E 44.5-1 BC-2496b

MH -ll MH-22b

MH-21 MH-24

V-123 MH-27 V-236

Environment V-112 V-244

V-135 -86bV

V-233

Drinking Water

CM 3-8

PC 4

UL 3-2

DS 3-4

CT-10

aClinical isolates include those from both human and animal
sources

bCultures grouped according to values obtained at T In
m-10'

the case of UOMS-1 and BC-1738, 5% RR was allowed
for the temperature increase from Tm_ to Tm_

10 (22).
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DNA Relationships Between 'K. oxytoca' and K. pneumoniae

Taxonomic studies involving the genus Klebsiella have

described a biochemically similar (differing in ability to

produce indole and liquefy gelatin) and, more recently, a

molecularly distinct group of isolates designated by the

epithet Klebsiella oxytoca (21). After considering the

range in homology values obtained against the two reference

cultures in the previous section as compared to their bio-

chemical similarity, selected cultures were hybridized with

a K. pneumoniae biotype oxytoca reference strain ATCC 13182,

hereafter referred to as K. oxytoca. The results of this

study are listed in Table 4.

Relative reassociation values ranged from 25% to 100%

for the 22 Klebsiella isolates tested with ATCC 13182. Of

particular interest is the fact that those cultures which

fell into the intermediate hybridization group (40% to 75%)

against ATCC 13882 all had RR values of 84% or greater with

the ATCC 13182 K. oxytoca reference strain, well within the

range of homogeneity as previously defined. Two exceptions

are present, V-233 and UL 3-2. However, both of these

cultures showed a relatively high degree of relatedness to

V-236 and were not run at Tm-10 against ATCC 13882. The

remaining cultures, showing 18% to 74% RR against the ATCC

13182 K. oxytoca reference strain, fall into both the high

and the low reassociation groups of ATCC 13882 K. pneumoniae.



Table 4. Percent relative reassociation values to the ATCC
13182 Klebsiella oxytoca reference at Tm-

20.

Percent Relative ATCC 13882
Culture Reassociation Homology Group

ATCC 13182b 100

ATCC 13183b 99

UOMS-1 100 M
d

UOMS-10457 87 M
d

BC-1962 18 L
d

BC-2275 91 M

E 44.5-1 71 H

MH-21 84 M

MH-24 25 L

MH-27 100 M

MH-29 53 L

V-112 99 M

V-123 74 H

V-233 69 M

V-236 48 L

V-244 60 L

MSU-1709 50 -

CM 3-8 100 M

PC 4 94 M

UL 3-2 59 M

CT-10 99 M

ATCC 13882 60 H

a H-high (75% or greater), M-intermediate (40% to 75%),
L-low (less than 40%).

b

26

, American Type Culture Collection designated K. pneumoniae
biotype oxytoca.

Relative reassociation values with ATCC 13882 as reference
are as follows: at Tm-20' ATCC 13182-73% and ATCC 13183-
90%; at T

m-10' ATCC 13183-35%.

d
See footnote "b" page 24.
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In other words, there are three distinct reassociation

groups within the species K. pneumoniae and, although dis-

tantly related to each other, the groups represented by the

ATCC 13882 K. pneumoniae and environmental V-236 reference

cultures are intermediately related to the K. oxytoca.

Identification of Molecular Groups on the Basis of
Biochemical and Physiological Tests

Since molecular studies are impractical for most

laboratories, it would be highly desirable to have a

series of conventional phenotypic tests which would

correlate with the different relative reassociation groups

in the genus Klebsiella. Analysis of biochemical data have

revealed four tests corresponding to the groups established

on the basis of relative reassociation values (26). This

series of tests consists of 1) indole production from

tryptophan, 2) pectin (gelatin) liquefaction, 3) response

in the fecal coliform test and 4) growth at 10°C. Pheno-

typic test patterns and RR values are listed in Table 5.

On the basis of the data, molecular groups may be

separated into 1) those cultures exhibiting a --+- pattern

in the above tests which corresponds to cultures highly

related to K. pneumoniae (ATCC 13882), 2) those cultures

exhibiting a ++-+ reaction pattern which are highly related

to K. oxytoca (ATCC 13182) and 3) those cultures with a ---+

reaction pattern which are highly related to V-236. In
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Table 5. Biochemical and physiological reactions versus
reassociation values.

I

K. oxytoca K. pneumoniae Klebsiella sp.
(ATCC 13182) (ATCC 13882)

Pc FC 10° Tm-20 Tm-20 Tm-10

(V-236)
T
m-20 Tm-10

+ - 60-74 75-100 73-100
(3) (5) (3)

37-91
(4)

0-28
(4)

+ + 84-100 41-84 35,40
(10) (12) (2)

49-84
(6)

0
(1)

- - 48-60 7-61* 6

(5) (6) (1)
85,100

(2)
65-100

(4)

ND 88-100 ND
(3)

67,69
(2)

0
(2)

+ - - + 25 29,62 0-8
(1) (2) (3)

74,80
(2)

72
(1)

- + - + 18,62 40,72 0
(2) (2) (1)

78,87
(2)

60
(1)

( )

I -

Pc

FC

indicates number of cultures examined

indole production

- pectin liquefaction

- fecal coliform response

10 °- growth at 10
o
C

ND - not done

- one culture at 61%, all others were between 7% and 31%.
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addition to these most frequent patterns, there appear to

be at least three other phenotypic variants. These latter

patterns include 1) cultures with a reaction pattern of

---- which appear to be closely related to K. pneumoniae

(ATCC 13882) and include the neotype K. pneumoniae isolate

(ATTC 13883) and 2) cultures with reaction patterns of +--+

and -+-+ which, interestingly, appear to be related to the

V-236 reference rather than to the ATCC 13182 K. oxytoca

reference strain.



30

DISCUSSION

As indicated by the data presented in this report,

those organisms which are currently classified as Klebsiella

pneumoniae constitute a molecularly heterogeneous group.

Hybridization values obtained for 36 strains of K. pneumoniae

ranged from 7% to 100% against the ATCC 13882 K. pneumoniae

reference strain. Although increasing in frequency as a

taxonomic tool, there are no rigidly defined criteria for

speciating bacteria on the basis of DNA hybridization data.

However, if, for the moment, one accepts a definition of a

species to be those cultures exhibiting greater than 75%

molecular relatedness to a designated type strain (9, 29),

then K. pneumoniae is not just heterogeneous but is composed

of a minimum of three biochemically similar but molecularly

distinct units.

In the overall observations, the results agree with

those of Seidler et al (29) who obtained reassociation

values ranging from 5% to 100% for 26 biochemically identi-

fied strains of K. pneumoniae hybridized against the neotype

ATCC 13883 K. pneumoniae reference strain. However, in the

latter study, a different experimental technique and refer-

ence strain was used to illustrate the molecular hetero-

geneous nature of the species K. pneumoniae. Despite this

fact, further comparison between the two sets of data reveals

that eight cultures used in both studies produced equivalent
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experimental values. For example, V-244 yielded a reassocia-

tion value of 9% in this study and 5% in the study by

Seidler et al, while UOMS-1 produced values of 35% and 40%,

respectively. Also, while different reference cultures were

used in the two studies, ATCC 13882 (used here) and ATCC

13883 (used by Seidler et al), both cultures produced 100%

relative reassociation values to each other in each of the

two studies. Thus, having demonstrated the heterogeneous

nature of K. pneumoniae, the question now focuses on the

taxonomic significance of K, pneumoniae isolates which

exhibit less than 75% molecular relatedness to the ATCC K.

Eneumoniae reference strains.

In addition to the molecular relationships described

above, Seidler et al (29) also noted a relationship between

the environmental origin of an isolate and its molecular

relatedness to the ATCC neotype K. pneumoniae reference

strain. Cultures in the Seidler et al study were isolated

from four environments, human (clinical), pulp mill, river

water and vegetables. Those cultures isolated from vege-

tables yielded the lowest overall reassociation values, i.e.,

4/7 vegetable isolates showed less than 30% relatedness to

the ATCC neotype K. pneumoniae while only 1/19 cultures from

the other three environments showed less than 40% related-

ness to the same culture.
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These values prompted further analysis of the data

presented here, whereupon, hybridization values obtained

against the ATCC 13882 K. pneumoniae reference strain were

divided into three groups and test cultures listed accord-

ingly. The results, presented in Table 3, indicate a rela-

tionship between reassociation values and the environmental

origin of each isolate (based on the cultures tested). It

is not suggested that environmental origins be used to

identify hybridization groups, but results in Table 3

illustrate there is a distinction between reassociation

group and the frequency with which each group may be isolated

from the environment. For example, of the cultures com-

prising the low reassociation group relative to ATCC 13882,

9/10 cultures were isolated from environmental origins.

Considering the molecular heterogeneity and environ-

mental diversity of the species K. pneumoniae as outlined

above, it might be predicted that those cultures which com-

prise the lower reassociation groups with the ATCC 13882 K.

pneumoniae reference strain would be as molecularly diverse

among themselves. Clearly, this is not the case as indicated

by Table 2 and Table 4. The cultures in question form two

distinct homogeneous groups highly related to either the

ATCC 13182 K. oxytoca or the environmental V-236 reference

strains. Furthermore, the internal relationship of each

group represented by the reference strains, ATCC 13882, ATCC



33

13182 and V-236, is such that, independently, they each

meet the molecular definition of a species as defined

earlier.

In 1974, Jain et al (21) suggested that the 'oxytoca'

group represented a taxonomic unit distinct from K.

pneumoniae. Although the number of cultures tested in that

study was minimal, he also showed that the ATCC 13182 K.

oxytoca reference was molecularly distinct from K. ozaenae

and K. rhinoscleromatis which are recognized Klebsiella

species as well as the proposed species K. edwardsii and

K. aerogenes of Cowan (15) which are currently classified

as K. pneumoniae. In addition to these interspecies relation-

ships, Jain et al also noted that the 'oxytoca' group was

less related to members of the genus Enterobacter than they

were to the other Klebsiella. While experimental conditions

do not permit direct comparison with the data presented

here, the highest reassociation value obtained by Jain et

al for an Enterobacter sp. was 12%, while the highest value

obtained for a Klebsiella sp. was 23% with ATCC 13182 K.

oxytoca as the labeled reference.

The relationships described above for the 'oxytoca'

group also apply to those Klebsiella isolates highly related

to the V-236 reference strain. Certainly, among members of

the species K. pneumoniae, this group is just as unique as

those of the 'oxytoca' group. Furthermore, a review of the
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literature indicates that, with the exception of the study

by Seidler et al (29) and a recent study by Naemura and

Seidler (26), this group is unrecognized. However, it is

unlikely that V-236 will be highly related to either K.

ozaenae or K. rhinoscleromatis. This is due to the 80%

relatedness of these two species to the clinical K.

pneumoniae reference strains (10, 14), while the group

represented by the V-236 reference culture shows only 15%

relatedness. The possibility that this group may be related

to the Enterobacter is also questionable since Seidler et

al (29) showed that at least one member of the group was

no more than 11% related to an E. aerogenes reference strain

and 23% related to an E. cloacae reference strain. There-

fore, subject to further investigation, both Klebsiella groups,

represented by ATCC 13182 and V-236, constitute independent

entities and are not simply mislabeled representatives of

another currently defined taxon.

During the past six years, studies conducted by

Colwell et al (14), Brenner et al (10) and Jain et al (21)

have demonstrated a close molecular relationship (80% rela-

tive reassociation) between K, pneumoniae and the other two

recognized species of the genus. However, despite their

molecular similarity, K. ozaenae and K. rhinoscleromatis

are recognized as separate species on the basis of bio-

chemical data (12, 18), a taxonomic distinction supported
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by Cowan (15), Bascomb (2) and Ewing (19). In contrast,

Brenner et al (10) demonstrated that while Enterobacter

aerogenes is only approximately 60% related to K.

pneumoniae, their biochemical similarity is such that

motility, ornithine decarboxylase and urease are the

only tests commonly used to distinguish the two species

from each other (12, 18). Now, in spite of the biochemical

similarity of those organisms represented by ATCC 13182 and

V-236, the two groups in question are no more related to

K. pneumoniae than K. pneumoniae is to E. aerogenes. There-

fore, it is recommended that both groups, properly repre-

sented here by the cultures ATCC 13182 K. pneumoniae bio-

type oxytoca and OSU isolate V-236, each be established as

independent species within the genus Klebsiella. This now

creates a necessity of phenotypically distinguishing each

group.

Recently, a study was conducted by Naemura and

Seidler in which the physiological (temperature) and bio-

chemical characteristics of 202 K, pneumoniae cultures,

including selected cultures used by Seidler et al (29),

were compared (26). Their results suggested a strong cor-

relation between the reaction pattern of an isolate in

a series of four tests (indole production, pectin lique-

faction, fecal coliform response and growth at 10°C) and

its molecular relationship to the neotype ATCC 13883 K.
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pneumoniae reference strain. Those cultures which were in-

dole -, pectin -, fecal coliform + and 10°C - exhibited

high relative reassociation to the neotype K. pneumoniae

reference strain, while those cultures having I+, Pc+, FC-,

and 100+ and I-, Pc-, FC- and 100+ reaction patterns showed

moderate and low relatedness to the neotype K. pneumoniae,

respectively. The hybridization data in Table 5 demonstrates

that these three reaction patterns, --+-, ++-+ and ---+,

correspond to the molecular groups represented by cultures

ATCC 13882, ATCC 13182 and V-236, respectively, Furthermore,

three other reaction patterns observed by Naemura and

Seidler are also identified in Table 5. Those cultures

having a pattern of ---- are highly related to the ATCC

13882 K. pneumoniae reference strain while those cultures

with patterns of +--+ and -+-+ are highly related to the

environmental V-236 reference strain. Therefore, on the

basis of these four tests, a culture may be phenotypically

typed and identified with respect to its molecular group.

Although primarily taxonomic in nature, the above

diversification of the species is of public health signi-

ficance. In a recent study conducted by Bagley and Seidler

(1), the significance of the fecal coliform response in

Klebsiella was discussed. This study made mention of the

fact that while K, pneumoniae was a normal inhabitant of

the intestinal tract of approximately 40% of humans and
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other animals, the species usually was counted as a total

coliform and not a fecal coliform. This was due to the

recorded ubiquity of the species K. pneumoniae in nature

(11, 17, 23, 28, 31). Additionally, Naemura and Seidler

(26) found that nearly 100% of the indole negative K.

pneumoniae clinical isolates (human and animal) they studied

were FC positive. In recognition of these observations

coupled now with the present DNA hybridization results,

the presences of FC negative strains within the species K.

pneumoniae becomes untenable. However, by dividing the

species as recommended, all FC negative organisms would be

removed from the species K. pneumoniae with the exception

of those rare cultures which had lost the ability to yield

a FC positive response but which could be identified by

their inability to grow at 10°C (26). Furthermore, due

to the incidence with which each molecular group is isolated

from the natural environment and the association of FC+

Kiebsiella with clinical situations, the isolation of FC+

Klebsiella from the environment can now be understood to

genetically represent those strains derived from fecal

and/or clinical origins.

In summary, it can be said that on the basis of the

data presented here the species K. pneumoniae is very

heterogeneous. Furthermore, this heterogeneity can be

attributed to the presences of three molecular groups which

are themselves internally homogeneous. These groups, which
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may constitute independent species, are represented by the

cultures ATCC 13882, ATCC 13182 and V-236 and may be dis-

tinguished from each other by their characteristic reac-

tion pattern to four tests. These tests include indole

production, pectin liquefaction, FC response and growth

at 10°C. Finally, the division of the species into three

groups recognizes that the isolation of FC+ K. pneumoniae

from the environment is a public health hazard due to the

frequency with which this group has been associated with

clinical environments.
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