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true (there are almost no data to 
date), then the degree of dispersal 
and gene flow between reefs will 
be critical in determining the over- 
all genetic variability of coral 
species. These issues must be 
more fully explored in order to 
p-edict the evolutionary conse- 
quences of coral life histories and 
to attempt the long-term manage- 
n- ent of these diverse communities. 
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3.86 million kg, constituting 22% of 
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Ecology and Evolution of 
Tetracycline Resistance 
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the total annual antibiotic produc- 
tion for that year’. However, less 
than half of the tetracycline pro- 
duction was destined for the 
treatment of infectious disease; 
some 71% (2.73 million kg) was 
added to animal feed at sub- 
therapeutic levels to stimulate 
weight gain2 (a practice long since 
banned in Europe), as well as for 
the prophylactic control of dis- 
ease’. Tetracyclines appear to be 
quite stable in the environment, 
and typically are not broken down 
by resistant strains, unlike other 
antibiotics such as ampicillin. No 
decrease in tetracycline activity 
was found in samples of human 
and rodent feces stored at room 
temperature for several months3. 
Environmental contamination by 
tetracyclines may therefore have a 
cumulative impact. 

Epidemiology of tetracycline resistance 
The rapid evolution and spread 

of antibiotic-resistant strains of 
pathogenic bacteria have been 
well-documented4, and it is there- 
fore not surprising that the per- 
centage of coliform bacteria, iso- 
lated from human and animal hosts, 
expressing resistance to tetra- 
cycline is extremely high. In 1985, 
12% of all strains of Escherichia co/i 
isolated from healthy humans 
residing in Boston, USA, were 
resistant to tetracycline, while the 
percentage of tetracycline-resistant 
strains isolated from farm animals 
during the same period ranged 
between 71% and 93%’ (Table I ). 
Resistance determinants found in 
one genus are sometimes found 
later in others, often differing dra- 
matically in type and ecological 
location. For example, tetracycline- 
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Table I. Prevalence of tetracycline resistance in bacteria isolated from 
various hosts in the USAa 

Total no. Tetracycline 
Host Period Region of isolates resistance (%) 

____ 

Humans (hospital) 1986 Boston 3757 26 
Humans (hospital) 1971-1982 USA 1 800 000 28 
Humans (community) 1985 Boston 388 12 

Animal 1980 USA 100 80 
Pigs 1974 Illinois 530 90 
Pigs 1981-1987 South Dakota 1015 96 
Pigs 1985-1986 Texas 107 93 
Pigs 1986-1987 Georgia 405 93 
Cattle 1974 Illinois 106 49 
Cattle 1981-1987 South Dakota 366 76 
Cattle 1985-1986 Texas 405 71 
Cattle 1986-1987 Georgia 265 57 
Poultry 1981-1987 South Dakota 30 83 

aData from Ref. I. 

resistance plasmids first isolated 
from staphylococci have been 
picked up subsequently in strains 
of Bacillus, and plasmid exchange 
has also been reported between 
streptococci and strains of 
Lactobacillus and Listeria5. The list 
of bacterial species in which tetra- 
cycline resistance has been detected 
is now long and includes both 
Gram-positive and Gram-negative 
bacteria, some of which are not com- 
mensals of humans or animalsb,7. 

The existence of significant 
levels of tetracycline in the mi- 
crobial environment generates 
strong selective pressures for 
resistant strains. In one study, the 
frequency of tetracycline-resistant 
bacteria isolated from chickens fed 
tetracycline-supplemented feed 
increased from about 0% to about 
100% within one weeks. Within five 
to six months, tetracycline-resistant 
organisms were isolated from work- 
ers on the same farm; 3 I% of their 
fecal samples contained more than 
80% tetracycline-resistant organ- 
isms as compared to 6.8% of the 
samples from neighbors’. As with 
many other antibiotic-resistance 
determinant!?, this spread of tetra- 
cycline resistance could be linked 
to the presence of genes conferring 
resistance to tetracycline located 
on plasmids - extrachromosomal 
circular DNA elements that repli- 
cate independently of the bacterial 
chromosome and that are capable 
of transmitting themselves from 
cell to cell and even across species 
boundaries. While plasmids may 
be the actual messengers, the 
antibiotic-resistance genes are fre- 
quently associated with moveable 
genetic elements, or transposons, 
located on the plasmids. These 

transposons may allow the transfer 
of drug-resistance genes from the 
plasmids, which are often dispens- 
able, to the bacterial chromosome, 
which is clearly notlo. 

Although laboratory studies have 
shown that the expression of tetra- 
cycline resistance is selected against 
in the absence of the drug”-‘3, tetra- 
cycline resistance is surprisingly per- 
sistent in the microbial flora of farm 
animals, even years after the dis- 
continuance of tetracycline sup- 
plementation in animal feed14. This 
phenomenon may be attributed to 
the persistence of tetracycline in the 
ecosystem3 and/or to the evolution 
of strains in which the intrinsic 
deleterious effect of tetracycline 
resistance has been attenuated14,15. 

Genetics of tetracycline resistance 
The promiscuous transfer of 

genetic information may poten- 
tially explain the wide dissemi- 
nation of tetracycline-resistance 
factors, but does it mean that all are 
descended from one primordial re- 
sistance gene? All of the evidence 
accumulated to date suggests that 
this is not the case, and that there 
exists a great diversity of determi- 
nants for tetracycline resistance. 

Three major families of tetra- 
cycline-resistance determinants 
have been specified on the basis 
of their mechanism of resistance, 
DNA homology between the deter- 
minants and level of resistance to 
tetracycline”. Two of these families 
code for an active efflux system 
whereby the antibiotic is pumped 
out of the cell. One of these two 
families is found in Gram-negative 
organisms, including such genera 
as Escherichia, Hemophilus and 
Aeromonas17, whereas the second 

family is found in Gram-positive 
aerobic organisms’“. A third family 
is notable not only for its com- 
pletely different mechanism of 
action, but also for its wide 
dissemination among distantly 
related bacteria. Members of this 
family mediate resistance by pro- 
tecting ribosomes from the 
inhibitory action of tetracyclines. 
(Tetracycline acts by preventing 
tRNA molecules from binding to 
the ribosomes during peptide 
elongation.) The tetM determinant 
of this third family is found in 
such diverse organisms as the 
Gram-positive streptococci, Gram- 
negative species such as Neisseria, 
as well as the cell-wall-free myco- 
plasmas, and species of uncertain 
taxonomic status”. The frequent 
location of tetM determinants on 
conjugative transposons (transpos- 
able elements which possess the 
ability to transfer themselves from 
cell to cell, even across species 
boundaries) may account for their 
broad dissemination’9. A number of 
other tetracycline resistance deter- 
minants have been described. 
Some of these may belong to one 
of these three families, while others 
almost certainly define new ones” 
with different mechanisms of ac- 
tion, such as the enzymatic inacti- 
vation of tetracycline2’. 

Origin of tetracycline-resistance 
determinants 

The use of tetracyclines in a 
medical and veterinary context has 
been quite recent, yet tetracycline- 
resistance factors have been de- 
tected in strains isolated long 
before the widespread use of tetra- 
cycline by humans, as well as in 
strains isolated from remote parts 
of the world where antibiotic ther- 
apy is unknown7. Tetracyclines are 
naturally produced by members of 
the genus Streptomyces, which 
have been shown to possess tetra- 
cycline-resistance determinants be- 
longing to the first two families2’. A 
popular theory holds that tetra- 
cycline-resistance determinants 
originated in such organisms, and 
were disseminated by interspecies 
transfer mediated by a variety of 
agents including plasmids7,‘7, con- 
jugative transposons”, and bac- 
teriophages5, as well as by trans- 
formation with naked DNA. The 
discovery that cryptic tetracycline- 
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resistance determinants are pres- 
ent in the chromosomes of 
1?acteroides22, E. coli2’ and Bacillus 
wbti/is24 suggests additional, albeit 
unknown functions of such se- 
quences. 

Since so many distinct tetra- 
cycline-resistance determinants are 
being discovered, Levy” has sug- 
gested that tetracycline resistance 
has been evolving over millions of 
‘{ears, perhaps in response to com- 
12etition with organisms that produce 
1:ompounds similar to tetracycline. 

,Evolution of a tetracycline-resistance 
‘Family 

Expression of tetracycline resist- 
ance in members of the first family 
af determinants, found in Cram- 
negative organisms, is regulated in 
much the same way as the lac operon. 
In the absence of tetracycline, but 
not in its presence, a repressor 
protein binds to the operators and 
prevents transcription. All mem- 
bers of this family show the same 
pattern of genetic organization 
(Fig. I), comprising a structural 
gene and a repressor gene that are 
expressed divergently from over- 
lapping promoters24. In the region 
between the two genes are two 
palindromic sequences thought to 
act as operators25 (DNA binding 
regions for the protein repressor). 
Within this family there are five 
classes (A-E), which can be dis- 
tinguished by degree of DNA se- 
quence similarity, and which differ 
in their levels of resistance to tetra- 
cycline’h. Differentiation between 
some classes is so high that little 
DNA-DNA hybridization occurs, 
even under ‘low stringency’ con- 
ditions (which allow for some mis- 
matching). At the amino acid level, 
identity between the classes ranges 
from 43% to 63% for the repressor 
proteinZ6, and 45% to 78% for the 
structural gene product27 (Table 2). 

The functional significance of 
these differences is suggested 
by in vitro studies designed to 
measure the ability of a particular 
repressor molecule to bind to vari- 
ous operators, and thereby repress 
transcription. For example, re- 
pressor molecules from class B 
were unable to repress transcrip- 
tion of class A and C genes but 
could weakly repress transcription 
of class D genes28. Thus, there is 
evidence that the differentiation 

between the classes has involved 
coevolutionary changes in the 
repressor protein and the operator 
regions. All of the evidence so far 
assembled indicates that classes A 
and C are closely related and can 
be considered to lie on one branch 
of an evolutionary lineage, B and D 
on another, with class E possibly 
on a third. 

Additional information on the 
phylogenetic relationship between 
the classes is provided by the 
structural coding regions of mem- 
bers of family I. This region has 
been the subject of intensive 
analysis in the last ten years by 
Levy’s group, as well as by others. 
It is now known that the structural 
coding region of the tetracycline- 
resistance operon of the trans- 
poson TnlO (belonging to class B) 
contains a single open reading 
frame coding for a protein approxi- 
mately 42 kDa (399 amino acids) in 
size. This region is unusual in that 
two complementing groups, desig- 
nated tetA and tetB, lie within it. 
Thus, deletion mutations in the 
tetA region complemented tetB 
region point mutations, resulting in 
significant levels of tetracycline 
resistance29. All complementing 
strains showed active efflux of 
tetracycline from the cell, but not 
as efficiently as that in wild-type 
cells. Although the complemen- 
tation data point to the existence 
of two structural genes for tetracy- 
cline resistance, only one protein 
product has been detected, and 
mutations in both the tetA and tetB 
regions affect this protein product. 
Designated TET, it is now known to 
be a membrane-spanning protein 
that mediates tetracycline efflux18. 

COOH+NH3 

\1 
NH,+=- COOH 

Fig. 1. Structure of a tetracycline-resistance operon 
belonging to family I. Open rectangles, tet/?and tef, rep- 
resent the genes encoding tetracycline-repressor and 
tetracycline-resistance proteins, respectively. Vertical 
lines represent overlapping regulatory sequences with 
palindromic operators, 0, and O,, and promoter, P. 
Horizontal arrows indicate that the teM7 and tet genes 
are transcribed in opposite directions; the N- and C-ter- 
minal ends of the TetR and TET proteins are shown. 

The tetA and tetB regions, there- 
fore, define intragenic (rather than 
the more conventional intergenic) 
complementation regions, and 
they may be considered to rep- 
resent two structural domains, desig- 
nated a and p, of the TET protein”. 

The a and p domains correspond 
approximately to the N- and C-ter- 
minal halves of the TET protein, 
respectively. By engineering inter- 
domain hybrid tet genes with a 
and j3 domains from members of 
different classes of family I, Rubin 
and Levy were able to gain insight 
into the molecular evolution and 
function of the cx and p domains”. 
Using conventional cloning tech- 
niques, hybrid tetracycline-resist- 
ance genes were constructed con- 
taining different combinations of 
the cc and p domains from classes A 
and C, and the levels of resistance 
to tetracycline were measured in 
an E. coli host strain. In all cases a 
wild-type repressor gene and oper- 
ator region were included in the 
plasmid from the same class as 
that of the a domain. Only combi- 
nations of the a and p domains 
from classes A and C (which are 
78% identical) generated an active 

_ 

Table 2. Homologies between the structural and repressor genes for 
tetracycline resistance from different classes of family la 

Classes 
compared 

Repressor protein Structural protein 
_ - 

Nucleotide 
homology 

(%) 

AS 61.5 
B,D 58.3 
M 44.4 
‘W 48.5 
B,C 44.3 
AD 50.6 

aData from Refs 26 and 27. 

Amino acid 
homology 

1%) 

58.8 
63.3 
43.5 
43.6 
44.9 
44.4 

Nucleotide Amino acid 
homology homology 

(%) (%) 

74.0 78.3 

48.0 45.1 
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Table 3. Relative tetracycline- 
resistance level9 

Class origin of 
tetA tetB 

A A 
6 6 
C C 

A C 

r! 
C 
6 

Resistance 
level (%I 

100 
82 
50 

54 
<I 
<I 
<I 

aData from Ref. 31. 

efflux protein (Table 3); combi- 
nations of domains from classes B 
and C, which show much less ident- 
ity (45%), were inactive3’. Thus, 
coevolutionary changes can also be 
seen between the a and p domains 
of the TET resistance protein. 

The highly specific interactions 
between the a and 0 domains of the 
TET protein are especially intriguing. 
Recent work from Levy’s group has 
shown that a functional efflux pro- 
tein may exist even when the c~ and 
p domains are present on different 
molecuIes32. For example, strains 
expressing the a and p domains 
from classes B and C on separate 
polypeptides showed levels of 
tetracycline resistance equal to, or 
even greater than, those of strains 
with full-length hybrid molecules. 
The curious ability of the a and p 
domains to behave as separate 
polypeptides, even though they 
interact specifically and are com- 
ponents of a single polypeptide 
chain, explains the confusion in the 
early 1980s concerning the number 
of structural resistance genes 
encoded by the tetracycline- 
resistance operons belonging to 
family f29,30,33. It should be no sur- 
prise, therefore, that analysis of 
the nucleotide and amino acid 

Fig. 2. Overlay of hydropathy plots for the N- and C-ter- 
minal halves (a and p domains) of TET proteins from 
classes A, B and C. The predicted hydropathic regions 
(transmembrane helicesl are numbered l-12. 
Reproduced from Ref 34, with permission. 

sequences of these two domains 
provides strong evidence for their 
origin from a common ancestor34. 

In common with other membrane 
proteins, the TET protein (-400 
amino acids) exhibits a number of 
hydropathic segments interspersed 
with hydrophilic regions. Twelve 
such hydropathic regions of 20-25 
amino acids in length exist in the 
TET protein. There is good evi- 
dence that these regions span the 
bacterial membrane, and are par- 
ticularly important in the active 
transport of tetracycline out of the 
cell. When the c1 and p domains 
(each -200 amino acids in length) 
are compared, a striking similarity is 
demonstrated. Not only does each 
domain possess exactly six hydro- 
pathic regions, but the distribution 
of regions of hydropathy is very simi- 
lar between domains for classes 
A-C (Fig. 2). Statistical tests of simi- 
larity between the cx and p domains 
were highly significant and could 
not be explained by the spurious 
occurrence of unrelated membrane- 
spanning sequences in both 
domains. Assuming a normal distri- 
bution of sequence similarity 
scores, the probability that the 
sequences are unrelated varied 
between 0.03 and <O.OOOl (Ref. 34). 
Within the two domains an even 
higher level of similarity is seen 
between a core sequence of 107 
amino acids. It appears, therefore, 
that the TET protein has its origins 
in a tandem duplication of a coding 
sequence expressing a hydro- 
phobic membrane protein of about 
200 amino acids. Coevolutionary 
changes have resulted in diver- 
gence within each of the tandem 
segments, preferentially near the 
ends of each unit’“. Since functional 
versions of both domains are 
required for expression of tetra- 
cycline resistance, the domains 
have evolved complementary func- 
tions, while maintaining structural 
and sequence similarities. 

Although many tetracyclines are 
naturally occurring chemicals, our 
detailed knowledge of the ecology 
and evolution of tetracycline resist- 
ance is the result of their wide- 
spread use in medicine and agri- 
culture. The present-day wide 
dissemination of tetracycline-resist- 
ance determinants necessarily at- 
tenuates their value in the treat- 
ment of infectious disease. From a 

public-health standpoint perhaps 
the most important lesson to be 
learned from these studies is to 
avoid the misuse and overuse of 
other antibiotics to which pathogenic 
microorganisms have not yet de- 
veloped widespread resistancej. 
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/t is becoming increasingly clear that den- 
sities and dynamics of various organisms 
often cannot be understood from the 
rbrocesses occurring within separate habitat 
patches. Effects from surrounding areas 
PISO have to be considered; a landscape 
perspective has to 6e employed. Habitat 
mosaics affect diversity and dynamics both 
in pristine and managed boreal land- 
xapes. There is increasing interest in the 
landscape ecology of boreal forests and 
many important processes have 6een 
identified as being driven or affected by 
environmental heterogeneity. Comparisons 
lietween ecological processes in original 
and managed boreal landscapes are 
,nrgently needed. 

Anyone flying over northern 
Scandinavia would be struck by the 
eegular mosaic below - large, geo- 
metric forest blocks, each one very 
homogeneous with regard to tree 
spacing and age structure. Those 
Flying over northern Canadian forest 
areas may encounter a different 
mosaic with irregular patches con- 
sisting of heterogeneous young and 
old forests, both coniferous and 
deciduous. Both impressions differ 
considerably from the common 
belief that taiga areas are old, 
closed forests extending continu- 
ously towards the horizon. 

culture, but instead show a tend- 
ency to increase in size; and unlike 
temperate forests, which are often 
surrounded by farmland or urban 
environments, boreal forest frag 
ments are usually situated in a 
matrix of successional forest stages. 
Many boreal organisms may have 
adapted to an old landscape mosaic 
that is now rapidly being replaced 
with stages fashioned for sustained 
timber and pulp production. 
However, we do not know how firm 
and widespread such adaptations 
are, as the present boreal biome is 
still young - in many places only 
about IO 000 years old. 

Such observations illustrate that 
boreal forests cannot be viewed as 
one typical habitat; a landscape 
perspective usually has to be 
applied to studies of these areas. 
Original landscape patterns still 
remain in some remote places but, 
elsewhere, these have largely been 
replaced by a distinctly different 
landscape through the effects of 
intense forestry. Unlike tropical 
forests, boreal forest areas are not 
threatened by loss of land to agri- 

Boreal forest organisms might 
be classified according to their 
responses to landscape scale; some 
species may complete their whole 
life cycle within one well-defined 
habitat without any interference 
from outside, while others move 
between habitats or are affected by 
larger-scale influences (e.g. preda- 
tors) from other habitats. We still 
do not know the relative import- 
ance of these two types, but those 
species affected by landscape com- 
position may be very numerous 
and presumably increase in pro- 
portion with body size; this review 
will mainly deal with this latter type 
of organism. However, on a finer 
scale, managed habitats have 
become both spatially and tem- 
porally more homogeneous through 
monoculture and this artificial homo- 
geneity will affect almost all organ- 
isms. Some consider all changes in 
habitat structure that affect move- 
ment patterns as landscape ecology’. 

Landscape patterns 
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Forest fires often affected enor- 
mous areas but size distributions 
were still biased towards smaller 
patches5. Fire-free refugia occurred 
in certain wet or cold localities, 
such as lake and mire islands or on 
northern slopes; gap regeneration 
may have been common in these 
places. 

A managed forest landscape 
shows a rectangular age distribution, 
unlike the negative exponential age 
distribution of forests patterned by 
forest fires2. If similar propor- 
tions of the forests are affected 
annually, then fire-influenced 
forests will show twice the mean 
age of managed forests. Many 
patches of pristine forest (hereafter 
called old forests) will be several 
times older than economically 
mature blocks ready for clear- 
cutting (hereafter called mature 
forests). Fire frequencies and fire 
sizes seem to generally decrease 
towards the forest-tundra transition 
zone6r7. In Quebec, Canada, more 
than 30% of boreal forest fires were 
larger than 1000 ha and less than 
35% were smaller than 50 ha (Ref. 
6). Regeneration blocks in 
Scandinavian managed forests are 
typically within the range of IO to 
100 ha, although larger areas have 
sometimes been clearcut’. Other 
silvicultural regeneration methods, 
such as seeding trees, selective 
cutting, and so on, are fairly rare 
today. 

The main differences between 
the old and new mosaic are: that 
present factory forests lack really 
old, dying and dead trees and 
coarse forest floor woody debris 
(the trees are harvested when the 
timber increment is negligible); 
that clearcuts are devoid of the 
standing dead trees that remain 
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