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ABSTRACT

LIFE HISTORY IMPLICATIONS OF RIBOSOMAL RNA GENE COPY NUMBER
IN ESCHERICHIA COLI

By

Bradley Scott Stevenson

Unlike the majority of prokaryotic genes, the ribosomal RNA (rRNA) genes
can be found in multiple copies on the chromosome. The number of rRNA gene
copies varies widely between different prokaryotic species, but among isolates of
the same species the number of rRNA gene copies appears to be conserved.
The research in this dissertation investigates the potential selective forces behind
the occurrence of multiple rRNA gene copies in prokaryotes, and the proposed
link between rRNA gene copy number and the life history of a species. The
hypotheses tested state that multiple rRNA operons are an advantage in
environments characterized by fluctuations in nutrient availability, and that fewer
rBNA operons are an advantage under stable conditions where growth is limited
by nutrient availability. The relationship between rRNA gene copy number and
life history was investigated in strains of Escherichia coli in which additional rRNA
genes were added on plasmids or deleted from the chromosome. Additional
plasmid-borne rRNA gene copies caused decreased growth rates and higher
concentrations of RNA in slow growing batch cultures, suggesting multiple rRNA

gene copies are a metabolic expense at slower growth rates. The competitive



ability of each rRNA gene deletion strain (ArrmA, ArmB, and ArrAB) was
measured relative to a wild type control strain in batch and chemostat
competition experiments representing fluctuating and stable environments,
respectively. Individual growth parameters (maximal growth rate, lag time, Ks,
death rate, and yield) for each strain were measured and used in a dynamic
computer model programmed to simulate the competition experiments. The
model represented the dynamics of two populations competing for the same
limiting nutrient, and accurately predicted the outcome of competition
experiments under batch or chemostat culture conditions. As predicted by the
model, the control strain was shown to have a higher competitive ability in batch
culture competition experiments with the rRNA gene deletion strains, due to
slightly faster growth rates and shorter lag times. These results support the
hypothesis that multiple rRNA operons are an advantage when nutrient
availability fluctuates. The chemostat competition experiments however, did not
support the hypothesis that fewer rRNA genes are an advantage in stable,
limiting nutrient conditions, because the rRNA deletion strains had lower
competitive ability than the control strain. Interestingly, the decrease in relative
fitness measured in chemostats depended upon which rRNA operon was deleted
from the chromosome (either rrnA or rrnB), suggesting that the seven rRNA
operons in E. coli may have differential properties that are poorly understood.
Further research to confirm this observation and study the mechanism for

differentiation between the rrnA and rrB operons is currently underway.
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CHAPTER 1
INTRODUCTION
1.1 Central observations
The rRNA genes can be found in multiple copies on a prokaryotic
chromosome, whereas the majority of genes are present as single copies. The
numbers of rRNA genes can vary widely between different prokaryotic species
(Figure 1.1) (27, 69). Many species contain only one or a few copies of the rRNA
genes, but some have up to 14 as in Clostridium beijerinckii (77). While the
number of rRNA genes can vary between different prokaryotic species, among
isolates of the same species the number of genes seems to be conserved (13).
The research in this dissertation attempts to address why some prokaryotes
contain multiple copies of the rRNA genes, and why the numbers of copies vary

between different prokaryotic species.



Figure 1.1 Phylogenetic relationship and rRNA operon copy
number of environmental isolates and representative prokaryotic species.
Major phylogenetic groupings are indicated on the right. Figure taken

from (46).
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1.2 The rRNA genes

DNA sequences within the rRNA genes are highly conserved among all
organisms. The rRNA genes (in prokaryotes, 16S, 23S, and 5S rDNA) are
expressed from strong promoters that are tightly regulated to coordinate the
amount of rRNA (and therefore ribosomes) within the cell. Expression of the
rRNA genes is controlied by the physiological condition of the cell. Many other
genes involved in protein synthesis are controlled in connection with the
expression of the rRNA genes. For instance, the binding of rRNA with ribosomal
proteins (r-proteins) relieves the r-protein promoters from feedback inhibition.
The rRNA genes are typically organized into operons that have one or more
strong promoters, followed by the 16S rRNA gene, an internally transcribed
spacer (ITS) region that may contain one or more tRNA genes, the 23S and 5§S
genes, and occasionally one or more distally-located tRNA genes followed by
termination sequences (Figure 1.2). There are exceptions to this consensus,
especially among some of the Archaea, in which the rRNA operons lack ITS
tRNAs, or where one or all of the rRNA genes are distributed around the

chromosome, behind their own promoters (as reviewed in 28).
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Figure 1.2 Typical organization of prokaryotic rRNA operon.



1.3 Non-adaptive explanations for multiple rRNA operons and their
conservation

There are several possible non-adaptive explanations for the presence of
multiple rRNA operons on a prokaryotic chromosome and the variation in rRNA
operon copy number among different prokaryotes. Some of the explanations that
have been explored suggest that rRNA operon copy number in prokaryotes may
be related to genome size, the result of genetic drift, and/or largely determined by
evolutionary history. Duplications of regions of the genome that include the
rRNA genes could lead to larger genome sizes as well as an increase in number
of rRNA operons. The rRNA genes themselves represent obvious sites where
unequal recombination events could lead to the duplications mentioned above.
The number of rRNA operons however, is not a function of genome size. Two
recent studies have concluded that there is not a significant correlation between
genome size and rRNA gene copy number (27, 46). Two examples that illustrate
the poor correlation between rRNA gene copy number and genome size are
Bradyrhizobium japonicum, which has a very large genome (~8.7 Mb) and one
copy of the rRNA genes, and Haemophilus influenzae, which has a small
genome (~1.8 Mb) but six copies of the rRNA genes (26, 50).

A lack of conservation in the sequence, organization, and number of rRNA
operons might be expected if the operons were subject to considerable genetic
drift. As discussed above however, large portions of the sequence and the
overall organization of rRNA operons are generally conserved among all

prokaryotic species. When many isolates of the same prokaryotic species have



been surveyed, the number of prokaryotic rRNA operons is highly conserved
(e.g. 13). The number of rRNA operons might differ between certain serovars of
Vibrio cholerae (43) or strains in Salmonella typhimurium (4), but in both of these
cases the difference was by a single operon, constituting a small deviation in
overall rRNA copy number. It is unlikely that genetic drift is the sole factor that
determines the rRNA operon copy number of prokaryotic species.

Any comparative analysis must take into consideration the independence
of each observation. It is therefore important to consider the impact of phylogeny
on rRNA operon copy number. For example, a correlation between a high
number of operons and a shared physiological trait might be used to argue a
causative relationship. [f all of the species that shared this physiological trait and
the high rRNA operon copy number were also closely related, an equally
compelling argument could be made that this correlation was due to their
common ancestry. Also, if the rRNA operon copy number of a prokaryotic
species were largely determined by evolutionary history, closely related species
would be expected to have the same number of rRNA operons. To the extent
that bacterial diversity has been studied however, phylogeny does not seem to
play an obvious role in determining the number of rRNA operons in prokaryotes
(Figure 1.1, (69)). There is no obvious link between phylogeny and rRNA operon

copy number beyond the species level.



1.4 Multiple rRNA operons as an adaptation

The occurrence of multiple rRNA operons in prokaryotes could be the
result of an adaptation to certain environmental conditions. Multiple rRNA
operons could allow faster rates of rRNA synthesis, faster growth, and the ability
to quickly respond to more favorable growth conditions. The rRNAs are the end
product of the rRNA operons; and unlike other genes the rRNA gene products
cannot be amplified through translation. Multiple rRNA operons on a
chromosome can amplify rRNA synthesizing capacity by offering more sites for
rRNA synthesis within the cell to meet the large demand for ribosomes under fast
growth. The synthesis of rRNA constitutes over 50% of the transcriptional
activity of a fast-growing Escherichia coli cell, and one rRNA operon would not be
sufficient to supply all of the ribosomes needed at the fastest growth rates (11).
Faster growth rates were therefore thought to be the main reason for the
occurrence of multiple rRNA operons in E. coli.

Multiple rRNA operons do allow for higher rates of rRNA synthesis and
growth, but recent evidence suggests that maximal growth rates may not be the
main determinant of rRNA copy number (11, 16). Up to four of the seven rRNA
operons in E. coli can be inactivated without significantly affecting the rate of total
rRNA synthesis (16), suggesting that E. coli cells contain more rRNA operons
than are needed at their maximal observed growth rates. This observation has
been used to suggest that although multiple rRNA operons can support faster
rates of rRNA synthesis, they increase the cell’s ability to quickly respond to

fluctuating nutrient conditions (17).



1.5 Role of rRNA operon copy number as a life history trait

The number of rRNA operons on the prokaryotic chromosome is well
conserved among isolates of the same species (e.g. 13), but rRNA operon copy
number is not necessarily conserved between even closely related species
(Figure 1.1, and (69)). The conservation of rRNA operon copy number within a
species but not between different species is a common life history pattern. The
life history pattern of a species is a concept developed by macroecologists to
describe the lifetime pattern of growth, differentiation, storage and, most
importantly, reproduction. An observed life history is the result of long-term
evolution, as well as the more immediate forces of the environment in which a
species is and has been living (9). The number of rRNA operons could be a trait
that has a major impact on the life history pattern of a species. The main goal of
the work presented here was to investigate the mechanistic connection between
the life history of an organism and its rRNA operon copy number.

The first hypothesis tested in this dissertation research stated that multiple
rRNA operons are an advantage to an organism in environmental conditions
defined by fluctuations in nutrient availability. Cells with more rRNA operons
have more sites from which to synthesize rRNA after an influx of nutrients.
Multiple rRNA operons can therefore result in faster growth rates, as well as
provide the cell with a larger capacity for de novo ribosome synthesis following a

shift to favorable growth conditions, such as an influx of nutrients.



The inactivation of rRNA operons in strains of E. coli may not significantly
affect growth rate, but the time required for the cells to respond to nutrient
fluctuations increases considerably (17). Additionally, E. coli cells growing at
very slow rates accumulate excess ribosomes, which could offer the cell an
advantage upon a shift to more favorable growth conditions (47). In Chapter 3,
one or two rRNA operons were deleted in strains of E. coli. These deletions
were unique from all previous manipulations of chromosomal rRNA operons (3,
5, 18, 23) because they did not introduce any additional marker genes and the
tandem rRNA operon promoters were removed, causing them to be
transcriptionally silent. These strains with 5 to 7 rRNA operons were used in
Chapter 4 to study the impact of rRNA operon copy number on cell physiology
and the strains’ ability to compete in environments with frequent fluctuations in
limited nutrient availability.

The second specific hypothesis tested addressed the potential trade-off
for multiple rRNA operons. It stated that cells with fewer rRNA operons are at an
advantage under conditions in which growth is controlled by stable, limiting
nutrient concentrations. This hypothesis was based upon evidence that E. coli
cells with multiple rRNA operons have excess ribosomes at very slow growth
rates (47). These excess ribosomes are most likely the result of constitutive
expression of the rRNA operons (68) and therefore; cells with fewer rRNA
operons would contain fewer excess ribosomes at very slow growth rates. The
excess ribosomes might be an advantage upon an influx of nutrients, but their

synthesis also represents a large metabolic expense to cells under stable
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conditions in which they will not be utilized (47). Cells with fewer rRNA operons
that contain fewer excess ribosomes would not experience the same metabolic
expense of diverting limited biosynthetic resources away from cell division. In
Chapter 2, plasmid-borne rRNA operons were used to study the effect of
additional rRNA operons on E. coli cells under various growth rates. Also, direct
competition experiments between cells differing in rRNA operon copy number
were run in chemostats with slow dilution rates in Chapter 4. These experiments
were used to test for any competitive advantage that may exist in the rRNA
deletion (Arm) strains (Chapter 3), compared to the wild type control strain.

The empirical measurements of individual growth parameters and
cumulative relative fitness (Chapter 4) of each strain developed in Chapter 3
were used in the computer model described in Chapter 5. This model was
programmed to simulate the direct competition of two populations for a shared
limiting nutrient in either batch or chemostat culture conditions. After
programming and verifying the performance of the model, the individual growth
parameters of each strain of E. coli were used to simulate the direct competition
experiments. The simulation results were used as a validation of the model’'s
ability to accurately simulate the dynamic changes in population density and
nutrient concentration in direct competition experiments under both batch and

chemostat culture conditions.
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CHAPTER 2°

GROWTH RATE-DEPENDENT ACCUMULATION OF RNA FROM PLASMID-
BORNE RIBOSOMAL RNA OPERONS IN ESCHERICHIA COLI

2.1 Introduction

Most prokaryotic genes are present as a single copy on the chromosome.
Exceptions to this generality include the ribosomal RNA (rRNA) genes, which are
frequently organized into an operon. The number of rRNA operons can range
from one to as many as thirteen copies per chromosome (69). This variation and
the absence of any obvious correlation between rRNA operon copy number and
organismal phylogeny (69) led us to investigate the potential adaptive
significance of rRNA operon copy number.

It has been assumed that the number of rRNA operons is directly
proportional to maximal growth rates (42). Although an organism with one rRNA
operon may not be able to achieve the maximum growth rates obtainable by an
organism with a higher multiplicity of rRNA operons, deletion of one or two rRNA
operons in E. coli has a marginal effect on maximal growth rate (16, 23). The
inactivation of single or muitiple rRNA operons in E. coli does, however, influence
the time required to shift to faster growth rates upon encountering more favorable
growth conditions (17). The enhanced capacity for a rapid response to favorable
growth conditions suggests that muitiple rRNA operons may be an evolutionary

adaptation and advantage to organisms that experience fluctuating growth

® Stevenson and Schmidt 1998. J. Bacteriol. 180 (7): 1970-72
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conditions (19, 69). A potential tradeoff for this enhanced capacity is the
synthesis of superfluous rRNA and ribosomes under constant, slow growth
conditions. While transcription of the rRNA operons is proportional to growth rate
in moderate to fast growing cells, the same relationship does not exist at slow
growth rates (19, 32, 69). Under slow growth conditions in a chemostat, the

presence of “excess” ribosomes has been observed in populations of E. coli (47).

2.2 Materials and Methods

The potential disadvantages of multiple rRNA operons in E. coli were
investigated in this study by increasing rRNA gene dosage using plasmid-borne
rRNA operons. E. coli strain B/r which had been propagated for 10,000
generations in glucose minimal medium (56) was selected for this study to
minimize changes in growth rate due to adaptation to laboratory growth
conditions. Cells were transformed with plasmids derived from pKK3535, which
contains the rmB operon from E. coli (12). Plasmid pEZ211 contains the
functional rrnB operon (Figure 2.1A) and was made by digesting pKK3535 with
the restriction endonucleases SgrAl and Munl (Boehringer Mannheim,
Indianapolis, IN) to remove the upstream A promoter P s7 (44). Sequence
determination of this region revealed a larger fragment of 1,756 bp was removed,
apparently due to “star” or non-specific restriction activity of SgrAl. This and
subsequent digestions left overhanging ends which were polished with T4 DNA
polymerase (New England Biolabs, Inc., Beverly, MA) and re-ligated using T4

DNA ligase (Boehringer Mannheim). Restriction, polymerase, and ligation

13



reactions were performed according to manufacturers’ protocols. The rRNA
promoters P1 and P2 were deleted in a second plasmid, pEZ200 by digesting

pKK3535 with the restriction endonucleases SgrAl and Bgll (Figure 2.1B).
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Figure 2.1 (A) Map of pEZ211 showing the 7.0 kb rmnB operon of E. coli
cloned into pBR322 between the BamHI and SgrAl restriction sites. (B)
Linearized representation of rrnB insert in pEZ211, removal of rrn promoters P1
and P2 in pEZ200, and internal deletion in pEZ211ASal.
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Growth rates for each transformant were determined by measuring the
change in optical density (O.D.so0) as a function of time. Growth rate
experiments were initiated by inoculating 5 ml of Luria broth (LB) (67) from
culture stocks preserved at -80°C. Following overnight incubation at 37°C,
triplicate conditioning cultures were inoculated (1:100) in 5 ml test medium. The
test media consisted of modified Davis minimal medium (DM) (56) or LB. DM
and LB were both amended with 200 pug/ml ampicillin when used to grow
transformants. DM was further amended with either 1 mg/ml sodium acetate
(Ac), sodium acetate plus 40 ug/ml each of 10 essential L-amino acids (Sigma
Chemical Co., St. Louis, MO) (Ac-AA), 1 mg/ml glucose (Glc), or glucose plus
amino acids (Glc-AA). LB was amended with 1 mg/ml glucose (LB-Gic).
Aliquots (0.5 ml) of the conditioning cultures in mid-exponential growth phase
were used to inoculate triplicate 50 ml cultures of specific test medium. All liquid
cultures were aerated via vigorous shaking (2200 rpm) at 37°C. To determine if
differences in growth rates were correlated with the accumulation of RNA,
concentrations of RNA were determined by a scaled-down orcinol assay (20) for
at least three replicate cultures of the host strain and transformants carrying
either pEZ200 or pEZ211 grown in each test medium. Since RNA concentrations
are proportionate to growth rate (11), comparisons of RNA concentrations were

made after normalizing the data to specific growth rate.

2.3 Results

Effects attributed to carriage of the pEZ plasmid backbone and promoter-
less rRNA operon were assessed by comparing the growth of pEZ200
transformants with the host strain. There was no consistent difference between

the growth rates of transformants carrying the control plasmid pEZ200 and the
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host strain (X = 96%; Table 2.1). Similarly, the presence of pEZ200 had little

effect on the concentration of RNA relative to the host strain on any medium (X =

95%; Table 2.2).

Table 2.1 Specific growth rates (u) of the host strain and transformants carrying

pEZ200 or pEZ211, grown in different media

Specific growth rate (u)*

Relative growth rate®

pEZ200/ pEZ211/

Medium host strain pEZ200 pEZ211 host pEZ200
strain
Acetate 0.41 (0.01) 0.35(0.02) 0.23(0.01) 85 66
Acetate-AA 0.66 (0.01) 0.67 (0.04) 0.45 (0.00) 102 67
Glucose 1.09 (0.01) 0.99 (0.05) 0.66 (0.04) 91 67
Glucose-AA 1.19(0.02) 1.15(0.05) 0.98 (0.07) 97 85
LB-Glucose 1.60 (0.01) 1.71(0.18) 1.45(0.31) 107 85

2 values are the sample
standard deviations are in parentheses.
® Relative growth rate is the ratio of specific growth rates depicted as % (i.e.
multiplied by 100); slow growth values are grouped by dark shading, fast growth
values are grouped by light shading.
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Table 2.2 Concentration of RNA (fg/fl) of the host strain and transformants

carrying pEZ200 or pEZ211, grown in different media.

Relative RNA conc.
Concentration of RNA (fg/fl)? (normalized to u)®
pEZ200/
host pEZ211/
Medium host strain  pEZ200 pEZ211 strain  pEZ200

Acetate 26.8(2.1) 25.0(1.7) 33.3(3.9) 109 202
Acetate-AA  40.2(4.9) 40.1(3.4) 54.1(8.7) 98 201
Glucose 56.2(3.6) 44.8(2.5) 74.0(9.8) 88 248°
Glucose-AA 79.5(8.1) 72.1(5.8) 81.4(5.8) 94 132
LB-Glucose 1225 (2.8) 1157 (5.6) 122.4 (3.4) 88 125

® values represent the sample mean of at least three replicate cultures,

sample standard deviations are in parentheses; cell volumes (fl) of 5%
formalin-fixed cells were determined using a Coulter Counter Channelizer
(Coulter Electronics, Inc., Miami).

® ratio of normalized (divided by p) RNA concentrations depicted as %;
shading is as described in Table 2.1.
¢ normalized RNA concentration of transformants carrying pEZ211 was
218% that of the host strain, suggesting that the determination of RNA
concentration for cells containing pEZ200 and growing on Gic, was
anomolously low.
There was however, a dramatic effect on both growth rate and cellular
RNA concentration when the rRNA promoters were present on the plasmid-borne
rRNA operon (pEZ211). At slower growth rates (Ac, Ac-AA, and Gic), cells with
pEZ211 grew an average of 33% slower than those with the control plasmid,
pPEZ200 (Table 2.1). Along with slower growth rates, extra rRNA operons
resulted in normalized RNA concentrations, which were at least 100% higher
than the control (Table 2.2). Transformants carrying pEZ211 not only had higher

concentrations of RNA per unit volume (fg/fl), but also more RNA per cell (Figure

2.2).
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Figure 2.2 Cellular RNA content (fg/cell) as a function of growth rate, p
(h™") for the evolved host strain (A), and transformants with pEZ200 (@) or

pEZ211 (O) compared with previously published values for E. coli B (&; (11)).
Error bars represent sample standard deviations.
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The accumulation of RNA in slowly growing E. coli cells may be due to
constitutive expression of the rRNA operons from the P2 rRNA promoter (9, 18).
Since rRNA synthesis is linked to the expression of ribosomal proteins and other
genes, the overproduction of rRNA would have the effect of diverting limiting
resources to the production of unnecessary ribosomes, resulting in a decreased
growth rate (32, 34, 41). The additional RNA in transformants carrying pEZ211
does not appear to be due to an increase in plasmid copy number because in
comparable experiments with a slightly different host strain and rRNA operon-
containing plasmid constructs, Baracchini and Bremer (8) reported a 41%
decrease in growth rates and only slight differences in the plasmid copy number
at various growth rates.

The effect of extra rRNA operons on both growth rate and cellular RNA
concentration was diminished when cells were grown in media which led to faster
growth rates (Gic-AA and LB-Gic). Transformants carrying pEZ211 grew 15%
slower than those with pEZ200 (Table 2.1), and had an average of 29% more
RNA per unit volume when normalized to specific growth rate (Table 2.2). The
smaller difference between RNA concentrations of pEZ200 and pEZ211
transformants suggests a more effective means of compensation for the
additional rRNA operons at higher growth rates. The mechanism of
compensation is most likely transcriptional regulation of the operons (41).

Nomura and colleagues (41) made direct measurements of rRNA
synthesis rates with similar plasmid constructs at faster growth rates and

reported that cells were able to down regulate rRNA synthesis from all rRNA
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operons within the cell as a result of feedback inhibition. The growth rate of
these populations was reduced by 10%. This reduction was attributed to an
imbalance in tRNA pools resulting from the increased expression of tRNAs
located on the plasmid-borne operon. The rRNA synthesis rate in these cells
was 19% higher than the control when normalized to growth rate (41), suggesting
that modest RNA overproduction may have also contributed to the reduced
growth rate.

A third plasmid (pEZ211ASal) was used to investigate the possibility that
the observed changes in growth rate were due to the sequestration of RNA
polymerase by the numerous promoters of the rRNA operons. The non-
functional rRNA operon of pEZ211ASal was developed by digesting pEZ211 with
Sall which resulted in the deletion of a majority of the structural RNA genes
(Figure 2.1B). There was no consistent deviation in the doubling times of cells
expressing non-functional rRNA (pEZ211ASal transformants) relative to the
control (Table 2.3) suggesting that the presence of the promoters alone is not
sufficient to explain the changes in growth rate. Cells carrying pEZ211ASal were
elongated, frequently occurred in chains, and tended to form aggregates at
slower growth rates. Although the altered cell morphology had no obvious affect
on growth rate estimation, cell enumeration was ineffective via particle counting
or direct microscopy. As a result, the concentration of RNA could not be

determined for cells with pEZ211ASal.
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Table 2.3 Specific growth rate (u) for pEZ211ASal

transformants in different media.

Specific growth Relative %rowth

rate (n)? rate
pEZ211ASal/

Medium pEZ211ASal pEZ200
Acetate 0.38 (0.04) 108
Acetate-AA 0.60 (0.05) 88
Glucose 0.82 (0.03) 83
Glucose-AA 1.14 (0.18) 99
LB-Glucose 1.62 (0.15) 95

ab see Table 2.1, footnotes 2 and °

2.4 Conclusions

The presence of extra rRNA operons in a population of E. coli resulted in
overproduction of RNA and decreased growth rates. These effects were
exaggerated at slower growth rates, suggesting that regulation of rRNA synthesis
was overwhelmed at slow growth rates. The metabolic expense associated with
ribosome overproduction when nutrient availability is low may be compensated
for by the capacity to rapidly shift up growth rate in response to an influx of
nutrients. The potential advantage of a rapid shift in growth rate may seldom be
realized in stable, low nutrient environments where the diversion of limited
resources towards the production of excess ribosomes would clearly be
disadvantageous. Understanding the advantages and disadvantages of multiple
rRNA operons in different environmental conditions should provide insight into

the selective pressures that influence rRNA copy number.
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CHAPTER 3

REMOVAL OF RIBOSOMAL RNA OPERONS FROM THE ESCHERICHIA COLI

CHROMOSOME

3.1 Introduction

The Escherichia coli chromosome has seven ribosomal RNA (rRNA)
operons (45). The rRNA operons are located on the half of the chromosome
closest to the origin of replication, which can further increase the number of rRNA
operon copies in rapidly growing cells containing multiple replication forks (Figure
3.1, (7, 22)). Transcription of the rRNA operons is in the same direction as DNA
replication, reducing the conflict between these two processes on the same
region of the chromosome (11). All of the rRNA operons in E. coli (rmA, B, C, D,
E, G, and H) contain upstream activation sequences, strong tandem promoters,
structural RNA genes (16S, 23S, and 5S), and some tRNA genes (Figure 3.2A,

reviewed in (32)).
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Figure 3.1 Location (in min) of the seven rRNA operons (rm) and the
origin of replication (oriC) on the E. coli K-12 chromosome (22). Arrows indicate
the direction of rRNA operon transcription.
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A Multiple Intemally Transcribed  Distal

Promoters Spacer Spacer
P1 P2 |__| H
ms tRNA(s) ml rf
16S rRNA 23S rRNA 5S rRNA
B rm Operon  ITS tRNA(s) Distal tRNA(s)
B,E, G Gluz -
C Glug Aspq, Trp
A lleq, Alaqg -
D lleq, AlaqB Thrq
H lleq, Alaqg Asp1

Figure 3.2 The (A) general organization (19), and (B) tRNA genes of the
seven E. coli rRNA operons (61,62).
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Sequence composition and organization of the seven rRNA operons is
very similar yet, some differences do exist (7). Each rRNA operon has either the
tRNACY, gene (rmB, C, E, and G), or the tRNA"®; and tRNA™2,5 genes (rmA, D,
and H) in the internally transcribed spacer region (ITS) between the 16S and 23S
genes, and a few also contain distally located tRNA genes (Figure 3.2B). The
similarity between the rRNA operons on the same chromosome creates potential
sites for homologous recombination, which could explain the maintenance of the
highly conserved regions of each operon via gene conversion, and could also
play a major role in genomic rearrangements (reviewed in (40)). The subtle
sequence differences among the rRNA operons could also lead to differential
expression of the operons or functional differences of their products (18).

Previous studies of rRNA operons and their function have been based on
chromosomally located rRNA operons inactivated by either the insertion of
marker genes (16-18), or deletion of part or all of an rRNA operon (3, 6, 23).
These constructions are unsuitable for directly determining the specific effects of
rRNA operon deletion because they result in the expression of additional marker
genes, synthesis of truncated transcripts from intact rRNA promoters, or the
deletion of adjacent genes. In contrast, the rRNA operon deletions reported here
were designed to enable the direct determination of the ecological and
physiological effects of rRNA operon copy number in E. coli. These deletions
removed the majority of two E. coli rRNA operons (rrnA and rrnB) including their

promoters, resulting in transcriptionally “silent” deletions.
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3.2 Materials and Methods
Bacterial strains, plasmids, and phage

All bacterial strains and all plasmids and phage used or created in this
study are listed in Tables 3.1 and 3.2. These tables list the names, relevant
genotype or phenotypes, and the source for each entry. The rRNA operons were
deleted from two isogenic strains of E. coli (REL 4548, and BS 4548) that come
from the same line, which has evolved for 10,000 generations in glucose minimal
medium batch cultures (56). The two strains differ only by a single point
mutation, which is neutral and renders BS 4548 capable of utilizing the sugar
arabinose (Ara*), while the parental strain REL 4548 cannot (Ara’). Both strains

represent a well-studied line of E. coli with a stable genetic background.
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Table 3.1 Bacterial strains

Strains Relevant genotype or Source
phenotype

TOP10 Lac-, recA, endA1 Invitrogen, chemically competent cells

REL 4548 Ara’ R.E. Lenski (56)

BS 4548 Ara*t spontaneous Ara* mutant of REL 4548

D308 recD F.W. Dahlquist (66)

DBS 222 rrnB, Suc®, Kan' D308 linear transformant of pRB222,
UpB:sacB-neo:DnB fragment

DAS 113 rmA’, Suc®, Kan' D308 linear transformant of pRA113,
UpA:sacB-neo:DnA fragment

BS 211 Ara*, rmB, Suc®, Kan' P1 transduction of BS 4548 with DBS
222 lysate

BS 210 Ara’, rrB, Suc®, Kan' P1 transduction of REL 4548 with DBS
222 lysate

BS 111 Ara*, rmnA’, Suc®, Kan' P1 transduction of BS 4548 with DAS
113 lysate

BS 110 Ara’, A, Suc®, Kan' P1 transduction of REL 4548 with DAS
113 lysate

BS 311 Ara*, rrnA’, ArmB, Suc®,  P1 transduction of BS 111 with DAS 113

Kan' lysate
BS 310 Ara’, rmA’, ArmB, Suc®, P1 transduction of BS 110 with DAS 113

BS 201 (ArmB)
BS 200 (ArmB)
BS 101 (ArmA)
BS 100 (ArmA)

Kan'
Ara*, ArrnB

Ara’, ArrnB
Ara*, ArmA

Ara’, ArmA

BS 301 (ArmAB) Ara*, ArrmA, ArmB
BS 300 (ArmAB) Ara’, ArmA, ArmB

lysate

allelic exchange of UpB:sacB-neo:DnB in
BS 211 with UpB:DnB from pKTS203

allelic exchange of UpB:sacB-neo:DnB in
BS 210 with UpB:DnB from pKTS203

allelic exchange of UpA:sacB-neo:DnA in
BS 111 with UpA:DnA from pKTS102

allelic exchange of UpA:sacB-neo:DnA in
BS 110 with UpA:DnA from pKTS102

allelic exchange of UpA:sacB-neo:DnA in
BS 311 with UpA:DnA from pKTS102

allelic exchange of UpA:sacB-neo:DnA in
REBS 310 with UpA:DnA from
pKTS102
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Table 3.2 Plasmids and Phage

Plasmids Relevant genotype or Source
phenotype
puUC19 Amp', lacZ’ Pharmacia
pBR322 Amp', Tet', Pharmacia
pCR 2.1-TOPO Amp', Kan' Invitrogen
pKK3535 Amp', rrB operon J. Brosius
pC1 Amp', rmA operon C.L. Squires (18)
piB279 Amp’, sacB-neo cassette  1.C. Blomfield (10)
pMAK705 Cam', rep®, lacZ C.M. Hamilton (36)
pUPB1 Amp', UpB upstream-rmB (UpB) fragment (Ndel
and BamH|, 817bp) cloned into
puUC19
pUBD4 Amp', UpB:DnB downstream-rmB (DnB) fragment
(BamH! and Xbal, 991bp) cloned
into pUPB1
pRB222 Amp', UpB:sacB-neo sacB-neo cassette (BamHi, 3,825 bp)
cassette:DnB from pIB279 cloned into pUBD4
pKTS203 Cam', rep®, UpB:DnB UpB:DnB fragment from pCR-UBD
(Hindill and Xbal) cloned into
PMAK?705
pCR-UBD Amp', Kan", UpB:DnB Ligation of pCR 2.1-TOPO with
UpB:DnB fragment (from pUBD4
plasmid DNA)
PCR-UpA Amp', Kan', UpA Ligation of pCR 2.1-TOPO with
upstream-rmA (UpA) fragment
(from REL 4548 genomic DNA)
pCR-DnA Amp’, Kan', DnA Ligation of pCR 2.1-TOPO with
downstream-rmA (DnA) fragment
(from pC1 plasmid DNA)
pUPA2 Amp', UpA UpA fragment (Ndel and Kpnl,
1667bp) from pCR-UpA cloned into
puUC19
pUAD11 Amp', UpA:DnA DnA fragment (Kpnl and Xbal, 941
bp) from pCR-DnA cloned into
pUPA2
pRA113 Amp’, Kan', sucrose®, saclB:n%o cfse,s&tt? (Batrmi:l. 3,825 tfm)
. . cloned into Kpnl restriction site o
g::s:t?:%rr:io pPUAD11 via blunt-ended ligation
pCR-UAD Amp', Kan', UpA:DnA Ligation of pCR 2.1-TOPO with
UpA:DnA fragment (from pUAD11)
pKTS102 Cam', rep”, UpA:DnA UpA:DnA (Xbal, 2,609 bp) fragment
from pCR-UAD cloned into
pMAK?705
Phage P1vir Vir L. Snyder (72)
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Bacterial growth conditions, media

Liquid broth cultures were grown in 16 x 100 mm culture tubes, shaking at
225 rpm and 37°C unless otherwise specified. The liquid medium used was
Luria-Bertani (LB) broth (67), sometimes containing one or more of the following
antibiotics [Amp, ampicillin (100 mg/ml); Kan, kanamycin (50 mg/ml); or Cam,
chloramphenicol (30 mg/ml)]. Solid agar medium most commonly used was LB
with 1.5% (w/v) Bacto agar (Difco Laboratories; Detroit, Ml) added. Antibiotics
were present in the concentrations listed above when specified. The other solid
agar medium used (LBg,c) was LB agar lacking NaCl but containing 6% (w/v)
sucrose. The soft agar medium used in the generalized transduction procedure

below was LB containing 0.75% (w/v) Bacto agar.

General cloning procedures

Plasmid and genomic DNA were digested with restriction endonucleases
according to manufacturer protocols (NEB; New England Biolabs Inc.; Beverly
MA). DNA fragments with either blunt ends or cohesive ends were ligated using
the Prime Efficiency blunt-ended DNA ligation kit (Eppendorf-5 Prime Inc.;
Boulder, CO). Plasmid and genomic DNA were harvested from cells using the
Wizard S/V Plasmid DNA Purification Kit (Promega Corp.; Madison, WI), and the
Tissue DNA Purification Kit (Qiagen Inc.; Valencia, CA), respectively. When
necessary, electrophoresis in agarose gels (0.6 — 1.0% agarose in 0.5x TBE)
was used to isolate DNA fragments after restriction digestion. Once isolated,
DNA fragments of the correct size were cut out of the agarose gel, and DNA was

recovered using the Qiaex || DNA recovery kit (Qiagen Inc.).
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DNA was transformed into either One Shot TOP10 chemically competent
E. coli cells (Invitrogen; Calsbad, CA) according to manufacturer’s protocols, or
cells of other E. coli strains made chemically competent using a protocol found in
the Transformer Site-Directed Mutagenesis Kit product protocol (PT1130-1;
Clonetech Laboratories; Palo Alto, CA).

Generalized transduction was carried out with a virulent mutant of phage
P1 (P1vin. The protocol used varied from most common ones (59, 64) in that the
lysate was prepared on LB agar plates with a LB soft agar overlay (Appendix A)

to obtain a higher titer (usually 10° to 10" PFU/ml).

PCR and XL PCR amplification

DNA fragments under 4 kb were PCR amplified using Biolase DNA
polymerase (ISC; Intermountain Scientific Corporation; Kaysville, UT) in the
following reaction conditions [1x reaction buffer (ISC), 2 mM MgCI2, 2.5 mM each
dNTP, ~200 ng template DNA, 7.5 uM each primer, 25 or 100 ul final reaction
volume]. A Perkin EiImer GeneAmp PCR System 9600 thermal cycler (PE
Biosystems; Norwalk, CT) was used for these reactions with the following
temperature regime: 95°C for 3 min, 30 cycles of (94°C for 30 sec, 60°C for 30
sec, and 72°C for 45 sec), 72°C for 10 min, and hold at 4°C indefinitely. When
potentially larger DNA fragments (>4 kb) were to be PCR amplified, the
GeneAmp XL PCR kit (PE Biosystems) was used, which utilizes the proofreading
Tth DNA polymerase. Reactions were set up according to the manufacturer's

protocols except that total reaction volumes of 25 ul were sometimes used, and
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colony material was occasionally used as the template. The temperature regime

used was the same as above except that each cycle was kept at 72°C for 10 min.

Visualization of rRNA operons using southern hybridization

Southern hybridization was used to visualize rRNA operons of each
strain of E. coli (Appendix B). Genomic DNA was digested with Pvull, separated
according to size via electrophoresis in agarose gels (0.6% agarose in 0.5x TBE
buffer), and transferred to Magnacharge nylon transfer membranes (Micron
Separations Inc.; Westborough, MA) using the VacuGene XL Vacuum Blotting
System (Amersham Pharmacia Biotech; Piscataway, NJ). After cross-linking the
DNA to the membrane with the Stratlinker UV Crosslinker (Stratagene; La Jolla,
CA), a digoxigenen-dUTP labeled probe (DIG High Prime labeling and detection
kit; Boehringer Mannheim Corporation (BMB); Indianapolis, IN) specific for a
conserved region (positions 8-356) of the E. coli 16S rDNA gene, was hybridized
to the immobilized fragments of genomic DNA containing an rRNA operon. After
hybridization, the membrane was washed and hybridized probe was detected
according to the manufacturer's protocol (BMB). Each rRNA operon was
visualized by the hybridized probe and identified by its unique fragment size.
Genomic DNA from cells that contained modified rRNA operons or rRNA operons
replaced by marker alleles or deletions, either showed altered fragment sizes or

no corresponding fragment.
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Deletion of the rmB operon

The first step in the procedure used for deleting the rrnB operon (outlined
in Figure 3.3) from the genomes of REL 4548 (Ara’) and BS 4548 (Ara*) was to
construct a marker allele for the rrB operon. Two fragments of sequence (UpB
and DnB, Figure 3.4) that flanked the rrB operon were amplified from the REL
4548 genome using the UpB and DnB primers in Figure 3.5. The UpB fragment
contained sequence only found at one site on the chromosome. The
downstream (DnB) fragment included the 3’ end of the rmB operon, most of
which was conserved among the other rRNA operons. The UpB fragment was
cloned into pUC19 (pUPB1, Table 3.1), and then the DnB fragment was cloned
into pUPB1 adjacent to UpB, to form pUBD4 (Figure 3.3). This plasmid was
used in creating the marker allele and served as the source of the deletion allele
(UpB and DnB) used in the final step of the rmB deletion, discussed below.

A marker cassette containing both selectable and counter-selectable
markers (sacB:neo) from piB279 (10), was cloned in between UpB and DnB on
pUBDA4 creating the rmB-specific marker allele UpB:sacB:neo:DnB on the
plasmid pRB222 (Figure 3.3). The selectable marker gene (neo) encodes for
resistance to neomycin and kanamycin, which was used as the selective agent.
The counter-selectable marker gene (sacB) encodes for the exoenzyme
levansucrase in Bacillus subtilis (30). Expression of this gene in E. coli and other
Gram-negative prokaryotes is lethal when the cell is grown in the presence of

sucrose (29).
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Intermediate strains of REL 4548 and BS 4548 were then constructed (BS
210 and BS 211, respectively; Figure 3.3), in which the marker allele replaced
the rrnB operon. First, a linear fragment of DNA containing the marker allele was
used to transform strain D308, a recD mutant strain of E. coli (66). The resulting
transformant (DBS 222) was kanamycin resistant (Kan') and sucrose sensitive
(Suc®) due to the marker allele that had replaced the wild type rrmB operon.
Generalized transduction (59, 64) with phage P1vir was then used to move the
marker allele into both REL 4548 and BS 4548, creating the intermediate strains
of each neutral marker type (Ara” and Ara*, respectively).

The plasmid pKTS203 was constructed by cloning the UpB:DnB deletion
allele from pUBD4 into the temperature sensitive plasmid pMAK705 (36) (Figure
3.3). The intermediate strains were transformed with pKTS203 at the permissive
temperature (30°C). Transformant colonies were grown in LBgancam at the non-
permissive temperature (44°C), selecting for cells with the plasmid integrated
into the chromosome at the marker allele via recombination between the
homologous UpB or DnB sequences. Transferring these cultures to fresh LB
without antibiotics at 44°C selected for cells in which a second recombination
event occurred, liberating the plasmid from the chromosome. |f the second
recombination event occurred between the region of homology opposite from
where integration occurred (UpB or DnB), the deletion allele was exchanged with
the marker allele, and the resulting free plasmid contained the marker allele
(shown in Figure 3.3, (as discussed in 10, 36)). Suc' cells were isolated on LBsgyc

agar,; these cells had exchanged the marker allele with the deletion allele on the
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plasmid, subsequently lost the plasmid, and therefore contained no markers
(ArmB in Figure 3.3). Screening of these isolates for the Suc’ Kan® Cam®
phenotype, XL PCR amplification of the deletion region, and southern
hybridization of the remaining rRNA operons confirmed the deletion of the rmB

operon.
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Figure 3.3 Steps used to delete the rrnB operon from the REL 4548

and BS 4548 genome, creating the BS 200 and BS 201 (ArrB) strains .
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Deletion of the rrnA operon

The rrnA operon was deleted from the genome of REL 4548, BS 4548,
and both ArrnB strains in the same manner in which the rrnB operon was deleted
above. Regions upstream (UpA) and downstream (DnA) of the rrnA operon
(Figure 3.4) were amplified using rrnA-specific primers (Figure 3.5), and cloned
adjacent to one another on pUC19 to form pUAD11. A marker allele
(UpA:sacB:neo:DnA) was constructed as above, on pRA113, and its linear DNA
fragment was used to transform D308 E. coli cells. These transformants (DAS
113) served as the donor strain to transduce the marker allele into REL 4548, BS
4548, and both ArmB strains, forming intermediate strains. The UpA:DnA
deletion allele from pCR-UAD (Table 3.1) was cloned into the pMAK705 plasmid
backbone, forming pKTS102. This plasmid was used to transform the
intermediate strains at the permissive temperature (30°C). After growth in LB
with, and then without antibiotics at 44°C, cells that had exchanged the marker
allele for the deletion allele and lost the resulting plasmid were isolated on LBg,
agar. These cells were screened for the Suc’ Kan® Cam® phenotype, the rmA
and rmB regions were amplified, the remaining rRNA operons were visualized
through southern hybridization to confirm the rRNA operon deletions. The strains

that contained the rrnA deletion were designated ArrmA and the strain with both

the rrmA and rrB deletions was designated ArrAB.
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Figure 3.4 Regions of E. coli chromosome containing the mmA and rmB
operons, showing the amplified flanking regions (UpA, DnA, UpB, and DnB;
white boxes), structural rRNA genes ﬁ16$, 23S, and 5S;dark grey boxes), tRNA

genes (tRNAI'®, tRNAA2, and tRNACWY; dark grey boxes), and adjacent genes
(trkH, hemG, mobB, murl, murB; light grey boxes) are shown.
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5' 3'

----------------------

UpB forward 'ICCG AAT TAC ATA TGA CCG TGC TGG TGT TTG AC

UpBreverse  :GAG GGA TCCi GCA ACA TTC AAC CAA ATC A

DnB forward  'CGA GGA TCCi CCA TCG CTC AAC GGA TAA AA

DnB reverse CTA CTC TAG ACC TGA TGC AAA AAC GAG GCT AGT TTA

UpA forward GCG AAT TAC ATA TGC CCT CAC GCC ATC CTC TTT TAT

lenl
UpAreverse = AAG GTA CCC TGA CCG CGC ATT TTT TAT TCT

JKpnI
DnA forward 'AAG GTA CCC CAT CGC TCA ACG GAT AAA A

DnA reverse CTA CTC TAG ACG TCG CAT CCG GCA TTT TTT T

................ 4

Figure 3.5 Oligonucleotide primers used throughout rRNA operon
deletion procedure. The non-target specific tails at the 5' end of each primer are
shown in boxes, the recognition sequences of restriction endonucleases are
labeled and shown in the shaded area of each box, and the arrows indicate
restriction sites.
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3.3 Results

The deletion of the rrnB and rrnA operons outlined above, relied on the
use of homologous sequence which flanked the regions being deleted (Figure
3.4). In the case of rmnB, the region upstream of the deletion (UpB) included the
3’ end of the gene murl and all sequence directly upstream of the rrnB promoters
P1 and P2. The region of homologous sequence upstream of rmA (UpA)
included most of the trkH gene from the 3’ end, all of the hemG gene, and ended
directly upstream of the rrnA P1 and P2 promoters. The DNA sequence in these
upstream regions is found nowhere else on the chromosome. The downstream
regions used for rrnB (DnB) and rmA (DnA) included the 3’ end of each 23S
gene, the entire 5S gene, and ended just upstream of the murB gene in the case
of rmB, and upstream of the mobB gene in the rrA deletion. The maijority of the
sequence in the downstream regions includes sequences from the 23S and 5S
rRNA genes, which are conserved among all seven rRNA operons.

The majority of the rrmB and rrnA operons, including the promoter
sequences were deleted. Upon deletion, the sequence remaining at the rrmnB site
included only the UpB and DnB regions adjacent to each other. The intervening
sequence that was removed included the rrB promoters P1 and P2, the entire
16S rRNA gene, the ITS region including the tRNA®"Y; gene, and the 5’ end of the
23S gene. The deletion of rrnB from the chromosomes of both REL 4548 and
BS 4548 (Ara and Ara®, respectively) resulted in the strains designated as BS

200 and BS 201 (ArmB for short). Southern hybridization showed that the

genomic DNA from the ArrnB strain lacks the rrnB-specific fragment seen in the

41



control strain REL 4548 (Figure 3.6). The rmB operon deletion was further
verified by amplifying the rmB region of the chromosome using genomic DNA
from ArrnB, and the primers UpB forward and DnB reverse (Figure 3.5) in an XL
PCR reaction. The size of the resulting fragment (1.9 kb, lanes 8-16, Figure 3.7)
corresponded to the size of the deletion allele amplified from pUBD4 (lane7), and
was easily distinguishable from the wild type rrB operon (lane 5, 6.1 kb) or the
marker allele (lane 6, 5.4 kb). By removing the rrB promoters, no transcription of
the remaining rrnB sequence should occur.

The deletion of rrnA from the chromosomes of REL 4548, BS 4548, and
the ArrnB strains resulted the strains designated as BS 100 and BS 101 (ArmA
for short) and BS 300 and BS301 (ArrmAB for short). The sequence that was
deleted from rrA included the rrA promoters P1 and P2, the entire 16S gene,
the ITS region with the tRNA"; and tRNA*2,5 genes, and most of the 23S gene
at the 5’ end. Genomic DNA from ArrnA and ArmAB lacks the rmA-specific
fragment in the southern hybridization (Figure 3.6). As with the ArmB strains
above, the deletion of rrnA was verified in ArrnA and ArmAB by amplifying the
rrA region of the chromosome with the primers UpA forward and DnA reverse
(Figure 3.5). The rrA regions amplified from ArmA (2.6 kb, lane 4, Figure 3.8)
and ArrAB (2.6 kb, lanes 5-9) genomic DNA are easily distinguished from the
wild type rrnA operon (7.4 kb, lane 2) and the rrnA-specific marker allele (6.4 kb,
lane 3). Also, the rrnB regions amplified from ArrnAB as above (1.9 kb, lanes 13-

17) are easily distinguished as deletions compared to the wild type rrB operon
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(6.1 kb, lane 11). As with the deletion of rrnB, the rrmA deletions left no

promoters or additional marker genes, and did not affect adjacent genes.
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Figure 3.6 Southern hybridiztion of genomic DNA of each strain digested
with Pvull and hybridized with a 16S DIG-labelled probe. Hybridized bands
corresponding to each of the seven rRNA operons in the control strain are
labeled on the left. Sizes (kb) of each band of the A HindIIl DNA marker are
labeled on the right.

44



1234567 89 1011121314151617 1819

Figure 3.7 XL PCR amplification of the wild type rmB operon (lane 5, 6.1
kb), rrmB-specific marker allele (lane6, 5.4 kb), plasmid-borne UpB:DnB deletion
fragment (lane 7, 1.8 kb), and chromosomal rrmB deletions (lanes 9-16, 1.8 kb).
Fragments sizes of a 1 kb DNA ladder in lanes 1 and 19 are marked to the left of
lane 1.
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Figure 3.8 XL PCR amplification of wild type rmA (lane 2) and rrnB (lane
11) operons, intermediate rmA-specific marker allele (lane 3), mnA deletion in BS
101 (lane 4), rrnB deletion from BS 201 (lane 12), and both rmA and rmB
deletions from BS 301 strain isolates (lanes 5-9 and 13-17 respectively).
Fragment sizes of a 1 kb DNA ladder (lanes 1, 10, and 18) are marked to the left
of lane 1.
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3.4 Discussion

Deletion of rBRNA operons

This study outlines the genetic techniques needed for the deletion of rRNA
operons. The difficulty in manipulating genes that are present in multiple copies
on the same chromosome lies in the cell’s ability to repair these genes through
gene conversion. It was essential that regions of sequence were used, which
unlike the rRNA operons were present in a single copy on the chromosome to
ensure that recombination occurred with the target operon and not with any of
the other rRNA operons.

Previous studies deleting rRNA operons have used inserted marker genes
(3, 18), deleted only part of the rRNA operon leaving the rRNA promoters intact
(3, 6, 18), or altered adjacent genes in the deletion process (23). The cells from
these constructions express additional marker phenotypes, produce truncated
rRNA transcripts from the still-active rRNA promoters, or have adjacent genes
that are also altered, all which may have affects not specifically attributable to the
deletion of rRNA operons. The rRNA operon deletions in this study do not
involve the addition of marker genes, lack active promoters, and adjacent genes
are not affected, making the resulting strains useful for directly determining the
specific fitness or physiological effects of deleting rRNA operons from the
chromosome.

Care was taken in choosing which rRNA operons were deleted to
minimize the perturbation to the tRNA gene pool. rmA and rmB each represent

one of the two groups of E. coli rRNA operons with respect to the tRNA genes
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located in their ITS regions. The ITS regions of rrmA, D, and H operons have the
tRNA"®, and tRNA™2,5 genes, whereas the ITS regions of the rmB, C, E, and G
operons have the tRNA®"; gene. Unlike the rrC, D, and H operons on the E.
coli chromosome, neither rmA nor rmB has tRNA genes located distal to the
operon. The rmA and rrnB operons are also located close to each other on the
chromosome, which should reduce the difference in gene dosage when the cell
is dividing faster than DNA replication and has multiple copies of the
chromosome within the cell (11).

The procedure used to delete the rmB and rrnA operons was complex but
precise, with strong selection provided for each step. An essential step in the
deletion of each rRNA operon was the construction of an intermediate strain in
which a marker allele has replaced the wild type rRNA operon that is to be
deleted. To get the marker allele to replace the target rRNA operon on the
chromosome, a recD strain of E. coli (D308) was transformed with linear DNA
(66). Linear DNA transformants were selected for the Suc® and Kan'
phenotypes. These cells had the wild type rRNA operon replaced by the marker
allele through recombination with the homologous sequence flanking the marker
genes. The upstream homologous sequence allowed for rRNA-specific
recombination and prevented the cell from repairing the mutation with one of the
other rRNA operons (discussed below). The region of sequence used upstream
of the rRNA operon promoters was not part of the operon and therefore was
unique to that location on the chromosome. Generalized transduction with phage

P1vir was used to move the marker allele from the chromosome of transformed
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recD cells into a strain of E. coli that has evolved in glucose minimal medium for
10,000 generations (56), thereby producing intermediate strains. The potential
limitation caused by the P1 transduction of DNA from the recD cells (derived from
E. coli strain K-12, (66)) into the evolved strains of E. coli (derived from E. coli
strain B, (51, 56)) is discussed below.

The intermediate strains were transformed with a temperature sensitive
plasmid containing the deletion allele, which consisted of the rRNA operon-
specific upstream and downstream regions. Growing these transformants at
non-permissive temperatures with, and then without antibiotics promoted an
exchange of the deletion allele with the marker allele between the plasmid and
the chromosome. The counter-selectable marker sacB simplified the isolation of
cells that had undergone an allelic exchange and lost the resulting plasmid,
therefore containing a deleted rRNA operon and no markers. It was possible
however, to find cells that apparently had a mutation in the sacB gene and were
able to grow on LBs,c agar. Further screening for Kan® allowed for the
identification of cells that had indeed undergone the allelic exchange among
those that still had the marker allele (Kan") but could somehow grow on LBsg,c
agar. The use of markers that provide strong selection along with the
temperature sensitive plasmid was essential in facilitating the allelic exchange

between the marker allele and the deletion fragment.
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Conclusion

Further studies of the strains with ArrnB, ArrnA, and ArrAB have shown
that these deletions are stable for many generations. These strains have
differences in several growth parameters as will be discussed in another chapter,
but overall they are robust and grow well under all tested conditions. This alone
is evidence that neither rmB, rmA, nor rrnB and A together are essential for the

growth of E. coli.

3.5 Lessons learned during construction of rRNA deletion strains

Generalized transduction between strains of E. coli

Generalized transduction was used to move the marker alleles from the
constructed recD strains to the intermediate strains. The recD strains were
derived from an E. coli K-12 strain (66), whereas the REL 4548 and BS 4548
strains and their derivatives are from an E. coli B strain (51, 56). Furthermore,
the REL 4548 and BS 4548 strains have been evolved for 10,000 generations
under specific conditions (56). These two different strains of E. coli are relatively
closely related within one subgroup of E. coli strains based on a study of
sequence divergence of 20 enzyme-encoding loci (38). There are some known
regions of sequence differences between their genomes as well as in their
restriction modification systems (71). When phage P1 is used in transduction,
between 91 and 100 kb of donor DNA typically enters the recipient cell (64).
Only one known region of intraspecific sequence divergence (the phn operon) is

located anywhere near 100 kb upstream or downstream of the rrnA and rmB
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operons. Based on the location of the known regions of high intraspecific
sequence divergence, the region of the chromosome that contains the rmC, A, B
and E operons appears to be well conserved among different strains of E. coli
(58).

The fact that genomic DNA from E. coli K-12 was used to transduce this
evolved line of E. coli B raises the question as to what other donor DNA could
have been incorporated into the recipient B strain of E. coli along with the rRNA
operon marker alleles. The effect of incorporating this additional donor DNA on
the ecological and physiological properties measured in these rRNA operon
deletion strains must be considered. In order fully to address this question, a
control strain must be “reconstructed” from the same intermediate strains that
were used to delete the rRNA operons. Transforming these intermediate strains
with a temperature sensitive plasmid that contains the full rRNA operon and
isolating those cells that have replaced the marker allele with the full operon
could accomplish this. Only these reconstructed controls can be considered to
be otherwise isogenic to the rRNA operon deletion strains, and are currently

under construction.

Gene conversion

Gene conversion apparently took place in an earlier attempt to delete
rmB, where a marker allele was constructed by inserting the sacB and neo
marker genes into the 16S rDNA gene of a cloned rrmB operon. The resulting

construction had the marker genes flanked by 16S rDNA sequence (704 bp
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upstream and 837 bp downstream) that were conserved among all the other
rRNA operons. A temperature sensitive plasmid carrying the marker allele was
used to promote an exchange of the marker allele with the wild type rmB operon.
Once the marker allele was present on the chromosome, any of the other six
rRNA operons were available to repair this mutation through a non-reciprocal
recombination event. The occurrence of this event was only caught by virtue of
which rRNA operon was used to repair the mutation. If rrnG, E, or C were used,
the repaired operon did not appear any different from the wild type rmB operon
when visualized by southern hybridization (Figure 3.8). If however, the repair of
the marker rrnB allele was facilitated by recombination with rrmA, D, or H, the
repaired operon resulted in a band that was a different size and did not
correspond with the size of either the wild type rmB operon or the rrnB marker
allele.

The difference in size of these repaired operons appeared because they
were hybrids with regards to their ITS region. An extra Pvull restriction site in the
ITS regions of rrA, D, and H resulted in a fragment of unique size. The hybrid
fragments were smaller than they would be if they had been repaired back to
rmB-like sequence through recombination with rrnG, E, or C, but larger than the
marker allele (Figure 3.9). This self-re<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>