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Abstract

Bacterial ribosomes are constructed by a diverse group of proteins with varying
functions, including assembly factors that attach ribosomal RNA and proteins
and fold them into a three-dimensional structure. Most assembly factor genes
have yet to be successfully tested through deletion by DIRex, a Lambda-Red
based method well suited for deleting genes in the model organism Escherichia
coli. To address this, | attempted deletions of a list of 12 assembly factors that
previous attempts in this lab had failed to delete using the DIRex method of
recombineering by amplifying gene-specific primers and selecting for insertion
and excision of an insertable DNA cassette. Successful isolation and genetic
sequencing of knockout strains confirmed that deletions of most listed genes
were not only possible, the majority succeeded at their first attempt. [ was
unable to isolate deletions of 3 genes: All mutated colonies of rim/ contained a
duplicated wild type rimJ gene, while no mutants of rimP and yhbY grew at all.
concluded that the duplicated rim/ gene lies in a duplication hotspot of the
chromosome and that fitness defects may have made isolation of other mutants
difficult. To further investigate fitness costs incurred by successful deletions, I
also analysed the growth rates of pre-existing and newly created knockout
strains at 37 °C and 20 °C. [ also transduced deletions onto a strain lacking
modifications on its small ribosomal subunit. These strains were also grown at
37 °C and 20 °C. Growth rates of knockout strains and transduced strains varied
but were consistently lower than wild type E. coli. Nearly all mutant strains grew
more slowly compared to the wild type at 20 °C than at 37 °C. While several
transduced strains deviated from their expected combined fitness at both
temperatures, [ found that ASSU + ArbfA was the greatest outlier by far with over
twice its expected fitness at 20°C. Mutant growth rates at colder temperature
may give insight into the importance of assembly factors in protein assembly
while the positive epistasis displayed by ASSU + ArbfA likely occurred due to
overlapping defects from both mutant strain, as ArbfA targets the small subunit.

List of abbreviations

DIRex - Direct and inverted repeat stimulated excision
DNA - Deoxyribonucleic acid
RNA - Ribonucleic acid

rRNA - Ribosomal RNA

PCR - Polymerase chain reaction
Suc - Sucrose

Chl - Chloramphenicol

Tet - Tetracycline

E. coli - Escherichia coli

O/N - Overnight

RPM - Rotations per minute

LB - Lysogeny broth

LA - LB-agar

SSU - Small subunit

LSU - Large subunit



1 Introduction

1.1 Assembly of the ribosome

The ribosome is critical for all life on earth (1). Its function and general structure
are conserved across all domains of life. Without its proper synthesis and
function, an organism’s ability to survive and proliferate is greatly diminished.
The three-dimensional structure of ribosomes consists of two subunits, one
small and one large. In turn, each subunit is a ribonucleoprotein complex with a
core of one or two RNA strands bound to several associated proteins. Together,
they facilitate the genetic expression of DNA into proteins by translating
messenger RNA. In bacteria, the small subunit (30S) consists of a 16S ribosomal
RNA (rRNA) and 21 ribosomal proteins (S1-S21) while the large subunit (50S)
consists of a 23S rRNA, a 5S rRNA and 33 ribosomal proteins (L1-L36) (2).

Within bacteria the assembly and maturation of new ribosomes follow a series of
complex, concurrent steps (1). The ribosomal RNA, rRNA, must be transcribed,
processed and chemically modified. Ribosomal proteins must also undergo
transcription, translation and chemical processing. Then, the proteins must bind
to the RNA in the right positions and order. All the while, the rRNA and the
burgeoning ribosomal subunits are intricately folded to adopt their proper
three-dimensional structure. Disruption in any part of this process can lead to
defective ribosomes and sick or inviable cells. The folding of the subunits is
cooperative process with interdependent steps (3). Folding in one domain affects
future folding in other parts of the subunit as well. Unaided, errors in assembly
accumulate and collectively cause the ribosome to misfold and lose its function

(4).

Ribosomal assembly is aided by a class of proteins appropriately termed
assembly factors, or biogenesis factors (2). Assembly factors are a conserved and
highly diverse grouping of proteins that transiently interact with burgeoning
ribosomes to guide the assembly, protein integration and folding of the
developing ribonucleoprotein complex. Assembly factors can be grouped into
different categories based on their function, including chaperones that stabilize
structures and guide assembly, RNA helicases that transiently unwind rRNA and
GTPases that induce conformational change.

Despite the importance of biogenesis factors in structural assembly, not all of
them are necessary for survival (5). The assembly process can be shuttled
between different parallel pathways using different combinations of assembly
proteins. This redundancy may at least partly explain why many assembly
factors are nonessential, while the varying efficiency of various pathways
accounts for part of the fitness cost of lacking individual assembly factors.
However, certain intermediates form crucial, common checkpoints that multiple
or even all pathways must pass through during maturation (6). Assembly factors
involved in these central checkpoints may be more impactful for overall survival.
Deletions of 12 non-essential assembly factors in E. coli have been attempted in
this lab. Out of these, only 3 were successfully deleted using DIRex. The focus of
this work will be on the remaining 9 genes (Table 1)



Gene = Protein

hfq - Hfq

Subunit

30S (7)

Table 1. List of genes targeted for deletion with DIRex.

Class

Chaperone (7)

Role

Maturation of 175
- 16S rRNA,
proofreading of
decoding center (7)

rbfA - RbfA

305 (2)

Chaperone (2)

Cold-shock protein,
maturation of
17S>16S (2)

rsgA = RsgA

30S (2)

GTPase (2)

Dissociation of 70S
ribosome = 30S +
50S subunits (2)
Release of rbfA from
30S, maturation of
decoding center (8)

rimP = RimP

30S (2)

Chaperone (2)

Correct protein
binding to 16S-
rRNA (2)

rimJ = Rim]

30S (9)

Chaperone (9)

Acetylation of S5-
protein, 30S-subunit
assembly (9)

ybeY 2> YbeY

30S (10)

Endoribonuclease

(10)

Maturation of 16S-
rRNA,

degradation of
faulty 70S-
ribosomes (10)

bipA - BipA

50S (11)

GTPase (11)

Incorporation of L6
protein into 44S-
particle (11)
Cold-shock protein
(12)

deaD = DeaD

50S (2)

DEAD-box RNA
helicase (2)

Maturation of 50S
(2)

dbpA - DbpA

50S (13)

DEAD-box RNA
helicase (13)

Maturation of 508,

unwinding of 23S-
rRNA (13)

rsfS = RsfS

505 (4)

Assembly factor

(4)

Ribosomal silencing,
part of ObgE-RsfS-
YjgA network for
50S maturation (4)

YjgA 2 YjgA

505 (4)

Assembly factor

(4)

Part of ObgE-RsfS-
YjgA network for
50S maturation (4)




Correct integration
30S and 50S RNA-binding of ribosomal
(14) protein (14) proteins to 16S and
23S rRNAs (14)

yhbY - YhbY

1.2 Lambda-Red and DIRex recombineering

Lambda-Red is a tool of recombineering - Genetic engineering that relies on
homologous recombination to edit genetic sequences (15). This method is more
efficient in E. coli than methods that rely on homology-directed repair, such as
CRISPR-Cas9, as this repair mechanism is highly inefficient in E. coli (16).
Lambda-Red induces recombination by expressing proteins found in the lambda
phage, a virus that infects E. coli. This system can be used to induce genetic
changes such as deletions, insertions, duplications, single nucleotide
modifications, inversions, and more.

Historically, many methods of Lambda-Red left selectable markers, like
antibiotic resistance cassettes, inside modified strains (17). This limited the
number of possible mutations and potentially interfered with gene expression.
Removal of such markers could leave artifacts behind in the genome, like FRT
scars, which can recombine and cause chromosomal rearrangements. Modern
methods can circumvent this and create scar-free modifications. However, many
of these methods are slow, difficult to design, or require more than one round of
recombineering.

DIRex is a Lambda-Red based method made to address these issues. It can create
clean, scar-free mutations in a single step and is simple to design and use (17).
DIRex can efficiently excise sequences ranging from single nucleotides to large
sections of the chromosome making it particularly useful for carrying out
deletions. The basis of the method is the introduction of a semi-stable cassette
that contains a selectable chloramphenicol resistance marker and counter-
selectable sucrose sensitivity marker. The cassette enters the point of excision or
modification via homologous recombination and forms a semi-stable hairpin
loop. The loop is stable enough to select for its retention on chloramphenicol
medium and easily transfer it between strains via generalized transduction with
P1 phages. Importantly, it is also unstable enough to select for its spontaneous
excision.

The markers on the DIRex cassette are flanked by two long inverted repeats
coding for the chromoprotein AmilCP, which turns colonies blue (17). Flanking
the inverted repeats are short, direct repeats that control the point of insertion -
Only these need to be custom-designed as primers for each gene. Cassettes are
amplified as two segments which recombine together into the chromosome
forming a functional cassette.

1.3 Aim of the study



The aim of this study is to confirm whether all listed genes that are annotated as
nonessential can be excised using DIRex-recombineering. A secondary purpose is
to test the fitness of successful knockouts by themselves and in combination with
the lack of all ribosomal modification enzymes that act on the small subunit.

2 Materials and methods

2.1 Bacterial strains and growth conditions
All bacterial strains used in this study are displayed in Table 2.

Table 2. A list of preexisting strains used in this project.

Strain name | Genotype Source

GB1S Wild type and re.cipient strain for Brandis lab
phage transduction
GB30 Acatsacl cassette Brandis lab
GB31 Acatsac3 cassette Brandis lab
GB15 + pSim5Tet plasmid
Recipient strain for DIRex .
GB32 Plaer:ﬁd with inducible Exo, Beta Brandis lab
and Gam genes
GB2053 Unmodified 30S subunit (ASSU) Brandis lab
GB2363 AsrmB::AcatsacA Brandis lab
GB2364 AsrmB Brandis lab
GB2365 ArhlE::AcatsacA Brandis lab
GB2366 ArhlE Brandis lab
GB2368 ArimL::AcatsacA Brandis lab
GB2369 ArimL Brandis lab
GB2370 ArbfA::AcatsacA This study
GB2371 ArbfA This study
GB2362 AyjgA::AcatsacA This study
GB2372 AyjgA This study
GB2373 AdbpA::AcatsacA This study
GB2374 AdbpA This study
GB2562 ArsgA::AcatsacA This study
GB2563 ArsgA This study
GB2564 AdeaD::AcatsacA This study
GB2565 AdeaD This study
GB2566 Ahfq::AcatsacA This study
GB2567 Ahfq This study
GB2568 AbipA::AcatsacA This study
GB2569 AbipA This study
GB2570 AybeY::AcatsacA This study
GB2571 AybeY This study
GB2608 ArsfS::AcatsacA This study
GB2609 ArsfS This study




GB2611 ASSU + ArimL This study

GB2612 ASSU + AsrmB This study

GB2613 ASSU + ArbfA This study

GB2614 ASSU + AdbpA This study

GB2615 ASSU + ArhlE This study

GB2616 ASSU + AyjgA This study
2.2 Materials

LB medium was made from 10 g tryptone, 5 g yeast extract and 5 g NaCl per L.
LA plates additionally had 15 g agar added and antibiotic LA plates also
contained 15 mg Tetracyclin (Tet) or 25 mg Chloremphinecol (Chl) per L.
Sucrose plates were made from 50 g sucrose, 15 g agar, 10 g tryptoneand 5 g
yeast extract per L. Stock solutions of Tet and Chl had concentrations of 15
mg/mL and 25 mg/mL, respectively. Both stocks were diluted 1000X in use. LB
agar plates and solutions containing Tet and Chl therefore had working
concentrations of 15 pg/mL and 25 pg/mL.

2.3 DIRex recombineering

Site-specific forward and reverse deletion primers to amplify the DIRex cassette
were designed previously. The two half-cassettes used for each gene were
constructed in separate PCR reactions. The forward half-cassette was amplified
using 1 pL site-specific forward DIRex primer, 1 pL cassette-specific CatmidR2
reverse primer, 1 pL. Acatsacl suspension from GB30, 12.5 pL 2X Phusion High-
Fidelity PCR Master Mix and 9.5 pL Hz20. The reverse half-cassette was
synthesized with 1 pL site-specific reverse DIRex primer, 1 pL cassette-specific
CatmidF forward primer, 1 pL Acatsac3 template from GB31, 12.5 uL 2X Phusion
High-Fidelity PCR Master Mix and 9.5 pL H2O0.

PCR for DIRex was carried out in a VWR XT96 Thermal Cycler with to the
following program:

Heatlid 110.0 °C

98.0 °C for 2 min

6X the following cycle: 98.0 °C for 20s, 57.0 °C for 20s, 72.0 °C for 3 min 30s

26X the following cycle: 98.0 °C for 20s, 65.0 °C for 20s, 72.0 °C for 3 min 30s
72.0 °C for 10 min

Store at 4.0 °C

For DIRex, matching half-cassette PCR products were pooled and mixed with 50
uL polyethylene glycol (PEG) in an Eppendorf tube, centrifuged at 13300 RPM in
a VWR Micro Star 17 centrifuge for 8 minutes. The PEG supernatant was
removed from the DNA pellet and 50 pL. 70% ethanol was added to wash. After
centrifugation for 8 more min the ethanol was removed and the tubes left to dry.
The purified DNA pellet was then diluted in 10 uL. H20. The GB32 strain was
used as the wild type recipient for all DIRex transductions. It contained a
pSim5Tet plasmid with a tetracycline resistance marker, loss of replication
above 30 °C, and inducible expression of Lambda Red proteins at 42 °C. Cultures
of GB32 were grown in 1 mL LB + 1 pL Tet at 30 °C overnight. Each 500 pL of
culture was then diluted in 50 mL of LB + 500 pL of 20% glucose + 50 pL Tet
stock and grown at 30 °C for 2.5 h. The cultures were placed in shaking water
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baths at 42 °C for 15 min then immediately cooled on ice for over 10 min.
Afterwards, the contents were transferred to falcon centrifuge tubes and
centrifuged 4°C in an Eppendorf Centrifuge 5810 at 4000 RPM for 14 min. before
removing their supernatants. The pellets were resuspended in 15 mL cold H20
and spun down for 14 more minutes, after which the supernatant was removed
again. This washing was repeated twice more. The pellets were then moved to
Eppendorf tubes with 1 mL water and centrifuged at 4°C in an Eppendorf
Centrifuge 5830 at 14000 RPM 3 minutes. The supernatants were discarded and
the pellets rediluted in 400 pL H20. For each deletion, 50 pL cold cells were
added to 4 pL of purified PCR and electroporated in a Bio-Rad MicroPulser on
the Bacteria setting. 1 mL LB was added to each electroporated DIRex products
before incubating at 37 °C overnight. The DIRex products were plated on
chloramphenicol plates and incubated at 37 °C overnight. Blue colonies from
these were then restreaked on new chloramphenicol plates and incubated at 37
°C overnight again. Those strains were streaked on sucrose plates, incubated
overnight, and restreaked on sucrose at 37 °C overnight yet again to ensure
entirely free strains free of cassettes.

2.4 Analysis and sequencing

Gene-specific forward and reverse primers for analysis had previously been
constructed. Amplification of the entire gene site was carried out using 1 pL each
of forward and reverse primers, 1 pL lysed cell suspension, 12.5 pL 2X PCR
Master Mix and 9.5 pL H20. Amplification of the cassette replaced the gene-
specific reverse primer with the CatmidR2 cassette-specific primer.

The PCR program for analysis was run in a VWR XT96 Thermal Cycler with the
following program:

Heatlid 110.0 °C

95.0 °C for 5 min

35X the following cycle: 95.0 °C for 30s, 50.0 °C for 30s, 72.0 °C for 3 min

72.0 °C for 10 min

Store at 12.0 °C

PCR for analysis was primarily purified the same way as DIRex cassettes, though
with only 25 pL PEG due to only containing one PCR product. However, issues
with sequencing Eventually led to the adoption of the more efficient QIAquick
PCR purification kit. This entailed adding 125 pL binding Buffer PB to the PCR
product and centrifuging in a spin column in a VWR Micro Star 17 centrifuge at
13300 RPM for 1 minute. The flowthrough was removed and 750 pL washing
buffer PE was added to the column, before centrifuging for 1 minute again. One
more spindown was carried out to remove residual buffer, before elution into a
new Eppendorf tube by centrifuging for 1 more minute with 20-30 pL H20. 1%
agarose gels were constructed using 0.5X TAE buffer with 1% agarose by weight.
SYBR Safe was added for DNA staining. Loading dye and GeneRuler 1kb DNA
ladder were used for preparing and analyzing samples, respectively.
Electrophoresis was carried out in a VWR Real Time Electrophoresis System at
100 volts for 20-30 minutes. Purified PCR products of gene deletions were then
confirmed by EZ-seq. 5 uL. DNA and 5 pL forward or reverse primer were
shipped to Macrogen Europe for sequencing.



2.5 Phage transduction

Colonies still containing AcatsacA cassettes were taken from each constructed
knockout strain. These were cultured in 1 mL of LB + 1 uL Chl stock at 37 °C
shaking overnight. 50 pL of the cultures were then added to E-flasks together
with 5 mL LB, 50 pL glucose (20%) and 25 pL CaClz, incubated shaking at 37 °C
for 45 min. 100 pL of P1 phage lysate was then added to the solution followed by
incubation at 37 °C for 3 h. The resulting donor P1 lysates were filtered into
sterile falcon tubes. Generalized transduction was performed using phage lysates
from three of my deletions, AdbpA, ArbfA and AyjgA as well as the three
preexisting assembly factor deletions, strains GB2363 (AsrmB), GB2365 (ArhlE)
and GB2368 (ArimL). The recipient GB2053 strain was first incubated in 1mL LB
at 37 °C shaking overnight. 5 pL CaClz (1M) was then added, before shaking at 37
°C for 5 more minutes. For each transduction, 10 uL donor P1 lysate was added
to 100 pL recipient culture and incubated at 37 °C for 5 minutes. The transduced
cultures were plated on Chl and incubated at 37 °C overnight. Colonies from each
culture were then restreaked on fresh Chl plates.

2.6 Bioscreen

Clean colonies without cassettes were plated on LA for all transduced strains, all
of my successful knockout strains, the GB2053 ASSU strain and the GB15 wild-
type. After incubation at 37 °C overnight, colonies from these plates were grown
in 1mL LB cultures, again at 37 °C overnight. 1 uL of each culture was then
diluted in 1 mL fresh LB and transferred to bioscreen plates for analysis. Three
wells were occupied by each culture, filled with 300 pL each. The Bioscreen C°
Pro machine was run at 37 °C for 24 h, measuring growth every five minutes. A
fresh batch of cultures was then grown overnight, again diluted 1000X and run at
20°C for 48 h. For both temperatures, the number of duplications per hour
during the growth phase was used as a measure of fitness and each value was
converted into relative fitness as a fraction of the wild type mean. The mean and
standard deviation of relative fitness was then calculated for each strain and the
significance of the difference in fitness compared to the wild type was calculated
with a two-tailet t-test. Then, expected fitness for the combined deletions ASSU
and the 6 assembly factors were calculated by multiplying their respective

fitness:

eéxp _ .obs obs
Sap = Sa XSb

Where a = ASSU and b = the assembly factor knockout. The standard deviation of
the expected value was calculated using the following formula:

2 2
O.obs O.obs
exp __ b a b
Oap = Sgbs X \/( obs> X < obs
s§ Sp
If the expected fitness fell outside of two standard deviations from the observed
fitness, then the possibility of an epistatic effect was considered significant.
Following this, the first formula below was used to test for the presence of
positive epistasis and the second for negative epistasis:
obs __ ) obs exp exp
Sab X Oab > Sab + Oab

obs obs exp exp
Sap. T 2Xo0g, <SSy + 04,




3 Results

3.1 Deletions

Of the 12 genes slated for deletion with DIRex, 9 were successfully deleted
before the end of the project (Table 3). These deletions were shown via gel
electrophoresis to have a correctly inserted DIRex cassette in the target gene
before excision and a truncated “gene” much shorter than the wild-type
counterpart. The results from genetic sequencing confirmed that all these genes
had undergone successful, clean deletion. Among the genes, bipA, deaD, dbpA,
hfq, rbfA, rsfS, ybeY, and yjgA were all successfully deleted on the first attempt of
recombineering while rsfS required three. During the first two attempts, all
tested colonies of rsfS were shown to contain duplications of the rsfS gene.
Analysis using gel electrophoresis showed that these strains had one rsfS allele
with the DIRex cassette inserted while retaining a wild-type allele. After the third
round of recombineering, there were still several confirmed strains with
duplications alongside those with clean deletions.

All tested colonies of one deletion, rim/, were confirmed to carry a duplication.
Seven independent colonies of varying sizes and growth rates were chosen for
streaking and assay. All of these were confirmed to contain an intact DIRex-
casette, while still retaining an intact wild-type gene. Deletion of this gene was
only attempted once. Meanwhile, two genes, rimP and yhbY, did not grow any
colonies at all despite two attempts at recombineering. On both occasions, the
plated DIRex products were incubated for up to a week without further results. I
deleted three genes, rbfA, dbpA and yjgA, early enough to transduce these into
the GB2053 strain with an unmodified small subunit along with the previous
deletions for srmB, rimL and rhlE.

Table 3. Summary of attempted deletions.
Gene DIRex-colonies Assay Attempts Comment

bipA Yes Deletion 1 Success
deaD Yes Deletion 1 Success
dbpA Yes Deletion 1 Success
hfq Yes Deletion 1 Success
rbfA Yes Deletion 1 Success
rsgA Yes Deletion 1 Success
ybeY Yes Deletion 1 Success
YVjgA Yes Deletion 1 Success
rsfS Yes Deletion 3 Success
rimJ Yes Wild type 1 Duplication
yhbY No - 2
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3.2 Growth assays

Most tested strains (17 out of 18) grew significantly slower than the wild-type
control at 37 °C as well as at 20 °C (17 out of 18) though varied substantially in
relative fitness, from 0.411 to 0.960 at 37 °C and 0.196 to 1.035 at 20 °C (Table
3). Of the 11 assembly factor knockouts AbipA, AdeaD, Ahfq, ArimL, AsrnB, AdbpA,
ArhlE, and yjgA were all at or above a relative fitness of 0.8 at 37 °C. Meanwhile
ArsgA, AybeY and ArbfA were below 0.4. At 20 °C the relative fitness of AbipA,
AdeaD and AsrnB fell sharply while Ahfq, ArimL, AdbpA, ArhlE and AyjgA
remained at around 0.8 or higher. Of note, ArhlE rose to a significantly higher
fitness (p = 0.017) than the wild type at 20 °C despite a significantly lower fitness
(p=0.023) at 37 °C.

Table 3. Relative fitness compared to the wild type, as an average of three replicates.

20°C
Genotype Fitness P-value

Wild-type 1+0.01 1 Wild-type 1+0.00 1

ASSU 0.62 £0.01 <0.01 ASSU 0.42 +0.00 <0.01
ArsgA 0.43+0.01 <0.01 ArsgA 0.22 +0.00 <0.01
AbipA 0.96 £ 0.02 0.074 AbipA 0.53 +0.00 <0.01
AybeY 0.41 +£0.01 <0.01 AybeY 0.41 £ 0.00 <0.01
AdeaD 0.86+0.01 <0.01 AdeaD 0.40 +£0.00 <0.01
Ahfq 0.83 £ 0.04 0.013 Ahfq 0.87 £ 0.00 <0.01
ArimL 0.96 £ 0.01 0.018 ArimL 0.89 £ 0.00 <0.01
AsrnB 0.87 £ 0.03 <0.01 AsrnB 0.63 +0.01 <0.01
ArbfA 0.46 £0.01 <0.01 ArbfA 0.20 £ 0.00 <0.01
AdbpA 0.96 + 0.01 0.014 AdbpA 0.89 £ 0.00 <0.01
ArhlE 0.95+0.02 0.023 ArhlE 1.04 £ 0.01 0.017
AyjgA 0.93 £0.01 <0.01 AyjgA 0.79 £ 0.00 <0.01
ASSU+ArimL 0.62 £ 0.00 <0.01 ASSU+ArimL 0.37£0.00 <0.01
ASSU+AsrnB 0.53 £ 0.02 <0.01 ASSU+AsrnB 0.31£0.00 <0.01
ASSU+ArbfA 0.51+£0.01 <0.01 ASSU+ArbfA 0.22 £0.00 <0.01
ASSU+AdbpA 0.62 £ 0.00 <0.01 ASSU+AdbpA 0.34 £ 0.00 <0.01
ASSU+ArhlE 0.63 +0.01 <0.01 ASSU+ArhlE 0.39 +£0.01 <0.01
ASSU+AyjgA 0.61+0.01 <0.01 ASSU+AyjgA 0.39 + 0.00 <0.01

At 37 °C, the transduced strains ASSU + AsrmB and ASSU + AyjgA did not deviate
significantly from the expected additive effects on fitness inherited from their
parent strains. Meanwhile, negative epistatic was displayed by the strains ASSU +
ArimL, ASSU + ArbfA, ASSU + AdbpA , and ASSU + ArhlE. Of these, ASSU + ArbfA
deviated far more from its expected value other value than any transduced strain
(Figure 1). At 20 °C, only the observed fitness ASSU + ArimL did not significantly
deviate from the expected additive effect. The fitness of ASSU + AsrnB, ASSU +
ArbfA and ASSU + AyjgA all displayed significantly positive epistatic effect while
that of ASSU + AdbpA and ASSU + AyjgA were all under negative epistasis. As with
37 °C however, ASSU + ArbfA had a larger numerical deviation than the other
transduced mutants (Figure 2). No other transduced strain diverged more than
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20% or 0.05 points of fitness from their expected values, while the fitness of
ASSU + ArbfA was 80% or 0.23 points of fitness higher than expected at 37 °C
and nearly 270% or 0.14 points higher at 20 °C.

05 A
04 A
03 A
0.2 A

0.1 A

ASSU+ArimL  ASSU+AsrmB  ASSU+ArbfA  ASSU+AdbpA  ASSU+ArhlE  ASSU+AyjgA
B Expected fithness @ Observed fithess

Figure 1. Expected fitness and mean observed fitness of three replicates of transduced
strains at 37 °C. Error bars represent standard deviation.

ASSU+ArimL  ASSU+AsrmB  ASSU+ArbfA ASSU+AdbpA  ASSU+ArhlE  ASSU+Ayjgh

M Expected fitness B Observed fitness

Figure 2. Expected fitness and mean observed fitness of three replicates of transduced
strains at 20 °C. Error bars represent standard deviation.
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Discussion

The primary goal of this project was to investigate whether the listed assembly
factors could be deleted using DIRex. Its secondary goal was to test the fitness of
these and earlier deletions alone and combined with the deletion of all
modification enzymes in the small subunit.

4.1 Deletions

The majority of all genes tested in this project were successfully deleted, aligning
with previous research that characterizes all as non-essential in E. coli
(2)(4)(7)(11)(14). It shows that DIRex can be used to delete most of the genes
that previously failed to be deleted and supports the applicability of DIRex for
creating knockout strains of assembly factors in general. Meanwhile, the failure
to create deletions of a subset of tested genes does not necessarily imply that
they cannot be knocked out with DIRex. Difficulties in carrying out or selecting
for certain deletions would only need to pose an issue to a project of this limited
time and scale.

A closer analysis of the rimP deletion primers showed an error in the initial
deletion design. Part of the rimP sequence overlaps with the promotor for nusA,
an essential gene in E. coli. The nusA gene is required for successful transcription
due in part to its importance in regulating Rho-dependent termination (18). The
primers were not designed to account for this and the deletion in rimP would
also cut this promotor. Thus, a successful insertion of the DIRex cassette would
result in nothing more than a dead cell.

Experimental design of rim/ and yhbY was correct but may have been
complicated by the traits or effects of those genes. For rim/, one reason
duplications seem to dominate may be the rate at which they occur. This gene
lies between two complementary IS elements on the chromosome,
recombination between which may provide a simple mode of duplication.
Further, there may be multiple ways for rim/ to duplicate which bring varying
amounts of the surrounding genome along, thus bringing different costs to
fitness. That could explain the varying observed growth rates of confirmed
duplicated strains. Another reason duplications might be so common is may be
fitness costs from deleting rim/, giving strains with duplications a competitive
edge. The Rim] protein has a dual role in ribosome biogenesis, acetylating the S5
ribosomal protein as well as supporting the structural assembly of the small
subunit, particularly its decoding center (9). Moreover, Rim] also functions
outside of ribosomal assembly in E. coli. These include thermoregulation and
adjusting expression of the papBA operon, which codes for the production of pili,
based on environmental signals (19). Loss of these functions could give rise to a
cumulative decrease in fitness favoring duplicated strains during growth. As the
rsfS gene also resides between two IS elements and took several tries to delete, if
possible, may take more rounds of recombineering.

Deletion of yhbY was attempted twice with no colonies growing on either
occasion. It stands to reason that either the DIRex recombineering failed or any

potential mutants did not survive past selection. Perhaps targeting this
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particular gene with recombineering is difficult or the effect of the deletion on
fitness is strong enough to make growth difficult. Information about yhbY is
comparatively recent and scarce, but its conservation across multiple bacterial
clades and its importance in assembling both ribosomal subunits have been
documented (10). While perhaps not essential, deletion could be detrimental
enough to cause difficulty in retaining mutants. Interestingly, yhbY knockouts
have been pointed out as particularly sensitive to epetraborole, an antibiotic
targeting protein synthesis, due to its greatly impaired ribosomes (20).
Chloramphenicol, used in selection, also inhibits protein synthesis albeit through
a different mechanism of action (21). While expression of the cat gene in the
DIRex cassette should in theory immunize mutants to the selective Chl plates,
this could still be an interaction worth considering.

While likely possible to delete all above genes using DIRex, deletions may be
worth attempting with other methods of recombineering as well. In any case, the
primers for rimP must be redesigned.

4.2 Effects of deletions on bacterial growth

In general, growth was slower compared to the wild type at 20 °C than at 37 °C,
though rates varied substantially between mutants. The overall reduction in
relative fitness may be caused by lower temperatures, making the ribosome less
flexible and exacerbating structural issues (22). The large differences in fitness
of knockouts could give insight into the role of these genes in alternative
pathways, where lower fitness correlates with fewer or more costly redundant
pathways for a gene (5). Alternatively, that result could imply its presence in
multiple pathways or central checkpoints (6). However, variation in the
importance of the roles that the assembly factors carry out could complicate that
analysis as some processes may simply be more important than others. Those
effects could be difficult to disentangle from potential variation in the
importance of the roles those factors carry out, meaning deletions would vary in
severity regardless of their degree of redundancy. The ArhlE knockout may need
to be further investigated to verify the statistically significant fitness increase
over the wild type at 20 °C. It is possible that an error occurred during growth or
measuring, but if the results can be replicated it could be worthwhile to study
further.

All transduced strains but ASSU + ArbfA had a mean fitness within 8% of their
expected fitness at 37 °C and within 18% at 20 °C. Although all but ASSU + AsrmB
and ASSU + AyjgA displayed a statistically significant deviation from the expected
additive value at 37 °C and all but ASSU + ArimL did so at 20 °C, the minor
numerical differences may render the deviations from the additive effect
biologically irrelevant.. In contrast, the observed fitness of ASSU + ArbfA deviated
greatly from its estimated valued, with a mean fitness 80% larger than expected
at 37 °C. This deviation is also visible in figures 1 and 2, where the relative
fitness of ASSU + ArbfA is as fit or more than ArbfA at either temperature. This
strong epistatic effect effect on the combined reduction of growth for the ASSU
and ArbfA strains suggest overlap in their ribosomal defects. Indeed, rbfA is the
only transduced assembly factor that participates in 30S maturation (2). While
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this combined deletion has a clear negative epistatic effect, it is possible other
30S assembly factor deletions could have act differently or that multiple
combined knockouts could still cause the unmodified subunit to collapse. It is
also not impossible for other 50S factors to provide cumulative effects.

4.3 Concluding remarks

The simultaneous processes occurring in ribosome biogenesis are complex and
still in the active process of being unravelled. While this study was short in time
and small in scale, I hope the strains constructed as part of its primary goal may
play a small art in contributing to the rapidly growing knowledge in this part of
the field.

Future research is needed to create deletions of the genes that were not
successfully deleted and other assembly factors not found within the confines of
this study, with or without the use of DIRex. There is also a need for future
studies on consequences of gene knockouts on growth and other phenotypic
effects. Multiple assembly factors with similar roles could be combined into
single strains to measure fitness costs from losing several proteins with similar
roles, such as RNA helicases, or from losing multiple factors targeting the same
domains on the ribosome. Examining additive and synergistic effects with
modification enzymes may also prove a valuable venue of research for
understanding the interplay between both classes of proteins, particularly if and
when an entirely unmodified large ribosomal subunit is available for use.
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