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ABSTRACT  

   

The current use of non-renewable fossil fuels for industry poses a threat for future 

generations. Thus, a pivot to renewable sources of energy must be made to secure a 

sustainable future. One potential option is the utilization of metabolically engineered 

bacteria to produce value-added chemicals during fermentation. Currently, numerous 

strains of metabolically engineered Escherichia coli have shown great capacity to 

specialize in the production of high titers of a desired chemical. These metabolic systems, 

however, are constrained by the biological limits of E. coli itself. During fermentation, E. 

coli grows to less than one twentieth of the density that aerobically growing cultures can 

reach. I hypothesized that this decrease in growth during fermentation is due to cellular 

stress associated with fermentative growth, likely caused by stress related genes. These 

genes, including toxin-antitoxin (TA) systems and the rpoS mediated general stress 

response, may have an impact on fermentative growth constraints. Through 

transcriptional analysis, I identified that the genes pspC and relE are highly expressed in 

fermenting strains of both wild type and metabolically engineered E. coli. Fermentation 

of toxin gene knockouts of E. coli BW25113 revealed their potential impacts on E. coli 

fermentation. The inactivation of ydcB, lar, relE, hipA, yjfE, chpA, ygiU, ygjN, ygfX, 

yeeV, yjdO, yjgK and ydcX did not lead to significant changes in cell growth when tested 

using sealed tubes under microaerobic conditions. In contrast, inactivation of pspC, yafQ, 

yhaV, yfjG and yoeB increased cell growth after 12 hours while inactivation yncN 

significantly arrested cell growth in both tube and fermentation tests, thus proving these 

toxins’ roles in fermentative growth. Moreover, inactivation of rpoS also significantly 
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hindered the ability of E. coli to ferment, suggesting its important role in E. coli 

fermentation. 
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CHAPTER 1 

INTRODUCTION 

1.1 Biological Constraints of Metabolic Engineering 

The manufacture of countless goods including pharmaceuticals, animal 

feedstocks, and food additives rely on the availability of petroleum (Choi et al., 2019; S. 

H. Park et al., 2014; Piao et al., 2019). The current rate of petroleum consumption for 

industry poses a threat for future generations as this nonrenewable resource continues to 

diminish (Chen et al., 2021). While fossil fuels are essential to industry as we know it, 

there are a number of drawbacks to utilizing them as a sole source of energy. Their 

destruction has been noted in spills disrupting marine ecosystems and in global climate 

changes (Kallio et al., 2021; Marcus, 2021).  Thus, pivoting to biobased fuels for 

industrial chemical synthesis is becoming an increasingly attractive option as they can be 

synthesized from renewable carbon sources (Ganesh et al., 2015). Metabolically 

engineered Escherichia coli strains have been developed to specialize in the production 

of various value-added chemicals (i.e., malate, succinate, aspartate) during fermentation 

(Flores et al., 2020; Martinez et al., 2019; Zhang et al., 2011). While these bacteria-

derived products have potential to be more sustainable than their petroleum-derived 

counterparts, these engineered strains must be further optimized to compete with the 

current industrial demands.  

Bioproduction via E. coli fermentation is currently limited by several factors. 

Previous data collected from my lab shows that while E. coli can reach an optical density 

at 550 nanometers (OD550nm) of above 200, anaerobically growing E. coli will not exceed 

an OD550nm of 10. Additionally, my lab found that a rapid decline in cell viability occurs 
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after two days of fermentation in the ethanol producing strain LY180, and similar 

observations were made for other production strains. The low maximum OD550nm and loss 

of viability suggest that there are underlying mechanisms active during anaerobic 

fermentation that are responsible for inhibiting cell proliferation and decreasing viability. 

It has been shown that aerobically growing E. coli are significantly more resistant to 

nutritional and osmotic stress than anaerobically growing cultures (King & Ferenci, 

2005) which may be an explanation for the differences observed. E. coli has developed a 

number of systems to deal with nutritional and osmotic stress, including toxin-antitoxin 

(TA) systems and the rpoS mediated general stress response. This thesis serves to 

investigate the potential roles of these stress related genes in E. coli fermentation. 

1.2 Toxin-Antitoxin Systems in E. coli 

 One potential bottleneck for growth and biochemical production in engineered 

stains is the presence of native toxin-antitoxin (TA) systems. There are currently at least 

39 toxin genes native to E. coli K-12 (Song & Wood, 2020), and the advantage to having 

each remains poorly understood on a physiological level. The effects of toxins have been 

somewhat characterized for select strains of E.coli growing aerobically (Tsilibaris et al., 

2007), but little has been done to study these systems in fermenting E. coli. Furthermore, 

the effects of native toxins on metabolically engineered strains have yet to be explored. 

A TA system is usually encoded as an operon with both toxin and antitoxin genes 

simultaneously expressed. Native E. coli toxins are proteins that disrupt cellular functions 

in a number of ways, often inhibiting metabolism and growth (and on rare occasion, 

inducing cell death). The presence of the antitoxin, which is less stable than its toxin 

counterpart, inhibits the effects of the toxin under normal cellular conditions 
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(Goormaghtigh et al., 2018). If synthesis of the antitoxin is disrupted, the more stable 

toxin persists freely and in high enough quantity to exhibit its toxic effect on the cell. 

While toxins must be translated into proteins to function, antitoxins differ in their format 

with some existing as proteins and others as antisense or noncoding RNAs. The method 

by which the antitoxin disrupts the toxin differs between TA system types. 

Type I TA systems consist of a separately transcribed toxin and antitoxin. Type I 

toxins typically exhibit toxicity through disruption of the cellular membrane. The type I 

antitoxin is transcribed as an antisense RNA which binds to the toxin mRNA, thereby 

inhibiting its translation (Yamaguchi et al., 2011). In a Type II TA system, the toxin and 

antitoxin are transcribed from the same promoter. Both toxin and antitoxin are translated, 

and the antitoxin forms a non-toxic complex with the toxin protein. This TA complex 

acts as a repressor to the TA operon. Under stressed conditions, the antitoxin is degraded 

by proteases and the toxin is free to perform its function. The degradation of antitoxin 

also decreases the concentration of TA complexes, leading to derepression of the TA 

operon and increased expression of the TA genes (Yamaguchi et al., 2011). A Type III 

TA system consists of a toxin protein that is inhibited by an RNA antitoxin through direct 

binding (Harms et al., 2018). In a Type IV TA system, the antitoxin is translated into a 

protein and subsequently binds to its cognate toxin’s target. This blocks the toxin from 

binding and exhibiting its effect on the target (Kedzierska & Hayes, 2016). In a Type V 

TA system, the antitoxin is translated into an RNase protein specific to the mRNA of its 

cognate toxin. The toxin mRNA is then cleaved in the presence of antitoxin protein, 

effectively blocking translation of the toxin (Wang et al., 2012, 2013). To guide the 

search for toxin genes relevant to this study, all reported toxin encoding genes in the 
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EcoCyc database (Keseler et al., 2011) present in E. coli W (ATCC 8739) were compiled 

into a table (Table 1). 

The abundance and prevalence of chromosomal TA systems in E. coli suggest 

there may be some benefit to the host despite the potentially lethal effects of toxins. 

Current literature highlights the role of TA systems in plasmid addiction, where plasmids 

encode TA systems to ensure their own uptake in the host (Díaz-Orejas et al., 2017; Kroll 

et al., 2010). Cells that maintain the plasmid also maintain the ability to express an 

antitoxin and mitigate the cognate toxin’s effects. Conversely, cells that lose the plasmid 

no longer produce antitoxin and are subject to the effects of the stable persisting toxin 

(Kroll et al., 2010). The plasmid addiction model demonstrates a clear function of the TA 

systems themselves but does not provide insight into the benefit of retaining the multiple 

chromosomal TA systems that exist in E. coli.  

TA systems are often characterized by their role in the formation of persister cells, 

which allow bacteria to survive harsh environments by reducing their metabolism or 

becoming metabolically inactive (Kim & Wood, 2016). When nutrients are scarce or 

sporadically available, persister cells are able to survive by entering a state of dormancy 

and conserving their resources (Verstraeten et al., 2015). The ability of TA systems to 

induce persistence and thus alter metabolism raises the question of whether or not these 

systems contribute significantly to the growth changes observed in fermenting E. coli. 

While there have been numerous studies linking TA systems to persistence (Hall et al., 

2017; Kedzierska & Hayes, 2016; Page & Peti, 2016), there is a lack of convincing 

evidence that the inactivation of TA systems actually resuscitates persister cells which 
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has led to controversy in the field (Harms et al., 2017; Song & Wood, 2020). Thus, it is 

unclear what exact role TA systems have on bacterial growth and persistence. 

1.3 The rpoS Mediated Stress Response 

  While most commonly known as a commensal of the human GI tract, (Gao et al., 

2014) E. coli is relatively versatile as it can be grown under a multitude of conditions and 

has even been cultured in space (Zea et al., 2017). One gene that contributes to the 

versatility of culture conditions that E. coli grows in is the master regulator of the general 

stress response, rpoS. The rpoS gene encodes the sigma factor, σS , which regulates genes 

associated with sugar metabolism, acid tolerance, and oxidative stress (King & Ferenci, 

2005; Schellhorn, 2020). Cells in the exponential growth phase and/or grown in optimal 

conditions express low levels of σS. An accumulation of σS occurs when the cells are 

depleted of nutrients, environmental factors rapidly change, or when cells enter the 

stationary phase (Schellhorn, 2020). A recent study showed that overexpression of rpoS 

increased propionic acid tolerance in fermenting E. coli BL21 (Run & Tian, 2018) , 

suggesting that rpoS could be a key gene in the optimization of metabolically engineered 

strains that produce high titers of acidic products.  

Through the characterization of any detrimental effects that native stress related genes 

have on E. coli fermentation, this research aims to guide the process of optimizing growth 

and chemical yield in specialized strains. Thus, it was hypothesized that stress related 

genes play a role in the constraint of fermentative growth. 
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Table 1. Relevant toxin genes native to E. coli W 

B number Toxin Antitoxin Type Function(s) 

b4428 ydcB sokB I 
forms pores in the cytoplasmic membrane that induce 

ATP leakage 

b1348 lar ralA I Rac prophage, non-specific DNA endonuclease 

b4618 tisB istR I 
Forms persister cells, predicted to span the inner 

membrane 

b4225 yjfE chpS II Inhibits cell growth through RNA cleavage 

b4532 yncN hicB II 
Cleaves mRNAs and inhibits growth (after nutrient 

starvation) 

b3083 ygjN ygjM II 
Cleaves coding regions of translated mRNAs (mRNA 

interferase) 

b1507 hipA hipB II 
Mediates persister cell formation and can induce growth 

arrest  

b2782 chpA chpR II 

Inhibits translation inhibition through sequence specific 

ribonuclease activity, causes programmed cell death 

response 

b3022 ygiU ygiT II 
Reversible growth inhibitor and mRNA interferase, 

causes cell elongation 

b1306 pspC pspB II 

Regulator of psp operon in response to phage infection, 

overexpression inhibits cell growth (putative TA 

system) 

b2619 yfjG yfjF II 
Inhibits initiation of translation and cell growth (putative 

TA system) 

b1563 relE relB II 
Causes reversible inhibition of cell growth through 

translation inhibition 

b0225 yafQ dinJ II 
Inhibits translation through mRNA cleavage at AAA 

codons 

b3130 yhaV prlF II Ribosome dependent ribonuclease (mRNA interferase) 

b4539 yoeB yefM II Inhibits translation initiation through mRNA cleavage 

b2005 yeeV yeeU IV 
Inhibits GTPase activity and polymerization of cell 

division proteins, FtsZ and MreB 

b2896 ygfX ygfY IV Inhibits polymerization of FtsZ and MreB 

b0245 ykfI yafW IV 
Inhibits cell growth under ectopic expression (Brown & 

Shaw, 2003) 

b4559 yjdO yjdK V 
Disrupts cell membrane potential and reduces ATP 

levels 

b1445 ydcX N/A N/A 

Damages the cell membrane and reduces ATP levels, 

referred to as an “orphan toxin” (has no known 

antitoxin) 

b4252 yjgK N/A N/A 
TA biofilm protein, combined TA deletions increase 

expression of this protein 

 

Canonical (non-hypothetical) and putative toxins native to E. coli W were included in this 

table. B numbers are listed for toxin genes and antitoxins are listed after their cognate 

toxin. All data was obtained from the EcoCyc database (Keseler et al., 2011) unless 

otherwise indicated. 
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CHAPTER 2 

RESULTS 

2.1 Transcriptional Analysis of Stress Related Genes 

Previous fermentations of wild type E. coli Crooks (ATCC 8739) and two ethanol 

producing strains (KO11 and LY180) were transcriptionally analyzed for quantification 

of gene expression. Briefly, mRNA transcripts were converted to cDNA via reverse 

transcription and then analyzed using DNA microarray by NimbleGen (Madison, WI). 

The resulting fluorescence signal was Log2 transformed to obtain a numerical value for 

expression. To determine which stress related genes had above average expression, the 

expression values of all native E. coli genes from the aforementioned samples were 

averaged and compared to the expression of each previously identified toxin encoding 

gene (Table 1) as well as rpoS. Across the three strains, groupings of below average, 

average, and above average expression levels were identified. Toxin genes, pspC, and 

relE were consistently expressed at levels above average while toxin genes lar, ygjN, 

yeeU/V, and ydcX were expressed at levels below average. While most relative 

transcription levels remained consistent between all strains, yjfE, chpS, and yefM were 

expressed at higher levels in both engineered strains than in the wild type. Additionally, 

the ygiU/T system was more highly expressed in the wild type strain than in both 

engineered strains. 
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Figure 1. Log2 transformed expression of stress related genes native to E. coli. Gene 

expression is plotted against the average expression of all genes in E. coli with the dotted 

line indicating average expression. Toxins (solid bars) are plotted to the left of their 

cognate antitoxin (striped bars). (A) Gene expression in ATCC 8739. Genes rpoS and, 

pspC are expressed at significantly higher than average levels while ydcB, lar, yjfE, chpS, 

yefM, yeeV, yeeU, yafW, yjdK and ydcX are expressed at levels significantly below 

average. Expression of toxin genes hipA, ygiU, pspC, relE, yhaV, and ygfX was higher 

than that of their cognate antitoxins. (B) Gene expression in KO11. Higher than average 

expression was observed in, pspC, pspB, relE, relB, and chpR. Below average expression 

was observed in ydcB lar, hicB, ygiN, ygiU/T, yeeU/V, yafW, yjdK, and ydcX. (C) Gene 

expression in LY180. Similar trends appear with pspC, chpR, and relE expressed at 

above average levels and lar, ygiN, ygiU/T, yeeU/V, and yafW expressed at below 

average levels. 

2.2 Microaerobic Growth Tests of Toxin Gene Knockouts 

To test which of the previously identified toxin genes may contribute to changes in 

fermentative growth, 36-hour microaerobic growth tests were utilized as a proxy for 

microaerobic/anaerobic fermentative growth performance. Single gene knockout strains 

obtained from the KEIO collection (Baba et al., 2006) were utilized for all growth tests. 

Strains were grown for 36 hours and OD550nm was measured every 12 hours (Fig. 2). 

Relative growth was calculated by normalizing growth of all samples to their respective 

wild type control. After 12 hours, significant decreases in relative growth were observed 

in knockouts of yncN and relE while significant increases were observed in knockouts of 

pspC, yafQ, yfjG, and yoeB. Interestingly, all toxin gene knockouts resulting in 

significant growth alterations were type II toxins. After the 24- and 36-hour time points, 

most knockout strains-maintained growth consistent with the wild type strain except for 

the yncN knockout strain, which grew to a lower OD550nm than the wild type at all time 

points. Growth curves can be found in Appendix A (Fig. S1). 
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Figure 2. Relative growth of single toxin knockout strains of BW25113 as compared to 

wild type over 12-hour increments in a microaerobic environment. Samples were 

normalized to their control and error bars were plotted as the average of at least two 

biological replicates per strain. Bar color indicates toxin type. Slight decreases in growth 

were observed in yncN, yoeB, yfjG, yjdO, and chpA knockouts while all other knockout 

strains were comparable to the control. 
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2.3 Fermentation Tests of Selected Single Gene Knockouts 

Toxins that were identified to be of interest based on preliminary microaerobic 

growth testing and transcriptional analysis were chosen for further study in pH and 

temperature-controlled fermentation vessels (300 mL). Strains of BW25113 with single 

gene knockouts of chpA and ydcB were fermented for 120 hours in AM1 media and 

OD550nm was measured every 24 hours (Fig. 3). Both knockout strains reached their 

maximum OD550nm after only 24 hours of growth while the wild type reached its 

maximum OD550nm after 48 hours of growth (Fig. 3A). On average, the chpA knockout 

produced slightly more lactate than the wild type strain and the ydcB knockout strain 

(Fig. 3C, D). Additionally, succinate production was detected in the chpA knockout strain 

but not in any other strain (Fig. 3E). 

Next, strains of E. coli BW25113 with single knockouts of pspC, ydcB, and yhaV 

were fermented for 30 hours in AM1 minimal media (Fig. 4). OD550nm was measured 

over 6- or 12- hour increments. All strains reached their maximum OD550 (~2.7) after 19 

hours of growth (Fig. 4A) and utilized nearly identical amounts (~14 mL) of base (Fig. 

4B). All strains produced similar amounts of lactate and ethanol (Fig. 4C, D). 

Single knockouts of yjdO, and yjgK were also fermented in AM1 minimal media 

for 36 hours where OD550nm was measured in 6-hour increments (Fig. 5). All knockout 

strains grew to a similar maximum OD550 (~4.2) after 24 hours, with the control strain 

reaching its maximum OD550nm (~4.3) after 36 hours (Fig. 5A). All strains but BW25113 

yjdO::kan utilized ~26 mL of base for product neutralization, with the aforementioned 

strain using ~30 mL (Fig. 5B). All strains produced similar amounts of lactate and 



  12 

ethanol except yjdO::kan which showed slight increases in both metabolite products at 24 

hours (Fig. 5C, D).  

 

 

 

 

 

 

 

Figure 3. Fermentation of chpA and ydcB knockouts over 120 hours. (A) Points were 

plotted as the average of at least two biological replicates per strain. Both chpA and ydcB 

deletion strains reached their maximum OD550nm after 24 hours while the control reached 

maximum OD550nm after 48 hours. Growth remained identical between all strains at all 

subsequent time points. (B) All strains required ~25 mL of base (6M KOH) to neutralize 

fermentation products and maintain a pH of 7.0. All strains utilized base at a comparable 

rate. (C) Average g/L of lactate produced during fermentation. The ydcB::kan strain 

produced fewer grams per liter of lactate than chpA::kan, which was comparable to the 

background strain. (D) Average g/L of ethanol produced during fermentation. All strains 

produced nearly identical quantities of ethanol at all time points.  
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Figure 4. Fermentation of pspC and yhaV knockouts over 30 hours. (A) Points were 

plotted as the average of at least two biological replicates per strain. Both knockout 

strains reached their maximum OD550nm after 19 hours of growth. No significant changes 

in growth were observed. (B) All strains required ~14 mL of base to neutralize 

fermentation products and maintain a pH of 7.0 with no significant variation. (C) 

Average g/L of lactate produced during fermentation. Lactate production by the yhaV 

knockout strain was not measured. Both strains produced similar amounts of lactate 

during the fermentation. (D) Average g/L of ethanol produced during fermentation. 

Ethanol production by the yhaV knockout strain was not measured. Both strains produced 

similar amounts of ethanol during the fermentation. 

 

Single knockouts of yoeB and yfjG were fermented for 42 hours in AM1 minimal 

media where OD550nm was measured in either 6- or 12-hour increments (Fig. 6). 

Knockout of yfjG resulted in increased growth at all time points after 18 hours while 

knockout of yoeB had no effect on growth (Fig. 6A). Both the yfjG and yoeB knockout 

utilized more base than the wild type strain (Fig. 6B) which was consistent with lactate 
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produced increased amounts of lactate, while their ethanol production remained 

consistent with the control (Fig. 6C, D). 

 

 

 

 

 

 

 

 

 

Figure 5. Fermentation of yjdO, and yjgK knockouts over 36 hours. (A) Growth as 

measured by OD550nm. Points were plotted as the average of at least two biological 

replicates. Growth remained consistent between all strains at all time points. (B) 

Knockout of yjdO resulted in a slight increase in base consumption at all time points with 

all other strains matching the wild type. (C) Average g/L of lactate produced during 

fermentation. All strains produced similar amounts of lactate, however the yjdO knockout 

produced slightly more after 24 hours. (D) Average g/L of ethanol produced during 

fermentation. All strains produced similar amounts of ethanol, however the yjdO 

knockout produced slightly more after 24 hours. 
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Figure 6. Fermentation of yoeB and yfjG knockouts over 42 hours. (A) Growth was 

measured in 6- or 12-hour increments and plotted as the average of at least two biological 

replicates. Knockout of yfjG resulted in increased OD550nm at all time points after 18 

hours while knockout of yoeB resulted in no change. (B) Average base consumption of 

both knockout strains was slightly increased at all time points. (C) Average g/L of lactate 

produced was comparable for all strains at the 18-hour time point. Lactate production was 

increased in the yoeB knockout strain after 30 hours of growth. Lactate production also 

improved after 42 hours in both knockouts. (D) Average g/L of ethanol produced was 

similar for all strains at all time points. 

 

A single knockout strain of yncN was fermented for 42 hours in AM1 minimal 

media and OD550nm was measured in 6- or 12-hour increments (Fig. 7). Consistent with 

tube test results, knockout of yncN drastically hindered growth at all time points after 6 

hours (Fig. 7A) and base consumption was significantly decreased (Fig. 7B). Both lactate 

(Fig. 7C) and ethanol production (Fig. 7D) were decreased in the yncN knockout strain 

for all recorded time points. 

0
1
8

3
0

4
2 0

1
8

3
0

4
2 0

1
8

3
0

4
2

0

2

4

6

8

1 0

T im e  (h rs )

E
th

a
n

o
l 

P
r
o

d
u

c
e

d
 (

g
/L

)

B W 2 5 1 1 3 y o e B : :k a n y fjG : :k a n

0
1
8

3
0

4
2 0

1
8

3
0

4
2 0

1
8

3
0

4
2

0

3

6

9

1 2

1 5

T im e  (h rs )

L
a

c
ta

te
 P

r
o

d
u

c
e

d
 (

g
/L

)

B W 2 5 1 1 3 y o e B : :k a n y fjG : :k a n

0 6 1 2 1 8 2 4 3 0 3 6 4 2

0

1 0

2 0

3 0

4 0

5 0

T im e  (h rs )

B
a

s
e

 R
e

m
a

in
in

g
 (

m
L

)

B W 2 5 1 1 3

B W 2 5 1 1 3 y o e B : :k a n

B W 2 5 1 1 3 y fjG : :k a n

0 6 1 2 1 8 2 4 3 0 3 6 4 2

0

1

2

3

4

5

T im e  (h rs )

O
D

5
5

0
n

m

B W 2 5 1 1 3

B W 2 5 1 1 3 y o e B : :k a n

B W 2 5 1 1 3 y fjG : :k a n

A B 

C D 



  16 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Fermentation of yncN knockout over 42 hours. (A) Growth rate was measured 

in 6- or 12- hour increments and plotted as the average of at least two biological 

replicates. Knockout of yncN resulted in significantly decreased growth for all time 

points after 18 hours. (B) Average base consumption of the yncN knockout strain was 

significantly decreased at all time points after 18 hours. This is consistent with both (C) 

lactate and (D) ethanol production, which were both decreased at all time points in the 

knockout strain. 

 

 Finally, an rpoS knockout strain was fermented for 72 hours in AM1 minimal 

media and OD550nm was measured every 24 hours (Fig. 8). Knockout of rpoS resulted in 

significantly decreased growth at all time points (Fig. 8A) but similar base consumption 

was observed (Fig. 8B). Lactate production was significantly decreased after 72 hours 

(Fig. 8C) while ethanol production remained nearly identical to the control (Fig. 8D). 

Two genes regulated by rpoS, katE and katG, are involved in mitigating oxidative stress. 

A double knockout strain of catalase encoding genes katE and katG was also fermented 

with no significant changes in growth (Fig. S2). 
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Figure 8. Fermentation of rpoS knockout over 72 hours. (A) OD550nm was measured 

every 24 hours. Points were plotted as the average of three biological replicates. 

Knockout of rpoS resulted in a significant decrease in growth at all time points. (B) 

Knockout of rpoS did not significantly alter base consumption. (C) The rpoS knockout 

strain produced less lactate after 48 hours and (D) no change was noted in ethanol 

production. 
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CHAPTER 3 

DISCUSSION 

3.1 Effects of Stress Related Genes on Fermentation 

Metabolic engineering of microbes for renewable production is a potential 

solution to the problems associated with dependence on petroleum as a major source of 

energy. Previous research has shown promising outcomes in the development of highly 

specialized chemical producing strains of E. coli. However, these strains must be 

fermented to obtain the desired end products (succinate, aspartate, malate, etc.) which 

introduces limitations to culture density and growth. The mechanism for this change in 

growth between aerobically and anaerobically grown cultures remains poorly understood, 

thus native TA systems and stress related genes may provide some insight into the 

underlying factors that contribute to these differences.  

 To study the effects of toxins on fermentation, all reported and confirmed toxin 

genes present in the EcoCyc database (Keseler et al., 2011) in Escherichia coli W were 

compiled in Table 1. E. coli W has widespread use in industrial microbiology laboratories 

for biochemical production (Noh et al., 2018; Novak et al., 2018; J. H. Park et al., 2011) 

and has been engineered to produce a variety of chemicals including ethanol, lactic acid, 

and alanine (Archer et al., 2011). E. coli W was identified by this study to have 21 

confirmed and putative toxin genes. Thus, this strain was chosen as it exhibits relevance 

to the pursuit of strain optimization in bioproduction. This approach to toxin 

identification is limited, as genes that are not reported in the EcoCyc database (Keseler et 

al., 2011) and genes not listed as toxins in the database are not identifiable and were 

consequently excluded from this study. 
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 To determine genes likely to have a significant impact on fermentation, previous 

transcriptional profiles obtained from fermenting cultures were investigated (Fig. 1). 

There were several genes identified to have similar expression across all strains. Genes 

that were consistently expressed at below average levels included lar, ygjN, and yeeU/V. 

Genes that were expressed at above average levels across all three strains include pspC, 

and relE. Interestingly, all of the highly expressed genes encode toxins belonging to a 

Type II TA system. As such, each of these genes are encoded with their cognate antitoxin 

in an operon and consequently, it is expected that there would be similar expression of 

both toxin and antitoxin since they are regulated by the same promoter. Transcriptional 

data shows that the ratio of toxin to antitoxin transcripts for the type II systems including 

hipA, chpA, pspC, and relE is not 1:1. Toxin transcript abundance is higher than that of 

the antitoxin in the hipA, pspC, and relE systems, while the opposite is observed in the 

chpA and yafQ systems. This data suggests that there should be some level of toxicity 

associated with the presence of hipA, pspC, and relE, as their antitoxins are likely subject 

to degradation during fermentation. This was explored further through fermentation of 

the BW25113 pspC knockout strain. 

The phage shock protein (Psp) system is active as a stress response to heat, 

osmotic shock, and phage infection (Brissette et al., 1991). This system also functions to 

maintain the bacterial cell envelope and becomes ineffective when the cell envelope is 

damaged (Wu et al., 2018). Though transcriptional data shows pspB/C expression as 

above average, the level of toxicity exhibited by pspC is not a significant factor affecting 

culture growth or inhibiting the ability of the cell to produce metabolites (Fig. 4). Thus, 

the type of stress that induces the psp operon is likely not relevant to fermentation. 
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Microaerobic growth tests were utilized as a screening tool and served as a proxy 

for 300 mL fermentation tests (Fig. 2). These tests were conducted in sealed 45 mL glass 

screw cap tubes and lacked the necessary hardware for dispensing base to automatically 

adjust pH. To mitigate pH changes, MOPS buffer was included in the growth test media. 

Growth tests were also limited to 36 hours due to potential experimental discrepancies 

caused by low pH, and the first time point (12 hours of growth) was used to determine 

candidate strains for 300 mL fermentations. 

Knockout of yncN (commonly referred to as hicA) significantly reduced growth 

and metabolite production during fermentation (Fig. 7). The toxin protein HicA induces 

cleavage of mRNA and is classified as an mRNA interferase (Butt et al., 2014). When the 

hicAB TA pair was first identified, it was initially hypothesized that hicA was the 

antitoxin (Yamaguchi & Inouye, 2011). This is due to the presence of a partial RNase H 

fold that was found in the structure of the HicB protein (Manav et al., 2019). RNase H 

folds are present in a variety of enzymes involved in diverse processes including 

replication, recombination, and CRISPR-Cas immunity. More interestingly, RNase H 

folds have also been found in enzymes involved in RNA interference (RNAi) (Moelling 

et al., 2017). The phenotypical changes observed in the yncN knockout may be attributed 

to RNAi activity of the HicB antitoxin, which is downstream of the deleted toxin gene 

and remains active. Additionally, the KEIO collection knockouts were generated by 

replacing the native gene with a kanamycin resistance cassette. The presence of this 

cassette may influence regulation of the antitoxin and potentially exacerbate any harmful 

effects. Alternatively, there may be some underlying mechanism by which the YncN 
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protein is somehow beneficial to fermentation. While this explanation is not well 

supported by current literature, it cannot yet be ruled out with certainty. 

In Figure 8, it was shown that knockout of rpoS significantly hindered growth and 

lactate production. This result indicates that genes regulated under the general stress 

response have some beneficial effect on fermentation. The general stress response is most 

commonly associated with changes in pH, osmolarity, temperature, or nutrient 

availability (Battesti et al., 2011). Batch fermentations in this study were conducted at a 

constant temperature and pH with 100 g/L of glucose present in the media. If the general 

stress response is active under these conditions, it is likely that the cells are primarily 

experiencing osmotic stress. This may be somewhat mitigated by altering the 

fermentation media, however stress due to high osmolarity becomes a significant issue 

for engineered strains producing high titers of extracellular metabolites. 

3.2 Future Directions 

 Investigation into the potential role of the antitoxin hicB in RNAi could provide 

insight into the growth defects observed in the yncN knockout strain. If fermentation of a 

yncN/hicB double knockout results in the restoration of normal growth, it is likely that 

unbound HicB has off target activity or is otherwise implicated in some form of RNAi. 

Additionally, overexpression of yncN could clarify whether or not the YncN toxin protein 

plays a beneficial role in fermentation. Overexpression of rpoS may also provide insight 

into the potential benefit of the genes regulated under the general stress response and 

their role in fermentation.  

Knockout of individual toxin genes in the BW25113 background has provided 

informative preliminary data. However, testing the effects of toxin deletions in 
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engineered chemical-producing strains will better reveal the potential for TA systems to 

be used in strain optimization. Strains BW25113 yoeB::kan and BW25113 yfjG::kan both 

had increased lactate production during fermentation. Deletion of these genes in a lactate 

producing strain, like TG114 (Grabar et al., 2006), could help reveal the extent to which 

toxin gene deletion may enhance chemical production. 
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CHAPTER 4 

MATERIALS AND METHODS 

4.1 Transcriptional Analysis 

 Transcriptional data was previously collected by my lab. Briefly, E. coli strains 

ATCC 8739, KO11, and LY180 were fermented and culture samples were collected at 

the late log phase of growth. Reverse transcription was then utilized to convert mRNA 

transcripts of all native genes into cDNA. The cDNA fragments were then quantified 

using DNA microarray and their fluorescence signal was Log2 transformed to obtain a 

value for relative transcription. Average expression of all genes was calculated by 

determining the mathematical average of all gene expression values reported in the study 

(4237 total). 

4.2 Strains, Media, and Growth Conditions 

All strains used for growth tests and fermentations are listed in Table S2. and 

KEIO collection strains were provided courtesy of Dr. David Nielsen. Wild type E. coli 

K-12 BW25113 was used as a control for all growth tests and fermentations. Briefly, the 

KEIO collection is a library of single gene replacements for genes present in the 

Escherichia coli K-12 BW25113 background. Genes are replaced with a kanamycin 

resistance cassette flanked by two FRT sites for streamlined deletion.  

Prior to fermentations and microaerobic growth tests, samples were first streaked 

on AM1 minimal media plates (2% glucose [w/v], 100 mM MOPS), placed in an airtight 

canister, and ventilated with argon gas for 5 minutes before fastening the hermetic seal. 

Plates were grown at 37°C until colonies were visible (approximately 24 hours).  
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For microaerobic growth tests, seed cultures were grown in sealed 50 mL conical 

vials and 25 mL of seed culture media (1X AM1, 2% glucose [w/v], 100 mM MOPS) 

were inoculated with 5-6 bacterial colonies. Seed cultures were grown for ~16 hours at 

30°C in a shaking incubator (120 rpm) and appropriate volumes were transferred to 45 

mL of growth test media (1X AM1, 10% glucose [w/v], 100 mM MOPS) to reach an 

initial OD550nm of 0.01. Growth tests were conducted in 45 mL glass tubes with screw cap 

seals and left at 37°C. and tubes were inverted three times daily. Growth test tubes were 

ventilated with argon gas and resealed after each measurement. 

For fermentations, 100 mL of seed culture media (as previously mentioned) were 

inoculated with 5-6 bacterial colonies and grown at 37°C for approximately 16 hours in a 

shaking incubator (120 rpm). Cultures were centrifuged at 7000 rpm for 5 minutes and 

pellets were resuspended in 300 mL of fermentation media (1X AM1, 10% glucose w/v) 

to reach an initial OD550nm of 0.05. Fermentations were conducted in sealed 500 mL jars, 

grown at 37°C, and maintained at pH of 7.0 by an automatic base (6M KOH) dispenser.  

4.3 Analytical Methods 

For microaerobic growth tests, sample OD550nm was measured once every 12 

hours. For fermentations, sample OD550nm was measured once every 6 to 12 hours. All 

OD550nm measurements were made using a UV/Vis spectrophotometer (Beckman Coulter 

DU-730). All metabolite products were quantified using HPLC (Thermo Fisher Scientific 

UltiMate 3000, Waltham, MA) with an Aminex HPX-87Hcolumn (Bio-Rad) and 4 mM 

sulfuric acid as the mobile phase (Sievert et al., 2017). 
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4.4 Genetic Methods 

 The katE, katG double knockout strain was created by first chemically 

transforming FLP recombinase encoding plasmid pCP20 into the KEIO knockout strain 

of katE (grown on LB + ampicillin plate at 30°C). One transformed colony was 

transferred to 5 mL of LB media and grown at 43°C overnight. The overnight culture was 

diluted (10-6) and 50 µL were plated on LB. Colonies were then patched for ampicillin 

and kanamycin resistance. Sensitive colonies were confirmed to have lost the kanamycin 

resistance cassette by colony PCR (Fig. S3) leaving only an FRT site behind.  

 A PCR generated fragment of the katG::kan resistance cassette and the flanking 

genomic regions (221 bp upstream and 267 bp downstream) was used for homologous 

recombination in the aforementioned katE::FRT strain. The katE::FRT strain was 

chemically transformed with plasmid pKD46 and induced with Super Optimal Broth 

(SOB) containing 5% (w/v) L-arabinose. Cells were then made electrocompetent (washed 

three times with ice-cold sterile npH2O) and electroporated with the katG::kan fragment. 

Electroporated cells were recovered for 4 hours at 37°C and plated on LB + kan at 39°C. 

Colonies were patched on LB + ampicillin to check for plasmid loss and sensitive 

colonies were confirmed to have the insert via cPCR (Fig. S3). All primers used are listed 

in Table S1. 
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SUPPLEMENTARY FIGURES 
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Figure S1. Growth curves of single toxin deletions in microaerobic conditions over 36 

hours. Points are plotted as the average of at least two biological replicates. Growth 

curves look similar for all but the yncN knockout which performed significantly worse 

than the wild type. 
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Figure S2. Fermentation of a katE and katG double knockout over 72 hours. (A) Points 

were plotted as the average of at least two biological replicates per strain. No significant 

changes in growth were observed in the double knockout strain. (B) All strains required 

~18 mL of base to neutralize fermentation products with no significant variation between 

strains. 

 
 

Figure S3. Agarose gel of colony PCR fragments in the construction of BW25113 

katE::FRT, katG::kan. Lanes 1-3 show the amplified katE sequence after replacing it with 

an FRT site. Lane 4 shows the wild type katE sequence and lane 5 contains no DNA. 

Lanes 6-8 show the katG sequence after replacing it with a kanamycin resistance cassette. 

Lane 9 shows the amplified wild type katG sequence and lane 10 contains no DNA. 
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Table S1. List of primers used in this study 

Primer Sequence 

katE-up 5' ataatctggcggttttgctg 3' 

katE-down 5' tatcggttggggagttatcg 3' 

katG-up 5' agccgtgaaggagtgaaaga 3' 

katG-down 5' acggcatggtatagctcagg 3' 

  

Table S2. List of strains used in this study 

 

Strain 

name 

Name used 

in this 

study 

Genotype Source/Reference 

BW25113 BW25113 
rrnB3 DElacZ4787 hsdR514 DE(araBAD)567 

DE(rhaBAD)568 rph-1 

Laboratory 

collection 

JW5225-1 
BW25113 

ydcB::kan 

F-, Δ(araD-araB)567, ΔlacZ4787(::rrnB-3), λ-

, ΔhokB781::kan, rph-1, Δ(rhaD-rhaB)568, hsdR514 
(Baba et al., 2006) 

JW5208-1 
BW25113 

lar::kan 

F-, Δ(araD-araB)567, ΔlacZ4787(::rrnB-3), λ-, Δlar-

785::kan, rph-1, Δ(rhaD-rhaB)568, hsdR514 
(Baba et al., 2006) 

JW4184-2 
BW25113 

yjfE::kan 

F-, Δ(araD-araB)567, ΔlacZ4787(::rrnB-3), λ-, rph-

1, Δ(rhaD-rhaB)568, ΔchpB773::kan, hsdR514 
(Baba et al., 2006) 

JW5230-2 
BW25113 

yncN::kan 

F-, Δ(araD-araB)567, ΔlacZ4787(::rrnB-3), λ-

, ΔyncN728::kan, rph-1, Δ(rhaD-rhaB)568, hsdR514 
(Baba et al., 2006) 

JW3054-1 
BW25113 

ygjN::kan 

F-, Δ(araD-araB)567, ΔlacZ4787(::rrnB-3), λ-

, ΔygjN773::kan, rph-1, Δ(rhaD-rhaB)568, hsdR514 
(Baba et al., 2006) 

JW1500-2 
BW25113 

hipA::kan 

F-, Δ(araD-araB)567, ΔlacZ4787(::rrnB-3), λ-

, ΔhipA728::kan, rph-1, Δ(rhaD-rhaB)568, hsdR514 
(Baba et al., 2006) 

JW2753-1 
BW25113 

chpA::kan 

F-, Δ(araD-araB)567, ΔlacZ4787(::rrnB-3), λ-

, ΔchpA781::kan, rph-1, Δ(rhaD-rhaB)568, hsdR514 
(Baba et al., 2006) 

JW2990-2 
BW25113 

ygiU::kan 

F-, Δ(araD-araB)567, ΔlacZ4787(::rrnB-3), λ-

, ΔmqsR720::kan, rph-1, Δ(rhaD-rhaB)568, hsdR514 
(Baba et al., 2006) 

JW1299-1 
BW25113 

pspC::kan 

F-, Δ(araD-araB)567, ΔlacZ4787(::rrnB-3), λ-

, ΔpspC742::kan, rph-1, Δ(rhaD-rhaB)568, hsdR514 
(Baba et al., 2006) 

JW2600-5 
BW25113 

yfjG::kan 

F-, Δ(araD-araB)567, ΔlacZ4787(::rrnB-3), λ-

, ΔyfjG775::kan, rph-1, Δ(rhaD-rhaB)568, hsdR514 
(Baba et al., 2006) 

JW1555-2 
BW25113 

relE::kan 
F-, Δ(araD-araB)567, ΔlacZ4787(::rrnB-3), λ-

, ΔrelE785::kan, rph-1, Δ(rhaD-rhaB)568, hsdR514 
(Baba et al., 2006) 

JW0215-1 
BW25113 

yafQ::kan 

F-, Δ(araD-araB)567, ΔyafQ743::kan, 

ΔlacZ4787(::rrnB-3), λ-, rph-1, Δ(rhaD-rhaB)568, 

hsdR514 
(Baba et al., 2006) 
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Table S2. Continued 

 

Strain 

name 

Name 

used in 

this study 

Genotype Source/Reference 

JW3099-1 
BW25113 

yhaV::kan 

F-, Δ(araD-araB)567, ΔlacZ4787(::rrnB-3), λ-

, ΔyhaV744::kan, rph-1, Δ(rhaD-rhaB)568, hsdR514 
(Baba et al., 2006) 

JW5331-1 
BW25113 

yoeB::kan 

F-, Δ(araD-araB)567, ΔlacZ4787(::rrnB-3), λ-

, ΔyoeB786::kan, rph-1, Δ(rhaD-rhaB)568, hsdR514 
(Baba et al., 2006) 

JW1987-1 
BW25113 

yeeV::kan 

F-, Δ(araD-araB)567, ΔlacZ4787(::rrnB-3), λ-

, ΔyeeV773::kan, rph-1, Δ(rhaD-rhaB)568, hsdR514 
(Baba et al., 2006) 

JW2864-1 
BW25113 

ygfX::kan 

F-, Δ(araD-araB)567, ΔlacZ4787(::rrnB-3), λ-

, ΔygfX747::kan, rph-1, Δ(rhaD-rhaB)568, hsdR514 
(Baba et al., 2006) 

JW5732-2 
BW25113 

yjdO::kan 

F-, Δ(araD-araB)567, ΔlacZ4787(::rrnB-3), λ-, rph-

1, Δ(rhaD-rhaB)568, ΔyjdO755::kan, hsdR514 
(Baba et al., 2006) 

JW5232-1 
BW25113 

ydcX::kan 

F-, Δ(araD-araB)567, ΔlacZ4787(::rrnB-3), λ-

, ΔydcX737::kan, rph-1, Δ(rhaD-rhaB)568, hsdR514 
(Baba et al., 2006) 

JW5756-2 
BW25113 

yjgK::kan 

F-, Δ(araD-araB)567, ΔlacZ4787(::rrnB-3), λ-

, ΔydcX737::kan, rph-1, Δ(rhaD-rhaB)568, hsdR514 
(Baba et al., 2006) 

JW1721-1 
BW25113 

katE::kan 

F-, Δ(araD-araB)567, ΔlacZ4787(::rrnB-3), λ-

, ΔkatE731::kan, rph-1, Δ(rhaD-rhaB)568, hsdR514 
(Baba et al., 2006) 

JW3914-1 
BW25113 

katG::kan 

F-, Δ(araD-araB)567, ΔlacZ4787(::rrnB-3), λ-, rph-

1, Δ(rhaD-rhaB)568, ΔkatG729::kan, hsdR514 
(Baba et al., 2006) 

BW25113 

katE::FRT, 

katG::kan 

BW25113 

katE::FRT, 

katG::kan 

F-, Δ(araD-araB)567, ΔlacZ4787(::rrnB-3), λ-

, ΔkatE731::FRT, ΔkatG729::kan, rph-1, Δ(rhaD-

rhaB)568, hsdR514 

This study 

 


