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ABSTRACT 

Cellulosic ethanol biofuel, made from plant waste products or perennial energy crops like 

switchgrass, offers many advantages over corn starch-derived ethanol, including less land 

competition and a lower carbon footprint. However, the efficiency of conversion is 

currently lower and the cost higher due to the recalcitrance of lignocellulosic biomass. A 

chemical and/or physical pretreatment step is required to overcome recalcitrance, and 

common pretreatment methods (e.g., acid, steam, and/or depressurization) release 

microbial inhibitors, including furfural and acetate, into the hydrolysate, lowering the 

yield of ethanol via fermentation. Furfural is generated via sugar dehydration, and acetate 

derives from acetylated xylan in hemicellulose. Utilizing a detoxifying strain is one 

strategy to overcome the inhibitor dilemma. Biological detoxification potentially allows 

lower process costs compared to chemical or enzymatic detoxification or alternative 

pretreatment methods aimed at reducing inhibitor generation. One drawback is time. 

Thus increasing the rate of furfural and acetate detoxification is desirable. While most 

microbial species can catabolize acetate, most do not possess the furfural catabolic 

pathway. A novel Pseudomonas putida isolate ALS1267, with a growth rate of 0.25/h in 

10 mM minimal furfural medium, was characterized. The genome was sequenced and the 

furfural pathway cloned into wild-type P. putida KT2400, which cannot metabolize 

furfural, creating a novel strain with an improved growth rate of 0.34/h in 10 mM 

minimal furfural medium. Genomic library screening was used to find targets for 

engineering increased acetate consumption in Escherichia coli. Sixteen plasmid clones 

were generated, with growth rate increases of 42.6 to 76.9 percent in 10 g/l minimal  
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acetate medium, which is a highly inhibitory concentration for this strain. Clones 

included an uncharacterized oxidoreductase, transporters and other outer membrane 

proteins, carbon scavengers, and stress defense mechanisms. Genomic mutants with 

improved acetate consumption were also generated during selection, with mutations in 

the gluconeogenesis gene pck promoter, the '5 UTR of the poorly characterized cold-

shock gene ynaE, and the global regulator of secondary carbon sources CRP. The second 

major drawback to biological detoxification is consumption of the sugars to be used to 

produce ethanol by the detoxifying strain. Elimination of glucose metabolism in E. coli 

was studied by characterizing fast-growing revertants in strains engineered to be glucose 

minus. All of the revertants either altered or overproduced the N-acetylglucosamine 

phosphotransferase system. Deletion of the N-acetylglucosamine transporter stabilized 

the glucose minus phenotype and prevented the occurrence of fast-growing revertants. 
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1 
CHAPTER 1: INTRODUCTION 

 

1.1 Cellulosic Ethanol Biofuel 

Cellulosic ethanol biofuel (CE), an alternative to corn starch-derived ethanol biofuel, is 

produced from forestry, municipal, agricultural, and paper industry waste products or 

from perennial energy crops like switchgrass, elephant grass, and giant cane. Greenhouse 

gas (GHG) emissions from CE are 2- to 7-fold lower than corn starch-derived ethanol, 

due to high energy requirements for corn cultivation, turnover of forests and grasslands 

for land suitable for corn cultivation, and use of the CE lignin waste stream to provide 

steam to the CE plant (Cherubini et al., 2009; Searchinger et al., 2012; Kumar and 

Murthy, 2011). Different assessments found the GHG emissions per energy output of 

corn starch-derived ethanol are similar to or worse than gasoline (de Vries et al., 2010; 

Plevin et al., 2010; Jenkins and Alles, 2011). Other environmental disadvantages of using 

corn for biofuel include increased soil fertility depletion, erosion, and fertilizer usage 

leading to leaching and water pollution (de Vries et al., 2010; Pimentel, 2003). Since the 

year 2000 corn production in the US has increased 960%, with 31% of the increase due to 

ethanol production (Figures 1.1 and 1.2) (USDA ERS, 2018). 
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Figure 1.1. Yearly US ethanol biofuel production and percentage of corn harvest 
Scale in billion (B) gallons. Data are from USDA Economic Research Service: 
https://www.ers.usda.gov/data-products/us-bioenergy-statistics/. 
 
 
 
 

 
 
Figure 1.2. Yearly US corn production 
Scale in billion (B) bushels. Data are from USDA Economic Research Service: 
https://www.ers.usda.gov/data-products/us-bioenergy-statistics/. 
 
 



 

 
 
 

3 
Approximately 23% of the increase in corn production from 2000 to 2017 (Figure 1.2) is 

due to improved yield per acre (Nielsen, 2017). Thus the remaining increase in 

production required increased land use. CE offers the advantage of using industry waste 

products and thus does not compete for agricultural land. Land competition is lower with 

switchgrass and other perennial energy crops, as they were selected for the ability to 

grow on marginal lands (Gelfand et al., 2013). Additionally, energy crops require fewer 

resource inputs, including 7- to 10-fold fewer pesticides, compared to cultivation of corn 

(McLaughlin and Kszos, 2005; Tilman et al., 2006; Hamelinck and Faaij, 2006). CE also 

offers additional economic benefits to rural, agricultural areas (Zhang et al., 2016; 

Jackson et al., 2018). CE cannot replace gasoline due to constraints on available biomass, 

but estimates are that it could supplement gasoline usage by 20 - 30% (Ohlrogge et al., 

2009; Schubert, 2006). 

 

The US Renewable Fuels Standard 2 (RSF2) of the Energy Independence and Security 

Act of 2007 put fourth an ambitious mandate to produce 36 billion (B) gallons of total 

renewable fuels by 2022. This includes corn starch-derived ethanol, CE, biodiesel, and 

advanced biofuels. The current production of corn starch-derived ethanol in the US is just 

over 15 B gallons per year (USDA ERS, 2018), which is the projected maximum 

production capability (Tyner, 2008). Accordingly, the 2018 - 2022 RSF2 targets for corn 

starch-derived ethanol production plateau at 15 B gallons per year. The 2017 RSF2 target 

for CE was 310 million (M) gallons; 60 M gallons were produced (USDA ERS, 2018). 
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The 2022 target for CE production in 2007, when the regulations were first written, was 

16 B gallons per year (EPA, 2013). The mandates are revised yearly; the 2018 target for 

CE is 288 M gallons (EPA, 2018).  

 

CE is still in limited production because it is not yet cost-competitive with corn starch-

derived ethanol. The difficulties hindering CE production lie in the highly recalcitrant 

nature of lignocellulose, the composition of plant biomass which includes cellulose, 

hemicellulose, and lignin fractions. After an initial grinding/milling step, a chemical 

and/or physical pretreatment step is required to deconstruct the lignin barrier and liberate 

the polysaccharides of cellulose and hemicellulose. Pretreatment methods and their 

feedstocks that have been employed at the commercial scale include dilute acid (POET-

DSM/corn stover and residuals and Abengoa/wheat straw), ammonia and steam 

(DuPont/corn stover and residuals), and steam explosion (Beta Renewables/giant cane 

and wheat straw) (Valdivia et al., 2016; Somerville, 2015). There are numerous reviews 

of pretreatment processes and their respective benefits and drawbacks, including Zheng et 

al. (2009), Jönsson and Martín (2016), and Lynd et al. (2017). Pretreatment is followed 

by a chemical or enzymatic polysaccharide hydrolysis step to make sugar monomers 

available for fermentation to ethanol. Both process steps, along with the cost of enzymes 

in enzymatic hydrolysis, represent nearly 40% of the total cost of CE production (Yang 

and Wyman, 2008).  
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1.2 Inhibitor Generation in Lignocellulosic Biomass Pretreatment Processes 

An additional problem is that pretreatment can release inhibitors of microbial growth, 

including acetic acid and the furan aldehydes furfural and 5-hydroxymethylfurfural 

(HMF), into the hydrolysate. Acetic acid derives from hydrolysis of acetylated xylan in 

the hemicellulose fraction, and the furan aldehydes are formed from sugar degradation 

(Klinke et al., 2004; Taherzadeh and Karimi, 2008). The mechanisms of growth 

inhibition of the furans and acetic acid have been reviewed (Palmqvist and Hahn-

Hägerdal, 2000; Mills et al., 2009; Piotrowski et al., 2014; Almeida et al., 2007). Furfural 

and HMF induce reactive oxygen species, decrease concentrations of reduced redox 

cofactors, mutagenize DNA, and inhibit enzymes of glycolysis and ethanol fermentation 

and the pyruvate dehydrogenase complex, as well as act on undetermined hydrophobic 

targets (Allen et al., 2010; Ask et al., 2013; Banerjee et al., 1981; Modig et al., 2002). 

Besides the acid stress of acetic acid, the anion acetate itself is inhibitory via increasing 

cytoplasmic osmotic pressure and inhibiting enzymes of methionine and protein 

synthesis, as well as inhibiting other unknown enzymes (Roe et al., 1998; Roe et al., 

2002). Concentrations of inhibitors in lignocellulosic hydrolysates highly depend on 

pretreatment method and feedstock. Steam pretreated corn stover contained 11 g/l 

furfural, 0.06 g/l HMF, and 1.6 g/l acetic acid (Öhgren et al., 2006). Acetic acid levels 

have been found as high as 14.8 g/l in acid pretreated corn stover (Joiner, 2005). 

Similarly, acetic acid levels were 7 times higher in dilute acid pretreated corn stover than 

after ammonia fiber expansion pretreatment (Chundawat et al., 2010). Liquid hot water 
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pretreatment of corn stover produced 0.7 g/l furfural, 0.08 g/l HMF, and 2.2 g/l acetic 

acid (Cao et al., 2013). In sulfuric acid-catalyzed steam pretreated switchgrass, furfural 

was found from 0.8 - 1.4 g/100g and HMF at 2.1 g/100g (Ewanick and Bura, 2011). 1.8 - 

2.4 g/100g acetate was present in hydrolysate from dilute acid pretreated switchgrass 

(Dien et al., 2006). Mild steam pretreatment of switchgrass was found to produce less 

than 0.04 g/l each of furfural, HMF, and acetic acid (Kumagai et al., 2015). 

Hydrothermolysis pretreatment of switchgrass produced less than 1 g/l of furfural and 

HMF (Suryawati et al., 2009). Pretreatment temperature affects inhibitor formation. 

Steam explosion of wheat straw at 190ºC resulted in the lowest inhibitor concentrations 

in one study, at 0.09 g/l furfural, 0.07 g/l HMF, and 0.04 g/l acetic acid, but lowered 

sugar yields by 26% compared to the optimal treatment for sugar yield at 200ºC, which 

yielded 0.70 g/l furfural, 0.26 g/l HMF, and 1.0 g/l acetic acid (Linde et al., 2008). 

Various dilute acid pretreatments of corn stover at 190ºC produced 3.0 - 11.5 g/l furfural 

and 0.2 - 2.7 g/l HMF, while at 170ºC produced 0.1 - 3.8 g/l furfural and 0.1 - 0.7 g/l 

HMF (Qin et al., 2012). Acetic acid levels at 190ºC ranged from 4.2 - 7.6 g/l and 1.2 - 3.0 

g/l at 170ºC (Qin et al., 2012).  

 

Hardwood and softwood waste products represent approximately 30% of the biomass 

available for biofuel production but are an as-of-yet commercially untapped sugar source 

due to a higher recalcitrance than other feedstocks (Perlack et al., 2005). The softwoods 

pine and spruce ranged from 0.6 - 2.3 g/l furfural, 0.4 - 5.9 g/l HMF, and 2.4 - 4.2 g/l 
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acetate after acid-catalyzed steam explosion pretreatment (Taherzadeh et al., 1997; 

Larsson et al., 1999). Dilute acid pretreated spruce contained from 0.5 - 1.0 g/l furfural, 

2.0 - 5.9 g/l HMF, and 2.4 g/l acetic acid (Larsson et al., 1999; Nilvebrant et al., 2003). 

The hardwoods alder, aspen, and birch had, after acid-catalyzed steam explosion 

pretreatment, 0.3 - 3.5 g/l furfural, 0.2 - 2.6 g/l HMF, and 2.0 - 10.7 g/l acetate 

(Taherzadeh et al., 1997). Yat et al. (2008) found furfural formation in dilute acid 

treatment of basswood was strongly dependent on incubation time, beginning after 

maximum xylose accumulation, showing that careful monitoring of the reaction 

conditions can minimize its formation. The same has been shown in liquid hot water 

pretreatment of switchgrass, with 0.2 g/l furfural formed after 5 min. but 2.8 g/l formed 

after 10 min. (Garlock et al., 2011). A newer method, sulfite pretreatment to overcome 

recalcitrance of lignocellulose (SPORL), resulted in 0.4 - 4.2 g/l furfural and 0.2 - 2.4 g/l 

HMF from lodgepole pine (Zhu et al., 2010). SPORL of spruce reduced the acetic acid 

concentration to 2.7 g/l compared to the dilute acid treated sample at 5.3 g/l (Shuai et al., 

2010).  

 

Reports on the degree of inhibition of common industrial fermentative species to 

lignocellulosic hydrolysate inhibitors vary considerably depending of course on the strain 

used. To give some frame of reference to the degree of inhibition, ethanol yields of 

Saccharomyces cerevisiae were reduced by 43, 80, and 89% at 0.5, 1, and 2 g/l furfural 

and 71, 83, and 95% for 1, 3, and 5 g/l HMF (Delgenes et al., 1996). Ethanol yield 
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reductions for Zymomonas mobilis for the same concentrations of furfural were 4, 18, and 

44% and 15, 13, and 53% for HMF (Delgenese et al., 1996). S. cerevisiae strain ATCC 

211239 had no reduction in growth rate in up to 12 g/l furfural and 15 g/l HMF but had 

growth lag time increases of 24 and 8 h in 3 g/l and 1 g/l furfural and 45 and 4 hours in 

7.5 and 1 g/l HMF (Liu et al., 2004; Almeida et al., 2007). Acetate (at pH 5.6) reduced 

ethanol yields of S. cerevisiae 1, 17, and 38% for 5, 10, and 15 g/l and 10, -2, and 17% 

for Z. mobilis (Delgenes et al., 1996). Acetate inhibition depends on pH, with the 

undissociated form acetic acid being more toxic. For example, ethanol fermentation by 

Pichia stipitis was inhibited 98% in the presence of 8 g/l acetic acid at pH 5.1 but only 

25% at pH 6.5 (Pampulha and Loureiro, 1989; van Zyl et al., 1991).  

 

Furans and acetic acid are not the only inhibitory compounds present in lignocellulosic 

hydrolysates. Phenolic compounds from lignin degradation are the third major category 

and include ferulic acid, coumaric acid, vanillin, syringaldehyde, and p-

hydroxybenzaldehyde (Klinke et al., 2004). Besides acetic acid, other organic acids 

present are formic and levulinic acid (Almeida et al., 2007). Over 60 potential inhibitors 

have been identified (Olsson and Hahn-Hägerdal, 1996).  

 

When combined the inhibitors show synergistic toxicity (Palmqvist et al., 1999; Liu et 

al., 2004; Piotrowski et al., 2014). Furthermore, the need for water recirculation results in 

inhibitor accumulation (Galbe and Zacchi, 1989; Olsson and Hahn-Hägerdal, 1996). Thus 
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numerous detoxification strategies have been developed (discussed below). As 

pretreatment methods must be aimed at reducing cost and thus the optimal pretreatment 

may be too expensive, so to must the ethanol fermentation yield improvement after 

detoxification overcome the added cost of an additional process step (Taherzadeh and 

Karimi, 2008; Pienkos and Zhang, 2009).  

 

 

1.3 Furfural, 5-Hydroxymethylfurfural (HMF), and Acetate Detoxification Methods 

Pretreatment techniques aimed at reducing inhibitor concentrations have been thoroughly 

researched at the laboratory- and pilot plant-scale. Chemical treatments include use of the 

reducing agents dithionite, dithiothreitol, or hydrogen sulfite (Alriksson et al., 2011; 

Soudham et al., 2011) and alkaline treatment (overliming) with calcium hydroxide, 

sodium hydroxide, or ammonium hydroxide (Alriksson et al., 2005; Mohagheghi et al., 

2006). Alriksson et al. (2011) showed reducing agent treatment with a small amount of 

dithionite improved ethanol yields from dilute sulfuric acid with steam pretreated spruce 

wood chips and sugarcane bagasse of 76% and 61%, respectively, although the 

concentrations of furfural, HMF, and acetic acid were not significantly decreased. The 

beneficial effect was due to improvement in hydrolysis efficiency (Alriksson et al., 

2011). Millati et al. (2002) showed overliming significantly reduced furfural and HMF 

concentrations but acetic acid levels remained unchanged. Mild alkaline deactylation has 

also been studied, with a 70% reduction in acetic acid from dilute acid pretreated corn 
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stover (Shekiro III et al., 2016). Liquid-liquid extraction methods include use of ethyl 

acetate or trialkylamine (Cantarella et al., 2004; Zhu et al., 2011). Ethyl acetate 

extraction almost completely removes acetic acid but is likely a cost-prohibitive option 

(Aghazadeh et al., 2016; Kim, 2018). Zhu et al. (2011) used a mixture of trialkylamine, 

n-octanol, and kerosene to remove 100% of furfural, 45% of HMF, and 73% of acetic 

acid from sulfuric acid pretreated corn stover. Activated carbon and ion exchange are two 

liquid-solid extraction methods (Berson et al., 2005; Nilvebrant et al., 2001). Activated 

carbon treatment of steam pretreated hardwoods was effective at removal of phenolic 

inhibitors but only moderately effective at furfural (5.5 to 3.8 g/l) and acetic acid (9.5 to 

7.0 g/l) removal (Kim et al., 2013). Anion exchange resins decreased furfural up to 38%, 

HMF 29%, and acetic acid 72% in dilute acid pretreated spruce (Horváth et al., 2004). 

Organic membrane extraction with 15% alamine 336 in octanol removed 47% furfural, 

94% HMF, and 97% acetic acid in dilute acid pretreated corn stover (Grzenia et al., 

2012).  

 

The major drawback to chemical detoxification is the additional processing cost; 

additional waste streams can also be generated (Pienkos and Zhang, 2009). Biological 

detoxification, in which a detoxifying microbe catabolizes inhibitors to remove them 

from the hydrolysate, has received attention as an alternative method, offering the 

advantages of mild process conditions and potentially lower cost (Lopez et al., 2004; Cao 

et al., 2013). The two major disadvantages are slow process time and sugar consumption 
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by the detoxifying strain (Jönsson and Martín, 2016). While acetate can be catabolized by 

most microbial species, most species do not possess furfural or HMF catabolic pathways. 

Larsson et al. (1999) found the fungus Trichoderma reesei could consume the furans as 

well as many phenolic inhibitors. Detoxification with T. reesei was, along with calcium 

hydroxide overliming, laccase treatment, and anion exchange, one of the most effective 

treatments in removing the furans and phenolic compounds, as well as acetic acid, from 

dilute acid spruce hydrolysate (Larsson et al., 1999). Nichols et al. (2005) identified a 

strain of the fungus Coniochaeta ligniaria that can catabolize and completely remove 

furfural and HMF from pretreated corn stover hydrolysate. Various Coniochaeta and 

Lecythophora species could also catabolize the lignocellulosic hydrolysate inhibitors 

levulinic acid and p-hydroxybenzaldehyde (Nichols et al., 2005). Sugar consumption by 

C. ligniaria is one problem that would need to be addressed for its utilization (Nichols et 

al., 2005; Cao et al., 2013). Schneider (1996) engineered a strain of S. cerevisiae with 

gene knockouts in hexokinase I, hexokinase II, and glucokinase I in order to eliminate 

glucose and mannose consumption and to focus catabolism to acetic acid by reducing 

glucose catabolite repression of secondary carbon sources induced by hexokinase II. Xia 

et al. (2012) engineered a ptsG manZ glk crr xylA araA Escherichia coli strain to 

eliminate consumption of glucose, xylose, and arabinose and increase catabolism of 

acetate. In both Schneider (1996) and Xia et al. (2012) sugar consumption was not 

completely eliminated, showing further study and modifications are required. Another 

strategy is to use microorganisms that natively cannot consume the primary sugars of 
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cellulose (glucose) and hemicellulose (primarily glucose, xylose, galactose, arabinose, 

and mannose). Wierckx et al. (2010) identified the bacterium Cupriavidus basilensis 

HMF14, which cannot consume glucose, xylose, arabinose, or mannose but can 

catabolize furfural and HMF, making it an attractive candidate detoxifying strain. 

 

Engineering tolerance in the fermentative strain is another strategy to deal with the 

inhibitors. Engineering tolerance to the furans usually involves improving or 

overexpressing reductases that reduce furfural and HMF to their less toxic respective 

alcohols or dehydrogenases that oxidize them to their less toxic respective acids, as well 

as redox state engineering to deal with the subsequent redox imbalance (covered in 

Chapter 2; Heux et al., 2006; Heer et al., 2009; Ask et al., 2013). Due to the complexity 

of acetate metabolism, many options for engineering acetate tolerance have been 

explored (covered in Chapter 3). Similar to laboratory directed evolution to improve 

tolerance, adaptation by re-inoculation of the fermentative strain to successive real-world 

hydrolysates is another employed strategy (Amartey and Jeffries, 1996; Silva and 

Roberto, 2001; Sene et al., 2001). 

 

1.4 Dissertation Synopsis  

To engineer furfural and HMF degradation, the genome of a novel Pseudomonas putida 

isolate ALS1267, recently characterized for its robust growth on furfural and HMF (Lee 

et al., 2016), was sequenced and the pathway cloned. Additionally, to study engineering 
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furfural and HMF tolerance, the putative furfural/HMF dehydrogenase and furfuryl 

alcohol/HMF alcohol dehydrogenase genes from P. putida ALS1267 were cloned and 

characterized. To find engineering targets for increasing catabolism and tolerance to 

acetate, screening E. coli genomic libraries for improved growth on highly inhibitory 

acetate concentrations was employed. To further the field of engineering a detoxifying 

strain that cannot consume glucose, glucose minus revertants from one such strain (a 

ptsG manZ glk E. coli strain) were identified, characterized, and an additional gene 

knockout made to improve the strain.  
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CHAPTER 2. SEQUENCING, CLONING, AND CHARACTERIZATION  

OF THE FURFURAL CATABOLIC PATHWAY OF NOVEL  

ISOLATE PSEUDOMONAS PUTIDA ALS1267 

 

 

Parts of this chapter have been published in Applied Biochemistry and Biotechnology: 

 

Lee SA, Wrona LJ, Cahoon AB, Crigler J, Eiteman MA, Altman E. 2016. Isolation and 

characterization of bacteria that use furans as the sole carbon source. Appl Biochem 

Biotechnol. 178:76-90. 

 

Manuscript in preparation: 

 

Crigler J, Eiteman MA, Altman E. Sequencing and cloning the furfural catabolic 

pathway from the novel isolate Pseudomonas putida ALS1267.
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2.1 Abstract 

 

Gene assignments for the aerobic bacterial catabolism of furfural and 5-

hydroxymethylfurfural (HMF) have been made in two species, Pseudomonas putida Fu1 

and Cupriavidus basilensis HMF14. A third furfural- and HMF-metabolizing strain, P. 

putida ALS1267, was recently characterized. In this work, the genome of P. putida 

ALS1267 was sequenced. In one contiguous 18 kb sequence, P. putida ALS1267 

contained homologs of each gene in each furfural and HMF cluster of P. putida Fu1 and 

C. basilensis HMF14 excluding HMF acid oxidase (hmfH) and an unessential gene 

hmfH'. The 18 kb pathway was cloned into P. putida KT2440, which cannot metabolize 

the furans, enabling growth on furfural as the sole carbon source at 0.34/h. The clone was 

not able to metabolize HMF, most likely due to the lack of hmfH. No putative HmfH 

ortholog in P. putida ALS1267 was identified but candidate genes for this function were 

found. Additionally, the putative furfuryl alcohol/HMF alcohol dehydrogenase (PsfG) 

and furfural/HMF dehydrogenase (PsfA) of P. putida ALS1267, previously identified in 

P. putida Fu1, were cloned to test for conferrance of furfural and HMF tolerance. Neither 

a psfA, psfG, nor psfGA clone improved tolerance to furfural, furfuryl alcohol. The 18 kb 

furfural cluster clone improved tolerance to furfuryl alcohol but not furfural. 

 

2.2 Introduction 

 

Furfural and 5-hydroxymethylfurfural (HMF) occur in soils, generated abiotically via 

sugar dehydration (Huber et al., 2010; Cheshire et al., 1992). They also are human-made, 
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from biomass treatments that include burning or acid (Zeitsch, 2000; Christian et al., 

2003). The list of species known to catabolize furfural and other furans is small (Wierckx 

et al., 2011), but this is a reflection on the amount of study it has been given, as these 

organisms are expected to be found ubiquitously in decaying plant matter. The interest in 

the study of microbial degradation of furans arises from the presence of furfural and 

HMF in pretreated lignocellulosic biomass for green fuel production, which if over a 

certain concentration can become inhibitory to the fermentative microorganism, resulting 

in lower yields of ethanol or other fuels. Additionally, an HMF intermediate, 2,5-furan-

dicarboxylic acid (FDCA), can be used as a platform chemical in polyester production, 

and research into producing it biologically as a green alternative is underway (Koopman 

et al., 2010; Hossain et al., 2017; Yang and Huang, 2017; Karich et al., 2018; Yuan et al., 

2018). 

 

Aerobic bacterial furfural and HMF degradation converge at the 2-furoic acid pathway, 

which proceeds via CoA intermediates (Figure 2.1) (Koenig and Andreesen, 1990; 

Koopman et al., 2010; Trudgill, 1969). 2-furoic acid is first converted to 2-furoyl-CoA by 

furoyl-CoA synthetase (HmfD) and then is hydroxylated to 5-hydroxy-2-furoyl-CoA by 

furoyl-CoA dehydrogenase, formed from the subunits HmfABC (Koenig and Andreesen, 

1989; Koopman et al., 2010). After tautomerization of 5-hydroxy-2-furoyl-CoA to the 

keto form, the lactone is hydrolyzed to 2-oxoglutaroyl-CoA either spontaneously or by an 

unidentified enzyme (Koopman et al., 2010). A tautomerization to the keto form of 2-

oxoglutaroyl-CoA occurs, and it is then hydrolyzed by HmfE to produce the TCA cycle 

intermediate 2-oxoglutarate (alpha-ketoglutarate) (Koopman et al., 2010).  
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Figure 2.1. Furfural and HMF degradation pathway 
Adapted from Koopman et al. (2010), Nichols et al. (2008), and Wiercke et al. (2011). The "upper 
pathway" reactions, the pathways leading to 2-furoic acid, are highlighted in blue. 
1 HmfH performs this step in C. basilensis HMF14 in a reaction requiring O2 (Koopman et al., 2010).
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In the "upper pathway" reactions, furfuryl alcohol and HMF alcohol, also called furan 

dimethanol or 2,5-bis(hydroxymethyl)furan, are oxidized to furfural and HMF, 

respectively. Furfural is oxidized directly to 2-furoic acid, and HMF is converted to 2-

furoic acid (hereafter called furoic acid) in a three step pathway, first via oxidation to 

HMF acid by either HmfH in a reaction requiring oxygen or by a nonspecific aldehyde 

dehydrogenase, then oxidation to 2,5-furan-dicarboxylic acid (FDCA), catalyzed by 

HmfH, and then decarboxylation to furoic acid by HmfFG (Koopman et al., 2010). In 

Methylovorus sp. strain MP688, HMF conversion to FDCA proceeds via 5-formyl-2-

furancarboxylic acid (FFA), also performed by an oxidase, HMFO (Dijkman and Fraaije, 

2014). HmfH can perform each of the four upper pathway oxidations (Koopman et al., 

2010). Similarly, HMFO has a wide substrate range, including HMF but not furfural 

(Dijkman and Fraaije, 2014). Additionally, the host into which the pathway has been 

previously cloned (P. putida S12), which cannot metabolize the furans, possesses native 

furfuryl alcohol, furfural, HMF alcohol, and HMF oxidation ability (Koopman et al., 

2010). In Pseudomonas putida Fu1, an alcohol dehydrogenase (PsfG) and an aldehyde 

dehydrogenase (PsfA) were found in the furoic acid sequence cluster (Nichols et al., 

2008). They were shown to be induced by furoic acid but their roles in the upper pathway 

reactions were not investigated. 

 

Recently, a novel strain, P. putida ALS1267, was isolated from a wastewater treatment 

facility, selected and characterized for its robust growth on furfural as a sole carbon 

source (Table 2.1 and Figure 2.2) (Lee et al., 2016).  When compared to two of the 
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Table 2.1. Furfural dehydrogenase activity measured from whole cell extracts 
       
 

Strain     Furfural dehydrogenase  
     activity (mIU/mg)  
 

 
E. coli MG1655   0.0 ± 0.4 
   
P. putida KT2440   72 ± 12  
       
B. phytofirmans PsJN   26 ± 12 
 
ALS1131    0.8 ± 0.2 
 
ALS1172    1.0 ± 04 
 
ALS1267    170 ± 59 
 
ALS1279    2.1 ± 1.6  
  
ALS1280    2.3 ± 1.4 
  
From Lee et al. (2016). ALS1131, 1172, 1267, 1279, and 1280 were isolated from wastewater treatment 
facilities and selected for growth on furfural as the sole carbon source. ALS1131 was identified as 
Pseudomonas mendocina, ALS1172 Pigmentiphaga spp., ALS1267 Pseudomonas putida, ALS1279 
Pseudomonas spp. BWDY9, and ALS1280 Cupriavidus pinatubonensis.
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Figure 2.2. Growth of P. putida ALS1267 compared to four other isolates that can 
metabolize furfural as the sole carbon source 
From Lee et al. (2016). Bioreactor experiments were performed in 9 mM minimal furfural medium as 
described in Lee et al. (2016). ● is optical density, U is furfural concentration, and � is furoic acid 
(furoate) concentration.
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available, characterized aerobic furfural-metabolizing species, P. putida Fu1 and 

Burkholderia phytofirmans PsJN, P. putida ALS1267 had a 2-fold and 3-fold higher 

tolerance and a 170-fold and 6-fold higher furfural oxidation rate, respectively. It also 

metabolized HMF at a high rate. In this work, the genome of P. putida ALS1267 was 

sequenced and the pathway cloned into the heterologous host P. putida KT2440. 

 

Furfural and HMF are toxic compounds at a high enough concentration, the amount 

depending of course on species and strain. Furfuryl alcohol and HMF alcohol are less 

toxic than furfural and HMF (Table 2.2). Additionally, furoic acid is less inhibitory than 

furfuryl alcohol. Many organisms that cannot metabolize furfural or HMF, including 

Escherichia coli, Corynebacterium glutamicum, and Saccharomyces cerevisiae, have 

nonspecific dehydrogenases that reduce furfural and HMF to their respective alcohols 

and/or oxidize them to their respective acids to detoxify them (Boopathy et al., 1993; 

Gutiérrez et al., 2002; Taherzadeh et al., 1999; Tsuge et al., 2014). Thus it was 

investigated if cloning either the putative furfural/HMF dehydrogenase or furfuryl 

alcohol/HMF alcohol dehydrogenase of P. putida ALS1267 would confer tolerance to 

furfural and HMF. 
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Table 2.2. Inhibition of furfural, furoic acid, and furfuryl alcohol 
 
 

Strain      mM Furfural       mM Furoic acid       mM Furfuryl 
                alcohol  
 

 
P. putida KT2440    22           > 100           50 
           
P. aeruginosa PAO1    18           > 100            46 
 
E. coli MG1655    44           > 100           64 
  
Numbers listed are mM furfural, furoic acid, or furfuryl alcohol in LB medium that lead to an OD600 of less 
than 0.05 after 24 h of growth. Inoculation was done at a 1/200 dilution from LB overnight cultures. 
Furfural, furoic acid, and furfuryl alcohol stocks were at pH 7.0. Measurements done in 2 mM increments. 
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2.3 Materials and Methods 

 

2.3.1 Bacterial strains and growth conditions 

Bacterial strains used in this study are listed in Table 2.3.  Lysogeny broth (LB) was used 

for rich culture and MM minimal medium used was M9 medium (Miller, 1972) 

supplemented with (in mg/L): 35 (NH4)6Mo7O24·4H2O, 247 H3BO3, 71 CoCl2, 24 CuSO4, 

158 MnCl2, 28 ZnSO4, and 13 FeSO4·7H2O. All Pseudomonas spp. and B. phytofirmans 

PsJN were grown at 30ºC. E. coli MG1655 and S. enterica LT2 were grown at 37ºC. 

When cloned with the furfural degradation pathway from P. putida ALS1267, P. putida 

KT2440 and P. aeruginosa PAO1, E. coli MG1655, and S. enterica LT2 were tested at 

both 30 and 37ºC. Furoic acid, furfural, and HMF stocks were at pH 7.0 and added to 

MM medium at 10 mM as indicated. 40 µg/ml kanamycin was used in rich media for 

selection of all bacterial strains used with kanamycin-resistant plasmids. In MM minimal 

media, 40 µg/ml kanamycin was used for Pseudomonas spp. and 20 µg/ml for E. coli and 

S. enterica. Tetracycline was used at 40 µg/ml in rich and minimal medium for all 

Pseudomonas spp. containing tetracycline-resistant plasmids. 

 

2.3.2 Genome sequencing and identification of the furfural degradation pathway of 

P. putida ALS1267 

A Nextera XT paired-end library of P. putida ALS1267 gDNA was sequenced on a 

MiSeq system using the MiSeq v2 500 Cycle Reagent Kit. CLC Genomics Workbench 

version 10.1.1 was used for de novo assembly. The three previously identified operons 

involved in furoic acid, furfural, and/or HMF metabolism, EU290170, GU556182, and  
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Table 2.3. Bacterial strains used in this study 
 
 

Strain        Reference 
 

 
P. putida ALS1267       Lee et al., 2016 
 
E. coli MC1061 (DSM-7140)     Laboratory stock 
 
P. putida KT2440 (DSM-6125)    Trevisan, 1889 
 
P. putida KT2440-pBBR1MCS(Kan)'fur   This study 
 
P. aeruginosa PAO1 (DSM-22644)    Schroeter, 1872 
 
P. aeruginosa PAO1-pMP220'fur    This study 
 
E. coli MG1655 (DSM-18039)    Guyer et al., 1981 
 
E. coli MG1655-pBBR1MCS(Kan)'fur   This study 
 
S. enterica LT2 (DSM-17058)    Le Minor and Popoff, 1987 
 
S. enterica LT2-pBBR1MCS(Kan)'fur   This study 
 
P. putida Fu1 (DSM-6384)     Koenig and Andreesen, 1989 
            
B. phytofirmans PsJN (DSM-17436)    Sessitsch et al., 2005 
 
P. putida KT2440-pBBR1MCS(Kan)'psfGAB  This study 
 
P. putida KT2440-pBBR1MCS(Kan)'psfA-P   This study 
 
P. putida KT2440-pBBR1MCS(Kan)'psfA   This study 
 
P. putida KT2440-pBBR1MCS(Kan)'psfG   This study 
 
P. putida KT2440-pBBR1MCS(Kan)'psfGA   This study  
 
'fur contains hmfABCDEIFT-psfGAB-hmfG-hydrolase-psfD-araC from P. putida ALS1267. 'psfGAB 
contains hmfIFT-psfGAB. 'psfA-P contains psfA with the native hmfA promoter. Control strains of each 
wild-type parent were also made containing the respective empty cloning vector. 



 

GU556183, were used for bla  stn searches of P. putida ALS1267 contigs. Contigs were 

annotated using both Prokka v1.12 and RAST v1.0.1, using the KBase platform.  

 

2.3.3 Cloning the furfural degradation pathway and putative furfural/HMF 

dehydrogenase and furfuryl alcohol/HMF alcohol dehydrogenase of P. putida 

ALS1267 

E. coli MC1061 (DSM-7140), a high transformation efficiency strain, was used for all 

intermediate cloning transformations. A clone in pBBR1MCS-3 and a kanamycin-

resistant derivative of pBBR1MCS-3, designated pBBR1MCS(Kan), was constructed 

containing P. putida ALS1267 genes hmfABCDEIFT-psfGAB-hmfG-hydrolase-psfD-

araC, along with 142 bp upstream of hmfA and 38 bp downstream from araC, abbreviated 

'fur. A BglII BsrGI AscI SpeI restriction enzyme linker sequence was first added to 

pBBR1MCS-3 using the primers (forward primer abbreviated "F", reverse primer 

abbreviated "R", and, if applicable, the restriction enzyme(s) used in parentheses and 

restriction site(s) underlined in the primer sequence) F(XbaI BglII BsrGI AscI SpeI 

Kpn1): 5'-

AAGAAGATTCTAGAAGATCTTTGCTAGCTGTACAAACTTAAGGGCGCGCCAA

ATGCATACTAGTGGTACCAAGAAGAA-3' and R(KpnI SpeI AscI BsrGI BglII 

XbaI): 5'-

TTCTTCTTGGTACCACTAGTATGCATTTGGCGCGCCCTTAAGTTTGTACAGCT

AGCAAAGATCTTCTAGAATCTTCTT-3' by boiling and then cooling to anneal the 

two primers and then cloning the restriction enzyme linker into pBBR1MCS-3 with XbaI 
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and Kpn1.The kanamycin resistance gene kanR from Tn5 was cloned into the NheI site 

of pBBR1MCS-3 using F(NheI): 5'-

AATCAACTGCTAGCCAAGCGCAAAGAGAAAGCAG-3' and R(NheI): 5'-

TCAACTAAGCTAGCGCTCAGAAGAACTCGTCAAG-3'. The 'fur clone was 

constructed in a three step PCR cloning using native BsrGI and AscI restriction enzyme 

sites in the insert, using the primers: 'furF1(BglII): 5'-

TTCTTCTTAGATCTCTGTCCTGAAAATCAGACGC-3', 'furR1: 5'-

TTTCTTCTTCTTTCAAAGGTTTTGCGCTACGTGG-3', 'furF2: 5'-

CGAAGACTTTTCACTGCTGC-3', 'furR2: 5'-TGTTGTTGCGCACGATATCC-3', 

'furF3: TTTCTTCTTCTTTCAGATCGTCAACATTGCCTCG-3', and 'furR3 (SpeI): 

5'-TTCTTCTTACTAGTTGGGATAGTTGCCCAATACC-3'. 'fur was subcloned into 

pMP220 for replication in P. aeruginosa PAO1, with the BglII site of pMP220 first 

removed using Klenow and then self-ligating the vector.  

 

hmfABCDE appears expressed as a single unit, driven by the promoter of hmfA. There are 

intergenic sequences with possible promoters upstream of hmfI, hmfF, and hmfT. To 

clone psfG and psfA without hmfABCDE in a construct that could potentially be 

expressed by a native promoter as well as by the lac promoter of pBBR1MCS(Kan), a 

construct containing 158 bp upstream of the hmfI up until the start of psfC was 

constructed, containing hmfIFT-psfGAB, abbreviated 'psfGAB, using F(KpnI): 5'-

AACAACAAGGTACCAACGGTGTGCGCCCCTA-3' and R(XbaI): 5'-

TTCCTTCCTCTAGATGCGGCCGGCTATTACC-3'. 
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psfA was cloned with the hmfA promoter added to pBBR1MCS(Kan), abbreviated 'psfA-

P. The primers to add the hmfA promoter were F(KpnI): 5'-

ATATATATATATATATATATATTGGTACCCTGTCCTGAAAATCAGACGC-3' and 

R(SpeI): 5'-

TTAATTAATCTAGAAAATTTACTAGTATACGCGGCTCTTGTTGTTATAC-3'. 

psfA was added to that construct with F(SpeI): 5'-

ATATATATATACTAGTGATTCAAGGAGGACTCATGC-3' and R(XbaI): 5'-

TTAATTAATTTCTAGAAATACTTCAGATGGCGCAGC-3'. psfA was cloned with its 

native ribosomal binding site (RBS) by including 23 bp upstream of the start codon, with 

expression driven by the lac promoter of the pBBR1MCS(Kan), designated 'psfA, using 

F(KpnI): 5'-TACTATGGTACCCCCATTGATTCAAGGAGGAC-3' and R(XbaI): 5'-

AGAGAGTCTAGACTCTTCATAGAGGCAGGTGA-3'. 

 

psfG and psfGA were cloned to include the native RBS of psfG, with 44 bp upstream of 

psfG, designated 'psfG and 'psfGA, respectively. 'psfG was cloned with F(KpnI): 5'-

TAATATGGTACCTGATTCCGGAAACCCAAGGC-3' and R(XbaI): 5'-

TAGAGATCTAGAAGCGGTCCATTGTCCATCGA-3'. 'psfGA was cloned with the 

same forward primer as 'psfG and the reverse primer (XbaI): 5'-

TAGAGATCTAGACCTCTTCATAGAGGCAGGTG-3'. 

 

Samples of P. putida KT2440 transformed with 'psfGAB, 'psfA-P, 'psfA, 'psfG, and 'psfGA 

for SDS-PAGE were grown in LB kanamycin medium with 1 mM IPTG, as well as in the 
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same medium with 10 mM furoic acid added, which has been shown to induce the furoic 

acid pathway as well as psfG and psfA (Nichols et al., 2008).  

 

2.3.4 Growth rate experiments 

Growth rate experiments were performed by washing rich overnight cultures twice in 

MM with no carbon source, normalizing the inoculation volume by OD600 readings, and 

diluting 1/200 in 5 ml of the indicated growth medium. Growth rates of the 'fur clone in 

P. putida KT2440, P. aeruginosa PAO1, E. coli MG1655, and S. enterica LT2 were 

performed in MM medium with the carbon source listed at 10 mM, with the appropriate 

antibiotic. 'fur clones were also tested in the same medium without antibiotic selection. 

Cultures were grown with continuous shaking. Growth rate was calculated as the slope of 

the plot of the time in hours versus the natural logarithm of the OD600 reading.  

 

2.3.5 Furfural, furoic acid, and HMF tolerance experiments  

'psfGAB, 'psfA-P, 'psfA, 'psfG, and 'psfGA clones were grown in LB medium with, in 1 

mM increments, 12 - 26 mM furfural, 44 - 60 mM furfuryl alcohol, and 14 - 30 mM 

HMF with kanamycin and 1, 0.5, or 0.05 mM IPTG. OD600 readings were taken after 24 

hours of growth, and inhibition was defined as the lowest concentration that yielded an 

OD600 of 0.050 or lower.  
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2.4 Results  

 

2.4.1 Furfural pathway identification 

The furfural catabolic pathway of P. putida ALS1267 was found in one contiguous 

18,057 bp sequence (to be added to the Genbank database after a patent submission) 

(Table 2.4 and Figure 2.3).  Two coverage gaps of approximately 700 and 300 bp were 

filled using PCR and conventional sequencing (data not shown). The pathway contained 

each gene in the Nichols et al. (2008) sequence cluster EU290170 from P. putida Fu1 in 

the same order and orientation with an average protein identity of 96% over the sequence 

lengths stated in Table 2.4. These genes were: psfGABC, hydrolase, psfD, and araC. It 

also contained each gene in the Koopman et al. (2010) furoic acid pathway sequence 

cluster GU556182 from Cupriavidus basilensis HMF14: hmfR2, hmfABCDE, and hmfT2, 

with hmfABCDE in the same order. The name msf1 in GU556182 was changed to hmfT2 

by the research group in Wierkcz et al. (2016). The average protein identity was 61% for 

all seven genes and 65% for hmfABCDE. The second C. basilensis HMF14 sequence 

cluster (GU556183) from Koopman et al. (2010) contains the HMF catabolic genes 

hmfFGH, the LysR regulator hmfR1 and putative major facilitator superfamily (msf) 

transporter hmfT1 that are highly homologous to hmfR2 and hmfT2 in the furoic acid 

sequence, respectively, and the uncharacterized gene hmfH'. As there are two msf 

transporters in the C. basilensis HMF14 clusters and only one in the P. putida ALS1267 

cluster, the msf transporter was designated hmfT, although it had a closer identity to 

hmfT2 than hmfT1. The P. putida ALS1267 cluster contained hmfF and hmfG at 72% and 

57% protein identity, respectively, but not hmfH or hmfH'. In this cluster P. putida  
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Table 2.4. P. putida ALS1267 furfural cluster: protein functions and protein identity 
to other furfural- and HMF-degrading species 
 
 

Protein Function                   Identity1 
 

 
HmfA  Furoyl-CoA dehydrogenase, large subunit           63% (632/1000) 
 
HmfB  Furoyl-CoA dehydrogenase, FAD-binding subunit          57% (154/270) 
 
HmfC  Furoyl-CoA dehydrogenase, 2Fe-2S iron sulfur subunit    69% (115/166) 
 
HmfD  Furoyl-CoA synthetase             60% (301/501) 
 
HmfE  2-oxoglutaroyl-CoA hydrolase            77% (201/260) 
 
HmfI  Putative transporter              none 
 
HmfF  2,5-furan-dicarboxylic acid decarboxylase 1           72% (351/486) 
 
HmfT  Msf transporter              70% (291/413) 
 
PsfG  Putative furfuryl alcohol/HMF alcohol dehydrogenase      98% (249/252) 
 
PsfA  Putative furfural/HMF dehydrogenase           96% (463/480) 
 
PsfB (HmfR1/ LysR positive regulator             96% (306/317)  
HmfR2) 
 
PsfC (HmfG) 2,5-furan-dicarboxylic acid decarboxylase 2                   98% (202/206)  
 
Hydrolase Putative 2-oxoglutaroyl-CoA hydrolase2            93% (243/259) 
 
PsfD  Putative furoyl-CoA dehydrogenase accessory factor         96% (312/323) 
 
AraC  AraC-type transcriptional regulator             97% (278/284) 
 
Gene assignments from Koopman et al. (2010) and Wierkcz et al. (2016) and adapted from Nichols et al. 
(2008). hmfT is called msf1 in Koopman et al. (2010) operon GU556183 but was renamed hmfT1 by 
Wierckx et al. (2016). HmfT also has 58% identity to HmfT2, which was originally also named msf1 in 
Koopman et al. (2010) cluster GU556182. HmfR1 and HmfR2 from GU556183 and GU556182, 
respectively, are 61% (182/298) and 48% (82/171) identical to PsfB of P. putida Fu1 (cluster EU290170). 
HmfG from GU556183 is 56% (108/192) identical to PsfC of P. putida Fu1 and is 57% (105/184) identical 
to it in P. putida ALS1267. 
1 Protein identity of HmfABCDEFT to C. basilensis HMF14 (Koopman et al., 2010) and PsfGAB-HmfG-
hydrolase-PsfD-araC to P. putida Fu1 (Nichols et al., 2008).2 No experimental evidence. 



 
 
 
 

 
 
 
Figure 2.3. Organization of the furfural cluster of P. putida ALS1267 and comparison to clusters in C. basilensis 
HMF14 and P. putida Fu1
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ALS1267 had one gene that encodes a putative sodium:solute symporter that has little 

sequence identity to hmfT1, hmfT2, or hmfH'. It is not present in P. putida KT2440 

[closest protein identity match 27% (101/375)]. As neither the genome of C. basilensis 

HMF14 nor P. putida Fu1 is available, it is not known if it is present in those species. It 

was designated hmfI.  

 

The furoic acid, furfural, and HMF clusters previously sequenced in C. basilensis 

HMF14 and P. putida Fu1 contain two genes in common, both found in the P. putida 

ALS1267 furfural cluster. The LysR regulator psfB in P. putida Fu1 has 61% and 48% 

protein identity to hmfR2 and hmfR1 of C. basilensis HMF14, respectively. In this paper 

it is called psfB. The P. putida Fu1 sequence also contains psfC, one of the two FDCA 

decarboxylases of C. basilensis HMF14, hmfG. In this paper it is called hmfG. 

 

2.4.2 Cloning the furfural degradation pathway of P. putida ALS1267 

The entire 18,057 bp pathway, genes hmfA through araC, along with the promoter of 

hmfA, was cloned into P. putida KT2440 and growth rate experiments were performed in 

minimal furfural, furoic acid, and HMF medium. It was found that the control strains P. 

putida KT2440 and P. aeruginosa PAO1 with the empty cloning vectors pBBR1MCS-3 

and pMP220, respectively, could grow in MM-furoic acid, -furfural, and -HMF (with 

tetracycline) medium (data not shown). Subsequent experiments showed P. putida 

KT2440-pBBR1MCS-3 and P. aeruginosa PAO1-pMP220 grew in MM medium with 

tetracycline as the sole carbon source, but not furoic acid, furfural, or HMF as sole carbon 

source without tetracycline (data not shown). Wild-type P. putida KT2440 and P. 
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aeruginosa PAO1 without the vectors could not grow in MM with tetracycline as the sole 

carbon source. Because of this, the kanamycin resistance gene from Tn5 was cloned into 

the middle of the tetracycline resistance gene using the NheI restriction site in the 

pBBR1MCS-3 vector, called pBBR1MCS(Kan), and in the 'fur clone in pBBR1MCS-3. 

The pBBR1MCS(Kan) empty vector did not confer tetracycline resistance, nor could P. 

putida KT2440 nor P. aeruginosa PAO1 transformed with it then grow on tetracycline as 

the sole carbon source (data not shown). pMP220'fur in P. aeruginosa PAO1 was grown 

without tetracycline selection for the growth rates listed in table 2.5. 

pBBR1MCS(Kan)'fur clones were grown in MM-furoic acid, -furfural, and -HMF with 

and without kanamycin selection, and their respective growth rates were not significantly 

different. The growth rates in Table 2.5 are in the pBBR1MCS(Kan)'fur clones grown 

with kanamycin. P. putida KT2440-pBBRMCS-3'fur, P. putida KT2440-

pBBR1MCS(Kan)'fur and P. aeruginosa PAO1-pMP220'fur each grew in MM-furfural 

without antibiotic selection. Samples were taken out and streaked on LB plates 

containing the respective antibiotic. Plasmid mini preps were made, digested with SpeI, 

and run on a gel with the respective digested 'fur vector controls, showing the respective 

intact 'fur construct in each was retained under furfural selection. The strains were grown 

in LB medium with no antibiotic for one day, transferred to fresh medium for a second 

day, and LB-streaked colonies of 5 of each screened for loss of the 'fur clone construct. 

After 2 days of curing, the 'fur plasmid was lost in each 5 of the three strains. 

 

The 'fur clone in P. putida KT2440 enabled it to grow on MM-furoic acid with a growth 

rate of 0.566/h and MM-furfural at 0.34/h (Table 2.5). 'fur did not enable P. putida
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Table 2.5. Growth rates (in /h) of furfural pathway clone ('fur) in MM-furoic acid, -
furfural, and -HMF  
          
 

Strain    Furoic Acid  Furfural  HMF  
 

 
P. putida ALS1267   0.684   0.250   0.311 
 
P. putida KT2440  NG   NG   NG  
 
P. putida KT2440'fur  0.566   0.340   NG 
 
P. aeruginosa PAO1  NG   NG   NG 
 
P. aeruginosa PAO1'fur 0.523   0.312   NG 
 
E. coli MG1655  NG   NG   NG 
 
E. coli MG1655'fur  NG   NG   NG 
 
S. enterica LT2  NG   NG   NG 
 
S. enterica LT2'fur  NG   NG   NG 
 
P. putida Fu1   0.139   0.0850   NG 
 
B. phytofirmans PsJN  0.157   0.0597   0.00998 
 
'fur clones all in pBBR1MCS(Kan) vector, except for P. aeruginosa PAO1, which is in pMP220. Growth 
rates were performed with 10 mM of furoic acid (pH 7.0), furfural (pH 7.0), or HMF (pH 7.0) in MM. NG 
= no growth. 
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KT2440 or P. aeruginosa PAO1 to grow on MM-HMF. 'fur in P. aeruginosa PAO1 

enabled it to grow on MM-furoic acid at a growth rate of 0.523/h and MM-furfural at 

0.312/h. Both constructs had higher growth rates at 30°C compared to 37°C (data not 

shown for 37°C). 'fur did not confer growth in any of the three media for E. coli MG1655 

or S. enterica LT2, at 30 or 37°C. Shewanella putrefaciens NRRL B-951 cloned with 'fur 

was able to grow on MM-furfural and -FA, but not MM-HMF (data not shown).  

 

It was found that transformation of the Pseudomonas spp. used in this study with the 

large (23 - 28 kb) 'fur plasmid constructs using standard electrocompetent cell 

preparation protocols always resulted in degraded plasmids. Thus it is worthwhile to note 

which preparation worked for both strains. For P. putida KT2440, cells were grown to 

late stationary phase, to an OD600 of  > 2.0, and washed twice in room temperature 

magnesium electroporation buffer (Dennis and Sokol, 1995), containing 1 mM HEPES 

and 1 mM MgCl2 at pH 7.0. Cell were pelleted in a microcentrifuge for 30 s at 13,000 

rpm. The same protocol was used for P. aeruginosa PAO1, except 300 mM sucrose, pH 

7.0, was used. Electrotransformation was done with the preset Pseudomonas aeruginosa 

2.5 kV protocol on a BioRad Gene Pulser Xcell system. SOC medium and cuvettes were 

at room temperature. Outgrowth was done for 2 hours at 30°C. 

 

2.4.3 Homology to other species 

From a blastn search, two species contained the entire 18 kb furfural cluster of P. putida 

ALS1267, from hmfA to the araC regulator in the same order and orientation. 

Pseudomonas umsongensis strain BS3657 (LT629767) had 95% DNA identity 
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(16987/17932) and Pseudomonas sp. A3(2016) (CP014870) 94% DNA identity 

(16913/17938). Pseudomonas stutzeri strain 28a24 (CP007441) contained every gene in 

the cluster except hmfI and hmfT. It is not known if P. putida Fu1 contains the other 

genes in the cluster, as its genome is not available. Three species, all outside the 

Pseudomonas genus, contained every gene in the cluster except hmfI, hmfT, and the 

hydrolase: Alcanivorax dieselolei B5 (CP003466) from 3148727 - 3180798, a span that 

also contained other genes including a series of TRAP-T family transporters, Bosea sp. 

RAC05 (CP016464) from 1136359 - 1148911, and one in a plasmid in Dinoroseobacter 

shibae DFL 12 (plasmid pDSHI01, CP000831 from 117527 - 131284).  

 

2.4.4 Furfural, furfuryl alcohol, and HMF tolerance experiments 

None of the psfA, psfG, or psfGA clones ('psfGAB, 'psfA-P, 'psfA, 'psfG, and 'psfGA) in P. 

putida KT2440 showed an improved tolerance to furfural, furfuryl alcohol, or HMF when 

grown with 1 mM, 0.5 mM, or 0.05 mM IPTG (data not shown). 'psfG and 'psfGA clones 

both showed a decreased tolerance to furfuryl alcohol (data not shown). As this was not 

seen when grown in LB-furfural or -HMF (OD600 readings were not significantly 

different than the control strain), this was not due to the energy burden of recombinant 

protein overexpression. 

 

SDS-PAGE of 'psfG and 'psfGA showed a protein band corresponding to the 26 kDa size 

of PsfG (Figure 2.4). PsfA is a 51 kDa protein, and no overexpresson was observed for 

that size in any of the clones. It appears that psfG and psfA are expressed in a single unit, 

so it is believed that PsfA was expressed at least in the 'psfGA construct.  
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Figure 2.4. SDS-PAGE of P. putida ALS1267 psfGAB, psfA-P, psfA, psfGA, and psfG 
cloning constructs in P. putida KT2440 
The psfA-P clone contains the promoter of hmfA inserted upstream of psfA, as described in Methods. 
Samples were grown in LB medium with kanamycin and induced with IPTG to an OD600 of 0.5 - 0.6 and 
normalized by the OD600 reading. 
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2.5 Discussion 

 

Two papers previously identified the gene assignments for the bacterial aerobic 

catabolism of furfural, HMF, and furoic acid in the species P. putida Fu1 and C. 

basilensis HMF14, which are in three distinct sequence clusters (Figure 2.3) (Nichols et 

al., 2008; Koopman et al., 2010). This study shows a third strain, P. putida ALS1267, 

contains every gene except two in each of the three clusters in one contiguous 18 kb 

sequence. When this 18 kb pathway, containing hmfABCDEIFT-psfGAB-hmfG-

hydrolase-psfD-araC, designated 'fur, was cloned into P. putida KT2440, which cannot 

metabolize any of the furans, it enabled fast growth on minimal furoic acid and minimal 

furfural media (Table 2.5). The clone was not able to metabolize HMF. The 18 kb cluster 

did not contain hmfH, encoding HMF acid oxidase (also called furfural/HMF 

oxidoreductase). The clone contained the two other HMF-specific genes, hmfF and hmfG, 

which decarboxylate FDCA to furoic acid. The other gene not present, hmfH', which has 

some sequence identity to a probable extracytoplasmic solute receptor of Ralstonia 

eutropha H16, was shown nonessential in metabolism of the furan compounds (Koopman 

et al., 2010).  

 

The step of conversion of HMF acid to FDCA by HmfH is of special consideration, as 

FDCA is one of the top 12 most potentially valuable biologically produced platform 

chemicals, which can be used as a replacement for terephthalic acid in polyester 

industries (Werpy and Peterson, 2004). Several research groups have advanced biological 

production of FDCA (Koopman et al., 2010; Hossain et al., 2017; Yang and Huang, 
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2017; Karich et al., 2018; Yuan et al., 2018). Due to this interest, and to complete the 

gene assignments of P. putida ALS1267 for HMF catabolism, it was attempted to find the 

gene encoding this activity in the genome assembly annotation. HmfH is a glucose-

methanol-choline (GMC) oxidoreductase family protein. Along with HmfH', HmfH is the 

least conserved protein in both of the C. basilensis HMF14 clusters, in terms of 

homology in other furoic acid-degrading species (Koopman et al., 2010). In species that 

contain the more highly conserved furoic acid pathway, hmfABCDE, as well as hmfFG, 

HmfH protein identity was found from 68 to 43% (Koopman et al., 2010). 

Bradyrhizobium japonicum USDA110 could catabolize HMF and had 45% identity to 

HmfH of C. basilensis HMH14, but Burkholderia xenovorans LB400 had 44% identity 

and could catabolize furfural but not HMF (Koopman et al., 2010). 

 

There are only two matches to HmfH of 20% or greater protein identity over a 300 amino 

acid span or greater in P. putida ALS1267: a predicted glucose-methanol-choline 

oxidoreductase, at 32% (187/581) identity and a predicted choline dehydrogenase at 30% 

(185/606). Both of these proteins are found in P. putida KT2440, choline dehydrogenase 

(NP_742226; 99% (541/548) identity) and oxygen-dependent choline dehydrogenase 

[WP_010955611; 99% (558/565) identity], respectively. Thus, with the hypothesis that 

the lack of HmfH in 'fur is the reason why P. putida KT2440'fur cannot metabolize HMF, 

neither could be the HmfH ortholog. The three next closest matches to HmfH in P. putida 

ALS1267 are only at 21% (59/277), 26% (33/127), and 31% (21/68). The former two are 

found in P. putida KT2440 (GMC family oxidoreductase NP_747223 and dehydrogenase 

NP_743818, respectively). The latter, a predicted glucose-methanol-choline 
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oxidoreductase:NAD binding site, has no ortholog in P. putida KT2440. When searched 

through species possessing the furoic acid pathway there was no correlation, and it was 

not found in the three Pseudomonas spp. that contained all (P. umsongensis strain 

BS3657 and Pseudomonas sp. A3(2016)) or most (P. stutzeri strain 28a24) of the furfural 

cluster of P. putida ALS1267. When HmfH from C. basilensis HMF14 is searched 

through all known proteins in the genus Pseudomonas, there are over 35 species at 44% 

or higher protein identity over a 500 amino acid span, none of which possess the furoic 

acid pathway. The closest two matches were 47% (266/562) identity for glucose 

dehydrogenase (WP_082056588; Pseudomonas sp. 10-1B) and 46% (254/558) identity 

for sorbosone dehydrogenase (WP_032628900; Pseudomonas syringae). The closest 

matches of these two Pseudomonas dehydrogenases in P. putida ALS1267 where to the 

aforementioned predicted GMC oxidoreductases. The likelihood that HmfH is in a gap in 

coverage in the P. putida ALS1267 genome assembly is low, as neither P. umsongensis 

strain BS3657, Pseudomonas sp. A3(2016) nor P. stutzeri strain 28a24 have HmfH 

orthologs over 34% protein identity. The same is true for the three other species that 

possess all genes of the P. putida ALS1267 furfural cluster excluding hmfI, hmfT, and the 

hydrolase (A. dieselolei B5, Bosea sp. RAC05, and D. shibae DFL 12 plasmid pDSHI01, 

although the latter species has been reported to metabolize furfural but not HMF and thus 

was excluded) (Wierckx et al., 2011). It appears that there is no HmfH ortholog in P. 

putida ALS1267. Similarly, candidate orthologs of HMF acid oxidase, HMFO, from 

Methylovorus sp. strain MP688, which converts HMF to FDCA via an FFA intermediate 

instead of an HMF acid intermediate, were identified (Dijkman and Fraaije, 2014). The 

closest matches were to the aforementioned predicted GMC oxidoreductases.  
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To attempt to find a candidate gene for HMF acid oxidation to FDCA and to further study 

the difference between the P. putida ALS1267 and C. basilensis HMF14 HMF pathway, 

a list of species was made that possess the furoic acid pathway, HmfABCDE, as well as 

two of the HMF-specific enzymes, HmfFG, and the presence of putative HmfH orthologs 

was noted (presence of a putative ortholog was defined as having a 44% or greater 

protein identity over 80% or greater of the length of the protein sequence) (Table 2.6).  

HmfH can also carry out each of the four upper pathway oxidations (Koopman et al., 

2010). Neither PsfA (the putative furfural/HMF dehydrogenase) nor PsfG (the putative 

furfuryl alcohol/HMF alcohol dehydrogenase) have any significant sequence identity to 

HmfH. There is no HmfH ortholog in P. putida ALS1267. Wiercke et al. (2016) 

identified an enzyme in C. basilensis HMF14, termed "aldehyde dehydrogenase" (Adh), 

which increased the rate of FDCA formation from HMF when added to a hmfH-hmfT1 

clone. Adh was also shown to increase yield from 5-formylfuran-2-carboxylic acid 

(FFA), which can also be used as a feedstock for FDCA production. C. basilensis 

HMF14 Adh has a 62% (294/477) protein sequence identity to PsfA, with the next closest 

protein match in P. putida ALS1267 at 36% (162/454) and the closest match in P. putida 

KT2440 at 34% (161/476), giving good support to the prediction of PsfA as a HMF (and 

furfural) dehydrogenase. Putative orthologs for HmfH, PsfA, and PsfG were identified in 

the species in Table 2.6. 7 species possessed PsfA and PsfG but not HmfH (all in the 

genera Acidovorax, Bosea, Pseudomonas, and Alcanivorax, as well as one in a plasmid in 

Dinoroseobacteri). 8 species possessed PsfA but not HmfH or PsfG (all in the genera 

Azoarcus, Bordetella, and Rhodopseudomonas, Pelagibaca, as well as one in a plasmid in 
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Table 2.6. HmfH, PsfG, and PsfA orthologs in species with HmfABCDE and 
HmfFG 
 
 

Class1    Order  Species                     Accession  
           Number  
 
 

List 1. Have HmfH ortholog (No PsfG or PsfA orthologs) 
 

 
Beta   Burkholderiales Paraburkholderia phytofirmans PsJN   CP001052.1 
 
Beta   Burkholderiales Paraburkholderia sp. BN5 plasmid pBN1   CP022991.1 
 
Beta   Burkholderiales Paraburkholderia caribensis MBA4     CP012748.1 
    plasmid 
 
Beta   Burkholderiales Burkholderia sp. CCGE1001     CP002520.1 
 
Beta   Burkholderiales Burkholderia sp. CCGE1003     CP002217.1 
 
Beta   Burkholderiales Paraburkholderia fungorum strain    CP010026.1 
    ATCC BAA-463 
 
Beta   Burkholderiales Paraburkholderia hospita strain DSM   CP026107.1 
    17164 
 
Beta   Burkholderiales Paraburkholderia phenoliruptrix BR3459a   CP003864.1 
 
Beta   Burkholderiales Paraburkholderia terrae strain DSM 17804   CP026113.1 
 
Beta   Burkholderiales Paraburkholderia phymatum STM815   CP001045.1 
    plasmid pBPHY01 
 
Beta   Burkholderiales Burkholderia sp. PAMC 26561    CP014307.1 
 
Beta   Burkholderiales Burkholderia sp. PAMC 28687 strain   CP014507.1 
    PAMC28687 
 
Alpha   Rhizobiales  Methylobacterium nodulans ORS 2060   CP001349.1 
 
Alpha   Rhizobiales  Methylobacterium sp. 4-46     CP000943.1 
 
Alpha   Rhizobiales  Bradyrhizobium japonicum strain J5    CP017637.1 
 
Alpha   Rhizobiales  Bradyrhizobium diazoefficiens USDA 110   CP011360.1 
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Table 2.6 continued 
 
Alpha   Rhizobiales  Bradyrhizobium diazoefficiens USDA 110   BA000040.2 
 
Alpha   Rhizobiales  Bradyrhizobium diazoefficiens strain    CP013127.1 
    USDA 122 
 
Alpha   Rhizobiales  Bradyrhizobium diazoefficiens DNA    AP014685.1 
    strain: NK6 
 
Alpha   Rhizobiales  Bradyrhizobium japonicum USDA 6 DNA   AP012206.1 
 
Alpha   Rhizobiales  Bradyrhizobium japonicum SEMIA 5079   CP007569.1 
 
Alpha   Rhizobiales  Bradyrhizobium japonicum strain E109   CP010313.1 
 
Alpha   Rhizobiales  Methylobacterium phyllosphaerae strain   CP015367.1 
    CBMB27 
 
Alpha   Rhizobiales  Methylobacterium oryzae CBMB20    CP003811.1 
 
Alpha   Rhizobiales  Methylobacterium radiotolerans JCM 2831   CP001001.1 
 
Alpha   Rhizobiales  Bradyrhizobium sp. G22     LN907826.1 
 
 

List 2. Have neither HmfH, PsfG, nor PsfA orthologs 
 

 
Beta   Burkholderiales Paraburkholderia xenovorans LB400   CP008760.1 
 
Beta   Burkholderiales Paraburkholderia xenovorans LB400   CP000270.1 
 
Beta   Burkholderiales Burkholderia sp. OLGA172     CP014578.1 
 
Alpha   Rhizobiales  Pseudorhodoplanes sinuspersici strain   CP021112.1 
    RIPI110  
 
Alpha   Rhizobiales  Bradyrhizobium erythrophlei strain GAS401   LT670849.1 
 
 

List 3. Have HmfH and PsfA orthologs (no PsfG ortholog) 
 

 
Beta   Burkholderiales Cupriavidus sp. NH9 plasmid pENH92   CP017759.1 
 
Beta   Burkholderiales Burkholderia sp. HB1      CP012193.1 
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Table 2.6 continued 
 
Beta   Burkholderiales Burkholderia sp. CCGE1002     CP002015.1 
 
Beta   Burkholderiales Paraburkholderia caribensis strain Bcrs1W   CP013349.1 
 
Beta   Burkholderiales Paraburkholderia caribensis strain DSM   CP026103.1 
    13236 
 
Beta   Burkholderiales Paraburkholderia caribensis strain    CP013104.1 
    MWAP64 plasmid 1 
 
Beta   Burkholderiales Alcaligenaceae bacterium LMG 29303       LT907988.1 
    Orrdi1  
 
Beta   Burkholderiales Bordetella flabilis strain AU10664    CP016172.1 
 
Alpha   Rhizobiales  Methylobacterium aquaticum DNA, strain   AP014704.1 
    MA-22AA 
 
 

List 4. Have PsfA and PsfG orthologs (No HmfH ortholog) 
 

 
Beta   Burkholderiales Acidovorax sp. KKS102     CP003872.1 
 
Alpha   Rhizobiales  Bosea sp. RAC05      CP016464.1 
 
Gamma   Pseudomonadales Pseudomonas stutzeri strain 28a24    CP007441.1 
 
Gamma   Pseudomonadales Pseudomonas umsongensis strain BS3657   LT629767.1 
 
Gamma   Pseudomonadales Pseudomonas sp. A3(2016)     CP014870.1 
 
Gamma   Oceanospirllales Alcanivorax dieselolei B5                CP003466.1 
 
Alpha    Rhodobacterales Dinoroseobacter shibae DFL 12 plasmid   CP000831.1 
    pDSHI01 
 
 

List 5. Have PsfA ortholog (No HmfH or PsfG orthologs) 
 

 
Beta   Burkholderiales Bordetella bronchialis strain AU3182   CP016170.1 
 
Beta   Burkholderiales Bordetella bronchialis strain AU17976   CP016171.1 
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Table 2.6 continued 
 
Beta   Burkholderiales Bordetella sp. H567      CP012334.1 
 
Beta   Rhodocyclales Azoarcus sp. SY39      CP025682.1 
 
Alpha   Rhodospirillales Azospirillum sp. B510 plasmid pAB510a   AP010947.1 
 
Beta   Burkholderiales Bordetella genomosp. 8 strain AU19157   CP021108.1 
 
Alpha   Rhizobiales  Rhodopseudomonas palustris BisB18   CP000301.1 
 
Alpha   Rhodobacterales Pelagibaca abyssi strain JLT2014    CP015093.1 
 
1All species found were in the phylum Proteobacteria; listed is the class of Proteobacteria, 
Alphaproteobacteria, Betaproteobacteria, or Gammaproteobacteria. Matches were based on blastn searches 
for homology to C. basilensis HMF14. Species in each category are listed in descending order of homology 
by DNA identity to hmfABCDE of C. basilensis HMF14.
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Azospirillum). 27 species possessed HmfH but not PsfA nor PsfG (all in the genera 

Paraburkholderia, Burkholderia, Methylobacterium, and Bradyrhizobium). 9 species had 

both PsfA and HmfH, but no species was found to have both PsfG and HmfH.  

Four species from Table 2.6 that have been determined to metabolize both furfural and 

HMF are all in List 1, having HmfH but not PsfG or PsfA (Burkholderia phytofirmans 

PsJN 2010, Burkholderia phymatum STM815 2010, Bradyrhizobium japonicum 

USDA110 2010, and Methylobacterium radiotolerans 2010 JCM2831). The three species 

in Table 2.6 that have been determined to metabolize furfural but not HMF are 

Paraburkholderia xenovorans LB400 (List 2: No HmfH, PsfG, or PsfA orthologs), D. 

shibae DFL 12 plasmid pDSHI01 (List 4: have PsfA and PsfG but no HmfH), and 

Rhodopseudomonas palustris BisB18 2010 (List 5: have PsfA but no HmfH or PsfG). P. 

putida ALS1267 is the first species reported that has HmfABCDEFG but not HmfH and 

can metabolize HMF. Thus in the Proteobacteria it appears there are at least two 

evolutionary routes for furfural/HMF/furfuryl alcohol/HMF alcohol oxidations and the 

oxidation of HMF acid to FDCA. 

 

6010 proteins were annotated from the P. putida ALS1267 genome assembly; 5555 have 

orthologs in P. putida KT2440. A comparative genomics study of the additional 455 

genes and encoded proteins was conducted. There are no prior experimentally validated 

Proteobacterial species that metabolize both furfural and HMF that do not possess an 

HmfH ortholog, with P. putida ALS1267 being the first. Thus the comparative study 

could only rely on the assumption that at least one of the two species that possess the 

entire 18 kb furfural cluster of P. putida ALS1267, P. umsongensis strain BS3657 and 
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Pseudomonas sp. A3(2016) (both of which do not possess an HmfH ortholog), can 

metabolize HMF and thus possesses an HMF acid dehydrogenase. Likewise, correlation 

was assessed for P. stutzeri strain 28a24, A. dieselolei B5, and Bosea sp. RAC05. First, 

genomic sequences of P. putida ALS1267 that do not align to the P. putida KT2440 

genome were aligned separately to P. umsongensis strain BS3657 and Pseudomonas sp. 

A3(2016). Matches were found (from 88 - 95% DNA identity) in a cluster in P. 

umsongensis strain BS3657 at (LT629767) 1391324 - 1397942, 1404847 - 1406475 and 

1458400 - 1465342. These contained outer membrane porin, OprD family (SDS74007), 

zinc-binding alcohol dehydrogenase family protein (SDS74079), quinol monooxygenase 

YgiN (SDS74123), 2,4-dienoyl-CoA reductase (SDS74181), DNA-binding 

transcriptional regulator, ArsR family (SDS74241), DNA-binding transcriptional 

regulator, LysR family (SDS74288), NADP-dependent 3-hydroxy acid dehydrogenase 

YdfG (SDS74329), zinc-binding alcohol dehydrogenase family protein (SDS74720), 

quinol monooxygenase YgiN (SDS74763), luciferase-type oxidoreductase, BA3436 

family (SDS74786), predicted Fe2+/Mn2+ transporter, VIT1/CCC1 family (SDS77080), 

thiamine biosynthesis lipoprotein (SDS77129), sulfite reductase (NADPH) flavoprotein 

alpha-component (SDS77186), predicted protein (SDS77230), hypothetical protein 

(SDS77277), two-component system, OmpR family, response regulator (SDS77338), and 

two-component system, OmpR family, sensor kinase (SDS77393). The same matches 

were found in Pseudomonas sp. A3(2016), excluding the DNA-binding transcriptional 

regulator, LysR family, YgiN (SDS74763), and YdfG. Bosea sp. RAC05 only possessed 

orthologs of 2,4-dienoyl-CoA reductase and sulfite reductase (NADPH) flavoprotein 

alpha-component. A. dieselolei B5 only possessed orthologs of the two zinc-binding 
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alcohol dehydrogenase family proteins. Using more stringent homology criteria for P. 

stutzeri strain 28a24, it did not possess any of the candidate proteins over 67% identity. 

All other species in Table 2.6 were then analyzed for the presence of orthologs of 

possible candidates for HMF acid oxidase: zinc-binding alcohol dehydrogenase family 

SDS74079 (here called zinc-binding alcohol dehydrogenase 1), quinol monooxygenase 

SDS74123 (called YgiN1), NADP-dependent 3-hydroxy acid dehydrogenase YdfG, zinc-

binding alcohol dehydrogenase family protein SDS74720 (called zinc-binding alcohol 

dehydrogenase 2), quinol monooxygenase SDS74763 (called YgiN2), luciferase-type 

oxidoreductase, BA3436 family (called luciferase-type oxidoreductase), and sulfite 

reductase (NADPH) flavoprotein alpha-component (called sulfite reductase alpha-

component). First, the three species known to metabolize furfural but not HMF were used 

to exclude candidates (P. xenovorans LB400, D. shibae DFL 12 plasmid pDSHI01 (the 

host chromosome was included), and R. palustris BisB18 2010). P. xenovorans LB400 

and R. palustris BisB18 2010 had an ortholog of both Zn-binding alcohol 

dehydrogenases and D. shibae DFL 12 had an ortholog of 2,4-dienoyl-CoA reductase. R. 

palustris BisB18 2010 had a 47% (113/238) match for the NADP-dependent 3-hydroxy 

acid dehydrogenase YdfG. As it is the most likely candidate for an HMF oxidase, the 

relatively low identity match should not cause it to be excluded. There was no correlation 

with YdfG in the four species in List 1 known to metabolize HMF [B. phytofirmans PsJN 

2010 and M. radiotolerans 2010 JCM2831 did not possess orthologs of YdfG but B. 

phymatum STM815 2010 and B. japonicum USDA110 2010 did at 68% (167/244) and 

55% (135/244)]. Neither the three species from Table 2.6 known to metabolize furfural 

but not HMF nor the four known to metabolize both furfural and HMF possessed 
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orthologs of the luciferase-type oxidoreductase or sulfite reductase alpha-component. Of 

all species in Table 2.6, the luciferase-type oxidoreductase was found only in P. 

umsongensis strain BS3657, Pseudomonas sp. A3(2016), P. caribensis strain Bcrs1W, P. 

caribensis strain DSM 13236, P. caribensis strain MWAP64 plasmid 1, and Azoarcus sp. 

SY39, and the sulfite reductase alpha-component was only found in Paraburkholderia sp. 

BN5 plasmid pBN1, M. nodulans ORS 2060, Methylobacterium sp. 4-46, Bosea sp. 

RAC05, P. umsongensis strain BS3657, and Pseudomonas sp. A3(2016). Of all species in 

Table 2.6, only P. umsongensis strain BS3657 possessed the quinol monooxygenases 

YgiN1 and YgiN2; Pseudomonas sp. A3(2016) possessed only YgiN1. Analysis of the 

ability of the other species in Table 2.6 for the ability to metabolize HMF and the 

presence or absence of orthologs of the aforementioned proteins would help further 

narrow the list of possible candidates for HMF acid oxidase. 

 

The C. basilensis HMF14 furoic acid pathway (hmfABCDE) cloned into P. putida S12 

was reported as having poor growth on furfural and furoic acid, and adaptation on 

minimal furfural medium improved the growth rate to 0.3/h on furfural (initial growth 

rate not reported) (Koopman et al., 2010), showing that (1) there are innate factors in P. 

putida S12 that can contribute to furfural and furoic acid metabolism, including a 

nonspecific furfural/HMF dehydrogenase but also including at least one more, and (2) 

adding additional gene(s) would improve the clone. The poor initial growth of the 

hmfABCDE clone, as well as the fact that adaptation on minimal furfural medium 

improved the growth rate on furfural, demonstrates innate factors of the cloning host that 

must be considered when analyzing the gene assignments for furfural and furoic acid 
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metabolism. As the cloning host P. putida S12 has innate furfural oxidation ability 

(Koopman et al., 2010), all that strain needs added for growth on furfural or furoic acid is 

the furoic acid pathway. The enzyme functions of HmfABCDE in furoic acid metabolism 

have been experimentally validated (Koenig and Andreesen, 1989; Koenig and 

Andreesen, 1990; Koopman et al., 2010). There is a hydrolysis reaction of 5-hydroxy-2-

furoyl-CoA to 2-oxoglutaroyl-CoA in the furoic acid catabolic pathway (Figure 2.1) that 

was presumed to be either spontaneous or catalyzed by an unidentified, nonspecific 

hydrolase (Koopman et al., 2010). If the latter is the case, then this ability must occur in 

the cloning host P. putida S12. In that scenario, it is possible that suboptimal flux through 

this nonspecific hydrolase is the or a contributing cause to the poor growth on furoic acid 

of the clone. A hydrolase in the P. putida Fu1 cluster was also found in the P. putida 

ALS1267 cluster, although its role in carrying out this reaction was not investigated. It 

was included in the P. putida ALS1267 'fur clone. A putative hydroxylase was found in 

the HMF cluster of C. basilensis HMF14 (that was not included in the clone from C. 

basilensis HMF14), although it has little sequence identity to the hydrolase of P. putida 

ALS1267, and has not been experimentally tested for a role in furoic acid metabolism.  

 

As the C. basilensis HMF14 hmfABCDE clone in P. putida S12 had poor initial growth 

on furfural as the sole carbon source, including additional genes from C. basilensis 

HMF14 would improve the clone. Candidates are hmfT2 and hmfT1, the msf transporters 

found in the two C. basilensis HMF14 clusters. hmfT1, when added to a clone containing 

hmfH, improved FDCA formation over a clone containing hmfH alone (Wierckx et al., 

2016). The P. putida ALS1267 'fur clone made in this study contained the ortholog hmfT. 
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Another gene not included in the C. basilensis HMF clone was hmfR2, the lysR positive 

regulator, which has an ortholog in P. putida ALS1267, psfB. Nichols et al. (2008) 

showed that deleting psfB increased the doubling time of P. putida Fu1 on furoic acid 

from 121 minutes to 11 - 15 hours. Thus it appeared that a mutation occurred somewhere 

in the P. putida Fu1 genome to compensate for the loss of PsfB (Nichols et al., 2008). 

The C. basilensis HMF14 hmfABCDE clone contained 13 bp upstream of hmfA, to 

include the native RBS, but expression was driven by the promoter of the cloning vector 

(Koopman et al., 2010). In this study, the P. putida ALS1267 'fur clone included 142 bp 

upstream to include the native promoter of hmfA, thus likely requiring psfB for robust 

growth. Nichols et al. (2008) showed that PsfB positively regulates expression of psfC 

and psfD, but not psfG or psfA. As psfG and psfA are located between hmfABCDE and 

psfC and psfD, there are multiple promoters in the P. putida ALS1267 furfural cluster. 

Thus a furoic acid-degrading clone from P. putida ALS1267 in the native orientation 

would require psfB for robust growth on furoic acid, regardless of whether hmfABCDE 

expression is driven from the vector promoter. 

 

Innate host ability also complicates comparing, based on the literature, the genes 

responsible for the upper pathways (the furfuryl alcohol, furfural, HMF alcohol, and 

HMF oxidations). P. putida S12 can perform each of the four upper pathway oxidations, 

as well as the furfural and HMF reductions to their respective alcohols (Koopman et al., 

2010). Likewise, it has been shown that P. putida KT2440 has native furfural oxidation 

ability (Lee et al., 2017). A hmfABCDEFGH clone from C. basilensis HMF14 enabled P. 

putida S12 to metabolize HMF (Koopman et al., 2010). HmfFGH were added to the C. 
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basilensis HMF14 hmfABCDE clone after adaptation on minimal furfural medium to 

improve the growth rate, and the rate of HmfH oxidation of furfural and HMF was not 

stated (Koopman et al., 2010). Thus it is not possible to determine the extent of HmfH 

oxidation of furfural and HMF based on the literature. However, addition of Adh of C. 

basilensis HMF14 to a hmfH clone decreased the lag time of conversion of HMF to 

FDCA (Wierckx et al., 2016). As this clone was also made in P. putida S12, this 

demonstrates that Adh of C. basilensis HMF14 has a more robust HMF oxidation activity 

than the nonspecific HMF dehydrogenase possessed by the host, at least when 

overexpressed on a plasmid. Thus including C. basilensis HMF14 adh (or, based on 

homology, P. putida ALS1267 psfA) would improve furfural catabolism of the 

hmfABCDE cloning construct. This is worthwhile in mentioning because another lab 

group has replicated the same construct (hmfABCDEFGH from B. phytofirmans PsJN), 

for the aim of engineering a furfural and HMF-degrading industrial strain, in P. putida 

KT2440, and the construct was also aided by adaptation on minimal furfural medium 

(Guarnieri et al., 2017). It is also possible that other, unknown genes of C. basilensis 

HMF14 would improve that clone, although the genome is not available for analysis.  

 

Although the genome of C. basilensis HMF14 is not available for comparison, the 

genome of B. phytofirmans PsJN, also in the order Burkholderiales and which can 

metabolize furfural and HMF, is. Similar to the difference in the presence of HmfH 

orthologs, B. phytofirmans PsJN, as well as the other species that possess 

hmfABCDEFGH and have been validated on growing on furfural and HMF (B. 

diazoefficiens USDA 110, B. phymatum STM815 2010, and M. radiotolerans JCM 
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2831), do not possess orthologs of HmfI, PsfGA, the hydrolase, PsfD, or the araC 

regulator. The cloning hosts, P. putida S12 and P. putida KT2440, also do not possess 

orthologs of those proteins (PsfD is found at 62% and 61% identity to xanthine 

dehydrogenase accessory factor, but in Pseudomonas sp. A3(2016) it is found at 95% 

identity). The xanthine dehydrogenase accessory factor-like protein PsfD has been shown 

to be involved in furoic acid metabolism, likely as an accessory factor for HmfABC 

(Nichols et al., 2008; Koenig and Andreesen, 1989). Deleting psfD in P. putida Fu1 

caused a 5-fold decrease in growth rate in growth on furoic acid (Nichols et al., 2008) but 

did not eliminate growth on furoic acid. As there is no PsfD ortholog in C. basilensis 

HMF14, it is likely not required for its HmfABC, but it is required for robust growth on 

furoic acid in a clone from the P. putida ALS1267 cluster. As with the hydrolase, the 

roles of HmfI and the araC regulator of the P. putida ALS1267 furfural cluster were not 

experimentally investigated, but the genes were included in the 'fur clone. 

 

As furfural and HMF toxicity is the major reason for the study of the pathway due to their 

presence in a variety of pretreated lignocellulosic hydrolysates, characterization of the 

enzymes responsible for furfural and HMF reduction and oxidation was performed. To 

date, the only characterization of PsfA and PsfG (of P. putida Fu1) was in response to 

growth on furoic acid (Nichols et al., 2008). Both were induced in growth on furoic acid, 

and neither was regulated by PsfB, although PsfC and PsfD were upregulated by PsfB 

(Nichols et al., 2008). The paper stated that a psfA knockout in P. putida Fu1 lost all 

ability to grow on furoic acid as the sole carbon source; growth on furfural was not 

tested. In the assumption that PsfA is the furfural/HMF dehydrogenase, this result was 
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puzzling, as PsfA would act in the upper pathway oxidation of furfural to furoic acid and 

thus should have no effect on catabolism of furoic acid. An author of that paper kindly 

sent the psfA strain and its parent for further characterization. It was found that although 

P. putida Fu1 psfA had a decreased growth rate in furoic acid as the sole carbon source, 

it could grow (Table 2.7). The psfA knockout was not an in-frame deletion and thus the 

decreased growth rate in furoic acid could have been due to a polar effect. The growth 

rate decrease of the psfA strain in furoic acid was 2.0-fold relative to wild-type P. putida 

Fu1, and the difference in furfural was 4.1-fold. Thus, although a decrease in the growth 

rate on furoic acid would affect growth on furfural, the psfA knockout decreases furfural 

catabolism further, giving supporting, correlative evidence to the role of PsfA in furfural 

metabolism. As all P. putida species that have been tested possess native furfural 

oxidation ability, deleting psfA, if it is indeed the furfural/HMF dehydrogenase, would 

not eliminate that ability.  

 

Species that cannot metabolize furfural or HMF reduce them to their respective alcohols 

and/or oxidize them to their respective acids to detoxify them, as all are less toxic than 

the aldehydes (Table 2.2) (Boopathy et al., 1993; Gutiérrez et al., 2002; Taherzadeh et 

al., 1999; Tsuge et al., 2014). In this study, none of the cloning constructs of psfA or psfG 

(or psfA and psfG together) conferred tolerance to furfural or HMF (data not shown). Due 

to that result, the 'fur clone in P. putida KT2440 was also tested for conferring tolerance 

to furfural and furfuryl alcohol. It was found that 'fur increased tolerance to furfuryl 

alcohol but not furfural (Tables 2.8 and 2.9).
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Table 2.7. Growth rate of P. putida Fu1 psfA in minimal furoic acid and furfural 
medium 
          
 

Strain    Growth rate (/h) Growth rate (/h) 
    in furoic acid  in furfural  
 

 
P. putida Fu1   0.136   0.0822            
  
P. putida Fu1 psfA  0.0690   0.0201   
 
Growth rates were done wit P. putida KT2440 as a control, which did not grow in either medium. 
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Table 2.8. Tolerance of P. putida ALS1267 furfural pathway clone ('fur) in LB-
furfuryl alcohol 
 
 

Strain     48 mM 50 mM 52 mM 54 mM           56 mM 
 

 
P. putida KT2440'fur    > 2.000 > 2.000 > 2.000 1.100            0.410            
           
P. putida KT2440-        0.142  0.058  0.043  0.024              0.040 
pBBR1MCS(Kan)  
  
Units listed are OD600 readings taken after 24 hours of growth. 
 
Table 2.9. Tolerance of P. putida ALS1267 furfural pathway clone ('fur) in LB-
furfural 
 
 

Strain      16 mM 18 mM 20 mM 22 mM           24 mM 
 

 
P. putida KT2440'fur     1.720 0.490  0.240  0.130  0.084 
          
P. putida KT2440-         1.680 0.384  0.229  0.104  0.072 
pBBR1MCS(Kan)  
  
Units listed are OD600 readings taken after 24 hours of growth. 
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This result demonstrates that the upper pathway is active in the 'fur clone, but it is unclear 

why furfural tolerance was not improved. These results and the psfA, psfG, and psfGA 

cloning experiments show that, despite the fast furfural catabolism of P. putida 

ALS1267, using these upper pathway enzymes is not an effective route for furfural 

detoxification. 

 

In enzyme assays of whole cell extracts, P. putida ALS1267 has a 2.3-fold higher furfural 

oxidation activity than P. putida KT2440 (Table 2.1) (Lee et al., 2017). P. putida 

ALS1267 has a 2.5-fold higher furfural tolerance and 170-fold higher furfural oxidation 

activity compared to P. putida Fu1 and a 3.6-fold higher tolerance and 6.5-fold higher 

furfural oxidation activity than B. phytofirmans PsJN (Lee et al., 2017). Given the 

sequence similarity, it is unknown why P. putida ALS1267 has such a higher growth rate 

on furfural than P. putida Fu1 since the genome of the latter is not available for 

comparison. P. putida Fu1 has been previously reported to metabolize HMF (Lee et al., 

2017), but in this study, in the minimal medium used, it could not. Also of note, P. putida 

ALS1267 has a lower furfural tolerance than P. putida KT2440 (Lee et al., 2017), as well 

as a lower growth rate in LB medium (data not shown), and thus P. putida ALS1267 is 

not itself a candidate strain for industrial use. 
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CHAPTER 3. CLONES AND MUTANTS THAT IMPROVE  

ACETATE CONSUMPTION IN ESCHERICHIA COLI  

AT HIGH ACETATE CONCENTRATIONS 
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3.1 Abstract 

 

Acetate growth inhibition is problematic in the production of fuels from lignocellulose, 

due to the presence of acetylated xylans in the hemicellulose fraction. A pretreatment step 

is required to hydrolyze the highly recalcitrant biomass, and the acetyl groups are 

hydrolyzed during this process and thus are present in the hydrolysate. Acetate inhibition 

is also problematic in industrial recombinant protein fermentations due to acetate 

excretion by the recombinant host. The effect of the acetate anion on cellular inhibition in 

Escherichia coli was investigated by genomic library screening for clones with improved 

growth with acetate as the sole carbon source. The focus of this work was improving 

acetate consumption at a highly inhibitory concentration of acetate. 16 clones were 

generated with improvement of up to a 3.4-fold increase in growth on acetate at 10 g/l. 

Most clones fell into five categories: outer membrane, transporter, alternative carbon 

source catabolism, stress response, and DNA repair. Additionally, mutant strains were 

generated with improved growth on acetate by up to 4.6-fold. The three fastest growing 

mutants were in regulatory sequences of the gluconeogenic gene pck and the cold-shock 

gene ynaE, as well as an E12A mutation in CRP, the global regulator of secondary 

carbon sources.  

 

3.2 Introduction 

 

Acetate can be both an inhibitor of growth and an energy source. Acetate metabolism in 

bacteria is studied for reducing "overflow metabolism" causing acetate dissimilation in 
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recombinant protein fermentations and for engineering increased tolerance and/or 

assimilation of inhibitory levels of acetate in pretreated lignocellulosic biomass for the 

production of green fuels. Additionally, acetate can be used as an inexpensive carbon 

source for biological production of platform chemicals like polyhydroxyalkanoates and 

itaconic acid (Lemos et al., 1998; Dai et al., 2007; Noh et al., 2018).  

 

Acetic acid is inhibitory to E. coli at concentrations as low as 0.5 g/l, due to decreasing 

intracellular pH, uncoupling the transmembrane pH gradient, and the resulting energy 

demands of responding to the acid stress to maintain homeostasis (Roe et al., 1998; 

Salmond et al., 1984; Axe and Bailey, 1995). Internal acidification also causes DNA 

depurination and double stranded lesions (Choi et al., 2000). At neutral pH used in most 

bioprocessing facilities, where the dissociated form acetate predominates, inhibition can 

occur from 5 g/l in rich media and 1.2 g/l in minimal media (Luli and Strohl, 1990; Diez-

Gonzalez and Russell, 1997). Acetic acid freely permeates the cell, and the anion enters 

via ion-coupled transport at nearly the same rate as the acid (Gimenez et al., 2003; 

Jolkver et al., 2009; Axe and Bailey, 1995). Inhibition of the anion is due to disturbing 

cytoplasmic osmolarity via increasing internal osmotic pressure and inhibiting enzymes 

involved in methionine biosynthesis and protein synthesis, as well as inhibiting other 

unknown enzymes (Roe et al., 1998; Roe et al., 2002).  

 

Many researchers have addressed engineering acetate tolerance in bacteria (Joachimsthal 

et al., 1998; Treves et al., 1998; Yang et al., 2010; Chen et al., 2011; Zhang et al., 2011; 

Fernandez-Sandoval et al., 2012; Luan et al., 2013; Mordukhova and Pan, 2013; Steiner 
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and Sauer, 2013; Lennen and Herrgård, 2014; Rau et al., 2016; Noh et al., 2018) or 

altering growth conditions to improve tolerance (Han et al., 1993; Xue et al., 2010; 

Sandoval et al., 2011; Wang et al., 2014). Fewer papers have examined the effects on 

acetate metabolism directly, using acetate as the sole carbon source. Genomic library 

screening at 1.75 g/l minimal acetate, pH 7.0, medium by Sandoval et al. (2011) found 

the acetate assimilating acetyl-CoA synthetase, acs, and the TCA cycle gene fumB 

overexpressed. In addition to genes involved directly in acetate metabolism, the authors 

found overexpressing genes of peptidoglycan biosynthesis, dipeptide transport, arginine 

biosynthesis, multidrug efflux transport, and tetrahydrofolate biosynthesis improved 

acetate consumption. Chong et al. (2013) found that a D138Y mutation in the global 

regulator CRP, altering expression levels of over 400 genes, led to a five-fold increase in 

growth rate on acetate as the sole carbon source at 11 g/l. Directed evolution in acetate 

minimal medium at 5.1 g/l caused a single S266P mutation in the RNA polymerase 

subunit RpoA, increasing the growth rate by 25 percent (Rajaraman et al., 2016).  

 

Acetate assimilation begins with AMP-forming acetyl-CoA synthetase. Growth on two-

carbon compounds such as acetate requires the glyoxylate bypass of the decarboxylation 

steps of the TCA cycle to replenish the TCA cycle intermediates oxaloacetate and alpha-

ketoglutarate for anabolic reactions. Growth also requires gluconeogenesis to generate 

sugar phosphates as well as the intermediates 3-phosphoglycerate and 

phosphoenolpyruvate for anabolic reactions. Thus acetyl-CoA sits at the intersection of 

both central catabolism and anabolism. Additionally, the intracellular acetyl-phosphate 

pool, which is highly transient and depends on the energy state of the cell, is a global 
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signal, functioning by regulating two-component signal transduction pathways and 

possibly by other unknown mechanisms (Feng et al., 1992; Bouche et al., 1998). Acetyl-

phosphate is generated in the primarily acetate dissimilating phosphotransacetylase-

acetate kinase pathway.  

 

Acetate provokes changes in gene expression of 1/10 to 1/5 of the genome (Yang et al., 

2014; Treitz et al., 2016). There are many possible strategies for engineering increased 

acetate tolerance and/or consumption, and most require engineering multiple related and 

unrelated genes and pathways. Genomic libraries provide the benefit of genome-wide 

screening and simultaneous production of functional clones with the desired phenotype. 

A cloning selection scheme was devised based on the differential acetate tolerance of E. 

coli MG1655 and E. coli MC1061, a high transformation efficiency strain. In minimal 

medium with acetate, pH 7.0, as the sole carbon source MC1061 cannot grow above 8 g/l 

acetate, and MG1655 cannot grow above 14 g/l. A genomic library of MG1655 in the 

high copy number plasmid pTrc99a was transformed into MC1061 and plated on 10 g/l 

acetate minimal medium to select for clones with improved acetate consumption. Some 

transformants with improved growth on acetate did not contain a plasmid insert. The 

genomes of the four with the greatest increase in growth were sequenced for variant 

determination.  
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3.3 Materials and Methods 

 

3.3.1 Bacterial strains and growth conditions 

Parental bacterial strains used in this study are listed in Table 3.1. Lysogeny broth (LB) 

was used for rich medium and M9 (Miller, 1972) for minimal medium. Acetate, pH 7.0, 

was added at 10 g/l, from Sigma-Aldrich sodium acetate trihydrate stock. Culture of all 

strains was at 37ºC. Ampicillin, used at 100 g/ml in LB and 50 g/ml in M9, and 1 mM 

IPTG were added when indicated. Thiamine (2.5 mg/ml) and leucine (344 mg/ml) were 

added to M9 media for culture of MC1061. Tetracycline for transduction selection was 

used at 20 g/ml. 

 

3.3.2 Construction and screening of MG1655 genomic library  

Sau3AI fragments of 3 - 8 kb of MG1655 gDNA were ligated into pTrc99a digested with 

BamHI and dephosphorylated with shrimp alkaline phosphatase. Genomic libraries were 

transformed into MC1061 and serial dilutions selected on LB ampicillin plates to verify 

greater than 105 transformants per transformation. Genomic libraries were transformed 

into MC1061, grown for 1 hour in SOC medium, washed in M9 medium with no carbon 

source, and plated on M9 10 g/l acetate, pH 7.0, medium supplemented with ampicillin, 

IPTG, thiamine, and leucine. The earliest transformant colonies were re-streaked on the 

selection plates. Re-streaked colonies that grew faster than MC1061 with an empty 

pTrc99a plasmid were screened for plasmid insertions. Transformants with plasmid 

insertions were cured of the plasmid to verify the increased acetate growth phenotype 

was lost. Plasmid inserts were sequenced using conventional sequencing methods. 
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Table 3.1. Parental bacterial strains used in this study 
 
 

Strain  Genotype      Reference 
 

 
MC1061 F-  araD139  ∆(ara-leu)7696 ∆(lac)X74 galU  Laboratory stock 
  galK rpsL hsr- hsm+     
        
MG1655 F- l  - (wild-type)     Guyer et al., 1981 
 
CAG18456 F-, λ  - cysG yhfT-3084::Tn10    Singer et al., 1989 
 
CAG12081 F-, λ  - recT-3061::Tn10    Singer et al., 1989
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3.3.3 Growth rate experiments 

Clone plasmids were transformed into MG1655 for growth rate experiments. Overnight 

cultures were washed twice in M9 medium with no carbon source and diluted 1/200 in 

M9 10 g/l acetate, pH 7.0, medium with 50 g/ml ampicillin and 1 mM IPTG. The 

growth rate was calculated as the slope of the plot of the time in hours versus the natural 

logarithm of the OD600 reading. Growth rates for the mutants were performed with the 

mutation transduced into wild-type MG1655 and grown in the same medium as above, 

excluding ampicillin and IPTG. 

 

3.3.4 Genome sequencing and variant detection 

Paired-end Nextera XT libraries of the gDNA of the cured mutant strains and the parent 

strain MC1061 were run on a MiSeq system using a v2 500-cycle MiSeq Reagent Kit. 

CLC Genomics Workbench version 10.1.1 tools Fixed Ploidy Variant Detection and 

Indels and Structural Variants were used for variant detection. Variants were verified 

with conventional Sanger sequencing. 

 

3.3.5 Variant transductions 

P1 lysates of CAG18456 (34% linked to pck and 51% linked to crp) and CAG12081 

(45% linked to ynaE) were transduced into the mutant strains KD1137, KD1167, and 

KD1151, respectively. 8 transductants were streaked on M9 10 g/l acetate (pH 7.0) 

thiamine and leucine plates to verify which retained the improved acetate growth 

phenotype. Lysates were made on one of each and transduced into wild-type MC1061 

and MG1655. Transductants in MC1061 were streaked on the same plates to verify gain 
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of function. Transductants in MG1655 were screened in growth rate cultures in 10 g/l M9 

acetate medium to verify gain of function.  

 

3.4 Results 

 

3.4.1 Genomic library clones with improved acetate consumption 

750 transformants were streaked on the acetate selective plates and 136 with increased 

growth were screened for inserts. Of these, 26 contained inserts. When cured of the 

plasmid, all lost the increased acetate growth phenotype. The clone plasmids were 

transformed into wild-type MG1655 for growth rate experiments. Table 3.2 shows the 

gene(s) contained in the top 16 clones and their respective growth rates on acetate. Genes 

in the clones fall into five general categories: outer/inner membrane (yehDC fimbrial 

adhesins, colanic acid biosynthetic gene ypdI, and cold temperature LPS biosynthetic 

gene lpxP), catabolic (p-aminobenzoyl-glutamate catabolic genes abgAB, and the fucose 

and arabinose catabolic gene fucK), transporter (galactose/methyl-galactoside ABC 

transporter subunit mglB, putrescine transporter subunits potFG, and the 

arsenite/antimonite:H+ antiporter arsB), stress response (the toxin-antitoxin system yfjZ-

ypjF, putative stress response chaperone yfdX, arsenate stress response gene arsC, and the 

oxidative stress response SoxR reducing system components rsxDGE), and DNA repair 

(resolvasome genes ruvC and yebC and putative DNA repair gene yfjY). Additionally, 

one clone contained the viral defense genes casABCD and another contained the folate 

biosynthetic gene nudB. One clone contained exclusively genes unknown function,  



Table 3.2. Clones with improved growth on acetate 
 
 

Gene(s) contained Insert  Function(s)                  Growth          Location, 
in insert  flipped                    rate (/h)         u00096.3   
                                 chromosome 
 

 
amiD' ybjS'  ✓  peptidoglycan catabolism/      0.109            905176..906599 
     predicted NAD(P)H-binding oxidoreductase 
 
casE' casD casC ✓  CRISPR antiviral defense complex        0.107           2879918..2886219              
casB casA cas3'   
 
yagF'   ✓  xylonate catabolism       0.104          284182..284913        
 
metI' metN'    methionine ABC transporter subunits     0.103          221275..221808    
 
mglA' mglB galS   galactose ABC transporter subunits/     0.0765          2238438..2242715 
     repressor of galactose assimilation 
 
abgT'abgB abgA ✓  p-aminobenzoyl-glutamate assimilation    0.0650               1401337..1405297 
abgR'   
 
pabC' yceG'  ✓  folate biosynthesis/ peptidoglycan polymerization      0.0622               1153875..1154297 
     terminase       
 
ruvA' yobI yebB    resolvasome component/ uncharacterized protein/   0.0600          1945714..1949375 
ruvC yebC nudB      predicted amidase/resolvasome component/ 
     regulator of ruvABC/folate biosynthesis  
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Table 3.2 continued 
 
yfjW yfjX yfjY    uncharacterized protein/predicted antirestriction   0.0590              2772654..2778759 
ypjJ yfjZ ypjF    protein/ predicted DNA repair protein/ 
     uncharacterized protein/toxin-antitoxin system 
 
yhfW' yhfX yhfY    predicted mutase/predicted DNA repair protein/   0.0566              3508803..3513001 
yhfZ     uncharacterized protein/predicted transcriptional  
     regulator 
               
fucI' fucK fucU' ✓  fucose and arabinose catabolism       0.0556          2935885..2939130 
 
yehB' yehC yehD    cryptic fimbrial adhesins/ uncharacterized protein   0.0530        2189165..2193522 
yehE     
 
frc' yfdX ypdI     formyl-CoA:oxalate-CoAtransferase/     0.0493              2492998..2496480  
yfdY lpxP'    putative chaperone/ colanic acid biosynthesis/ 
     uncharacterized protein/  
     cold-induced LPS biosynthesis 
     
ybjN' potF potG   pleiotropic suppressor/      0.0493        893122..896549  
potH'     putrescine ABC transporter subunits 
    
arsR arsB arsC' ✓  arsenate and antimonite metals resistance    0.0491    3648669..3651998           
 
rsxC rsxD rsxG ✓  SoxR reducing system/ DNA repair     0.0439    1708090..1711840 
rsxE' nth'  
   
E. coli MG1655   n/a (control strain)       0.0303               n/a 
with pTrc99a          
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Table 3.2 continued 
 
' indicates incomplete gene contained in plasmid insert. Genes listed in orientation on plus strand of u00096.3 chromosome. Insert flipped indication is 
relative to orientation of the trc promoter of pTrc99a. Growth rates performed with genomic library clone plasmids from E. coli MC1061 transformed 
into E. coli MG1655. Growth rates for clones in M9 10 g/l acetate, pH 7.0, medium supplemented with 50 μg/ml ampicillin and 1 mM IPTG. Growth 
rate is taken from time0 to an OD600 of 0.5, with the OD600 at t0 set to 0.005.   
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yhfXW and yhfZY. YhfX may be a DNA repair protein (Kumar et al., 2016). Other genes 

of unknown function were yobI, yebB, yfjW, yfjX, ypjJ, yehE, and yfdY. 

 

In addition, four clones did not contain a complete gene in the insert. The clone that had 

the highest growth rate contained the incomplete genes ybjS and amiD, with ybjS on the 

plus strand relative to expression driven by the trc promoter of pTrc99a but lacking the 

first 154 bp and amiD on the minus strand, lacking the first 263 bp. YbjS is a predicted 

outer membrane oxidoreductase and AmiD is involved in peptidoglycan turnover. This 

construct also had the highest growth rate of the clones when tested in 5 and 15 g/l 

acetate (data not shown). Three other clone inserts also do not contain a complete gene, 

containing yagF (xylonate catabolism), metI/metN (methionine ABC transporter 

subunits), and pabC/yceG (folate biosynthesis/ peptidoglycan polymerization terminase) 

and having the 3rd, 4th, and 7th highest growth rates on 10 g/l acetate, respectively. yagF 

contains only bp 982 to 1713 of the middle of the 1,968 bp yagF gene, in the reverse 

orientation of the trc promoter. The first 347 bp of metI and last 195 bp of metN are 

located on the minus strand relative to the trc promoter, as are base pairs 1 - 182 of  yceG 

and 581 - 810 of pabC on the forth construct. The amiD/ybjS, metN/metI, and pabC/yceG 

clones all lose the increased acetate growth phenotype when the trc promoter is removed, 

whereas the yagF clone retains the phenotype (data not shown). pTrc99a has an ATG site 

between the trc promoter and the BamHI restriction site that was used for plasmid library 

construction that can that can transcribe the plasmid insert into an mRNA capable of 

being translated into a protein. If the gene fragment inserted at the BamHI site is in-frame 

with this ATG, then a truncated version of the protein can be made. The ybjS gene was 
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not in-frame and so this construct can not produce any protein or truncated protein 

product. 

 

SDS-PAGE was performed, and in only one clone was increased protein expression 

detected: the clone containing mglB and galS. (Figure 3.1; data not shown for all clones). 

MglB and GalS are 35.7 and 37.4 kDa, respectively. Also in the construct is the 

incomplete gene mglA, which would produce a 32.0 kDa protein product. All three genes 

are in the reverse orientation relative to the trc promoter of pTrc99a, but expression of 

each is possible with the native promoters in the insert. The band for this clone was 

estimated at 32.3 kDa.  

 

3.4.2 Growth rates of clones compared to reduction in growth lag time 

The growth rates listed in Table 3.2 are taken from the starting inoculation time (all set at 

an OD600 of 0.005) to growth to an OD600 of 0.5. When taken in the exponential growth 

phase, from an OD600 of 0.1 to 0.5, the growth rates of the clones range from 59.9% 

lower to 39.7% higher than the control (Table 3.3).  

 

The OD600 0.5 cutoff value was chosen because growth was nonlinear on a semi-log plot 

after this point. The general trend is that the growth rate taken in the exponential phase 

increases as time until growth increases. However, the time until growth relative to the 

control ranges from 108 to 45 hours improvement. As the growth rate in exponential 

phase in most clones is not significantly different from the control but the time until 

growth is significantly lower, most clones' effects appear to be due to decreasing the  
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Figure 3.1. SDS-PAGE of select genomic library clones with improved acetate 
consumption 
Samples were grown in LB medium supplemented with ampicillin and IPTG and grown to an O.D.600 of 
0.45 - 0.5. SDS-PAGE of the 9 other genomic library clones was also performed and no protein 
overexpression was detected.  
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Table 3.3. Comparison of the clones' growth rates in exponential phase and 
reduction in growth lag times 
 
 

Gene(s) contained  Growth rate (/h) Growth rate (/h) Hours until 
in insert   when measured        during exponential  growth 
    from t0 to OD600   phase, OD600 of 
    of 0.5          0.1 - 0.5 
 

 
amiD' ybjS'   0.109                         0.0816   44 
 
casE' casD casC  0.107              0.101     45 
casB casA cas3' 
 
yagF'    0.104                         0.0851   45 
   
metI' metN'   0.103                         0.0828   46 
  
mglA' mglB galS  0.0765             0.0510   61 
  
abgT' abgB abgA  0.0650             0.0803   72 
abgR' 
 
pabC' yceG'   0.0622             0.0847   75 
 
ruvA' yobI yebB   0.0600             0.0653   79 
ruvC yebC nudB  
    
yfjW yfjX yfjY    0.0590             0.109           82 
ypjJ yfjZ ypjF   
  
yhfW' yhfX yhfY   0.0566             0.119   83 
   
yhfZ 
  
fucI' fucK fucU'  0.0556             0.0522         87 
   
yehB' yehC yehD   0.0533             0.0642   94 
yehE 
 
frc' yfdX ypdI    0.0493             0.0843        95 
yfdY lpxP'    
 
ybjN' potF potG  0.0493             0.118   95             
potH' 
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Table 3.3 continued 
 
arsR arsB arsC'  0.0491  0.118   106           
 
rsxC rsxD rsxG   0.0439  0.109   107             
rsxE nth' 
 
E. coli MG1655    0.0303  0.0852   152 
with pTrc99a    
 
' indicates incomplete gene contained in plasmid insert. Growth rates performed with genomic library clone 
plasmids from E. coli MC1061 transformed into E. coli MG1655. Growth rates in M9 10 g/l acetate, pH 
7.0, medium supplemented with 50 μg/ml ampicillin and 1 mM IPTG. Hours until growth is defined as 
hours until reaching an OD600 of 0.1. 
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growth lag caused by acetate inhibition, as opposed to increasing acetate catabolism. No 

clone contained genes involved directly in acetate catabolism. 

 

3.4.3 Mutants with improved acetate consumption 

When streaked on the selection plates, the control strain, MC1061 with an empty pTrc99a 

plasmid, grew colonies after 7 days. In all of the 136 transformants screened for inserts, 

re-streaked colonies appeared after 3 - 4 days. Re-streaked colonies on all clones 

containing inserts appeared at 4 days. 48 transformants had colonies that appeared in 3 

days, none of which contained plasmid inserts. Four of these were cured of the plasmid to 

verify the phenotype was retained, and the genome was sequenced. One strain contained 

a T to G mutation 136 bp upstream of pck and another contained a C to T mutation 304 

bp upstream of ynaE. Two strains had the same mutation, an E12A mutation in CRP. 

Only one (KD1167) was further characterized. The mutations were transduced into wild-

type MC1061 and MG1655 backgrounds, which all recreated the increased acetate 

growth phenotype. The variants and growth rates of the variants transduced into MG1655 

are shown in Table 3.4. 
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Table 3.4. Mutants with improved growth on acetate 
 
 

Strain      Mutant                Function         Growth     Variant, 
                               rate (/h)     u00096.3  
                       chromosome 
 

 
KD1137   136 bp upstream of pck         gluconeogenesis        0.194   3532682  
                       T to G 
 
KD1151   304 bp upstream of ynaE      cold shock protein;         0.143          1434528  
                   putative transcriptional    C to T 
                  regulator 
 
KD1167,  CRP E12A                 global regulator               0.201   3486157 
KD1142           A to C 
 
E. coli MG1655                            n/a (control strain)         0.0415       n/a  
     
Growth rates in M9 10 g/l acetate, pH 7.0, medium. Growth rate is taken from time0 to an OD600 of 0.5. 
Variants were transduced into wild-type MG1655.  
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3.5 Discussion 

 

To produce functional clones with improved acetate consumption at a highly inhibitory 

acetate concentration, E. coli MG1655 genomic libraries were screened on minimal 

plates with acetate as the sole carbon source at 10 g/l. (The growth rate of MG1655 

grown in M9 10 g/l acetate, pH 7.0, medium is 0.0415/h and in M9 0.2% glucose 

medium is 0.446/h.) A pH of 7.0 was used to find engineering targets related solely to the 

effect of the acetate anion on inhibition and metabolism. Four inserts contained no 

complete gene, and they are among the fastest growing clones. There is little information 

on ybjS, contained in the best-performing clone, which encodes an uncharacterized, 

putative NAD(P)H-dependent oxidoreductase and predicted outer membrane protein. It 

has been correlated with UV light protection and tolerance to 1-napthol and is positively 

regulated by CpxR, an envelope stress response regulator (Rooney et al., 2011; Gall et 

al., 2008; Bury-Moné et al., 2009). Interestingly, in a proteomics study it was found to be 

expressed less in acetate-grown cultures (at 2.7 g/l acetate) compared to glucose-grown 

cultures (Table 3.5) (Treitz et al., 2016). amiD, involved in peptidoglycan turnover, while 

it cannot be expressed in this construct, was also found down-regulated in growth on 

acetate. The ends of the divergently expressed genes overlap by 3 bp, and there is no 

putative regulatory site in the insert. ybjS, when cloned via PCR with its native promoter 

and Shine-Dalgarno sequence as well as with the trc promoter and consensus Shine-

Dalgarno sequences, showed no improvement in growth on acetate (data not shown). The 

function of this construct is unknown; however, due to its pronounced effect on 

increasing growth on acetate at high and low concentrations, it warrants further study.  
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Table 3.5. Genes in clones previously found to be up- or down-regulated in minimal 
acetate medium  
 
 

Down-regulated Expression ratio Reference  
 

 
abgR   0.97   Treitz et al., 2016   
 
amiD     0.58   Treitz et al., 2016 
 
arsC     0.70   Treitz et al., 2016 
 
frc     0.34   Treitz et al., 2016 
 
metN     0.84   Treitz et al., 2016 
 
ybjS     0.72   Treitz et al., 2016 
 
yceG    0.85   Treitz et al., 2016  
 
yfdX   0.98   Treitz et al., 2016 
 
yhfZ    0.67   Treitz et al., 2016 
 
ypjF     0.72   Treitz et al., 2016 
 
 

Up-regulated    Expression ratio Reference   
 

 
casA    1.60   Rajaraman et al., 2016
   
casB    1.12   Rajaraman et al., 2016
    
casC    1.16   Rajaraman et al., 2016 
 
casD    1.12   Rajaraman et al., 2016
    
casE    1.06   Rajaraman et al., 2016
   
fucI     1.42   Treitz et al., 2016 
 
fucU     1.09   Treitz et al., 2016 
 
mglA    2.26   Treitz et al., 2016 
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Table 3.5 continued  
 
mglB     4.16   Treitz et al., 2016  
 
nudB     1.08   Treitz et al., 2016 
 
potF    1.42   Treitz et al., 2016   
  
ruvA     1.09   Treitz et al., 2016 
 
yebC     1.18   Treitz et al., 2016 
 
ypjA    1.66   Treitz et al., 2016 
 
In Treitz et al. (2016), E. coli MG1655 was grown in M9 2.7 g/l acetate minimal medium relative to M9 
glucose minimal medium. In Rajaraman et al. (2016) strains with high (E. coli ATCC8739) and low (E. 
coli SMS-3-5) acetate tolerance were compared in M9 5.1 g/l acetate minimal medium. 
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metN, encoding a methionine ABC transporter subunit, and yceG, encoding a 

peptidoglycan polymerization terminase were in two of the other three clones with no 

complete gene in the insert and were also found to be down-regulated in acetate minimal 

medium relative to glucose minimal medium (Table 3.5) (Treitz et al., 2016). 

Additionally, metJ, the repressor of the methionine ABC transporter operon, was found to 

be up-regulated. Similar to the amiD/ybjS clone, the function of these constructs points to 

an unknown regulatory effect.  

 

The role of the clone containing the antiviral defense genes casABCD, which was the 

clone with the second highest growth rate, is also unclear. However, this operon has 

previously been seen to be overexpressed in growth on minimal acetate in an acetate-

tolerant E. coli strain (Table 3.5) (Rajaraman et al., 2016). 

 

The three clones containing catabolic genes (mglB, fucK, and abgAB) have roles in 

carbon scavenging. The galactose/methyl-galactoside ABC transporter mgl operon and 

the fucose and arabinose catabolic fuc operon have been shown to be highly induced in 

growth on minimal acetate medium, as well as in a starvation state (Table 3.5) (Treitz et 

al., 2016; Liu et al., 2005; Oh et al., 2002; Death and Ferenci, 1994). In minimal acetate 

medium E. coli will induce expression of many alternative carbon utilization genes, 

including mgl, fuc, and ara genes, even if those carbon sources are not in the growth 

medium (Liu et al., 2005). The same happens in carbon-limited transition to stationary 

phase (Hua et al., 2004; Death and Ferenci, 1994). The mgl ABC transporter is a high-

affinity transporter for both galactose and glucose, induced for scavenging micromolar or 
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submicromolar concentrations of the sugars (Death and Ferenci, 1994). The clone also 

contains the negative regulator of the gal regulon, galS. galS has been shown to be 

slightly repressed in these growth conditions and, given the overexpression of its regulon, 

its overexpression in this construct is not likely the cause for the increased acetate growth 

phenotype. The growth lag times in the high concentration of acetate used in this 

experiment were 61 and 87 hours for the mglB/galS and fucK clones, respectively (152 

hours for the control) (Table 3.3). Even though the carbon source acetate is abundant, the 

cells must first overcome its inhibition. During this time cell growth is arrested. Although 

induction of gene expression of alternative carbon sources not present in the growth 

medium in response to growth on minimal acetate medium has been observed (Oh et al., 

2002; Liu et al., 2005), one would expect it would be more of a response to starvation 

than to acetate. It is unclear what the role of mglB and fucK is in these clones. The role of 

the abgAB clone, which is involved in folate catabolism, seems more straightforward. 

Starving cells will degrade and turnover endogenous proteins during starvation and in the 

process may catabolize the coenzyme (Reeve et al., 1984). 

 

Overexpressing the folate biosynthetic gene folM has been shown to confer tolerance 

during growth on acetate (Sandoval et al., 2011). One clone contained nudB, which 

encodes the committed enzymatic step in folate biosynthesis. Folate is essential for 

nucleic acid and amino acid biosynthesis, both of which are repressed during growth on 

acetate (Oh et al., 2002). Some of the inhibition of the acetate anion has been attributed 

to interfering with methionine biosynthesis, which also increases pools of its toxic 

precursor homocysteine (Roe et al., 2002). Tetrahydrofolate derivatives are cofactors of 
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the two enzymes that catalyze this last step of the pathway. This clone also contained the 

DNA repair resolvasome component ruvC and its regulator yebC. RuvA and YebC are 

also overexpressed in acetate-grown cultures (Table 3.5) (Treitz et al., 2016). 

 

A common finding was genes involved in outer membrane structure and cell adhesion. 

The colanic acid biosynthetic gene ypdI was found in one clone. Colanic acid plays a role 

in survival outside of the host and has a low basal level of expression in growth over 

30°C, which can be offset by mutations in several regulators (Gottesman, 1995; 

Markovitz, 1977; Gottesman et al., 1985). It contributes to the arrangement of cells in 

biofilms and is induced during osmotic shock (Prigent-Combaret et al., 2000; Sledjeski 

and Gottesman, 1996). Also in this clone were yfdX and frc, genes in an oxalic acid 

resistance operon. Frc has been shown to be heavily repressed and YfdX mildly repressed 

during growth on minimal acetate (at neutral pH) and thus is not likely responsible for the 

increased acetate growth phenotype in this clone (Trietz et al., 2016). Also present is the 

uncharacterized gene yfdY. The only information on this gene in the literature is that it is 

induced in biofilms (Ren et al., 2004). Another clone contains the fimbrial adhesion 

genes yehC and yehD. yehABCD is a cryptic operon but is functional and promotes 

biofilm formation when overexpressed on a plasmid (Korea et al., 2010). yehE, contained 

in the insert with yehC and yehD but which is not in the same operon, has no known 

function, but is downregulated when the stringent starvation protein SspA is deleted 

(Hansen et al., 2005). 
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Clones also contained stress response functions. SoxR senses superoxide and nitric oxide 

and activates SoxS, a transcriptional regulator which activates superoxide resistance 

genes, including superoxide dismutase sodA, as well as genes involved in resistance to 

antibiotic and organic solvent stress (Greenberg et al., 1990; Martin and Rosner, 2002; 

Aono, 1998). One clone contained members of the rsx operon, which act to reduce SoxR 

to maintain the reducing environment during oxidative stress. When cells are in a 

starvation state, respiration and ROS generation are at a higher rate than DNA and 

protein biosynthesis (Dukan and Nyström, 1999). As growth on minimal acetate medium 

causes a similar metabolic state as starvation, this scenario of acetate provoking oxidative 

stress is possible (Liu et al., 2005; Oh et al., 2002; Hua et al., 2004). Also supported by 

this is the over-production of superoxide dismutases SodA, SodB, and SodC in growth on 

minimal acetate (Trietz et al., 2016). One clone contained the entire operon yfjXY-ypjJ-

yfjZ-ypjF. yfjZ and ypjF encode a Type IV toxin-antitoxin system, which has been shown 

to respond to acid stress (Wang et al., 2010). Deletion of both genes independently 

increases biofilm formation (Wang et al., 2009). There is little information on the first 

three genes in this operon. yfjX is a predicted antirestriction protein and a yfjY mutant 

confers a mutator phenotype when overexpressed (Yang et al., 2004). In a clone 

containing the entire operon, the YfjY mutator phenotype was increased 200-fold when 

yfjZ and ypjF were disrupted (Yang et al., 2004).  

 

One clone contains the putrescine- (potF) and ATP-binding (potG) subunits of the 

putrescine importer PotFGHI but lacks the majority of the membrane channels potH and 

potI. In a proteomics study of growth of E. coli on minimal acetate medium relative to 
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minimal glucose medium, the protein with the largest decrease in growth on acetate was 

the putrescine importer PlaP (Treitz et al., 2016). Putrescine biosynthetic enzymes were 

all heavily repressed, and putrescine catabolic pathways were induced. Putrescine is a 

polycation with roles in regulating nucleic acid and protein biosynthesis. Putrescine is 

also exported from the cell during hyperosmotic shock, and internal pools increase in 

stationary phase (Munro et al., 1972; McLaggan et al., 1994; Tweeddale et al., 1998). 

When both putrescine catabolic pathways are deleted, E. coli is more sensitive to 

oxidative, temperature, and antibiotic stresses (Schneider et al., 2013). There are at least 

five putrescine importers, each with different cellular roles (Furuchi et al., 1991; 

Pistocchi et al., 1993; Kashiwagi et al., 1997; Terui et al., 2014; Kuihara et al., 2011). 

The role of the putrescine importer PlaP that is highly repressed in growth on acetate is 

the induction of cell motility in response to extracellular putrescine (Kuihara et al., 2011). 

PotFGHI and PuuP are the major putrescine importers, with PotFGHI maintaining 

intracellular putrescine levels during growth on glucose (Terui et al., 2014). PotFGHI is 

required for fast growth on glucose, although the mechanisms are not fully understood 

(Terui et al., 2014). PuuP is required for putrescine assimilation during growth without 

glucose (Terui et al., 2014). Thus it seems this clone may increase putrescine import for a 

regulatory role.  

 

As seen in Tables 3.2 and 3.4, E. coli MG1655 has a 1.4-fold increase in growth rate in 

10 g/l minimal acetate medium when grown without IPTG. Additionally, PCR-targeted 

cloning constructs of abgABT, mglBAC, and cas3-casABCDE12 all resulted in a 

decreased growth rate relative to the vector-only control, likely due to the energy burden 
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of recombinant protein overexpression (data not shown). Furthermore, only 4 of the 16 

clones (casABCD, abgAB, yfjWXY-ypjJ-yfjZ-ypjF, and potFG) had genes driven by the 

trc promoter of pTrc99a. Thus the experimental conditions primarily selected for genes 

driven by the native promoters in the inserts, presumably to relieve excessive 

overexpression. pTrc99a is a high-copy number plasmid, but gene overexpression from 

this vector may be too energetically costly for a large number of genes, which would 

limit true genome coverage. 

  
No clones contained genes involved directly in acetate metabolism, such as acetyl-CoA 

synthetase, or TCA, glyoxylate bypass, or gluconeogenic genes. Two of the three mutant 

strains, however, were variants in the gluconeogenic gene pck promoter and the global 

regulator of secondary carbon sources, CRP. The third variant was in the upstream 

sequence of the poorly characterized cold-shock protein ynaE. 

 

KD1137, the first mutant strain with increased acetate consumption, had a T to G 

mutation in the phosphoenolpyruvate carboxykinase (pck) promoter located 137 bp 

upstream of the start codon. The pck promoter has two binding sites for the global 

regulator cAMP receptor protein (CRP) (Figure 3.2), with CRP box-1 promoting 

transcription and box-2 repressing transcription, but only in the presence of high cAMP-

CRP for the latter (Nakano et al., 2014). The consensus CRP binding site is the 22 bp 

palindrome AAATGTGATCTAGATCACATTT, where the most conserved base pairs 

are underlined (Nakano et al., 2014). The wild-type sequence of box-2 in the pck  
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Figure 3.2. KD1137 variant in pck promoter and location of regulatory sequences 
Upstream sequence from ATG start codon of pck. The T to G variant of KD1137 is shown in red. Blue 
boxes are CRP binding sites in which capital letters represent identical base pairs to the two highly 
conserved motifs in each CRP box (Nakano et al., 2014). The Cra binding site is shown in green (Ramseier 
et al., 1995). -35, -10, and +1 transcription start sites are underlined (Prost and Cozzone, 1999). 
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promoter is TTTCGTGACAGGAATCACGGAG. The T to G variant of KD1137 is in 

the second base pair, which is adjacent to the first conserved motif, to give 

TgTCGTGACAGGAATCACGGAG, where the variant is in lower case.  

 

Growth of E. coli on acetate requires gluconeogenesis for the biosynthesis of cell wall 

polysaccharides as well as various amino acids and phospholipids from the intermediates 

phosphoenolpyruvate (PEP) and 3-phosphoglycerate. Pck catalyzes the first step of 

gluconeogenesis, the phosphorylation and decarboxylation of oxaloacetate to PEP, during 

growth on two-carbon compounds and succinate (PEP synthase, pps, is used for PEP 

generation during growth on three carbon compounds like pyruvate and, in combination 

with malate dehydrogenase, can also generate PEP from two carbon compounds and 

succinate) (Goldie et al., 1980). Growth on acetate is well known to increase pck 

expression. pck is subject to carbon catabolite repression during growth on glucose and is 

positively regulated by both CRP and Cra, the other major regulator of alternate carbon 

sources, in the absence of glucose. Interestingly, expression of pck in glucose-grown 

wild-type E. coli is similar to that in null mutants of both CRP and Cra independently 

(Chin et al., 1989; Gossett et al., 2004). Although during growth on poor carbon sources 

pck is natively induced, E. coli has suboptimal flux to Pck (Chao et al., 1993). 

Overexpression of pck on a multicopy plasmid increases the specific growth rate and 

specific oxygen consumption rate on succinate in a pck pps strain, peaking at a 10-fold 

increase over wild-type expression followed by a decrease in growth rate and a slight 

decrease to a plateau in oxygen consumption rate (Chao et al., 1993). Additional 

upregulation of pck by the mutation in KD1137 improves growth on acetate, possibly by 
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relieving some residual repression of cAMP-CRP bound to CRP box-2 found in the 

absence of glucose catabolite repression. 

 

The second mutant strain, KD1151, contains a mutation in the ynaE 5' UTR. YnaE is a 

cold shock-induced protein and putative transcription factor which is motif-predicted to 

control the transcription of cspB, cspG, cspH, rhsE, yncM, and ynaD as a possible stress 

response regulon. (Polissi et al., 2003; Faith et al., 2007). It has been found 

overexpressed in response to the YoeB toxin, the extracellular signal indole, and the 

antibiotic norfloxacin (Faith et al., 2007; Lee et al., 2007). ynaE has a regulatory RNA 5' 

leader sequence (Raghavan et al., 2011a). Leader sequences form stem loop structures 

which regulate transcription, mRNA stability, or translation upon ligand binding 

(riboswitches) or response to temperature (RNA thermometers) and can act in both cis 

and trans, although cis-acting leaders have been found more often (Serganov and Nudler, 

2013; Waters and Storz, 2009). There is no experimental evidence for the regulatory role 

of the leader sequence of ynaE, although the mRNA structure of its 99% identical 

homolog ydfK has been predicted (Raghavan et al., 2011b). 544 bp upstream of ydfK is 

98% identical to that of ynaE, and it is also cold shock-induced (Polissi et al., 2003; 

Raghavan et al., 2011b). The authors predicted a temperature-sensitive change in mRNA 

structure causing the ribosomal binding site (RBS) to be bound and blocked by an anti-

RBS when grown at 37ºC and relieved when grown at 10ºC. The 5' UTR is predicted to 

be 317 bp and the variant in KD1151 is 304 bp upstream from the ynaE start codon. It is 

not found within the RBS or anti-RBS but is at the base of a minor stem loop structure 

that is not predicted to change much upon temperature shock and is outside of the 
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conserved sequence, -280 to +120 of the translation start site (Raghavan et al., 2011b). 

The roles of this protein in increasing acetate tolerance, as well as the aforementioned 

upregulation in response to other stressors and any other modes of its regulation, are 

unclear.   

 

The third mutant strain with improved acetate consumption, KD1167, has an E12A 

mutation in CRP, the global regulator of secondary carbon sources. E12 does not have a 

direct role in cAMP binding or in DNA binding (McKay et al., 1982; Schultz et al., 

1991). Despite the vast amount of research performed on CRP structure and function, 

there is little information on the role of residue E12. This area of the protein (when bound 

to cAMP) is surface-exposed, away from the DNA and cAMP binding sites, and adjacent 

to an RNA polymerase binding site (Meibom et al., 1999; McKay et al., 1982). One 

paper showed a role of E12 in repressing transcription by binding to the negative 

regulator CytR, which regulates assimilation of nucleosides and deoxynucleosides 

(Meibom et al., 1999; Hammer-Jespersen, 1973). The CRP-CytR complex represses 

transcription, with activation requiring the inducer cytidine (Pedersen et al., 1991). 

Residues 12, 13, 17, 105, 108, and 110 were found essential for binding CytR, termed the 

"repressor region", and interact with one of the three RNA polymerase binding sites of 

CRP, termed "activating region 2" (essential residues 19, 21, and 101). A W13A 

mutation had the largest effect on CytR binding. The mutant tested by Meibom et al. 

(1999) was an E12A mutation, so the variant of KD1167 does affect CytR repression. 

The E12A variant also could potentially affect other regulators or alter the interaction 

between the repressor region and activating region 2. cytR is down-regulated in growth 



 

 
 
 

101 
on acetate, and members of its regulon (cdd, deoCABD, nupC, nupG, ppiA, and udp) are 

up-regulated (Trietz et al., 2016). Likewise, nucleotide biosynthetic genes are down-

regulated (Oh et al., 2002; Trietz et al., 2016). Thus during the growth lag in minimal 

acetate medium E. coli favors catabolism of nucleic acids over cell growth. This likely 

only occurs during the lag period, as the growth rate is relatively high after the lag.  

 

Little work has been done to find gene targets to engineer an acetate tolerant industrial 

strain by investigating growth on acetate at neutral pH as the sole carbon source at high 

acetate concentrations. This study sought to identify potential targets for engineering an 

industrial strain with increased acetate consumption. The majority of the genomic library 

clones with improved growth on acetate generated in this study did not have a 

significantly higher growth rate during the exponential growth phase but rather a 

significantly decreased growth lag time. No clones were generated that contained genes 

directly involved in acetate metabolism. Two of the three genomic mutant variants 

generated with improved growth on acetate, in the pck promoter and in CRP, have direct 

roles in acetate assimilation. The role of the third variant, in the 5' UTR of of the poorly 

characterized cold shock gene ynaE, in increasing growth on acetate is unclear. 
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4.1 Abstract 
 
 
Biological detoxification of inhibitors in lignocellulosic hydrolysates for cellulosic 

ethanol production requires a detoxifying strain that does not consume, and thus waste, 

the sugars available for fermentation to ethanol. In the glucose- Escherichia coli glk 

manZ ptsG strain, that lacks the glucose phosphotransferase system (PTS) and the 

mannose PTS as well as glucokinase, it was found that both fast- and slow- growing 

spontaneous glucose+ revertants could be readily obtained. All of the fast-growing 

revertants either altered the N-acetylglucosamine PTS or caused its overproduction by 

inactivating the NagC repressor protein, which regulates the N-acetylglucosamine PTS, 

and these revertants could utilize either glucose or N-acetylglucosamine as a sole carbon 

source. When a nagE deletion, which abolishes the N-acetylglucosamine PTS, was 

introduced into the glk manZ ptsG glucose- strains, fast-growing revertants could no 

longer be isolated. Based on these results and other studies, it is clear that the N-

acetylglucosamine PTS is the most easily adaptable PTS for transporting and 

phosphorylating glucose other than the glucose PTS and mannose PTS, which are the 

primary glucose transport systems. While the slow-growing glucose+ revertants were not 

characterized, they were likely mutations that other researchers have observed before 

which affect other PTSs or sugar kinases. 
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4.2 Introduction 

 

All bacteria require a carbon source for growth, and sugars are by far the most preferred 

carbon source. The vast majority of sugars are actively transported into the cell by three 

different transport systems, the phosphoenolpyruvate (PEP) phosphotransferase system 

(PTS), ATP-binding cassette (ABC) transporters or cation gradient-driven symporters 

(for a general review see Kaback, 2013). Sugars must be phosphorylated in order to be 

utilized by the Emden-Meyerhof-Parnas pathway. The PTSs phosphorylate sugars, while 

sugars that enter the cell by other transport systems must be phosphorylated by sugar 

kinases. 

 

Glucose is generally the most preferred sugar source in bacteria. In Escherichia coli, 

where glucose transport and utilization has been the most extensively characterized, 

glucose can be phosphorylated for use by glycolysis by three different routes, the glucose 

PTS, the mannose PTS, and glucokinase (Curtis and Epstein, 1975). The glucose PTS 

and mannose PTS transport and phosphorylate glucose directly, while glucokinase 

phosphorylates glucose that has been internalized by other transport systems, such as the 

galactose or maltose ABC transport systems or the galactose permease transport system. 

 

An E. coli glk manZ ptsG strain lacking a functional glucose PTS and mannose PTS as 

well as glucokinase, cannot utilize glucose as a carbon source (Curtis and Epstein, 1975). 

The doubling time of this strain on minimal glucose medium was greater than 2,000 

minutes as compared to a wild-type strain that had a doubling time of 63 minutes. A 
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strain which lacked the glucose PTS and the mannose PTS, but contained glucokinase, 

had a doubling time of 295 minutes on minimal glucose medium, while a strain which 

contained the glucose PTS and the mannose PTS, but lacked glucokinase, had a doubling 

time of 75 minutes (Curtis and Epstein, 1975). Thus the two PTSs were far more 

important in the utilization of glucose than glucokinase. Furthermore, the glucose PTS 

was better at utilizing glucose than the mannose PTS. A strain which contained the 

glucose PTS, but lacked the mannose PTS and glucokinase, had a doubling time of 75 

minutes on minimal glucose medium, while a strain which contained the mannose PTS, 

but lacked the glucose PTS and glucokinase, had a doubling time of 198 minutes on 

minimal glucose medium (Curtis and Epstein, 1975). Using glucose uptake studies, 

Hunter and Kornberg (1979), confirmed these observations and determined that the 

affinity for glucose by the glucose PTS was much higher than the affinity for glucose by 

the mannose PTS. 

 

The PTS has been extensively characterized in E. coli (for general reviews see Postma et 

al., 1996; Tchieu et al., 2001; and Lengeler, 2015). All PTSs rely on the cytoplasmic 

enzyme I (EI) and the histidine phosphocarrier protein (HPr) which phosphorylates the 

sugar via sugar specific EII complexes that contain one to four domains (EIIA, EIIB, 

EIIC, EIID) on one to four proteins. The EIIC or EIICD domains are membrane bound 

and transfer the sugar into the cytoplasm where it is phosphorylated in a multi-stage 

process that involves the EIIA and EIIB domains. The phosphoryl group from 

phosphoenolpyruvate is transferred from EI to HPr to EIIA to EIIB, which then transfers 

the phosphoryl group to the sugar that has been transported by EIIC or EIICD. The 
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glucose PTS consists of the EIIAGlc protein coded by crr and the EIICBGlc protein coded 

by ptsG. The mannose PTS consists of the EIIABMan protein coded by manX, the EIICMan 

protein coded by manY and the EIIDMan protein coded by manZ. 

 

Fast-growing glucose+ revertants were found to occur spontaneously at high levels when 

E. coli glk manZ ptsG glucose- strains that lack a functional glucose PTS, mannose 

PTS and glucokinase were plated on minimal glucose medium. Based on what is known 

about glucose utilization, the most obvious explanation for this observation was that the 

revertants contained mutations which altered PTSs for other sugars. Characterization of 

these mutants demonstrated that all of them altered the N-acetylglucosamine PTS, 

allowing it to utilize glucose in addition to N-acetylglucosamine. Unlike the glucose PTS 

and the mannose PTS, which are multi-protein systems, the N-acetylglucosamine PTS is 

composed of a single EIICBANag protein. 

 

The genes for the transport (nagE) and catabolism (nagBA) of N-acetylglucosamine are 

located in the divergent nagE-nagBACD regulon (Plumbridge, 1989). Two operators and 

two divergent promoters are located in between the nagE and nagB genes and control 

transcription of the regulon (Plumbridge and Kolb, 1993). The nagA gene encodes N-

acetylglucosamine-6-phosphate deacetylase, the nagB gene encodes N-

acetylglucosamine-6-phosphate deaminase, the nagC gene encodes NagC repressor, 

which regulates transcription of the regulon, the nagD or umpH gene encodes UMP 

phosphatase, which is not involved in N-acetylglucosamine metabolism, and the nagE 

gene encodes N-acetylglucosamine PTS (EIICBANag). 
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4.3 Materials and Methods 

 

4.3.1 Bacterial strains and growth conditions 

Lysogeny broth (LB) or M9 (Miller, 1972) were used as rich or minimal defined media, 

respectively. The antibiotics kanamycin, streptomycin and tetracycline were used in LB 

at a final concentration of 40 g/mL, 200 g/mL and 20 g/mL, respectively. Sugars 

were added to M9 minimal medium at a final concentration of 0.2% and the antibiotic 

tetracycline was used in M9 minimal medium at a final concentration of 10 g/mL. The 

parental E. coli strains used in this study are listed in Table 4.1. P1 vir phage were used to 

prepare lysates from the donor strains for transductions. Most of the deletion mutants 

were generated by transducing the recipient strain with the corresponding Keio (FRT)kan 

deletion (Baba et al., 2006) and then curing the kanamycin resistance using the pCP20 

plasmid, which contains a temperature-inducible FLP recombinase as well as a 

temperature-sensitive replicon (Datsenko and Wanner, 2000). 

 

4.3.2 Hfr mapping studies 

For the Hfr mapping studies, the MG1655 glk manZ ptsG glucose+ revertants were 

first transduced to streptomycin resistance using a P1 vir lysate prepared from MC4100. 

The MG1655 glk manZ ptsG rpsL and the MC4100 glk manZ ptsG glucose+ 

revertants were then mated with one of the seven Hfr strains described in Singer et al. 

(1989) and plated on LB streptomycin tetracycline plates. 50 recombinant colonies from 

each mating were then patched onto M9 glucose plates that contained any amino acid or  
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Table 4.1. Parental bacterial strains used in this study  
 
 

Strain  Genotype            Reference 
 

 
CAG5051 PO1 thi-1 relA1 spoT1 supQ80 nadA57::Tn10       Singer et al., 1989 
 
CAG5052 PO3 metB1 relA1 btuB3191::Tn10         Singer et al., 1989 
 
CAG5053 PO43 relA1 zbc-280::Tn10          Singer et al., 1989 
 
CAG5054 PO44 relA1 thi-1 trpB83::Tn10         Singer et al., 1989 
 
CAG5055 PO45 relA1 thi-1 zed-3069::Tn10         Singer et al., 1989 
 
CAG8160 PO68 leu relA1 thi-39::Tn10          Singer et al., 1989 
 
CAG8209 PO13 thi-1 leu-6 gal-6 lacY1 or lacZ4 supE44        Singer et al., 1989 

 zgh-3075::Tn10     
 
CAG18433 zbf-3057::Tn10           Singer et al., 1989 
 
JW0662-2 nagC725::(FRT)kan (araD-araB)567lacZ4787       Baba et al., 2006 
  (::rrnB-3) (rhaD-rhaB)568 hsdR514 rph-1 -  
 
JW0665-1 nagE728::(FRT)kan (araD-araB)567lacZ4787        Baba et al., 2006 
   (::rrnB-3) (rhaD-rhaB)568 hsdR514 rph-1  - 
 
JW1087-2       ptsG763::(FRT)kan (araD-araB)567 lacZ4787       Baba et al., 2006 
            (::rrnB-3) (rhaD-rhaB)568 hsdR514 rph-1  - 
 
JW1586          mlc742::(FRT)kan1 (araD-araB)567 lacZ4787       Baba et al., 2006 
            (::rrnB-3) (rhaD-rhaB)568 hsdR514 rph-1  - 
 
JW1808-1       manZ743::(FRT)kan (araD-araB)567 lacZ4787       Baba et al., 2006 
             (::rrnB-3) (rhaD-rhaB)568 hsdR514 rph-1  - 
 
JW2385-1       glk-726::(FRT)kan (araD-araB)567 lacZ4787       Baba et al., 2006 
             (::rrnB-3) (rhaD-rhaB)568 hsdR514 rph-1  - 
 
MC4100         araD139 (lac)U169 rpsL150 thi f1bB5301 deoC7        Casadaban, 1976  
            ptsF25         
 
MG1655         F-  - (wild-type)             Guyer et al., 1981 
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vitamin supplements required by the Hfr strains. Glucose- recombinants indicated 

revertants that were converted from glucose+ back to glucose- due to the transfer of DNA 

from the Hfr donor. 

 

4.3.3 P1 transduction mapping studies 

The MG1655 and MC4100 glk manZ ptsG glucose+ revertants were definitively 

mapped using the set of Tn10 insertions described in Singer et al. (1989). P1 lysates were 

prepared from Tn10 insertions that mapped between 13.10 and 16.84 minutes on the E. 

coli chromosome and used to transduce the glucose+ revertants to tetracycline resistant, 

and transductants were selected on LB tetracycline plates. 50 transductant colonies were 

then patched onto M9 glucose plates that contained any amino acid or vitamin 

supplements required due the Tn10 insertions. Glucose- recombinants indicated revertants 

that were converted from glucose+ back to glucose- due to the transfer of DNA from the 

donor strain. 

 

To confirm that the glucose+ revertants did not contain any extraneous mutations 

unlinked to the nag locus, a P1 lysate from zbf-3057::Tn10, which is 99% linked to the 

nag locus, was used to transduce each revertant to tetracycline resistance and 

transductants were selected on a M9 glucose tetracycline plate. A P1 lysate from each 

tetracycline resistant glucose+ revertant was then used to transduce the nag locus into 

either MG1655 or MC4100 glk manZ ptsG and transductants were selected on a LB 

tetracycline plate. 50 transductant colonies from each glucose+ revertant were then 

patched onto M9 glucose plates. Glucose+ recombinants indicated that MG1655 or 
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MC4100 glk manZ ptsG was converted from glucose- to glucose+ due to the transfer 

of the nag locus from the revertant. 

 

4.3.4 Sequencing the nagE and nagC genes from the glk manZ ptsG glucose+ 

revertants 

The nagE and nagC genes were sequenced in each of the glk manZ ptsG glucose+ 

revertants by PCR amplifying both the nagE and nagC genes in each of the revertants  

 

using Pfu polymerase and then using overlapping primers to sequence both strands of the 

nagE and nagC genes. 

 

4.3.5 Growth rate studies 

LB overnights of the glucose+ revertants and control strains were pelleted and washed 

twice in M9 medium without sugar and then diluted 1:200 in fresh M9 medium with the 

appropriate sugar added. OD550 readings were taken every hour until the OD550 reached 

0.75. The growth rates (/h) were determined by calculating the slope of a plot of the 

growth time in hours versus the natural logarithm of the OD550 reading. 

 

4.3.6 Generating the nagC::Tet knockout 

A nagC::Tet knockout was generated using the lambda Red recombination system. 

Primers were designed which could amplify the tetA gene, which encodes the tetracycline 

resistance protein, along with its promoter from pWM41 (Metcalf et al., 1996) bracketed 
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by the first 50 bases of the nagC coding sequence and the TAA stop codon of the nagC 

gene followed by the subsequent 47 bases. The forward primer 5’- 

ATGACACCAGGCGGACAAGCTCAGATAGGTAATGTTGATCTCGTAAAACAAC

ATCTCAATGGCTAAGGCG-3’ contained the first 50 bases of the nagC coding 

sequence followed by bases 1349 - 1368 of TRN10TETR (Accession Number J01830) 

from pWM41 while the reverse primer 5’- 

GGACTACCCAGAATATTGACAACAATAAGCGCCACTATAAAAGCACATTAG

GCTGGTTTATGCATATCGC-3’ contained the TAA stop codon of the nagC gene and 

the subsequent 47 bases followed by bases 3020 - 3039 of TRN10TETR from pWM41. 

The bases from pWM41 are underlined and the ATG and TAA stop codons of the nagC 

coding sequence are indicated in bold. The two primers were used to amplify a 1,791 bp 

fragment from pWM41 DNA using the polymerase chain reaction (PCR) with KAPA 

HiFi DNA polymerase. The resulting DNA was gel-isolated and electroporated into 

DY330 electrocompetent cells which were prepared as described by Yu et al. (2000). 

Tetracycline-resistant colonies were selected and the presence of the nagC::Tet 

knockout was confirmed by DNA sequencing. The nagC::Tet knockout from DY330 

was then moved into MG1655 by P1 transduction to create ALS2817. 

 

4.3.7 RT-qPCR analysis of nagE mRNA levels 

The quantification of nagE mRNA levels in the glk manZ ptsG glucose+ revertants 

was determined using RT-qPCR with the moderately expressed trmA gene serving as a 

control. Strains were either grown in LB or M9 glucose to mid-log phase (0.50 - 0.55 
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OD550), total RNA was isolated from 0.25 OD550 cell equivalents, quantified and then 

complementary DNA (cDNA) was prepared using DNA primers designed to initiate 

replication as close to the end of the coding sequence as possible. The deviance of trmA 

cDNA levels between the different LB or M9 glucose samples was less than 5%. 

Amplicons were designed to be as close to 100 bp as possible and forward primers were 

designed to initiate replication as close to the start codon of the coding sequence as 

possible. For nagE the 5’-CACAATATGGCCCTGAGCTT-3’ primer was used for 

cDNA synthesis, while the forward 5’-AGGTTTTTTCCAGCGACTCG-3’ and reverse 

5’-CTGGGCAATAAACGCAACGT-3’ DNA primers were used to generate a 118 bp 

amplicon. For trmA the 5’-ACTTCGCGGTCAGTAATACG-3’ DNA primer was used 

for cDNA synthesis, while the forward 5’-GCAAAGTATGATGGCACCGT-3’ and 

reverse 5’-GTGATACAGGTCATCGCCAT-3’ DNA primers were used to generate a 

118 bp amplicon. 

 

4.3.8 Calculating protein homologies 

Protein homologies were determined using the blastp program on the National Institutes 

of Health (NIH) National Center for Biotechnology Information (NCBI) website. 
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4.4 Results 

 

4.4.1 Isolation, mapping, and sequencing glk manZ ptsG glucose+ revertants  

As shown in Figure 4.1, E. coli glk manZ ptsG glucose- strains yielded a large 

number of glucose+ revertants when plated on minimal glucose medium. This 

phenomenon occurred in either the wild-type MG1655 E. coli strain (Guyer et al., 1981) 

or the widely-utilized faster growing MC4100 E. coli strain (Casadaban, 1976). In both 

E. coli glk manZ ptsG glucose- strains fast-growing revertants appeared in four to 

five days, while slow-growing revertants appeared in seven to nine days. The revertant 

rates of the two strains were similar, 2.55 x 10-7 fast-growing revertants per cell for 

MG1655 glk manZ ptsG and 3.75 x 10-7 fast-growing revertants per cell for MC4100 

glk manZ ptsG. When re-streaked on plates, the revertants were able to grow on 

minimal glucose medium in two to three days, although they did grow slower than the 

wild-type strain (Figure 4.2). 

 

15 independent fast-growing revertants from the MG1655 and MC4100 glk manZ 

ptsG glucose- strains were isolated for further study. Using the Hfr Tn10 mapping 

strains described in Singer et al. (1989), all 15 revertants were found mapped to between 

13.10 and 16.84 minutes on the E. coli chromosome. Using P1 transductions and the set 

of Tn10 insertions described in Singer et al. (1989) that were in between 13.10 and 16.84 

minutes, it was shown that all 15 revertants were 99% linked to zbf-3057::Tn10, which 

has subsequently been determined to be an asnB insertion at 15.02 minutes (Nichols et  
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A.        B. 
 
Figure 4.1. Isolation of glucose+ revertants from a MG1655 glk manZ ptsG 
glucose- strain   
For demonstration purposes 2 x 108 cells from a LB overnight were pelleted, washed twice in M9 glucose 
medium, plated on a M9 glucose plate and incubated at 37ºC. A. Picture taken at five days showing the 
accumulation of fast-growing revertants. B. Picture taken at nine days showing the accumulation of slow-
growing revertants. 
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Figure 4.2. Growth of a MG1655 glk manZ ptsG glucose+ revertant versus the 
MG1655 glk manZ ptsG glucose- parent or the wild-type MG1655 strain on a 
minimal glucose plate   
The strains were streaked for single colonies on a M9 glucose plate and incubated at 37ºC for three days. 
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al., 1998). To confirm the revertants did not contain any extraneous mutations unlinked 

to the nag locus, the zbf-3057::Tn10 was transduced into each revertant and then used to 

transduce the nag locus of each revertant into MG1655 or MC4100 glk manZ ptsG 

and recreate the glucose+ phenotype. How the Hfr mapping and P1 transduction studies 

were conducted are described in detail in the Methods section. 

 

Because the nagE gene, which encodes the N-acetylglucosamine PTS (EIICBANag), and 

its negative regulator nagC, which encodes the NagC repressor, are located at 15.16 and 

15.08 minutes, respectively, and thus were the most likely candidates for the mutation 

that occurred in the glk manZ ptsG glucose+ revertants, both the nagE and nagC 

genes as well as their upstream promoter regions in each of the 15 revertants were 

sequenced. Each of the 15 revertants contained a single mutation in either the nagE or 

nagC gene. Table 4.2 lists the mutations that occurred in each of the revertants as well as 

the associated change in the coded protein. Only one revertant contained a mutation in 

the nagE gene, while the rest of the revertants contained a mutation in the nagC gene. 

 

4.4.2 Growth rates of the glk manZ ptsG glucose+ revertants in minimal glucose 

and minimal N-acetylglucosamine media 

To determine how quickly the glk manZ ptsG glucose+ revertants could grow in 

minimal glucose medium and whether the revertants affected the utilization of N-

acetylglucosamine, the usual substrate of the N-acetylglucosamine PTS, the growth rates 

of the revertants were determined in both minimal glucose and minimal N-  
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Table 4.2. Mutations in the glk manZ ptsG glucose+ revertants 
 
 

Strain   Mutation in nagE            Protein change 
 

 
ALS1945                    788 (T to A)             M263K 
 
 

   Mutation in nagC            
 

 
ALS1935                     937 (G to T)             Stop at 313 
 
ALS1936                     788 (G to A)             G263D 
 
ALS1937                     12 bp deletion from 903 - 914         In-frame deletion from 301- 

               304 
 
ALS1938, 1943           794 (T to G)             L265R 
 
ALS1939                     1329 bp IS2A insertion at 804         Frameshift at 269; Stop at 327 
 
ALS1940                     769 bp IS1A insertion at 987           Frameshift at 330; Stop at 336 
 
ALS1941                     13 bp deletion from 204 - 216          Frameshift at 70; Stop at 126 
 
ALS1946, 1948           AACCGTCGC insertion at 804       NRR in-frame insertion at 268 
1949, 1950  
 
ALS1951                     226 (G to A)             A76T 
 
ALS1952                     769 bp IS1H insertion at 1080         Frameshift at 360; Stop at 367 
 
Revertant ALS1943 was identical to ALS1938 and revertants ALS1948, ALS1949 and ALS1950 were 
identical to ALS1946 and thus not further characterized. The nagE coding sequence is 1,944 bp in length 
and codes for a 648 aa protein. The nagC coding sequence is 1,218 bp in length and codes for a 406 aa 
protein. 
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Table 4.3. Growth rates in minimal glucose or N-acetylglucosamine media 
 
 

MG1655 strains  Growth rate (/h)  Growth rate (/h)  
    in M9-Glucose  in M9-N-acetylglucosamine 
 

 
MG1655   0.446    0.468 
 
ALS1935 (nagC)  0.110    0.483 
 
ALS1936 (nagC)  0.108    0.497 
 
ALS1937 (nagC)  0.106    0.474 
 
ALS1938 (nagC)  0.114    0.508 
 
ALS1939 (nagC)  0.123    0.483 
 
ALS1940 (nagC)  0.125    0.540 
 
ALS1941 (nagC)  0.116    0.479 
 
glk manZ ptsG  0.002    0.476 
 
glk manZ ptsG nagC 0.130    0.502 
 
 

MC4100 strains   
 

 
MC4100   0.702    0.721 
 
ALS1945 (nagE)  0.307    0.673 
 
ALS1946 (nagC)  0.207    0.693 
 
ALS1951 (nagC)  0.192    0.749 
 
ALS1952 (nagC)  0.190    0.680 
 
glk manZ ptsG  0.008    0.701 
 
glk manZ ptsG nagC 0.221    0.745 
 
All growth rate studies were conducted in triplicate and the standard deviation was less than 10%. 
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acetylglucosamine media. The revertants restored the growth of a glk manZ ptsG 

parent to an appreciable level in minimal glucose medium, although they did not grow at 

the wild-type growth rate (Table 4.3).  

 

All of the revertants were able to grow in minimal N-acetylglucosamine medium at rates 

equal to both the parent glk manZ ptsG and wild-type strains; thus the revertants did 

not impact the ability of the N-acetylglucosamine PTS to utilize its preferred sugar. 

Contrary to Curtis and Epstein (1975), who reported a strain containing knockouts in glk, 

manZ, and ptsG could not grow on glucose as a sole carbon source, it was found that the 

MG1655 glk manZ ptsG strain had a growth rate of 0.002/h in minimal glucose 

medium, while the faster growing MC4100 glk manZ ptsG strain had a growth rate 

of 0.008/h in minimal glucose medium. Thus glk manZ ptsG strains did grow, albeit 

very slowly, in minimal glucose medium. This observation could explain the high 

number of spontaneous glucose+ revertants that can be obtained from either the MG1655 

or MC4100 glk manZ ptsG strains. 

 

Because a significant number of the glucose+ revertants were predicted to code for a 

truncated NagC repressor protein (Table 4.2), MG1655 and MC4100 glk manZ ptsG 

nagC deletion strains were constructed using the Keio collection (Baba et al., 2006). 

The MG1655 and MC4100 glk manZ ptsG nagC deletion strains were able to grow 

on minimal glucose medium although on average their growth rates were 25% lower than 

the nagC glucose+ revertants, at 0.082 and 0.160/h for the strain in MG1655 and 
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MC4100, respectively. Given this unexpected result with the nagC Keio knockout, a 

new nagC::Tet knockout was constructed as described in Methods and moved it into the 

MG1655 and MC4100 glk manZ ptsG deletion strains. Consistent with expectations, 

the MG1655 and MC4100 glk manZ ptsG nagC::Tet deletion strains were able to 

grow on minimal glucose medium with growth rates very similar to the nagC glucose+ 

revertants (Table 4.3). Since the Mlc repressor protein, which regulates the glucose PTS 

component EIICBGlc coded by ptsG, the mannose PTS component EIIABCDMan coded by 

manXYZ as well as HPr and E1 coded by ptsHI, is 40% identical to NagC and has been 

predicted to recognize similar binding sites (Pennetier et al., 2008), MG1655 and 

MC4100 glk manZ ptsG mlc deletion strains were also constructed. The glk 

manZ ptsG mlc deletion strains were not able to grow in minimal glucose medium 

(data not shown). 

 

4.4.3 Expression levels of nagE in the glk manZ ptsG glucose+ revertants 

Since most of the glk manZ ptsG glucose+ revertants contained mutations in the 

NagC repressor protein, and based on the growth rate data in Table 4.3 would be 

predicted to have increased transcription of nagE, which codes for the EIICBANag 

protein, quantitative real time polymerase chain reaction (qPCR) was performed to 

determine the expression levels of nagE mRNA. As seen in Table 4.4, all of the glucose+ 

revertants that contained mutations in nagC as well as the glk manZ ptsG nagC 

deletion strains exhibited increased expression levels of nagE mRNA when the cells were 

grown in LB.  
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Table 4.4. Expression levels of nagE in the glk manZ ptsG glucose+ 
revertants  
 
 

MG1655 strains  Fold change of nagE  Fold change of nagE 
    expression in LB1  in M9-glucose1 
 

 
ALS1935 (nagC)  40.8    149.1 
 
ALS1936 (nagC)  13.4    106.2 
 
ALS1937 (nagC)  56.9    237.2 
 
ALS1938 (nagC)  42.8    118.6 
 
ALS1939 (nagC)  33.4    238.9 
 
ALS1940 (nagC)  11.6    105.4 
 
ALS1941 (nagC)  39.9    151.2 
 
glk manZ ptsG  0.4    ND2 
 
glk manZ ptsG nagC 42.8    208.1 
 
 

MC4100 strains   
 

 
ALS1945 (nagE)  0.7    13.9 
 
ALS1946 (nagC)  9.1    212.4 
 
ALS1951 (nagC)  19.6    310.3 
 
ALS1952 (nagC)  17.4    277.7 
 
glk manZ ptsG  0.8    ND† 
 
glk manZ ptsG nagC 16.4    294.1 
 
1 The expression levels of nagE mRNA in the revertants or other strains were normalized to the 
expression levels of nagE mRNA in MG1655 or MC4100, which was set at 1.0. 
2 The expression levels of nagE mRNA were not determined in M9 glucose for the glk manZ ptsG 
strains because of their very slow growth rate in M9 glucose. 
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As expected, the one revertant in nagE had no significant difference in nagE expression 

compared to the parent strain. Consistent with the results of the growth rate studies the 

glk manZ ptsG nagC deletion strains expressed lower levels of nagE mRNA 

compared to the glk manZ ptsG nagC glucose+ revertants, while the glk manZ 

ptsG nagC::Tet deletion strains expressed similar levels of nagE mRNA compared to 

the glk manZ ptsG nagC glucose+ revertants. 

  

Because the ability of the ALS1945 glk manZ ptsG nagE glucose+ revertant strain to 

grow in minimal glucose medium was paradoxical, given that it still had a functional 

NagC repressor, expression levels of nagE mRNA in all of the glk manZ ptsG 

glucose+ revertants grown in minimal glucose medium were determined. As seen in 

Table 4.4, the expression level of nagE mRNA was significantly elevated when the 

ALS1945 glk manZ ptsG nagE glucose+ revertant was grown in minimal glucose 

medium versus the MC4100 control and thus induction of nagE expression occurs when 

the ALS1945 glk manZ ptsG nagE glucose+ revertant is grown in minimal glucose 

medium. Table 4.4 also shows that the expression levels of nagE increased in all of the 

glk manZ ptsG glucose+ revertants when they were grown in minimal glucose 

medium versus LB and that the differences in nagE expression levels amongst the 

different glucose+ revertants was consistent whether they were grown in LB or minimal 

glucose medium. 
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4.4.4 The deletion of nagE from glk manZ ptsG glucose- strains prevents the 

isolation of fast-growing glucose+ revertants 

The results suggested that only mutations which altered the structure or expression of 

NagE would allow glk manZ ptsG glucose- strains to yield fast-growing glucose+ 

revertants. To find out whether this was the case, the frequency at which glucose+ 

revertants could be isolated in both glk manZ ptsG and glk manZ ptsG nagE 

deletion strains were determined. Table 4.5 shows the results of this study. In both the 

MG1655 and MC4100 glk manZ ptsG deletion strains, the additional deletion of 

nagE prevented the isolation of fast-growing glucose+ revertants that occurred at four to 

five days. The slower growing glucose+ revertants that occurred at seven to nine days 

were not prevented by the deletion of nagE. 

 

 

 

4.5 Discussion  

 

Both fast-growing and slow-growing glucose+ revertants were obtained from E. coli glk 

manZ ptsG glucose- strains, which lacked a functional glucose PTS and mannose PTS 

as well as glucokinase. All of the fast-growing revertants contained mutations that 

affected the N-acetylglucosamine PTS. In the 15 revertants that were characterized, one 

contained a mutated nagE gene, while the rest contained mutated nagC genes. The nagE 

gene encodes the EIICBANag N-acetylglucosamine PTS, while the nagC gene encodes the 
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Table 4.5. Revertant colony counts of glk manZ ptsG glucose- strains with or 
without the additional deletion of nagE on minimal glucose plates 
 
 

MG1655 strains  4 days    9 days 
    (fast-growing revertants) (slow-growing revertants) 
 

 
glk manZ ptsG  51    84 
 
glk manZ ptsG nagE 0    199 
 
 

MC4100 strains  5 days    7 days 
    (fast-growing revertants) (slow-growing revertants) 
 

 
glk manZ ptsG  75    100 
 
glk manZ ptsG nagC 0    109 
 
2 x 108 cells from LB overnights were pelleted, washed twice in M9 glucose medium, plated on M9 glucose 
plates and incubated at 37ºC. 
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NagC repressor protein which regulates the expression of nagE. The nagE mutant coded 

for an altered EIICBANag protein that could transport both glucose and N-

acetylglucosamine, and its expression was elevated when the mutant was grown in 

minimal glucose medium. All of the nagC mutants caused increased expression of nagE 

mRNA and presumably greater amounts of the IICBANag protein, which facilitated the 

transport and utilization of glucose. 

 

While most of the sugar PTSs in E. coli contain multiple proteins that compose the EIIC, 

EIIB and EIIA domains, the N-acetylglucosamine PTS consists of a single protein that 

contains the EIIC, EIIB and EIIA domains. Interestingly, nagE has been shown to be the 

closest related paralog to the glucose PTS genes, ptsG, which codes for EIICBGlc and crr 

which codes for EIIAGlc in E. coli (Tchieu et al., 2001). Thus it is not surprising that a 

modified or overproduced N-acetylglucosamine PTS can substitute for the glucose PTS. 

 

Figure 4.3 shows the locations of the EIIC, EIIB and EIIA domains in the EIICBANag 

protein, based on the highly homologous EIICBGlc and EIIAGlc proteins, and depicts the 

location of the NagE M263K mutant that was isolated in this study. Several analogous 

studies have been conducted by other researchers in which mutations scattered 

throughout EIICBGlc have enabled the glucose PTS to utilize other sugars as carbon 

sources. A G320V mutant enabled the glucose PTS to utilize mannitol (Begley et al., 

1996), while F37Y, G176D, G281D, I283T and L289Q mutants enabled the glucose PTS 

to utilize ribose (Oh et al., 1999). Similarly, V12F, V12G, G13C, G176D, A288V, 

G320S and P384R mutants (Notley-McRobb and Ferenci, 2000) and S169F, S169P, 



 
 
 

 
 
Figure 4.3. Comparison of EIICBANag (nagE) with EIICBGlc (ptsG) and EIIAGlc (crr) indicating mutants that affect 
substrate specificity  
EIICBNag and EIICBGlc are 42% identical and 65% similar, while EIIANag and EIIAGlc are 47% identical and 66% similar and the LKTPGRED linker that 
separates the C and B domains are identical in EIICBNag and EIICBGlc. The nagE, ptsG and crr sequences were obtained from the E. coli genome 
sequence (Blattner et al., 1997) (GenBank accession number u00096.3) and the C and B domains, which differ slightly in length, were scaled 
proportionally. The regions that are highly homologous are indicated by shaded hatched boxes. 
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F195L and E387G mutants (Zeppenfeld et al., 2000) enabled the glucose PTS to utilize 

mannose and glucosamine. With the exception of the P384R and the E387G mutants that 

map to the highly conserved LKTPGRED linker, which links the EIIC and EIIB domains, 

all of the mutants were located in the EIIC domain. The crystal structure of the EIIC 

domain of the diacetylchitobiose PTS from Bacillus cereus has been determined (Cao et 

al., 2011) and compared to the EIICGlc domain (McCoy et al., 2015). This analysis 

predicts that there are 10 transmembrane spanning segments in EIICGlc with a large 

periplasmic loop from amino acid 102 through 115 between transmembrane spanning 

segments three and four and a large cytoplasmic loop from amino acid 134 through 152 

between transmembrane spanning segments four and five. Most of the PtsG mutants 

shown in Figure 4.3 are located in amino acids that are in transmembrane spanning 

segments of the EIICGlc domain. The M263K mutant in EIICBANag that allows the N-

acetylglucosamine PTS to utilize both glucose and N-acetylglucosamine would be 

located at amino acid 283 of EIICBGlc based on homology. Interestingly, several of the 

mutants that change the specificity of EIICBGlc, namely, G281D, I283T, A288V and 

L289Q, are also located in this region. 

 

The ability of the NagE M263K mutant to grow on minimal glucose medium in the 

presence of functional NagC repressor is somewhat surprising; however, the qPCR 

experiments clearly demonstrate that nagE mRNA expression increased in the NagE 

M263K mutant when it was grown in minimal glucose medium. Mutants similar to the 

NagE M263K mutant isolated in this study have been isolated in Cupriavidus necator, 

formerly called Ralstonia eutropha, by other researchers. C. necator normally can only 
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utilize the sugars fructose and N-acetylglucosamine as a carbon source, but mutants can 

be isolated that are also able to utilize glucose as a carbon source. Raberg et al. (2011) 

isolated a C. necator glucose+ mutant with two mutations, an A153T mutation in NagE, 

which contains the EIICBNag domain, and a nonsense mutation in the NagR repressor. 

Orita et al. (2012) isolated a C. necator glucose+ mutant that also contained two 

mutations, a G265R mutation in NagE and a nonsense mutation in NagR. The C. necator 

EIICBNag domain is highly homologous to both the E. coli EIICBNag and EIICBGlc 

domains and the C. necator A153 and G265 amino acids in NagE correspond to amino 

acids 151 and 262 in E. coli NagE and amino acids 171 and 282 in E. coli PtsG, 

respectively, based on homology. Interestingly both of the glucose+ mutants isolated in C. 

necator required inactivation of the repressor, while the E.coli NagE M263K mutant did 

not. 

 

Figure 4.4 shows the three domains of the NagC repressor protein, a helix-turn-helix 

DNA binding domain formed by amino acids 1 - 81 and 395 - 406, a smaller / domain 

formed by amino acids 82 - 194 and 381 - 394 and a larger / domain formed by amino 

acids 195 - 380. The key amino acids of the potential N-acetylglucosamine-6-phosphate 

binding site known to prevent the binding of NagC to the nagE operator are also shown 

in Figure 4.4 along with the nagC mutants obtained in this study which cause increased 

expression of nagE and allow glucose- strains that lack the glucose PTS, mannose PTS 

and glucokinase to grow minimal glucose medium. 10 out of the 14 nagC mutants that 

were characterized in this study either caused a single amino acid change, a small four 

amino acid deletion or a small three amino acid insertion in the NagC protein, and seven  



 

 
 
Figure 4.4. Diagram of the three domains of NagC indicating the location of the N-acetylglucosamine-6-phosphate 
binding site and the nagC mutants obtained in this study 
The C-terminus of NagC forms two D-helices, 2’ and 1’, which fold back onto domains 2 and 1, respectively. The NagC structure is based on the Mlc 
structure (Schiefner et al., 2005). NagC is 40% identical and 62% similar to Mlc. The amino acids of the potential N-acetylglucosamine-6-phosphate 
binding site in NagC, H194, D195, E244, H247 and E266, are identical to the amino acids of the glucose binding site in Mlc. The nagC and mlc 
sequences were obtained from the E. coli genome sequence (Blattner et al., 1997) (GenBank accession number u00096.3).
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of these mutants most likely affect the N-acetylglucosamine-6-phosphate binding site. All 

of the nagC mutants caused a significant increase in nagE mRNA levels and thus appear 

to cause overproduction of the N-acetylglucosamine PTS by deactivating the NagC 

repressor. 

 

Several studies have shown that sugar PTSs other than the glucose PTS and the mannose 

PTS, the primary transporters of glucose, can be overproduced to facilitate the transport 

and utilization of glucose by E. coli. Overproduction of the -glucoside PTS EIIBCABgl 

via a multicopy plasmid allowed an E. coli strain that lacked a functional glucose PTS, 

mannose PTS and glucokinase to grow on minimal glucose medium (Schnetz et al., 

1990). Overproduction of the maltose PTS domain EIICBMal via a multicopy plasmid 

allowed an E. coli strain that lacked a functional glucose PTS, mannose PTS and 

glucokinase to grow on minimal glucose medium (Reidl and Boos, 1991). However, 

overproduction of EIICBMal via the deletion of the MalI repressor protein did not. The 

strain used in the maltose PTS studies (Reidl and Boos, 1991) contained crr, which 

serves as the EIIA domain for both the glucose PTS and maltose PTS. Hummel et al. 

(1992) showed that a glucose/N-acetylglucosamine PTS hybrid on a multicopy plasmid 

containing the EIICGlc domain fused to the EIIBANag domains could phosphorylate 

glucose but not N-acetylglucosamine, which suggested that the EIIBNag domain could 

replace EIIBGlc. 

 

Our two findings: (1) that all of the mutations in glucose+ revertants isolated from 

glucose- strains, which lacked the glucose PTS, mannose PTS and glucokinase, affected 
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the N-acetylglucosamine PTS and (2) that fast-growing glucose+ revertants could not be 

isolated from glucose- strains, which lacked the glucose PTS, the mannose PTS, 

glucokinase as well as the N-acetylglucosamine PTS, strongly suggests that augmentation 

of the N-acetylglucosamine PTS is the most effective way to restore the growth of 

glucose- strains, which lacked the glucose PTS, mannose PTS and glucokinase, on 

minimal glucose medium. While the maltose PTS and the -glucoside PTS are also able 

to facilitate the transport and utilization of glucose to some degree, our results show that 

the N-acetylglucosamine PTS is clearly more effective. Table 4.6 shows the identity and 

similarity scores for EIICBNag, EIICBMal and EIIBCBgl versus EIICBGlc. EIICBNag is 

significantly more homologous to EIICBGlc than EIICBMal or EIIBCBgl and supports our 

observations that the N-acetylglucosamine PTS is the most likely PTS to be augmented to 

allow the utilization of glucose when the glucose PTS and the mannose PTS, the primary 

transport systems for glucose, are not available. 

 

Although the slow-growing glucose+ revertants were not characterized, there are several 

types of mutations that could cause them. They could be mutants that affect the maltose 

PTS and -glucoside PTS, since either of these PTSs have the potential to transport and 

utilize glucose (Schnetz et al., 1990; Reidl and Boos, 1991). They could also be mutants 

that affect sugar kinases, which can substitute for glucokinase to phosphorylate glucose 

that has been transported by the galactose or maltose ABC transport systems, or the 

galactose permease transport system (Steinsiek and Bettenbrock, 2012). Miller and 

Raines (2004; 2005) have demonstrated that overproduction of the AlsK, NanF, YajF or  
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Table 4.6. Comparison of the homologies between EIICBNag, EIICBMal and EIIBCBgl 
to EIICBGlc 
 
 

MG1655 strains  % Identity   % Similarity 
 

 
EIICBNag (nagE)  42.0    64.5  
    
EIICBMal (malX)  38.0    54.0 
 
EIIBCBgl (bglF)  23.0    33.5 
 
The nagE, malX, bglF, and ptsG sequences were obtained from the E. coli genome sequence (Blattner et 
al., 1997) (GenBank accession number U00096.3). 
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YcfX sugar kinases via multicopy plasmids allow an E. coli strain, which lacks a 

functional PTS due to the deletion of EI, HPr and glucokinase, to grow on minimal 

glucose medium. 
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