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Abstract 
 
This thesis looks into enzymes or metabolites involved in bacterial cells’ metabolism which 
are also involved in cell morphology and division. I will discuss several studies that identify 
genes coding for these metabolic enzymes or their products and substrates using using gene 
deletions, GFP fusions for localizations and heat sensitive ftsZ. A whole host of single genes 
in metabolic pathways seem to have an effect on cell size and growth rate. ppGpp and 
cAMP seem important metabolites for the control of both metabolism and cell morphology. 
cAMP possibly plays a role as inhibitor of Z-ring formation and as a regulator of cell width, 
whereas ppGpp seems to be a promoter of Z-ring formation and a regulator of cell length 
and width. Fatty acid metabolism also appears to play an important role as primary 
determinant of cell size.  

  



Introduction 
 
It is becoming more and more clear that both cell size and growth rate are intimately linked 
with the metabolism of the cell. The metabolism in turn is obviously linked to nutrient 
availability. Researchers trying to elucidate which specific genes and molecular mechanisms 
play an important role in this interplay between morphology, division and metabolism, are 
at the frontier in this relatively new and intimidatingly complex research area. Multiple 
studies link various pathways of carbon influx and handling like glycolysis, acetate pathway, 
pentose-phosphate pathway, fatty acid metabolism to the morphology of the cell. Lots of 
studies only look into one or relatively few genes using for example their own specific 
strains and heat sensitive ftsZ alleles and bringing these studies together to form a clear 
overview at this point can be daunting. Especially since not all the results of these studies 
seem to support each other. 
The most important suspects for bringing together metabolism and morphology identified 
at this point are: fatty acid metabolism as a primary growth regulator of the cell, cAMP as a 
general inhibitor of width and possibly length, and as inhibitor of cell division, and ppGpp as 
a general inhibitor of both length and width and as promoter of cell division. A whole host 
of single genes in different organisms are responsible for growth regulation either directly 
or via a moonlighting mechanism – meaning that for example besides an enzyme having its 
function of catalyzing the conversion of its substrate, it also acts as a regulator in cell 
division processes. 
 
This thesis tries to bring together some recent studies linking metabolism to morphology of 
Escherichia coli and Bacillus subtilis, in an attempt to give an answer to the questions: 
 
 

- Which genes in the metabolic pathways determine cell size, cell shape and division 
rates and in which manner? 
 

- What role does the fatty acid metabolism specifically play in cell size and cell 
division? 
 

- How do cAMP and ppGpp affect cell division and morphology?  



Influence of metabolic genes in Escherichia coli vs Bacillus subtilis 
 
E. coli metabolic genes and their impact on morphology  

Westfall and Levin (2018) investigated the influence of genes in central carbon metabolism 
on morphology and cell division in E. coli. They started by taking 44 single gene mutants and 
looking at their shape and doubling time. Remarkably, most gene deletions had no impact 
on growth rate or morphology. 17 Deletions did have an effect, however most differences in 
size were related more to length than width differences (Westfall & Levin, 2018).  
The authors determined a cut off where if the cell size differs more than 10% from the wild 
type cells it is seen as not normal and if the growth rate differs more than 20% it is seen as 
not normal (Table 1).  
Most mutants have the same morphology as wild type cells in carbon poor medium. ackA 
and pta defective cells were smaller in rich medium than wild type cells. Probably because 
in rich medium acetate production is highest and because acetate cannot be synthesized by 
these cells. In gluconeogenic conditions these differences dissipate because acetate 
production is not a priority during these conditions (Westfall & Levin, 2018). 
rpiA, crr, rpe and sucA mutants were all unable to grow under gluconeogenic conditions. 
This seems remarkable because these mutants were able to grow in gluconeogenic 
conditions with glycerol but this is probably explained by glycerol entering the metabolism 
as dihydroxyacetone phosphate. The aceE mutant was the only one unable to grow in both 
AB-glucose and AB-succinate, possibly because acetyl-CoA could not be produced (Westfall 
& Levin, 2018). 
Crr is essential for the import of glucose into E. coli via the phosphotransferase system 
(PTS). Crr is the EIIA enzyme in this system, receiving a phosphate group from Hpr and 
transferring it to EIIBglc, which in turn phosphorylates glucose during import, generating 
glucose-6-phosphate. crr, crp and cyaA defective cells all produce short, slow growing cells. 
Growth rate and cell size being mostly similar between crr, crp and cyaA defective cells 
implies that these growth defects are not caused by a lack of glucose import but by a lack of 
cAMP synthesis and signalling. Width in crp or cyaA defective cells was largely identical 
implying cAMP is also responsible for width regulation (Westfall & Levin, 2018). 
 
 
E. coli metabolic genes and their impact on cell division  

Mutants were also made in a ftsZ84 strain which contains a heat sensitive ftsZ allele. This 
means that the strain is able to grow at 30oC but not at 37oC. This heat sensitivity can be 
suppressed making the cells grow at 37oC if conditions that promote FtsZ recruitment and 
assembly are met. Therefore, defects of genes that normally suppress FtsZ recruitment will 
actually suppress heat sensitivity and thus promote growth at 37oC, while defects of genes 
that normally promote FtsZ recruitment will enhance heat sensitivity and suppress growth 
at 37oC. Most mutations that had an effect on ftsZ84 heat sensitivity were inhibitors of FtsZ 
recruitment. The strongest suppressors were aceE and ackA mutants. crr, pta, tktA were 
mild suppressors. zwf seems to be a strong promoter for FtsZ recruitment since even at 
30oC and in the absence of salt, there was no growth seen (Westfall & Levin, 2018).  
 
 
 



Gene Function Pathway Morphology Doubling time FtsZ84 double mutants 

pta Phosphate 
acetyltransferase 

Acetate Short Slower (more than 
20%) 

Mild suppression of 
heat sensitivity 

ackA Acetate kinase Acetate Short Slower (more than 
20%) 

Strong suppression of 
heat sensitivity  

cyaA Adenylate cyclase cAMP Short Slower (more than 
20%) 

 

crp cAMP receptor cAMP Short Slower (more than 
20%) 

 

eda KHG/KDPG 
aldolase 

Entner-Douderoff Long Normal  

crr PTS system 
glucose-specific 
EIIA component 

Glycolysis Short Slower (more than 
20%) 

 

aceE Pyruvate 
dehydrogenase E1 
component 

Glycolysis Short Slower (more than 
20%) 

Strong suppression of 
heat sensitivity 

tpiA Triosephosphate 
isomerase 

Glycolysis Wide size 
distribution 

Slower (40%)  

gpmM Glycerol 
Phosphate Mutase 

Glycolysis Wide size 
distribution 

Relatively normal/5% 
faster 

 

gnd 6-
phosphogluconate 
dehydrogenase 

Pentose 
phosphate 

Short Relatively normal/5% 
slower 

 

pgi 6-phospho-
gluconolactonase 

Pentose 
phosphate 

Short Slower (more than 
20%) 

 

rpiA Ribose-5-
Phosphate 
isomerase A 

Pentose 
phosphate 

Short Slower (more than 
20%) 

 

rpe Ribulose-
Phosphate-3-
Epimerase 

Pentose 
phosphate 

Short Slower (more than 
20%) 

Mild suppression of 
heat sensitivity 

zwf Glucose-6-
Phosphate 1-
dehydrogenase 

Pentose 
phosphate 

Short + 5/10% 
long 

Slower (40%) Enhanced heat 
sensitivity 

talB Tansaldolase B Pentose 
phosphate 

Long  Relatively normal/5% 
slower 

 

tktA Transketolase Pentose-
Phosphate 

Short Slower (more than 
20%) 

Mild suppression of 
heat sensitivity 

relA ppGpp synthase ppGpp Increased cell 
length 

 Enhanced FtsZ84 heat 
sensitivity 

spoT ppGpp synthase ppGpp Increased cell 
length 

 Enhanced FtsZ84 heat 
sensitivity 

yggF Fructose-1,6-
bisphosphatase 

Putative 
Gluconeogenesis 

Long  Relatively 
normal/15% faster 

 

sucC Succinate-CoA 
ligase subunit 

TCA cycle short Relatively 
normal/15% slower 

 

acnB Aconitate 
hydratase B 

TCA cycle Short + 5/10% 
long 

Relatively 
normal/15% slower 

 

Table 1. Gene deletions in E. coli and their effect on morphology, doubling time and FtsZ 
recruitment determined by FtsZ84 heat sensitive double mutants sorted by pathway.  



 
Fig. 1. Part of the metabolism of E. coli and the genes from table 1 
 
B. subtilis metabolic genes and their impact on morphology and cell division  

Sperber and Herman summarized some mutations in E. coli and B. subtilis that influenced 
morphology and cell division. The mutations relevant for B. subtilis will be discussed here 
(Sperber & Herman, 2017). 
 
It has been shown that YvcK is essential during gluconeogenic growth in B. subtilis since yvcK 
mutants show growth defects and lyse, yet its exact function is unknown (Gorke, 2005). 
Interestingly, yvcK mutants can be saved by overexpression of mreB during gluconeogenic 
growth. The reverse is also true a mreB mutant, which is unable to grow during glycolytic 
growth, can be saved by overexpression of yvcK. Yvck appears to be important in the correct 
localization of PBP1. By localizing PBP1 correctly in the absence of MreB overexpression of 
yvcK seems to rescue the cell since correct PBP1 localization is essential for survival of the 
cell (Foulquier, Pompeo, Bernadac, Espinosa, & Galinier, 2011). It was also shown by Gorke 



et al. that several other mutations could save the cell from defects in a yvcK mutant. Two of 
these mutations are involved in central carbon metabolism, zwf and cggR. This suggests that 
YvcK plays a role in role in cell growth regulation and central carbon metabolism.  
 
A study by Elbaz and Yehuda determined ManA as an enzyme that plays a role in carbon 
metabolism and cell morphology. B. subtilis  has a ManA homologue, Pmi, that has the same 
function as ManA but a pmi knockout mutant showed no abnormalities (Elbaz & Ben-
Yehuda, 2010). This suggests that ManA has a second function, besides conversion of 
fructose-6-phosphate to glucose-6-phosphate, involved in cell growth.    
ManA is essential for DNA organization during rapid growth and ManA is also essential for 
proper formation of wall teichoic acids and, to a degree, of peptidoglycan. Cell wall integrity 
and chromosome morphology were found to be linked. The authors propose that 
chromosome anchoring to the membrane takes place and that this is responsible for 
chromosome morphology defects. This happens because ManA mutants don’t have normal 
elongation of thus DNA anchoring to the cell wall is lost whereby the chromosome loses its 
helical form and takes on another conformation (Elbaz & Ben-Yehuda, 2010). Similarly, 
ManA absence causing chromosome morphology defects could just as well cause the cell 
membrane alterations. 
 

 
Fig. 2. Part of glycolysis pathway showing ManA converting Fructose 6-phosphate to 
Mannose 6-phosphate  
 
One of the most glaringly obvious examples of an enzyme connecting metabolism and 
nutrient status to cell size and division is probably UgtP. While being responsible for the 
production of glucolipid anchors for lipoteichoic acid, it also acts as a sensor controlling cell 
division (Richard B. Weart et al., 2007). 
First a defect in pgcA, responsible for the conversion of glucose-6-phosphate to glucose-1-
phosphate, was shown to decrease cell size while maintaining a wild type growth rate. It 
was shown that a pgcA mutant suppressed heat sensitivity of a ftsZts allele indicating that 
PgcA is an inhibitor of FtsZ. Expression of a PgcA enzyme with a mutated catalytic 
phosphoserine producing smaller cells showed that it was PgcA’s catalytic activity 
determining cell size. After it was shown that gtaB mutants, but not pgi mutants, showed 
the same phenotype indicating that is was the glycolysation pathway and not the glycolysis 
pathway responsible for these phenotypes. GtaB converts Glucose 1-Phosphate to UDP-
glucose which is used for lipoteichoic acids and wall teichoic acids. Pgi converts Glucose 6-
phosphate to Fructose 6-Phosphate which leads it into the glycolytic pathway (Richard B. 
Weart et al., 2007).  
After further examination, they found that an ugtP mutant and not ggaAB or tagE mutants 
decreased in length and that UgtP was responsible for inhibition of FtsZ assembly. UgtP 
converts UDP-glucose to Glucolipid anchors for lipoteichoic acids and TagE and GgaAB are 
responsible for synthesis of wall teichoic acids (see fig. 2) (Richard B. Weart et al., 2007).  
 



 
Fig. 3. Part of glycolysation pathway showing catalytic functions of among others PgcA and 
UgtP 
 
A study done by Monahan et al. showed that pyk, a pyruvate kinase, plays a role in cell 
division. It was shown that a pyk mutant suppressed growth inhibition of a heat sensitive 
strain, indicating that it is a FtsZ recruitment inhibitor. It was also found that pyk mutants 
were capable of polar Z-ring formation and that these cells could also perform division, 
creating small mini cells that lacked chromosomal DNA (Monahan, Hajduk, Blaber, Charles, 
& Harry, 2014).  
An inducible FtsZ variant was used to determine the effect of higher FtsZ levels in a pyk 
mutant. Higher FtsZ levels showed increasing amounts of mini cells produced and formation 
of multiple Z-rings in cells. Several mutants of the glycolysis and the TCA cycle were tested 
with a heat sensitive FtsZ strain and only pgk, a phosphoglycerate kinase, was shown to 
suppress heat sensitivity. Because pgk upstream of pyk in the pathway it seemed likely that 
pyruvate was having an effect on the cell division. Addition of pyruvate to a pyk mutant 
showed that normal Z-ring formation was reestablished and in the heat sensitive strain, 
heat sensitivity was restored. The authors did not think pyruvate itself to be responsible for 
FtsZ localization and recruitment and found due to a fluorescent fusion that pyruvate 
dehydrogenase subunit E1⍺ (pdhA) localized similar to the nucleoid and this localization was 
lost in the pyk mutant (Monahan et al., 2014). 
 

 
Fig. 4. Part of the glycolytic pathway showing Pyk 
 
Table 2. 

Gene Function Pathway Morphology 

yvcK Gluconeogenic 
factor 

Gluconeogenic 
flux 

Round and lyse under gluconeogenic growth  

manA Manose-6-
phosphate 
isomerase 

Glycolysis Rounded and stops growing after shift from minimal 
medium to LB 

pgcA Phospho-
glucomutase 

Glycolipid 
metabolism 

One-third shorter than the wild type yet maintained 
a wild-type growth rate in LB  
 

ugtP Processive 
diacylglycerol beta-
glucosyltransferase 

Glycolipid 
metabolism 

Short 

pyk Pyruvate kinase Glycolysis Polar and/or multiple Z-ring formation producing a 
percentage mini cells 



pdhA Pyruvate 
Dehydrogenase E1 
Alpha 1 Subunit 

Glycolysis Same phenotype as pyk 

Table 2. Gene deletions in B. subtilis and their effect on morphology  
 

Fatty Acid metabolism 
 
Fatty acid synthesis as primary cell size regulator 

A study looking at fatty acid synthesis and cell size showed that fabH mutant cells, a gene 
coding for an enzyme essential for fatty acid synthesis, displayed decreased cell size. They 
saw that FabH was not essential for survival but it was essential when the cell was also 
defective for ppGpp synthesis (Yao, Davis, Kishony, Kahne, & Ruiz, 2012). Based on this 
observation, Vadia et al., speculated whether amino acid or fatty acid depletion directly 
affects cell size or whether this is mediated by alarmone guanosine tetraphosphate 
(ppGpp). ppGpp is synthesis is triggered by nutrient starvation and it is an inhibitor of 
biosynthesis.  
Vadia et al. used three different types of antibiotics to target three different systems of the 
cell at sub inhibitory concentrations. Rifampicin to target RNA, Chloramphenicol to target 
protein and Cerulenin to target fatty acid synthesis. All three pathways are down regulated 
when ppGpp is produced. They showed that Cerulenin, a FabB inhibitor, was the only 
antibiotic to show the same growth rate and size reductions as compared to nutrient 
starvation.  
To confirm these findings, they looked at fabH mutant cells which due to a bypass 
mechanism are still viable and should also maintain the relationship between nutrient 
availability and cell size which indeed was the case. They also looked at cells defective in 
fabH in LB-glucose, AB-glucose and AB-succinate and found that cell length remained 
constant but width changed (Vadia et al., 2017). Apparently this was not consistent with 
what Yao et al. found but the authors attribute this to their wider range of carbon sources 
used. Also fadL, fadD and fadE defective cells were compared and only fadE mutants 
showed size and growth rate deficiencies that were saved by addition of oleic acid. 
To show that also in B. subtilis fatty acid synthesis is the primary factor of cell size, they used 
fadR inducible cells and showed that increased FadR expression led to increased cell size. 
FadR being a transcription factor that stimulates fatty acid synthesis. Interestingly, fadR 
alleles whose product could not bind DNA showed no increase in size. This indicates that 
FadR as a transcription factor regulates genes that are involved in cell size regulation (Vadia 
et al., 2017). 
Increases in E. coli size correlated with large increases in phospholipid-available fatty acids 
(phospholipid bound or acyl-ACP thioesters). After inspection with transmission electron 
microscopy these increases seemed to be the result of invaginations that formed (Vadia et 
al., 2017). 
To further solidify the correlation between fatty acid metabolism and cell size they used 
fadR and tesA inducible E. coli cells. TesA cleaves long chain fatty acids and transports them 
outside the cell. By inducing both these genes cell size increases from only FadR 
overexpression were cancelled (Vadia et al., 2017). 
Mutations or antibiotics that disrupt fatty acid synthesis, up regulate ppGpp synthesis. To 
see if fatty acid synthesis regulates cell size downstream or upstream from ppGpp, it was 



shown with a double inducible strain of relA (coding for a ppGpp synthase) and fadR that 
they were larger than cells only carrying an inducible relA gene. This means that FadR 
overproduction was able to overcome the growth defects of ppGpp overproduction. It was 
concluded that therefore ppGpp directly controls cell size via fatty acid synthesis regulation 
(Vadia et al., 2017). This however, does not exclude ppGpp regulating cell size in different 
ways. 
 
Impact of acetate metabolism and fatty acid synthesis  on cell division 

Westfall and Levin also looked into cell division and metabolic defects. They took the 
mutants that showed abnormal morphology and used a GFP-FtsZ fusion to visually assess 
frequency of FtsZ-ring formation. Most of the mutants showed a rough correlation between 
FtsZ-ring formation frequency and growth rate, as normal cells do (Hill, Buske, Shi, & Levin, 
2013; R. B. Weart & Levin, 2003). However, specifically aceE deleted cells show an increased 
FtsZ-ring frequency and ackA and pta mutant cells showed a decreased FtsZ-ring frequency, 
compared to wild type cells (Westfall & Levin, 2018).  
To understand if these anomalies were caused by problems in early or late division 
machinery recruitment an inducible GFP-FtsN fusion protein was used. FtsZ was viewed as 
early division machinery and FtsN as late division machinery. Hereby was determined that 
aceE mutant cells had an elevated Z-ring frequency because of delayed recruitment of late 
division machinery and ackA and pta mutant cells had a decreased Z-ring frequency because 
of a delay of FtsZ assembly (Westfall & Levin, 2018). 
 
Since aceE is responsible for the bulk of Acetyl-CoA synthesis, which is essential for the first 
step in fatty acid synthesis, the link between FtsZ recruitment and fatty acid synthesis was 
further investigated. Wild type and mutant cells were grown in addition of triclosan at sub 
inhibitory concentrations. Triclosan inhibits FabI, the enzyme that catalyses the reduction of 
enoyl-ACP during the elongation cycle of fatty acid synthesis (Westfall & Levin, 2018). This is 
supposed to mimic the blockage of aerobic synthesis of Acetyl-CoA by aceE. The authors do 
state that although this may not be a flawless way to simulate this, fatty acid synthesis flux 
should be similar. They showed that Z-ring frequency was significantly increased in wild type 
cells as well as in acetate mutant cells during growth with triclosan. This indicates that 
reductions in fatty acid synthesis slows cell division because of delayed recruitment of the 
late division machinery. 
(Westfall & Levin, 2018) 
 

cAMP 
 
A study in 1988 done by D’Ari, Jaffé, Bouloc & Robin found that cya and crp mutants 
became ovoid in their stationary phase in LB medium. Addition of cAMP partially restored 
the shape of cya mutants.  
During growth in glucose-Casamino acid medium, growth rate of the cya and crp mutants 
was about 1.5 times as slow as wild type growth rate. The cells were smaller but this is most 
likely a secondary consequence of the growth rate being slower. It was unclear why the cya 
and crp mutants grew slower (D’Ari, Jaffé, Bouloc, & Robin, 1988).  
cya and crp mutants are resistant against mecillinam. The mechanism of resistance of these 
mutants is not clear however. Mecillinam works by binding Penicillin binding protein 2 



(PBP2), therefore it seems possible that cya and crp influence PBP2 somehow it being the 
target of the antibiotic. In the mutant cells PBP2 seems to still work though. This is indicated 
three things: by its ability to still bind penicillin, crp and cya mutant cells becoming spherical 
and surviving mecillinam suggests PBP2 is being inhibited and last of all exponential growing 
mutant cells being rod shaped whereas PBP2 lacking cells become spherical (D’Ari, Jaffé, 
Bouloc, & Robin, 1988). 
It was also shown that the cAMP-CAP complex does not seem to regulate FtsZ amount but 
rather the FtsZ ratio to cell volume because this ratio remained consistent with the cya 
mutant and the wild type with addition of cAMP (D’Ari, Jaffé, Bouloc, & Robin, 1988).  
 
In the study of Westfall & Levin mutants of crr, cya and crp all suppressed heat sensitivity in 
ftsZ84 strains and heat sensitivity was restored by the addition of cAMP when crp was 
present. This indicates that the Crp regulon acts as an inhibitor of FtsZ (Westfall & Levin, 
2018). This does not seem consistent between the two studies.  
Westfall & Levin also showed that crp mutants show no change in width when changing 
from LB-glucose to AB-glucose like wild type cells do. This suggests that cAMP plays a role in 
width regulation. Addition of cAMP to wild type cells decreased width and length in LB-
glucose and AB-glucose and also growth rate (Westfall & Levin, 2018). 
cAMP activates transcription factor OmpR which inhibits genes of a lot of morphogenic 
products. In particular bolA, a transcription factor which inhibits mreB (key component of 
elongation machinery). bolA inhibited by cAMP. crp, ompR and bolA support a model in 
which cAMP increases cell width indirectly. 
(Westfall & Levin, 2018) 
 

Guanosine tetraphosphate 
 
In 1998, Powell and Court did a study on the alarmone guanosine tetraphosphate (ppGpp) 
and nutrient limitation and how these two influence FtsZ recruitment.  
They found that a rpoN mutant, coding for transcriptional factor sigma σ54, suppressed heat 
sensitivity of a ftsZ84 strain on LB medium. Heat sensitivity was restored after 
supplementation of the rpoN gene on a plasmid. Next the question was whether this effect 
was directly from nitrogen deficiencies or indirectly from limitations in the glutamine 
metabolism. glnD, glnG and glnL mutants were found to also suppress heat sensitivity in a 
ftsZ84 strain. Supplementation of glutamine restored heat sensitivity in all identified 
mutants. It was suggested that heat suppression could be due to nutrient limitations, ppGpp 
being synthesized and causing stringent response which could increase FtsZ recruitment 
(Powell & Court, 1998). 
To see if it was the specific glutamine deficiencies or ppGpp increases (due to nutrient 
limitations) causing up regulation of FtsZ recruitment, an inducible relA promoter, coding for 
a ppGpp synthase, was first put in a ftsZ84 strain and was shown to suppress heat 
sensitivity. After that, double mutants were made with a relA defect. Of all the mutants only 
the glnL mutant was able to grow without glutamine supplementation (possibly because of 
higher internal glutamine levels compared to the other mutants) and therefore this strain 
was used test heat sensitivity in an ftsZ84 strain. The glnL mutant was shown to suppress 
heat sensitivity but the relA glnL double mutant did not suppress heat sensitivity. The 



authors conclude that this indicates that glnL heat suppression is dependent on ppGpp and 
is the primary FtsZ recruiter (Powell & Court, 1998).  
Heat sensitive FtsZ strains have been known to be saveable by high salt concentrations 
(Ricard & Hirota, 1937). relA mutants were shown to not be saveable by multiple forms of 
salts, specifically: NaCl, (NH4)2SO4 and NH4Cl. The authors proposed a model where growth 
on LB medium and nitrogen metabolism defects cause glutamine deficiencies leading to 
increased levels of ppGpp, which in effect causes FtsZ recruitment (Powell & Court, 1998).  
 

Discussion 
 
It seems clear that certain genes that play a role in metabolic pathways, also play a role in 
cell division and morphology. Unfortunately, B. subtilis studies on genes affecting 
metabolism and morphology are much more scarce than studies in E. coli. Therefore, 
drawing parallels between the two organisms in metabolism and morphology is very 
difficult with the amount of data presently available. Even looking more general only at 
pathways, doesn’t imply any strong connections besides fatty acid metabolism that seems 
to be the primary determinant of cell size. That is also not to say there are no strong 
connections, just that more data is required to fully map out the relationships in both cells 
before looking for similarities.  
 
At this point it is difficult to say if the mechanism for determining cell shape is entirely 
different in E. coli compared to B. subtilis or if generally the same metabolic genes are 
involved. E. coli and B. subtilis both being model organisms for Gram negative and Gram 
positive cells respectively, suggest that due to this difference some different genes and 
different mechanisms will be in place. But considering both are also very similar in many 
ways (carbon sources, FtsZ, etc.) it seems probable that even if difference in mechanisms 
exist, the checkpoints in the metabolism where regulation of cell division or morphology are 
located are also similar. 
 
Studies that look at only one specific gene do not appear as useful for mapping the 
metabolism against morphological changes. All-inclusive deletions of the metabolism in one 
study like Westfall and Levin did, are more practical to draw conclusions from and to narrow 
down multiple genes that are suspects of cell size and division regulation.  
Studies where mutants of all enzyme coding genes in pathways of interest are made and 
analysed in different mediums where conditions of glycolytic and gluconeogenic growth are 
created and inspecting growth rate and cell shape and size seem to be the most useful. 
After establishing morphogenic genes making mutants with heat sensitive ftsZ alleles to 
determine impact on Z-ring formation and using inducible FtsN-GFP fusion proteins for 
determining impact on cell division are a good way to go about clearing up these regulators 
of cell division and growth. Furthermore, specific types of antibiotics can be used for 
targeting specific pathways for determining responsibility of these pathways in morphology 
and growth rate.  
 
The best way to approach these types of studies seem to be: first pinpointing specific 
enzymes or metabolites responsible for morphology or growth rate by using gene deletions. 
The next step would be to determine mechanisms of action. For enzymes a first step would 



be to make GFP fusions and observe if the enzyme co-localizes with other proteins 
important in cell growth. Another important step to look into cell division is using heat 
sensitive ftsZ strains gain insight in Z-ring formation. 
 
A repeat of the Westfall and Levin study in other organisms would be wholeheartedly 
recommended but possibly even more genes from the metabolism also including pathways 
leading to peptidoglycan synthesis. These types of studies should also be done specially in B. 
subtilis, it being a model Gram positive organism.  
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