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Abstract

Wall teichoic acids (WTA’s) are negatively charged polymers that play an important role in the cell
envelope. Among other functions they are influencing cell morphology and autolysin activity. The
mechanism of the latter is only shown in Staphylococcus aureus and is poorly understood. We here
show the impact on morphology by WTA's in detail and started investigating the role of WTA’s in lysis
in Bacillus subtilis. Lacking the first step in WTA biosynthesis the AtagO conditional knockout mutant
was used to characterise growth under different wall teichoic acid concentrations. We found that
growth is generally impaired and initially cannot be complemented to WT level. The mutant
however, surprisingly regrows after a lysis phase of diverging length, a phenomenon that requires
further investigation. Measuring the morphology of the mutant, we were able to show in a detailed
length to width ratio analysis that WTA are important to maintain the rod shape of the bacteria. We
also detected an increase of volume by up to 330% caused by the lack of WTA’s. Both results show
that wall teichoic acids are a structure that is partially responsible for cell shape maintenance in gram
positive bacteria. A difference in charge or size between WTA in the WT and in the mutant is
apparent in our results. It gives insight in the reaction of the cell to a lack of WTA’s and the regulation
of their biosynthesis. It also has an impact on all other results we obtain with this mutant. Finally we
were able to show that WTA's are responsible for up to 23% of the cation binding capacity in the
cellular envelope of Bacillus subtilis. This result is similar to the ones achieved using Staphylococcus

aureus, in which it has been shown that this influences autolysin activity.
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Introduction

The Cell Envelope

The cell envelope of bacteria is a complex structure that shows a great variety in composition and the
functions it fulfils, like maintaining cell shape and interaction with the exocytoplasm[1]. The absence
of an outer membrane in gram-positive bacteria, like the here studied Bacillus subtilis 168 is one of
the main differences compared to gram-negative ones, in which two membranes create the
periplasm[2]. This compartment filters toxic molecules and serves as an anchoring scaffold for
proteins involved in respond systems to the environment. Functions fulfilled by this outer membrane
have to be replaced by structures present in and bound to the peptidoglycan (PG) matrix, the

dominant component of gram-positive cell envelopes(Figure 1)[3].

e )
outer
membrane
EERSmmen) |
[ 3
peptidoglycan
: periplasm
) - 5 J
([ 2o g e D (e S it
cell
membrane
Rerunssasiieetymnenbinges ] ==y
Gram positive cytoplasm Gram negative

Figure 1: Schematic overview of gram positive and gram negative cell envelopes. In contrast to gram-negative organisms,
gram-positive organisms do not show a distinct periplasm . Proteins are not shown. LTA: lipoteichoic acid; LPS:

lipopolysaccharide; WTA: wall teichoic acid [2].

Peptidoglycan is a cross-linked matrix of glycan chains. This carbohydrate network is linked to one
another via covalently bound peptide side chains[4]. In gram-positive bacteria the layer is especially
thick and its organization serves several purposes, such as binding proteins as well as other
components and withstanding high internal osmotic pressure. The cell wall of Bacillus subtilis for
example defies a pressure of approximately 2.43 bar compared to 0.5 of the one of E.coli (gram-

negative)[5].



The architecture of PG is differing between bacterial strains[5]. In general, PG consists of strands
made from two alternating amino sugars, namely N-acetylglucosamine (GIcNAc or NAG) and N-
acetylmuramic acid (MurNAc or NAM). The strands are linked by a 4-5 residue amino acid unit

between the chains.

Different polymers are linked to the peptidoglycan. Most abundant are carbohydrate based anionic
strands, called teichoic acids. In concert with the peptidoglycan, teichoic acids create a polyanionic
network that contributes to many attributes such as: tensile strength, elasticity, porosity and
electrostatic steering of the cell envelope[6]-[9]. The influence of especially the wall teichoic acids on

the cell envelope and its proposed functions will be elucidated in this report in greater detail.

With up to 60% of the cell wall mass, teichoic acids play a major role in the composition and function
of the extracytoplasm[10]. Two types of teichoic acids can be differentiated; there are lipoteichoic
acids (LTA) and the aforementioned wall teichoic acid (WTA). LTAs are linked to a glycolipid anchor
unit that attaches them to the cell membrane, from where they extend into the peptidoglycan
layer[11]. WTAs are covalently linked to the peptidoglycan from where they expand through the cell
wall and beyond it. It is unclear how much further the wall teichoic acids are stretched beyond the
PG[12]. It has been estimated that every ninth PG MurNAc residue has a WTA Polymer attached to it,
creating a dense network[13]. Both polymers are rich in phosphor and create a negatively charged
environment from the bacterial cell membrane till the outer parts of the cell wall (Figure 2). If grown
under phosphate limited conditions Bacillus subtilis switches from building teichoic acids to
teichuronic acids, a heteropolymeric polysaccharide containing uronic acid and carbohydrates, but
no phosphor[14]. Their biosynthesis is up-regulated strictly only under phosphate limited
conditions[15]. It goes along with up-regulation of enzymes for increased phosphate uptake and
degradation of teichoic acids, to maintain the level of phosphor in the cytoplasm in order to sustain

e.g DNA synthesis[16].
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Figure 2: Location of teichoic acids in the gram positive cell wall. Lipoteichoic acids (LTA, yellow) are anchored to the

membrane, wall teichoic acids (WTA, blue) are covalently attached to the peptidoglycan (PG, grey)[17].

Wall Teichoic Acid Structure

The polymer creating a wall teichoic acid can be divided in two main components; a disaccharide
linking unit, and the main polymer, a phosphodiester-linked polyol repeat unit (Figure 3) [17]. The
linkage unit is conserved over species and therefore also over different types of WTA’s. The GIcNAc
unit of the linker is covalently connected to the C4 Oxygen of MurNAc, the second linkage unit
building block, by one or two glycerol 3-phosphate units[13]. The C6 hydroxyl in the PG’s MurNAc is
bound to the anomeric phosphate of the linkage unit by a phosphodieseter bond. On the other side

of the anchor a GroP unit connects to the phosphodiester-linked polyol repeat unit(Figure 3) [3].

In Bacillus subtillis 168 the repeat unit comprises a glycerol 3-phosphate (GroP). Bacillus subtillis W23
and Staphylococcus aureus contain a ribitol 5-phosphate (RboP) repetition unit. The two mentioned
units are most common, but other compositions are also present among other species. All variations
share common functions and a negatively charged anionic backbone(Figure 3). GroP however is
abundant in phosphor content compared to the other variations. It has less side chains and less
carbon atoms between the phosphor groups, which increases the density of phosphor in comparison

to other polymers[18].
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Figure 3: Chemical structures of WTA’s from Bacillus subtilis and Staphylococcus aureus. (m = 1-3 and n = 20-40)[2].

Wall Teichoic Acids Biosynthesis

Intracellular assembly

The biosynthesis of WTA’s takes place at the wall-membrane interface, which is located in the
cytoplasm[14]. In Bacillus subtilis the here described Poly(GroP) WTA synthesizing proteins are
encoded by the tag genes (teichoic acid glycerol). TagO is responsible for catalysing the first step, in
which the membrane anchored undecaprenyl phosphate carrier lipid is loaded with GIcNAc-1-P from
UDP-GIcNAc (N-acetylglucosamine). The carrier lipid is an intermediate shared with PG
biosynthesis[19]. TagA then further transforms the linkage unit, which transfers ManNAc from UDP-
ManNAc to the C4 hydroxyl of GIcNAc. A glycerophosphotransferase encoded by tagB concludes the
three step synthesis of the WTA linkage unit. In particular, it catalyses the transfer of a GroP unit
from CDP-glycerol to the C4 position of ManNAc[20]. The linkage unit assembly is a highly conserved
pathway, in all strains characterised to date (Figure 4A). TagF is the next enzyme in line, responsible
for assembling the polymer's 45 — 60 glycerol-phosphate units by adding them to the
aforementioned linker. To prepare the units for polymerisation, a cytidylyltransferase, encoded by
tagD, catalyses the transfer of L-a-glycerol 3-phosphate to CTP by releasing a pyrophosphate (Figure
4B) [21].



--------------------------- - — e o mmm =

Membrane

In
TagO TagA TagB TagF
i ‘ CMP

U —=>uor 4 cor- B
P+ % coP-0

A

@ ribitol O Glucose . GleNAc  [] Glycerol . ManNAc @ Phosphate \| Undecaprenol

Figure 4: WTA Biosynthesis(A) Assembly of the linkage unit, conserved in all too date characterized pathways (B) Bacillus
subtilis specific assembly of polymer. Abbreviations: GIcNAc, N-acetylglucosamine; ManNAc, N-acetylmannosamine;WTA,

wall teichoic acid and CTP, cytidine triphosphate[17].

Tailoring modifications of WTA’s

tagE codes for a protein modifying WTA’s with a-glucose, using UDP-glucose as a substrate[22]. One
strand is either heavily modified with sugars of the same stereochemistry or not altered at all[23].
The structure of the polymer is influenced by the modification, which changes its interaction with
other components in- and outside the cell wall[17]. Another tailoring modification on the WTA's is D-
alanylation. The dIt operon is responsible for the catalyzation. DItA activates D-alanine to its
corresponding aminoacyl adenylate. This compound is then attached to DItC, which is transported
through the membrane, presumably with the help of DItB and DItD[24]. The occurrence of this
modification has been shown to be affected by e.g. growth media, pH and temperature[4]. The D-
alanylation adds an ester to the teichoic acid that provides a positive charge to them, resulting in a
zwitterion. It reduces repulsion between the strongly negatively charged acids and enhances ion pair

formation between cationic esters and anionic phosphate groups[25].

Polymer export

As the assembly and polymerization takes place inside the cytoplasm, the WTA strands have to be
transported through the membrane to reach their designated location. This happens by a two-
component ATP-binding cassette (ABC transporter). The genes that are coding for this ABC
transporter are termed as tagGH. The energy needed to perform a conformational switch in TagH is

provided by TagG, which contains an ATPase domain. This conformational switch leads to a
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translocation of the molecule across the membrane[26][27]. The exact mechanism remains to be
elucidated but it is suggested that a flipping of the anchoring unit is initiated. This movement then
drags the polymer chain out of the cytoplasm bottom first, with the top following last. The
suggested movement is supported by findings that show recognition of the linking unit and not the

main chain as a reaction partner by TagGH[26].

The final step of the synthesis is the linking of the polymer to the PG. As mentioned before, the
WTA'’s are connected to the C6 hydroxyl of the MurNAc unit in the PG. The gene cluster tagTUV is
responsible for catalysing this particular coupling reaction[28]. Whether the connection is made to
nascent or old peptidoglycan still needs to be investigated, this also holds true for the exact mode of
action by the mentioned genes. It is only known that tagT codes for a geranyl pyrophosphatase

activity[28], how this is influencing the coupling in particular remains unclear to date.

Necessity and conditional necessity of tag genes

Of the mentioned biosynthesis genes only tagO was shown to be non-essential[29]. Additionally all
tailoring enzymes are non-essential. However, most of the downstream WTA biosynthesis related
genes are essential (tagADF), if the upstream process is not interfered with[29]. This might be

connected to the accumulation of toxic intermediates[30].

Roles of Wall Teichoic Acids

The functions of wall teichoic acids are not well understood. The amount of WTA’s in the cell

envelope suggests that they play a role in almost every function it fulfils.
Regulation of lon Homeostasis

Binding of extracellular metal cations is highly influenced by wall teichoid acids. By extending beyond
the PG layer, as mentioned earlier, the anionic backbone binds to the positively charged metal. In
Staphylococcus aureus wall teichoic acid biosynthesis has been shown to be upregulated when grown
in cation limited media[31]. The D-alanylation tailoring decreases the cation binding effect by adding
a positive charge to the tip of the polymer. Independent from that, when lacking WTA’s,
Staphylococcus aureus has a 23% decrease in the binding of protons[17]. Another proposed function
of wall teichoic acids binding cations is that this minimizes repulsion between the phosphate groups.
This can affect polymer structure and cell wall integrity, especially due to their density in the cell

envelope[32].
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Regulation of cell morphology and division

Bacillus subtilis with defects in WTA biosynthesis grow slower than the wild type[33]. These strains
are also showing morphological abnormalities. A transformation to a spherical in contrast to the wild
types natural rod shape is reported[34], but not analysed in detail. The peptidoglycan layer is shown
to be of inconsistent thickness[34]. Other findings, such as defects in the septal positioning or
increased cell size have been linked to missing WTA’s in other organisms[17]. These findings give
reason to hypothesize that wall teichoic acids play a major role in cell wall assembly and renewal,
which is important for cell division. Co-localisation and interaction of PG and WTA biosynthetic
enzymes have been reported and support this hypothesis[28]. Especially the enzymes with autolytic
activity are believed to be regulated by WTA’s[35]. Autolysins are responsible for hydrolysis of the

PG. If their regulation is impaired this could lead to a higher lysis rate.

Linking the presence of wall teichoic acids to autolytic activity is, to date, mainly shown in
Staphylococcus aureus[17]. Studies support an interaction between the autolysins and WTA's driven
by the strong charges in the WTA polymer. Autolytic enzymes in Bacillus subtilis however are often
different in mode of action and structure from those in Staphylococcus aureus[36]. Still, the
structural circumstances and similarities in the cell envelope ask for further investigation[25]. A
proposed model of interaction, in gram positive bacteria, is the influence on autolysis by ion
chelation with WTA’s. This could lead to several interactions with the autolytic enzymes. It has been
shown in Staphylococcus aureus that autolysins can be influenced by even slight changes in the pH,
or in the proton gradient. Both can be linked to the presence of anionic polymers by ion chelation.
Especially diverging ion binding of the anionic network is believed to create regional changes in the

pH[35].

Purpose and experimental setup

In this study cell growth and morphology in a Bacillus subtilis 168 mutant with regulated wall teichoic
acid expression was examined.The gene product of tagO catalyses the initial step of WTA synthesis,
making the AtagO mutant lacking the entire WTA polymer[17]. WTA’s could be reintroduced by an
inducible promoter. This enabled us to investigate growth, corresponding morphology, PG
occurrence and cation binding under diverging WTA conditions. We compared the influence of tagO
to that of other mutants, to confirm that the obtained results are induced by the lack of wall teichoic
acids. AditA, lacks D-alanylation and therefore a positive charge at the tip of the WTA or LTA
polymer[25], whereas the AltaS strain does not synthesise LTA’s[2]. AtuaA is not able synthesise

teichuronic acids, a pathway suppressed in the phosphate rich medium LB[14].
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In order to gain more insight in the AtagO conditional knock out strain, we monitored growth in LB
medium and analysed matching microscopy pictures. The characterisation of the mutant regarding
cell envelope and morphology is important, as these factors play a major role in e.g. cell division or
lysis. In literature to date these features are not well described for AtagO[17]. Subsequently we
elucidated the link between slow growth and aberrant morphologies. Cell shape is often referred to
as a key feature of AtagO mutants[17], but not described in more detail. We here try to gain more
insight into the cells morphology in different level of WTA expressions. As described in literature and
in this report the AtagO mutant morphology is often referred to as spherical[2]. An in depth
understanding of how the cell maintains a certain shape is not developed to date[37]. It is generally
accepted that mechanical influences such as the already mentioned turgor pressure and cytoskeletal
filaments play a role as well as the cell envelope.[38] With the apparent shape of the tagO deficient
mutant (Figure 8), the question is raised what the influence of wall teichoic acids on the rigidity of
the cell shape is. To examine this in more depth, microscopy pictures from the AtagO mutant without
IPTG and samples supplied with 10 nM IPTG, 100 nM IPTG and 1000 nM IPTG respectively were
compared to the WT. Morphology of the obtained strain is very similar to the cell wall less L-form of
Bacillus subtilis created by Errington and Co-workers[39]. Therefore the PG content was matter of
investigation as well. To reassure our results and link them directly to existence of WTA's, we

examined length and occurrence of the polymer in mutants.

This knowledge is used to start analysing WTA influence on autolysins; here the regulation of ion
homeostasis was examined, as it has been shown to be apparent in Staphylococcus aureus[17].
Binding capacity of Cytochrome C to Bacillus subtilis with WTA concentrations is used to depict their

ability in cation binding.

13



Material and Methods

Strain description and growth

The liquid cultures of Bacillus subtilis 168 and derivatives were grown in Lysogeny Broth medium
(LB)(Table 3) at 37°C and 200-225 rpm shaking. When necessary the media was supplemented with
1mM isopropyl-BETA-D-thiogalactoside (IPTG), 5 pg ml* neomycin(neo) and/or 100 pg ml™
spectinomycin(spec), when grown from a -80°C stock. AtagO is supplied with a spectinomycin
resistance cassette, but has been grown without adding this antibiotic, as it led to better growth in
the inoculation culture. The glycerol stocks for storage at -80°C were prepared by mixing 1 ml of

liquid culture in logarithmic growth phase with 250l of Glycerol 85%.

In all mutant strains used, the corresponding gene is conditionally knocked out. The gene is
reintroduced into the amyE locus under the control of a Py, promoter, which is inducible by IPTG.

The strains used are shown in Table 1.

Table 1: Strains used including notation source and the necessary supplement for inoculation.

Strain Characteristics Source Resistance
Bacillus subtilis 168 dItA::neo,amyE:Psp-dItA Rik de Vries [40] neo,spec
Bacillus subtilis 168 ItaS::Neo,amyE:Psp-ItaS Rik de Vries [40] neo,spec
Bacillus subtilis 168 tuaA::Neo,amyE:Psp-tuaA Rik de Vries [40] neo,spec
Bacillus subtilis 168 tagO::Neo,amyE:Psp-tagO Rik de Vries [40] neo,spec
Bacillus subtilis 168 WT Maarten Mols[41] -

Growth curves

For the growth curves, cells were inoculated into LB from -80°C stock overnight. The next day,
cultures were washed once with preheated LB and diluted too an OD of 0.1 in 10mL LB and IPTG
concentrations ranging from 0-1000 nM at 37°C and 200-225 rpm agitation. OD was measured hourly
including blanking beforehand. Data was processed in windows office excel too give a line chart with

a logarithmic scale of ODgy on the y-axis and the time in hours on the x-axis.

Growth was also monitored in the TecanGenios shaker: 200 uL LB was added per well plus 2 ulL of
corresponding IPTG concentration and 2 plL of bacteria solution from the overnight culture. Tecan
was set to measure ODsg; at 37°C every 10 minutes with a constant orbital shaking on the highest

degree. Triplets of each sample were measured.
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Again the data was processed in windows office excel. Average values of the triplet data set were
calculated and subtracted of the average of all blank measurements, a triplet of 200 pL LB without
additions. The graph was plotted in excel showing error bars indicating the highest and the lowest
result respectively, to give a line chart with a logarithmic scale of ODgyy as y-axis and the time in

hours as a x-axis.

Sequencing
To sequence the Pgpnc promoter region it was amplified via Polymerase chain reaction (PCR).The
strains were grown as described above in an overnight culture. The DNA was purified using the

NucleoSpin® plasmid easy pure kit or the g-DNA kit respectively (Macherey-Nagel).

The PCR amplification was performed in a total volume of 50 plL: containing 10 pL Phusion
polymerase buffer(Thermo scientific), 5 uL 2mM dNTP’s, 31.75 pL MilliQ water, 1 uL AmyE forward
primer, 1 pL AmyE reverse primer,1 pL sample DNA and 0.25 pL Phusion high-fidelity DNA
Polymerase. Amplification took place using the following program: 30 seconds a 98°C, followed by 35
cycles of 10 seconds at 98 °C, 20 seconds at 57°C and 2 minutes 30 seconds at 72°C. After the cycles

the samples were kept at 72°C for another 2 minutes and then stored at 4°C.

The product was purified using a NucleoSpin® Gel and PCR Clean-up kit (Macherey-Nagel). For
correct DNA size-estimations and for isolation of DNA fragments, the DNA fragments were separated
by agarose gel electrophoresis, stained with ethidium bromide and run along an appropriate DNA

marker.

The obtained DNA was send for sequencing to Macrogen using the pDR110_RV as reverse primer and

pDR110_RV as forward primer in Bacillus subtilis plus the Psp-TagO_FW as forward primer in E.coli.

Table 2: Primer used for sequencing.

‘ Name Sequence
AmyE forward primer CGAGGGAAGCGTTCACAGTTTCG
AmyE reverse primer CTTTCGGTAAGTCCCGTCTAGC
pDR110_FW ACGCCAATCAGCAACGAC
pDR110_RV GCTGCAGGAATTCGACTCTC
Psp-TagO_FW AATACCGTCAGCGGATAAGC
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Cytochrome C test

Cytochrome c is a small heme protein from eukaryotic cells[42]. Two features make it suitable for this
test. First, it binds a cation, which can still build a chelate complex with e.g. a phosphate group in the
cell envelope. The second is, that it has a distinct absorption at 526 nm wavelength[25]. Bacteria of
the different strains were inoculated into LB from the -80°C stock and grown overnight. Then they
were inoculated in 10mL LB and corresponding IPTG concentrations at 37°C and 200-225 rpm shaking
and grown for 4 hours. The cells were collected by centrifugation at 7000 rpm for 10 min at room
temperature (RT) and resuspended in 0.1 M HEPES buffer, pH 7.1, to OD 1.0 at 600nm. Cytochrome C
was added to give a final concentration of 500 ug per ml. After incubation for 10 min at 37°C and 220
rom shaking, the bacteria were removed by centrifugation (12000 rpm, 2 min, RT). Binding of
cytochrome C was expressed as (AAsys) the difference between the absorbance of the initial

concentration (As,6) and the absorbance in the supernatant after pelleting the bacteria (Asy) [25].

DAsye= Asyei — Ases

Microscopy and Image]

For visualisation of the different strains, microscopy was performed. Cells from different time points
during growth curves were taken, centrifuged down at 14.000 rpm for three minutes, and re-
suspended in 70% ethanol at -20°C for fixation. Fixed sampled were stored at -20°C for up to 10 days.
The samples were again centrifuged (14.000 rpm, 3min) resuspended in water and air dried on a 1%
agarose slide. Photos of slides were taken with Olympus IX71 inverted microscope with use of 100x
phase contrast objective (Olympus 100X/1.40, Plan Apo, 1X70), GFP FP filter and SoftWorx software.
The following image properties were set: XY Dimensions: 1024 x 1024; ZWT Dimensions (expected): 1
x 2 x 1, Pixel Size: 0.06430 0.06430 0.200; Binning: 1x1. For visualising bright field the following
settings were used: exposure time 0.05 seconds, EX filter: GFP-FITC, EM filter: GFP-FITC, ND filter:
32% or 50%. Microscopy pictures of the time point two hours after inoculation were analyzed with
Fili software [43]. For size analyses the scale was set to 15.492 pixels per um. Cell area of 200 sample
cells per strain was measured. The measurement has an area in um? as a result, areas are assembled
in different categories of size and the number in these categories is the input for the graph. The
longest possible line inside the cell and an orthogonal line to measure length and width of the cell
were also taken. The data was processed in windows office excel, by dividing width by the
corresponding length, creating a ratio for each measured cell. For area and ratio data categories

were defined, in which the frequency of the different sample was then calculated and occurrence

16



compared. To examine the influence of the apparent shape and ratio differences on the volume of a
bacterium the averages of length as well as width for each sample are taken and a volume is

calculated. For the WT a cylinder shape was used as approximation(Equation 1).
V=1xnr?

Equation 1: Equation for volume of a cylinder. V:volume |: measured length of bacterial cell sample r: measured width

divided by 2 as radius.

For the AtagO deletion strain samples, the better approximation is an ellipsoid is used(Equation 2).

When r and | are the same length this equation becomes the equal to the one of a sphere.

V=§*n*r2*l

Equation 2: Equation for the volume of a ellipsoid. V:volume |: measured length of bacterial cell sample r: measured width

divided by 2 as radius.

Polyacrylamide gel of Wall teichoic acids

WTA extraction

WTA’s were isolated from a 30 ml culture of Bacillus subtilis in exponential growth phase. The cells
were grown in LB for four hours at 37°C and growth was monitored by ODgyy measurements. Then
they were collected by centrifugation (2000 rpm, 10 min, RT). The created pellet was washed once
with 30 ml of buffer 1(Table 3)(2000 rpm, 10 min, RT) and resuspended in 30 ml of buffer 2(Table 3).
The samples were then placed in a boiling water bath for 1 h, followed by collection via
centrifugation (10000 rpm, 10 min, RT) and re-suspended in 2ml of buffer 2. After transferring to a 2-
ml microcentrifuge tube, and sedimentation (14000 rpm, 10 min, RT), the pellet was washed once
with buffer 2, once with buffer 3(Table 3), and finally with buffer 1, always followed by a
sedimentation step (14000 rpm, 10 min, RT). After the last wash, samples were treated with
proteinase K buffer and incubated at 50°C for approximately 4h. Following digestion, samples were
washed once with buffer 3 and then at least three times with distilled H20 to remove the SDS,
always followed by sedimentation step (14000 rpm, 10 min, RT). Samples were thoroughly re-
suspended in 1 ml of 0.1 M NaOH and shaken at room temperature at 200 rpm for 16-20h to
hydrolyze WTA. Insoluble cell wall debris was removed by centrifugation (14000 rpm, 10 min, RT),
and the supernatant containing the hydrolyzed WTA was directly analyzed by polyacrylamide gel
electrophoresis. The protocol is taken from Meredith et al. (2008) with all changes made described

here[44].
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polyacrylamide gel electrophoresis and staining

WTA samples were loaded on a polyacrylamide gel consisting of: 36 % 29:1
acrylamide/bisacrrylamide, 25% 0.15M TrisHCI Buffer pH 8.8, 0.4mg/mL APS and 0.4 pl/ml TEMED in
0.2M Tris Borate Buffer (TBB) (Table 3). The gels were polymerized overnight or at least 6 hours at
4°C. Samples were mixed with 0.2 volumes of Tris-borate buffer containing 2.0 M sucrose to increase
sample density. The portions per cavity were: 15 ul sample, 3 ul TBB Buffer including 2.0 M sucrose
and 5 pl bromphenol blue (1 mg/ml) tracking dye. The protocol used is taken from Wolters and co-
workers with the changes made described[45]. Electrophoresis was performed at 70 V until the

tracking dye was 2 to 4 cm from the bottom of the gel.

For staining a 0.1% stock solution of ‘stains all’ (Table 3) in formamide was prepared and stored in
the dark at 4°C. A working solution was created by diluting the stock solution 1:20 with the diluent
10% formamide, 25% isopropanol and 15mM Tris-HCI, pH8.8 in water. The gels were shaken for 24h
at room temperature, then the staining solution was refreshed and shaken again for 24h. The
staining protocol is taken from sigma-aldrich.com 85663 stains all protocol, all changes are
mentioned above. The picture was taken on a BioRad Gel Doc EZ imager, white tray with trans

illumination.

Gram staining

A thin layer of bacteria suspension was put on a glass slide, air dried and heat fixed. This smear was
flooded with crystal violet [2.0g Crystal violet in 20.0ml Ethanol (95%)] for approximately 60 seconds.
The slide was then covered with Gram's iodine [1.0g lodine, 2.0g Potassium iodide in 300ml Distilled
water] for about 180 seconds and carefully decolorized with 95% ethanol until thinnest parts of the

smear are colourless.

After washing with MilliQ Water the sample was flooded with safranin [0.25g Safranin in 100ml
Ethanol (95%)] for approximately 60 seconds and again washed with MilliQ Water, followed by air
drying. The different strains and their colour have been checked under an optical microscope with

100x magnification. Adopted from Bartholomew et al[46].
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Table 3: Buffer and working solutions

Buffer Description Recipe

proteinase K buffer

LB medium for 1L; 10g bactotryptone, 5g yeast extract, 10g NaCl; pH-7.5 (adjusted with
NaOH),

WTA assay bufferl  [50 mM 2-(N-morpholino)ethanesulfonic acid (MES), pH 6.5] 9.76g per L

WTA assay buffer2 (4% [wt/vol] sodium dodecyl sulfate [SDS], 50 mM MES; pH 6.5) 4g SDS in 1L

WTA assay buffer3 (2% NaCl, 50 mM MES, pH 6.5) 2g NaCl in 1L

WTA assay (20mMTris-HCI [pH 8.0], 0.5% [wt/vol] SDS, and 20 pg of proteinase Kin 1

ml) 2.4228 g Tris per L, 0.5 g SDS per L, Adjust pH to 8.0 with the appropriate

volume of concentrated HCI. Bring final volume to 1 liter with deionized

water.
TBB Buffer 0.2M tris base, 0.2M boric acid, 20mM EDTA
Stains all Sigma Aldrich 85663 'Stains-all'
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Results

Deletion strains growth characterisation

To characterise the deletion strains, growth behaviour in the rich medium LB was tested. The
conditional knockout strains Ad/tA, AltaS, AtuaA and AtagO were compared to the wild type (WT) of
Bacillus subtilis 168. Figure 5 shows the growth of all strains in LB over a time period of 9 hours,
without any induction by IPTG and an hourly measurement of the optical density at 600 nm (ODgq).
Growth of AdItA and AltaS is comparable to growth of the WT, which confirms results of other
publications[25], [47]. After a short lag phase, a logarithmic growth phase of approximately 3 hours is
entered. It is followed by a phase of slower increase, resulting in the beginning of the stationary
phase. The growth reaches its maximum ODgy, of approximately 3.3, 6-8 hours after inoculation. A
similar curve is monitored for AtuaA, which also has been described previously[48]. The slightly
longer lag phase here results in a delayed logarithmic growth, compared to the WT. The maximum
ODgg Observed is just below 3 and followed by a stationary phase similar to WT, Ad/tA and AltaS. The

doubling time for these strains lies just above 1 hour in the first five hours of growth.

AtagO however is impaired in growth. It proliferates for about 5 hours, till an ODgy of 0.35 giving a
doubling time of 2.766 hours. A maximum ODgg, of around 0.45 was measured when grown for the
later described polyacrylamide gel examination of WTA (data not shown), but never more. This phase
is not followed by a stationary phase, but directly by lysis, resulting in an ODgy of 0.11 after 9 hours.

These results confirm earlier studies on tagO depletion strains in LB[19].
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Figure 5: Representative growth curves of WT, AdItA, AltaS, AtuaA and AtagO strains in LB. Growth was measured hourly in
optical density at 600 nm for 9 hours. The x-axis shows the time in hours, the y-axis the optical density in a logarithmic

scale.
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To gain further insight into the proliferation of the AtagO mutant, growth was monitored over a time
period of 31 hours (Figure 6). The WT was compared to AtagO supplied with different IPTG
concentrations reaching from no IPTG over 10 nM IPTG, 100 nM IPTG till 1000 nM IPTG. WT grows,
as expected, to an ODgyy of about 3.5 and stays around a value of 3 for the entire measurement.
Measurements were taken hourly for the first 13 hours and again 25 and 31 hours after inoculation.
Testing various concentrations of up to 10mM IPTG with AtagO, showed that 1000 nM IPTG was the
maximum amount necessary for full possible complementation of the knocked out gene, concerning
growth. Despite using high concentrations of IPTG, we were not able to fully complement growth of
the tagO mutant(data not shown). As shown in Figure 6 the concentrations of 100 and 1000 nM IPTG
already do not result in a significant difference to each other. For the first two hours they show a
similar growth as the WT, leading to an ODgqy, of about 0.75 after 3 hours. This increase is severely
slowed down in the next hour and followed by lysis to ODgy of 0.49. After 5 hours both samples
start growing again reaching an ODgy of around 4 after 10-11 hours. This value is maintained till the

end of the measurement.

The AtagO with 10 nM IPTG added reaches an ODgqy of 0.5 after 3 hours., 2 hours of stationary phase
is then followed by a decline to ODgy, 0.3 till 8 hours after inoculation. The sample then grows again
and stabilises well above ODgy 4 after 25 and 31 hours. The sample without IPTG shows similar
behaviour as in Figure 5. After 3 hours a temporary maximum is shown at ODgy, 0.38, followed by a
steady decline to ODgy 0.1 after 13 hours. When measured after 25 and 31 hours however the
sample showed an OD comparable to WT in stationary phase. The experiment has been repeated
with addition of 20mM magnesium, as earlier studies indicate slower lysis and growth to higher OD
when magnesium is present[25]. However, here no significant difference was observed (Data not

shown).
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7 AtagO in diverging IPTG concentrations
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Figure 6: Representative growth curves of AtagO in presence of no, 10 nM, 100nM and 1000 nM IPTG compared to the WT.
Hourly measurement of OD at 600 nm for 13 hours after that at 25 and 31 hours after inoculation. The x-axis shows the

time in hours and the y-axis the OD in a logarithmic scale.

For further examination and to confirm the results shown above (Figure 6) the growth behaviour of
AtagO, with the same IPTG concentrations added, was also tested for 17 hours in a Tecan Genios 96-
well-plate shaker. Points show the average between the three samples for each concentration, the

error bars indicate the highest and lowest single measurement at that exact time point.
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Figure 7: Tecan genios growth curves of AtagO in presence of no, 10 nM, 100nM and 1000 nM IPTG compared to the WT.
Measurements were taken every 10 minutes for 17 hours . The average of a triplet measurement is shown, with the error
bars indicating the highest and the lowest result respectively. The x-axis shows the time in hours and the y-axis the OD at

576 nm in a logarithmic scale.
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The main difference in the result of the tecan experiment compared to the growth in Figure 6, is the
lag phase that follows after a slight drop of ODsy in the very beginning of the measurement. After
approximately two hours the WT starts to grow in a typical logarithmic fashion reaching the ODs;5 of
around 1 after circa 5 hours 30 minutes (Figure 7). In general the strains used are growing slower
compared to the wildtype than in the previous experiment. The samples with 100 nM IPTG present in
the medium here grow slower than the ones without and with 10 nM IPTG added, for the first 8
hours. However it reaches a higher OD due to a faster growth after 8 hours. All strains again show a
second lag phase, between 4 till 10 hours after inoculation. In contrast to the graph shown in Figure 6
significant lysis is not apparent. This could be connected to the much lower OD in the Tecan
experiment compared to Figure 6, for the WT it has to be kept in mind that the Tecan reader is
saturated at OD’s higher than 1. None of the strains is able to grow to the OD 1 of the WT.
Comparison between the two experiments is challenging, as the volume used is highly different and
shaking might not be as sufficient in the 96-well plate to supply enough oxygen. Hence differences
like the lag phase or the final OD are explainable. A similarity that is observable in both approaches
and all samples, apart from the WT, is stagnation or even lysis followed by another growth phase. A
second lag phase is unusual when the medium is not changed or interfered in any way. No change in

pH, temperature or shaking procedure has been induced.

Microscopy pictures of every time point in Figure 6 were taken. Figure 8 shows time points of 1, 3, 7,

13 and 25 hours after inoculation for all samples.
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AtagO O nM IPTG

Figure 8: Microscopy pictures of the tagO mutant grown in LB with the different IPTG concentrations shown in Figure 6, the

time points 1, 3, 7, 13 and 25 are selected as representative.
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All strains, except the WT, show the typical and previously described AtagO spherical morphology 1
hour after inoculation[25]. In the sample not supplied with IPTG this morphology stays the same
after 3 hours and lysis becomes visible in hour 7 and 13, corresponding to the graph in Figure 6. In
fact the only viable cells after 13 hours already show a WT like rod shape. After 25 hours the
morphology of the strain is similar to WT and starts to form spores. A spherical mutant has not been
monitored to form spores. For the sample supplied with 10 nM IPTG a similar morphology is
apparent after 5 hours, however a contamination starts to be visible and dominant from then on.
Fast growth 8 hours after inoculation and the fact that the OD becomes significantly higher than the
one of the WT can therefore be linked to this contamination. The samples with 100 and 1000 nM
IPTG present show diverse morphology after 3 hours. Spherical and bulky rod shape cells are
monitored, the cells do not grow during this period. After 7 hours both samples then are uniform in a
rod shape appearance and remain like this, Figure 6 shows growth in this phase. Spore formation is

coming up in the 25 hour sample.

Sequencing
To investigate if regrowth of the AtagO samples in Figure 6 and Figure 7 is connected to a mutation
in the Pgpan promoter, the promoter region was sequenced but showed no alteration in base pair

sequence.

Gram staining

Errington et al. created a L-form of Bacillus subtilis, L-form is a term for a mutant that lacks the entire
cell wall, including the PG[39]. As the spherical form of AtagO has a similar morphology the integrity
of the cell envelope and specifically occurrence of PG was tested by Gram staining. The method only
stains an intact cell envelope when PG is present and cross-linked.[46] The staining revealed that the
PG network in AtagO is intact as the mutant was stained like the gram positive WT. Using a longer
de-staining time showed that the stain stays longer in the mutant then in the WT, indicating the

presence of a thicker cell wall.
Measurement of cell size

Cells for measurement were taken from cultures 2 hours after inoculation. As a first indication of

diverging morphology the area of 200 cells per sample was measured using the imageJ software (

25



Figure 9). Full data is shown in the support data section (Appendix

Table 5). A narrow range in area size with a peak at 2.5 um? and no cells with an area above 5.5 um?
is measured for the WT. The sample of 100 and 1000 nM IPTG supplement shows most occurrence
between 5.5 and 6 pm” but a broader spectrum in size as the peak is less narrow and some cells

show an area size of as much as 7 pm”.

The area sizes of the samples with no or 10 nM IPTG added are broader spread with the highest
occurrence between 3 and 3.5 um2 and also show a broad occurrence, but lower numbers in the

larger area sizes of 7 and 7.5 um”.

Area size
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30 e AtagO 100nM IPTG

20 - —— AtagO 1000nM IPTG
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Area size in pm?

Figure 9: Cell area of WT and AtagO with no IPTG and with 10 nM, 100nM and 100nM IPTG added. Distribution of area is

on shown x-axis and the frequency on the y-axis.

Area size indicates differences in size between the samples, but does not clarify if these are related

to different shapes.

To analyse how round a cell is, the 200 cells per sample were also measured in the longest axis
possible and orthogonal to this in the width. The width was then divided by the length to give a ratio
pointing out how round or rod shape a cell is. A result of 1 stands for a perfectly round cell. Figure 10
shows a bar chart with categories, ratios are shown on the x-axis and the occurrence of the samples
in them is indicated by the height on the y-axis. wild type shows a very distinct peak displaying only
cases of ratios between 0.01 and 0.05. The samples with an addition of 100 and 1000 nM IPTG
demonstrate ratios mainly between 0.1 and 0.4 and a broader distribution, which stands for a higher
variety in cell morphology and a less distinct rod shape in the sample cells. A more ellipsoid then rod

shape is displayed by the most events around 0.45 of the sample with 10 nM IPTG . This effect is

26



enhanced in the sample without IPTG. Here most occurrences are around 0.6 in ratio, clearly pointing

towards an ellipsoid or even spherical shape.
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Figure 10: Distribution of the ratio calculated by dividing the width with the length. Distribution of ratios is shown on the x-

axis, the frequency on the y axis.

The volumes calculated from the average length and width of the 200 cells per sample are shown in
Figure 11. A difference in volume is apparent: with just over 0.4 um? the wild type is monitored as
the smallest sample. AtagO shows a decrease in size the more IPTG is given. With 1.33 um?, about
332.5% of the WT, the sample with no IPTG displays the biggest average cell volume. Adding 10 nM
of IPTG leads to an average volume of 1.16 pm*(290%), 100 nM IPTG to about 1 pm® (250%) and
1000 nM IPTG 0.75 um>(187.5%). Again the supplementation with IPTG is not able to complement
the WT structure in the mutant fully.
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Figure 11: Average Volume in um3 of WT and AtagO with varying IPTG concentrations.

WTA assay

Deletion of the tagO gene should result in a mutant not able to synthesise wall teichoic acids[17].
The strain used here is a conditional knock out. This means the gene is reintegrated into the genome.
It is under control of a regulated promoter, the Py, promoter can be switched on by supplying IPTG.
This system can be leaky, causing the occurrence of WTA’s even without IPTG induction[49].
Existence, charge and length of the polymers built by the induced gene are tested. Therefore the wall
teichoic acids have been extracted and different samples of AtagO were compared to WT on a
polyacrylamide gel (10 nM and 100 nM IPTG plus the WT). Figure 12 shows a broad and thick band
for the wild type, indicating a variety in length and a high concentration of wall teichoic acids. The
bands in the lanes of the AtagO mutant with three different IPTG concentrations are significantly
higher on the gel. This correlates to a greater length of the polymer. AtagO without induction shows
only a very weak band, but indicates that even if no IPTG is given some wall teichoic acids are build.

Bands get thicker and more visible, when more IPTG is added. (Lanes 3 and 4)

Figure 12: Polyacrilamide gel picture of WTA assay. 1) WT 2) AtagO no IPTG 3) AtagO 10 nMIPTG 4) Atag0100 nM IPTG
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Cytochrome C test

As described earlier, wall teichoic acids have anion backbone and create a negatively charged
environment in the cell envelope[12]. To test the charge distribution with and without WTA's
present, a cation binding, cytochrome c test was conducted. In the first measurement (Table 4A) the
mutants AdltA, AltaS and AtuaA were tested and compared to the WT. A/taS and AtuaA show a very
similar cation binding capacity as the WT, Ad/tA however binds 119% of the WT capacity. This result

was already obtained by Wecke et al.[25] and is reproduced here.

Table 4B shows the results for the AtagO mutant without IPTG and samples supplied with 10 nM
IPTG, 100 nM IPTG and 1000 nM IPTG respectively. A 20% decrease in binding capacity in comparison
to the WT, is monitored if no IPTG is given. In the sample with 10 nM IPTG a 23% decrease compared
to the WT is observed. The capacity of 100 and 1000 nM IPTG is 11% below the one of the WT. These
results show a direct correlation between the presence of wall teichoic acids in the cell wall and the

cation binding capacity.

Strain AAbsorbance  Comparison to WT in %
WT 0.155

A)

AdItA 0.183 +19%
AltaS 0.152 -1.6%
AtuaA 0.155 +/- 0%
B)

AtagO 0 nM IPTG 0.127 -20%
AtagO 10 nM IPTG 0.122 -23%
AtagO 100 nM IPTG 0.142 -11%
AtagO 1000 nM IPTG 0.142 -11%

Table 4: A) AAbsorbance of the strains AdltA, AltaS and AtuaA, compared to WT in percent. B) AtagO with no, 10 nM,
100nM and 1000 nM IPTG added compared to WT in AAbsorbance.
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Discussion

Deletion strains growth characterisation

The aim of this study was to investigate the influence of wall teichoic acids on Bacillus subtilis 168
with a detailed view on cell shape and cation binding. At first growth behaviour of the strains AdItA,
AltaS, AtuaA and AtagO was tested(Figure 5) and confirmed results in other studies[19], [25], [47],
[48]. Complementation of the gene in the conditional knock out mutant AtagO was tested at
different IPTG concentrations (Figure 6). This reactivation is not able to complement the WT like
growth, a phenomena seen in all experiments conducted with the AtagO mutants strain and will be

discussed in detail later.

As already mentioned in the result part a second growth phase after lysis as seen in Figure 6 is
unusual. One reason for this could be changes in the pH of the medium, which affect the mutant
more than the WT. Another explanation is the occurrence of a subpopulation in the -80°C stock of
AtagO. This population might have mutated the lacl repressor or the P, promoter to not be
functional anymore, giving the population the chance to grow as the WT but starting from a lower
OD. Either the lacl repressor is not able to bind to the promoter and therefore not repress it, or the

promoter itself is changed to not allow binding of lacl anymore.

A mutation in the promoter has been ruled out by sequencing, this still has to be done for the lacl.
The repressor, with more than 1000 base pairs (bp), is more susceptible for mutations than the much
smaller promoter (~35bp). The different time points of regrowth are an argument against a mutation
in the stock culture, especially when both, the tecan (Figure 7) and the manual growth curve (Figure
6) are taken into consideration. A subpopulation would be the same size in all samples, as they are
inoculated from the same overnight culture. Assuming a constant growth of this subpopulation, it
would then be expected to be detectable at the same time in all samples within Figure 6 and Figure
7. This detectability holds true for the growth curves as well as the microscopy pictures. That these
mutations appear in all samples but at different time points is unlikely, especially because the change
in shape and growth behaviour in Figure 6 for the samples containing 100 and 1000 nM IPTG already
occurs after three hours. If calculated back to the inoculation, this would indicate a subpopulation
with an OD of about 0.001 initially mutating at the same time. This OD is estimated to contain 8*10°
Colony Forming Units (CFU) as the original OD of 0.1 is estimated to 8*10’ CFU per ml, ruling out the
possibility of a single mutation being responsible for the change[50]. Additionally, the samples of O,
100 and 1000 nM IPTG addition were kept as stock cultures and later regrown using antibiotics as
described in material and methods, which shows that a WT contamination cannot be responsible for

the late growth changes. Teichuronic acids could be responsible for regrowth and morphology
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change back to the WT, as they fulfil similar functions under phosphate limited conditions[15], [16].
However, the medium used contains enough phosphate to suppress this pathway. To verify this, an
assay similar to Figure 12 of the strains preserved from hour 31 in Figure 6 for teichuronic acids could

be conducted. The occurring regrowth in these samples needs further study.

Figure 6 shows that a supplementation with IPTG of 100 or 1000 nM does not make a difference in
growth. This indicates the highest feasible expression of the reintroduced gene at already 100 nM
IPTG. The initial growth of no and 10 nM IPTG added is also similar, which suggests a corresponding
expression of tagO. The area between 10 and 100 nM IPTG is therefore interesting to study further.
The variety of tagO expression induced by concentrations between these values is most likely to
produce diverging results. This can be used in comparison studies towards the influence of wall

teichoic acids on cell features and behaviour.

Cell wall integrity

As mentioned earlier, the spherical shape of AtagO is similar to the cell wall depleted L-Form of
Bacillus subtilis constructed by Errington and co-workers[39]. By Gram staining we can here show
that the cell envelope is intact. However Gram staining is a straight forward but also hardly
guantifiable technique[46]. The influence of wall teichoic acids on peptidoglycan synthesis is a highly
discussed topic[17]. We suggest further studies with the mutant used in this report to gain more
insight in the structural changes of PG with different level of wall teichoic acid expression. In 2008
Foster et al. published a detailed analysis of peptidoglycan structure in Bacillus subtilis[4]. To
elucidate the AtagO PG structure we suggest a similar approach. The study concentrated on cell wall

thickness, cross-linking between PG polymers and rigidity of the network.

Another approach would be detailed NMR investigation of cross linking as conducted by Schafer et

al. in 2006([51].

In our results concerning cell shape (Figure 9, Figure 10 and Figure 11) rigidity of the cell envelope is
investigated. Jiang and co-workers (2011) show by a model, based on the free energy development,
that a round cell, thermodynamically seen, is more favourable than a cylindrical rod shape.[38] This
means the cell invests energy into maintaining the rod shape, especially during growth, as here
nascent material is connected to old structures under the turgor pressure. This indicates that the cell
needs structures preserving a rod shape. We showed via Gram staining, that the round AtagO still
contains an intact and cross-linked PG layer. We also report an expansion in cell volume of up to
332% on average without teichoic acids compared to the WT, pointing out that the PG is not the part
of the cell wall that provides rigidity. Studies for the Gram negative E.coli have shown an expansion
of the PG layer till up to 300% of its relaxed state[52]. Our result shows this for gram positive
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bacteria, where the PG network is much thicker and more dense than its gram negative counterpart.
However our results are taken from fixed cells. It needs to be elucidated if viable cells show a

different morphology, when measured in such detail.

Figure 13: Bacillus subtilis cell wall model. Cable orientation with supercoiled substructure and cross striation of

peptidoglycan is shown in cell wall cylinder.(bar for scale, 1 um.) [53]

The PG strands are shown to have a natural right-handed twist[54], [55], completed strands and
nascent material are arranged helically[53](Figure 13). Bacillus subtillis furthermore has a cross link
index between 29% and 33%, which is lower than in gram negative bacteria[56], or Staphylococcus
aureus[57]. In the cross linking peptide sequence starting from the MurNAc; L-alanine (Ala), D-
glutamic acid (Glu), meso-diaminopimelic acid (A,pm) and D-alanine occur. An additional
characteristic for the Bacillus subtilis cell wall is the amidation of the free carboxylic group of
A,pm[58]. Amidation reduces the charge density in the walls, by neutralizing the acidic carboxyl
groups. This influences the polyanionic network as it increases the importance of wall teichoic acids

for supplying the negative charge, making Bacillus subtilis more susceptible when lacking them.

It has also been shown in Staphylococcus aureus, that wall teichoic acids are acting a spatial
regulators during cross-linking in the PG synthesis[59]. This result is supported by the finding of
Brown et al. in 2006, here they report areas of thickened cell wall in AtagO mutants of Bacillus
subtillis[29]. These findings concerning cross-linking, spatial regulation and integrity of only the PG
combined indicate why the PG network shows this high degree of flexibility when no WTA’s are

present.

Maintaining cell shape of bacteria is influenced by many factors, such as MreB or FtsZ, which are
peptide structures occurring in the cytoplasm[60][61][62][63]. If missing, the corresponding cell is
curved or irregularly bended and twisted[64]. Fluorescence microscopy of MreB shows a helical
cable-like structure just underneath the cytoplasmic membrane [60]. Where and how exactly they
interact with the cell envelope remains to be elucidated. This is important as our results raise the
question if and how these inner cellular shape giving structures are interacting with the wall teichoic

acids. An attachment of inner cytoplasmic factors with the cell envelope is needed to maintain cell
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shape[38], as the turgor pressure pushes outside and only a rigid connection is able to maintain a

non-spherical shape.

A connection between the dividing mechanism and wall teichoic acids is shown by Yamamoto et al. in
2008. The binding affinity of the DL-endopeptidase LytF to its substrate the PG is investigated with
and without WTA's present. The N-terminal LysM domain of LytF binds better to the PG if no wall
teichoic acids are present, showing a inhibiting influence by the teichoic acids. The authors speculate
that this influence is governed by the aforementioned MreB, which would close the circle to cell
shape maintaining structures[63]. This hypothesis has to be further studied in detail, and taking all

known shape inducing factors into account.

The variety in cell shape found can be seen as an indicator for the role of WTA’s in cell rigidity.
Additional effects on the bacterium not only by direct linkage to the WTA'’s, but also through indirect
changes, have to be further studied. It has, for example, been shown that a defect in cell wall
formation can influence the chromosome morphologies[33]. As a rod shaped bacterium senses its
middle to start division, a round bacterium may be inhibited in this mechanism. The distribution of
wall teichoic acids however is consistent all over the cell envelope, indicating that they are not

playing a role in the orientation of the cell[65].

Wall teichoic acids in Atag0

We were able to show that the IPTG induced production of wall teichoic acids in the knock out
mutant AtagO leads to higher bands on a native polyacrylamide gel (Figure 12). The gel analysis also
shows more distinct band in the mutant then in the wild type. A similar experiment has not been
conducted for a conditional knock out strain of AtagO. The difference in band height on the gel could
be connected to the following reasons. As we work with a native gel, the first possible explanation is
that a more positive charge of the WT sample could lead to the faster migration through the gel. This
seems unlikely as the polymer is built by distinct enzymes which cannot alter the structure. The
occurrence of D-alanylation however, needs to be tested to rule out a stronger positive charge in the
mutant samples. The second possibility is that a greater length in the mutant samples leads to slower

migration. A combination of both can also not be ruled out.

Bacillus subtilis W23 is known to adapt its wall teichoic acids synthesis to stress conditions and
diverging environments[66]. We propose a similar reaction here. A lack of cation binding could lead
to the up-regulation of the genes in the tag pathway, as shown for Staphylococcus aureus in cation
limited media[35]. tagO is organised in one operon, the two other operons contain tagAB and
tagDEF, respectively[3]. All tag operons are under control of the oA factor, but only tagAB and
tagDEF are additionally controlled by cell and environmental signals[67].
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In the AtagO mutant a low amount of initial TagO products are available. We hypothesise that a
determination of polymer length via balanced processing of all intermediates becomes uneven and
results in longer polymers. As more enzymes are present to elongate fewer starting points, polymers
grow faster and are therefore longer when being transported out of the cytoplasm. The low variance
in length could also be explained by such a biased biosynthesis. A greater length is more likely to be
achieved before the polymer is transported out of the cell. However, in the aforementioned
publication of Peschel et al. (2012)[35] the up-regulation is not tested by investigating the length of
the polymers, but by measuring the phosphor content of the cell wall. This means, the here observed
longer length could also be present in cells with an up-regulation of the tag genes due to phosphor

deficient medium.

Further studies are needed to clarify what a greater polymer length is linked to. One possibility is an
up-regulation of the pathway due to e.g. phosphor limitations in the media. Another one is a limited

availability of the TagO product. A third option would be that both effects play a role.

The impact of creating fewer but longer polymers on the density and function of the polyanionic

network needs further investigation.

For a quantification of wall teichoic acids in the tagO deficient mutant the phosphor content in the
cell wall needs to be measured as done by Neuhaus and Pollack (1994)[68]. The fact that we see a
band in lane 2 of Figure 12: Polyacrilamide gel picture of WTA assay. 1) WT 2) AtagO no IPTG 3)
AtagO 10 nMIPTG 4) AtagO0100 nM IPTGFigure 12 shows that the Py promoter is leaky. By
guantifying the amount of WTA also in this sample we would be able to determine how leaky it is. In
all obtained results this leakiness has to be considered as an influencing factor. Alongside of this, the
amount of teichuronic acids also should be matter of investigations, as they could replace the WTA’s.
It is shown that a AtuaA,AtagO double KO mutant is not viable, indicating a role of teichuronic acids

despite no lack of phosphor[19].

Influence on cation binding

One function of the polyanionic network is to bind cations to the cell wall. In Table 4 A we confirm
observations made by Wecke et al. (1997)[25]. As expected the AtuaA mutant does not show altered
cation binding, as in LB medium the teichuronic acid production should be repressed. We are also
able to confirm that lipoteichoic acids are not involved in cation binding. Even though the polymer
structure is similar to the wall teichoic acid one, the positioning in the cell wall is different. The D-
alanylation has a negative impact on binding capacity, if not present binding is increased by 19%. This
confirms the results of Wecke et al. and is in line with the structural knowledge, as no partly
positively charged zwitterion is loaded on the polymer[25].
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Table 4 B shows that the wall teichoic acids are responsible for cation binding. A complementation
of the WT level by IPTG induction is again not achieved. We report a deficiency in cation binding of
up to 23%. Similar results concerning the impact of wall teichoic acids on cation binding are reported
for Staphylococcus aureus[35], [69]. Cation binding is an example of testing the anionic capacity of
the polyanionic network. This capacity stands also for the ability to bind protons[35]. Proton binding
in the Cell wall has impact on other factors in the cell envelope in Staphylococcus aureus, such as the
pH, but not on the membrane potential[35]. After a 3-4 hour long growth in Figure 5 and Figure 6,
the sample lacking IPTG shows an immediate decrease in OD, indicating lysis . This is also apparent in
the pictures taken and shown in Figure 8. Lacking a stationary phase may be related to the cation
binding of wall teichoic acids. As protein interaction such as autolysin activity, has been shown to be

influenced by proton density around the cell wall in Staphylococcus aureus.[35]

Outlook

We report a detailed morphological analysis of the tagO deficient mutant, showing the influence of
WTA'’s on the cell envelope (Figure 11). We also report an increased lysis in AtagO (Figure 5,Figure 6).
To further investigate the connection of these results to the function of wall teichoic acid, we tested
cation binding (Table 4). In Staphylococcus aureus cation binding has been connected to proton
density in the cell envelope, which has been shown to be influencing the activity of the major
autolysin AtIA[35]. This is believed to be triggered by a change in pH dependent on the density of
protons present. Further investigation towards this mechanism in Bacillus subtilis would need a more
detailed view on the autolysins present. In Bacillus subtilis 35 definite or probable genes were
identified in the genome to code for autolysins. They are organised in 11 families on the basis of
amino acid sequences[36]. 2 major autolysins (LytC and LytD) account for 95% of the activity in the
cell[36]. This diversity is different to Staphylococcus aureus. The next step of connecting wall teichoic
acid influence on these two enzymes would be first to test the difference in lysis in a AtagO, AlytC or
AlytD double or, if possible, even triple knock out mutant. The results must be compared to a AlytC
and AlytD knock out with wall teichoic acids present. To confirm the influence of proton density and
pH on the autolysins their activity needs to be tested. This can be done using zymography as shown
by Sekiguchi and co-workers (1995) on minor autolysins in Bacillus subtilis[70]. We are able to show
that wall teichoic acids play a role in cell morphology and cation binding. Both topics need further
studying to be understood in detail and connected to inner-cellular cell shape influencing proteins

and autolysin activity respectively.
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Appendix

Table 5: Supplemental data of image) measurement.

WT O 10 100 1000 WT OnM 10nM 100 1000 WT OnM 10nM 100 1000
nM nM nM nM IPTG IPTG nM nM IPTG IPTG nM nM
IPTG  IPTG IPTG IPTG IPTG IPTG IPTG IPTG

27. 12.1 5.83 5.42 6.42 0.695 33.7 20.39 10.84 11.06 3411 34.1 27.44  37.01 27.21

67 7 9 1

33. 12.2 7.33 8.21 8 0.73 31.8 22.03 10.55 11.8 3952 39.5 28.06  33.82 21.9

08 5 2

30. 13.2 7.67 8.67 8.33 1.095 26.2 12.31 10.33 8.88 3589 35.8 52.54 36.13 25.81

37 5 3 9

21. 14.4 11.04 9.37 11.5 0.645 13.8 11.95 10.55 8.4 2453 24.5 24.49 29.16 25.03

25 6 2 3

19. 15.7 1242 9.92 12.33  1.111 26.5 20.52 7.78 15.64 2614 26.1 58.43 32.51 18.24

29 1 4 4

32. 159 15.12 10.33 12.37 1.033 314 43.02 16.48 16.99 2969 29.6 57.19 25.67 17.33

17 6 9 9

35. 16.1 16.87 10.83 12.58 0.645 33.8 23.82 10.71 8.88 2843 28.4 38.59 37.59 14.6

67 7 8 3

24, 16.2 17.5 10.87 13.25 1.033 17.4 23.87 9.61 11.06 2972 29.7 22.23 28.17 19.59

92 5 2 2

19. 17.2  18.25 11.67 13.79 0.824 14.6 14.12 14.08 6.8 1959 19.5 18.72 22.9 31.38

67 9 4 9

15. 18 18.33 11.75 14.75 0.528 19.2 12.2 14.04 7.78 1648 16.4 26.13 29.77 25.28

21 7 8

27. 18.1 18.42 11.79 14.83 0.577 27.2 16.17 7.42 5.53 3874 38.7 28.31 49.07 26.19

96 7 5 4

36. 18.7 18.46 12 155 0.921 26.0 23.51 13.31 6.64 3742 37.4 67.19 22,5 42.19

58 9 7 2

33. 189 18.58 12 15.92 0.86 14.2 16.42 11.8 6.8 3558 35.5 36.98 41.19 31.2

87 6 5 8

31. 19.1 18.58 13 17.33 0.737 18.3 8.57 22.27 5.83 3210 32.1 19.99 38.98 23.21

62 7 6

33. 21 19 13.58 17.33 0.577 26.7 10.67 9.92 9.92 4011 40.1 30.85 50.46 22.39

75 9 1

20. 21.0 19.04 14.21 17.37 0.742 22.8 17.42 11.8 7.6 2555 25.5 26.13 31.55 22.9
5 8 5 5

17. 21.2  19.42 14.33 17.5 0.659 229 15.14 10.06 5.94 1815 18.1 30.21 22.9 21.77

83 1 8 5

15. 21.2  19.75 14.37 17.62 0.659 19.5 9.03 16.69 7.37 1568 15.6 38.66 22.9 19.4

71 9 4 8

29. 213 19.75 14.96 17.67 0.664 23.1 28.92 19.29 5.94 3650 36.5 69.01 23.6 27.7

75 7 5

32. 21.5 19.83 14.96 18.04 1.1 14.9 14.69 8.9 9.21 3545 35.4 35.91 29.81 27.64

37 8 5

32. 21.6 20.33 15.08 18.12 0.94 25.5 10.33 8.41 7.42 3224 32.2 18.43 26.16 25.6

96 7 5 4

24. 22.7 20.54 15.21 18.17 1.006 22.5 16.48 7.58 9.65 2703 27.0 20.8 18.72 28.95

58 5 4 3

23. 23.2  20.67 15.25 18.25 0.664 31.8 14.39 7.15 10.06 2977 29.7 24.35 28.91 43.71

62 9 1 7

27. 24 21.08 15.29 18.87 0.816 26.8 19.22 8.37 5.21 2951 29.5 58.28 25.79 19.12
5 1

16. 240 21.54 15.33 19.67 0.664 30.4 13.52 6.04 7.37 2424 24.2 33.64 23.45 21.19

08 4 7 4

23. 243 21.62 15.79 20.04 0.553 25.7 19.95 6.54 5.53 2972 29.7 32.06 21.13 38.63

83 3 9 2

20. 248 2171 16.04 20.46  0.583 27.1 22.42 7.15 12.55 2740 27.4 40.72 20.38 17.46

12 3 6

24. 249 21.87 16.29 20.54 0.782 25.5 18.24 6.37 7.46 3185 31.8 40.28 42.68 14.86

96 2 5 5

15. 25.1 21.96 17.33 20.67 0.369 22.1 21.63 9.54 8.6 2280 22.8 27.11 14.97 14.39

75 7 6

14, 25.5 2233 17.87 20.92 0.412 19.7 14.86 7.72 20.93 2637 26.3 18.97 26.47 27.64

58 4 6 7 19
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13. 25,5 2292 17.92 21.08 0.412 27.7 14.23 7.2 19.54 2424 24.2 25.39 19.97 23.5
83 8 4 4
12. 26.2  23.04 18 21.67 0.659 21.6 24.73 6.9 11.84 1896 18.9 43.69  49.28 12.99
79 1 6
15. 26,5 2337 18.12 22 0.521 18.9 21.76 6.37 16.95 2075 20.7 3155 2224 20.43
12 8 5
21. 26.7 23.75 18.67 22.58 0.664 14.6 25.11 6.37 18.72 2111 21.1 27.82 3257 20.93
79 1 4 1
18. 26.8 2396  18.87 22.62 0.577 30.7 13.93 5.62 10.22 2639 26.3 28.8 2197 22.1
42 3 1 9
14. 26.9 24.04 19.5 2296 0.664 11.3 16.93 9.25 12.56 2149 21.4 25.24  36.61 18.42
79 6 9 9
34. 27.4 2558 19.83 23.04 0.921 16.7 7.72 6.37 9.54 3578 35.7 15.88 15.37 33.9
33 6 6 8
18. 27.4 2633  20.04 23.04 0.778 233 9.05 7.72 8.29 1843 18.4 14.25 17.07 44.37
37 6 5 3
29 274 2638  20.75 23.67 0.644 21.6 7.15 10.04 8.37 2949 29.4 7.72 4185 21.34
6 9
12. 27.5 2646  20.87 23.75 0.84 18.8 20.16 9.21 9.76 1650 16.5 26.8  34.48 17.26
5 8 1
15. 28.0 26.67 21.67 2425 0.824 22.5 12.56 9.21 1139 1731 17.3 16.57 36.98 19.9
96 8 4 1
36. 28.1  26.75  21.92 2433 0.709 30.3 18.81 17.89 7.58 4046 40.4 22.11 17.07 22.16
04 2 2 6
29. 285 26.83  21.96 24.46 0.68 39.7 10.65 13.08 12.75 3957 395 17.76  13.08 12.75
17 8 7
24. 28.6 27.08 2221 245 0.742 22.6 11.39 16.85 10.18 3462 34.6 14.21 18.03 31.52
62 2 2 2
16. 29.2  28.42 22.5 26 0.664 293 16.68 7.9 1433 2560 25.6 14.03 10.91 42.15
58 1 1
19. 29.2 2854  23.08 26 0.715 17.7 11.23 13.23 9.05 2012 20.1 19.09 13.08 40.19
46 1 6 2
16. 29.6 28.62  23.67 26 0.637 16.8 11.9 9.47 8.9 2171 21.7 17.97 11.66 26.96
87 7 5 1
19. 30.0 2887 23.75 26.12  0.609 24.7 10.59 6.37 5.92 2254 22.5 18.88 10.35 25.79
62 8 9 4
17. 30.3 29 23.79 26.17 0.562 25.8 10.59 7.2 5.62 2397 23.9 12,99  28.57 30.33
79 3 5 7
26. 305 29.12 23.79 26.33 0.71 25.1 13.08 5.86 11.39 2262 22.6 21.34  20.11 29.28
29 3 2
14. 30.7 29.46  24.04 26.54 0.772 25.5 10.91 8.62 8.24 2416 24.1 241 39.23 28.47
87 1 5 6
16. 309 2958 24.17 26.75 0.89 16.7 10.49 9.54 9.02 1927 19.2 16.51 33.9 41.15
08 2 4 7
28. 309 30.17 24.25 26.87 0.749 18.4 17.26 9.47 5.92 2997 29.9 23.03  40.53 55.49
12 6 3 7
29. 314 30.29 24.25 27.12  0.675 235 10.65 6.54 8.29 3821 38.2 10.08  27.86 29.72
96 6 1
20. 315 3254 2429 27.25 0.905 323 12.75 6.37 7.2 2902 29.0 1539  29.24 23.69
67 8 4 2
19. 316 3287 2542 27.29 0.749 34.8 17.58 16.74 9.02 2497 24.9 19.27 19.9 30.73
25 2 9 7
39. 316 33.03 25.67 27.42 0.841 28.0 15.57 7.72 8.37 4105 41.0 17.8 26.8 32.99
62 7 8 5
34, 31.8 33.17 2583 27.62 0.529 17.2 14.62 11.98 22.98 3564 35.6 21.83 13.63 24.27
54 7 6 4
30 33.7 3324 2587 27.87 0.749 15.9 10.91 143 12.44 3047 30.4 17.26  18.03 15.57
9 9 7
22. 339 33.29 26.58 28.25 1.011 243 12.8 4.88 15.99 2440 24.4 16.82  25.11 17.26
92 6 8
48. 34 3358 26.92 28.58 0.905 30.1 14.81 9.54 11.39 4040 40.4 16.95 2211 144
12 8
16. 341 3412 2712 28.79 0.675 213 19.09 8.41 149 2183 21.8 24.27 24.4 27.46
04 7 4 3
18. 349 34.29 27.5 29.08 0.69 25.1 16.82 6.75 10.59 2326 23.2 2596  28.77 24.73
58 6 7 6
24, 35.1 345  28.29 29.42  0.592 15.0 16.76 14.25 15.99 3018 30.1 21.08 19.27 26.64
58 2 9 8
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27. 356 3492 2912 3037 0.609 169  15.93 11.98 1339 3127 312 2345 1462 1599
71 7 3 7

38. 358 3542 2987 3046 0.837 25.1 17.07 12.78  10.04 3850 385 2274 1373  26.16
71 7 3

17. 363 3589 31.08 315 071 204  10.08 14.45 79 2183 21.8 31.82 1258 35095
75 3 3 3

14.  36.6 37 3112 3158 0794 213 14.62 11.39 715 1859 185 23.82 1342  12.19
75 7 9 9

15. 374 3721 3112 3162 0.854 153 13.08 6.7 874 1766 17.6 2171 26 17.07
25 2 9 6

46. 376 3742 3167 3167 072 176 13.8 7.9 2262 4370 437 1527 244 2761
17 7 6

24. 377 3804 3171 3179 0.758 188  17.24  10.08 79 2690 269 19.09 20.11 3231
08 5 1

26. 385 387 3275 3242 079 219  10.88 7.72 7.49 3205 320 2429 2841  28.06
75 7 5

19. 392 3895 33.08 3333 0.654 26 1091 14.25 7.9 3033 303 3266 3114 47.92
67 5 3

30. 393 3932 3417 3337 0.654 176 17.6  20.11 9.02 4109 410 23.63 226 3733
42 7 9

23. 397 39.67 3646 3437 071 235  20.67 14.23 936 2497 249 3334 1256  48.56
04 1 7

18. 40.1 4225 365 3442 0.824 188  14.21 13.73 841 2397 239 1423 20.16  45.97
79 7 1 7

16. 402 4296 36.67 3508 0529 184  11.98 12.67 837 2152 215 1843 17.26  38.84
83 5 3 2

27. 405 4341 3729 3637 0.758  30.2 15.64  16.57 8.62 3482 348 2071 2072  30.73
83 8 4 2

19. 40.8 4342 3775 3658 0675 12.4 15.9 15.93 10.91 2524 252 3191 1927 2531
62 3 4 4

20. 418 4375 37.83 3675 0.854  20.2 10.49 13.5 1651 2433 243 3631 2176  74.34
71 7 3 3

22. 419 4425 3808 39.12 0715 209  12.67 11.75 1035 2861 286 4939 1507  44.65
42 2 8 1

17. 421 4483 3825 3958 0609 184  10.72 13.23 1117 2254 225 1579 2254  34.41
12 2 3 4

16. 431 454 3921 4092 0609 248  14.25 14.9 10.91 2397  23.9 19.7 2079  19.61
04 7 9 7

13. 432 4733 3921 4158 0637 247  13.86 10.72 9.76 2433 243 241 1557  11.66
67 1 3 3

24. 432 50.08 3925 4192 0675 238  16.76 1481  10.08 2370 23.7 2009 1543  18.28
33 5 1

17. 432 511 395 4204 071 258  11.98 7.72 12.56 2497 249 20.67 10.04  20.11
21 5 4 7

19. 438 5246 4021 4233 0715 232 12.75 19.27  13.08 2489 248 1803 22.62  24.72
33 7 6 9

20. 439 53.87 4096 4242 069 17.6  13.63 9.36 9.05 2315 23.1 1543 10.08  37.38
12 2 6 5

34. 445 5729 41.08 455 0921 287  11.01 6.7 936 3615 36.1 21.83 6.7 51.09
54 8 7 5

30. 445 59.79 4179 4575 0.794  24.2 18.43 6.37 936 3111 31.1 2094 3552 52.14
71 8 9 1

26. 448 59.83 4225 4812 0.675 255 15.57 89 1049 3024 302 1997 3465  20.99
21 7 1 4

15. 451 62.08 425 4933 0.604 16.1 15.37 8.37 936 2327 232 1911 4272  27.74
42 2 7 7

13. 463 69.05 43.04 4954 0715 247 8.54 8.37 758 2210 221 841 3489  36.08
62 7 9

22. 464 7212 4342 5096 0.586  29.7 9.25 7.15 837 2595  25.9 921  25.42 29.3
75 2 2 5

23. 473 7926 4471  51.37 0.609 29.3 16.1 7.94 921 3303 330 1911 31.52  32.64
29 3 4 3

31. 502 8525 4696 5221 0.753 256  20.99 13.93 824 3348 334 2191 2369  33.03
92 5 2 8

32. 504 9371 49.12 5421 0.67 23.6 17.6 14.62 10.08 3348 334 20.16 1881  35.79
67 2 9 8

23. 506 1024 5062 5642 0.758  25.1 12.07 9.54 79 3282 328 1881 149  23.03
17 2 1 1 2
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28. 539 117.0 51.5 75.42 0.841 21.7 12.44 7.1 9.36 3365 33.6 20.16 30.47 22.62
58 6 1 6 5
26. 54.6 119.8 62 139.04 0.837 17.2 13.52 8.62 11.26 2767 27.6 17.24 29.2 38.48
17 2 6 4 7
23. 54.8 54.87 83.62 54.87 0.925 13.5 12.75 9.02 12.75 2684 26.8 13.52 33.48 13.52
62 7 2 4
23. 57.6 57.67 57.67 57.67 0.874 27.7 20.67 20.67 20.67 2725 27.2 27.71 27.71 27.71
71 7 1 5
0.0 57.8 57.83 57.83 57.83 0.837 17.9 15.39 15.39 15.39 837 8.37 17.91 17.91 17.91
027 3 1
1
45, 59.7 59.75 59.75 59.75 0.837 21.8 15.57 15.57 15.57 4082 40.8 21.83 21.83 21.83
67 5 3 2
26. 59.9 59.96 59.96 59.96 0.758 21.4 15.57 15.57 15.57 3125 31.2 21.44 21.44 21.44
08 6 4 5
20. 64.1 64.17 64.17 64.17 0.609 17.1 15.57 15.57 15.57 2643 26.4 17.17 17.17 17.17
54 7 7 3
18. 67.3 67.37 67.37 67.37 0.529 28.6 17.66 17.66 17.66 2808 28.0 28.61 28.61 28.61
75 7 1 8
15. 12.1 5.83 5.42 6.42 0.609 33.7 20.39 10.84 11.06 2584 25.8 27.44 37.01 27.21
12 7 9 4
12. 12.2 7.33 8.21 8 0.529 31.8 22.03 10.55 11.8 1932 19.3 28.06 33.82 21.9
92 5 2
13. 13.2 7.67 8.67 8.33 0.837 26.2 12.31 10.33 8.88 1645 16.4 52.54 36.13 25.81
96 5 3 5
19. 144 11.04 9.37 11.5 0.536 13.8 11.95 10.55 84 3198 31.9 24.49 29.16 25.03
37 6 2 8
34, 15.7 12.42 9.92 12.33 0.536 26.5 20.52 7.78 15.64 4150 41.5 58.43 32.51 18.24
37 1 4
19. 15,9 15.12 10.33 12.37 0.609 314 43.02 16.48 16.99 2861 28.6 57.19 25.67 17.33
5 6 9 1
32. 16.1 16.87 10.83 12.58 0.529 33.8 23.82 10.71 8.88 4043 404 38.59 37.59 14.6
21 7 8 3
14. 16.2 17.5 10.87 13.25 0.637 17.4 23.87 9.61 11.06 2246 22.4 22.23 28.17 19.59
25 5 2 6
26. 17.2 18.25 11.67 13.79 0.654 14.6 14.12 14.08 6.8 3677 36.7 18.72 22.9 31.38
71 9 4 7
25. 18 18.33 11.75 14.75 0.474 19.2 12.2 14.04 7.78 3484 34.8 26.13 29.77 25.28
12 7 4
17. 18.1 18.42 11.79 14.83 0.604 27.2 16.17 7.42 5.53 2445 24.4 28.31 49.07 26.19
87 7 5 5
15. 18.7 18.46 12 15.5 0.302 26.0 23.51 13.31 6.64 2546 25.4 67.19 22.5 42.19
58 9 7 6
0.0 18.9 18.58 12 15.92 0.592 14.2 16.42 11.8 6.8 1898 18.9 36.98 41.19 31.2
090 6 5 8
4
27. 19.1 18.58 13 17.33  0.509 18.3 8.57 22.27 5.83 4500 45 19.99 38.98 23.21
21 7 6
24, 21 19 13.58 17.33 0.637 26.7 10.67 9.92 9.92 3047 30.4 30.85 50.46 22.39
83 9 7
19. 21.0 19.04 14.21 17.37 0.536 22.8 17.42 11.8 7.6 2696 26.9 26.13 31.55 22.9
79 8 5 6
14. 21.2  19.42 14.33 17.5 0.79 229 15.14 10.06 594 2139 21.3 30.21 22.9 21.77
21 1 8 9
21. 21.2  19.75 14.37 17.62 0.592 19.5 9.03 16.69 7.37 2949 29.4 38.66 22.9 19.4
42 9 4 9
21. 21.3 19.75 14.96 17.67 0.604 23.1 28.92 19.29 594 2620 26.2 69.01 23.6 27.7
33 7 5
26. 215 19.83 14.96 18.04 0.69 14.9 14.69 8.9 9.21 3151 31.5 35.91 29.81 27.64
37 8 1
29. 21.6 20.33 15.08 18.12 0.592 25.5 10.33 8.41 7.42 3334 33.3 18.43 26.16 25.6
17 7 5 4
26. 22.7 20.54 15.21 18.17 0.824 22.5 16.48 7.58 9.65 3264 32.6 20.8 18.72 28.95
42 5 4 4
24, 23.2  20.67 15.25 18.25 0.562 31.8 14.39 7.15 10.06 2891 28.9 24.35 28.91 43.71
54 9 1 1
28. 24  21.08 15.29 18.87 0.902 26.8 19.22 8.37 5.21 4050 40.5 58.28 25.79 19.12
83
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20. 240 2154 1533 19.67 0.69 30.4 13.52 6.04 7.37 3311 33.1 33.64 2345 21.19

29 4 7 1

30. 243 2162 15.79 20.04 0.67 25.7 19.95 6.54 5.53 3516 35.1 32.06 21.13 38.63

12 3 9 6

21. 248 2171 16.04 20.46 0.509 27.1 22.42 7.15 12.55 2762 27.6 40.72  20.38 17.46

29 3 6 2

34, 249 2187 16.29 20.54 0.753 25.5 18.24 6.37 7.46 3564 35.6 40.28  42.68 14.86

58 2 5 4

23. 25.1 2196 17.33 20.67 0.67 22.1 21.63 9.54 8.6 3098 30.9 27.11 14.97 14.39

96 7 6 8

31. 25,5 2233 17.87 2092 0.562 19.7 14.86 7.72 20.93 3155 315 18.97  26.47 27.64

58 4 6 5

24. 25,5 2292 17.92 21.08 0.675 27.7 14.23 7.2 19.54 2737 27.3 25.39 19.97 23.5

25 8 4 7

19. 26.2  23.04 18 21.67 0.536 21.6 24.73 6.9 11.84 2315 23.1 43.69  49.28 12.99

33 1 5

12. 26,5 2337 18.12 22 0.536 18.9 21.76 6.37 16.95 1954 19.5 3155 2224 20.43

92 8 4

21. 26.7 2375 18.67 22.58 0.654 14.6 25.11 6.37 18.72 2832 28.3 27.82 3257 20.93

58 1 4 2

23. 26.8 2396  18.87 22.62 0.654 30.7 13.93 5.62 10.22 3138 313 28.8 2197 22.1

96 3 1 8

16. 26.9 24.04 19.5 22.96 0.609 11.3 16.93 9.25 12.56 1959 19.5 25.24  36.61 18.42

75 6 9 9

16. 27.4 2558 19.83 23.04 0.562 16.7 7.72 6.37 9.54 2197 21.9 15.88 15.37 33.9

87 6 6 7

38. 27.4 2633  20.04 23.04 0.772 233 9.05 7.72 8.29 4295 42.9 14.25 17.07 44.37

96 6 5 5

15. 27.4 2638  20.75 23.67 0.675 21.6 7.15 10.04 8.37 2508 25.0 7.72 4185 21.34

87 6 8

24, 275 2646  20.87 23.75 0.772 18.8 20.16 9.21 9.76 2901 29.0 26.8 3448 17.26

33 8 1 1

29. 28.0 26.67 21.67 24.25 0.71 22,5 12.56 9.21 11.39 3018 30.1 16.57 36.98 19.9

83 8 4 8

31. 281 26.75 2192 2433 0.772 30.3 18.81 17.89 7.58 3623 36.2 22.11 17.07 22.16

54 2 2 3

24, 285 26.83  21.96 2446 0.592 39.7 10.65 13.08 12.75 2949 29.4 17.76  13.08 12.75

46 8 9

19. 28.6 27.08 2221 245 0.829 22.6 11.39 16.85 10.18 2315 23.1 14.21 18.03 31.52

54 2 2 5

21. 29.2  28.42 22,5 26 0374 293 16.68 7.9 1433 3303 33.0 14.03 10.91 42.15

42 1 1 3

22. 29.2 2854  23.08 26 0.536 17.7 11.23 13.23 9.05 2489 24.8 19.09 13.08 40.19

71 1 6 9

20. 29.6 28.62  23.67 26 0.609 16.8 11.9 9.47 8.9 2472 24.7 17.97 11.66 26.96

29 7 5 2

33. 30.0 2887 23.75 26.12 0.71 24.7 10.59 6.37 5.92 3935 393 18.88 10.35 25.79

96 8 9 5

22. 30.3 29 2379 26.17 0.637 25.8 10.59 7.2 5.62 3111 311 12,99  28.57 30.33

92 3 5 1

21. 305 29.12 23.79 26.33  0.637 25.1 13.08 5.86 11.39 2675 26.7 21.34  20.11 29.28

21 3 5

27. 30.7 29.46  24.04 26.54 0.637 25.5 10.91 8.62 8.24 3638 36.3 241 39.23 28.47

46 1 5 8

25. 309 2958 24.17 26.75 0.715 16.7 10.49 9.54 9.02 3870 38.7 16.51 33.9 41.15

67 2 4

23. 309 30.17 24.25 26.87 0.69 18.4 17.26 9.47 5.92 3289 32.8 23.03  40.53 55.49

33 6 3 9

29 314 3029 2425 27.12  0.837 235 10.65 6.54 8.29 3334 333 10.08  27.86 29.72
6 4

33. 315 3254 2429 27.25 0.654 323 12.75 6.37 7.2 3805 38.0 1539  29.24 23.69

67 8 4 5

22. 316 3287 2542 27.29 0.654 34.8 17.58 16.74 9.02 2782 27.8 19.27 19.9 30.73

04 2 9 2

18. 316 33.03 25.67 27.42  0.654 28.0 15.57 7.72 8.37 2486 24.8 17.8 26.8 32.99

12 7 8 6

28. 31.8 33.17 25.83 27.62 0.71 17.2 14.62 11.98 22.98 3447 34.4 21.83 13.63 24.27

67 7 6 7
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26. 337 3324 2587 27.87 058 159  10.91 14.3 12.44 3850 385 17.26 18.03  15.57

29 9 9

31. 339 3329 2658 2825 0.592 243 12.8 4.88 15.99 4268 426 16.82 25.11  17.26

5 6 8 8

27. 34 3358 2692 2858 058  30.1 14.81 9.54 1139 3683 36.8 16.95 22.1 14.4

42 8 3

00 341 3412 2712 2879 0.758 213 19.09 8.41 149 2262 226 24.27 244 27.46

005 7 4 2

8

11. 349 3429 275 29.08 0.675 25.1 16.82 6.75  10.59 1959 19.5 2596 28.77  24.73

92 6 7 9

17. 351 345 2829 2942 0536 150 16.76 14.25 15.99 2886 288 21.08 19.27 26.64

17 2 9 6

17. 356 3492 2912 3037 0.654 169  15.93 1198 1339 2620 26.2 23.45 1462  15.99

33 7 3

22. 358 3542 2987 3046 0529 25.1 17.07 12.78 10.04 3251 325 2274 1373  26.16

5 7 3 1

18. 363 35.89 31.08 315 0749 204  10.08 14.45 79 1881 188 31.82 12.58  35.95

54 3 3 1

19. 36.6 37 3112 3158 0749 213 14.62 11.39 715 2113 211 23.82 1342  12.19

67 7 9 3

38. 374 3721 3112 3162 0837 15.3 13.08 6.7 874 3869 386 2171 26 17.07

79 2 9 9

29. 376 3742 3167 3167 0675 17.6 13.8 79 2262 3282 328 1527 244 27.61

87 7 6 2

34. 377 3804 3171 3179 0675 188 1724  10.08 79 3622 362 19.09 2011 3231

79 5 1 2

35. 385 387 3275 3242 0749 219  10.88 7.72 7.49 3833 383 2429 2841  28.06

54 7 3

47. 392 3895 3308 3333 0.89 26 1091 14.25 7.9 4812 481 3266 3114  47.92

83 5 2

17 393 3932 3417 3337 0592 176 17.6  20.11 9.02 2368 236 23.63 226 3733
7 8

26. 397 39.67 3646 3437 0837 235 2067 14.23 936 2863 286 3334 1256  48.56

04 1 3

16 40.1 4225 365 3442 0.654 188  14.21 13.73 841 2079 207 1423 20.16  45.97
7 1 9

23. 402 4296 3667 3508 0.675 18.4  11.98 12.67 837 2473 247 1843 17.26  38.84

87 5 3 3

19. 405 4341 3729 3637 0.609  30.2 15.64  16.57 862 2518 251 2071 2072  30.73

04 8 4 8

22. 40.8 4342 3775 3658 0.675 12.4 15.9 15.93 10.91 3098 309 31.91 1927 2531

79 3 4 8

32. 418 4375 37.83 3675 0.794  20.2 10.49 135 1651 4266 426 3631 2176  74.34

75 7 3 6

29. 419 4425 3808 39.12 0529 209  12.67 11.75 1035 4215 421 4939  15.07  44.65

58 2 8 5

23. 421 44.83 3825 3958 0.925 184  10.72 1323 11.17 2959 295 1579 2254  34.41

92 2 3 9

30. 431 454 3921 4092 0715 248  14.25 14.9 10.91 2924  29.2 19.7 2079  19.61

71 7 9 4

30. 432 4733 3921 4158 0.837 247  13.86 10.72 9.76 2930 293 241 1557  11.66

21 1 3

20. 432 50.08 3925 4192 079 238  16.76 1481  10.08 2414 241 2009 1543  18.28

75 5 1 4

23. 432 511 395 4204 0.654 258  11.98 7.72 12.56 2746  27.4  20.67 10.04  20.11

08 5 4 6

24. 438 5246 4021 4233 0675 232 12.75 19.27  13.08 4253 425 18.03 22.62  24.72

92 7 6 3

30. 439 53.87 4096 4242 0837 176  13.63 9.36 9.05 3851 385 1543 10.08  37.38

58 2 6 1

20. 445 5729 41.08 455 0772 287  11.01 6.7 936 2379 237 21.83 6.7 51.09

58 8 7 9

16. 445 59.79 4179 4575 0.654  24.2 18.43 6.37 936 2134 213 2094 3552  52.14

08 8 9 4

19. 448 59.83 4225 4812 0749 255 15.57 89 1049 2369 23.6 19.97 34.65  20.99

12 7 1 9

19. 451 62.08 425 4933 0794 16.1 15.37 8.37 936 2397 239 1911 4272  27.74
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33 2 7 7
35. 463 69.05 43.04 49.54 0.925 24.7 8.54 8.37 7.58 4465 44.6 8.41  34.89 36.08
17 7 9 5
38. 464 7212 43.42 50.96 0.841 29.7 9.25 7.15 8.37 4021 40.2 9.21 2542 29.3
87 2 2 1
47. 473 79.26 4471 51.37 0.654 293 16.1 7.94 9.21 4505 45.0 19.11  31.52 32.64
29 3 4 5
36. 50.2 85.25 46.96 52.21 0.772 25.6 20.99 13.93 8.24 4040 40.4 2191  23.69 33.03
21 5 2
32. 50.4 93.71 49.12 54.21 0.749 23.6 17.6 14.62 10.08 3743 37.4 20.16 18.81 35.79
87 2 9 3
50.6 102.4 50.62 56.42 25.1 12.07 9.54 7.9 18.81 14.9 23.03
2 1 1
53.9 117.0 51.5 75.42 21.7 12.44 7.1 9.36 20.16  30.47 22.62
6 1 6
54.6 119.8 62 139.04 17.2 13.52 8.62 11.26 17.24 29.2 38.48
2 6 4
54.8 54.87 83.62 54.87 13.5 12.75 9.02 12.75 13.52  33.48 13.52
7 2
57.6 57.67 57.67 57.67 27.7 20.67 20.67 20.67 27.71 2771 27.71
7 1
57.8 57.83 57.83 57.83 17.9 15.39 15.39 15.39 17.91 17.91 17.91
3 1
59.7 59.75 59.75 59.75 21.8 15.57 15.57 15.57 21.83  21.83 21.83
5 3
59.9 59.96 59.96 59.96 21.4 15.57 15.57 15.57 21.44 2144 21.44
6 4
64.1 64.17 64.17 64.17 17.1 15.57 15.57 15.57 17.17 17.17 17.17
7 7
67.3 6737 67.37 67.37 28.6 17.66 17.66 17.66 28.61  28.61 28.61
7 1
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