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Zusammenfassung

Pflanzliche Plastiden weisen einige Merkmale von Bakterien auf, weshalb davon ausgegan-
gen wird, dass diese von Cyanobakterien abstammen, weche endosymbiotisch in eukaryotis-
che Zellen aufgenommen wurden. Es wird allgemein davon ausgegangen, dass Peptidoglycan,
ein wesentlicher Bestandteil der bakteriellen Zellwand, in Plastiden nicht mehr vorhanden
ist. Jiingste Entdeckungen haben jedoch nachweisen konnen, dass Peptidoglycan weiterhin
in der Chloroplastenhiille von Moosen zu finden ist. Dies, und phylogenomische Vergleiche
zwischen bakteriellen und pflanzlichen Genomen fiihrten zu der Frage, ob dhnliche Struk-
turen in Chloroplasten von Angiospermen existieren.

Mittels Click-Chemie und Fluoreszenzmikroskopie wurden kanonische Peptidoglycan-Ami-
nosauren, welche die Chloroplasten von A. thaliana und N. benthamiana umgeben, sichtbar
gemacht. Transiente Expressionsstudien und die fluoreszenzmikroskopische Visualisierung
mehrerer Peptidoglycan-bindender Proteine aus Bakterien und Tieren, die als Intrabodies
fungieren, unterstiitzten diese Ergebnisse. Die Auswirkungen von Peptidoglycan-verdauenden
Enzymen und D-cycloserine (DCS) auf A. thaliana wurden in dieser Studie ebenfalls un-
tersucht. Die Ergebnisse zeigten, dass die Morphologie der Plastiden durch Substanzen,
welche in die Struktur von Peptidoglycan eingreifen, verdndert wird. Weitere Untersuchun-
gen an ddl- und murE-Knockout-Linien von A. thaliana, welche beide an der Peptidoglycan-
Biosynthese beteiligt sind, unterstrichen die Bedeutung dieses Stoffwechsels fiir die Struktur
und Teilung von Plastiden.

Insgesamt belegt diese Studie, dass Peptidoglycan in der Chloroplastenhiille von An-
giospermen vorhanden ist und eine wichtige Rolle in der Chloroplastengenese spielt, was
auf eine Erhaltung und Anpassung dieses Strukturelements in der Evolution der Angiosper-
men hindeutet.



Summary

Given that plant plastids retain many bacterial characteristics, it is believed that they
originated from cyanobacteria through endosymbiosis. Peptidoglycan, an essential bacterial
cell wall component, was once thought to be absent in plastids. However, recent findings have
demonstrated its presence in the chloroplast envelope of mosses. Phylogenomic comparisons
between bacterial and plant genomes led to the question of whether similar structures exist
in angiosperm chloroplasts.

With click chemistry and fluorescence microscopy, canonical peptidoglycan amino acids
surrounding the chloroplasts of A. thaliana and N. benthamiana were visualized. Transient
expression studies and fluorescence microscopy visualization of several peptidoglycan-binding
proteins from bacteria and animals acting as intrabodies supported this finding. The effects
of peptidoglycan-digesting enzymes and D-cycloserine (DCS) on A. thaliana were also exam-
ined in this study. The results demonstrated that plastid morphology is altered by substances
that interfere with the peptidoglycan structure. Additional research on A. thaliana ddl and
murE knockout lines, which are both involved in peptidoglycan biosynthesis, highlighted the
importance of this pathway in plastid genesis and division.

Overall, this study provides evidence that peptidoglycan is present in the chloroplast enve-
lope of angiosperms and plays a significant role in chloroplast genesis, indicating conservation
and adaptation of this structural element in the evolution of angiosperms.
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1 Introduction

A cell is the smallest unit of life, which is self-sufficient and can exist on its own. There-
fore, molecular machines inside the cell undergo complex interactions in order to carry out
various reactions. Different organic macromolecules are needed to form these unique tiny
apparatuses. The first unicellular organisms able to support themselves were prokaryotes,
including bacteria (Cantine and Fournier, 2015; Maréchal, 2018).

Around 15% of our global biomass is made up of bacteria, which is the second major
contributor after plants with ~80 % (Bar-On et al., 2018). Bacteria are the most diverse
and abundant group of organisms and inhabit nearly every environment on earth (Horner-
Devine et al., 2004; Errington, 2013). They can be found in soil, water (including salt
water, ice, and even hot springs), but also living in and on other organisms like plants and
animals (Horner-Devine et al., 2004). They are presumably the very first life form on earth,
which emerged over 3 billion years ago (Errington, 2013). Microorganisms and bacteria in
particular play a vital role in our ecosystem, shaping the biosphere by providing organic and
inorganic material through active decomposition and recycling of organic matter (Madsen,
2011; Sokol et al., 2022).

Cyanobacteria were the first oxygenic photoautotrophic prokaryotes on earth (Campbell
and Reece, 2006, pp. 610, 636). They are capable of binding free carbon dioxide and creating
oxygen through photocatalytical decomposition of water. Due to their ability to produce
free oxygen, the development of oxygen-consuming life was possible. This diverse group of
photosynthetic prokaryotes is found in a variety of morphologies, which include unicellular
and filamentous species as well as nitrogen-fixing cells, which are the main organisms to
supply nitrogen to the biosphere (Potapova and Koksharova, 2020).

The most important step for the evolution of eukaryotes was the acquisition of energy-
generating organelles, namely mitochondria and plastids (Machida et al., 2006; Ku et al.,
2015). The endosymbiotic theory suggests that an ancient eukaryotic cell engulfed an -
proteobacterium to form mitochondria capable of aerobic respiration, whereas plastids de-
rived from symbiotically engulfed oxygenic photoautotrophic cyanobacteria (Kutschera and
Niklas, 2005; Zimorski et al., 2014; Martin et al., 2015). This work will focus on plastids,
which differentiate into various forms. Chloroplasts are chlorophyll-containing plastids that
can carry out photosynthesis to produce energy in plants (Maréchal, 2018). Both plant
cells and cyanobacteria are able to turn sunlight into chemical energy by combining carbon
dioxide, water, and other elements to synthesize organic molecules like carbohydrates and
amino acids. So one can say that "it is more than a figure of speech |...] that plants create
life out of thin air" (Pollan, 2006). Organotrophic organisms can use these reduced organic
compounds to grow, develop, and sustain themselves (Pace, 1997).

There are some characteristics that support the endosymbiotic theory. Mitochondria and
plastids are limited by a double membrane envelope. They both contain small circular DNA,
bacterial 70S ribosomes for protein synthesis, and they duplicate through binary fission.
They cannot be produced de novo and are not connected to the endomembrane system,
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1 Introduction

which makes them semi-autonomous organelles. It was also shown that specific bacterial
transporter proteins are also present in the outer membrane of mitochondria and plastids.
It is also important to point out that the lipid composition of the inner and outer organelle
membrane is more similar to the ones of their respective bacterial origins (Maréchal, 2018).

Living organisms on earth are made up of biomolecules, which are essential for biological
processes such as growth, development, morphogenesis, and cell division. All important bio-
logical molecules have one trait in common: they are chiral molecules. In a chiral system, an
object and its mirror image are distinguishable and cannot be superimposed onto each other
(Petitjean, 2020). Chiral homogeneity plays a fundamental role in the existence of life. Ho-
mochiral molecules are the building blocks of essential biomolecules, like desoxyribonucleic
acid (DNA), ribonucleic acid (RNA), and proteins (Bonner, 1995). "[Louis Pasteur| spec-
ulated that the origin of the asymmetry of chiral biomolecules might hold the key to the
nature of life" (Pikuta et al., 2006). Enantiomers, or optical isomers, have the same chemical
composition but are chiral molecules (Lorenz et al., 2006).

Although organotrophic organisms use exclusively amino acids in their enantiomeric L-
form for ribosomal protein synthesis (Julg, 1989; Genchi, 2017), D-amino acids exist in nature
and play a significant role, either directly or indirectly, in animal pathogen defense (Dziarski
and Gupta, 2006), neurotransmission and neurogenesis in mammals (Sasabe and Suzuki,
2018), and bacterial cell wall synthesis (Vollmer et al., 2008). The bacterial production
of extracellular effectors, for example, is used to control and shape the biodiversity of a
complex microbial community. The production and release of non-proteiogenic D-amino
acids by bacteria is important since they serve different functions. They can act as a carbon
and nitrogen source, are important for physiological pathways in eukaryotic organisms, and
are involved in biofilm and spore formation, as well as cell wall biosynthesis (Aliashkevich
et al., 2018).

1.1 Composition and Biosynthesis of the Bacterial

Peptidoglycan Layer

Peptidoglycan (PGN) is one of the few cases where D-amino acids are used to synthesize a
large biological molecule. It is an integral component of the bacterial cell wall, needed to
maintain thw cells’ shape and to provide stability against its inner osmotic pressure (Typas
et al.; Egan and Vollmer, 2013). It is used as an anchor by other cell wall components like
proteins and plays an essential role during cell growth and division (Vollmer et al., 2008).
Prokaryotes propagate through binary fission. During this process, mother cells grow
in size, duplicate their genetic material, and split into two identical daughter cells. This
process seems quite simple at first sight, but it requires a complex assembly of molecules
and a coordinated interaction of different proteins to divide cells into two (Margolin, 2000;
Donachie, 2001; Angert, 2005). The molecular assembly needed for this procedure is called
the bacterial divisome (Egan and Vollmer, 2013; Rowlett and Margolin, 2015; Soderstrom
and Daley, 2017). Binary fission, carried out by the divisome, is a tightly regulated mech-
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1.1 Composition and Biosynthesis of the Bacterial Peptidoglycan Layer
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Figure 1.1: Cell wall structure of Gram-negative and Gram-positive bacteria. Adapted from "Gram-
Negative Bacteria Cell Wall" and "Gram-Positive Bacteria Cell Wall", by BioRender.com (2024).

anism where a complicated interplay of protein localization, peptidoglycan synthesis, and
degradation is required to ensure that mother and daughter cells are perfect copies of each
other (den Blaauwen and Luirink, 2019).

In general, bacteria can be categorized into two classes due to their cell wall morphol-
ogy (Smith and Hussey, 2016). In 1884, the Danish bacteriologist Hans Christian Gram
developed a technique to differentiate between two types of bacteria in a quick and easy
way. This method was named after its inventor and is commonly known as Gram-staining.
Since it is cheap, easy, and fast to do, it is still widely used to identify bacteria today.
Gram-negative bacteria like Escherichia coli (E. coli) have a thinner peptidoglycan layer
(~3—6nm) embedded in between the plasma membrane and a lipopolysaccharide (LPS)
layer, while Gram-positive bacteria like Bacillus subtilis (B. subtilis) have a thicker pepti-
doglycan layer (~15—-80nm) and no LPS layer (Fig. 1.1). It is also important to point out
that many cyanobacterial strains like Synechococcus elongatus (S. elongatus) are classified
as Gram-negative but have a much thicker peptidoglycan layer that is around 10-35nm
(Hoiczyk and Hansel, 2000).

The PGN macromolecule, also known as murein, has a backbone composed of two alternat-
ing sugar derivatives, N-acetylglucosamine (GlcN Ac) and N-acetylmuramic acid (MurN Ac),
connected through a (-(1-4)-glycosidic bond. A short peptide chain is attached to MurN Ac,
which usually consists of L-alanine, D-glutamic acid, meso-diaminopimelic acid, and two
D-alanine molecules (L-Ala—D-Glu—m-DAP-D-Ala-D-Ala) in Gram-negative bacteria. The
removal of a terminal D-Ala generates energy, which is used to cross-link two adjacent PGN
chains via peptide bonds between the third amino acid (m-DAP) of one chain and the fourth
amino acid (D-Ala) of another. Gram-positive bacteria usually incorporate L-lysine (L-Lys)
as the third amino acid, and neighboring strands are cross-linked through a five-Glycine (Gly)
bridge (Vollmer et al., 2008). It is important to point out that there are a lot of variations
in the composition of bacterial peptidoglycan (Schleifer and Kandler, 1972).

As shown in Fig. 1.2, this process involves a series of enzymes. Mur genes catalyze pepti-
doglycan monomer synthesis in the bacterial cytosol. MurA and B are modifying GlcN Ac to
Mur N Ac. MurC—MurF are creating an oligopeptide chain by adding amino acids one by one.
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1 Introduction

A D-alanyl-D-alanine (DA-DA) dipeptide is produced by D-alanyl-D-alanine ligase (DDL)
before it is attached to the peptide stem. In subsequent steps, the PGN monomer is trans-
ported into the periplasm and added to the growing peptidoglycan chain. Transpeptidases,
including penicillin-binding proteins (PBPs), catalyze the formation of peptide bonds to
cross-link PGN chains and strengthen the cell wall (Vollmer et al., 2008).

Lysozyme,
Mutanolysin B-lactam antibiotics
L 1
CHK .fiskf )x‘;- PBPs
g & 82 °. /
<t‘.»< XX >:"':
o MurG MraY
-\:{ + = = \ =
(— MurA/B . MurC MurD MurE Murf Y,
e ? ( ? ( g
. O O (]
D-cycloserine
CONAG @ L-Ala v—o| DDL J
— @® D-Glu o}
NAM © m-Dap/L-Lys ,:
® D-Ala e _DDL o .__-
ADA

Genes present in all plants

Figure 1.2: Peptidoglycan biosynthesis scheme of Gram-negative bacteria. Different proteins (MurA —

G, MraY) are necessary to synthesis the cell wall component peptidoglycan (PGN). Different antibiotics

(depicted in red) target specific enzymes of this pathway and disturb PGN biosynthesis. N-acetylglucos-

amine (GlcNAc), N-acetylmuramic acid (MurNAc), L-alanine (L-Ala), D-glutamic acid (D-Glu), meso-

diaminopimelic acid (m-DAP), L-lysine (L-Lys), D-alanine (D-Ala), azido-D-alanine (ADA), penicillin-

binding protein (PBP), azido-D-alanine (ADA). Enzymes of "four PGN" plants are boxed in . Adapted
from Tran et al. (2023)

Peptidoglycan biosynthesis is tightly regulated since bacteria must maintain a balance
between growth and cell wall stability during cell elongation and division. Many antibiotics
inhibit this crucial peptidoglycan biosynthesis process, causing bacterial cell death. Penicillin
is a popular example of an antibiotic that inhibits peptidoglycan formation. It belongs to the
B-lactam antibiotics that target and inhibit the so-called penicillin-binding protein (PBP),
necessary for PGN cross-linking in bacteria. It mimics the terminal DA-DA dipeptide of the
peptidoglycan oligopeptide stem. The active binding site of PBPs attacks and opens up the
-lactam ring and forms a covalent acyl-enzyme complex, preventing further reactions with
other molecules (Tipper, 1985; Zapun et al., 2008).

It was shown that a temperature-sensitive E. colt mutant with an impaired DDL protein
had a weaker cell wall (Lugtenberg and Schijndel-van Dam, 1973). This strain was only able
to grow at elevated temperatures in high osmotic media or with the addition of D-Ala in high
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1.2 Peptidoglycan in Plants

concentrations. DCS is another antibiotic that blocks PGN biosynthesis. Its structure mim-
ics D-Ala and binds D-alanyl-D-alanine ligase, preventing the formation of DA-DA dipeptide,
which is an important building block for peptidoglycan synthesis in bacteria (Bruning et al.,
2011). The inhibition of DDL by DCS leads to cell lysis, similar to the E. coli mutant strain
with an impaired DDL.

Cyanobacteria are the largest and probably most diverse group among bacteria, and their
cell wall structure is very interesting (Hoiczyk and Hansel, 2000). They are classified as
Gram-negative, although their peptidoglycan layer is generally much thicker compared to
most Gram-negative bacteria. The degree of cross-linking between adjacent PGN strands
is also higher. In most species that have been studied, an oligopeptide chain containing
m-DAP was found, whereas L-DAP or L-Lys are commonly found in Gram-positive bacteria.
Anabaena cylindrica, on the other hand, was found to incorporate L-Lys into the PGN
oligopeptide chain. It is important to notice that peptidoglycan synthesis in filamentous
cyanobacteria is not researched as thoroughly as i.e., E. coli or B. subtilis; thus, little is
known about the variations and modifications of the sugar backbone and peptide chain
(Bok, 2022).

Therefore, peptidoglycan is a very interesting macromolecule and subject of many studies
since it is vital for bacterial stability and propagation, but the focus of this thesis will be
the existence and functions of peptidoglycan in plants.

1.2 Peptidoglycan in Plants

As described in Section 1, mitochondria as well as plastids are former free-living bacteria
that underwent symbiosis with an eukaryotic cell to form today’s semi-autonomous energy-
generating organelles. It is also common knowledge that both organelles are surrounded
by a double membrane. Furthermore, it is believed that they lost the peptidoglycan layer,
which is an integral cell wall layer in bacteria. It was speculated that there was no need
for protection and stability against outer stressors anymore. The question is: How did it
become common knowledge that we think plastids lost such an integral cell wall component
over the course of evolution? The answer might be found in the discovery and investigation
of plastids throughout history.

1.2.1 Early Microscopic Discovery and Endosymbiosis Theory of
Plastids

The first electron microscopy technique was invented around 1930 (Gelderblom and Kriiger,
2014). The first electron micrographs of mitochondria and plastids were published around
1950—1960 (Leyon and von Wettstein, 1954; Miihlethaler and Frey-Wyssling, 1959; Heslop-
Harrison, 1963). These authors investigated the morphology and formation or differentiation
of plastids in general. They all observed that these organelles have two envelope layers, an
outer and an inner layer. Although Schétz and Diers (1966) could also see the formation
of "stromal substances and thylakoids" in the intermembrane space between chloroplast
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1 Introduction

envelope membranes in some samples. All of these early publications about microscopic
observations focused on energy-generating compartments, limited by two envelope layers.

Around that time, the origin of energy-generating organelles was still indefinite. Con-
stantin Mereschkowsky (1905) was one of the first authors to discuss the theory of endosym-
biosis based on observations by Andreas Schimper (1883) about chloroplast division. This
theory gained more popularity with the publication of Lynn Sagan (1967) with the revolu-
tionary idea about the "origin of mitosing cells". Up to that point, it was common sense
that energy-generating organelles developed throughout evolution as part of eukaryotic cells.
Since Sagan’s publication, it is widely accepted that mitochondria and plastids originated
from bacteria. It is thought that the outer membrane of those organelles originated from the
hosts’ plasma membrane after phagocytosis. In contrast to that, later investigations could
show that the protein and lipid composition of those organelles are more similar to their
respective ancestors (see Maréchal (2018) for more details).

This means that the structure of mitochondria and plastids was observed before the broad
acceptance of the endosymbiotic theory. It is possible that those early structural investiga-
tions were not reevaluated in the light of endosymbiosis. This may have led to the conclusion
that these organelles no longer possess a peptidoglycan layer. In recent years, more evidences
have been found, suggesting that some members of the plant phylogenetic tree have in fact
retained a peptidoglycan layer (Bjorn, 2020; Radin and Haswell, 2022).

1.2.2 Bacterial Peptidoglycan Biosynthesis Genes in the Plant
Kingdom

As described previously, cyanobacteria have undergone endosymbiosis with ancient eukary-
otic cells to form today’s plastids in the plant kingdom. While peptidoglycan is an essential
component of the cell wall in bacteria, it was long thought to be lost over the course of evolu-
tion in plants, with the exception of Glaucophyte plastids (Pfanzagl et al., 1996). However,
recent phylogenetic studies from Karol et al. (2012) and van Baren et al. (2016) have shown
that land plants still have most genes required for PGN biosynthesis. This leads to the
question of why plants have preserved these genes. Although various results could show that
different peptidoglycan synthesis genes still play an important role in chloroplast division in
non-vascular plants, it was suggested that these genes must have taken on another function
in vascular plants (see Garcia et al. (2008) and Hirano et al. (2016) for more information).

Peptidoglycan biosynthesis involves ten key enzymes (see Section 1.1), which can also be
found to some extent in the genome of green algae and plants (van Baren et al., 2016).
Fig. 1.3 shows that at least four genes (MurE, DDL, MraY, and MurG) are found the the
Viridiplantae. Plant species that retain homologs of MurE, DDL, MraY, and MurG will be
referred to as "four PGN" plants, whereas plants containing all ten genes are referred to as
"full PGN" plants. Some major plant lineages contain all genes required for peptidoglycan
synthesis with the exception of PBP. A. thaliana is a "4-PGN" plant; N. benthamiana has
all genes, with the exception of PBP ("full PGN-PBP"), and P. patens contains all ten
genes ("full PGN" plant).
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Figure 1.3: Peptidoglycan pathway proteins in the Archaeplastida. Four genes - UDP-N-acetylmuramoyl-

L-alanyl-D-glutamate—2,6-diaminopimelate ligase (MurE), MurG, DDL and MraY - are present throughout

green plants ("four PGN" plants), whereas some major plant lineages contain all genes necessary for peptido-

glycan synthesis with the exception of PBP ("full PGN-PBP" plants). Plant species, that retain homologs

of al ten peptidoglycan biosynthesis genes are referred to as "full PGN" plants. Adapted from van Baren
et al. (2016).

After endosymbiosis, several genes necessary for peptidoglycan synthesis remained in all
analyzed plant genomes, including DDL (van Baren et al., 2016). A closer examination of the
DDL gene sequence of different plant species, including DDL from P. patens (PpDDL) and
D-alanyl-D-alanine ligase from A. thaliana (AtDDL), revealed a gene sequence that encodes
for a fusion protein consisting of two bacterial DDL proteins (Thimmapuram et al., 2005;
Machida et al., 2006). Hirano et al. (2016) studied the DDL gene in P. patens. A knockout
(KO) of DDL leads to a giant chloroplast phenotype, which could already be observed in
mosses treated with 3-lactam antibiotics and in MurE KO mutants. This phenomenon could
be reversed when the missing DDL product DA-DA was introduced into the system. They
were also able to visualize PGN in P. patens using a newly developed labeling technique
described in Section 1.3.1. They could show that moss chloroplasts incorporate D-amino

7



1 Introduction

acids into their envelope, which is an integral component of bacterial peptidoglycan. In
conclusion, DDL appears to play an important role in plastid division of mosses as well.
In comparison to that, AtDDL KO mutants (Atddl-1 and Atddl-2) did not exhibit a giant
chloroplast phenotype like P. patens DDL mutants. Due to these results, Hirano et al.
(2016) concluded that A. thaliana does not have a peptidoglycan layer since Atddl mutant
chloroplast division was not dependent on PGN synthesis and the typical giant chloroplast
phenotype was not observable. It was also suggested that the DDL enzyme in A. thaliana
has taken on another function instead of DA-DA dipeptide synthesis.

Machida et al. (2006) and Garcia et al. (2008) investigated the inhibition of another
peptidoglycan synthesis gene, namely MurE, in P. patens. They could show that MurE
KO mutants had the same giant chloroplast phenotype as described by Kasten and Reski
(1997). Complementation assays showed that the MurE homolog from the cyanobacterium
Anabaena sp. PCC7120 was able to rescue the giant chloroplast phenotype in transformed
P. patens MurE KO mutants, but a MurE homolog from A. thaliana was not able to. They
suggested that MurE, a UDP-N-acetylmuramoyl-L-alanyl-D-glutamate—2,6-diaminopimelate
ligase that attaches the third amino acid to the oligopeptide chain in peptidoglycan monomers,
was essential for chloroplast division in P. patens and that the protein structure is similar
to the cyanobacterial homolog since it was able to rescue the giant chloroplast phenotype.
It was suggested that A. thaliana MurE, on the other hand, has taken on another function
since its homolog was not able to reverse the phenotype. They concluded that peptidoglycan
was still present in non-vascular plants but not in evolutionary younger vascular plants.

Overall, there are numerous compelling evidences that plants, at least in earlier diverg-
ing land plants like Marchantia polymorpha (M. polymorpha) and P. patens, still have a
peptidoglycan layer similar to bacterial PGN with similar function in binary fission.

1.2.3 Effects of Antibiotics on Plant and Plastid Morphology

Green algae and plants do not only retain some (if not all) genes of the PGN pathway, but
experiments using antibiotics specifically affecting bacterial peptidoglycan synthesis had an
effect on chloroplast division and morphology.

Kasten and Reski (1997), for example, tested the effect of different 3-lactam antibiotics
on plastid division in P. patens and tomato (Lycopersicon esculentum). They noticed that
chloroplast division in the tips of dividing P. patens protonema cells was inhibited, result-
ing in a reduced number of chloroplasts per cell. Affected moss cells had giant chloroplasts
or macrochloroplasts, which were structurally unaffected with a well-developed inner mem-
brane. This phenomenon was reversible when antibiotics were removed, but they could not
observe an inhibition of chloroplast division in tomato. Tounou et al. (2002) observed similar
results in the liverwort M. polymorpha. Cell cultures treated with ampicillin had a decreased
number of chloroplasts, which were very large.

Katayama et al. (2003) tested the effect of various antibiotics on P. patens chloroplasts
and found out that D-cycloserine (DCS) had a similar effect on plastid division as (3-lactam
antibiotics, resulting in a macrochloroplast phenotype. Matsumoto et al. (2012) studied
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the microscopic effect of antibiotics on chloroplast division in chloroplasts of the green algal
Closterium peracerosum—strigosum—littorale complex, a unicellular charophyte closely related
to land plants. They observed that chloroplast division was also affected by ampicillin and D-
cycloserine, similar to P. patens. These results implied that a peptidoglycan-related system
might have been conserved in non-vascular plants, which is also sensitive to PGN biosynthesis
inhibiting antibiotics.

Not only green algae and non-vascular plants are affected by antibiotics, but many studies
show that vascular plants like A. thaliana and crops are also affected. Hillis et al. (2011)
tested the effect of ten antibiotics in three different vascular plant species (alfalfa, carrot, and
lettuce) and could show that almost all of them had a dramatic effect on root elongation, but
no significant effects on seed germination were observed. Opris et al. (2013) could show that
antibiotics can influence secondary metabolites and physiological characteristics in wheat.
Minden et al. (2017) tested the effect of small concentrations of antibiotics typically found
in soil on the time of germination and trait development. They showed that the germination
time was delayed for some species and biomass was reduced for others. A. thaliana root
architecture was modified by B-lactam antibiotics (Gudifio et al., 2018). Wang et al. (2015)
point out that "researchers have to be well aware of the potential effects of antibiotics on
mitochondrial and chloroplast function, gene expression, and cell proliferation.".

1.3 Tools for the Detection and Characterization of

Peptidoglycan

1.3.1 Click Chemistry: A 2-step in situ Labeling Technique

Kolb et al. (2001) used a known chemical mechanism to synthesize complex organic molecules
in an easier and more inexpensive way with high yields. Byproducts of the so-called click
chemustry reaction are easy to remove, so chromatography or recrystallization is not needed.
It has a broad range of usage and is easy and quick to perform under mild reaction conditions.
It can be performed in an aqueous solution with a wide range of pH values, which makes it
suitable for in vivo applications in biological systems.

One of the most widely used click reactions is a Huigens 1,3-dipolar cycloaddition, more
precisely a copper(I)-catalyzed azide-alkine cycloaddition (CuAAC). This reaction allows
for the efficient and specific conjugation of azide and alkyne functional groups and has
a wide range of applications, including the synthesis of biomaterials, the development of
pharmaceuticals, and the study of biological systems (Devaraj and Finn, 2021).

Fig. 1.4 shows the general reaction mechanism and reaction scheme of a CuAAC (Worrell
et al., 2013). For this, an azide-modified molecule acts as a dipole and an alkyne-modified
molecule acts as dipolarophile, which both undergo a reaction to form triazoles. To enhance
the reactivity of terminal alkynes towards azides and to increase the yield of 1,4-disubstituted
1,2,3-triazoles, a metal catalyst is used to elevate its dipolarophile. In this case, copper sulfate
is used as a simple Cu(II) source, and sodium azide is used to reduce Cu(II) to Cu(I) ions,
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which is used in this reaction as a catalyst. To protect biological molecules from the reactive
Cu(I) species, a ligand like BTTAA or THPTA is used to chelate the Cu-ion.
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Figure 1.4: CuAAC reaction equation (top) and reaction mechanism (bottom) adapted from Worrell et al.
(2013).

Click chemistry has been used to study different interactions like carbohydrate-protein
interaction (Zhang et al., 2006), to synthesize a broad variety of organic molecules and poly-
mers for material and pharmaceutical science (Hein et al., 2008), as well as for bioorthogonal
bioconjucations to study physiological processes in living organisms (McKay and Finn, 2014;
Kenry and Liu, 2019; Hatzenpichler et al., 2020). In 2022, Carolyn R. Bertozzi, Morten Mel-
dal, and K. Barry Sharpless received the Nobel Prize in Chemistry "for the development
of click chemistry and bioorthogonal chemistry" since it is such a versatile tool. "Click
chemistry and bioorthogonal reactions have taken chemistry into the era of functionalism,
bringing the greatest benefit to humankind." (Ramstrém, 2022).

An example where click chemistry was used to solve a year-long riddle was the "clamydial
anomaly". Chlamydia trachomatis (C. trachomatis) is a Gram-negative bacteria that can
only replicate itself inside a host cell. It has all required genes to synthesize peptidoglycan,
yet the presence of PGN in C. trachomatis could not be shown by conventional methods
until recently. Liechti et al. (2013) used click chemistry in living systems to unravel the
clamydial anomaly. They were one of the first groups to use this technique in living systems

to label and image biological molecules in vivo.

1.3.2 Peptidoglycan-Recognizing Proteins (PGRPs)

To fight off invading pathogens, animals developed an immune system over the course of
evolution. It is a complex organization of specialized cells and consists of two major parts:
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the adaptive and the innate immune systems (Delves and Roitt, 2000). The adaptive im-
mune system responds to repeated infection with a pathogen by activation and expression of
antigen-specific receptors during invasion (Schenten and Medzhitov, 2011). The innate im-
mune system consists of a variety of cells and mediates the first interaction with pathogens.
It includes highly conserved pattern recognition receptors (PRRs), which recognize unique
pathogen associated molecular patterns (PAMPs) (Shaw et al., 2010; Kumar et al., 2011).

Peptidoglycan-recognizing proteins (PGRPs) are the best-known peptidoglycan binding
proteins. They are PRRs and therefore part of the innate immune system. They are found in
insects and mammals and recognize peptidoglycan (PGN), a very unique bacterial cell wall
component, which is described in Section 1.1. There are up to 19 different PGRPs in insects,
whereas mammals just have four. The expression of these proteins is upregulated upon
bacterial exposure to eliminate invading pathogens in different ways, e.g., recruiting other
immune cells to the infection site by activating the Toll pathway to generate antimicrobial
substances, binding PGN to inhibit cell division, or hydrolyzing PGN to destroy the cells
(Pankey and Sabath, 2004; Dziarski, 2004; Dziarski and Gupta, 2006).

Many PGRPs have a C-terminal domain similar to bacteriophage amidase 2 and an N-
terminal PGRP-specific segment for subsequent signaling (Kim et al., 2005; Guan et al.,
2005). The structure of PGRPs shows a PGN-binding groove, which is amidase-active if it
contains an active Zn*"-binding site like bacteriophage amidase 2 (Wang et al., 2003). An
amino acid of the Zn*"-binding site is substituted for non-amidase-active PGRPs (Mellroth
et al., 2003). Most PGRPs recognize at least the MurN Ac-tripeptide motif (Kim et al.,
2005; Wang et al., 2003; Guan et al., 2004; Chang et al., 2005; Lim et al., 2006). Due
to the variable third amino acid of the PGN-oligopeptide chain, different PGRPs have a
higher binding affinity either to DAP-type or Lys-type PGN, depending on the amino acid
configuration in its PGN-binding groove (Kumar et al., 2005; Swaminathan et al., 2006).

All in all, peptidoglycan-recognizing proteins are an essential part of the innate immune
system in animals to fight off bacterial pathogens. They have a specific binding affinity to
the unique bacterial cell wall component peptidoglycan and are able to break it down either
directly or upon subsequent signaling pathways.

1.3.3 Structural Characterization of Peptidoglycan

To isolate and analyze bacterial peptidoglycan, the protocols of Kiihner et al. (2014) and
Bertsche and Gust (2017) were used in this study. Bacterial cultures are harvested and
lysed by boiling in a high-concentration sodium chloride solution. The resulting cell walls
are broken down into smaller fragments by sonication. In further steps, DNA, RNA, and
cell wall-bound proteins are removed with DNAse, RNAse, and trypsin, which in turn are
inactivated by boiling. HCI treatment releases bound wall teichoic acids and other glycophos-
phates. Afterwards, several washing steps are needed to neutralize the pH value. Further
enzymatic digestion of the isolated peptidoglycan molecule with lysozyme and mutanolysin
is carried out for ultra-performance liquid chromatography mass spectrometry (UPLC/MS)
analysis. Usually, Mur N Ac residues are reduced with sodium borohydrate to avoid double
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peaks of the non-reduced glycan ends, which was skipped in this study. Liquid chromatogra-
phy was performed using a trifluoracetic acid and a methanol gradient. Trifluoracetic acid is
an ion pairing agent that forms ion bonds with muropeptides, resulting in better separation
of mixed analytes. It is also volatile, so it can be used for both liquid chromatography and

mass spectrometry analysis.
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2 Research Objective

New research suggests that peptidoglycan, a macromolecule commonly part of bacterial
cell walls, is found in the chloroplasts of non-vascular plants and algae. The purpose of this
study was to answer the question if chloroplasts of vascular plants also contain a peptido-
glycan layer and which putative functions it may fulfill.

Multiple approaches were used to investigate the presence, structure, and function of pep-
tidoglycan (PGN) in plastids of vascular plants. Therefore, peptidoglycan-specific compo-
nents should be visualized in planta via click chemistry. Analytical characterization via mass
spectrometry should be applied to resolve the molecular composition of plant peptidoglycan.
Biochemical studies, including localization and binding experiments with peptidoglycan-
binding proteins, were planned to get further information about the structural similarities
of bacterial and plant peptidoglycan. The effect of antibiotics on plant growth and plastid
morphology should provide more information on the biological function of peptidoglycan and
its respective genes in plants. Some of the conclusions drawn from the experiments described
before should be verified in genetic approaches with KO mutant plants of PGN biosynthesis
genes.
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3 Results

3.1 Molecular Characterization of Arabidopsis thaliana

D-alanyl-D-alanine ligase

The chloroplast morphology in P. patens was dependent on the presence of DA-DA dipeptide,
either through internal biosynthesis by D-alanyl-D-alanine ligase or external supplementation
in growth media (Hirano et al., 2016). An important question still remained unanswered:
Why could this particular giant chloroplast phenotype not be observed in DDL mutants of

vascular plants like A. thaliana?

The DDL genes in P. patens as well as A. thaliana are predicted to encode for a fusion
protein consisting of two bacterial DDL proteins. Hirano et al. (2016) examined the fu-
sion protein in A. thaliana using reverse transcription polymerase chain reaction (RT-PCR)
experiments. Both available DDL mutants in A. thaliana, Atddl-1 (SALK 092419C) and
Atddl-2 (SAIL 906 E06), have a T-DNA insertion in the first half of the gene (Fig. 3.1a). A
closer look into the experimental design revealed that they were using primers for RT-PCR
analyses framing the N-terminal part of the DDL gene, where both T-DNA insertions are

located.

A more detailed examination of the second half of the AtDDL gene revealed a translatable
coding sequence including a start and stop codon (Fig. 3.1a, green box). RT-PCR experi-
ments with Atddl mutants and appropriate primers binding the second half of the DDL gene,
indicated by arrows in Fig. 3.1a, produced a transcript (Fig. 3.1b). This suggests transla-
tion of a functional C-terminal AtDDL protein AtDDLax (Tran et al., 2023). Interestingly,
a recent study investigated a third AtDDL mutant (AtddI-3) with a T-DNA insertion in the
C-terminal part of the DDL gene (Temnyk, 2024). There were also no morphological defects
observed in growth experiments with this mutant allele.

To investigate the translation and localization of AtDDLayn in planta, it was fused to
the genetically encoded green fluorescent protein (GFP) marker (Fig. 3.la, green box).
Fig. 3.1c shows a cytosolic protein expression of pHTFWG2-AtDDLAN-GFP in transiently
transformed N. benthamiana leaves. Both experiments indicate that the available AtDDL
mutants Atddl-1 and Atddl-2 may still produce a truncated AtDDLan protein.
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Figure 3.1: Transcription of AtDDL in Atddl-1 and Atddl-2. (a) Structure of the AtDDL gene. Exons
are represented by black boxes and introns by black lines. Positions of T-DNA insertion sites of AtddI-1,
Atddl-2 and Atddl-3 are marked by triangles. Arrows in the triangles indicate position of left border in
the insertions. Genomic regions encoding putative complete DDL enzymes are framed in purple and

boxes. Arrows under the scheme mark the positions of primers used for RT-PCR analysis. (b) RT-PCR
analysis of AtDDL-1 in Atddi-1, Atddl-2 and corresponding wild type seedlings (Col-0). Expression of
AtDDL-1 is shown in the upper row, whereas expression of constitutive control (AtActin2) is shown below.
(c) Fluorescence microscopic image of N. benthamiana cells expressing AtDDLAN-GFP (green, left), image
of chlorophyll B autofluorescence (magenta, middle) and merge of both images (right). Adapted from Tran

et al. (2023).

3.2 Physiological Effect of D-cycloserine on Plant
Growth

Many different antibiotics target enzymes important for peptidoglycan synthesis in bacteria
(Holtje, 1976; Waxman and Strominger, 1983; Schneider and Sahl, 2010). It was also shown
that antibiotics affect chloroplast morphology and number in mosses (Kasten and Reski,
1997; Tounou et al., 2002; Katayama et al., 2003), indicating that genes involved in bacterial
peptidoglycan biosynthesis are needed for proper plastid division in non-vascular plants.
D-cycloserine (DCS) is an antibiotic that acts as a D-Ala analogue and inhibits the DDL
enzyme by blocking the active binding site (Bruning et al., 2011).

As discussed in Section 3.1, A. thaliana DDL KO mutants were able to produce a trun-
cated AtDDLaN protein, which might still have remaining enzymatic activity. The following
experiment makes use of DCS as a DDL inhibitor. Therefore, A. thaliana plants were grown
on DCS in order to investigate the physiological effect of DDL inhibition on seed germi-
nation, plant growth, and plastid morphology. A. thaliana wild type, as well as DDL KO
mutants Atddl-1 and Atddl-2, were tested to see if a comparable phenotypical effect observed
in DCS-treated moss cells (Katayama et al., 2003) is detectable in A. thaliana wild type and
DDL mutants. The root length of 12-day-old A. thaliana seedlings grown on medium with
DCS in different concentrations was much shorter compared to control plants grown without
DCS (Fig. 3.2). Moreover, the root length decreases with increasing DCS concentration.
After a certain DCS concentration, seeds were not germinating (Fig. A.1).
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Figure 3.2: A. thaliana seedling germination and root growth is inhibited by D-cycloserine. A. thaliana
wild-type Col-0 and AtDDL mutants Atddl-1 and Atddl-2 were germinated for 12 days under long day
conditions on growth media, containing 0, 20, and 40 pM D-cycloserine. Scale bar: 10 mm.
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Fig. 3.3 shows the root length of 8-day-old Col-0, Atddl-1, and Atddl-2 seedlings grown on
medium with 0, 20, or 40 pM D-cycloserine. A general decrease in root length is observable,
although roots of Atddl-2 mutants seem to be slightly longer at 40 pM DCS compared to the
others.
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Figure 3.3: A. thaliana seedling root growth is inhibited by D-cycloserine. Measured root length of 8 day
old A. thaliana seedlings (wild-type Col-0, Atddl-1 and AtddI-2) grown on media containing 0, 20, and 40 pM
D-cycloserine. Root length generally decreases with increasing DCS concentration.
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To examine the chloroplast structure in those seedlings, mesophyll cells were fixed as
described in Section 6.1.3. Fig. 3.4 shows microscopic images of A. thaliana wild type Col-0
grown on medium with 0, 20, or 40 pM DCS for 12 days.
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Figure 3.4: Microscopic images of fixed mesophyll cells of A. thaliana seedlings Col-0, Atddl-1, and Atddl-2
grown on media containing 0, 20, and 40 pM D-cycloserine for 12 days. Scale bar: 20 pm.

Some plastids from seedlings treated with 20 pM DCS appear slightly bigger and less round
in shape compared to untreated cells. The green chlorophyll in mesophyll cells treated with
40 nM DCS seem to accumulate closer to the membrane of chloroplasts, leaving a translucent
hole in the middle.

Some samples of untreated Atddl-1 seedlings looked similar to Col-0 treated with 40 pM
DCS, although it seems like the chloroplasts are damaged, so the chlorophyll is accumulating
in the cytoplasm. Atddl-1 seedlings treated with 20 pM DCS appear to have a plastidic phe-
notype similar to untreated AtddI-1 and Col-0 treated with 40 pM DCS with some "hollow"
and some "leaky" chloroplasts where chlorophyll seams to leak into the cytoplasm. Chloro-
plasts of Atddl-1 seedlings treated with 40 pM DCS looked like Col-0 treated with 40 pM
DCS but with a much bigger colorless empty space.

Chloroplasts of untreated AtddI-2 seedlings looked similar to untreated AtddI-1 samples.
Atddl-2 mutants treated with Atddl-2 20 pM DCS looked like they had trouble separating
during division. Plastids in mesophyll cells of Atddl-2 seedlings seem to have the same
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phenotype as Atddl-1 (20pM DCS). These results indicate that DCS as a DDL inhibitor
had an effect on chloroplast structure.

3.3 Visualization of Peptidoglycan Components in
Plants with Click Chemistry

The so-called click chemistry is a CuAAC reaction that can be used to label various struc-
tures in wvivo. This technique was used by Liechti et al. (2013) and Hirano et al. (2016)
to label specific cell wall structures, namely PGN of different bacterial strains such as
Staphylococcus aureus (S. aureus) and E. coli, but also the envelope of P. patens moss
chloroplasts. Ethynyl-D-alanyl-D-alanine (EDA-DA) was used as an DA-DA analogue in
both cases, which is incorporated into the PGN macromolecule by MurF (see Fig. 1.2).
Hirano et al. (2016) were able to show that PpDDL mutants displayed a giant chloroplast
phenotype, which was reversible when DA-DA was exogenously applied. This experiment
was repeated using ethynylated D-alanyl-D-alanine (EDA-DA), which was also able to rescue
the giant chloroplast phenotype by incorporation of the modified DA-DA molecule. Since
the ethynylated molecule could be labeled using an azide-modified fluorophore, the exact
location of the incorporated molecule could be detected with a fluorescent microscope. It
turned out that EDA-DA was incorporated into the chloroplast envelope of P. patens DDL
mutant (Ppddl) protonema cells. These results proved that moss chloroplasts have retained
a peptidoglycan layer in their envelope, containing D-amino acids.

As DCS affected chloroplast biogenesis in A. thaliana (Sec. 3.2), the next question was if
peptidoglycan is also part of plastid envelopes of vascular plants. To address this question,
the "click chemistry" method was used in this work to investigate the chloroplast envelope of
vascular plants in a similar manner. Therefore, this technique was introduced and optimized,
using azide-modified amino acids instead of ethenyl-modified amino acids, as well as ethenyl-
modified fluorescence markers for vascular plants. This modified experimental setup was used
to visualize and localize the peptidoglycan macromolecule around chloroplasts of different

angiosperm species using modified canonical peptidoglycan amino acids.

3.3.1 Visualization of Canonical PGN Amino Acid in
Physcomitrium patens

Commercially available azide-modified amino acids, such as ADA, were used to simplify
the click chemistry process in planta instead of ethynyl-D-alanine (EDA) or EDA-DA to
circumvent the synthesis and purification of ethenyl derivatives. An experimental setup
comparable to Hirano et al. (2016) was used to test whether similar results were obtained
using modified educts. In such a proof-of-principle experiment, ADA was fed to P. patens
protonema cells and subsequently labeled with ethenyl derivatives of fluorescent dyes such
as Atto-b14-alkyne.
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Hirano et al. (2016) could show that chloroplasts of protonema cells from P. patens were
surrounded by a fluorescent ring-like structure (Fig. 3.5a), indicating the incorporation of
EDA-DA into the envelope of moss chloroplasts. Fig. 3.5b shows a comparable result using
ADA as an D-Ala analogue instead of EDA-DA.
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Figure 3.5: Fluorescent microscopic detection of peptidoglycan around plastids in P. patens protonema

cells. (a) Ppddl mutants grown in liquid medium with EDA-DA. Cells were fixed and permeabilized,

EDA-DA was bound to Alexa-Fluor-488-azide with click chemistry and visualized with confocal microscopy.

Adapted from Hirano et al. (2016). (b) P. patens chloroplasts of wild-type protonema cells treated with

ADA and Atto-514-alkyne and visualized with fluorescent confocal microscopy (scale bar 10 pm). Adapted
from Tran et al. (2023).

ADA accumulates around P. patens chloroplasts, indicated by white arrows, which proves
that azide-modified canonical amino acids were metabolized and integrated into the envelope
in a similar manner as ethynylated amino acids. This experiment could prove that not
just DA-DA dipeptides but also a single D-Ala amino acid derivative is incorporated by
moss chloroplasts. It also demonstrates that azide-amino acids can be used in further click
chemistry experiments instead of ethenyl derivatives to visualize putative PGN structures
in other plant species.

3.3.2 Visualization of Canonical PGN Amino Acids in Arabidopsis
thaliana

The labeling system with amino acid derivatives produced comparable results to published
ones in non-vascular plants using azido-D-alanine instead of ethynyl-D-alanyl-D-alanine

dipeptide, as this technique has not been applied in vascular plants, specifically angiosperms
like A. thaliana. A specific protocol was developed and implemented, which is described in
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Section 6.14. The D-Ala derivative ADA accumulated around chloroplasts in very specific
patterns, as shown in Fig. 3.6a. White arrows point out ring-like accumulations of fluores-
cent dye. Another structure could also be observed, where the fluorescent signal accumulated
in between two separating plastids. Blue arrows indicate these septa, which look like division
planes between two dividing plastids. It was also observed that not all mesophyll cells were

labeled, suggesting an incorporation of ADA only in newly formed cells (Fig. A.2).
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Figure 3.6: Fluorescent microscopic detection of canonical PGN amino acids around plastids in A. thaliana

cells. A. thaliana chloroplasts of wild-type Col-0 cells treated with (a) ADA (scale bar 10 pm), (b) ALA

(scale bar 15pm), (c¢) ALL (scale bar 10 pm), (d) azido-D-lysine (ADL) (scale bar 20 pm) and Atto-514-

alkyne. White arrows indicate ring-like accumulations of azide amino acids around chloroplasts, while blue
arrows show division planes of dividing plastids. Adapted from Tran et al. (2023).
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This experiment was repeated with L-Ala and L-Lys, two canonical amino acids often
found in bacterial PGN. The corresponding amino acid derivatives azido-L-alanine (ALA)
and azido-L-lysine (ALL) appear to be incorporated in a similar manner as ADA, as shown
in Fig. 3.6b and 3.6¢, where fluorescent signals accumulated specifically around chloroplasts.
To rule out the possibility that azide-modified amino acids are generally accumulating in this
specific pattern, control experiments were carried out using an amino acid derivative, namely
azido-D-lysine (ADL), which is commonly not found in any known peptidoglycan structure
(Schleifer and Kandler, 1972). As seen in Fig. 3.6d, ADL showed a cytosolic localization with
random distribution rather than a distinct pattern, suggesting that it is not incorporated
into the same structure as ADA, ALA, and ALL.

To exclude the possibility of unspecific accumulation due to the derivatization of used
amino acids and fluorescent dyes, control experiments have been carried out. Therefore,
plants have been solely treated with amino acid derivatives, which are shown in Fig. A.3.
It was expected that no fluorescence signal would be detected, which was true for all tested
azide-modified amino acids. On the other hand, plants that have been treated solely with
modified fluorescent dyes, display a rather homogeneous distribution with no distinct pattern
or accumulation of fluorescent signal. Dyes were found to localize either vacuolar (Fig. A.4a)
or cytosolic (Fig. A.4b, c¢). As previously described in Fig. 3.6d, ADL was used as a
non-canonical D-amino acid derivative that localizes mainly in the cytosol with no specific
pattern. These results were comparable to observations obtained for plants that had just
been treated with modified fluorescent dyes (Fig. A.4c), indicating that only very specific
amino acids are metabolized in a way, that they are detectable in a specific pattern.

Next, the following experiment uses the implemented click chemistry method in A. thaliana,
to study the localization of azido-D-alanine in Atddl mutants. Figure 3.7 shows that fluo-

rescent signals of ADA accumulate around Atddl chloroplasts, indicated by white arrows.

Atto-514 chlorophyll B merge

Figure 3.7: Fluorescent microscopic detection of ADA around plastids in AtddI-1 cells. A. thaliana chloro-
plasts of Atddl-1 cells treated with ADA and Atto-514-alkyne (scale bar 20 pum). White arrows indicate
ring-like accumulations of ADA around Atddi-1 chloroplasts. Adapted from Tran et al. (2023).

These results are similar to observations seen in A. thaliana wild-type plants treated with
ADA (Fig. 3.6a), which suggests that ADA is transported and incorporated by the used
Atddl mutants in a similar manner as in A. thaliana wild-type plants. This may be ex-
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plained by the enzymatic activity of the truncated AtDDLayn protein, which is sufficient to
incorporate D-Ala into the plastidic envelope.

Alternatively, click chemistry experiments for PGN labeling in A. thaliana were carried out
to test and visualize the effect of the DDL inhibitor DCS on amino acid accumulation around
plastids. Therefore, A. thaliana seedlings were treated with DCS and ADA simultaneously.
As it can be seen in Fig. 3.8, the chlorophyll B autofluorescence of some mesophyll cells is
no longer found in confined structures but rather spread all over the mesophyll cell, suggest-
ing a disruption of their respective chloroplast. Additionally, a typical ring-like structure
observed so far for ADA-treated A. thaliana plants, was not observable for plants treated
with ADA and DCS at the same time, underpinning the observations discussed in Section
3.2. Nevertheless, some cells still show intact plastid structures, indicating that DCS impact
is limited only to newly dividing cells.

Atto-514 chlorophyll B merge

Figure 3.8: Fluorescent microscopic detection of ADA in A. thaliana cells with DCS treatment. A. thaliana

chloroplasts of AtddI-1 cells treated with ADA, 200 pM DCS and Atto-514-alkyne show a loss of chloroplast

structure and specific accumulation of fluorescent dyes inside mesophyll cells. Scale bar: 20 pm. Adapted
from Tran et al. (2023).

It was shown that DCS has an impact on chloroplast genesis (Sec. 3.2), but in addition
to that, it could be shown that DCS inhibits proper chloroplast division and inhibits the
incorporation of PGN amino acids into the chloroplast envelope.

These experiments could show that amino acids like D-Ala, L-Ala, and L-Lys usually
found in peptidoglycan were incorporated into the envelope of newly divided A. thaliana
chloroplasts. Instead, a non-canonical amino acid — D-lysine — was not accumulating specif-
ically around plastids, suggesting the presence of peptidoglycan in A. thaliana chloroplasts
with a canonical amino acid of bacterial origin. These results could also prove that Atddl
mutants did not display a changed chloroplast morphology compared to wild-type plants
and were still able to incorporate ADA into their envelope, which indicates a residual ac-
tivity of DDL protein in Atddl mutants. Since Atddl mutants do not display a change in
chloroplast morphology, experiments were carried out to study the effect of D-cycloserine as
a D-alanyl-D-alanine ligase inhibitor. DCS treatment in A. thaliana seedlings not only led
to a disrupted chloroplast phenotype (Sec. 3.2), but was also inhibiting the incorporation of
ADA into the chloroplast envelope in newly dividing mesophyll cells, suggesting a disturbed
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DDL function for DA-DA synthesis. These are some indications that A. thaliana, a "four
PGN" plant, also possesses a peptidoglycan layer in their chloroplast envelope.

3.3.3 Visualization of Canonical PGN Amino Acids in Nicotiana
benthamiana

The click chemistry labeling technique was also used to study chloroplasts of another plant
species. This time N. benthamiana was examined, which has a complete set of PGN-
biosynthesis genes ("full PGN-PBP"), similar to mosses. N. benthamiana plants were
treated as described in Section 6.14, and the localization of metabolized amino acid deriva-
tives was investigated in the same way as previously described click chemistry experiments
in P. patens and A. thaliana.

The localization of ADA (Fig. 3.9a), ALA (Fig. 3.9b), and ALL (Fig. 3.9¢) in N. benthamiana
leaves was detected in the typical fluorescent ring-like accumulation (white arrows). Further-
more, some putative division planes (blue arrows) in tobacco chloroplasts of newly formed
mesophyll cells were observed once again, indicating a comparable uptake and incorporation
of amino acid derivatives as observed in P. patens and A. thaliana.

To rule out unspecific binding of amino acid derivatives in N. benthamiana leaves, the same
control experiments were conducted as described in Section 3.3.2. Fig. A.5a—d show leaves
treated solely with azide-modified amino acids, and no fluorescent signal was observable. In
plants treated with dyes only (Fig. A.5e), no distinct pattern or localization was seen, which
was also true for ADL (Fig. 3.9d).

This indicates that N. benthamiana as well as A. thaliana both incorporate canonical
amino acids into the chloroplast envelope in a similar manner to P. patens, which suggests
that the peptidoglycan structure has been preserved after endosymbiosis throughout the
whole plant kingdom.
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Figure 3.9: Fluorescent microscopic detection of canonical PGN amino acids around plastids in

N. benthamiana cells. N. benthamiana chloroplasts of wild type cells treated with (a) ADA (scale bar

15nm), (b) ALA (scale bar 20 pm), (c¢) ALL (scale bar 20 pm), (d) ADL (scale bar 20 pm) and Atto-514-

alkyne. White arrows indicate ring-like accumulations of azide amino acids around chloroplasts, while blue
arrows show division planes of dividing plastids. Adapted from Tran et al. (2023).
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3.3.4 Visualization of Azide Modified N-acetylmuramic acid

In line with this topic, Haag (2023) tested the incorporation of a commercially available
azide modified Mur N Ac molecule in click chemistry experiments. These experiments were
carried out to test and verify the presence of peptidoglycan in vascular plant chloroplasts
and its similarity to bacterial peptidoglycan. Therefore, the same procedure was conducted
as described in Section 6.14. MurN Ac-azide also accumulates in the characteristic ring-
like structure around chloroplasts of N. benthamiana (Fig. 3.10, white arrows), as well
as A. thaliana chloroplasts (Fig. A.7). Control experiments (Fig. A.6) show that Atto-514
signals are specific. These results support the findings about the presence of a peptidoglycan
layer around chloroplasts of vascular plants with a similar molecular composition to bacterial
peptidoglycan.

Figure 3.10: Haag (2023): Click chemistry with NAM-azide for visualization of PGN in adult

N. benthamiana plants. Fluorescent emission was detected exciting at 514 nm. A-H: Nicotiana leaves

infiltrated with 0.125 mM NAM-azide and cut-outs incubated in Click-iT cell reaction cocktail containing

Atto-514-alkyne. A, E Atto-514 emission. B, F autofluorescence of chlorophyll. C, G brightfield channel.

D, H merged image of A/E, B/F and C/G. White arrows indicate chloroplasts surrounded by fluorescent
ring-like structures. The scale bar is 5 pm.
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3.4 Structural Analysis of Plant Peptidoglycan

In previous sections, physiological and microscopic methods were described to analyze the
composition and localization of peptidoglycan in vascular plants. The following experiments
make use of naturally evolved proteins capable to recognize and binding bacterial peptido-
glycan in a very specific manner (Section 1.3.2), to test if plant peptidoglycan has a similar

molecular structure.

3.4.1 Microscopic and Biochemical Studies with PGN-Binding
Proteins

Different proteins, able to detect a specific peptidoglycan motif, were used as intrabodies by
transiently expressing them in N. benthamiana leaves and A. thaliana seedlings according
to Section 6.7. Their in wvitro localization was analyzed using confocal microscopy.

3.4.1.1 PGRPs in Transient Protein Expression Experiments

PGRPs, which are part of the innate immune system of mammals and insects, can recognize
and bind peptidoglycan and kill off bacteria either directly or by activating other down-
stream pathways (Sec. 1.3.2). To investigate the similarity of bacterial and plant peptido-
glycan, localization studies were done using peptidoglycan-recognizing proteins. Therefore,
DmPGRP-SA from Drosophila melanogaster (NM 132499.3) and Homo sapiens PGLYRP-1
(NM _005091.3) were selected. Both protein sequences were codon optimized for in planta ex-
pression. DmPGRP and HsPGRP without the N-terminal secretory signal peptide (first 26
and 21 encoding amino acids, respectively) were cloned into the expression vector pHTFWG2
(Gateway destination vector) with a C-terminal GFP tag. Fig. A.8 shows the coding and
amino acid sequence of DmPGRPasp and HsPGRPagp. Subsequent localization studies
of transient protein expression in N. benthamiana leaves were carried out using confocal
fluorescent microscopy (Tran et al., 2023).

Transformed N. benthamiana mesophyll cells with HsPGRPasp-GFP (Fig. 3.11a) and
DmPGRPsp-GFP (Fig. 3.11b) show that expressed proteins appear to accumulate in and
around tobacco chloroplasts. Transient PGRP expression and localization studies were re-
peated in A. thaliana seedlings. The localization of translated PGRPsp-GFP proteins was
very similar to results observed in tobacco leaves, indicating the presence of a peptidogly-
can similar structure in the chloroplast envelope of both angiosperm plant species. Tran-
sient protein expression of a vector containing only GFP revealed cytosolic localization in
N. benthamiana (Fig. A.9).
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Figure 3.11: Fluorescent detection of transient protein expression of PGRPs in vascular plant cells. PGRPs
localize in and around chloroplasts of N. benthamiana and A. thaliana cells. (a) HsPGRPasp-GFP and
(b) DmPGRP Asp-GFP are expressed and accumulate around chloroplasts in N. benthamiana cells (scale
bars 15um). (c) HsPGRPagp-GFP and (d) DmPGRPagp-GFP are expressed and accumulate around
chloroplasts in A. thaliana Col-0 cells (scale bars 20 pm). Adapted from Tran et al. (2023).

3.4.1.2 N-acetylmuramoyl-L-alanine amidase AmiC in Transient Protein Expression

Experiments

Another peptidoglycan binding protein, but of bacterial origin, was analyzed, using a similar
approach of transient protein expression studies in N. benthamiana and A. thaliana plants,
like in Section 3.4.1.1. PGN amidases are responsible for degradation and recycling of PGN
during cell propagation. Periplasmic PGN amidases AmiA, B, and C are N-acetylmuramoyl-
L-alanine and cleave the Mur N Ac-L-Ala bond of septal PGN during cytokinesis, so cell sep-
aration can occur (Heidrich et al., 2001). The N-acetylmuramoyl-L-alanine amidase AmiC
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3.4 Structural Analysis of Plant Peptidoglycan

is required for binary fission in bacteria and usually consists of two parts: a peptidogly-
can binding amidase N-terminal domain (AMIN) domain and a catalytical active domain.
The localization of the AMIN domain of AmiC from E. coli (EcAMIN) fused to GFP in
tobacco mesophyll cells shown in Fig. 3.12a was similar to previously shown results for
PGRPs (Fig. 3.11). Expressed proteins tend to accumulate around chloroplasts (white ar-
rows), which was also observed in transiently transformed A. thaliana mesophyll cells (Fig.
3.12¢). Similar experiments with a catalytical active AmiC2cat domain from Nostoc punc-
tiforme (NpAmiC2cat) led either to a hardly detectable GFP signal or resulted in damaged

chloroplasts when proteins were expressed in tobacco cells (Fig. 3.12b).
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Figure 3.12: Fluorescent detection of transiently expressed EcAMIN and NpAmiC2cat in vascular plant

cells. (a) EcAMIN is expressed and accumulates around chloroplasts of N. benthamiana cells (scale bar

15pm). (b) NpAmiC2cat in N. benthamiana cells (scale bar 10 pm). (a) EcAMIN is expressed and accu-
mulates around chloroplasts of A. thaliana cells (scale bar 10 pm). Adapted from Tran et al. (2023).

These transient protein expression experiments revealed that a certain structure may be
present in vascular plant chloroplasts, which is recognized by peptidoglycan binding proteins
of various origins. Considering the specificity of these proteins to recognize and bind bacterial
peptidoglycan, it is reasonable to consider that this structure may be preserved and present

in A. thaliana and N. benthamiana.
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3.4.1.3 Peptidoglycan Binding Assay

To verify the interaction of peptidoglycan-binding proteins with a putative plant peptido-
glycan, an in wvitro binding assay was carried out as described by Rocaboy et al. (2013)
with minor modifications (see Sec. 6.11). Therefore, proteins were expressed as described
in Section 6.8.1. Both proteins used in this experiment were cloned into expression vectors
containing a His-tag. NpAmiC2cat was kindly provided by RG Forchhammer (IMIT, Uni-
versity of Tiibingen). Bacterial and plant peptidoglycan were isolated according to Section
6.10. This method is comparable to protein immunoprecipitation, but instead of isolating a
specific protein from a crude protein extract of either plants or animals using an antibody,
isolated peptidoglycan is used as "bait" to verify an interaction with peptidoglycan-binding
proteins.

This experiment was carried out to investigate the interaction of PGN recognizing proteins
and peptidoglycan from plants. D-amino transaminase 1 from A. thaliana (AtDAT1, Suarez
et al. (2019)) was used as a negative control, since it does not bind bacterial peptidoglycan.
Isolated peptidoglycan from FE. coli was used as a positive control. After incubating the two
PGN samples with AtDAT1 and NpAmiC2cat protein crude extracts, His-tagged proteins
were labeled with an «-His-tag antibody and an anti-species specific antibody fused to the
reporter enzyme horseradish peroxidase (HRP) for chemiluminescence detection. Fig. 3.13
shows that no AtDAT1 was pulled down in the pellet fraction. NpAmiC2cat was found in
both fractions containing either E. coli or A. thaliana PGN, but not in the sample contain-
ing no peptidoglycan. These results suggest an interaction of NpAmiC2cat with isolated
peptidoglycan from both E. coli as well as A. thaliana; hence, a structure was isolated from
A. thaliana similar in structure to bacterial peptidoglycan.

AtDAT1 NpAmiC2cat
M At Ec - At  Ec - M
! —————

Figure 3.13: Peptidoglycan from E. coli and A. thaliana chloroplasts lead to precipitation of NpAmiC2cat

in PGN binding assays. Pellets of AtDAT1 (left) and NpAmiC2cat (right) of PGN binding assays with

PGN preparations from A. thaliana (At), E. coli (Ec), and with no added PGN (-) are shown. Precipitated
NpAmiC2cat by peptidoglycan is marked by a red box. Adapted from Tran et al. (2023).
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3.4.2 Analytical Characterization of Plant Peptidoglycan

In this experiment, E. coli and isolated chloroplasts from A. thaliana were used as start-
ing material to extract peptidoglycan according to a protocol published by Bertsche and
Gust (2017) with minor modifications (see Sec. 6.10) to characterize the molecular compo-
sition of plant peptidoglycan in comparison to bacterial peptidoglycan. The supernatant of
mutanolysin- and lysozyme-digested peptidoglycan was analyzed according to Kiihner et al.
(2014). The samples were analyzed using ultra-performance liquid chromatography mass
spectrometry with electrospray ionization (UPLC/MS ES+). Fig. A.10 shows the base peak
ion chromatogram of isolated peptidoglycan from E. coli (top) and A. thaliana (bottom).
There are over 500 fragments found only in E. coli, 8 A. thaliana specific masses, and around
500 measured compounds that are detectable in both samples. It seems, that the extraction

method used for bacterial peptidoglycan was partially successful in A. thaliana.

Mutanolysin and lysozyme were used to digest isolated peptidoglycan. Soluble fragments
were analyzed and based on the assumption that chloroplasts came from cyanobacteria, dif-
ferent fragment sizes of peptidoglycan from Gram-negative bacteria were calculated. Only
basic monomers and dimers with varying peptide stem lengths of Gram-negative were cal-
culated for this analysis (see Table A.1). It does not include any peptidoglycan variation
or modifications found in different bacterial species. Table 3.1 shows some m/z that were
found in this data set.

Table 3.1: Peptidoglycan fragments isolated from FE. coli and A. thaliana chloroplasts and detected by

mass spectrometry with expected mass:charge (m/z) ratios and detected values as listed. Peptidoglycan

fragments are made up of glycans GleNAc (G) and MurNAc (M), as well as canonical amino acids L-Ala,
D-Glu, m-DAP and D-Ala.

PGN fragment Detected Expected Detected Found in
species m/z m/z
G-M-L-Ala-D-Glu-m-DAP (M+H)+ 869.3491 869.3657  E. coli
G-M-L-Ala-D-Glu-m-DAP-D-Ala (M+H)+ 940.3952 940.4016  E. coli
2x(L-Ala-D-Glu-m-DAP-D-Ala) (M+2H)2+ 453.2163 453.2409  E. coli
2x(G-M-L-Ala-D-Glu-m-DAP)-D-Ala  (M+2H)2+ 895.86195 895.8783  E. coli
2x(G-M-L-Ala-D-Glu-m-DAP-D-Ala) (M-+2H)2+ 931.3879 931.3971  E. coli

Two peptidoglycan monomers and three dimers could be detected in the F. coli sample. As
expected for F. coli as a Gram-negative bacterium, those fragments contained m-DAP and
not L-Lys. This data set needs a more in-depth comparative analysis with either published
data on other peptidoglycan fragments isolated from plants or cyanobacteria as its closest
ancestor.
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3.5 Biological Functions of Peptidoglycan in Plants

3.5.1 Effects of Peptidoglycan-Digesting Enzymes on Chloroplast
Structure

Peptidoglycan digesting enzymes like mutanolysin and lysozyme can catalyze a hydrolysis of
the (3-1-4-glycosidic bond between Mur N Ac and GlcN Ac, which causes cell lysis in bacteria
due to a cell wall weakening (Ragland and Criss, 2017). The following experiment was
carried out as described in Section 6.13 to analyze the effect of mutanolysin and lysozyme on
chloroplast structure. Hereby, the deformation of chloroplasts with and without enzymatic
treatment was observed microscopically. Untreated or "intact" chloroplasts (dark gray)
were defined as single, circular shaped organelles with an even envelope structure as shown
in Fig. A.11. Chloroplasts with enzyme treatment that are labeled as "defect" (light gray)
looked deformed, had burst, or were found in agglomerations. The following experiments
were conducted to analyze these structures either by manual counting or using fluorescence-
activated cell sorting (FACS).

Figure 3.14 shows a quantitative analysis by manual counting of isolated chloroplasts
treated with active enzymes lysozyme (L), mutanolysin (M), or both (LM). In control
samples (Fig. A.lla) without enzyme treatment, only about 20% of chloroplasts were
intact, but they were rarely found in agglomerates. Samples treated with lysozyme and
lysozyme /mutanolysin (Fig. A.11b, c¢) formed agglomerates and had significantly fewer in-
tact chloroplasts (< 10 %) compared to the control. Mutanolysin-only treated samples did
not form agglomerates (Fig. A.11d), and quantitative analysis of the ratio of intact and de-
fective chloroplasts had almost the same distribution as untreated samples (Keskin, 2020).
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Figure 3.14: Keskin (2020): "Quantitative analysis of isolated chloroplasts after enzymatic digestion with
active lysozyme (L), lysozyme and mutanolysin (LM) and mutanolysin (M). The chloroplasts were counted
manually with ImageJ and classified according to their appearance over several microscopic images."
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The same experiment was repeated with heat-inactivated enzymes (Fig. A.1le-g) to verify
the effect of enzyme treatment. Samples treated with inactivated lysozyme (Fig. A.lle)
and inactivated lysozyme/mutanolysin (Fig. A.11f) did not form agglomerates as samples
treated with active enzymes did. Statistical analysis (Fig. 3.15) shows that around 19 % of
chloroplasts treated with inactive lysozyme were intact. About 22 % of samples treated with
inactivated lysozyme/mutanolysin were intact. The statistical significance of samples with
inactivated enzyme treatment was calculated in relation to the active enzymes and indicates
that the deformation was likely caused by the enzymes.
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Figure 3.15: Keskin (2020): "Quantitative analysis of isolated chloroplasts after enzymatic digestion with
inactive lysozyme (L), lysozyme and mutanolysin (LM) and mutanolysin (M). The chloroplasts were counted
manually with ImageJ and classified according to their appearance over several microscopic images."
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In another experiment FACS, was used to measure and quantify chloroplast deformation
after enzyme treatment (Winkler, 2022). Therefore, chloroplasts were isolated (Sec. 6.9),
treated with different concentrations of lysozyme, and analyzed with FACS (Sec. 6.13).
To analyze the effect of lysozyme on chloroplast structure, the FACS parameter side scat-
ter (SSC) was analyzed. The side scatter area (SSC-A) was plotted against the side scatter
height (SSC-H) in Fig. 3.16 and shows that both the area and the height increase with
increasing lysozyme concentration. An increase in SSC-A and SSC-H indicates that the
samples granularity increased gradually. These results support the observation of the pre-
ceding experiments that the treatment of chloroplasts with peptidoglycan-degrading enzymes

leads to their deformation.
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Figure 3.16: FACS analysis of isolated A. thaliana chloroplasts after lysozyme treatment. Side scatter of

A. thaliana chloroplasts increases with increasing lysozyme concentration. The side scatter height (SSC-H)

increases in relation to the side scatter area (SSC-A) in FACS experiments of isolated A. thaliana chloroplasts

treated with different lysozyme concentrations (0, 0.35, 1, 3.5, 10, 35, 100, 350 pg/mL). Dr. Kenneth

Berendzen (ZMBP, University of Tiibingen) reanalyzed the data by Winkler (2022) used in this section and
provided the graphs for this figure.

3.5.2 Analysis of A. thaliana murE KO Mutants

Several enzymes are involved in the synthesis of bacterial peptidoglycan. Most of the genes
coding for these enzymes are still present in the genomes of various plant species (van Baren
et al., 2016). A disruption of just one of these enzymes either by inhibition with antibiotics
or mutations should lead to severe consequences not only in bacteria but also in mosses, as
described earlier (Sec. 1.1, 3.1). To test the hypothesis for peptidoglycan in vascular plants,
A. thaliana mutants with defective genes involved in PGN synthesis were analyzed. One of
those candidates would be DDL, but it was shown earlier (Sec. 3.1) that Atddl mutants
are phenotypically not apparently affected due to potentially remaining DDL activity in the
mutant. Another PGN biosynthesis gene that was analyzed and shown to have a plastidic
phenotype is MurE. Machida et al. (2006) could show that MurE was involved in plastid
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3.5 Biological Functions of Peptidoglycan in Plants

division in P. patens (see Sec. 1.2). Therefore, the following A. thaliana MurE mutants
(AtmurE) were analyzed: AtmurE-3 and -4 were previously characterized by Garcia et al.
(2008). AtmurE-5 (pde316, CS16226) was an uncharacterized mutant allele with an albino
or pale green phenotype described by Meinke (2020) analyzed in this work.

Mutants AtmurE-3 and AtmurE-4 contain a disruptive T-DNA insertion in the first exon.
For AtmurE-5, it was found that part of the first exon and the whole second exon were
deleted (Fig. 3.17a). To confirm the loss of transcription of the MurE gene in this mutant,
an RT-PCR was carried out. No transcript was detectable (Fig. 3.17b). Homozygous
seedlings had a pale green phenotype (Fig. 3.17¢), similar to previously described AtmurE
mutants (Garcia et al., 2008).

a Atmurl:' 3
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Figure 3.17: Peptidoglycan synthesis gene MurE in A. thaliana (AtmurE). (a) Structure of the MurE from

A. thaliana (AtMurE) gene. Exons are represented by black boxes and introns by black lines. Positions of

T-DNA insertion sites of AtmurE-1 to -5 are marked by triangles. Arrows in the triangles indicate position

of left border in the insertions. (b) RT-PCR analysis of AtMurE-5 in AtmurE-5 and corresponding wild type

seedlings (Col-0). Expression of AtMurE-5 is shown in the upper row, whereas expression of constitutive

control (AtActin2) is shown below. (c¢) Phenotype o AtmurE-3, AtmurE-4, AtmurE-5 and corresponding
wild-type seedlings. Scale bar 5mm. Adapted from Tran et al. (2023).
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3 Results

Fig. 3.18a and 3.18b show microscopic images of P. patens protonema cells (Garcia et al.,
2008). Plastids of P. patens MurE mutants were disrupted in their division and had a giant
chloroplast phenotype similar to Ppddl analyzed by Hirano et al. (2016) (see Sec. 3.1). In
comparison to that, AtmurE-3, -4, and -5 homozygous seedlings had defective plastids (Fig.
3.18c-e€). In comparison to the wild type (Fig. 3.18f), a distinct chloroplast structure was not
observable. There is a structure similar to plastids, but they contain little to no chlorophyll,
resulting in a pale green phenotype. The shape and number are also very different from
the wild type. In contrast to P. patens MurE mutants, a giant chloroplast phenotype is not

observable in A. thaliana MurE plants.
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Figure 3.18: Microscopic bright field im-
ages of P. patens and A. thaliana MurE
mutants. (a, b) P. patens protonema
cells of the wild-type plants (WT) con-
tained a normal number chloroplasts per
cell, whereas the PpmurE KO lines
(APpMurE) contained macrochloroplasts.
Adapted from Garcia et al. (2008). (c-
e) A. thaliana mesophyll cells of AtmurE-
3, AtmurE-4 and AtmurE-5 had no distinct
chloroplast structure and little to no chloro-
phyll (scale bar 30pm). (f) A. thaliana
mesophyll cell of Col-0 wild type contained
spherical to oval shaped chloroplasts (scale
bar 30pm). Adapted from Tran et al.
(2023).
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In click chemistry experiments with AtmurE-5, canonical PGN amino acid derivatives
did not accumulate around chloroplasts to form ring-like structures, indicating a disruption
of the plastidic envelope in this mutant (Fig. 3.19) compared to the wild type (Fig. 3.6).
The fluorescent signal is found in remaining plastid-like structures inside mesophyll cells. No
autofluorescence was detectable due to a lack of chlorophyll in pale green seedlings; therefore,
a plastid marker from Nelson et al. (2007) was used to visualize chloroplast remnants.

In addition to that, transient protein expression of AtmurE-3 mutants with peptidoglycan-
recognizing enzymes HsPGRPasp-GFP, DmPGRPasp-GFP and EcAMIN-GFP (see Sec.
3.4.1.1) also resulted in the loss of a characteristic accumulation around chloroplasts (Fig.
A12).

AF-488 brightfield

b.-
C..

Figure 3.19: Fluorescent microscopic detection of azide amino acids in AtmurE-5 cells. A. thaliana chloro-
plasts of AtmurE-5 cells treated with (a) ADA, (b) ALA, (c¢) ALL and Atto-514-alkyne (scale bar 20 pm).
Adapted from Tran et al. (2023).
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4 Discussion

Nearly all bacteria share the distinctive feature of a unique peptidoglycan cell wall, a
key evolutionary development that provided protection against mechanical lysis and osmotic
pressure and helped dictate the cell’s shape, growth, and proliferation (Errington, 2013).
According to the endosymbiotic theory, eukaryotic energy-generating organelles, mitochon-
dria and plastids originated billions of years ago through endosymbiosis between an ancient
eukaryotic cell and bacteria (see Sec. 1). While it was initially thought that peptidogly-
can was lost in these organelles during evolution, it was discovered around the 2000s that
this crucial macromolecule has been retained in the plastids of streptophytes, glaucophytes,
and bryophytes. Bjorn (2020) speculated that peptidoglycan in lycophytes might contribute
to desiccation tolerance in some species. Dowson et al. (2022) suggested that the mature
peptidoglycan in streptophytes must be modified to distinguish it from pathogens, as they
evolved an immune system that includes proteins like LysM to recognize bacterial PGN-
derived motifs (see Gust (2015) for more details). Around the same time, it was shown that
several peptidoglycan biosynthesis genes are present in the genomes of both non-vascular
and vascular plants, raising questions about their function in the plant kingdom (van Baren
et al., 2016).

It remained unclear whether the bacterial peptidoglycan layer persisted in the plastid
envelope throughout evolution up to today’s vascular plants, including angiosperms, the
youngest yet most abundant plant group. All agriculturally important plants, such as rice,
maize, and wheat, belong to this group. This study provided several lines of evidence
indicating that plastids of vascular plants are also surrounded by a peptidoglycan layer.

4.1 Peptidoglycan in Vascular Plants and Its Molecular
Composition

4.1.1 Fluorescent Localization of Peptidoglycan Components in
Plants

To investigate whether peptidoglycan is present in plants, a relatively new two-step label-
ing technique was employed to detect PGN components. This method involves the uptake
and metabolism of a modified molecule by the organism in vivo. In the second step, the
incorporated molecule is tagged with a fluorescent dye, which can be detected using fluo-
rescence microscopy. This approach has been successfully applied to label peptidoglycan in
bacteria and mosses. Liechti et al. (2013) utilized this technique to visualize the cell wall
in Chlamydia trachomatis. Despite the availability of all PGN biosynthesis genes and the
species’ susceptibility to PGN-targeting antibiotics, classical attempts to detect and isolate
peptidoglycan had been unsuccessful. This issue, known as the "chlamydial anomaly", was
resolved using this new labeling method.
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Higuchi et al. (2016) employed this method to visualize peptidoglycan in the Glaucophyte
Cyanophora paradoza, supporting the findings of Pfanzagl et al. (1996), who elucidated the
primary structure of the cyanelle. Similarly, P. patens (a full PGN plant) possesses all ten
genes necessary for PGN biosynthesis. It was previously believed that peptidoglycan, as
an envelope component, was lost during the evolution of all green plants, including mosses
and ferns. However, Hirano et al. (2016) utilized click chemistry to successfully localize and
visualize a peptidoglycan component in P. patens. These results indicated that glaucophytes
and mosses have retained a peptidoglycan wall around their chloroplasts, similar to their

cyanobacterial ancestor.

Since the goal of this work had been to find different lines of evidence for peptidoglycan
in the evolutionary younger vascular seed plants, the two-step metabolic labeling technique
was used in this study to visualize peptidoglycan components in vascular plant species. To
establish visualization of peptidoglycan in vascular plants using the same technique as Hirano
et al. (2016), it was first tested if commercially available azide-modified amino acids can be
used instead of EDA or EDA-DA, as the synthesis and purification of ethenyl derivatives can
be complicated and time consuming. In a similar experimental setup, azido-D-alanine (ADA)
was used as a D-alanine analogue instead of EDA-DA, and comparable results were obtained.
In these proof-of-concept experiments, an accumulation of Atto-514-alkine signal around
chloroplasts of P. patens protonema cells in a ring-like structure could be detected (Fig.
3.5). This suggests that azide-modified amino acids are taken up and metabolized in a
similar way to ethenyl-modified amino acids and can be used in further click chemistry
experiments to visualize peptidoglycan in plants.

The same approach was repeated in angiosperms to see if plant peptidoglycan may also
be preserved in evolutionary younger plant species. Therefore, A. thaliana was tested using
azide derivatives of canonical peptidoglycan amino acids (D-alanine, L-alanine, and L-lysine).
These experiments were able to demonstrate that all three tested amino acid derivatives
were accumulating around chloroplasts in a similar ring-like structure that was observed
in P. patens protonema cells. In some cases, fluorescence signals could be detected, which
resemble division planes in between two chloroplasts (Fig. 3.6). Control studies were con-
ducted to rule out the possibility of azide-modified amino acids generally accumulating in
this particular ring-like structure. Therefore azido-D-lysine was tested, which is commonly
not found in any known peptidoglycan structure. It localized in the cytosol and was rather
randomly distributed than found in distinct patterns. These results showed that chloroplasts
of A. thaliana incorporate canonical peptidoglycan amino acids into their envelope similar
to Glaucophytes and mosses, suggesting the presence of a structure similar to bacterial pep-
tidoglycan.

N. benthamiana as another angiosperm was also tested to see if peptidoglycan is found in
vascular plant species in general or if A. thaliana is an exception. Here, one can also find
that D-alanine, L-alanine, and L-lysine azides were found in previously described distinct
structures around chloroplasts. This means that canonical D- and L-amino acids could be
found in two angiosperm species, suggesting that a peptide structure similar to bacterial
peptidoglycan is conserved in the plastidic envelope of more than one angiosperm species.
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Since amino acids typically found in bacterial peptidoglycan were shown to be incorporated
into the chloroplast envelope of angiosperms, it suggested that not only the peptidoglycan
oligopeptide chain remained largely unchanged, but also its sugar backbone. As detailed
in Section 1.1, PGN consists of a backbone composed of two alternating sugars and an
oligopeptide chain attached to MurN Ac, which cross-links adjacent peptidoglycan chains
to form a mesh-like structure around the cell. Given that three canonical amino acids of
bacterial peptidoglycan are incorporated into plastid envelopes, we investigated whether the
sugar backbone might also be similar in plant peptidoglycan. Consequently, Haag (2023)
used the same click chemistry labeling technique described in Section 3.3.4 to test if plant
peptidoglycan incorporates Mur N Ac into the plastid envelope. Similar to the tested canon-
ical amino acids, Mur N Ac-azide was also observed agglomerating around the chloroplasts of
N. benthamiana and A. thaliana, suggesting that the molecular composition of peptidogly-
can in plants is comparable to that in bacteria.

4.1.2 Molecular and Structural Composition of Peptidoglycan in
Plants

As described in Section 1.1, cyanobacteria are classified as Gram-negative, although their
peptidoglycan layer is generally much thicker compared to other Gram-negative bacte-
ria. Comparative phylogenetic analysis suggests that plastids most likely originated from
heterocyst-forming filamentous cyanobacteria (Deusch et al., 2008).

Pfanzagl et al. (1996) analyzed the primary peptidoglycan structure of chloroplasts (cy-
anelles) of the Glaucophyte Cyanophora paradoxa. They isolated PGN monomers that
are also found in E. coli (MurN Ac-L-Ala-D-Glu-m-DAP, MurN Ac-L-Ala-D-Glu-m-DAP-
D-Ala). O-acetylation of glycans is usually part of the peptidoglycan maturation process.
It is a modification that occurs after PGN synthesis and assembly (Sychantha et al., 2018).
No O-acetylation was detected in cyanelle peptidoglycan. PGN chains are cross-linked be-
tween D-Ala and m-DAP. A significant modification was found in cyanelle peptidoglycan.
Hereby, the 1-carboxyl group of glutamic acid is amidated with N-acetylputrescine (NAP),
which has not been found in bacterial peptidoglycan yet. About 40—60% of PGN sub-
units are modified with NAP. Cyanelle peptidoglycan is thinner compared to cyanobacterial
peptidoglycan with less cross-linkage of PGN chains. Pfanzagl et al. (1996) proposed that
the reduced thickness of this organelle helps to facilitate higher protein import from the
cytoplasm. Glaucophytes were shown to have a peptidoglycan composition similar to Gram-
negative bacteria but have modifications significantly different from any known bacterial
PGN.

Since the concept of plant peptidoglycan is fairly new, the exact composition of PGN from
different plant species is still elusive. Dowson et al. (2022) were one of the first groups to
detect peptidoglycan precursors in P. patens. They used different antibiotics to facilitate
the accumulation of PGN intermediates, which were then analyzed by mass spectrophoto-

metric analysis of the trichloroacetic acid extracted metabolome. They were able to extract
and detect UDP-Mur N Ac-L-Ala-D-Glu-m-DAP and UDP-Mur/N Ac-L-Ala-D-Glu-m-DAP-
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D-Ala-D-Ala among others. Since m-DAP is usually incorporated during peptidoglycan
biosynthesis by Gram-negative bacteria, they concluded that P. patens uses the same pre-
cursors and its peptidoglycan is more similar to Gram-negative than -positive bacteria.

A first approach isolating peptidoglycan from vascular plants was conducted in this study.
Therefore, the peptidoglycan isolation protocol by Bertsche and Gust (2017) was used to
isolate and analyze peptidoglycan from FE. coli as a control sample and from A. thaliana
isolated chloroplasts to see if PGN fragments can be isolated and are detectable. Fragments
from an UPLC/MS analysis of peptidoglycan isolated from A. thaliana chloroplasts and from
E. coli were analyzed in Section 3.4.2. As expected, a few fragments were detected in the
E. coli sample, that have the same mass as calculated PGN fragments from Gram-negative
bacteria. A lot of E. coli specific masses, but also around 500 masses could be detected in
both FE. coli and A. thaliana chloroplasts. No Gram-negative specific fragments could be
detected in the A. thaliana sample. It is important to notice that only the basic structure
of peptidoglycan from Gram-negative bacteria and no modifications were considered for this
preliminary analysis.

These results show that a PGN isolation protocol for bacteria was successfully applied
to isolate yet unknown fragments from A. thaliana chloroplasts. Further data analysis is
needed for this specific data set, where other PGN modifications, but also Gram-positive
peptidoglycan fragments, should be included. Special attention should be paid to published
peptidoglycan structures from cyanobacteria, since it is expected that peptidoglycan from
chloroplasts might be more similar to cyanobacterial peptidoglycan as plastids originated
from them according to the endosymbiotic theory.

Another argument for the comparison of plant peptidoglycan to PGN of Gram-positive
bacteria is the incorporation of L-Lys into the plastidic envelope (see Section 3.6). L-lysine
is usually found in Gram-positive bacteria in the third position of the pentapeptide chain
of peptidoglycan. If we assume that A. thaliana incorporates L-Lys into their chloroplast
envelope, A. thaliana may produce PGN fragments more similar to Gram-positive bacteria.
This would in turn be an explanation as to why no Gram-negative PGN fragments could
be identified in UPLC/MS experiments for A. thaliana samples so far. Repeating the PGN
isolation with the right control sample (a Gram-positive bacterium) should result in the iso-
lation of PGN fragments, which can be compared to the fragments isolated from A. thaliana
chloroplasts.

Another approach to tackle this problem could be to isolate and test peptidoglycan from
a vascular plant with a full PGN set (- PBP) like N. benthamiana. Therefore, the isolation
of peptidoglycan from Nicotiana chloroplasts and subsequent UPLC/MS analysis can be
conducted similar to PGN isolation from A. thaliana. A plant species with a nearly full
PGN set may synthesize peptidoglycan fragments similar to mosses, which will be discussed
later.

As an alternative to the molecular characterization of plant peptidoglycan, localization
studies were carried out with transiently expressed GFP-tagged proteins, able to bind specific
motifs of bacterial peptidoglycan. Due to their specific binding properties, these proteins
were used as intrabodies to detect peptidoglycan in planta. Therefore, bacterial- and animal-
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derived PGN-binding proteins with inherently different functions were chosen and transiently
expressed in the two angiosperms, A. thaliana and N. benthamiana.

Different bacterial enzymes target the PGN macromolecule to cleave amide and glycosidic
bonds to make space for new PGN monomers to be inserted. Rocaboy et al. (2013) solved
the crystal structure of AmiC, which is a cell division MurN Ac-L-Ala amidase and con-
sists of two domains. The amidase N-terminal domain (AMIN) and the catalytic domain.
"Because the AMIN domain is known to be sufficient for the localization of AmiC at the
division site, it likely recognizes a specific characteristic of the septal peptidoglycan which
remains, however, to be identified". They could show that the AMIN domain of AmiC from
E. coli (EcAMIN) directly interacts with peptidoglycan in pull-down assays. We used this
characteristic in this study to test if FcAMIN also recognizes a putative peptidoglycan struc-
ture in vascular plants. In Section 3.4.1.2, EcAMIN was cloned into an expression vector
with a GFP tag and transiently expressed in both tobacco leaves and A. thaliana seedlings.
FEcAMIN accumulated in and around Arabidopsis and Nicotiana chloroplasts.

Although the oligopeptide chain in peptidoglycan with its alternating L- and D-amino
acids gives it its unique feature, making it resistant to conventional peptidases, animals,
including insects, adapted and started to produce proteins that recognize these features of
bacterial peptidoglycan. In Section 3.4.1.1, peptidoglycan-recognizing proteins from human
and fruit fly (D. melanogaster) were utilized to investigate the similarity between bacterial
and plant peptidoglycan. PGRPs, integral to the innate immune systems of animals and
insects, possess an active binding site that recognizes Mur N Ac and the first three amino acids
of peptidoglycan (see Sec. 1.3.2 for further details). PGRPs from humans and fruit flies were
tagged with a genetic GFP marker. These proteins were cloned without a secretory peptide
and transiently transformed into A. thaliana and N. benthamiana to study their localization
in planta. Both proteins accumulated in and around chloroplasts, suggesting the presence
of a structure similar to bacterial peptidoglycan.

DmPGRP (PGRP-SA) binds preferably Lys-type peptidoglycan (Swaminathan et al.,
2006), whereas HsPGRP (PGLYRP-1) can bind both Lys- and DAP-type PGN (Wang
et al., 2007; Slonova et al., 2020). Having both PGRPs accumulating in and around Ara-
bidopsis and Nicotiana chloroplasts may indicate the structure of peptidoglycan present in
vascular plants. Including data obtained from click chemistry experiments in Section 3.3,
one can assume that both plant species produce Lys-type peptidoglycan intermediates.

To detect plant peptidoglycan in a non-microscopic way, NpAmiC2cat was tested in an
in vitro peptidoglycan binding assay described by Rocaboy et al. (2013), analogous to an
immunoprecipitation. Peptidoglycan from FE. coli and A. thaliana chloroplasts was isolated
according to Bertsche and Gust (2017) and incubated with a NpAmiC2cat protein extract.
As described in Section 3.4.1.3, NpAmiC2cat was able to bind isolated bacterial and plant
PGN, indicating that a structure similar to bacterial PGN could be isolated from A. thaliana
chloroplasts that can be recognized by a peptidoglycan-binding protein with cyanobacterial
origin.

In Section 3.5.1, tests with lysozyme and mutanolysin were conducted and showed that
these enzymes caused agglomeration of isolated A. thaliana chloroplasts. In further analysis,
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the effect of lysozyme on chloroplast structure was tested and analyzed with FACS. Hereby,
a gradual increase of granularity was observed, which led to the assumption that lysozyme
makes the chloroplast envelope to become looser or less stable, which increases the area of
its surface, leading to an increase in side scatter. At a certain concentration, chloroplasts
agglomerated, creating an even bigger surface. This agglomeration is likely due to an accu-
mulation of chloroplasts around bigger lysozyme crystals since it does not dissolve fully in
the buffer or solvent (data not shown). Based on these results, we conclude that A. thaliana
chloroplasts must have a structure, most likely peptidoglycan, that is detected by lysozyme.

In another experiment, Dr. Louis-Philippe Maier (ZMBP, University of Tiibingen; data
not shown) investigated the perception of chloroplast peptidoglycan in Arabidopsis. The
extracellular alkalinization response was measured following PGN addition, but no changes
were observed. One suggestion for this observation was that the PGN isolation protocol
might not be suitable for this assay, as the enzymatic digestion could have resulted in the
production of glycan fragments that are too short to be recognized by plants (Gust, 2015).

An alternative explanation could be that the structure of plant peptidoglycan has adapted
together with the development of the plant immune system throughout evolution. Pfanzagl
et al. (1996) discovered a unique modification in the peptidoglycan of early-diverging Glau-
cophytes that is absent in any bacterial species. It is plausible that additional modifications
were acquired over the course of evolution, particularly with the development of an im-
mune system, to prevent plants from recognizing their own peptidoglycan fragments and
triggering an immune response. The lack of response in Arabidopsis could be due to the
non-immunogenic nature of peptidoglycan isolated from its chloroplasts, which might not be
recognized by LysM proteins in plants.

Given that plants detect long fragments of the bacterial peptidoglycan sugar backbone,
glycan modifications of plant peptidoglycan are a reasonable assumption. This would protect
plastidic PGN from being recognized by the plants’ LysM proteins. Since Haag (2023)
demonstrated the incorporation of Mur/NAc into the chloroplast envelope of angiosperms,
these results suggests no alteration of the Mur N Ac molecule. This hypothesis is further
supported by experiments with lysozyme (Sec. 3.5.1), a MurNAc hydrolase, that binds
Mur N Ac. Peptidoglycan-binding proteins (see Sec. 3.4.1) also recognize Mur N Ac and the
first two to three amino acids, but not GleN Ac.

We propose that the fundamental peptidoglycan monomer in angiosperms is similar to
bacterial peptidoglycan, with the potential for an altered Gle N Ac molecule. Since lysozyme
hydrolyses 3-(1,4)-glycosidic bond between GlcNAc and MurNAc at the fourth carbon
atom of GlcNAc, it is not likely to have modifications at this position. The oligopep-
tide chain is made up of L-alanine, D-glutamic acid, L-lysine, and two D-alanine molecules.
It remains uncertain whether D-Glu is also amidated with NAP as in cyanelle peptidogly-
can, but it cannot be ruled out that other or additional modifications have been acquired
throughout evolution. Fig. 4.1 shows lysosyme and mutanolysin cleavage sites (red), as well
as, peptidoglycan-recognizing protein binding sites (blue). GlcNAc, D-Glu, and the inter-
peptide bridge (green) are potentially chemically altered to avoid self-recognition of plant
peptidoglycan by, e.g., LysM factors or similar PGN-binding proteins.
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Figure 4.1: Proposed chemical structure of plant peptidoglycan, cross-linked through a five Glycine inter-

peptide bridge to connect L-Lys in the third position of one stem to D-Ala in the fourth position of an

adjacent stem through the cleavage of the terminal D-Ala. Peptidoglycan recognizing protein binding sites

are highlighted in blue. Possible modification sites are highlighted in . Modified after Zhou and Cegelski
(2012).

4.2 Characterization of Peptidoglycan Functions in
Plants

4.2.1 Peptidoglycan-Targeting Antibiotics and Their Influence on
Plants

As described in Section 1.2.3, a lot of antibiotics that target enzymes involved in bacterial
peptidoglycan biosynthesis had an effect on plant morphology and plastid division. Kasten
and Reski (1997) investigated the effects of 3-lactam antibiotics on chloroplast division in the
moss P. patens and tomato. They inhibited chloroplast formation in P. patens, leading to
fewer but larger chloroplasts per cell (giant chloroplast phenotype). These findings could not
be observed in tomato, leading to the conclusion that moss chloroplast division is more closely
related to bacterial cell division, which involves peptidoglycan synthesis, than chloroplast
division in vascular plants, including tomato. Tounou et al. (2002) studied the effect of
-lactam antibiotics on chloroplast division in the liverwort M. polymorpha and came to the
same conclusion. The number of chloroplasts per cell in M. polymorpha cell cultures was
reduced and resulted in enlarged macrochloroplasts, which was reversible after removal of
antibiotics.

Katayama et al. (2003) tested various antibiotics that affect peptidoglycan biosynthesis
in bacteria in P. patens and discovered that D-cycloserine disturbed chloroplast division in
the same way that -lactam antibiotics did. Matsumoto et al. (2012) investigated the effect
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of PGN synthesis blocking antibiotics in the unicellular charophyte Closterium, which also
resulted in an inhibition of chloroplast division. These studies show that the chloroplast
division in algae and non-vascular plants is a conserved mechanism with bacterial origin
that involves peptidoglycan and its corresponding genes. The division process can be dis-
rupted by PGN-targeting antibiotics, and the effects are reversible upon removal, indicating
the evolutionary connection between bacterial cell division and chloroplast division in early
diverging plant species.

Later studies could also show that antibiotics had physiological effects on vascular plants
(see 1.2.3 for more detail). Experiments described in Sections 3.2 and 3.3.2 show that DCS
is also disturbing plastid division and root growth in A. thaliana. Although DCS did not
result in the appearance of giant chloroplasts, like in algae and mosses, a disruption of the
overall chloroplast structure and envelope integrity was observed. Altogether, these effects
of PGN biosynthesis-blocking antibiotics on plants indicate that not only structure but also
biosynthesis of plant peptidoglycan is similar to the bacterial PGN biosynthesis process.

4.2.2 Genetic Evaluation of Peptidoglycan Synthesis Genes in
Plants

The biosynthesis of peptidoglycan in bacteria is very well conserved and involves ten key
proteins. van Baren et al. (2016) used a comparative genetic analysis of bacterial peptido-
glycan biosynthesis genes in the plant kingdom ranging from glaucophyte algae over early
land plants including mosses/ferns to angiosperms to show that some, if not most of those
genes required to synthesize PGN were retained up to a certain extent in all plant genomes.
Taking a closer look into which plant species retained which genes (see Fig. 1.3), three things
stood out:

1. Red algae are the only group that lost all genes for peptidoglycan synthesis.

2. There is a patchiness seen across the land plants, where some species contain the full
pathway, while others do not.

3. Four genes were present in almost all species (MurE, MurG, DDL, and MraY).

One question arose from the composition of the Arabidopsis and tobacco genomes: The
first one just harbors the mentioned four genes, whereas the other one contains an almost
full set.

Sato and Takano (2017) analyzed the origins of enzymes involved in the biosynthesis of
plastid peptidoglycan. They concluded that only two genes (murA, mraY') are closely related
to cyanobacterial homologs. Other enzymes, including PBPs, have diverse evolutionary
origins. Interestingly, MurB, MurD, and MurF were closely related to Chlamydia homologs.
Some PBPs are derived from cyanobacteria, consistent with the endosymbiotic theory, while
others may have originated from different bacterial lineages, indicating multiple horizontal
gene transfer events.

Fig. 4.2 shows a phylogenetic tree summarizing the current knowledge (as of 2022) of
plant peptidoglycan in the Archaeplastida, especially Viridiplantae. Plant PGN was verified
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in some species (solid red lines) and is likely to be present in others (dotted red lines) with
either a "full PGN" set of peptidoglycan biosynthesis genes or an impaired chloroplast divi-
sion phenotype upon antibiotic treatment, which have been proven to block peptidoglycan

biosynthesis in bacteria.
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Figure 4.2: Phylogenetic tree and current knowledge of plant peptidoglycan of Archaeplastida with a

focus on Charophyte alga and land plants. Solid red lines represent groups where the presence of plant

peptidoglycan was experimentally determined. Dotted red lines represent "full PGN" plant species with

all 10 genes needed for PGN biosynthesis (van Baren et al., 2016; Lin et al., 2017; Li et al., 2020) and/or

inhibition of chloroplast division by PGN synthesis blocking antibiotics. Adapted from (Radin and Haswell,
2022)

MacLeod et al. (2024) used phylogenomic approaches to analyze the distribution of pep-
tidoglycan biosynthesis genes in different plant and algal species and confirmed the presence
of PBP orthologs in seed plants, which were previously thought to be absent in this clade
(van Baren et al., 2016). PBPs are essential for the peptidoglycan maturation process and
cross-link adjacent peptidoglycan strands. This indicates that bryophytes like P. patens with
a "full PGN" set, as well as "full PGN-PBP" plants, including N. benthamiana, have all
necessary genes to carry out peptidoglycan biosynthesis.

As previously discussed in Tran et al. (2023), we proposed that flowering plants may
have evolved a novel pathway for peptidoglycan synthesis that involves only a subset of
four peptidoglycan synthesis genes, which are found in nearly all species. In plants with
a "full PGN" set, the traditional bacterial peptidoglycan biosynthesis pathway might have
been preserved. It is uncertain whether plants with a complete PGN set can use the same
novel synthesis pathway as those with the "4-PGN" set. The presence of these genes in some
lineages but not in others indicates multiple independent gene loss events. Surprisingly, even
within a single plant order, species with a "4-PGN" set coexist with those having a "full
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PGN" set, indicating convergent gene loss. This supports the hypothesis of an alternative
peptidoglycan synthesis pathway in plants. In "4-PGN" species, plant-derived enzymes may
have replaced the function of missing key enzymes necessary for peptidoglycan synthesis,
which enable PGN biosynthesis through a novel pathway.

4.2.3 Functional Characterization of Mur Genes in Plants

For characterization of peptidoglycan functions in vascular plants, mutants for two of these
genes - DDL and MurE - were analyzed in A. thaliana. DDL is a D-alanyl-D-alanine ligase,
catalyzing the formation of DA-DA, which is an essential precursor for bacterial peptidogly-
can biosynthesis (Lugtenberg and Schijndel-van Dam, 1973). Plants and some algae have
a duplicated DDL fusion protein. Both the C- and N-terminal halves are homologous to
bacterial DDL proteins (Sato and Takano, 2017).

Katayama et al. (2003) and Hirano et al. (2016) investigated the role of DDL and the
impact of its inhibitor DCS in the Bryophyte P. patens. Treatment of protonema cells with
DCS resulted in a reduction in the number of chloroplasts per cell, a phenotype that was
also observable in the DDL KO mutant. Both studies concluded that this bacterial-derived
enzyme, typically involved in peptidoglycan biosynthesis, is linked to chloroplast division in
Bryophytes.

Hirano et al. (2016) further examined A. thaliana DDL KO mutants, Atddl-1 and Atddl-
2, and found them to be phenotypically unaffected with no observed changes in chloroplast
morphology. This suggests that AtDDL is not involved in plastid division in A. thaliana as
it is in P. patens. They also concluded that DDL in angiosperms does not participate in
peptidoglycan biosynthesis and might have developed a different function.

In Section 3.1, experiments were conducted to reevaluate the DDL mutants in A. thaliana.
This gene encodes a fusion protein comprising two bacterial DDL proteins (Hirano et al.,
2016). Both A. thaliana DDL mutants have a T-DNA insertion in the N-terminal region.
Examination of the C-terminal AtDDL gene revealed a translatable coding sequence with
both a start and stop codon. RT-PCR experiments using primers specific to this second
half of the fusion protein produced a transcript (Fig. 3.1b), suggesting that a functional
C-terminal AtDDL protein, AtDDLay, was transcribed.

In localization studies, this AtDDLay was fused to GFP and transiently expressed in
N. benthamiana. pHTFWG2-AtDDLAN-GFP was translated and localized in the cytosol.
Both of these experiments could show that the C-terminal AtDDL region can be translated
and may be functionally active as an enzyme, which needs to be proven in enzyme assays.

Hirano et al. (2016) did not observe defects in chloroplasts of A¢tDDL mutants, which
stands in contrast to microscopic observations made in Section 3.2. Fig. 3.4 shows mesophyll
cells of AtDDL mutants and wild-type plants. Chloroplasts of Atddl-1 and Atddl-2 look
damaged, and the chlorophyll gathers in the cytosol. They do not have a giant chloroplast
phenotype like moss DDL mutants but their phenotype also differs significantly from wild-
type chloroplasts.

To analyze Atddl mutants in more detail, click chemistry experiments were carried out
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in these mutants to see if there is some remaining activity of the truncated AtDDLayN pro-
tein. Fig. 3.7 shows that ADA is accumulating around Atddl-1 chloroplasts similar to
A. thaliana wild type. In another approach, ADA incubation was conducted simultaneously
with DCS treatment, which was applied to inhibit all D-alanine-binding proteins. In some
newly formed mesophyll cells, chlorophyll B autofluorescence is no longer found in single
chloroplasts and ethenyl-Atto-514 could not accumulate in specific patterns due to the miss-
ing plastidic structure (Fig. 3.8). This is an indicator that the truncated AtDDLax protein
may still be partly active. It is still able to bind and metabolize D-Ala up to a certain extent
and its enzymatic activity can be inhibited by DCS, resulting in a deformed or destroyed
chloroplast phenotype.

To see if AtDDL function differs from PpDDL, complementation assays should be carried
out to see if AtDDL would be able to rescue the giant chloroplast phenotype in Ppddl.
Another approach would be to produce an AtDDL mutant with CRISPR/Cas where both
fusion proteins are knocked out and to observe their microscopic phenotype. It might be
that this mutant has the same chloroplast morphology as P. patens DDL KO mutants.

MurE, the other candidate gene analyzed in this regard, is adding the third amino acid
to the oligopeptide chain during peptidoglycan synthesis. Almost all plant species have a
MurE homolog, and Machida et al. (2006) suggested that MurE from P. patens (PpMurE)
is located in the stroma of P. patens chloroplasts. A disruption of this gene caused an
appearance of macro- or giant chloroplasts in P. patens protonema and leave cells, which
means that the number of plastids per cell was reduced. Complementation of PpmurE
mutants with PpMurE in protonema cells could reverse the giant chloroplast phenotype.
Electron micrographs of PpmurFE mutants showed no significant difference in thylakoid shape
and stacking compared to wild-type plants. They concluded that MurE was important for
chloroplast morphology, especially chloroplast division in P. patens.

Garcia et al. (2008) were investigating MurE in A. thaliana in more detail. They isolated
four AtmurE mutant lines AtmurE-1, -2, -3, and -4, which had a white seedling phenotype.
For further experiments, AtmurE-1 was used. FElectron micrographs of AtmurE-1 leaves
did not have mature thylakoid membranes and an irregular plastid structure. Transgenic
A. thaliana plants overexpressing an antisense AtMurE gene showed a pale green pheno-
type. A complementation assay with PpmurE mutants expressing either Anabaena MurE
or AtMurE was used to compare the enzymatic function of cyanobacterial and A. thaliana
MurE proteins. In this experiment, expression of bacterial MurE was able to rescue the giant
chloroplast phenotype of PpmurE mutants similar to PpMurE, but expression of AtMurE in
PpmurE was not. Since the AtmurE mutant’s phenotype looked significantly different from
PpmurE mutants, they suggested that AtMurE is functionally divergent from PpMurE and
is involved in plastid development rather than in plastid division.

Lin et al. (2017) were working on MurE in gymnosperms. They isolated a MurE homolog
from Lariz gmelinii (larch), which also localizes in chloroplasts. Since Lariz gmelinii has
all genes necessary for peptidoglycan synthesis like P. patens, they suggested that all full-
set PGN plants have a peptidoglycan layer. In complementation assays, MurE from Larix
gmelinii was not able to carry out the function of PpMurE in PpmurE mutants to rescue the
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giant chloroplast phenotype. In contrast to that, they could show that transient expression
of LtMurE rescued the albino phenotype of AtmurE mutants. "This result also suggests
that the new function of MurE in chloroplast development arose during evolution of vascular
plants."

Since albino seedlings of AtmurE-1 could not be obtained in this laboratory, AtmurE-3
and -4 published by Garcia et al. (2008), as well as AtmurE-5, was examined in this work.
The latter was an uncharacterized mutant allele with an albino phenotype described by
Meinke (2020). In RT-PCR experiments in AtmurE-5, no transcript for MurE was detected,
suggesting that this gene is disrupted and cannot produce a functional protein. As described
earlier in Section 3.5.2, all AtmurFE mutants had pale green or white seedlings. In microscopic
images of mesophyll cells, a distinct chloroplast structure was not observable, and in click
chemistry experiments with azide-modified canonical amino acids, a characteristic ring-like
structure was missing. In addition to that, peptidoglycan recognizing proteins did not have
a distinct pattern in transient protein expression experiments in A. thaliana MurE mutants.

These results show that MurE is a key enzyme in peptidoglycan biosynthesis not only in
bacteria but also in mosses. It is debatable if MurE adapted over the course of evolution
and took on another function, since neither MurE from gymnosperms nor angiosperms could
rescue the macrochloroplast phenotype in PpmurE. It might be that AtmurE mutants had
a different phenotype compared to PpmurE because disturbing peptidoglycan biosynthesis
in vascular plants is so severe that defective plants cannot even form macrochloroplasts.

Dowson et al. (2022) treated P. patens with different antibiotics to drive the accumulation
of peptidoglycan intermediates and used mass spectrophotometry to analyze the extracted
metabolome. They were able to find elevated levels of PGN precursors, including UDP-
MurN Ac-m-DAP-pentapeptide. They analyzed MurE from P. patens and Anabaena sp.
(Nostoc sp. strain PCC 7120) proteins and could show that both preferred to incorpo-
rate m-DAP over L-Lys. With these findings, they concluded that plant peptidoglycan in
P. patens is made up of Gram-negative peptidoglycan precursors. Given that A. thaliana
incorporates L-Lys into the plastidic envelope (see Sec. 3.6), it is reasonable to assume that
P. patens MurE and A. thaliana MurE have different substance specificity (m-DAP and
L-Lys, respectively). This could explain why the giant chloroplast phenotype was not res-
cued in complementation assays with P. patens MurE mutants expressing either A. thaliana
MurE or Lariz gmelinii MurE. It might not be that MurE in vascular plants is functionally
divergent but has a substrate preference for Lys-type rather than DAP-type peptidoglycan.

A way to test this could be to use complementation assays with PpmurE mutants express-
ing MurE from a Gram-positive bacterium to see if it has a similar enzymatic function and
can rescue the giant chloroplast phenotype. Another approach could be to perform comple-
mentation assays with AtmurE mutants expressing Murk from a Gram-positive bacterium.
If it has a similar function to A. thaliana MurE and Lariz gmelinii MurE and reverses the al-
bino phenotype, it would suggest that the phenotype is caused by an impairment of Lys-type
peptidoglycan biosynthesis.

Homi et al. (2009) investigated the function of two other peptidoglycan biosynthesis genes
in plants: MurA and MraY. MurA is a UDP-GlcN Ac enolpyruvyl transferase that catalyzes
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the first step of bacterial PGN biosynthesis. MraY is a phosphor-MurN Ac-pentapeptide
translocase and catalyzes the first membrane step by creating the lipid intermediate I (Ty-
pas et al.). MurA and MraY homologs are found in P. patens, and a disruption of these
genes resulted in a decrease of overall chloroplast number per cell. A giant chloroplast phe-
notype was observed, leading to the assumption that these genes are also crucial for proper
chloroplast division. They concluded that the involvement of peptidoglycan biosynthesis
genes in chloroplast division suggests an evolutionary link between bacterial cell division
mechanisms and chloroplast division in plants.

4.2.4 The Role of Plant Peptidoglycan and Its Synthesis Genes
During Plastid Division

Latest data from Chang et al. (2024) could show that PDV2 is recruiting PBP to the chloro-
plast division site in moss cells to facilitate peptidoglycan synthesis and membrane constric-
tion. These are first evidences that peptidoglycan synthesis proteins interact with proteins
involved in chloroplast division. It is still unclear which proteins interact with plant peptido-
glycan. It is possible that peptidoglycan is also used as an anchor for the plastidic division

machinery in plants.

4.2.5 Comparison of Bacterial and Plastid Divison

It is known that plastids undergo cell division through binary fission, similar to bacteria.
Bacterial cell elongation and division is tightly regulated and dependent on peptidoglycan
biosynthesis (Rohs and Bernhardt, 2021). Disturbing the process of PGN synthesis leads
to a weakened cell wall, causing loss of shape or even cell lysis. If chloroplasts in plants
also loose their predetermined shape when one or more genes associated with bacterial PGN
biosynthesis are inactivated, it is reasonable to assume that plastid division is also dependent
on peptidoglycan synthesis genes in some way. It is also possible that the peptidoglycan
macromolecule is retained up to a certain degree in plastids and plays a role in division.

Peptidoglycan is essential to preserve the integrity of the bacterial cell wall. As an integral
cell wall component, it forms a rigid, mesh-like layer around the cell, which helps to maintain
its shape and to protect it against osmotic pressure and other outer stressors (Vollmer et al.,
2008). The final step of bacterial cell division occurs when newly formed daughter cells
are fully separated from each other. This process requires a precise temporal and spatial
coordination of multiple enzyme complexes to ensure proper cell separation while maintaining
the cell wall integrity.

The mechanism of bacterial cell separation begins with septum formation. The FtsZ pro-
tein forms a ring at the midcell, initiating the invagination of the cell membrane and the cell
wall to form a septum. The divisome complex, recruited by the Z-ring, synthesizes new pep-
tidoglycan to form the septum (Egan and Vollmer, 2013). penicillin-binding proteins (PBPs)
are key enzymes in this process to perform transglycosylation (catalyzing the formation of
the glycan chains) and transpeptidation (catalyzing the cross-linking between peptide sub-
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units) (Boes et al., 2019). Following septum formation, peptidoglycan remodeling occurs. An
accumulation of peptidoglycan binding protein FtsN triggers septal peptidoglycan biosyn-
thesis and the initiation of cell constriction (Rowlett and Margolin, 2015). The divisome
complex, which includes penicillin-binding proteins (PBPs), synthesizes new peptidoglycan
at the division site to form the septum. These activities ensure the construction of a new
cell wall at the division site (Boes et al., 2019; den Blaauwen and Luirink, 2019).

Autolysins, such as N-acetylmuramic acid-L-alanine amidase, glycosidases like lysozyme,
and endopeptidases, break down the peptidoglycan in the septum, facilitating the final sep-
aration of the two daughter cells (Priyadarshini et al., 2006; Typas et al.). The activity of
these enzymes is tightly regulated by proteins such as FtsEX and EnvC to ensure that pep-
tidoglycan degradation occurs precisely at the right time and place, preventing premature
cell lysis (Rohs and Bernhardt, 2021).

Chen et al. (2017) pursued an in-depth analysis of the components and mechanisms in-
volved in chloroplast division. The Z-ring, made up of the tubulin-like protein FtsZ, forms
a contracting ring at the division site. It plays a vital role in initiating the division process,
similar to the bacterial cell division protein FtsZ. The Min system and proteins like ARC6
are important for Z-ring positioning and stabilization. The PDV1 and PDV2 proteins are lo-
cated on the outer membrane and are essential for recruiting the cytosolic division machinery.
These proteins interact with the ARC5 protein, a dynamin-related protein that forms a ring
on the cytosolic side of the outer membrane. Other homologs of bacterial cell-division pro-
teins operate as chloroplast-division proteins, but many bacterial-derived cell-division genes
were lost during plastid evolution, which is why eukaryotic genes got recruited to facilitate
plastid division (Osteryoung and Pyke, 2014).

The dynamics of membrane constriction differ between bacteria and plastids. In bacteria,
FtsZ drives the constriction of the inner membrane, and other proteins, such as the divisome
complex, facilitate septum formation, with outer membrane constriction involving the Tol-
Pal complex (Typas et al.). In plastids, inner membrane constriction is also driven by the
FtsZ ring, while outer membrane constriction involves ARC5 and the outer plastid-dividing
ring (Chen et al., 2017).

Over time, most plastids are thought to have lost their peptidoglycan layer, especially in
angiosperms. Some Glaucophyte algae and mosses retain a peptidoglycan layer, indicating an
evolutionary remnant. In contrast to bacterial cell division, it is thought that peptidoglycan
is not involved in plastid division, particularly in vascular plants (Takano and Takechi, 2010;
Miyagishima, 2011).

In summary, peptidoglycan is essential for bacterial cell division, maintaining cell wall
integrity, facilitating septum formation, and enabling daughter cell separation. The coor-
dinated synthesis and remodeling of peptidoglycan ensures that new cell wall material is
correctly integrated during cell division, maintaining the structural integrity of the resulting
daughter cells. In contrast, plastid division in vascular plants does not involve peptidogly-
can. Although plastids originated from cyanobacteria with peptidoglycan in their cell walls,
most plastids have evolved different mechanisms for division that apparently do not require
peptidoglycan. These mechanisms involve proteins and processes adapted to the eukaryotic
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cellular environment, highlighting the evolutionary divergence from their bacterial ancestors.

As discussed previously, new evidence shows that peptidoglycan is still present in at
least early-diverging plant species, if not all throughout the plant kingdom. This raises
the question if peptidoglycan and its synthesis genes were retained in plants and kept the
same function. Peptidoglycan was shown to be involved in plastid division in Glaucophytes
(Miyagishima, 2011), and a recent study showed that PDV2 interacts with PBP to facilitate
membrane constriction during plastid division in P. patens (Chang et al., 2024). These are
evidences for the evolutionary connection between bacterial cell division and chloroplast divi-
sion in early-diverging plants. Taking the antibiotic sensitivity of peptidoglycan biosynthesis
genes in plants into account, these findings suggest a conserved propagation mechanism. It
seems that not only cell division and PGN synthesis genes are preserved to a certain degree
but also their respective functions.
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This study suggests that peptidoglycan is still present in plastids of all Viridiplantae,
indicating that it has been retained throughout plant evolution. The points discussed in
this work indicate that angiosperms are likely to synthesize and incorporate peptidoglycan
into the chloroplast envelope. Click chemistry experiments and expression of PGN-binding
proteins in plants provide further evidence to support this theory. A treatment of A. thaliana
seedlings with PGN biosynthesis blocking antibiotics, as well as analyses of mutants lacking
specific PGN synthesis genes, showed a severe growth impairment and had an influence
on chloroplast structure. This emphasizes the significance of peptidoglycan in chloroplast
biogenesis and plant development. This challenges previous beliefs that (3-lactam antibiotics
have no effect on vascular plants, implying that their limited effectiveness is due to low
uptake or biodegradation. We studied the roles of DDL and MurE genes in angiosperms and
suggest that an alternative PGN biosynthesis pathway has evolved in plants over time. The
elucidation of this postulated plant-specific PGN biosynthesis pathway will be a challenge
that needs to be answered in future experiments. In this regard, identifying interactors of
MurE, MurG, MraY, or DDL could be a good starting point. Another approach could be
isolating additional (pale green) mutants with defects in plastidic PGN biosynthesis and
visualising them with click chemistry.

According to Dowson et al. (2022), the sturdy mesh-like peptidoglycan molecule of free-
living bacteria was reduced to a minimal structure in organelles like chloroplasts, which
reflects an evolutionary trend. This reduction could be explained by a lower risk of severe
osmotic changes or dehydration within the host cell, suggesting that endosymbiotically ac-
quired organelles needed less structural support from the PGN layer in comparison to their
free-living counterparts. It may be needed to assemble the plastid division machinery similar
to bacterial cell division. We propose that peptidoglycan plays an important role in chloro-
plast division and structural stability, which is necessary for optimal chloroplast function
and overall plant health. Peptidoglycan of Glaucophytes, Streptophytes, and Angiosperms
is probably modified to avoid detection by the plants’ immune systems, but it maintains its
function within the host cell. These modifications are possibly results of multiple horizontal
gene transfer events from various bacterial species (Sato and Takano, 2017). Nevertheless,
the molecular structure and function of plant PGN, as well as the question about differences
of plastidic PGN between "4-PGN" and "full PGN" plants, can only be answered after
successful isolation of peptidoglycan from plants like Arabidopsis and tobacco.

Chang et al. (2024) could show that PBP is essential for chloroplast division in P. patens.
It interacts with PDV2, an outer chloroplast envelope membrane protein that is part of the
plastid division machinery and required for binary fission of chloroplasts during plant cell
division. This shows the importance of peptidoglycan in chloroplast division, as well as the
role of bacterial-derived components in today’s plant cell mechanisms. Future analyses will
determine whether plastidic peptidoglycan is only required for chloroplast division or also

plays a role in stability and osmoregulation.
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6 Material and Methods

Unless stated otherwise, all chemicals were purchased in analytical grade from Duchefa
Biochemie, Merck, Carl Roth, and Serva. Laboratory consumables have been obtained
from Eppendorf, Greiner, Carl Roth, and Sarstedt. All used equipment (bench centrifuges,
pipettes, etc.) met molecular-biological laboratory standards. Used enzymes and kits were
obtained from Thermo Fisher Scientific, New England Biolabs, Qiagen, Jena Bioscience, and
Atto-TEC.

6.1 Working with Plants

6.1.1 Seed Surface Sterilization

About 50mg of A. thaliana seeds were surface sterilized in a 1.5 mL reaction tube either by
chlorine gas or with ethanol.

Chlorine Gas Sterilization

The seeds containing reaction tubes were opened and placed in a micro tube rack, which
was placed in a desiccator inside the fume hood. A beaker was filled with 50mL of 12 %
sodium hypochloride solution and placed next to the seed rack in the desiccator. 3mL of
37 % hypocloric acid were added carefully into the beaker, and the desiccator lid was closed.
The seeds were surface sterilized for about 4—6h with the resulting chlorine gas. The desic-
cator was opened under the fume hood afterwards, allowing the gas to evaporate over night.
The reaction tubes were closed tightly and stored in a dry and dark place.

Ethanol Sterilization

Ethanol solution Ethanol 70% (v/v)
Triton X-100 0.01% (v/v)

For ethanol sterilization, 1 mL of ethanol solution was added to each reaction tube con-
taining A. thaliana seeds and shaken overhead for 15—-20min. The ethanol solution was
replaced by 100 % EtOH and shaken overhead for 5—10min. The seeds were pipetted onto
sterile filter paper under a laminar flow hood. After EtOH has evaporated, sterilized seeds
were transferred to a 1.5 mL reaction tube and stored in a dry and dark place upon further
usage.
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6.1.2 Plant Growth
1/2MS medium Murashige & Skoog basal salt mixture 2,151 ¢g/L

Sucrose 10g/L
adjust pH to 5.7 with KOH and HC1
Phytoagar (Duchefa) 8g/L

A. thaliana plant material obtained from the greenhouse was grown under long-day con-
ditions (16 h light, 8 h dark, 22°C) in Arabidopsis soil for about four weeks.

To cultivate plants without soil, surface sterilized seeds were sown on rectangular petri
dishes containing 1/2 MS medium with phytoagar. Plates were closed with breathable med-
ical tape and stored in darkness at 4 °C for 2 days for cold stratification. Seeds were germi-
nated in a plant growth chamber (Percival/CLF Plant Climatics) with long-day conditions
(16 h light, 8h dark, 22°C, 30 % humidity, 70 % light intensity) and grown for 621 days.

N. benthamiana plants were cultivated in the greenhouse in GS90 soil at 23 °C (day) /20 °C
(night) and 14h/10h light /dark condition with 60 % humidity for 4 weeks.

6.1.3 Mesophyll Cell Fixation

A modified protocol of Pyke and Leech (1991) was used to analyze mesophyll cells. There-
fore, A. thaliana leaves were fixated under a fume hood in 3.5% glutaraldehyde for 2h.
Glutaraldehyde was removed carefully and replaced with Na,EDTA solution (1 M), so that
the whole tissue was covered. The sample was shaken for 1.5h at 65°C to soften the leaf
tissue. The fixated leaves were then placed onto a microscopy slide and taped gently with a
forceps’ blunt end to break up the tissue and release the mesophyll cells. A glass cover slip
was placed on top, and samples were observed with an epifluorescence microscope (Keyence
BZ-8000K, 60x 1.4 NA oil immersion objective) for brightfield imaging.
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6.2 Extraction of Nucleic Acids

6.2.1 Extraction of Plasmid DNA from E. coli

MINI I Tris/HCl pH 8 25mM
EDTA pH 8 10 mM
Glucose 50 mM
MINT II NaOH 0.2M
SDS 1%
MINTI III KAc 3M
HAc 11.5 % (v/v)

TE + RNAse Tris/HCl pH 8 10mM
EDTA pH 8 1mM
RNAse 50 mg/mL

The preparation of plasmid DNA was carried out using either a modified protocol for an
alkaline lysis described by Birnboim and Doly (1979) or the QIAprep Spin Miniprep Kit
from Qiagen.

For the extraction of plasmid DNA after Birnboim and Doly (1979), a single colony of
E. coli was inoculated in 4 mL LB medium with appropriate selection antibiotics and incu-
bated for 16 h at 37°C shaking vigorously. Bacterial cells were harvested by centrifugation
for 3min at 6000 rpm. 200 pL of MINI I was added to resuspended the cells by vortexing.
400 pL. of MINI IT was added to induce cell lysis. For neutralization, 300 pL. of MINT III
were added, and the suspension was vortexed for 10s. Cell residues were pelleted for 10 min
at 14000 rpm. The supernatant was transferred to a new reaction tube, and the DNA was
precipitated by the addition of isopropanol (1:1) and centrifugation for at least 20 min at
4°C and 14000 rpm. The resulting pellet was washed once by adding 500 pL 70 % EtOH and
10 min of centrifugation at 4°C and 14000 rpm. The pellet was dried overhead for 1h and
resuspended in 50 pL. TE + RNAse and stored at -20 °C until further usage.

Plasmid DNA extraction with the QIAprep Spin Miniprep Kit was carried out as described
in the manufacturer’s manual (p. 29-31).

6.2.2 Extraction of Genomic DNA from A. thaliana

Edwards buffer Tris/HCI pH 7.5 200 mM
NaCl 250 mM
EDTA 25mM
SDS 0.5 %

adjust pH to 7.5 with NaOH and HCl

Genomic DNA from A. thaliana was extracted according to Edwards et al. (1991). Therefore,
35 seedlings or one leaf of a four-week-old A. thaliana plant was harvested, immediately
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frozen in liquid nitrogen, and stored at -80°C. For the extraction of genomic DNA, frozen
samples were ground up under the addition of 100 pL. of Edwards buffer. The homogenate
was incubated at 65°C for 10min. 100 uL of chloroform-isoamyl alcohol (27:1) were added
to the reaction tubes, vortexed for 10s and centrifuged for 5min at 13000rpm. For the
precipitation of isolated genomic DNA, the upper aqueous phase was transferred into a new
reaction tube, and isopropanol (1:1) was added. The tubes were inverted 10 times and cen-
trifuged for 20 min at 13000rpm, 4°C. The DNA pellet was washed by adding 500 pL. of
70 % EtOH and centrifugation for 10 min at 14000 rpm. The pellet was dried overhead for
about 1h. The DNA was resuspended in 20—-80nL. TE + RNAse and stored at 4°C over
night. On the next day, the DNA was incubated at 65°C for 10 min to inactivate DNAses.
The genomic DNA was stored at -20 °C until usage.

6.2.3 Extraction of RNA from A. thaliana

The RNeasy® Plant Mini Kit (Qiagen) was used for the extraction of RNA from two-week-
old A. thaliana plants.

6.3 Analysis of Nucleic Acids

6.3.1 Restriction of Plasmid DNA

The isolated plasmid DNA was analyzed by digestion with suitable restriction enzymes; the
resulting fragment sizes were analyzed via agarose gel electrophoresis (Sec. 6.3.5). The
fragment sizes were compared to an in silico digestion in ApE. Thermo Fisher Scientific’s
"DoubleDigest Calculator" was used for double digestions to find suitable buffer and reaction

conditions.

6.3.2 Generation of cDNA via Reverse Transcription (RT)

RT master mix RT buffer 4pL
dNTPs 10mM 2pL
Ribonuclease inhibitor 0.5 L

About 1.5 pg of RNA were diluted in nuclease-free DEPC water to 12.5 pLi; 1L of oligodT
primer was added and incubated for 5min at 70°C. After cooling on ice for 2min, 6.5 pL
of RT master mix were added to the mixture. The samples were mixed and incubated at
37°C for 5min. 1pL of reverse transcriptase (Thermo Fisher Scientific) was added; the
samples were incubated at 42°C for 60 min and at 70°C for 10 min. The synthesized copy
DNA (cDNA) was stored at -20 °C upon further usage.

6.3.3 Polymer Chain Reaction (PCR)

DNA fragments of interest were either amplified from plasmids or genomic DNA from FE. coli
or A. thaliana, respectively. Taqg DNA Polymerase was used for analytical PCRs. Phusion®
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High-Fidelity DNA Polymerase was used to amplify DNA fragments for cloning purposes.
Reaction components and PCR programs according to the manufacturer’s manuals were
used.

DNA fragments can also be amplified using a colony PCR protocol. Therefore, a single
colony is resuspended in 25 pl. ddH5O. 5 nl. were added to the PCR master mix instead of
a template DNA. Bacterial cell-lysis occurs during the initial denaturation step.

6.3.4 Genotyping

T-DNA insertion lines of A. thaliana were analyzed by genotyping to check zygosity. This
was done via PCR (Sec. 6.3.3) with suitable T-DNA-binding primers, listed in Table A.2.

6.3.5 Agarose Gel Electrophoresis

1X TAE buffer Tris base 40mM
HAc 20 mM
EDTA 1mM

Loading dye Glycerol 60 % (v/v)
Tris/HCl 10 mM
EDTA 60 mM
Orange G 0.15% (w/v)

DNA fragments were analyzed by size separation using an agarose gel electrophoresis. There-
fore a 1-1.5% (w/v) agarose gel (depending on fragment size) was prepared by dissolving an
appropriate amount of agarose in 1X TAE buffer and boiling in a microwave. After cooling
to about 50 °C, 10 pL of Midori Green (final concentration 50 pg/ mL) per 50 mL agarose gel
solution was added as an intercalating DNA stain. The DNA stain was mixed in, the gel
was poured into the casting mold, and a comb was added. 1X TAE buffer was used as a
running buffer. Prior to loading onto the gel, DNA samples and A/ PstI marker were mixed
with loading dye 1:4 (v/v) for easier loading and visibility. Gels were running at 70—120V
(5V/cm), and the DNA fragment sizes were analyzed in an UV chamber.

6.3.6 Sanger DNA Sequencing

Sanger DNA Sequencing was done by GENEWIZ (Azenta Life Sciences; USA /Germany).

6.4 Gateway® Cloning

pENTR™ Directional TOPO® cloning was carried out as described in the cloning kits user
guide. BP- and LR-reactions were carried out as described in the Gateway® Technology
user guide with 1/4th of the designated volumes.
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6.5 Transformation of Competent Cells

LB medium (Luria/Miller) NaCl 10g/L
Tryptone 10g/L
Yeast extract 5g/L

LB agar (Luria/Miller) NaCl 10g/L
Tryptone 10g/L
Yeast extract 5g/L
Agar-Agar 15g/L

S.0.C. medium NaCl 10mM
KCl 2.5 mM
MgCly 10mM
MgSOy4 10 mM
Glucose 20 mM
Tryptone 2%

Yeast extract 0.5 %

6.5.1 Transformation of Chemically Competent E. coli Cells

An aliquot of chemically competent One Shot® TOP10 cells was thawed on ice for 60 min.
1pL (0.1-1pg) of plasmid DNA, 1 pL BP-/LR-reaction, or 2 pL. of TOPO® cloning reaction
were added to the cells, mixed gently, and incubated for 30 min on ice. The cells were heat-
shocked at 42°C for 30s and cooled on ice for 5min. 800 puL LB or S.0.C. medium (RT)
were added to the samples, and cells were incubated for 45—60min at 37 °C while shaking.
The cells were centrifuged at 1000 g for 3 min; 800 pLi of the supernatant were discarded;
the pellet was resuspended and plated on prewarmed LB agar plates containing appropriate

selection antibiotics and incubated over night at 37 °C.

6.5.2 Transformation of Chemically Competent A. thumefaciens
Cells

An aliquot of chemically competent Agrobacterium thumefaciens (A. thumefaciens) cells
(GV3101 or AGL1) was thawed on ice for 1h. 5uL (0.1-1pg) of plasmid DNA were added
to the cells, mixed gently, and incubated on ice for 5min, followed by 5min incubation in
liquid nitrogen. The cells were heat-shocked at 37 °C for 5min and cooled on ice for 5 min.
800 uL LB or S.0.C. medium (RT) were added to the samples, and cells were incubated for
2—4h at 28 °C while shaking. The cells were centrifuged at 5000 g for 2min; 800 pL of the
supernatant were discarded; the pellet was resuspended and plated on prewarmed LB agar
plates containing appropriate selection antibiotics and incubated at 28 °C for two days.
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6.6 Protein Expression in E. coli

Washing buffer Tris/HCl pH 8 10mM
NaCl 100 mM
EDTA 1mM

BL21 cells were transformed as described in Section 6.5.1 with desired expression plasmids
generated according to Section 6.4. For the preculture, a single colony was resuspended
in LB medium containing appropriate selection antibiotics and incubated at 37°C for 16 h.
The preculture was inoculated in LB medium without antibiotics (1:50 dilution) and incu-
bated at 37 °C shaking until an ODgyy of 0.4—0.8 was reached. pET28aHis8:: NpAmiC2cat
was induced with 1 mM IPTG for 2h at 30 °C; pGEX-2TM-GW:: AtDAT1 was induced with
0.1mM IPTG for 6 h at 37°C. The cells were harvested in a Sorvall RC 6+ centrifuge (F12S-
6x600 LEX rotor, Thermo Scientific) for 20 min at 4000 rpm and 4 °C. The pellet was washed
once with 50 mL washing buffer. The cells can be stored at -20 °C.

6.7 Transient Protein Expression in Plants

6.7.1 Transient Protein Expression in N. benthamiana

AS medium MgCl, 1M 150 nLL
MES-KOH buffer 1 M, pH 5.6 150 pLL
Acetosyringone 150 mM in DMSO  15puL
H,0O fill up to 15mL

For the preculture a single colony or 50 ulL of transformed A. thumefaciens containing the
desired vector was inoculated in 3 mL LB media with appropriate selection antibiotics and
incubated for about 16h at 28°C rotating. 3mL of fresh LB media with antibiotics were
inoculated with 0.5mL of preculture and incubated for 4-6h at 28°C shaking. The cells
were centrifuged at 3200g for 2min and the supernatant was discarded. The pellet was
resuspended in AS medium (2x the original volume) and mixed in a 1:1(:1) ratio with p19
and optionally other construct(s) for co-infiltration. About 1mL per leaf was infiltrated
into four-week-old N. benthamiana plants using a 1 mL syringe without the needle. Protein
expression in N. benthamiana was analyzed by confocal microscopy.
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6.7.2 Transient Protein Expression in A. thaliana

1/2MS + 0.5 % Suc medium Murashige & Skoog basal salt mixture 2.151g/L
Sucrose 5g/L
adjust pH to 5.7 with KOH and HCl

Phosphate buffer pH 5.5 KH,PO, (13.61g/L) 96.4 mL
Na,HPO, (35.81¢g/L) 3.6 mL

Co-cultivation medium Phosphate buffer pH 5.5 25mL
1/2MS + 0.5% Suc medium 25 mL
MES-KOH buffer 1M, pH 5.6 1.25mL
Acetosyringone 150 mM in DMSO 50 uLL

For the transient transformation for protein expression in A. thaliana a modified version
of the AGROBEST method was used (Wu et al., 2014; Winkler, 2022). About 15-20
A. thaliana seeds were placed in one well of a six well plate, containing 3mL 1/2MS +
0.5 % Suc medium and stratified in darkness at 4°C for 2—-3d. The seedlings were grown
for 4-7d (12h light, 12h dark, 14—-17°C, 85 % humidity). Meanwhile a preculture of trans-
formed A. thumefaciens containing the desired vector was prepared according to Section
6.5.2. 0.5 mL of preculture was added to 3 mL of fresh LB medium and incubated for 4-6h
at 28 °C shaking for the mainculture. 1 mL of mainculture was centrifuged at 5000 rpm for
3min, the supernatant was discarded and the pellet was resuspended in 2 mL co-cultivation
medium. The culture was diluted to an ODggo = 0.2 and incubated for 16 h at 28 °C rotating.
The 1/2MS + 0.5% Suc medium in the 6-well plates was replaced by the A. thumefaciens
culture in co-cultivation medium diluted to an ODggg = 0.02 and incubated for 2—5d. Dif-
ferent cultures were mixed in a 1:1(:1) ratio with p19 and optionally other construct(s)
for co-cultivation. The A. thumefaciens containing co-cultivation medium was replaced by

1/2MS + 0.5% Suc medium one day before examination with confocal microscopy.

6.8 Analysis of Proteins

6.8.1 Protein Extraction from E. coli

DPI buffer HEPES pH 7.5 4mM
KCl 100 mM
PMSF 100nM
Glycerol 8 %

Protease Inhibitor Cocktail (1 tablet per 10 mL)

To extract proteins from E. coli, prepared cells from Section 6.6 were resuspended in 4 mL
DPI buffer and sonicated 6 times on ice for 15s with 15s breaks in between cycles. The
crude lysate was centrifuged for 20 min at 4000 rpm, 4 °C. To separate the soluble and un-
soluble proteins, the crude extract (supernatant) was centrifuged in an Eppendorf® 5810
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R centrifuge for 15 min at 10.000 rpm. Unsoluble proteins are found in the resulting pellet.
To precipitate soluble proteins, ice cold acetone was added to the supernatant (1:5 v/v).
The mixture was incubated at -20 °C for 30 min and centrifuged for 15 min at 10.000 rpm to
precipitate the soluble proteins. Both fractions are resuspended in DPI buffer for further

analysis.

6.8.2 Protein Purification from E. coli

To purify polyhistidine-tagged proteins, Protino® Ni-NTA Agarose and Columns (Macherey-
Nagel) were used. Protein expression and extraction was carried out as described in Sections
6.6 and 6.8.1. Equilibration of Protino® Ni-NTA Agarose and batch binding of proteins was
done according to the manufacurer’s "Batch purification of polyhistidine-tagged proteins
under native conditions" protocol. Afterwards, the suspension was loaded onto a column
and the remaining washing and elution steps were carried out according to the "Gravity flow
purification of polyhistidine-tagged proteins under native conditions" protocol.

6.8.3 Protein Extraction from Plant Material

Tris/HCI buffer Tris/HCI 100 mM
adjust pH to 8 with NaOH and HCl

2 of in-

To extract proteins from plant material, 4—5 A. thaliana seedlings or about 1cm
filtrated tobacco leafs were collected and frozen in liquid nitrogen. Samples were homoge-
nized in 200 pL. TRIS/HCI buffer, incubated on ice for 1h and centrifuged at 14.000 rpm,
4°C for 5min. The supernatant was further analyzed as described in the following Sections

6.8.4-6.8.7.
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6.8.4 Sodium Dodecylsulfate Polyacrylamide Gel Electrophoresis

(SDS-PAGE)
Bottom buffer Tris/HCI pH 8.8 1M
SDS 0.27% (w/v)

sterile filtrate solution

Top buffer Tris/HCI1 pH 6.8 250 mM
SDS 0.2% (w/v)

sterile filtrate solution

10x SDS buffer Tris base 30.2¢g/L
Glycine 144¢/L
SDS 15g/L

adjust pH to 8.3 with KOH and HCI

2x SDS loading dye Tris/HCI pH 6.8 120 mM
Glycerol 20% (v/v)
SDS 4% (w/v)
Bromphenol blue 0.05% (w/v)
B-mercaptoethanol 10% (v/v)

To size separate proteins, SDS-PAGE was used. Therefore, a 10—12.5% running gel (de-
pending on size of protein of interest) and a 4.5 % stacking gel was cast. Extracted or purified
proteins were mixed with 2xSDS loading dye before loading onto the gel. The TriColor-
Broad Protein Ladder (company) was used as a marker. The SDS-PAGE was performed
in Mini-PROTEAN Tetra Cell from Bio-Rad Laboratories, Inc. (USA) using 1xSDS as
running buffer. A current of 20mA per gel was applied. For further analysis, gels can be
used in Western Blots (Sec. 6.8.5), or for Coomassie Staining (Sec. 6.8.7).

6.8.5 Western Blot Analysis

Transfer buffer Tris base 3.9g/L
Glycine  14.3g/L
EtOH 20% (v/v)

For a Western Blot analysis, size separated proteins (see Sec. 6.8.4) were transferred onto an
immobilizing PVDF membrane using the Wet/Tank Blotting System from Bio-Rad Labora-
tories. Therefore, the following setup was used: anode, sponge, whatman paper, activated
PVDF membrane, SDS gel, whatman paper, sponge and cathode. PVDF membrane was
shortly activated in 100 % MeOH before. The whole set up was submerged in transfer buffer
and the transfer was carried out at 4 °C with a current of 30 mA over night or with 300 mA
for 1.5h at room temperature.
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6.8.6 Immunodetection

10x TBS buffer Tris/HCI 0.5M
NaCl 1.5M
adjust pH to 7.5 with NaOH and HCl

TBS-T 10x TBS buffer 100 mL/L
Tween-20 0.1% (v/v)

Blocking solution Skim milk powder 5% in 1x TBS

AP buffer Tris/HCI 12.144¢g/L
NaCl 5.844¢g/L
MgCl, 1.0165g/L

adjust pH to 9.5 with NaOH and HCl

AP staining solution AP buffer S5mL
NBT 44 nl
BCIP 33 L

To detect immobilized proteins, the PVDF membrane was incubated in blocking solution at
4°C for 3h or over night to block non-specific binding sites. The blots were washed three
times in TBS-T for 5—10min each. The primary tag-recognizing antibody was incubated
for 1.5h at room temperature or over night at 4°C. The membrane was washed three times
to wash away excess antibodies. The secondary anti-species specific antibody, fused to the
reporter enzyme horseradish peroxidase (HRP), was incubated for 1h at room tempera-
ture and excess antibodies were washed away three times. Amersham ECL Prime Western
Blotting Detection Reagent was used in a 1:1 ratio to detect chemiluminescence with the
Amersham ImageQuant™ 800 western blot imaging system.

For His-tagged proteins, either a monoclonal «-His-tag antibody conjugated to alkaline
phosphatase (AP), or a combination of anti-His (mouse) and anti-mouse-AP antibodies were
used. One blot was incubated in AP staining solution in darkness and washed with distilled
water to stop the enzyme-substrate reaction. Blots were scanned for documentation.

6.8.7 Coomassie Staining

Coomassie staining solution Isopropanol 25% (v/v)
Acetic acid 10% (v/v)
Coomassie R-250 0.05% (w/v)

Destainer solution Acetic acid 10% (v/v)

The SDS gel was incubated shaking in coomassie staining solution for 20 min and washed
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with destainer solution several times (3—4x) until protein bands were visible. Stained gels

were scanned for documentation.

6.9 Chloroplast Isolation

Isolation medium HEPES pH 8 20mM
EDTA 5mM
EGTA 5mM
MgCly 5mM
NaHCO; 10 mM
Sorbitol 300 mM

Sorbitol gradient 30% (w/w) Sorbitol 3mL

42% (w/w) Sorbitol 3.5 mL
60 % (w/w) Sorbitol 3.5mL

HEPES-Sorbitol medium HEPES pH 8 0.3M
Sorbitol 0.3M

Chloroplast isolation was carried out as described in Krieger (2020) with minor mod-
ifications. Keskin (2020) tested the isolation using either a Percoll or sorbitol gradient.
It was shown that both gradients are suitable, although more "intact" chloroplasts could
be observed using a Percoll gradient. Every step during chloroplast isolation was carried
out on ice. To prevent chloroplast damage due to centripetal forces, a swing-out rotor in
an Eppendorf® 5810 R centrifuge was used, the brake velocity was lowered to 2 and all
centrifuging steps were carried out at 4°C. A. thaliana leafs of four week old plants were
harvested in a 50 mL Falcon tube, covered with isolation medium and homogenized for 2x
I's using an Ultra-Turrax (Janke & Kunkel Homogenizer Type TP 18/10). The suspension
was filtered through four layer of gauze and subsequently centrifuged at 360 g for 6 min.
The supernatant was discarded and the pellet was resuspended very carefully in fresh isola-
tion medium. Suspended chloroplasts were loaded onto a freshly prepared sorbitol gradient
and separated at 1660 g for 12min. The upper green band was collected and chloroplasts
were carefully washed two times with isolation medium. Isolated chloroplasts were finally
resuspended in about 1 mL HEPES-sorbitiol media, depending on the amount of starting
material.
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6.10 Peptidoglycan Isolation

Solution A NaCl 1M
Solution B Tris/HCl pH 6.8 0.1M
MgCl, 33 1M
DNase 15 pg/mL
RNase 60 pg/mL
Solution C Trypsin 50 pg/mL
Solution D HC1 1M

Digestion buffer NaH,PO, pH 5.5 12.5mM

Peptidoglycan isolation was done according to Bertsche and Gust (2017) with minor mod-
ifications. An over night culture of E. coli (chemically competent TOP10 cells) was prepared
in 4mL LB medium. 2x2mL of over night culture and the same amount of isolated chloro-
plasts from Section 6.9 was spun down for 5 min at 10,000 g. The supernatant was discarded
and the pellets were resuspended in 1 mL of solution A, a hole was poked into the reaction
tubes lid before boiling in a Thermomix (heating block) for 30 min at 100 °C. Afterwards the
suspension was spun down for 5min at 10,000 g and washed two times with 1mL ddH,O
and finally resuspended in 1 mL ddH5;0O. The sample was sonified for 30 min at 4 °C. 500 pL.
of solution B was added and incubated for 1h at 37°C in a Thermomix. 500 nL of solution
C was added and incubated for 1h at 37°C to digest enzymes and residual proteins. The
samples were boiled for 3min at 100 °C to heat inactivate the enzymes. The suspension was
spun down for 5min at 10,000 g and the pellet was washed once with 1 mL ddH,O. 500 pL
of solution D was added and incubated for 4—6h at 37°C. The samples were spun down
for 5min at 10,000 g and washed 3—4 times with ddH,O until a pH of 5—6 was reached.
The supernatant was discarded after the last washing step and the pellet was resuspended
in 50 uL. digestion buffer (+ 25pL of 1000 U mutanolysin, 15 pL of 50 mg/mL lysozyme) and
incubated over night for 16 h at 37°C shaking. Enzymes were heat inactivated for 3 min at
100 °C; the samples were spun down for 5min at 10,000 g and the supernatant was used for
further analysis (Sec. 6.11, 6.12).
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6.11 Peptidoglycan Binding Assay

Bindiing buffer Tris/HCl pH 6.8 30mM
NaCl 50 mM
MgCly 10 mM

HEPES buffer HEPESpH 7.5 100mM

The peptidoglycan binding assay was carried out as described in Rocaboy et al. (2013)
with several modifications. For the analysis of DmPGRP and AtDAT1 about 20—40ng of
crude extract (Sec. 6.8.1) or 10 pg purified protein (Sec. 6.8.2), 3uli of PGN supernatant
(Sec. 6.10) were mixed and binding buffer was added to a final volume of 50 pL.. The samples
were mixed and incubated at 4°C for 2 or 24 h. The mixture was centrifuged for 15 min at
14,000 g. The supernatant was collected in a new reaction tube and the pellets were washed
two times with 40 pL. of HEPES buffer. The final pellets were resuspended in 40 nL. HEPES
buffer. The supernatant, the resuspended pellets and the supernatant from both washing
steps were mixed with 2x SDS loading dye and analyzed using SDS-PAGE (Sec. 6.8.4) and
Western blot (Sec. 6.8.5). A a-His-tag antibody was used as a primary antibody for HRP
immunodetection (Sec. 6.8.6).

6.12 Ultra Performance Liquid Chromatography Mass
Spectrometry (UPLC-MS)

Ultra Performance Liquid Chromatography Mass Spectrometry (UPLC-MS) was carried out
by Dr. Mark Stahl according to Kiihner et al. (2014) using the digested supernatant from
Section 6.10.

6.13 Enzymatic Digestion of Chloroplasts with

Lysozyme and Mutanolysin

This experiment was carried out and analyzed by Erva Keskin (2020). Therefore, isolated
chloroplasts from Section 6.9 were mixed with lysozyme (1-2mg/L) and/or mutanolysin
(1000 U/L), and incubated for 17h at 37°C and subsequently analyzed using the Keyence
BZ-8000K epifluorescence microscope. For experiments with inactivated enzymes, they were
heat-inactivated at 99 °C for 2h. Since lysozyme is quite stable, it was heat-inactivated at a
pH of 13—14. The pH was lowered to 10 with HCI before adding to chloroplast samples.

For FACS analyses, chloroplasts were incubated with different lysozyme concentrations
(10 pg/mL, 30 pg/mL, 35 pg/ml, 50 pg/mL, 70 pg/mL, and 100 pg/mL) over night at 37 °C.
This experiment was carried out and analyzed by Paul Winkler (2022).
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6.14 Click Chemistry in planta

The Click-iT® Cell Reaction Buffer Kit (Thermo Fisher Scientific) was used for in planta
fluorescent labeling. Azide-modified amino acids were used to study the incorporation of
canonical peptidoglycan amino acids. Fluorescent alkyne-modified dyes were used to label
azide-modified molecules after incorporation. The click chemistry reaction for P. patens and
A. thaliana was performed as described in Tran et al. (2023).

P. patens protonema cells were incubated in BCD medium containing ADA (0.25 mM) for
22 h in order to visualize peptidoglycan. After washing the cells once in BCD medium, they
were incubated for 2h in a mixture of BCD medium and a Click-iT cell reaction cocktail
(1:1) that contained Atto-514-alkyne (1-5uM). BCD medium was used to wash the cells
once before they were imaged using a fluorescent confocal microscope (Zeiss LSM 880, or
Leica TCS SP8).

For click chemistry in adult A. thaliana and N. benthamiana plants, leaves were infil-
trated with 1/2 MS medium with 0.25 mM azide-modified D-amino acids (D-Ala, D-Lys) or
0.125 mM azide-modified L-amino acids (L-Ala, L-Lys), and incubated for 24-48h at room
temperature. Samples of treated leaves were cut out and incubated with 1/2MS medium
containing Click-iT cell reaction cocktail (1:1) and Atto-514- or AF488-alkyne dye for 1.5—
2h. The leaves were washed and in shortly incubated in 1/2 MS medium before imaging.
For A. thaliana seedings, the whole plant was used in all steps.

6.15 Confocal Fluorescence Microscopy

Imaging of fluorescent dyes was carried out as described in Tran et al. (2023). Fluorescent
confocal microscopes (Zeiss LSM 880, or Leica TCS SP8) were used with a 63x NA 1.2
water immersion objective. Fluorescent dyes were excited (ex) with an appropriate laser
and emission (em) was detected in sequential line scanning mode for Zeiss LSM 880, or
with HyD detectors for Leica TCS SP8: GFP and AF488 (ex/em, 488 nm/490—-535nm),
Chlorophyll B (ex/em, 488 nm/690-760nm), Atto-514 (ex/em, 514 nm/520 560 nm) and
RFP (ex/em, 561 nm /590 -645nm). The pinholes were adjusted to 1 AU per wavelength.
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Figure A.1: A. thaliana seedling germination and root growth is inhibited by DCS. Arabidopsis seeds (Col-
0) were germinated for 12 days under long-day conditions on growth media, containing 100, and 200 M
D-cycloserine. Scale bar: 10 mm
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Figure A.2: Fluorescent microscopic detection of ADA around plastids in A. thaliana cells. A. thaliana
chloroplasts of wild-type Col-0 cells treated with (a) ADA and Atto-514-alkyne. The white box shows a
mesophyll cell that incorporated ADA into the chloroplast’s envelope. Scale bar: 20 pm.

Table A.1: Calculated peptidoglycan fragments for Gram-negative and Gram-positive bacteria.

Peptides Glycans Mass (M+H)+ Mass (M+2H)2+
Monomer Gram negative

L-Ala-D-Glu-m-DAP - 391.1775 196.09265

L-Ala-D-Glu-m-DAP G-M 869.3491 435.17845

L-Ala-D-Glu-m-DAP-D-Ala - 462.2236 231.6157

L-Ala-D-Glu-m-DAP-D-Ala G-M 940.3952 470.7015

L-Ala-D-Glu-m-DAP-D-Ala-D-Ala - 533.2697 267.13875

L-Ala-D-Glu-m-DAP-D-Ala-D-Ala G-M 1011.4413 506.22455

Dimer Gram negative

L-Ala-D-Glu-m-DAP + - 834.3697 417.68875
L-Ala-D-Glu-m-DAP-D-Ala

L-Ala-D-Glu-m-DAPD-Ala + - 905.4248 453.2163
L-Ala-D-Glu-m-DAP-D-Ala

L-Ala-D-Glu-m-DAPD-Ala + - 976.4709 488.73935
L-Ala-D-Glu-m-DAP-D-Ala-D-Ala

L-Ala-D-Glu-m-DAP + G-M 1312.5429 656.77535
L-Ala-D-Glu-m-DAP-D-Ala

L-Ala-D-Glu-m-DAPD-Ala + G-M 1383.5964 692.3021
L-Ala-D-Glu-m-DAP-D-Ala

L-Ala-D-Glu-m-DAPD-Ala + G-M 1454.6425 727.82515
L-Ala-D-Glu-m-DAP-D-Ala-D-Ala

L-Ala-D-Glu-m-DAP + G-M + G-M  1790.7161 895.86195
L-Ala-D-Glu-m-DAP-D-Ala

L-Ala-D-Glu-m-DAPD-Ala + G-M + G-M 1861.768 931.3879
L-Ala-D-Glu-m-DAP-D-Ala

L-Ala-D-Glu-m-DAPD-Ala + G-M + G-M 1932.8141 966.91095

L-Ala-D-Glu-m-DAP-D-Ala-D-Ala
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Figure A.3: Click chemistry control experiments with azide amino acids in A. thaliana cells, but without
Atto-514-alkyne. Fluorescent microscopic observation of A. thaliana chloroplasts of wild-type Col-0 cells
treated with (a) ADA, (b) ALA, (c) ALL, (d) ADL. Scale bar: 20 pm.
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Figure A.4: Click chemistry control experiments with Atto-514-alkyne in A. thaliana cells, but without

azide amino acids. Fluorescent microscopic observation of A. thaliana chloroplasts of wild-type Col-0 cells

treated with Atto-514-alkyne. Fluorescent dye shows (a) vaculolar localization, (b, c) cytosolic localization.
Scale bar: 20 pm.
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Figure A.5: Click chemistry control experiments with azide amino acids in A. thaliana cells, but without

Atto-514-alkyne. Fluorescent microscopic observation of N. benthamiana cells treated with (a) ADA, (b)

ALA, (c) ALL, (d) ADL. (a—d) are not treated with Atto-514-alkyne. (e) shows a sample treated with
Atto-514-alkyne, but without azide amino acids. Scale bar: 20 pm.
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Figure A.6: Haag (2023): Click chemistry with NAM-azide for visualization of PGN in adult
N. benthamiana plants. Fluorescent emission was detected exciting at 514 nm. I-K: Negative controls.
Merged images of the Atto-514 emission, the chlorophyll autofluorescence and the brightfield channel. Nico-
tiana leaves infiltrated with 0.125 mM NAM-azide in 1/2 MS (I) or 1/2 MS (J, K) and cut-outs later

incubated in 1/2 MS (I, K) or Click-iT cell reaction cocktail containing Atto-514 (J). The scale bar is 10
nm.

Table A.2: List of primers used in this study.

name sequence

ddl1-S1 "-CAGTTTCATGGCATTGGTGATC-3"

ddl1.3 End "-ACTTACATCTACATATCTTTGC-3"

ddll.3 Start "-CACCATGGCGTCCATGGCGAC-3°

ddlA1 -CAAGTAGTTTGGTACTGTCATG-3’

SAIL-LB2 "-GCTTCCTATTATATCTTCCCAAATTACCAATACA-3’
SALK-LB1 "-AATCAGCTGTTGCCCGTCTCACTGGTGAA-3’
murkS1 - CACTGCTTGCTTTCTCAGTCTC-3"

murE-S2 (murEb) - CATGGAAAACACCAAAGCCGATG- 3”7
murE-A2 - CAACAGCACAACGTACAGCTAC -3°

Wisc-LB4 - TGATCCATGTAGATTTCCCGGACATGAAG-3’
murk-S3 - GGAAGGTAACACTAGGATCAAC-3’

murE-A3 - CGCATTGTCGAAATCCACTTC-3"

Wisc-LT6 - AATAGCCTTTACTTGAGTTGGCGTAAAAG-3”

PGRP-S2 (DmPGRP)
PGRP-End (DmPGRP)
PGLYRP-S2 (HsPGRP)
PGLYRP-End (HsPGRP)

- CACCATGGGAAAGTCTAGACAAAGATCTC-37
- AGGATTAGAAAGCCAATGAGG-3"

- CACCATGCAAGAAACTGAAGATCCTGCTTG-3”
- AGGAGATCTATAATGAGGCCA-3”

AmiC1l-End - TCGTTTGAGGTACTGAAGAATACCGCGAG-3”
AmiC2-Start - CACCATGGGGAAATTACTAGTTGTGATTGAC-3”
AmiC2-End - ACGCTGTAAGTATTTTAGGATG-3’

AmiC1-Start
EcAmiC-AMIN-Start
EcAmiC-AMIN-End

- CACCATGTCAGTATTCATCGACCCCGGACAC-3’
- CACCATGCAGGTCGTGGCGGTGCGC-37
- GGCCGGATAGAGGTCCATCACC-3”

Gt Ot Ot Ot O Ot Ot O Ot O Ot Ot Ot Ot Ot Ot Ot Ot Ot Ot Ot Ot Ot
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Figure A.7: Haag (2023): Click chemistry with Mur N Ac-azide for visualization of PGN in adult A. thaliana
plants. Fluorescent emission was detected exciting at 514 nm. A-H: Arabidopsis leaves infiltrated with 0.125
mM NAM-azide and incubated in Click-iT cell reaction cocktail containing Atto-514- alkyne. A, E Atto-514
emission. B, F autofluorescence of chlorophyll. C, G brightfield channel. D, H merged image of A/E, B/F
and C/G. White arrows indicate chloroplasts surrounded by fluorescent ring-like structures. The scale bar is
5 pm. I-K: Negative controls. Merged images of the Atto-514 emission, the chlorophyll autofluorescence and
the brightfield channel. A. thaliana leaves infiltrated with 0.125 mM NAM-azide in 1/2 MS (I) or 1/2 MS
(J, K) and cut-outs later incubated in 1/2 MS (I, K) or Click-iT cell reaction cocktail containing Atto-514
(J). The scale bar is 10 pm.
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DMPGRPssp

AARATTGGCCTCATTATAGATC

“TTATTCAAAATTGGCCTC

p n . . - A T v B T T A N % r = w
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Figure A.8: Coding sequences and amino acid sequences of DmPGRPasp and HsPGRPasp. Adapted
from Tran et al. (2023).

GFP chlorophyll B

Figure A.9: Transient protein expression of GFP in N. benthamiana. Scale bar: 20 pm.
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Figure A.11: Keskin (2020): Chloroplasts iso-
lated with a sorbitol gradient and digested for 20
h at 37°C. For the inactivation of the enzymes the
pH was raised to 13 with NaOH and boiled at 99°C
for 1 hour. (A) control sample, (B) treated with
active lysozyme, (C) treated with active lysozyme
and mutanolysin, (D) treated with active mu-
tanolysin, (E) treated with inactive lysozyme, (F)
treated with inactive lysozyme and mutanolysin,
(G) treated with inactive mutanolysin. Scale bar:
10 pm
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Figure A.12: Fluorescent detection of transiently expressed PGRPs and FcAMIN in A. thaliana AtmurE-3
cells. All three proteins localize in chloroplast remnants of AtmurE-3 mutants. (a) HsPGRPagp-GFP, (b)
DmPGRP agp-GFP, (¢) EcAMIN. Scale bar: 20 pm. Adapted from Tran et al. (2023).
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