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ZUSAMMENFASSUNG 

Pflanzenzellwände sind für Funktion und Wachstum essenziell und hoch relevant für 

die Lebensmittel-, Nicht-Lebensmittel- und Textilindustrie. Hemizellulosen machen ein Drittel 

der Zellwandbiomasse aus und sind in Zellwand-, Wachstums-, Signalübertragungs- und 

Abwehrprozesse involviert. Lebensmittel- und Kosmetikindustrie nutzen ihre Gelier- und 

Verdickungseigenschaften. Im Golgi-Apparat synthetisieren Glykosyltransferasen (GTs) der 

Zellulose-Synthase-ähnlichen Familie A (CSLA), teils zusammen mit Mannan-Synthesis-

Related Proteinen (MSR), Heteromannane (HMs), eine einfache Hemizellulosenklasse. 

Trotz signifikanter Fortschritte in den letzten Jahren, ist noch wenig über das effiziente 

Maßschneidern von Hemizellulosen für biotechnologische Anwendungen bekannt. Die 

Entwicklung neuer Werkzeuge zur HM-Biosynthese und ihrer in vivo Markierung in dieser 

Arbeit zielte auf die Reduktion dieser Wissenslücke. Solche Fortschritte könnten das Design 

von Arzneimittelüberzügen und die Nährwertoptimierung von Nutzpflanzen revolutionieren. 

Das Austauschen von Domänen aus Pflanzen-Mannan- und -Glucomannan-

Synthasen erlaubte die Modifikation der HM-Biosynthese in der industriellen Hefe Pichia 

pastoris. Einige chimäre Enzyme produzierten mehr β-1,4-verknüpftes Mannan als ihre Eltern-

Proteine, während andere die toxischen Effekte von verlängerter Glucomannan-Synthase-

Expression reduzierten. Interessanterweise konnten die Zellgrößen von Pichia pastoris durch 

die Expression verschiedener CSLA-Proteinsequenzen beeinflusst werden. 

Zur Überwindung der Einschränkungen aktueller Mannan-Markierungstechniken, 

wurden neuartige Bildgebungssonden zur nicht-invasiven, schnellen Pflanzenmannan-

Markierung auf Basis von Kohlenhydrat-Bindenden Modulen (CBMs) entwickelt. Die Sekretion 

der CBM-Sonden – ausgestattet mit Sekretions-Signal-Peptiden und fluoreszierenden 

Proteinen – hing von der Menge an (Gluco)mannan ab, was vielversprechende Möglichkeiten 

für die Hochdurchsatzsuche nach neuen funktionalen CSLA-Varianten ermöglichen wird. 

Um das Potenzial der neuen CBM-Sonden zu demonstrieren, wurde eine Bibliothek 

zufällig mutierter AkCSLA3-Varianten erstellt. Die CBM-Sonden sagten die HM-Menge präzise 

voraus, und Zytometrie erlaubte die Einzelzellanalyse der Variationen von Lebensfähigkeit und 

Fluoreszenz. Dieser Ansatz könnte künftig das Sortieren funktionaler und nicht-funktionaler 

CSLAs auf Grundlage der CBM-Retention begünstigen. Die Mannan-Spezifizität der neuen 

Sonden wurde auch in wildtypischen und Mannan-defizienten Arabidopsis thaliana gezeigt. 

Diese Arbeit bietet neue Methoden zur Erzeugung von maßgeschneiderten HMs und 

zur Aufklärung der in planta HM-Verteilung mit Hilfe von CBM-basierten Sonden. Diese 

Methoden könnten leicht auf jedes CSL-Enzym angewendet werden, was die Möglichkeiten 

für Feinabstimmung und in vivo Nachweis verschiedener Hemizellulosen erweitert. 
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ABSTRACT 

Plant cell walls are crucial for plant function and growth and are highly relevant for the 

food, non-food and textile industry. Hemicelluloses make up one third of the cell wall biomass 

and are relevant for processes related to cell walls, growth, signalling, and defense. Their 

gelling and thickening abilities are utilized in food and cosmetics. Heteromannans (HM), a 

simple class of hemicelluloses, are synthesized in the Golgi apparatus, where their backbones 

are elongated by glycosyltransferases (GTs) from the cellulose synthase-like family A (CSLA), 

sometimes in collaboration with Mannan-Synthesis-Related proteins (MSR). 

Despite significant advances in recent years, little is known about how to efficiently 

tailor hemicelluloses for biotechnological applications. This doctoral thesis aimed to address 

this knowledge gap by developing tools to tailor HM biosynthesis and label HM in vivo. Such 

advancements could revolutionize drug coating design and nutritional improvement of crops. 

Swapping domains from plant mannan and glucomannan synthases enabled the 

modification of HM biosynthesis in the industrially relevant yeast Pichia pastoris. Some 

chimeric enzymes produced more β-1,4-linked mannan than their parental counterparts, and 

others reduced the toxicity of prolonged glucomannan synthase expression. Interestingly, 

Pichia pastoris cell sizes could be influenced by expressing different CSLA protein sequences. 

To overcome the limitations of current mannan labelling techniques, novel imaging 

probes based on Carbohydrate-Binding Modules (CBMs) were developed to enable non-

invasive, rapid labelling of plant mannans. Secretion of CBMs – recombined with secretion 

signal peptides and fluorescent proteins – was dependent on HM quantity, opening up 

promising opportunities for the high-throughput search of new functional CSLA variants. 

The potential of the novel CBM-probes was demonstrated by creating a library of 

randomly mutated AkCSLA3 variants for analysis. The new CBM-probes accurately predicted 

HM levels, and cytometry enabled single-cell analysis of viability and fluorescence variations. 

This approach may enable the future sorting of functional and non-functional CSLAs based on 

CBM retention. Stable expression in wild-type and mannan-deficient Arabidopsis thaliana 

revealed the CBM-probe's specificity for mannans. 

Overall, this research offers novel methods to create custom HM and to elucidate in 

planta HM distributions using CBM-based probes. These methods could be easily applied to 

any CSL enzyme, expanding the possibilities for fine-tuning and in vivo detection of various 

hemicelluloses. 
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1 INTRODUCTION 

1.1 Industrial Significance of Cell Wall Polysaccharides 

Plant cell walls are fundamental for the function and growth of plants and highly relevant 

to the industry. Therefore, the research on plant cell walls does not only focus on 

understanding their fundamental principles but also on their potential for industrial usage 

(Rajasundaram et al., 2014). For humans, plants and their seeds are fundamental food sources 

and serve as raw materials for various industrial uses (Bewley et al., 2013). In the food industry, 

galactomannans from carob (Ceratonia siliqua) and guar (Cyamopsis tetragonoloba) seeds 

are used to hydrate, thicken and stabilize processed foods (Ebringerová et al., 2005; Bewley 

et al., 2013). The non-food industry uses cell wall materials in toothpaste, dyes, and cosmetics. 

Their industrial significance is even more widely spread. They are also used in drug production 

as parts of hydrophilic matrices as well as for waterproofing stick dynamite (Bewley et al., 2013; 

Rajasundaram et al., 2014). Other industrial uses of glycan-rich cell walls include paper and 

timber manufacturing (Rajasundaram et al., 2014). Further, lignocellulosic plant biomass is 

used to produce second-generation biofuel (Abramson et al., 2010; Yamabhai et al., 2016). 

1.2 Heteromannans 

Heteromannans (HMs) are hemicelluloses widely prevalent in plants. Hemicelluloses 

make up around one third of the cell wall biomass and are typically stored in secondary cell 

walls (Scheller and Ulvskov, 2010; Bewley et al., 2013; Pauly et al., 2013; Voiniciuc et al., 

2019). They form hydrogen bonds with the surface of cellulose microfibrils and are major 

structural components of the cell wall. Usually, hydrogen bonds contribute to the strengthening 

of structures. In the case of the hydrogen cross-links between hemicelluloses and cellulose 

microfibrils, there are indications of an opposite effect. Here, hemicellulose cross-links prevent 

the aggregation of cellulose, reducing the cell walls’ mechanical strength. This phenomenon 

supports the expansion of the cell wall (Somerville et al., 2004; Obembe et al., 2007). 

In some seeds, especially the ones from endospermic legumes, hemicelluloses are the 

primary form of stored carbohydrates. They can be present is such high amounts that starch 

can no longer be found in the respective tissue. As structural components that are laid down 

in thick layers, hemicelluloses contribute to the cell wall rigidity. This, for example, is the case 

for the endosperm of the ivory nut palm, date palm, and coffee (Bewley et al., 2013). 

Particularly in palm and coffee seeds, the water-insoluble heteromannans confer hardness to 

the tissues through strong intermolecular interactions (Buckeridge, 2010). 
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Depending on their backbones, hemicelluloses are categorized into xyloglucans, 

xylans, mannans, glucomannans, and β-1,3-1,4-linked glucans (Scheller and Ulvskov, 2010). 

Research indicates that xyloglucans and mannan-based polysaccharides both similarly 

interact with cellulose, suggesting their involvement in structural mediations of the cell wall 

(Obembe et al., 2007). 

HMs are linear polysaccharides with 

backbones linked via β-1,4-glycosidic bonds. 

They can be composed of either only mannose 

or a combination of the hexose sugars mannose 

and glucose. Pure mannan is defined as 

containing more than 90% of mannose residues, 

which are C2 epimers of glucose (Schnupf et al., 

2010) (Figure 1). In addition to mannose (Man) 

and glucose (Glc), galactose (Gal) residues can 

decorate (gluco)mannan backbones through an 

α-1,6-linkage to mannosyl residues, leading to 

four possible HMs: mannan, galactomannan, 

glucomannan and galactoglucomannan 

(Buckeridge, 2010; Scheller and Ulvskov, 2010; 

Bewley et al., 2013; Pauly et al., 2013; Voiniciuc 

et al., 2019). As components of thickened cell 

walls, glucomannans appear solely in 

endosperms of certain monocots, such as 

members of the Lilaceae and Iridaceae, while 

galactoglucomannans are the main constituents 

of secondary walls. The amount of galactose 

(Gal) side chains and the number of glucose units incorporated into the backbone account for 

the high variability of the physicochemical properties of galactomannans, including water 

solubility, density and solution viscosity (Ebringerová et al., 2005; Bewley et al., 2013). With 

an increasing number of Gal side chains, galactomannans adapt a higher water solubility, 

leading to more and more mucilage-like consistencies (Wang et al., 2012; Bewley et al., 2013). 

In addition to galactosylation, O-acetyltransferases are hypothesized to help branch the 

linear backbones to reduce self-aggregation in the Golgi apparatus. Through that, the O-

acetyltransferases could support the extracellular secretion of the synthesized HM. In addition, 

acetylation was shown to alter the interaction of mannans with cellulose (Scheller and Ulvskov, 

2010; Berglund et al., 2020).  

Figure 1 Heteromannan: composition and structure 
of backbone components. (a) Mannan consists of
> 90% mannose residues, whereas glucomannan 
also incorporates glucose units. (b) Molecular 
structure of D-Mannose and D-Glucose, which are 
C2 epimers of each other, meaning that they have 
a different OH-group orientation at carbon 2. 
Molecular structures in (b) were retrieved from 
https://molview.org/?cid=18950 (Man) and 
https://molview.org/?cid=5793 (Glc). 
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1.2.1 Heteromannan Functions and Biosynthesis 

Heteromannans are important hemicelluloses as their functions include the 

reinforcement of plant cell walls, cell expansion, storage, signalling, embryogenesis, tissue 

differentiation, and protection from pathogens (Buckeridge, 2010; Scheller and Ulvskov, 2010; 

Pauly et al., 2013). 

In fact, missing the (gluco)mannan synthase AtCSLA7, a Cellulose Synthase-Like 

protein from family A, causes a lack of the respective HM. This can be lethal to Arabidopsis 

seeds as it is likely required for successful pollen tube growth (Goubet et al., 2003). Further, 

together with pectin and cellulose, hemicelluloses are present in the seed mucilage of 

Arabidopsis thaliana (Voiniciuc et al., 2015). The seed mucilage is a gel-like coat that forms 

around the seeds upon hydration. In seeds that contain a mutation of the cellulose synthase-

like A protein from family 2 (CSLA2), glucomannan synthesis is impaired, which reduces the 

amount of HM present in the seed mucilage. Through that, the cellulose crystallinity seems to 

be reduced, and the spatial organization of the seed mucilage itself is altered (Yu et al., 2014). 

Figure 2 briefly depicts the 

biosynthesis of heteromannans. It takes 

place in the Golgi apparatus and is 

mediated by several different proteins 

(Liepman et al., 2005). Depending on the 

HM that is synthesized, GDP-Man, GDP-

Glc and/or UDP-Gal serve as substrates. 

Using these specialized precursors, 

glycosyltransferases (GTs) from the Golgi-

located cellulose synthase-like family A 

(CSLA) synthesize the backbones of HM 

(Liepman et al., 2005; Davis et al., 2010; 

Scheller and Ulvskov, 2010; Voiniciuc et 

al., 2019). CSLA belong to the superfamily 

of cellulose synthases (CESA). Within that superfamily, they belong to the group of cellulose 

synthase-like proteins (CSL) and are involved in the synthesis of a variety of β-glycan 

polymers. From an evolutionary standpoint, the CSLAs likely share the same ancestral gene 

with the Cellulose Synthase-Like family C (CSLC), as both families have similar structural and 

physicochemical properties. Members of the CSLC family, however, play a role in the 

biosynthesis of β-1,4-glucan backbones of xyloglucans and are thought to possibly also include 

other types of polysaccharide synthases (Dwivany et al., 2009; Liepman and Cavalier, 2012).  

Figure 2 Biosynthesis of heteromannan. GTs from the 
CSLA family synthesize HM using GDP-Man and GDP-
Glc. In some cases, MSR are involved in the process. 
Vesicles transport HM to the cell wall, where incorporation 
in the matrix takes place. 
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The relative concentration of UDP-Gal and GDP-Man determines how strongly 

galactomannans are branched. Galactomannan synthesis involves not only GTs but also 

galactosyltransferases (GalT), which add α-1,6-galactose to the mannan backbone (Liepman 

et al., 2005; Scheller and Ulvskov, 2010). In fact, experiments showed that the putative 

α-1,6-GalT MUCI10 decorates backbones of galactoglucomannans (GGM) that were 

synthesized by CSLA2 (Voiniciuc et al., 2015; Amos and Mohnen, 2019). 

Other cofactors involved in HM biosynthesis are Mannan-Synthesis-Related (MSR) 

GTs, first described as such by Wang et al. (Wang et al., 2012; Wang et al., 2013). They 

identified three MSR genes, namely TfMSR from fenugreek as well as AtMSR1 and AtMSR2 

from Arabidopsis thaliana, all located in the Golgi apparatus. The role of MSR in the 

biosynthesis of HM is not yet entirely determined; however, there are indications that they 

might be involved in primer synthesis for the initiation of HM synthesis or in the stabilization 

and/or activation of CSLA proteins (Wang et al., 2013). More recently, it was found that they 

may interact with CSLAs to modify (gluco)mannan backbone elongation or could be involved 

in their post-translational modification. Sometimes MSRs were crucial for HM biosynthesis. In 

some cases, CSLAs could only produce HMs when co-expressed with AtMSR1. Also, AtMSR1 

was able to increase and alter HMs when co-expressed with CSLAs (Voiniciuc et al., 2019). 

Synthesized HMs are embedded into vesicles which transport them from the Golgi 

apparatus to the plant cell wall, where they are integrated into its matrix (Pauly and Keegstra, 

2008; Franková and Fry, 2013; Voiniciuc et al., 2019). 

1.3 Swapping CSLA Domains to Enhance Hemicellulose Production 

While the basics of HM biosynthesis are known, the specificity of different CSLAs, 

meaning which type of HM they produce, remains to be elucidated. One common approach to 

investigate CSLA specificity is their expression in heterologous hosts such as Arabidopsis 

thaliana, Nicotiana benthamiana (tobacco), or the methylotrophic yeast Pichia pastoris. While 

the expression of CSLAs in plants is more convenient to decipher possible phenotypes caused 

by CSLA overexpression or CSLA knockouts (e.g., csla2,3,9 triple mutant with no detectable 

mannan (Goubet et al., 2009; Liepman and Cavalier, 2012)), the expression in yeast provides 

a clean background (native sugars are different from HM (α-mannoproteins & β-1,3-glucans)) 

and gives a clear and clean view on what type of HM a certain CSLA might produce. However, 

as described in section 1.2.1, in nature, CSLAs work together with co-factors to elongate the 

HM backbones. In addition, the availability of pre-cursors plays a crucial role in determining 

the final product. Like that, in vitro experiments with AtCSLA2, which produces glucomannan 

in Arabidopsis, revealed that on its own, it incorporates only small amounts of Glc, causing it 
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to produce mannan and not glucomannan when heterologously expressed in yeast (Liepman 

et al., 2005; Yu et al., 2014; Voiniciuc et al., 2019).  

While invaluable insight into CSLA specificity has been gained using the above-

mentioned approaches, no research focusing explicitly on how distinct motifs within the CSLA 

proteins may influence the biosynthesis of (gluco)mannan has been conducted so far. 

One interesting approach to investigate the functions of specific enzyme motifs or 

domains is to swap domains between similar enzymes. For instance, domain swap 

experiments from two studies allowed to determine CSLF amino acid motifs responsible for 

determining the ratio between β-1,3 and β-1,4-linkages in mixed-linkage glucans. By 

transiently expressing CSLF6 chimeras – obtained by swapping CSLF domains from different 

species – in N. benthamiana leaves, it was possible to narrow down the amino acid motifs 

responsible for the mixed-linkage glucan fine structure (Jobling, 2015; Dimitroff et al., 2016). 

In addition to gaining fundamental knowledge, domain swaps could also be employed 

to optimize hemicellulose production by improving the respective enzymes. Optimized 

enzymes could ultimately be used to produce crops with higher nutritional value, thus 

improving their effect on human health (Voiniciuc et al., 2015). Furthermore, engineering living 

materials with custom-made enzymes could be utilized to equip them with desirable 

characteristics (Gilbert and Ellis, 2018). 

The present study aimed to alter heterologous plant (gluco)mannan production in the 

industrially relevant yeast Pichia (see 1.5.3). AtCSLA2 (mannan production in yeast) and 

AkCSLA3 (glucomannan production in yeast) were selected as candidates for single domain 

swaps. Eight chimeric enzyme versions that were based on AtCSLA2 or AkCSLA3, 

respectively were heterologously expressed in Pichia, followed by a thorough investigation of 

the resultant (gluco)mannan yields and compositions. It was found that domain swaps enabled 

toxicity reduction of prolonged AkCSLA3 overexpression and could result in higher HM yields 

(Robert et al., 2021). One significant advantage of the modular approach is that it can be 

applied to various CSL enzymes and, by that, allow the sustainable production of tailored 

hemicelluloses for future applications. 
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1.4 Using Carbohydrate-Binding Modules to Detect Hemicelluloses 

To decipher the distributions and dynamics of the produced HM, current labelling 

techniques have several shortcomings. Like that, immunolabelling techniques are specific to 

HM but also invasive and very laborious, ultimately preventing the easy labelling of HM in vivo. 

An easier approach is to use stains, but they are not specific to HM, since they usually stain 

an array of different polysaccharides (e.g., Calcofluor White) (Voiniciuc et al., 2018b). 

In this work, a new probe for non-invasive and specific in vivo HM labelling was 

developed. It is based on Carbohydrate-Binding Modules (CBM), which were recombined with 

fluorescent proteins. Co-expressing native or chimeric CSL enzymes with CBMs, will enable 

the detection of functional enzymes by fluorescence screening. Further, fluorescence imaging 

will allow to elucidate the distribution and dynamics of CBM-labelled HM in yeast and in planta. 

1.4.1 Carbohydrate-Binding Modules 

Carbohydrate-Binding Modules (CBM) are domains of carbohydrate-active enzymes. 

They fold autonomously, their primary function being carbohydrate-binding activity (Tomme et 

al., 1998; Boraston et al., 2004; Abbott and Boraston, 2012; Lombard et al., 2014). They can 

also bind starch and glycogen, two insoluble polysaccharides with storage functions (Boraston 

et al., 2004). In rare cases, they have cellulosomal scaffolding properties or are just 

independent putative CBMs (Lombard et al., 2014).  

Typically CBMs are part of carbohydrate-active enzymes (CAZymes) such as water-

insoluble polysaccharide degrading glycoside hydrolases (GH) like cellulases, mannanases, 

and xylanases, assisting them in concentrating in proximity to their target polysaccharides 

(Tomme et al., 1988; Henrissat et al., 2001; Boraston et al., 2004; Obembe et al., 2007; 

Armenta et al., 2017). Linker sequences with various flexibility grades connect CBMs to other 

domains of a respective protein (example: PaCBM35 in Figure 5). CBMs can be found both at 

the C- and the N-terminus of a CAZyme, as well as in between other modules of the enzyme. 

CAZymes tend to have a modular structure, meaning they may contain more than one CBM 

and/or GH (Henrissat et al., 2001; Abbott and Boraston, 2012). Combinations of at least two 

CBM units, either from the same or different families, within one protein, are called tandem 

CBMs (Obembe et al., 2007). They enable the protein they are situated in to broaden the range 

of carbohydrates it can recognize (Abbott and Boraston, 2012; Armenta et al., 2017). 

Depending on the type, CBMs differ in their binding site topology (Boraston et al., 2004; 

Armenta et al., 2017). In general, binding platforms of CBMs can be specific to precisely one 

or to several ligands, in which case they are called promiscuous CBMs. Promiscuous 
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recognition allows a more efficient cell wall degradation by broadening the location where their 

enzymes can modify the cell wall (Obembe et al., 2007).  

CBMs are primarily found in plant-degrading organisms and can play a role in the 

modification of interactions between hemicelluloses and microfibrils (Levy et al., 2002). This 

was shown for the elongation of pollen tubes of peach (Prunus persica L.), where the tip zone 

of pollen tubes lost crystallinity when treated with a recombinant CBM (Shpigel et al., 1998).   

Further, some CBMs seem to modify the activity of cell wall-targeting enzymes and could be 

involved in processes related to resistance against pathogens and cell wall metabolism and 

structure (Obembe et al., 2007; Nardi et al., 2013; Nardi et al., 2015). 

Over the years, many further experiments regarding CBMs have been carried out, all 

indicating that impairing their function reduces the activity of their respective enzymes 

significantly, which accounts for their high importance regarding the functionality of the cell wall 

polysaccharide degrading process (Boraston et al., 2004). 

1.4.2 CBM Specificity and Biological Functions 

Decisive factors for CBM specificity are the topography of their hydrophobic binding 

platforms, hydrogen bonds, calcium-mediated coordination, and other interactions. Depending 

on their binding specificities, CBMs are classified as planar type A, which binds surfaces of 

crystalline polysaccharides, endo type B, which binds the middle of single polysaccharide 

chains and exo type C, which binds small oligosaccharides at the end of polysaccharide chains 

(Boraston et al., 2004; Shoseyov et al., 2006; Gilbert et al., 2013; Armenta et al., 2017).  

Hydrophobic interactions and CH-π interactions (hydrogen bonds between a soft acid 

and a soft base (Nishio, 2011)) formed by aromatic amino acids, such as tryptophan and 

tyrosine, mediate substrate binding in all CBMs types. In the case of type B and type C CBMs, 

interactions between binding sites and ligands are further stabilized through hydrogen bonds 

formed by polar amino acids or tyrosines (Boraston et al., 2004; Armenta et al., 2017). 

The binding sites of CBMs type A, B, and C show some differences regarding their 

respective binding sites (Figure 3). Type A CBMs have hydrophobic planar or platform-like 

binding sites which mirror substrate topologies and can be joined to various GH. They are not 

capable of binding oligosaccharides but rather bind crystalline cellulose and chitin (Boraston 

et al., 2004; Gilbert et al., 2013; Armenta et al., 2017). 

Type B binding sites are typically cleft-like but can also accommodate a slit-like 

conformation (Boraston et al., 2004; Armenta et al., 2017). The binding sites may be located 

near the end of the CBM and/or on the CBMs’ concave side (Armenta et al., 2017). Binding 

sites at the end of the CBM enable enzymes to bind larger, branched polysaccharides that 
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match their respective catalytic module (Boraston et al., 2004; Abbott and Boraston, 2012). 

Contrary to type A CBMs, type B CBMs are specialized in binding glycan chains, such as 

galactans and starch, as well as xylans and mannans (Boraston et al., 2004; Gilbert et al., 

2013; Armenta et al., 2017). The size of type B CBM binding sites is very variable, enabling 

some of them to bind xylose side chains while simultaneously interacting with their backbone 

molecules or even to hold a complete pyranose ring (Gilbert et al., 2013; Armenta et al., 2017). 

The specificity of type B CBMs is strongly determined by aromatic amino acid residues, of 

which the orientation is the most substantial specificity determining factor. These residues 

mediate substrate binding through hydrophobic CH-π interactions. Another crucial specificity 

factor of type B CBMs are hydrogen bonds forming between binding sites and ligands. These 

hydrogen bonds also exist in type A CBMs, yet with a less crucial role. 

Pocket-like binding sites are typical for the type C CBMs, which are highly affine to 

smaller sugars, such as mono-, di- and tri-saccharides, and have lectin-like properties. Like 

types A and B, type C CBMs also form hydrogen bonds with their ligands, but for them, these 

hydrogen bonds play an even more important role than for the other two CBM types (Boraston 

et al., 2004; Armenta et al., 2017). 

 
Figure 3 CBM binding-type topologies. Type A binds to crystalline cellulose in a planar manner (example: CBM63 
from Bacillus subtilis expansin (EXLX1), with cellohexaose ligand (PDB: 4FER). Type B binds the middle of mannan 
oligosaccharide chains (example: CBM58 from Bacteroides thetaiotaomicron a-amylase (susG-D498N) with 
maltopentaose ligand (PDB: 3K8L)). Type C binds the ends of (gluco)mannan backbones (example: CBM71 from 
Streptococcus pneumoniae β-galactosidase (BgaA) with β-D-galactopyranosol-1,4-N-acety-D-glocosamine (PDB: 
4CUB). The model was created based on a previous model that is shown on the following website: 
https://www.cazypedia.org/index.php/Carbohydrate-binding_modules. Examples for the three CBM-types were 
selected based on a previous review (Armenta et al., 2017). 

Decisive factors for the specificity of CBMs are the topography of their hydrophobic 

binding platforms, hydrogen bonds, calcium-mediated coordination, and other interactions. 

Three types of CBM binding sites can be distinguished, namely planar, twisted, or sandwich-

like. Examples of the different binding site topologies are depicted in Figure 3 (Armenta et al., 

2017). Based on their specific configurations, CBMs are grouped into families. Over the years, 
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the number of families increased from 39 in 2004 to 97 in 2023 

(http://www.cazy.org/Carbohydrate-Binding-Modules.html, 12.07.2023). Families with 

considerable resemblances are sometimes grouped into superfamilies or clans (Boraston et 

al., 2004; Obembe et al., 2007; Lombard et al., 2014). 

In addition to being classified by types, CBMs are classified into fold families and further 

into CBM families. There are seven different fold families: β-sandwich, β-trefoil, cysteine knot, 

unique, OB fold, hevein fold and unique containing a hevein fold. The β-sandwich is the most 

common fold type. A CBM may belong to one of the 97 currently defined CBM families, and 

the ligand specificities substantially vary between the families (Boraston et al., 2004; Abbott 

and Boraston, 2012; Lombard et al., 2014; Armenta et al., 2017) (http://www.cazy.org/ 

Carbohydrate-Binding-Modules.html, 12.07.2023). 

CBMs comprise three different types of functions, namely proximity effects, specific 

targeting, and disruptive functions. Proximity effects increase the enzyme concentration on the 

polysaccharide surface. Thanks to their appended CBMs, CAZymes are concentrated 

efficiently and remain longer near their target substrates. This results in faster carbohydrate 

degradation (Bolam et al., 1998; Boraston et al., 2004; Shoseyov et al., 2006).  

Targeting of hydrolytics to specific regions of the plant cell wall allows to produce 

modified plant fibers. Using these properties, molecular probes can be designed that are able 

to map the glycol-architecture of plant cell walls (Boraston et al., 2001; Notenboom et al., 2001; 

Boraston et al., 2004). In some cases, CBMs mediate the non-catalytic disruption of the 

crystalline cellulose structure (Din et al., 1994; Boraston et al., 2004). 

Thus, CBMs can improve carbohydrate degrading activity, alter the physical and 

chemical characteristics of cellulosic fiber surfaces, and increase their tensile and burst 

indexes (Shoseyov et al., 2006). In addition to their recognition abilities of complex 

macromolecular structures, such as cell walls in plants, CBMs can recognize cellular glycans 

from bacterial pathogens during pathogenesis and colonialization (Armenta et al., 2017). 

1.4.3 Biotechnological Applications of CBMs 

CBMs are widely used for biotechnological applications (Armenta et al., 2017). In 

bioprocessing, CBMs that reversibly bind to cellulose may serve as affinity tags to produce and 

purify recombinant proteins and bioethanol and can also be used in phage display technology 

(Shoseyov et al., 2006). Using recombinant DNA technologies, CBMs can also be used to map 

plant cell walls, yielding valuable information about the composition and distribution of plant 

cell wall carbohydrates. Chimeric proteins that are fused to CBMs are used to increase the 

carbohydrate and biomass degrading activities. This can be applied to agricultural waste 
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products and can also be utilized to pre-process lignocellulosic material to fermentable sugars 

for bioethanol and biofuel production through saccharification (Armenta et al., 2017).  

An interesting strategy to simultaneously decrease both the expression and activity of 

target enzymes involved in the cell wall catabolism is thought to be the overexpression of a 

promiscuous CBM. Furthermore, CBMs that are involved in the modulation of the cell wall 

metabolism of transgenic plants could be used to delay fruit ripening by slowing down cell wall 

degradation. This would keep fruits firm for a longer time and make them less susceptible to 

fungal attacks (Nardi et al., 2015). 

The paper industry also profits from CBMs. The involvement of tandem CBMs in paper 

production yields considerably stronger paper with increased tensile strength, folding 

endurance, and burst indexes (Armenta et al., 2017). Cell immobilization for research purposes 

or fiber modifications utilizes CBMs that irreversibly bind to cellulose (Tomme et al., 1998; 

Boraston et al., 2004; Shoseyov et al., 2006). 

Furthermore, CBMs are useful for the biomedical industry, where they may have 

various applications, e.g., regarding controlled drug release hydrogels or for producing 

biomaterials (Armenta et al., 2017). Other applications of CBMs involve targeting specific 

molecules, their engineering for applications such as detecting specific polysaccharides in 

plant cell walls and producing non-DNA microarrays (Shoseyov et al., 2006). 

1.4.4 Current Mannan Labelling Techniques 

For the research of cell wall polysaccharide distribution in vivo, various approaches 

have been taken over the past decades, as summarized in a recent review (Voiniciuc et al., 

2018b). Among the different polysaccharide monitoring techniques are dyes, fluorescent 

protein tagging, immunolabelling, and click chemistry (Voiniciuc et al., 2018b). CBMs have also 

been used to label cell wall polysaccharides. Yet, the currently available probes are designed 

to label cellulose and xylan. Further, the methods using CBMs to label cell wall polysaccharides 

in vivo have a working pipeline that is very similar to immunolabelling, as they also require the 

use of antibodies (Blake et al., 2006; Khatri et al., 2016; Voiniciuc et al., 2018b). 

While immunolabelling is well suited to label certain types of cell wall polysaccharides 

specifically, it is laborious and requires tissue disruption. It is, therefore, unsuitable to decipher 

the in vivo distribution of cell wall polysaccharides, let alone provide insight into their dynamics 

(Marcus et al., 2010; Voiniciuc et al., 2018b). An easier approach to label cell wall 

polysaccharides is the use of dyes such as Calcofluor White, which labels β-glucan structures 

(Anderson et al., 2010; Voiniciuc et al., 2018b), Ruthenium Red, which labels pectins (Voiniciuc 

et al., 2018b) or Congo Red which binds cellulose fibrils (Kerstens, 2002). While the dyes are 
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easy to use and do not require the destruction of the tissue to analyse, the binding range of 

polysaccharides is too broad to allow statements about the distribution of specific types of 

polysaccharides (Anderson and Wallace, 2012; Voiniciuc et al., 2018b). 

Various specific labelling techniques are available for cellulose, pectin, xylan, and 

xyloglucan, yet, immunolabelling is the only available tool to specifically label HM (Voiniciuc et 

al., 2018b). Linear mannans can be labelled using the LM22 mAb, while the LM21 mAb can 

label both linear and branched mannans (Marcus et al., 2010).  

To sum up, currently available labelling techniques for mannans are sparse. The ones 

available are laborious and invasive, making them unsuitable to label HM in vivo. From that, 

the need arises for a new, HM-specific labelling probe that is easy to use and non-invasive. 

A promising approach to non-invasively label cell wall polysaccharides in vivo is to 

recombine CBMs with fluorescent proteins and signal peptides for secretion and express them 

in the target organism that should be investigated. Previously, recombinant CBMs enabled 

xylan labelling in Arabidopsis thaliana (Zhang, 2014). To use this approach for mannan 

labelling, mannan-binding CBM candidates were selected, recombined, and validated in Pichia 

(section 3.2). Then, as proof of concept for the two target applications, the CBMs were used 

to find new functional CSLA variants in yeast (section 3.3.1) and to elucidate the native mannan 

distribution in living plants (section 3.3.2).  

1.4.5 CBM Recombination for in vivo HM Labelling 

CBMs can be recombined with different types of proteins, depending on the target 

purpose. They can be recombined with adhesion which could strengthen the bond between 

bacterial cellulose and human microvascular endothelial cells (Andrade et al., 2010) or with 

his-tags to indirectly label cell wall polysaccharides (McCartney et al., 2004). 

Recombinant CBMs can also be 

used to engineer their expression in the 

yeast Pichia pastoris and the model plant 

Arabidopsis thaliana to label HM. They 

consist of a signal peptide, a CBM, a linker, 

and a fluorescent protein (Figure 4). The 

signal peptide uses the secretory pathway 

to guide the fusion protein to the cell wall 

(Zhang, 2014). Taking advantage of the 

CBM binding specificities, their function 

within a recombinant protein is to detect cell 

Figure 4 Structure of engineered recombinant CBMs. A 
signal peptide (yellow) targets the recombinant CBM 
protein to the cell wall. The CBM (purple) can then bind the 
respective carbohydrates. A fluorescent protein (red) is 
attached to the CBM, sometimes via a small flexible linker 
(black), to prevent undesirable interactions between the 
fluorescent protein and the CBM. 
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wall polysaccharides. Through that, they enable the documentation of the distribution and 

dynamics of cell wall polysaccharides. To enable optical detection of the CBMs, they are 

recombined with fluorescent proteins that can easily be imaged (Knox, 2008; Zhang, 2014).To 

prevent any possible undesirable effects potentially caused by directly linking the tested CBM 

to the fluorescent protein and to ensure the preservation of the CBMs biological activity, linker 

sequences like the flexible (15)-proline-threonine linker ((15)-PT-linker)  may be introduced 

between the components (Poon et al., 2007; Han et al., 2013). 

Successful recombination of CBMs with fluorescent proteins for polysaccharide 

labelling was demonstrated several times. However, none of the tested CBMs was specific for 

mannan. Further, the tested CBMs sometimes caused dwarf phenotypes and cell morphology 

alterations when heterologously expressed in Arabidopsis or N. benthamiana (Obembe et al., 

2007; Zhang, 2014). As the CBM usage is only intended as a labelling tool, it should not affect 

the plant phenotypes, since this would affect the environment that should be monitored. 

Therefore, the newly designed recombinant CBMs will have to be investigated carefully for 

possible morphological effects on the heterologous hosts before using them as labelling tools. 

To find suitable candidate CBMs for HM binding in vivo, the CAZy database 

(http://www.cazy.org/) was searched for CBMs known to bind (hetero)mannan (components). 

Natively, all selected CBM candidates are part of β-mannanases and primarily bind mannans. 

Except for PaCBM35, which comes from the fungus Podospora anserina, all candidate CBMs 

are found in different bacteria (Table 1). 

Table 1 Selected CBM candidatesfor the design of new recombinant CBMs-probes for in vivo HM-detection. 

CBM PROTEIN ORGANISM UNIPROT/PDB SUBSTRATES REF. 

TpolCBM16-1  β-mannanase 5A 
Caldanaerobius 
polysaccharolyticus 

Q9ZA17/ 
3OEB 

mannopentaose 
cellopentaose 

(Bae et al., 
2008; Su et 
al., 2010) 

TmCBM27 β-mannanase 5 
Thermotoga 
maritima 

Q9RIK9/ 
1OF4 

β-1,4-manno-
oligosaccharides 
carob  
galactomannan 
konjac 
glucomannan 

(Boraston et 
al., 2003) 

CjCBM35 
endo-β-1,4-
mannanase 5C 

Cellvibrio japonicus 
B2AEP0/ 

2BGO 
Internal regions 
of β-mannan 

(Tunnicliffe et 
al., 2005) 

PaCBM35 
endo-β-1,4-
mannanase26A 

Podospora anserina 
Smat+ 

E2GHW2/ 
3ZM8 

β-1,4-mannan 
(xylan) 

(Couturier et 
al., 2011; 
Couturier et 
al., 2013) 
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The selected CBMs display similar conformations (Figure 5), accounting for the fact 

that they all are type B CBMs with a β-sandwich fold and highly similar ligands. The candidate 

CBMs were recombined with fluorescent proteins and signal peptides using the modular 

cloning systems GoldenPiCs (Prielhofer et al., 2017) for heterologous expression in the yeast 

Pichia pastoris and the MoClo system (Weber et al., 2011; Engler et al., 2014; Marillonnet and 

Grützner, 2020) for expression in the model plants Nicotiana benthamiana (tobacco) and 

Arabidopsis thaliana.  

 

Figure 5 3-dimentional representation of candidate CBMs. TpolCBM16-1 and TmCBM27 are shown with 
mannopentaose and mannohexaose binding respectively. PaCBM35 is attached to its corresponding endo-β-1,4-
mannanase 26 (GH26). 3D-structures were retrieved from the PDB database and adjusted for better visualization 
(https://www.rcsb.org/). 

1.4.6  Potential Limitations of Recombinant CBM-Probes 

In addition to the use as probes to label cell wall polysaccharides, recombinant CBMs 

can benefit a wide range of industries. Recombinant CBM technology can be used to enhance 

paper properties, improve the affinity of dye in the textile industry, help functionalize 

biomaterials in medicine and modulate plant growth, to name a few (Oliveira et al., 2015).  

However, recombinant CBMs may face some challenges when developing a new CBM-

based probe. The glycosylation process occurring in the heterologous host Pichia pastoris can 

sometimes reduce the substrate affinity of a recombinant CBM, ultimately reducing its potential 

as a labelling probe (Boraston et al., 2001; Oliveira et al., 2015). Further, it was reported that 

CBMs can sometimes irreversibly bind to cellulose, so re-using the probes would not be 

possible (Oliveira et al., 2015). CBMs can also be toxic to their hosts and lead to reduced 

biomass or phenotype alteration (Obembe et al., 2007; Zhang, 2014; Oliveira et al., 2015). 

Another possible challenge is the accessibility of the pectin-embedded mannans in 

vivo. When immunolabelling was used to label heteromannans in cell walls, it was found that 

the pectin had to be removed first before the antibodies LM21 and LM22 could access and 

thus label the mannans in the plant cell wall (Marcus et al., 2010). 
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1.5 Model Organisms 

1.5.1 Arabidopsis thaliana 

Arabidopsis thaliana (Arabidopsis) is one of the most used model organisms in plant 

research. It is a small flowering angiosperm with a short generation time of approximately 12 

weeks (Krämer, 2015; Provart et al., 2016). Major advantages of Arabidopsis include fast 

growth and short generation time, a high number of seeds, and easy transformation and 

crossing (The Arabidopsis Genome Initiative, 2000; Provart et al., 2016). The most significant 

advance in Arabidopsis research was the full sequencing of its relatively small genome in the 

year 2000, where “The Arabidopsis Genome Initiative” identified 25,498 genes, laying the base 

for more comprehensive and systematic research regarding plants and eukaryotes in general 

(The Arabidopsis Genome Initiative, 2000). 

Different mutant lines, such as the mannan-deficient csla2,3,9 mutant, were generated 

for HM research. They helped identify which roles CSLAs may play in synthesizing 

(gluco)mannans in Arabidopsis (Goubet et al., 2009; Liepman and Cavalier, 2012). Among 

other types of mutants, the triple mutant has since then been used to decipher the functions of 

further CSLAs and thus allowed a range of comprehensive studies regarding the biosynthesis 

of HM in Arabidopsis (Voiniciuc et al., 2015; Voiniciuc et al., 2018a; Terrett et al., 2019). 

While Arabidopsis presents many advantages, it lacks industrial relevance. This limits 

the findings made using this model plant to being precursors to understanding and optimizing 

crops. Nevertheless, Arabidopsis is very useful for detecting general principles that could 

enable informed experimental design for crop research  (Provart et al., 2016). 

1.5.2 Nicotiana benthamiana 

Nicotiana benthamiana (related to tobacco) is a model organism mostly used to 

investigate plant-pathogen interactions, as it is highly susceptible to virus infections. Since it is 

easy to silence its defense mechanisms and thus easy to transform transiently, the popularity 

of N. benthamiana as a model organism to study protein expression is constantly 

increasing (Goodin et al., 2008). In addition to studying protein expression, fluorescently 

tagged proteins can be used for localization studies. Even though Arabidopsis has a shorter 

generation time than N. benthamiana it still requires weeks before a result can be obtained 

(Krämer, 2015; Schultink et al., 2019). Compared to that, the method of transiently 

transforming N. benthamiana leaves yields results after only 2-5 days, making it one of the 

fastest ways to obtain information on protein expression in plants (Goodin et al., 2008; Krenek 

et al., 2015; Schultink et al., 2019). 
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However, studies suggest that there might be a genetic variability between the 

N. benthamiana accessions used in laboratories throughout the world, potentially leading to 

different results and conclusions on the same proteins in different laboratories (Goodin et al., 

2008; Derevnina et al., 2019; Schultink et al., 2019). Therefore, research is ongoing in forward 

genetics to elucidate the genome of N. benthamiana. To quickly screen candidate genes and 

proteins prior to stable transformation in Arabidopsis, N. benthamiana is an excellent model 

organism (Schultink et al., 2019). 

1.5.3 Pichia pastoris 

Pichia pastoris (Pichia), also known as Komagataella phaffii (Barone et al., 2023) is a 

well-established heterologous host to study cell wall biosynthesis as it can produce 

heterologous hemicelluloses (Cocuron et al., 2007; Davis et al., 2010; Voiniciuc et al., 2019). 

The native cell wall components of Pichia primarily comprise β-1,3- and -1,6-glucans, 

mannoproteins, and trace amounts of chitin, which differ substantially from the heterologously 

produced β-1,4-linked HM, allowing to distinguish yeast native from heterologous 

polysaccharides easily (Aguilar-Uscanga, 2003; Voiniciuc et al., 2019). 

Also, it is easy to manipulate genetically and grows very stably. As a eukaryotic 

organism, Pichia likely post-translationally modifies heterologously produced proteins, 

ensuring their correct folding and functionality. In addition to dextrose and glycerol, Pichia can 

also use methanol as a carbon source, which allows to induce the expression of certain genes 

at a specific time point using methanol-inducible promotors such as pAOX1. The latter and 

other strong promotors for foreign gene expression, as well as the ease in inserting foreign 

DNA into the genome of Pichia, enable easy and cost-efficient production of target proteins in 

higher amounts than in other eukaryotic and mammalian systems such as E.coli. The α-signal 

peptide from the yeast Saccharomyces cerevisiae enables heterologously expressed proteins 

to pass the secretory system of Pichia so that they can be targeted to its cell wall (Daly and 

Hearn, 2005; Graumann and Premstaller, 2006; Juturu and Wu, 2018; Zou et al., 2022). 

Pichia-based protein production includes biopharmaceutical proteins, some of which 

are already approved by the US Food and Drug Administration (FDA), membrane proteins, 

and antimicrobial peptides. It is known that the glycosylation process in Pichia differs from the 

one in mammalian cells, which might affect the functionality of a heterologously produced drug 

or its availability to the human organism. Despite the mentioned limitations, Pichia is well suited 

to investigate hemicellulose biosynthesis (Gille et al., 2011; Juturu and Wu, 2018; Voiniciuc et 

al., 2019). 
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1.6 Objectives 

This work comprises three main objectives that aim to enhance our understanding of 

heteromannan biosynthesis and their in vivo distribution and dynamics. First, it was 

investigated how heteromannans could be tailored for a desired use. Second a new in vivo 

HM-labelling tool was developed and verified in yeast. Third, proof of concept experiments 

were conducted. They aimed to verify the performance of the new HM-labelling tools for the 

high throughput search of new CSLA variants in yeast and to visualize HM in planta. 

 

1. Use Domain Swaps to Modify (Gluco)mannan Biosynthesis in Yeast 

Domains of the mannan synthase AtCSLA2 and the glucomannan synthase AkCSLA3 

were swapped. Chimeric enzymes were expressed in Pichia for heterologous HM 

production and subsequent HM composition and fine structure analysis. 

2. Develop CBM-Based Probes to Label Heteromannans 

Mannan-binding CBMs TpolCBM16-1, TmCBM27, and PaCBM35 were recombined 

with the α secretion signal peptide and fluorescent proteins. CBM-probes were 

expressed in wild-type, mannan-producing, and glucomannan-producing yeast to 

assess if they would secrete in an HM-dependent manner and to visualize 

heterologous HM in vivo. 

3. Applying CBM-Probes in Yeast and Plants 

Verified strains from a library of randomly mutated AkCSLA3 were expressed alone 

and in conjunction with the new CBM-probes to demonstrate their ability to predict 

CSLA functionality. To demonstrate the CBM-probe abilities to label HM in planta, 

they were stably expressed in Arabidopsis lines with different mannan abundance.  
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2 METHODS 

2.1 Gene Expression and Yeast Cultivation 

2.1.1 Modular Constructs in E. coli and Pichia 

Candidate mannan-binding CBMs were selected using the CAZy database, which aims 

to gather and classify an array of different carbohydrate-active enzymes such as glycosyl 

hydrolases (GH), glycosyltransferases (GT), Carbohydrate-Binding Modules (CBMs) 

(Lombard et al., 2014). Sequences were then retrieved from the UniProt database (The UniProt 

Consortium et al., 2023) (Figure 5). CSLA swap sequences were domesticated to remove 

undesirable type IIS cut sites (Robert et al., 2021). CBM sequences were optimized by 

removing restriction enzyme sites that are unwanted for GoldenPiCs cloning (ApaI, AscI, 

BamHI, BglII, BpiI, Bsp119I, BstXI, Eco31I, Eco72I, EcoRI, Esp3I, KpnI, MssI, NotI, SacI, SacII, 

SgsI, SpeI, XhoI). In addition, CBM sequences were codon optimized for optimal expression 

in Pichia using a codon usage frequency table (GenScript, 2023) before de novo synthesis by 

GeneArt from ThermoFisher Scientific. 

CBM constructs and genes used for the CSLA Swap experiments for expression in 

Pichia were cloned using the GoldenPiCs Kit (gifted by Gasser/Mattanovich/Sauer group 

(Addgene kit #1000000133), which allows a modular assembly of genes of interest (GOI) with 

promoters, fluorescent proteins and terminators (Prielhofer et al., 2017). Except for pPICZ 

system-based constructs AtCSLA2, AkCSLA3-sfGFP, sfGFP-AkCSLA3, as well as ScGOS1-

mRuby2 which were a gift by Annika Grieß-Osowski, the CSLA swap coding sequences, which 

were prepared by Julian Waldhauer and Fabian Stritt, and constructs containing CjCBM35 as 

well as pGAP:TmCBM27, the individual parts of each construct were first amplified via Phusion 

PCR using high fidelity Phusion DNA Polymerase by Thermo Fisher Scientific. The primers 

used for the CSLA swap project and the new CBM constructs can be found in Appendix 1. The 

individual parts were then assembled using the Golden Gate-based GoldenPiCs method 

(Prielhofer et al., 2017), with the exception that here, FastDigest restriction enzymes (BsaI, 

BpiI) were used in combination with a Thermo Fisher Scientific T4 DNA ligase. 

For the CBM constructs, BB1_12 vectors were assembled with the methanol-inducible 

pFDH1 promoter only, or together with the α or the AtEXP10 signal peptide, except for 

TmCBM27 and CjCBM35 for which the α signal peptide was added to BB1_23. Otherwise, the 

CBMs were cloned into the BB1_23 vector on their own. The terminator module BB1_34 

containing the ScCYC1tt terminator was customized to also contain either mRuby2 or the 

pmScarlet-I-2A-pSmTq2 fluorescent tag. The latter was assembled by fusing pmScarlet-I - to 
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which the first half of the P2A peptide and a custom fusion site was added with a Phusion 

primer – with pSmTq2 – to which the second half of the P2A peptide and the corresponding 

custom fusion site was N-terminally added in the same manner (example in Appendix 3). For 

assembly of the BB1 vector, 25 ng of each DNA part were added to a 10-µL reaction mix and 

then incubated for a minimum of five 5-minute digestion cycles at 37 °C before ligation for 10 

min at 22 °C. After final digestion at 75 °C for 10 min, the assembly mix was transformed into 

chemically competent E.coli TOP10F’ using the heat-shock method. 

To isolate the DNA, colonies resistant to the BB1-level selection marker kanamycin 

were selected for verification via colony PCR using genotyping primers (vector- and/or gene-

specific) (Appendix 2) and Red Taq DNA polymerase master mix (VWR International). Positive 

colonies were grown in LsLB + antibiotic for approximately 24 h before DNA was extracted 

with the GeneJet Plasmid Miniprep Kit from Thermo Fisher Scientific. To rule out the presence 

of any potential undesired mutations, plasmids were verified via Sanger Sequencing over the 

complete GOI, using gene- or vector-specific primers (Appendix 2). Verified transcriptional 

CBM units were then assembled into the BB3rN_14 vector (Nourseothricin resistant) together 

with the pFDH1 promoter (unless stated otherwise) and - if no mRuby2 was present in the 

transcriptional unit - with the customized fluorescent terminators (example in Appendix 3). 

CSLA swap constructs were assembled into the BB3aZ_14 vector (Zeocin resistant) together 

with the methanol-inducible pAOX1 promoter and the RPP1Btt terminator. For stable 

expression, 150 ng of each BB3 plasmid were linearized prior to transformation in Pichia X-33 

or Pichia strains containing CSLA or CBM expressing backgrounds, using the condensed 

electroporation method (Lin-Cereghino et al., 2005). 3 days after growth on selection marker 

containing agar plates with YPDS medium, colonies were verified via colony PCR using the 

same primers used to verify the BB3 plasmids after DNA extraction from E.coli. 

2.1.2 AkCSLA3-sfGFP Library Creation 

The AkCSLA3-sfGFP Library was created by error-prone PCR of the AkCSLA3 portion 

of the gene carried out by AZENTA Life Sciences. Plasmids were created with at least 3 

random mutations per 1000 bp across the 1557 bp AkCSLA3 sequence with a theoretical 

diversity of 107. By verifying 48 clones, AZENTA confirmed the library accuracy with a 

confidence of ≥ 80%. After resuspending the dried 5 µg of Plasmid DNA obtained, the heat 

shock method was used to transform 1 ng of DNA into E.coli TOP10F’. Then, 10 Zeocin-

resistant colonies were selected for expression in Pichia X-33 and the α-PaCBM35-pmScarlet-

I-2A-pSmTq2 background and subsequent detailed analysis. To verify the accuracy of these 

10 selected plasmids, DNA was sequenced via whole plasmid sequencing by Plasmidsaurus 

(https://www.plasmidsaurus.com/). 
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2.1.3 Pichia cultivation 

For each experiment, 2-5 biological replicates of each Pichia strain to be analysed 

(except for Figure 12c and d, with one biological replicate) were grown in liquid culture for 

24-72 h at 30 °C and 250 rpm in a Thermo Scientific MaxQTM 6000 shaker or 230 rpm in a 42 

INNOVA® Incubator Shaker. Respective replicate numbers are specified in the figure legends. 

Unless stated otherwise, cells for the CSLA swap experiments grew for 48 h in 2 mL medium 

in reusable, autoclavable polypropylene square 24-deep well enzyscreen plates (EnzyScreen 

CR1424a) with metal covers (CR1224b), sealed with micropore tape. For experiments with the 

new CBM probes, 72 h and 300-600 µL culture volume in sterile round 24-well plates were the 

preferred growth conditions as they yielded the optimal results for CBM expression. 

In this study, Pichia growth was optimized for high biomass and gene expression. 

Therefore, various growth conditions were tested. Preliminary experiments were mainly 

conducted using a combination of BMGY (buffered-glycerol-complex medium containing 100 

mM potassium phosphate (pH 6.0), 1.25% glycerol (v/v), and the following ingredients in (w/v): 

1% yeast extract, 2% peptone, 1.34% YNB, 0.0004% biotin) for biomass production and BMMY 

(replacement of glycerol with 0.5% methanol) to induce gene expression. When using 

BMGY/BMMY, cells were grown in 2 mL medium in sterile plastic culture tubes or sterile glass 

tubes with aluminium lids (14 mL) for 24 h in BMGY. Cells were then pelleted at 2000 g for 

5 min to exchange BMGY to BMMY under sterile conditions. The same procedure was applied 

when cells were grown in YPD only or YPD/YPM (yeast-peptone base supplemented with 0.5% 

dextrose and 1.5% methanol). To determine the optimal carbon source, YPM was 

supplemented with the following carbon sources (v/v): 0.5% glycerol (YPM + G), 0.5% glucose 

(YPM + Glc), 0.5% mannose (YPM + Man).  

After cultivation, an aliquot of each culture was saved for fluorescence measurements. 

For subsequent carbohydrate analyses, the remaining culture was transferred to 2 mL 

Eppendorf tubes and centrifuged at 2000 g for 5 min for cell harvest.  

2.1.4 Growth Curve Analysis  

The OD6000 of 2 pre-cultured biological replicates of each tested genotype were 

measured in a 1:10 dilution with water using a BioSpectrometer (Eppendorf) to analyse growth 

curves. Each biological replicate was split into three replicates grown in 300 µL YPM in sterile 

48-well plates with a starting OD600 of 0.1. Then, cells were further cultivated in a Tecan Spark 

10 M fluorescent plate reader at 29 °C and 360 rpm with 1.5 mm orbital amplitude. The growth 

was monitored by measuring the OD600 of each well 5 x 5 times in a filled circle pattern and 

a 700 µL border every 30 min until a total cultivation time of 72 h. 
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2.2 Fluorescence Analysis 

2.2.1 Assessment of OD and FL in Pichia Cultures and Supernatant 

After cultivation, OD600 (optical density = absorbance at 600 nm) and fluorescence 

measurements (Excitation/Emission nm: 434/474 (BFP), 485/511 (GFP), 569/593 (RFP)) were 

carried out with the Tecan Spark 10, Tecan M1000 or the Biotek Synergy H1. Cultures were 

measured undiluted in 48-well plates or diluted appropriately for the anticipated fluorescence 

and OD600 values in 96-well plates. For a detailed list of which dilutions were used for which 

experiments, see Appendix 4. When necessary, fluorescence was normalized to OD600 

(FL/OD). Cultures were centrifuged for 2 min at 6000 g to obtain the supernatant fluorescence. 

Aliquots of the supernatant were measured the same way as the total culture. To calculate the 

CBM secretion, the fluorescence correction formula was adjusted to account for the high 

OD600 difference between the culture and the supernatant. The corrected red fluorescence 

was calculated as follows:  

𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 𝑅𝐹𝑃 = (1 + OD600) ∗ 𝑢𝑛𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 𝑅𝐹𝑃 

2.2.2 Pichia Confocal Fluorescence Imaging 

Microscopical imaging was done with several microscopes, namely laser scanning 

confocal Zeiss microscopes LSM700 (Figure 9, Figure 10) with an MBS405/488/555/639 beam 

splitter, LSM780 (Figure 25, Figure 26, Figure 28, Figure 38) with an MBS488/561 beam 

splitter, LSM900 (Figure 19, Figure 22, Figure 23, Figure 36), and a Leica SP5 (Figure 32). 

Cells were stained with Calcofluor White (CF), Propidium Iodide (PI), or Trypan Blue (TB), 

depending on the purpose of the experiment, by mixing cell dilutions with 0.01% (w/v) of dye.  

Microscopy on the Zeiss LSM instruments was done using 20x, 40x, or 63x (water 

immersion) objectives using separate acquisition channels for transmitted light and different 

fluorescent proteins. Details on the settings for each fluorescent dye or protein imaged are 

listed in Table 2. 
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Table 2 Excitation and emission detection-wavenlengths used for acquisition of fluorescent dye and protein signal. 

FLUORESCENT DYE/ PROTEIN MICROSCOPE EXCITATION DETECTION 

Calcofluor White LSM700/900 405 nm 420–550 nm 

Calcofluor White Leica SP5 405 nm 415-480 nm 

Propidium Iodide LSM900 639 nm  < 640 nm 

Propidium Iodide Leica SP5 543/633 nm 610-690 nm 

Trypan Blue LSM700 639 nm  < 640 

pSmTq2 LSM780 405 nm 440-495 nm 

pSmTq2 LSM900 405 nm 410-510 nm 

Venus, sfGFP LSM700/780 488 nm  490–555 nm 

sfGFP, AlexaFluor488 LSM900 488 nm 510-570 nm 

sfGFP Leica SP5 458 nm 520-550 nm 

pmScarlet-I LSM780 561 nm 590-640 nm 

mRuby2, pmScarlet-I LSM900 561 nm 576-700 nm 

2.2.3 Single Cell Fluorescence Analysis via Flow Cytometry 

To analyse the fluorescence and size of single cells, CSLA library strains were first 

grown in YPM + G. For cytometry with the BD AccuriTM C6, cell densities were then adjusted 

to a concentration of 107 cells/mL using a Neubauer Chamber. The initial cell concentrations 

were then plotted against the measured OD600. This allowed to determine to which OD600 

the cultures had to be adjusted in order to contain the desired cell concentration, which was 

0.2 for the Pichia cells analysed in this work. Before cell dilution to the desired cell 

concentration, they were first stained with PI, which had previously been shown to be effective 

in labelling dead cells (Hohenblum et al., 2003).  

For that, PI (0.01%) was added to the cultures in a 1:1 ratio and mixed for 5 min at 

room temperature. Then, residual PI was removed by 5 min centrifugation at 3000 g and 

decanting of the supernatant, followed by two washes with 1 mL water. After a final wash, the 

supernatant was removed, and the sample was re-filled with water to the starting volume.  

For cytometry, 2 mL of solution for each strain were prepared, and 100,000 per strain 

were then analysed with the BD AccuriTM C6 (University of Florida, ICBR). For assessment of 

the sfGFP signal, laser excitation was 488 nm, and the fluorescence was acquired in the FL1 

(FITC/GFP) channel, equipped with a 533/30 nm filter. Red fluorescence of PI was measured 

FL2 (PE/PI) channel using the same laser excitation but this time a 585/40 nm filter. In addition 
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to fluorescence, cell size was recorded via forward and side scattering (FSC, SSC). The data 

was analysed using the online analysis tool floreada (https://floreada.io/analysis). From this, 

fluorescence plots were exported and processed in Inkscape for better visualization. In 

addition, the relative number of cells per designated quadrant in the graph plotting green 

against red fluorescence was determined and plotted using GraphPad Prism 9. 

2.3 Carbohydrate Analysis 

2.3.1 Extraction of Alkaline Insoluble Polymers from Pichia Cell Walls 

Extraction of alkaline insoluble (AKI) polymers from Pichia cell pellets was carried out 

essentially as described previously ((Voiniciuc et al., 2019), this time using a neoMix 7-921 

thermomixer. After treatment with hot NaOH for 90 min, samples were neutralized with acetic 

acids before washing them with water to remove alkaline soluble polymers and residual NaOH 

and acetic acid. Pellets were resuspended in 600 µL in water and homogenized with small 

glass beads(Sigma Aldrich, Cat# G8772-500G) and a ball mill (Retsch MM400 mill) in a ball 

mill (except for the experiment described in 3.2.2.4, where volumes of NaOH and acetic acid, 

as well as resuspension volumes, were reduced 12-fold for samples with very low cell density) 

and analysed directly, refrigerated at 4°C for short, or frozen at -20 °C for long term storage.  

To further reduce the amount of native Pichia cell wall polymers and, by that, enrich 

their heterologously produced (gluco)mannan containing portion AKI samples were 

enzymatically treated with Zymolyase 20T© (from Arthrobacter luteus; USBiological) to remove 

unwanted β-1,3-glucans and obtain the enriched mannan fraction (EM). Three biological 

replicates of AKI samples were pooled, pelleted, and resuspended in 300 µL potassium 

phosphate buffer (PBS, 0.2 M, pH 7.0). Then, 300 µL water-based enzyme mixture with 10 µg 

sodium azide and 125 µg Zymolyase 20T© were added to the samples prior to mixing for 48 h 

at 37 °C and 250 rpm in a MaxQ 6000 shaker (Thermo Scientific). Pellets were obtained by 

centrifugation for 5 min at 16,000 g and washed twice with 1 mL of water. To further clean the 

samples, they were mixed gently with 300 µL of acetone before and dried to ensure that no 

material would be lost. After resuspending the dry samples in 1000 µL water, they were 

homogenized using a ball mill before direct analysis or storage as described above. 

2.3.2 Sulfuric Acid and TFA Hydrolysis 

For monosaccharide composition analysis, polysaccharides of AKI material were 

fractionated into monosaccharides by acid hydrolysis with either 4% sulfuric acid (Yeats et al., 

2016) (Figure 7, Figure 16, Figure 28) or 2 M TFA (Figure 8, Figure 21, Figure 30, Figure 31). 
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In both cases, 50 µL AKI were used as starting material and 800 µL of 30 µg/mL Ribose 

solution were added as internal standard, except when digested samples were analysed. In 

these cases, 150 µL of supernatant from the digested samples was used. 

For the one-step hydrolysis with 4% sulfuric acid, samples were mixed with 72% sulfuric 

acid (final concentration of 4%) and heated for 60 min at 120 °C in a TechneTM Dri-BlockTM in 

2 mL screw cap tubes to ensure that the tubes would stay closed during that process. 

Standards consisting of 0, 1, 2, 5, 10, 25, 50, 75, 100, and 125 µg sugar standard (Glc, Man, 

Gal) were prepared the same way. After acid treatment, samples and standards were cooled 

on ice and centrifuged at 20,000 g for 15 min to collect all material at the bottom of the tubes.  

When samples were partially digested or required a gentler acid treatment due to low 

amounts of starting material, 2 M TFA hydrolysis was employed. For digestion, 50 µL of AKI 

were mixed with 100 µL of 0.2 M potassium phosphate buffer (pH 7.0) with 1 U of endo-1,4-β-

Mannanase (Megazyme, E-BMABC) and then digested at 40 °C for 30 min in a thermomixer. 

Then, samples were centrifuged for 2 min at 20,000 g, then dried in a TechneTM Dri-BlockTM 

with gentle air or nitrogen flow. 100 µL of supernatant could then be hydrolysed with 2 M TFA. 

For hydrolysis, dry samples were resuspended in 150 µL 2 M TFA, followed by a 90 

min hydrolysis step at 120 °C. Then, samples were centrifuged as described for the 4% sulfuric 

acid treatment and dried again before resuspension in 300 µL Ribose solution with a ball mill. 

Then, samples were briefly centrifuged again at 20,000 g to collect any insoluble material at 

the bottom of the tubes. For monosaccharide analysis, 150-200 µL of sulfuric acid or TFA 

hydrolysed samples and standard were transferred to IC vials.  

For oligosaccharide profiling of EM samples, E-BMABC was additionally heat 

inactivated for 10 min at 90 °C and the samples were not hydrolysed but directly analysed. 

2.3.3 Monosaccharide Analysis and Oligosaccharide Profiling 

Monosaccharides of hydrolysed samples were separated via HPAEC-PAD using a 

Metrohm 940 Professional IC Vario system equipped with a Metrosep Carb 2–250/4.0 

analytical and guard columns. Following the injection of 10 µL sample, carbohydrates were 

separated into Glc, Man, and Gal using a 30 min protocol that consisted of a 20 min isocratic 

2 mM sodium hydroxide (NaOH) + 3.4 mM sodium acetate (NaAce) separation step before a 

rinse with 80 mM NaOH + 136 mM NaAce for 3 min, followed by 4 min of re-equilibration with 

2 mM sodium hydroxide (NaOH) + 3.4 mM sodium acetate (NaAce). Using the MagIC Net 3.2 

software by Metrohm, calibration and integration of detected monosaccharide peaks was 

carried out automatically unless manual correction was required. 
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To analyse oligosaccharide profiles, the eluent gradients were adjusted to 15.6 mM 

NaOH, followed by an increase to 78 mM NaOH for 5 min, before a 25 min linear increase to 

78 mM NaOH + 50 mM NaAce. Following these adjustments, a 15-minute re-equilibration 

period was given under conditions of 15.6 mM NaOH. 

2.3.4 Linkage Analysis 

The linkages between the individual monosaccharides were analysed to elucidate the 

fine structure of heterologously produced (gluco)mannans. This involved sample methylation 

(Ciucanu and Kerek, 1984) followed by 2 M TFA hydrolysis and then reduction and acetylation 

to PMAAs using a pipeline similar to the one described earlier (Pettolino et al., 2012).  

100 µL of AKI samples and 1mg/mL polysaccharide standards samples were dried in 

glass tubes and mixed overnight with 200 µL of DMSO (pre-dried with molecular sieves). While 

maintaining an N2 atmosphere, polymers were methylated with 200 µL of a NaOH/DMSO 

slurry and 100 µL of methyl iodide for 2–3 hours, followed adding 2 mL water to quench the 

reactions. Then, samples were gently bubbled with N2 bubbling until the solution turned clear 

before adding 2 mL of dichloromethane. Subsequently, around 1.5 mL of the organic phase of 

each sample was transferred into a new tube and dried.  

After 2 M TFA hydrolysis of the methylated polymers into monomers, samples were 

dried again, and myo-inositol was added as an internal standard. Using 200 µL of fresh sodium 

borodeuteride (10 mg/mL) in 1 M ammonium hydroxide, samples were reduced at room 

temperature for 60 min and then neutralized with acetic acid and a series of methanol washes. 

Following a drying step, samples were acetylated with 50 μL acetic anhydride and 50 μL 

pyridine for 20 minutes at 120 °C. Next, the obtained PMAAs were dried and washed twice 

with 200 μL of toluene. After a final cleaning with 1.2 mL ethyl acetate and 5 mL water, the 

samples were dried in fresh tubes and resuspended in 300 μL acetone. 

GC-MS analysis of 2µL or organic PMAAs per injection was performed using an Agilent 

Technologies 6890 N GC system, coupled with a Supelco SP-2380 column (30 m × 0.25 

mm × 0.2 µm) and an Agilent 5975 quadrupole EI detector. The initial temperature setting was 

80 °C, held for 3 minutes, then ramped up to 170 °C (at 30 °C/minute), and then to 240 °C (at 

4 °C/minute) with a hold time of 15 minutes per run. 

PMAAs underwent semi-automated quantification utilizing Agilent MSD Chemstation 

Classic Data Analysis (G1701FA). This process was grounded on the retention time of the 

glycosidic linkage peaks sourced from polysaccharide standards alongside their respective ion 

spectra or data found in the CCRC Spectral Database for PMAAs 

(https://www.ccrc.uga.edu/specdb/ms/pmaa/pframe.html). 
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2.4 Plant Methods 

2.4.1 Plant Growth Conditions 

N. benthamiana plants were cultivated from seeds of non-treated parental plants, sown 

directly in vermiculite soil in 10 cm pots, and grown in long-day conditions (16 h of light), with 

light supplied from both natural and artificial sources at room temperature (18-22 °C). 

For stable transformation or growth to maturity Arabidopsis Col-0 and the csla2,3,9 

mutant (Goubet et al., 2009; Liepman and Cavalier, 2012) were sown on vermiculite soil in 

round 8 cm pots and stratified for 2-3 days in the dark at 4 °C. After that, they were grown in a 

phytochamber with constant light of 100–120 μmol m2s1 22°C and 60% relative humidity. The 

stable transformation was done on inflorescences of plants that started to flower (2-4 weeks 

post sowing) and then grown to maturity (10-12 weeks total growth time). 

For root imaging via confocal microscopy, Arabidopsis seeds were transferred to 1.5 

mL Eppendorf tubes and sterilized. This was done by washing them with 500 µL 70% EtOH, 

0.5% Triton X-100 solution, followed by a wash with 500 µL absolute EtOH. During each wash, 

seeds were gently shaken for 10 min. After EtOH removal, seeds were dried on a heat block 

at 40 °C under sterile conditions for 20 min or until all EtOH was evaporated. Then, seeds were 

sown on 0.85% square agar plates containing 0.5 x MS adjusted to pH 5.7 with 10 M KOH 

(2.155 g Murashige Skoog (MS - Duchefa M0221.0050) + 0.25 g 2‐(N‐Morpholino) 

ethanesulfonic acid (MES - Sigma (M8250-100g) per liter). Then, plates were stratified for 3 

days prior to growth in plant growth chambers (PERCIVAL) at 21 °C, 100 μE m-2 s-1 light 

intensity, and 14 h light per day. Confocal imaging was then performed on 5-7 days old 

seedling roots. 

2.4.2 Modular Construct Assembly and Transformation in A. tumefaciens 

For expression in N. benthamiana and Arabidopsis, constructs were first cloned using 

the modular cloning system MoClo which allows the modular assembly of multigene constructs 

(Weber et al., 2011). For that, α-TpolCBM16-1-pmScarlet-I-pSmTq2, α-PaCBM35-pmScarlet-

I-pSmTq2, AtEXP10-TpolCBM16-1-pmScarlet-I-pSmTq2, AtEXP10-PaCBM35-pmScarlet-I-

pSmTq2, α-pmScarlet-I, and pmScarlet-I coding sequences were first amplified via Phusion 

PCR to introduce the FsB and FsC fusion sites and assemble them into the MoClo level 0 

vector pAGM4031 (example in Appendix 3). Phusion PCR was carried out with gene-specific 

primers that would introduce the FsB and FsC fusion sites (Appendix 1), a Thermo Scientific 

high fidelity Phusion DNA polymerase, and 20 fmol DNA in a total volume of 20 µL. Initial 

denaturation at 98 °C for 30 sec was followed by 6 cycles of annealing and extension for 10 
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sec at 98 °C and 1:50 min at 72 °C. Then, 30 more cycles of annealing and extension were 

performed this time for 30 sec and 1:30 min, respectively, before final extension at 72 °C for 5 

minutes and cooling to 12 °C. Subsequently, the PCR products were run on an agarose gel to 

recover the Phusion amplicons (0.7% agarose concentration, 50 min in 1xTAE, 100V). 

After cutting out the Phusion amplicons from the gel, they were cleaned using a 

Zymoclean Gel DNA Recovery Kit and eluted in 12 µL HyClone water. Then, amplicons were 

assembled into the MoClo level 0 vector pAGM4031 using 25 ng/µL DNA dilutions and 

following the procedure described in 2.1.1. After genotyping (for primers, see Appendix 2) and 

sequence verification via Sanger Sequencing, the pAGM4031 vectors containing the CBM or 

pmScarlet-I control genes were assembled with the pICH75055 backbone, the pICH51277 

vector that carried the constitutive p35S promoter and the pICH41432 vector containing the 

tOCS terminator (example in Appendix 3). 

The resulting Level 1 constructs were transiently expressed in N. benthamiana (see 

2.4.3). For stable expression in Arabidopsis (see 2.4.4), the pICH75055 vectors harbouring the 

CBM or pmScarlet-I control were assembled into the MoClo Level M vector pAGM8031 

together with an RFP selection marker cassette (pAGT56318) and the end linker vector 

pICH50881 (example in Appendix 3). Plasmids were transformed into E.coli to generate DNA 

before transformation in Agrobacterium tumefaciens (GV3101) for plant expression. 

Plasmids were transformed into A. tumefaciens calcium competent cells, which were 

prepared based on a previously described protocol (Berestovoy et al., 2018). Instead of 95 mL 

LsLB medium for culture growth, 50 mL were used, and the solutions to induce calcium 

competency were simplified to only 20 mM calcium chloride. Calcium-competent cells were 

used directly or frozen at -70 °C in 50 µL aliquots for long-term storage. 

For transformation, 200 ng of each plasmid DNA and 100 ng of the helper plasmid 

pSOUP (Hellens et al., 2000) were added to the competent cells, gently mixed, and put on ice 

for 15 min. Tubes were frozen in liquid N2 for 5 min, followed by a 5 min heat shock at 37 °C 

in a water bath. After returning to ice for 5 min, 1 mL LsLB was added, and the mixture was 

incubated by shaking at 30 °C for 4 h. The transformed cell mixtures were centrifuged for 5 

min at 2000 g, and the supernatant removed so that approximately 200 µL were left in the 

tubes. Cells were carefully resuspended, and 100 µL plated on LsLB plates with appropriate 

antibiotics. After growing for 3 days at 30 °C, selection marker-resistant colonies were selected 

for genotyping (vector- and/or gene-specific (Appendix 2)) and transformation into plants.  
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2.4.3 Transient Expression in N. benthamiana and Leaf Plasmolysis 

A. tumefaciens with GOIs were used as chassis to transiently express genes in 

N. benthamiana leaves using a previously established protocol (Grefen et al., 2010). After pre-

culture growth and mixing with the P19 viral suppressor, both adjusted to 0.7 OD600, 

N. benthamiana leaves of 5-6 weeks old plants were infiltrated with the A. tumefaciens mixture 

using 1 mL syringes. Each tested strain was infiltrated in at least three individual spots on 

different leaves from 3-4 different plants to ensure that observed fluorescence intensities and 

localizations were not caused by the specific leaf type or plant. After three days, leave discs of 

0.5 cm diameter were excised from transformed spots for confocal fluorescence imaging. 

To discern potential localization differences of the expressed genes, notably between 

the fluorescent proteins alone versus with the α signal peptide and between α and AtEXP10 in 

TpolCBM16-1 and PaCBM35, leaf discs were plasmolysed with 1 M NaCl solution. For that, 

leaf discs were immersed in 1 M NaCl in a 2 mL Eppendorf tube. Immersing was done by 

placing a 50 mL syringe on top of the tube so that no air could penetrate the tube. Then, the 

syringe was drawn up to create a vacuum in the tube. Once the syringe was released, the leaf 

discs got infiltrated with the salt solution. After plasmolysis, leaf discs were imaged directly via 

confocal microscopy with an LSM900, as described in 2.2.2, using a 20x objective. 

2.4.4 Stable Gene Expression in Arabidopsis 

For stable gene expression, Arabidopsis Col-0 and csla2,3,9 (Goubet et al., 2009; 

Liepman and Cavalier, 2012) were transformed using the floral dip transformation method, and 

A. tumefaciens strains carrying the genes of interest to generate generation T0. For that, A. 

tumefaciens strains were grown overnight at 28 °C in 20 mL YEP medium (5 g bactopeptone 

+ 5 g bacto yeast extract + 2.5 g NaCl in 50 mL water). Then, cultures were centrifuged for 15 

min at 2500 g before decanting the supernatant and resuspending the cells in 20 mL of a 5% 

sucrose and 0.05% Silwett L-77 solution. Inflorescences of Arabidopsis plants were dipped 

carefully into the transformation solution, then laid down and covered overnight. Finally, plants 

were uncovered the next day and grown to maturity.  

Once dry, seeds were harvested and selected based on the RFP signal emitted by 

successfully transformed seeds using a Leica M165 FC with a DsRED filter (excitation filter: 

545/30 nm (510–560 nm); barrier filter: 620/60 nm (590–650 nm). Per genotype, approximately 

40 seeds with RFP signal were selected and transferred to 1.5 mL Eppendorf tubes. Then, 

seeds were sterilized and grown on vertical agar plates (see 2.4.1) for 5 days prior to screening 

via confocal imaging as described in 2.2.2. using a 40x objective. For imaging, seedlings were 

mounted onto a 60 mm coverslip with 0.5 x MS medium, and covered with a 32 mm coverslip. 
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3 RESULTS 

3.1 CSLA Domain Swaps 

3.1.1 Engineering of Cellulose Synthase-Like Enzymes and Cell Walls 

Data from this chapter was published in Biotechnology for Biofuels (Robert et al., 2021) 

The first step to designing new chimeric proteins with the potential to modify 

(gluco)mannan production and quantity involved comparative analyses of the parental 

AtCSLA2 and AkCSLA3 sequences. Topology predictions were performed using TOPCONS 

(Tsirigos et al., 2015), which employs a range of algorithms to predict protein topologies. 

AtCSLA2 and AkCSLA3 exhibited highly similar topologies. Not only do they both possess five 

transmembrane domains, but they also share a cytosol-facing catalytic site. Furthermore, they 

share three regions with identical amino acid motifs. These shared regions were used as 

borders to divide each protein into four parts (Figure 6). The similarity between the four regions 

ranged from 38–73% amino acid similarity, with the highest similarity (73%) predicted for the 

conserved Pfam PF13641 GT2 domain, which transfers glycosyl residues. The topology 

predictions indicated that swapping domains between AtCSLA2 and AkCSLA3 could 

potentially result in alterations of the heteromannans produced. 

Domesticated AtCSLA2 and AkCSLA3 sequences were partitioned into the four 

designated parts to verify that hypothesis. Subsequently, the sections were seamlessly 

reassembled into single-domain swaps using the GoldenPiCs modular cloning toolkit 

(Prielhofer et al., 2017), creating eight new mutation-free combinations. Each of these new 

combinations was labelled based on the domains it consisted of. For instance, a chimeric 

AtCSLA2 protein in which the first domain had been replaced by the first domain of AkCSLA3 

was labelled as 3222 (Figure 6). Each construct was equipped with the strong methanol-

inducible promoter pAOX1 for optimal expression. Linearized constructs were then stably 

introduced into Pichia for stable expression prior to cell wall analysis. 

In an attempt to simplify the comparison of their products, AtCSLA2, AkCSLA3, and 

their respective chimeras, were C-terminally fused to a superfolder green fluorescent protein 

(sfGFP). However, while AkCSLA3 tolerated the fusion to sfGFP, AtCSLA2-sfGFP failed to 

produce elevated amounts of mannan (Robert et al., 2021). Therefore, the subsequent 

experiments were carried out with untagged parental and domain-swapped CSLAs. Cells were 

then grown according to a streamlined protocol using a growth medium based on yeast extract 

and peptone (YP) supplemented with at least one carbon source. After 48 h of growth, the 
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alkaline-insoluble residue from the cell walls of the engineered yeast strains was isolated, 

fractionated into monosaccharides, and analysed (Figure 7a). 

Both AtCSLA2 and AkCSLA3 were able to produce substantial amounts of alkaline-

insoluble mannose even when only methanol (M) was added to the growth medium. However, 

adding glycerol to the medium (YPM + G) resulted in a substantial biomass increase of 60% 

on average after 48 h of growth (Robert et al., 2021). Therefore, YPM + G was used for 

cultivation in the following experiments. Given that independent transformants of the same 

constructs yielded comparable heteromannan quantities (Robert et al., 2021), the focus was 

set on the top-producing colonies of the parental CSLAs and the chimeric proteins. 

 

Figure 6 Modular engineering of heteromannan biosynthesis. The topologies of AtCSLA2 and AkCSLA3 enzymes 
were visualized with TOPCONS 2.0. which shows transmembrane domains (pink boxes), and regions inside (red) 
the membrane (Golgi) and outside (blue) the membrane (cytosol). GT2 is the conserved Pfam PF13641 GT2 
domain. Dashed lines delineate the three regions with 100% amino acid identity that were selected as borders for 
single domain swapping of CSLAs. The DNA of the chimeric CSLAs was assembled using the GoldenPiCs cloning 
system. Then, chimeras were expressed in the methylotrophic yeast Pichia pastoris followed by cell wall analysis. 

Different effects on the amount of mannose produced could be observed depending on 

the swapped domains. When the first or the last domains of AtCSLA2 (3222, 2223) or the first, 

N-terminal domain, of AkCSLA3 (2333) were swapped, the mannose production was 

significantly reduced compared to the parental CSLAs (Figure 7b). These findings align with 

the reduced mannan production observed upon C- or N-terminal tagging with fluorescent 

proteins, suggesting that these domains play a crucial role in CSLA functionality. The levels of 

mannose observed in the 3233 and the 3323 constructs that contained the second or third 

domain of AtCSLA2 were higher than the negative Venus control, yet they did not reach the 

mannose levels observed in the parental CSLAs. Interestingly, despite most domain swaps 

reducing the heteromannan yield, three chimeras, namely 2322, 2232, and 3332, 



32 

 

outperformed the parental CSLAs. Remarkably, after digestion with endo-β-mannanase, the 

2232 chimera exhibited mannan quantities reaching 1 mg per well (2 mL) - a level that is 2.4 

times greater than that of AtCSLA2 and 1.6 times more than that of AkCSLA3 (Robert et al., 

2021). This is a strong indicator that domain swaps could be a promising approach to 

discovering new and more performant CSLA variants.  

To elucidate how the fine structures of (gluco)mannans produced by the chimeric 

CSLAs would compare to the parental structures, alkaline-insoluble polymers were subjected 

to derivatization to partially methylated alditol acetates (PMAAs) for linkage analysis using gas 

chromatography-mass spectrometry (GC-MS) (Pettolino et al., 2012). In the Venus negative 

control, most of the PMAAs (> 80%) could be attributed to native yeast polymers consisting of 

3- and 6-Glc (unbranched) and 2,3- and 3,6-Glc (singly branched). Also, only minor quantities 

of unbranched 4-Man were detected, underscoring the cleanliness of the Pichia background 

when it comes to the analysis of heterologously produced unbranched β-1,4-linked mannans. 

This is in line with previous findings where strains without plant (gluco)mannan production 

showed similar compositions (Voiniciuc et al., 2019). As expected, the parental CSLAs 

AtCSLA2 and AkCSLA3 showed elevated amounts of 4-Man, accounting for their ability to 

produce (gluco)mannan. In addition, 4,6-Man, an indicator of branched mannan, was found to 

be below 1%, suggesting that the produced (gluco)mannan was mostly unbranched (Robert 

et al., 2021).  

However, it remained to be elucidated how the degree of polymerisation (DP) of the 

(gluco)mannan produced by the chimeric enzymes would compare to the AtCSLA2 and 

AkCSLA3 parents as well as insoluble mannan extracted from the ivory nut. Given that the 

molecular weight of the produced (gluco)mannans can only be measured when they are 

fragmented (Voiniciuc et al., 2019), the polymer length was estimated from the ratio between 

the linkages attributable to heteromannan, i.e., 4-Man and 4,6-Man and terminal mannan 

located and the chain ends (t-Man). Compared to the Venus negative control (DP < 1), all 

expressed enzymes caused an increase in DP. However, only the top-performing swaps 2322, 

2232, and 3332 achieved DPs of 13-22, similar to the ones of the parental enzymes (Figure 

7c), accounting for the reduced ability of the other chimeric enzymes to synthesize long 

(gluco)mannan chains. Considering that ivory nut mannan is expected to have a DP of 15-20 

(Megazyme Knowledge Base, Product P-MANIV), the observed chain lengths for the top five 

(gluco)mannan were in a plausible range. 
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Figure 7 Abundance and composition of engineered Pichia cell wall polymers and influence of AtCSLA2 and 
AkCSLA3 domain swaps on (gluco)mannan linkages. (a) monosaccharide extraction and analysis from engineered 
yeast cell walls. Alkaline-insoluble residues (AKI) are hydrolysed into monosaccharides for analysis using sulfuric 
acid or TFA. (b) Glucose (Glc) and mannose (Man) abundance of parental AtCSLA2 and AkCSLA3 compared to 
chimeric enzymes and the negative Venus control (sulfuric acid hydrolysis of AKI). Cells grew in YPM + G (YP + 
0.5% glycerol + 1.5% methanol) for optimal biomass production. Dots show values of 2 biological replicates and 
letters denote significant differences between samples obtained using one-way ANOVA with Tukey test, P < 0.05. 
Note that in (b) all Glc levels were similar. (c) Ratio between total mannan (4-Man + 4,6-Man) and terminal-Man (t-
Man) in alkaline-insoluble polymers calculated following their derivatization to partially methylated alditol acetates. 
(d) relative amounts of 1,4-linked Glc compared to the total area of glycosidic linkages. Boxes show min to max 
range of 3 biological replicates with the inner horizontal line showing the median value. Letters denote between 
samples obtained using one-way ANOVA with Tukey test in with P < 0.001 in (a) and P < 0.05 in (b). 

Elevated amounts of 4-Glc above 4.5%, indicative of glucomannan presence (Pauly et 

al., 2019), were only found in AkCSLA3 and the 2232 and 3332 swaps (Figure 7d). Digestion 

of alkaline-insoluble residues confirmed the glucomannan production by AkCSLA3 and the 

3332 swap. In that context, no increased Glc was found for the 2232 swap indicating its 

incapability of β-1,4-glucomannan production in yeast (Figure 8). 
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3.1.2 Influence of High Yielding Chimeras on (Gluco)mannan Composition 

A more detailed structure and characteristics analysis was performed on the swaps 

2322, 2232, and 3332, as these yielded the highest amount of (gluco)mannan. Contrary to the 

observations made upon linkage analysis (Figure 7c and d), the digestion of alkaline-insoluble 

residues with endo-β-mannanase showed elevated Glc only for the AkCSLA3 parent and the 

3332 swap. This was in line with the results from linkage analysis on pooled samples that had 

been enriched for (gluco)mannan by Zymolyase 20T© to further minimize the yeast Glc 

background (Robert et al., 2021). The AtCSLA2 parent and the swaps 2322 and 2232 did not 

show such an increase in Glc but exhibited elevated amounts of Man (Figure 8b). 

To gain deeper insight into the Glc:Man ratio in the top-performing constructs compared to the 

parental CSLAs, oligosaccharide profiling was carried out on enriched samples partially 

digested with endo-β-1,4-mannanase via HPAEC-PAD (Figure 8c and d). As controls, 

commercial konjac glucomannan (KGM) and ivory nut mannan (INM) underwent the same 

treatment. As predicted in the literature (Verhertbruggen et al., 2021), KGM showed not only 

the small manno-oligosaccharides with a DP ≤ 4, which was also observed in INM but also 

displayed additional peaks indicative of oligosaccharides with a DP ≥ 6 (Figure 8a). The 

absence of additional peaks in the INM control was corroborated by the fact that they remained 

consistent even when a tenfold higher amount of INM was analysed (Robert et al., 2021). 

Quantifying the peak areas revealed that 48% of the total peak area in the KGM sample could 

be attributed to the glucomannan diagnostic peaks, whereas 99% of INM total peak area were 

attributable to the smaller mannan peaks (Figure 8d).  

The oligosaccharides derived from the parental CSLAs (AtCSLA2, AkCSLA3) 

respectively resembled the profiles of the INM and KGM standards (Figure 8c). With 4–7% of 

the total peak area, the glucomannan peaks detected for 2322 and 2232 did not significantly 

differ from the AtCSLA2 profile, consistent with the previous findings that swaps did not cause 

significant product alteration (Figure 8c and d). With 22–26% of the total peak area of AkCSLA3 

and 3332 being attributable to glucomannan oligosaccharides, these enzymes reached around 

50% of the KGM control. Consequently, the GT domain bearing regions 2 and 3 do not seem 

sufficient to alter the mannan composition produced by AtCSLA2. However, co-expression of 

the CSLAs with the MSR co-factor was able to boost (gluco)mannan production and increase 

glucose incorporation during synthesis (Robert et al., 2021), demonstrating that, although the 

CSLA swaps themselves were not able to alter the (gluco)mannan fine structure, it is possible 

to adjust these structures through the introduction of additional co-factors. 
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Figure 8 Fine-structure of (gluco)mannans produced by the top chimeric CSLAs. (a) Konjac glucomannan (KGM) 
and ivory nut mannan (INM) oligosaccharide profiling with glucomannan (GlcMan) diagnostic peaks marked by 
asterisks. (b) Carbohydrates released by digestion of alkaline-insoluble polymers with endo-β-1,4-mannanase. 
Solubilized carbohydrates were hydrolysed with TFA and analysed with HPEAC-PAD. Data show the mean + SD 
of 3 re-grown biological replicates of the top chimeric CSLAs based on results shown in Figure 7. (c) HPAEC-PAD 
oligosaccharide profiles of mannanase-treated samples quantified in (d). Peaks diagnostic for GlcMan are 
highlighted by asterisks. (c) Relative peak area of mannan (Man1-5) and glucomannan (GlcMan) oligosaccharides 
released from Pichia EM compared to INM and KGM standards. Data show the mean + SD of 2 measurements. In 
(b) and (d), letters denote significant differences between samples and were determined using one-way ANOVA 
with Tukey test, P < 0.05. 

3.1.3 Impact of CSLA Expression on Yeast Growth and Morphology 

A crucial aspect of heterologous polymer production is the influence of gene expression 

and/or product on the host organism. For instance, any potential toxicity to the host could 

reduce the overall product yield or even be lethal, thus completely abolishing production. 

Therefore, the effects of producing linear plant (gluco)mannan in Pichia on biomass and 

morphology were investigated. 

 As expected, the biomass production of strains carrying the engineered or native 

CSLAs did not experience changes when the genes were not expressed. Prolonged 

overexpression of the Venus control did not affect biomass. Conversely, overexpression of 
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AkCSLA3 in an inducible medium containing methanol (YPM and YPM + G) resulted in a 

significant reduction of biomass regardless of the utilized cloning system (data not shown) 

(Voiniciuc et al., 2019; Robert et al., 2021). Coupled with the fact that previous attempts to 

constitutively express AkCSLA3 in yeast failed (Prielhofer et al., 2017), these results imply that 

high levels of linear glucomannan might exert a toxic effect on the cells. 

To further investigate this phenomenon, the growth patterns of the top-performing 

chimeras 2322, 2232, and 3332 and the parental AtCSLA2 and AkCSLA3 were closely 

monitored over a 70 h period and compared to the Venus negative control (Figure 9a). The 

objective was to identify when the growth of AkCSLA3 would start to diverge from that of the 

Venus control and the other tested enzymes. The Venus fluorescence served as a control for 

gene expression (data not shown). The growth curves, obtained by measuring the optical 

density at 600 nm (OD600), revealed that AkCSLA3 started deviating from the other CSLAs 

and the Venus control after around 24 h. This deviation became more evident when the optical 

density of AkCSLA3 plateaued at about 70% of that of the other strains. This pattern remained 

consistent, even after prolonged expression for 60 h, as evidenced by the persistent 30% 

difference in optical density between AkCSLA3 and the Venus control. 

To investigate the cell morphology, they were stained Trypan Blue (TB), which labels 

β-glucans (Suzuki et al., 1997). While no obvious morphological differences were observed 

after 24 h of gene expression (Robert et al., 2021), notable differences emerged when cells 

were grown in YPM + G for 72 h. Despite TB not being able to penetrate the plasma membrane, 

it was taken up by most AkCSLA3-expressing cells in addition to cell wall labelling. On the 

other hand, only a few AtCSLA2 and Venus cells displayed internal TB labelling, while cells 

expressing the swapped enzyme versions 2322, 2232, and 3332 showed intermediate 

phenotypes (Figure 9b & (Robert et al., 2021)). Venus cells without fluorescence took up TB, 

which is associated with compromised cell wall integrity (Robert et al., 2021). 
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Figure 9 Influence of CSLA expression on Pichia growth and cell wall morphology. (a) Growth curve of CSLA parents 
and top swaps after transfer to YPM in a 48-well plate. Optical density (OD600) was monitored with a plate reader 
every 30 min for 70 h. Data show the mean ± SD of at least three biological replicates. Due to space limitations, 
error bars are only shown for Venus and AkCSLA3. However, the other data points had a coefficient of variance 
below 5% after 32 h. (b) Morphology of cells grown for 72 h in YPM + G. β-glucans were stained with Trypan Blue 
(TB). (c) β-mercaptoethanol and Zymolyase 20T© were applied to induce intentional cell wall damage, which causes 
TB uptake into spheroplasted cells. (d) Zymolyase and β-mercaptoethanol treatment successfully spheroplasted 
Venus cells based on Transmitted Light (TL) and yellow protein fluorescence (YFP) imaging. Spheroplasted 
AtCSLA2 and AkCSLA3 cells show high TB uptake (arrows) Scale bars = 5 µm in (b), 10 µm in (d). 
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To verify if TB uptake in AkCSLA3-expressing cells might indeed be related to cell wall 

damage caused by glucomannan production, cell wall integrity was intentionally damaged 

through partial digestions with Zymolyase 20T© and β-mercaptoethanol. It was hypothesized 

that partially spheroplasted cells would absorb TB in a manner similar to untreated AkCSLA3 

and Venus without yellow fluorescence (Figure 9c). Indeed, spheroplasting resulted in the loss 

of yellow fluorescence loss in the majority of Venus cells. In addition, it caused an increased 

TB uptake, a pattern also observed in AtCSLA2 (Figure 9d). The similarity between the 

observed TB uptake in untreated AkCSLA3 compared to AtCSLA2 and Venus suggests that 

prolonged AkCSLA3 overexpression may be damaging the cell wall integrity. Interestingly, the 

3332 swap showed lower TB uptake than AkCSLA3 while demonstrating only minor changes 

in the Glc:Man ratio (Figure 8, Figure 9d, Figure 10a and c), indicating that swapping CSLA 

domains could mitigate cell wall damage-related toxicity on the host organism while still 

producing considerable amounts of (gluco)mannan. 

Besides the cell wall integrity damage associated with extended AkCSLA3 

overexpression, it was found that, compared to the Venus control, AkCSLA3 expression 

caused a 12.9% cell area reduction. Interestingly, despite rescuing the TB uptake phenotype, 

the 3332 swap showed a similar size decrease. On the other hand, AtCSLA2 expression led 

to a 4.5% cell area increase compared to the Venus control. The 2322 and 2232 swaps, 

containing elements of both parental enzymes, showed intermediate cell sizes (Figure 10b). 

This could indicate that a single AkCSLA3 domain may be sufficient to influence cell size. 

The observed loss of cell wall integrity in AkCSLA3 could be a sign of cell death, 

potentially explaining why prolonged AkCSLA3 overexpression is toxic to the host cells. To 

explore this hypothesis, cell wall β-glucans were stained with Calcofluor White (CF). Propidium 

Iodide (PI) was used to stain dead cells, as this dye penetrates them and intercalates in the 

DNA, ultimately labelling their nuclei (Suzuki et al., 1997). 

A significant number of nuclei of AkCSLA3-expressing cells were indeed labelled with 

PI (Figure 10a), which was suggestive of cell death. The ratio between the total number of cells 

- determined by CF labelling - and the cells with PI-stained nuclei allowed to estimate cell 

viability for each strain. Notably, AtCSLA2, 2232, and the Venus control strains showed 27-

fold lower PI labelling frequency than AkCSLA3 (Figure 10c). Interestingly, 2322 and 3332 

showed intermediate viability phenotypes, indicating that the second AkCSLA3 domain might 

contribute to the toxicity exerted on the host. Importantly, the results show that replacing the 

last domain of AkCSLA3 with that of AtCSLA2 can reduce toxicity without significantly altering 

the resulting product. Supported by further staining experiments with Congo Red that showed 

consistent results (Robert et al., 2021), it could be concluded that high glucomannan levels are 

toxic to the yeast cells. 
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In contrast, mannan production driven by AtCSLA2 seems to be tolerated well and even 

leads to cell size increases. Interestingly, no such effects were observed when AkCSLA3-sYFP 

was transiently expressed in leaves of the model plant Nicotiana benthamiana (Robert et al., 

2021). This is plausible, given that Pichia cells contain many mannan precursors and thus 

allow much greater mannan accumulation than N. benthamiana, which is known to harbour 

only small mannan amounts (Le Mauff et al., 2017). 

Together, the results demonstrate the suitability of a CSLA domain swap approach for 

customizing heteromannan biosynthesis and promoting the understanding of how 

(gluco)mannan production can affect total biomass production and cell morphology. 

 

Figure 10 Toxic effects of AkCSLA3-driven glucomannan synthesis on Pichia cells. Cells were grown for 72 h in 
YPM + G. (a) Calcofluor White (CF) staining highlights the cells walls and Propidium Iodide (PI) marks dead cells. 
TL = transmitted light, Scale bar = 5 µm. (b) Cell areas (µm2) of Pichia cells expressing CSLA parents and top 
chimeric CSLAs. Violin plot shows size distribution of at least 1200 cells per genotype (combining four biological 
replicates). Yellow demarcates increased AtCSLA2 cell size and pink delineates AkCSLA3 and 3332 with reduced 
cell sizes. (c) Ratio between PI- and CF-stained cells. Cells were segmented using Yeastspotter and counted with 
ImageJ. Boxes show 25–75% quartiles, median value (inner horizontal line). Whiskers delineate min/max values. 
Pink box shows high toxicity of AkCSLA3, and yellow box shows reduced toxicity of 3332. In (b) and (c) letters 
denote significant differences between samples (one-way ANOVA with Tukey test (b) P < 0.001 and (c) P < 0.05). 
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3.2 Design CBM-Probes to Detect and Localize HM in vivo 

3.2.1 Optimization of Yeast Growth and CBM Expression 

3.2.1.1 Constitutive CBM Expression is Toxic to Yeast Cells 

Data from this chapter is unpublished and manuscript is currently under preparation. 

The design of a new CBM-based probe for in vivo HM detection required optimal growth 

conditions to achieve high heterologous CBM expression in Pichia without compromising 

biomass. Due to its ability to bind β-1,4-mannooligosaccharides, carob galactomannan and 

konjac glucomannan, TmCBM27 from the Thermotoga maritima Mannanase 5 (Man5) 

(Boraston et al., 2003), was selected as a promising candidate for the binding of heteromannan 

in vivo. To quickly determine its expression levels in Pichia and to enable microscopical 

visualization, it was tagged with the fluorescent protein mRuby2. Constitutive gene expression 

is generally the most straightforward approach. Therefore, it was tested how constitutive 

TmCBM27 expression using the pGAP promoter affected growth compared to the constitutive 

expression of mRuby2 alone. After 24 hours of growth in YP media with dextrose (YPD) or 

methanol (YPM), YPD resulted in higher biomass than YPM (Figure 11a), likely because Pichia 

prefers dextrose as a carbon source (Weinhandl et al., 2014; Ben Azoun and Kallel, 2017). 

mRuby2 expression was highest in YPD and significantly reduced in YPM (Figure 11b). 

TmCBM27-mRuby2 expression was almost undetectable and adversely affected biomass 

production, suggesting that constitutive TmCBM27 overexpression is likely toxic to yeast cells. 

To overcome the toxicity of TmCBM27 expression and reduce its negative effect on 

optical density, two strong, methanol-inducible promoters, namely pFDH1 and pAOX1 

(Prielhofer et al., 2017), were tested as to their effects on CBM expression and yeast biomass. 

Since the CBMs should be designed to secrete out of the cells by default and only stay in the 

cells when HMs are present, the effects of the secretion signal peptide α on expression and 

biomass were also investigated. After 24 h of growth in YPM, the TmCBM27 expressing strains 

showed a slight reduction in biomass compared to the fluorescent controls and AkCSLA3-

sfGFP (Figure 11c). Notably, the use of methanol-inducible promoters mimicked the behaviour 

of the constitutive promoter pGAP when grown in YPM. This indicates that it could be 

advantageous to combine the use of YPD and YPM. Using methanol-inducible promoters 

would allow to first grow cells in YPD for biomass production before adding methanol for gene 

expression, as shown earlier for other genotypes (section 3.1 and (Robert et al., 2021)). 

Despite the reduction of optical density in colonies expressing TmCBM27 with 

methanol-inducible promoters, it was found that the highest expression of mRuby2 alone could 
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be achieved with pFDH1 (Figure 11d). This suggests that it might be a good candidate for high 

CBM expression, especially since the TmCBM27 constructs with pAOX1 and pFDH1 showed 

higher mRuby2 signals than constitutively expressed TmCBM27. Co-expression of 

pGAP:mRuby2 and pFDH1:mRuby2 with AkCSLA3-sfGFP did not cause a reduction of 

AkCSLA3-sfGFP expression (Figure 11e). However, co-expression of AkCSLA3-sfGFP with 

both CBM constructs reduced the green fluorescence to the level of the non-green 

fluorescence expressing mRuby2 tagged constructs in X-33, suggesting that AkCSLA3-sfGFP 

expression might be impaired upon co-expression with this CBM when grown for 24 h in YPM. 

Since it is vital to achieve successful co-expression of AkCSLA3-sfGFP and CBM in order to 

develop the new CBM-based probes, further growth condition optimization is needed. 

 

Figure 11 Constitutive and methanol-inducible expression of TmCBM27 with and without co-expression with 
AkCSLA3. (a) and (b) show OD600 and red fluorescence (RFP) of constructs that were grown for 48 h in 2 mL YPD 
or YPM. Bars represent mean + SD of two biological replicates that were measured twice each. Letters denote 
significant differences (one-way ANOVA with Tukey test, P < 0.05). (c), (d), and (e) show OD600, RFP and green 
fluorescence (GFP) of TmCBM27 in wild-type (X-33) with constitutive promoter (pGAP) and α:TmCBM27 with 
methanol-inducible promoters (pFDH1, pAOX1) in AkCSLA3-sfGFP background. Except for pGAP-TmCBM27-PT-
mRuby2 (4 biological replicates), 2 biological replicates were grown for 24 h in 600 µL YPM. Error bars show 
standard deviation, letters denote significant differences (one-way ANOVA with Tukey test, P < 0.05). 
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3.2.1.2 Optimizing Culture Volume and Methanol Concentration 

The goal of using CBMs as probes for HM detection is to enable high throughput 

screening of its presence in multiple genotypes. To achieve this, a growth optimization test in 

96-well plates was conducted, allowing the screening of a large number of genotypes in one 

single batch. In this context, it was assessed how two different plate covers – a silicon mat and 

an enzyscreen metal cover – would influence growth and gene expression. After 24 h of growth 

in 300 µL YPM, some significant differences between OD600 values of different samples could 

be detected. However, in some cases, there was no significant difference between the optical 

density of the YPM medium control and the transgenic yeast strains tested (Figure 12a). This 

is consistent with the lack of significant GFP signal differences between sfGFP and no-GFP 

expressing strains and the YPM medium control (Figure 12b). Due to the suboptimal growth 

and gene expression in the 96-deep well enzyscreen plates, the following experiments were 

carried out in sterile 24- or 48-well plates. For proof-of-concept experiments conducted in this 

work, the 96-well plate format was not essential. However, optimizing growth in 96-well plates 

will be crucial to increase throughput once the CBM probe system is established.  

 

Figure 12 Optimization of growth format and methanol (MeOH) concentration in media for high CBM expression. 
OD600 and GFP expression (b) of colonies grown in a high throughput format in sterile 96-deepwell enzyscreen 
plates with two different plate covers (silicon mat and enzyscreen metal cover). Colonies grew in 300 µL YPM for 
24 h. Bars show mean + SD of 3 biological replicates. Letters denote significant differences determined via one-
way ANOVA with Tukey test, P < 0.05. (c) and (d): expression of sfGFP (GFP) (c) and mRuby2 (RFP) (d) tagged 
constructs of colonies grown with different MeOH concentrations. Colonies grew in 24-well enzyscreen plates in 
BMGY for 60h before the medium was changed to BMMY with final methanol concentrations of 0.5, 1, 2 and 3%. 
Graphs show results for one biological replicate. Error bars show standard deviation of plate reading. Abbreviations: 
mR2 = mRuby2, Ak3 = AkCSLA3. 
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To optimize gene expression further, the influence of four different methanol (MeOH) 

concentrations in the media (0.5, 1, 2, and 3%) on biomass production and gene expression 

was investigated. Biomass production remained unaffected by different MeOH concentrations 

(data not shown). GFP levels also remained similar across the varying MeOH concentrations 

(Figure 12c). On the other hand, increasing methanol concentrations caused expression 

reductions for mRuby2 alone and pAOX1-α-TmCBM27-PT-mRuby2 in the AkCSLA3-sfGFP 

background (Figure 12d). Based on these results, 0.5% final MeOH concentration was 

selected for the cultivation media to achieve optimal gene expression. 

3.2.1.3 Minimal Growth Media Enables High Gene Expression 

The toxicity associated with constitutive CBM expression in yeast cells and the 

limitations of generating sufficient biomass and expression rates in 96-well plates made further 

growth condition optimization necessary. The optimization involved increasing the culture 

volumes and well sizes wells for sample growth. To overcome the toxicity issue, two different 

media combinations, namely BMGY/BMMY and YPD/YPM, were tested with a final MeOH 

concentration of 0.5%, as these combinations had previously demonstrated the highest 

expression levels for mRuby2 tagged constructs (Figure 12). The objective was to generate a 

substantial amount of biomass using methanol-free media prior to transferring the cells to 

methanol-containing media for gene expression induction. 

The new growth conditions of 2 mL media in plastic culture tubes resulted in a 

considerable cell density increase, enabling the differentiation between genotypes. 

Constitutively expressing TmCBM27-mRuby2 in wild-type (X-33) reduced the optical cell 

density (OD600) significantly compared to the constitutive expression of mRuby2 alone. This 

observation aligns with the previous findings that constitutive CBM overexpression is toxic to 

yeast cells. This toxicity could be overcome by utilizing the methanol-inducible promoter 

pFDH1. When pFDH1 was employed, the cell densities of CBM-containing yeast cells were 

not significantly different from the ones achieved upon mRuby2 alone expression (Figure 13a). 

These results were consistent between YPD/YPM and BMGY/BMMY media. 

Considering that the future application of the new CBM-based probes involves their co-

expression with CSLAs to assess their functionality, the co-expression of AkCSLA3-sfGFP and 

α:TmCBM27-mRuby2 was also examined alongside the co-expression of mRuby2 and 

AkCSLA3-sfGFP. Except when AkCSLA3-sfGFP was co-expressed with α:TmCBM27-

mRuby2, all AkCSLA3-sfGFP containing yeast strains showed significantly higher GFP signal 

in YPD/YPM compared to BMGY/BMMY (Figure 13b). Although it can be argued that 

YPD/YPM is more advantageous for the expression of AkCSLA3-sfGFP compared to 

BMGY/BMMY, the expression disparity of the tested mRuby2 tagged constructs in the different 
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media was less pronounced. Like that, a 

higher expression of mRuby2 alone in 

YPD/YPM compared to BMGY/BMMY 

was only observed when expressed 

under the constitutive pGAP promoter in 

X-33. pGAP and pFDH1-driven mRuby2 

expression in the AkCSLA3-sfGFP 

background were similar in both tested 

media combinations. In the TmCBM27 

constructs, the expression of 

α:TmCBM27-mRuby2 in the AkCSLA3-

sfGFP background was significantly 

higher in YPD/YPM compared to 

BMGY/BMMY. However, the 

constitutive expression of TmCBM27-

Ruby2 in X-33 did not differ significantly 

between the two tested media 

combinations (Figure 13c). In addition to 

the higher expression levels observed in 

YPD/YPM compared to BMGY/BMMY, 

the expression rates of the mRuby2 

tagged constructs were more consistent 

when grown in YPD/YPM. Considering 

the lower complexity of YPD/YPM 

compared to BMGY/BMMY (Voiniciuc et 

al., 2019; Robert et al., 2021), YPD/YPM 

was selected as the foundation for 

further growth medium optimization. 

While the expression of the CBM 

and CSLA constructs tested could be 

optimized using the described growth 

conditions, one issue remains to be addressed. The α signal peptide is widely used and known 

to work relatively well in Pichia most of the time (Lin-Cereghino et al., 2013; Zou et al., 2022). 

Therefore, complete secretion of CBMs with an N-terminal α signal peptide when no 

heteromannans are available for binding is expected. Interestingly, the secretion of 

α:TmCBM27-mRuby2 secretion from the glucomannan-producing AkCSLA3-sfGFP was 

Figure 13 Effects of BMGY/BMMY and YPD/YPM media on 
cell density and gene expression of TmCBM27-mRuby2  
(tagging highlighted by red colour) and AkCSLA3-sfGFP. 
Cultures grew in 2 mL YPD or BMGY for 24 h, before transfer 
to 2 mL YPM or BMMY for another 24 h. (a) OD600, (b) GFP 
expression, (c) squares denote RFP expression and bars 
show% secretion based on corrected RFP. Bars show mean 
+ SD of 2 technical replicates and letters denote significant 
differences for OD600, GFP expression and RFP% secretion 
based on one-way ANOVA with Tukey test, P < 0.05. 
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minimal and significantly lower than the “secretion” of TmCBM27-mRuby2 without a signal 

peptide from the X-33. This provides an initial hint that α:TmCBM27-mRuby2 might be retained 

in the AkCSLA3-sfGFP- expressing cells due to heteromannan presence. 

3.2.1.4 Carbon Co-Feeding for Optimal Growth and Gene Expression 

To identify the ideal growth conditions for high biomass and efficient heterologous gene 

expression, various carbon sources were tested for biomass production prior to gene 

expression induction. Specifically, the effectiveness of co-feeding glycerol, glucose, or 

mannose with methanol in YP-based media was compared to feeding YPM only.  

pDAS2:α-mRuby2 both in wild-type (X-33) and in the AkCSLA3-sfGFP background 

were tested alongside with pPOR1-α:TmCBM27:PT-mRuby2 in wild-type (X-33) and pPOR1-

α:CjCBM35:L2-mRuby2 in the background of AtCSLA2. α:mRuby2 exhibited the highest 

growth rate when glycerol was used as a co-feeding carbon source, regardless of its 

expression background. Co-feeding of mannose and methanol significantly increased the 

optical density of both α-mRuby2 strains compared to growing the strains in YPM only. 

However, this increase was less pronounced than the biomass density increase in glycerol. 

For the CBM expressors, neither glycerol nor mannose caused significant changes in biomass. 

In contrast, all genotypes showed a significant biomass decrease when D-glucose 

(dextrose) was used as carbon source compared to YPM alone. This is intriguing, as growing 

cells in YPD (YP + dextrose) generally yields higher biomass than growth in YPM. The lower 

biomass observed when co-feeding YPM and Glc compared to YPM alone suggests an 

unfavourable interplay between Glc and methanol during co-feeding. In light of this experiment, 

YPM + G would be the best medium for biomass production (Figure 14a). The choice to utilize 

YPM + G for subsequent experiments was fortified by the finding that this medium yielded the 

highest GFP signal for α-mRuby2 in the AkCSLA3-sfGFP background (Figure 14b).  

Compared to OD600 and GFP, the RFP signal intensities exhibited more variation. 

While YPM only yielded the highest RFP signal for α: mRuby2 in wild-type (X-33), α:mRuby2 

in AkCSLA3-sfGFP displayed its highest RFP signal in the YPM + G medium. On the other 

hand, the CBM expressors achieved their highest RFP signals when cultivated in YPM + Glc 

(Figure 14c). One of the paramount characteristics of the newly designed CBM probes will be 

their secretion behaviour. Ideally, the CBM secretion should be reduced when the cells contain 

higher levels of heteromannan. Hence, it was crucial to find a growth medium that would yield 

consistent, background-independent secretion of the α:mRuby2 control. While both YPM + G 

and YPM + Man fulfilled that criterion (Figure 14c), including mannose in the medium could 

potentially have adverse effects on future carbohydrate analyses as it is a major component 

of the mannan and glucomannan produced by AtCSLA2 and AkCSLA3-sfGFP. 
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Figure 14 Influence of different carbon sources on growth, expression and CBM secretion. Colonies grew for 24 
hours in 600 µL YPM (YP + 1.5% methanol), YPM + G (YP + 0.5% glycerol (Gly) + 1.5% methanol), YPM + Glc 
(YP + 0.5% glucose + 1.5% methanol) and YPM + Man (YP + 0.5% mannose + 1.5% methanol). (a) OD600, (b) 
GFP expression, (c) RFP expression (squares) and secretion (bars). Bars and error bars depict mean + SD of 3 
biological replicates. Letters denote significant differences between OD600, GFP expression and RFP secretion 
calculated using one-way ANOVA with Tukey test, P < 0.05. X-axis labelling from top to bottom: co-feeding carbon 
sources, expression background, construct. Abbreviations: Ak3 = AkCSLA3, mR2 = mRuby2, red colouring of CBMs 
symbolizes that they are C-terminally tagged with mRuby2. 

Consequently, YPM + G represented the ideal balance between high biomass 

production and consistent gene expression and secretion of α:mRuby2. Furthermore, the CBM 

strains exhibited comparable biomass and expression levels, which would facilitate 

comparisons regarding the quantity of CBMs they secrete. Hence, the co-feeding of methanol 

and glycerol in the YP-based medium, termed YPM + G in the following, was 

chosen for subsequent experiments. In addition to being a simpler medium than BMGY/BMMY 

and the fact that YP-based media generally show higher expression levels than BMGY/BMMY 

(Figure 13 b and c), the co-feeding of glycerol and methanol eliminates the need for manual 

culture transfer from the biomass production medium to the gene expression induction 

medium, considerably simplifying cultivation workflow and increasing the possible throughput. 
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In addition to media optimization, different culture volumes were tested for their impact 

on CBM expression (results not shown). In summary, the optimized growth conditions were 

set to 300-600 µL YPM + G in sterile 24- or 48-well plates at 30 °C and 250 rpm for 48-72 h.  

3.2.2 Recombination of CBMs with Fluorescent Proteins for HM Detection 

3.2.2.1 CBM Secretion Decreases upon Heteromannan Presence 

For the CBM probe design, two new CBM candidates, in addition to TmCBM27 

(Boraston et al., 2003), were selected due to their abilities to bind (hetero)mannan 

components. TpolCBM16-1 from the Caldanaerobius polysaccharolyticus β-mannanase 5A 

(Man5A) was shown to bind mannopentaose and cellopentaose (Bae et al., 2008; Su et al., 

2010) and PaCBM35 from the Podospora anserina endo-β-1,4-mannanase26A (GH26) binds 

β-1,4-mannan and with a lower affinity also xylan (Couturier et al., 2011; Couturier et al., 2013). 

The candidate CBMs were recombined with an N-terminal α signal peptide for secretion 

(Lin-Cereghino et al., 2013; Zou et al., 2022) to examine their responsiveness to HM presence. 

The hypothesis proposed that CBMs fused with the α secretion peptide would secrete from 

Pichia cells by default and remain within the cells upon heteromannan binding (Figure 15). 

This would enable the detection of heteromannan presence based on the presence or absence 

of CBMs within the Pichia cells. To facilitate the assessment of CBM presence within the cells, 

the candidate CBMs were C-terminally tagged with mRuby2 prior to expression. As proof of 

concept for the heteromannan presence-dependent secretion, TmCBM27, TpolCBM16-1, and 

PaCBM35 were individually expressed in three distinct Pichia backgrounds, namely X-33 

wild-type and mannan (AtCSLA2) and glucomannan producing (AkCSLA3-sfGFP). For CBM 

expression, the methanol-inducible pFDH1 was selected, as it demonstrated similar 

expression rates across various colonies in preliminary experiments. 

 

Figure 15 Working principle of the new CBM-probes. mRuby2-tagged CBMs equipped with a signal peptide for 
secretion are expressed in yeast. When expressed in wild-type (WT), CBMs secrete out of the cells. When 
expressed in a heteromannan producing background, CBMs bind to the middle of mannan oligosaccharide chains, 
which causes them to be retained in the cells. So, CBM fluorescence in the cells is an indicator for HM presence. 
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After elevated GFP levels for AkCSLA3-sfGFP confirmed CSLA expression and 

elevated RFP levels confirmed CBM expression, the correlation between CBM secretion and 

heteromannan presence was examined (Figure 16a and b). Although the α:mRuby2 expressed 

similarly in all three tested backgrounds, its secretion was lower than expected. Since 

α:mRuby2 lacks a CBM, its secretion should have reached 100% but remained below 50% 

(Figure 16b). One possible explanation could be an interference of α:mRuby2 with the yeast’s 

secretory system due to very high expression. Conversely, the secretion was similar across all 

three backgrounds, indicating its independence from heteromannan presence. 

In X-33, all three tested CBMs expressed similarly. However, only TpolCBM16-1 and 

PaCBM35 showed significant secretion, while TmCBM27 secreted poorly. The expression of 

the tested CBMs was generally lower than that of the α:mRuby2 control, except for TmCBM27 

in the AtCSLA2 background, which was the highest expressor (Figure 16b). Regarding 

background-dependent secretion, TmCBM27 behaved similarly to α:mRuby2. Its secretion 

rates were low across all three tested Pichia backgrounds and showed no significant 

differences despite the detection of significantly elevated relative mannan amounts in the 

AtCSLA2 and AkCSLA3-sfGFP background (Figure 16d). Notably, the total amount of sugar 

detected in TmCBM27 expressing genotypes was similar to the levels detected in the other 

CBM/background combinations (Figure 16c). Together, the results obtained for TmCBM27 

suggest that it might not secrete in dependence of the amount of heteromannan present in the 

cells and is therefore not suitable as a probe for heteromannan presence. 

In contrast, TpolCBM16-1 and PaCBM35 exhibited highly promising outcomes. Both 

CBMs secreted approximately 80% from X-33, indicating nearly complete secretion in the 

absence of heteromannan availability for CBM binding. Interestingly, when expressed in the 

mannan-producing AtCSLA2 or the glucomannan-producing AkCSLA3-sfGFP background, 

TpolCBM16-1 and PaCBM35 displayed significantly reduced secretion. Excitingly, the 

secretion of both CBMs was significantly lower in the AkCSLA3-sfGFP background compared 

to the AtCSLA2 background. These findings are particularly interesting as they suggest that in 

addition to the sheer presence of heteromannan, the type or quantity of HM might influence 

the secretion rate of the CBMs (Figure 16b). 
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Figure 16 Correlation between CBM secretion and HM presence. Colonies were grown in sterile 48-well plates for 
72 h, in 300 µL YPM + G and NTC (100 ng/µL). mRuby2 control and CBM were expressed in X-33 wild-type, 
AtCSLA2 (mannan) and AkCSLA3-sfGFP (glucomannan) backgrounds under the control of the pDFH1 promoter. 
(a) GFP expression, (b) corrected RFP expression (squares) and secretion (bars) (c) total µg sugar/mL culture (no 
significant differences) (d) relative amounts of glucose (Glc) and mannose (Man). Bars and squares represent mean 
+ SD of 3 biological replicates except for α:mRuby2 in AtCSLA2 and AkCSLA3-sfGFP, and α:TmCBM27 in X-33 (2 
biol. Replicates) and α:mRuby2 in X-33 (1 replicate). mRuby2 tagging is highlighted through red colouring of the 
respective CBMs. Significant differences are denoted by letters (a) or asterisks (b) and (d) (significant differences 
between secretion rates) calculated with one-way ANOVA with Tukey test, P < 0.05. 
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To further investigate that matter and confirm the production of heteromannan in the 

strains where the CBMs secreted less, an AKI fraction was prepared from these cultures and 

subjected to 4% sulfuric acid hydrolysis for monosaccharide analysis using IC. While the total 

sugar content was comparable across all genotypes, cells expressing AtCSLA2 and 

AkCSLA3-sfGFP exhibited significantly elevated relative amounts of mannose compared to X-

33. However, no significant difference between the relative amounts of mannose was detected 

between AtCSLA2 and AkCSLA3-sfGFP (Figure 16d and e). This suggests that the reduced 

secretion of TpolCBM16-1 and PaCBM35 from AkCSLA3-sfGFP compared to AtCSLA2 might 

not solely be rooted in the absolute amounts of mannose present but rather the specific type 

of heteromannan. Another possibility could be that the total amount of glucomannan produced 

by AkCSLA3-sfGFP is only partly reflected in the elevated mannose, as it also incorporates 

glucose. This was previously shown through linkage and oligosaccharide analyses of this 

genotype (Figure 7c and d). Therefore, both hypotheses are plausible. 

Furthermore, the monosaccharide analysis revealed that co-expressing CBMs and 

CSLAs did not impact heteromannan production. This is crucial as a probe should ideally not 

interfere with the system it is probing. Based on their background-dependent secretion, both 

TpolCBM16-1 and PaCBM35 were selected as candidates for subsequent experiments. 

3.2.2.2 CBM-Probe Behaviour is Unaffected by Transformation Method 

Utilizing the new CBM-based probes serves two main objectives: the visualization of 

native heteromannan distribution in living organisms and the detection of new functional CSLA 

variants with potentially higher yields. By enabling the visualization of (gluco)mannan produced 

in yeast and, more importantly, in plants, the new probes will offer valuable insights into the in 

vivo distribution of native heteromannan. These insights could significantly contribute to our 

understanding of how changes in heteromannan type and quantity influence its localization 

and how these changes may affect the plant phenotype. 

On the other hand, the new CBM probes offer a powerful tool for high-throughput 

detection of novel functional CSLA variants. This could, for instance, be achieved by 

introducing various mutated CSLAs into a CBM-expressing background. In this case, the 

presence or absence of CBM fluorescence would directly correlate with the presence or 

absence of heteromannan, enabling the rapid selection of functional variants. These selected 

functional variants could then be analysed to identify the specific mutations influencing the type 

and quantity of heteromannan made. 

Hence, it is crucial to ensure consistent CBM secretion behaviour regardless of whether 

(a) they are expressed in a (gluco)mannan producer or (b) a (gluco)mannan-producing protein 

is expressed in a CBM background. To address this question, the expression and secretion of 
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PaCBM35 were examined for cases (a) and (b). The fluorescence measurements of the culture 

and supernatant revealed significantly reduced secretion rates for both tested genotypes 

compared to the α:PaCBM35:mRuby2 only control. In addition, the secretion rates of both 

genotypes were similar, indicating that the 

transformation method transformation does not 

significantly affect the CBM-probe functionality 

(Figure 17b). 

Further, AkCSLA3-sfGFP showed 

similar expression levels both with and without 

α:PaCBM35:mRuby2, supporting the previous 

finding that co-expressing AkCSLA3-sfGFP 

with a CBM does not affect its expression rate 

(Figure 17a). It is noteworthy that when co-

expressed with AkCSLA3-sfGFP, 

α:PaCBM35:mRuby2 showed considerably 

higher fluorescence levels than when 

expressed alone. While that could be an 

indicator that co-expression with CSLAs might 

boost CBM expression, it is more likely, that in 

the tested CSLA/CBM co-expressing colonies, 

the expression was exceptionally high. In fact, 

α:PaCBM35:mRuby2 showed similar 

expression levels compared to mRuby2 alone 

and TmCBM27 (data not shown), confirming that its expression levels were not particularly 

low. Despite the high difference in expression levels, the experiment demonstrates the 

suitability of the new CBM probes to detect native (gluco)mannan in vivo and identify new 

CSLA variants in yeast. 

3.2.2.3 CBM-Probes Co-Localize with CSLAs in Yeast 

Using fluorescence measurements of whole cultures and supernatant in combination 

with monosaccharide analysis enabled the identification of the top two CBM candidates, 

TpolCBM16-1 and PaCBM35, for convenient detection of heteromannan in Pichia. In addition 

to the detecting heteromannans, the new CBM-based probes should enable the visualization 

of heteromannans in vivo. As proof of concept for the CBM-mediated visualization of 

heteromannan in vivo, α:TpolCBM16-1:mRuby2 and α:PaCBM35:mRuby2 in X-33, AtCSLA2, 

and AkCSLA3-sfGFP were re-grown for microscopy analysis.  

Figure 17 Influence of transformation direction on 
CBM secretion. Colonies grew in sterile 24 well 
plates    in 600 µL YPM+G for 72 h. Bars and squares 
represent mean + SD of 2 biological replicates. 
Letters denote significant differences (one way 
ANOVA with Tukey’s pairwise (p=0,05)). 
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Although the growth conditions slightly differed from those utilized for the colonies 

shown in Figure 16, the results remained consistent. Notably, only α:TpolCBM16-1:mRuby2 

exhibited a minor deviation, as no significant difference between the secretion from the 

AtCSLA2 and AkCSLA3-sfGFP backgrounds was observed in this experiment (Figure 18). 

However, the secretion from the (gluco)mannan-producing backgrounds was significantly 

lower than that from the X-33 wild-type, which aligns with previous results (Figure 16). 

 

Figure 18 Expression and secretion of CBMs grown for microscopic localization analysis. Cells grew in 600 µL YPM 
+ G in sterile 24-well plates for 48 h. All tested colonies expressed the mRuby2 control and the CBMs under control 
of the pFDH1 promoter and were equipped with the α secretion peptide. The mRuby2 control and the CBMs were 
expressed in X-33 (wild-type), AtCSLA2 (mannan) and AkCSLA3-sfGFP (glucomannan) backgrounds. Bars 
(corrected secretion) and squares (corrected expression) represent mean + SD of 3 biological replicates. Note: 
most SD of expression are very low and therefore not visible. mRuby2 tagging is highlighted through red colouring 
of the respective CBMs. One-way ANOVA with Tukey test, P < 0.05 was used to calculate significant differences. 

To investigate the subcellular localization of the CBMs, cells were counterstained with 

CF to image the cell walls and subsequently imaged via confocal microscopy using a Zeiss 

LSM900 (Figure 19). As anticipated, no red fluorescence signals were observed in X-33, and 

the AtCSLA2 and AkCSLA3-sfGFP expressors. In the case of AkCSLA3-sfGFP, its punctate 

localization throughout the cells was consistently observed, regardless of whether it was 

expressed alone or in combination with the α:mRuby2 control or the CBMs (Figure 19). This 

implies that the expression of additional constructs did not impede the intracellular distribution 

of AkCSLA3-sfGFP, which is essential to ensure that the new CBM-based probes do not 

perturb the studied system. The consistent α:mRuby2 signal observed in all three tested Pichia 

backgrounds agrees with the fluorescence measurements. It underscores the finding that even 

if the secretion of α:mRuby2 is much lower than expected, it is not influenced by the presence 

or absence of (gluco)mannan (Figure 19). However, the lack of α:mRuby2 secretion requires 

further optimization, such as exploring alternative fluorescent protein tags. The observed 

difficulties of α:mRuby2 to secrete could potentially be attributed to its high expression levels, 

which may negatively affect the Pichia secretory system. In fact, the expression levels of 
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α:mRuby2 are considerably higher than those of the tested CBMs, except in the AkCSLA3-

sfGFP background. In the case of α:mRuby2 in AkCSLA3-sfGFP, the co-expression of both 

genes may reduce the expression of α:mRuby2. However, this particular type of co-expression 

might still be sufficient to impair the yeasts’ secretory system, resulting in low α:mRuby2 

secretion. 

In contrast, the CBMs (α:TpolCBM16-1 and α:PaCBM35) efficiently secreted from the 

X-33 wild-type background, as evidenced by the absence of mRuby2 signal in these particular 

strains (Figure 19). When expressed in the AtCSLA2 or AkCSLA3-sfGFP backgrounds, 

α:TpolCBM16-1 and α:PaCBM35 were retained in the cells as expected (Figure 19). However, 

contrary to the expectation that the CBMs would localize to the cell walls where the 

(gluco)mannan was expected, they co-localized with the AkCSLA3-sfGFP in the cells and 

displayed punctate structures in the AtCSLA2 backgrounds. These observations suggest that 

the (gluco)mannan produced by AtCSLA2 and AkCSLA3-sfGFP might not primarily localize to 

the cell walls but rather remain in close proximity in the CSLAs. Alternatively, the CSLAs may 

interfere with the Golgi apparatus, potentially preventing CBM secretion. To verify the presence 

or absence of (gluco)mannan in the cell walls, heteromannans were immunolabelled on fixed 

and non-fixed cells in a later experiment (see: chapter 3.2.2.5). 
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Figure 19 Localization of CBMs in different Pichia backgrounds. Colonies were grown and analysed as described 
in Figure 18. For microscopy, 10 µL of undiluted culture were mixed with 10 µL of 0.001% Calcofluor White (CF) 
and immediately with a Zeiss LSM900. Panels from top left to bottom right: X-33, AtCSLA2 and AkCSLA3-sfGFP 
alone, α:mRuby2, α:TpolCBM16-1 and PaCBM35 expressed in three different yeast backgrounds. TL = transmitted 
light; merged = merged images of all fluorescence channels. 
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3.2.2.4 Influence of CSLA Expression on Yeast Golgi Morphology 

One possible reason for the co-localization of CBMs and CSLAs could stem from the 

potential damage that CSLA overexpression may inflict on the Golgi apparatus. As membrane-

bound proteins, CSLAs anchor themselves to the membranes of the Golgi apparatus (Voiniciuc 

et al., 2019). Their overexpression could potentially impair the Golgi apparatus’s secretory 

function, leading to CBM retention in the Golgi apparatus and their co-localization with the 

CSLAs. To scrutinize this hypothesis, the Golgi morphology of AkCSLA3-sfGFP-expressing 

yeast was examined by co-expressing it with the constitutively expressed Golgi-localized 

protein ScGOS1 (McNew et al., 2000) that was fused to mRuby2 for in vivo visualization. 

Following this, the colonies were subjected to various chemical treatments. After 24 h of 

cultivation in YPD for ScGOS1-mRuby2 expression, the cultures were transferred to YPM 

medium to additionally express AkCSLA3-sfGFP. The YPM medium was supplemented with 

one of the following chemicals: DMSO + water, Zymolyase 20 T©, Anidulafungin, Brefeldin A. 

The individual effects and concentrations of each chemical in the growth medium are 

delineated in Table 3. 

Table 3 Effects and concentrations of chemicals used for morphology analysis of Golgi-apparatus. 

CHEMICAL ACTIVITY SOLVED IN µg/mL REFERENCE 

WATER Control for effect of DMSO alone DMSO 8 -- 

ZYMOLYASE 20T© fungal β-1,3-glucan hydrolysis Water 2000 (Lacapere, 2017) 

ANIDULAFUNGIN β-1,3-glucan synthase inhibitor DMSO 8 
(Murdoch and Plosker, 
2004; Kuti and Kuti, 2010) 

BREFELDIN A BFA, Golgi inhibitor DMSO 8 (Fujiwara et al., 1988) 

Previous research demonstrated that the overexpression of AkCSLA3-sfGFP elicits a 

toxic response in cells, evidenced by a reduced optical density compared to WT (Chapter 3.1 

& (Robert et al., 2021)). The significantly reduced optical density of AkCSLA3-sfGFP with or 

without the co-expression with ScGOS1-mRuby2 compared to empty vector and ScGOS1-

mRuby2 expression is consistent with these previous results. It is also noteworthy that the 

treatment with only DMSO + water caused a mild OD600 reduction of empty vector and 

ScGOS1-mRuby2 compared to YPD pre-culture. However, this minor optical density reduction 

might also be attributed to the media change, as direct growth in methanol poses a higher 

burden on yeast growth compared to dextrose (Jordà et al., 2013). The strongest impacts on 

growth were discerned when the cultures were treated with Zymolyase 20T© or Anidulafungin, 

where the OD600 did not significantly differ from the medium control (Figure 20a). 

Given that both Zymolyase 20T© and Anidulafungin intrude upon the integrity of the cell 

wall, it could be speculated that the cells may either undergo cell death or encounter difficulties 
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in executing efficient division (Murdoch and Plosker, 2004; Kuti and Kuti, 2010; Lacapere, 

2017). Conversely, the treatment with the Golgi inhibitor caused a much less pronounced effect 

on cell density. This suggests that the cell wall may assume a more critical role than the Golgi 

apparatus in the context of cell growth and division. 

To account for the substantial optical density variations and allowing to draw reliable 

conclusions regarding the expression of ScGOS1-mRuby2 and AkCSLA3-sfGFP per cell, the 

measured GFP and RFP values were normalized to the optical densities of the cultures 

according to the formula below.  

𝐹𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒 𝑆𝑖𝑔𝑛𝑎𝑙

𝑂𝑝𝑡𝑖𝑐𝑎𝑙 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 (𝑂𝐷600)
= 𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝐹𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒 

Except for Anidulafungin-treated cells, where AkCSLA3-sfGFP was almost completely 

abolished, which is evidenced by the lack of significant sfGFP signal compared to the empty 

vector control (Figure 20b), the expression of AkCSLA3-sfGFP was not affected. A possible 

hypothesis for that observation might be that Anidulafungin may not only impede the function 

of fungal β-1,3-glucan synthases but could potentially also interfere with the β-1,4-

glucomannan synthase AkCSLA3, considering that both enzymes belong to the same clade of 

synthetic enzymes (Oehme et al., 2019). 

Consistent with prior unpublished findings by Annika Grieß-Osowski, the expression of 

constitutively expressed ScGOS1-mRuby2 significantly dropped after cell transfer from YPD 

to YPM medium, indicating that YPM is not an optimal medium for the constitutive expression 

of this Golgi marker. While ScGOS1-mRuby2 alone showed no RFP signal significantly higher 

than the medium control, all treatments consistently showed a slightly but significantly higher 

RFP level compared to the YPM medium control when AkCSLA3-sfGFP was co-expressed 

with ScGOS1-mRuby2 (Figure 20c). This aligns with the ScGOS1-mRuby2 signal in the YPD 

pre-culture that was higher upon co-expression with AkCSLA3-sfGFP.  

To elucidate the potential effects of the chemical treatments on the amounts of mannan 

present in the cells, the AKI of the cultures was prepared and subjected to 2 M TFA hydrolysis. 

As expected, the cultures with lower optical densities presented significantly diminished 

glucose and mannose levels compared to those with higher cell densities (Figure 21a). When 

treated with Brefeldin A, the levels of glucose and mannose in AkCSLA3-sfGFP and AkCSLA3-

sfGFP/ScGOS1-mRuby2 resembled the ones detected in cells that had been treated with the 

DMSO + water control. This indicates that either the Brefeldin A-mediated Golgi inhibition might 

not affect AkCSLA3-sfGFP expression and glucomannan production or that the Brefeldin A 

treatment may have been unsuccessful. Conversely, the reduced optical densities of Brefeldin 

A-treated cultures (Figure 20a) suggest that this chemical exerts an effect regarding cell growth 

and/or proliferation. Of all treatments, only Anidulafungin resulted in a relative reduction of the 
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Glc:Man ratio, indicating a decrease in AkCSLA3-sfGFP activity (Figure 21b). This finding 

aligns with the hypothesis that due to structural similarities between AkCSLA3 and fungal β-

1,3-glucan synthases, AkCSLA3 may be susceptible to the inhibitory action of Anidulafungin, 

akin to that exerted on β-1,3-glucan synthases. The absence of a significant AkCSLA3-sfGFP 

signal increase in Anidulafungin-treated cells reinforces that conclusion and points to a 

potential off-target effect of Anidulafungin. 

The results suggest a pivotal role of cell walls in Pichia cell growth and division. In 

contrast, the disruption of the Golgi apparatus appeared to have a less drastic effect on cellular 

density and heteromannan content. 

 

Figure 20 Effects of different chemical treatments on cell density, GFP and RFP signal of AkCSLA3 and ScGOS1. 
Pre-cultures (1 biological replicate) grew in 2 mL YPD in sterile glass tubes for 24 h and OD600 and fluorescence 
of small aliquots were measured using a Tecan M1000 and then inoculated in triplicates in 300 µL YPM with 
appropriate concentrations of DMSO + water, Zymolyase 20 T©, Anidulafungin and Brefeldin A (Table 3) for another 
24 h in a sterile 48-well plate. Then, fluorescence and OD600 were measured with a Tecan M1000. (a): cell density 
(OD600). (b): GFP signal normalized to OD600. (c): RFP signal normalized to OD600 Error bars show mean + SD 
of 3 biological replicates. Letters denote significant differences (one-way Anova with Tukey’s pairwise (p=0.05)). 
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To decipher how the chemical treatments would influence protein localization in the 

cells, treated cells that had grown in YPM with chemical were counterstained with 0.01% CF 

to visualize native yeast cell wall polysaccharides and then imaged via confocal microscopy 

with a Zeiss LSM900 (Figure 22).  

After 24 h of growth in YPD, the Golgi marker ScGOS1-mRuby2 localized in small 

punctate throughout the cells, as expected. Following growth in YPM supplemented with 

DMSO + water for another 24 h, the ScGOS1-mRuby2 strongly diminished. The red signal 

observed in AkCSLA3-sfGFP and AkCSLA3-sfGFP/ScGOS1-samples can be attributed to an 

artefact, potentially caused by the intense CF in the respective cells. Nevertheless, in the 

AkCSLA3-sfGFP/ScGOS1-Ruby cells, a few ScGOS1-mRuby2 punctate co-localized with 

AkCSLA3-sfGFP. As a matter of fact, the punctate localization pattern of AkCSLA3-sfGFP, 

both when expressed alone or with ScGOS1-mRuby2, remained unaffected when the cells 

were grown in YPM with DMSO + water. This supports the assumption that the observations 

made with Anidulafungin and Brefeldin A treatment were not influenced by the fact that they 

were solved in DMSO. 

 

Figure 21 Effects of different chemical treatments on monosaccharide composition of AkCSLA3 and ScGOS1. AKI 
of colonies shown in Figure 20 was hydrolysed with 2 M TFA, to quantify mannose and glucose contents. (a) µg 
sugar / 50 µL AKI. (b): relative sugar composition (%). Error bars show mean + SD of 3 biological replicates. Letters 
denote significant differences obtained by one-way Anova with Tukey’s pairwise (p=0.05). 
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While Zymolyase 20T© or Anidulafungin had comparable effects on the cell density, 

fluorescence, and absolute heteromannan content, their impact on cell morphology varied 

considerably. Like that, cells treated with Zymolyase 20T© that expressed the empty vector 

control closely resembled the wild-type morphology, which aligns with their ability to reach 

higher optical densities compared to the cells expressing ScGOS1-mRuby2 and/or AkCSLA3-

sfGFP (Figure 20a). These latter cells all displayed substantial cell wall impairment, reflected 

by the lack of CF staining in cells with damaged walls. Only cells with intact cell walls exhibited 

CF cell wall labelling. In agreement with the plate reading measurements, ScGOS1-mRuby2 

could not be detected via microscopy (Figure 20c), while AkCSLA3-sfGFP could still be 

identified. Interestingly, AkCSLA3-sfGFP maintained its punctate localization pattern, 

suggesting that the cell wall damage did not affect the Golgi morphology. This indicates that 

the degradation of β-1,3-glucans by Zymolyase 20T© does neither affect AkCSLA3-sfGFP 

localization nor functionality, which is supported by the relative monosaccharide compositions 

of AkCSLA3-sfGFP and AkCSLA3-sfGFP/ScGOS1-mRuby2 (Figure 21b).  

Although both Zymolyase 20T© and Anidulafungin exert similar ultimate impacts on 

Pichia cell walls, namely a reduction of β-1,3-glucans, their different modes of action result in 

markedly different effects on cell walls. Zymolyase 20T© hydrolyses β-1,3-glucans after their 

production and cell wall incorporation, whereas Anidulafungin inhibits β-1,3-glucan synthesis, 

preventing polysaccharide formation and incorporation into the cell wall. Interestingly, the lack 

of β-1,3-glucans induced by Anidulafungin gave rise to cells that were 2-3 times larger than 

wild-type, which exhibited intense cell wall CF labelling that caused “bleeding” into the red 

imaging channel. This could indicate that β-1,3-glucans may be essential for proper cell 

division. While no AkCSLA3-sfGFP signal was observed in the cells expressing co-expressing 

AkCSLA3-sfGFP and ScGOS1-mRuby2, the signal from AkCSLA3-sfGFP expressed alone 

was noticeably mislocalized to the cytosol. This observation suggests that the reduced relative 

mannose content shown in Figure 21b might be attributed to impaired anchoring of AkCSLA3-

sfGFP to the Golgi, which could, in turn, prevent it from functioning correctly. 

Compared to Zymolyase 20T© and Anidulafungin, the impact of Brefeldin A on growth, 

fluorescence, and monosaccharide content was less pronounced, complicating the evaluation 

of its effectiveness (Figure 20, Figure 21). Imaging Brefeldin A treated cells unveiled that 

disruption of the Golgi apparatus prompted the mislocalization of AkCSLA3-sfGFP to cytosol, 

similar to the pattern observed under Anidulafungin treatment (Figure 22). Intriguingly, the 

mislocalization of AkCSLA3-sfGFP did not impact the mannan production significantly. 

Consequently, the loss of Golgi membrane attachment of AkCSLA3-sfGFP in Anidulafungin-

treated cells may not be responsible for the observed lack of glucomannan production. A 

possible explanation could be the mode of action of Anidulafungin. Like that, it could be 
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possible that Anidulafungin specifically degrades the AkCSLA3 portion of AkCSLA3-sfGFP, 

and the fluorescence observed may originate from the remaining sfGFP component that we 

see could possibly be the remaining sfGFP by itself.  

Together, the chemical treatments underscore the crucial roles of the cell wall and the 

Golgi apparatus for Pichia growth and cell division. Interestingly, damages to the Golgi 

apparatus did not affect the function of the Golgi-membrane-bound AkCSLA3-sfGFP as much 

as expected. The results agree with prior research suggesting that AkCSLA3-sfGFP 

overexpression toxicity on Pichia cells may stem from changes to the cell wall structure rather 

than from issues with the Golgi apparatus (Chapter 3.1 & (Robert et al., 2021)). 
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Figure 22 Effects of chemical treatments on 
AkCSLA3-sfGFP localizationin Pichia cells. Imaged 
cells are from the colonies shown in Figure 20 and 
Figure 21. Prior to confocal imaging with a Zeiss 
LSM900, cells were counterstained with 0.01% CF 
(BFP) to label native yeast cell wall polysaccharides. 
Each panel shows a different treatment. From top to 
bottom left: YPD preculture, DMSO+ water, 
Anidulafungin; from top to bottom right: Zymolyase 
20T©, Brefeldin A. Scale bar = 5 µm. 
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3.2.2.5 Immunolabelling of Heterologous Heteromannan in Yeast 

The second hypothesis for the co-localization of CSLAs and CBMs (Figure 19, Figure 

28c) proposed that contrary to what was expected, the majority of heteromannans produced 

by the CSLAs in yeast would not localize to the cell wall but instead remain in proximity to the 

CSLAs. It should be noted that previous experiments implied an influence of AkCSLA3 

overexpression on yeast cell wall integrity, suggesting that at least part of the glucomannan 

synthesized by AkCSLA3 is likely incorporated into the cell wall (Chapter 3.1). However, this 

observation does not preclude the possibility that the majority of the glucomannan synthesized 

by AkCLSA3 may not be incorporated into the cell wall.  

A co-cultivation approach was implemented to verify this hypothesis while bypassing 

the need to navigate CBMs through a potentially impaired Golgi apparatus due to CSLA 

expression. The aim of co-cultivating α:PaCBM35:mRuby2 and AkCSLA3-sfGFP expressing 

Pichia cells in a 1:1 ratio was to enable the labelling of glucomannan incorporated in the cell 

walls of AkCSLA3-sfGFP expressing cells.  

In these co-cultures, the AkCSLA3-sfGFP signal and the α:PaCBM35:mRuby2 signal 

were reduced by 50% compared to monocultures. While this ratio could be confirmed via 

confocal imaging with a Zeiss LSM700, no α:PaCBM35:mRuby2 signal was detected at the 

edges of cells expressing AkCSLA3-sfGFP (results not shown). The lack of 

α:PaCBM35:mRuby2 signal at the cell walls of AkCSLA3-sfGFP expressors could be attributed 

to two possible reasons. Like that, the absence of α:PaCBM35:mRuby2 signal could result 

from a lack or minimal amount of glucomannan in the cell walls of AkCSLA3-sfGFP expressors. 

Alternatively, the concentration of secreted α:PaCBM35:mRuby2 in the medium may have 

been insufficient to efficiently bind to the glucomannan in the cell walls of AkCSLA3-sfGFP-

expressing cells. To discern which of the aforementioned scenarios would be more likely, 

heteromannan immunolabelling of walls from CSLA-expressing cells was conducted.  

For immunolabelling, previously investigated AtCSLA2 and AkCSLA3-expressing cells 

(paragraphs 3.2.2.1, 3.2.2.2, 3.2.2.3) were labelled with the anti-heteromannan monoclonal 

antibody LM21 (Marcus et al., 2010). Previous heteromannan immunolabelling in AkCSLA3-

expressing yeast spheroplasts revealed that heteromannans produced by AkCSLA3 were 

deposited in the extracellular matrix (Voiniciuc et al., 2019). Since these results were 

inconsistent with the CBM localization observed in Figure 19 and Figure 28c, the experiment 

was repeated with AkCSLA3. Furthermore, the localization of glucomannans produced by 

AkCSLA3 was compared with that of mannan produced by AtCSLA2.  

As LM21 cannot cross the cell membrane, yeast cells were spheroplasted with 2-

mercaptoethanol and Zymolyase 20T© prior to immunolabelling. In addition to causing 
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spheroplasting, Zymolyase 20T© also served to partially remove native yeast polymers, 

increasing the accessibility of LM21 to heterologously produced heteromannans. To rule out 

that spheroplasting the cells might influence heteromannan presence or localization, a portion 

of the colonies was fixed with acetone immediately after spheroplasting as a control. 

Following the primary antibody LM21 application, the secondary antibody Alexa Fluor 

488 was applied to allow visualization of the LM21 localization. For confocal microscopy with 

a Zeiss LSM900, cells were counterstained with 0.01% CF (BFP) to detect native yeast cell 

wall polysaccharides and 0.01% PI to label dead cells. 

As a control against potential unspecific cell labelling by Alexa Fluor 488, a subset of 

cells was treated with Alexa Fluor 488 only. As expected, neither the fixed nor the unfixed 

forms of any tested genotypes displayed Alexa Fluor 488 GFP signal. Intense PI labelling was 

observed in all cells except unfixed X-33 and fixed AtCSLA2, indicating cell death. CF staining 

yielded more varied results. Unfixed AkCSLA3 and fixed X-33 and AkCSLA3 all exhibited CF 

staining, whereas unfixed X-33 and AtCSLA2 and fixed AtCSLA2 were not labelled with CF 

(Figure 23). The weakness or absence of CF signal observed in most cells, regardless of 

whether they were stained with both antibodies or only with the secondary antibody, suggests 

that the Zymolyase 20T© treatment might have removed a significant portion of the native yeast 

polysaccharides. The GFP signals in cells labelled with LM21/Alexa Fluor 488 were notably 

stronger for the CSLA expressors than for the X-33 wild-type, demonstrating the absence of 

heteromannan in the X-33 wild-type.  

In both fixed and unfixed cells, LM21 was observed in punctate structures at the yeast 

cell walls and, to some degree, within the cells. Notably, there were no obvious LM21 

localization differences between AtCSLA2 and AkCSLA3 strains (Figure 23). This suggests 

that the post-biosynthesis cellular routing and cell wall incorporation of mannan from AtCSLA2 

and glucomannan from AkCSLA3 may be highly similar or even identical.  

The immunolabelling results suggest that heterologous HM might mostly be 

incorporated into the cell walls. On the other hand, LM21 might not be able to penetrate the 

cell walls due to its size (150 kDa (Charles A Janeway et al., 2001)), ultimately preventing the 

labelling of intracellular HM. If most HM were incorporated into the cell walls, it would not 

explain the co-localization of the CBMs and CSLAs. Since the CBMs and the CSLAs are 

expressed simultaneously, it could be speculated that the CBMs bind heterologous 

heteromannans directly after their biosynthesis and before initiation of their transport to the cell 

wall. These CBM/heteromannan complexes might then be hindered in their movement to the 

cell wall, which could lead to the observed CBM/CSLA co-localization. 



64 

 

 
Figure 23 Immunolabelling of HM in AtCSLA2 and AkCSLA3 expressing cells using the primary anti-HM antibody 
LM21 combined with Alexa Fluor 488 as secondary antibody. Cells grew in sterile glass tubes in 3 mL YPM+G for 
72 h. Prior to immunolabelling, cells were fixed using a 1:1 ratio of culture and acetone before to freezing at -20 °C 
for 20 min. Then, samples were washed with PBS buffer and water. For immunolabelling cells incubated with the 
primary antibody LM21 in the dark at roomtemperature for 90 min and were washed thoroughly with PBS. Alexa 
Fluor 488 (GFP) was then applied for 90 min before thorough wahsing with PBS. Cells were counterstained with 
0.01% CF (BFP) to visualize native yeast cell wall polysaccharides and 0.01% PI (RFP) to label dead cells. Images 
were acquired with a confocal Zeiss LSM900. TOP: Controls with only Alexa Fluor 488. Only transmitted light (TL) 
and merged image of blue, green and red fluorescence are shown. BOTTOM: Both antibodies were applied to 
unfixed (left) and fixed (right) cells. Scale bar = 5 µm. 
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3.2.3 Introducing a Ratiometric Probe to Assess CBM-Expression Levels 

A notable issue using mRuby2 for CBM tagging was the limited secretion of the α-

mRuby2 control (Figure 16, Figure 18, Figure 19). Moreover, mRuby2 does not belong to the 

strongest red fluorescent proteins. To optimize the fluorescent tagging, mRuby2 was replaced 

with the stronger and more photostable fluorescent protein pmScarlet-I (Botman et al., 2019). 

To further enhance the optimization of the new fluorescent tag, the turquoise fluorescent 

protein pSmTurquoise2 (pSmTq2), one of the best performing blue/cyan fluorescent proteins 

(Botman et al., 2019), was fused to pmScarlet-I using a 2A peptide for cleaving (Ryan et al., 

1991). The objective was for pSmTq2 to self-cleave from the CBM-pmScarlet-I complex and 

remain in the cytosol. By utilizing the pSmTq2 ratiometric probe, CBM expression could be 

assessed without relying on supernatant analysis. Instead, the presence of cytosolic pSmTq2 

would serve as indicative markers of CBM expression (Figure 24 c). The ratiometric approach 

holds particular significance for future in planta experiments, where the analysis of secretion 

via assessment of fluorescence in the supernatant, as done in yeast, is not possible. 

In addition to expressing CBMs in yeast to determine heteromannan levels, the new 

CBM probes should be tools to detect and evaluate the quantity and localization of 

(gluco)mannan in wild-type plants and heteromannan mutants. For later expression in plants, 

the performance of the effective Saccharomyces cerevisiae α-secretion peptide (Zou et al., 

2022) was compared to the one of a new signal peptide derived from Arabidopsis thaliana 

Expansin 10 (AtEXP10). This signal peptide was previously used successfully to target 

recombinant proteins to the Arabidopsis cell wall (Cho and Cosgrove, 2000; Zhang, 2014). It 

was hypothesized that - when expressed in planta - a plant-native signal peptide may be more 

efficient than yeast native α-secretion peptide. 

The performance of both signal peptides was assessed in Pichia X-33 using the new 

fluorescent tags. Quantitative fluorescence measurements revealed α-pSmTq2 alone secreted 

by approximately 60%, while the secretion of pSmTq2 without a signal peptide was negligible. 

Regardless of the signal peptide, the expression and secretion rates of TpolCBM16-1 and 

PaCBM35 were comparable. With approximately 30%, the secretion rates of pSmTq2 from 

CBM-expressing cells were intermediate between α-pSmTq2 and pSmTq2 alone (Figure 24a). 

This suggests that a significant portion of approximately 70% of pSmTq2 remained in the CBM-

expressing cells. Moreover, the secretion rates of the CBM-pmScarlet-I complexes ranged 

from approximately 60–90% (Figure 24b). The high secretion of CBM-pmScarlet-I complexes 

compared to the low secretion of pSmTq2 in these strains indicated successful cleavage of 

pSmTq2 peptides from the CBM-pmScarlet-I complexes before their secretion out of the cells, 

aligning with the intended function of the self-cleaving pSmTq2 as ratiometric probes. 
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In addition to the added asset of a ratiometric probe for improved fluorescent tagging, 

the use of pmScarlet-I was able to eradicate the secretion problems encountered when using 

the mRuby2 tag. Like that, α-pmScarlet-I alone exhibited similar secretion levels as the CBMs 

in wild-type, unlike α-mRuby2 alone, which displayed significantly lower secretion rates than 

the mRuby2-tagged CBMs (Figure 16b, Figure 18, Figure 24b). Additionally, the comparability 

of the α-pmScarlet-I secretion and the secretion of the CBM equipped with the pmScarlet-2A-

pSmTq2 tag demonstrates that the addition of the self-cleaving ratiometric probe does not 

influence the CBM secretion from the wild-type background. It is to be noted that the 

expression of pmScarlet-I, with or without signal peptide, was considerably higher than the 

expression of the CBMs (Figure 24b). This expression level difference was also observed 

between mRuby2-tagged CBMs and their fluorescent control and could be related to the 

greater complexity of the CBM constructs, resulting in a higher transcription and synthesis 

burden on the yeast cells (Figure 16b, Figure 18). 

 

Figure 24 Expression and secretion of CBMs with different signal peptides. Colonies grew in sterile 48 well plates 
in 300 µL YPM+G for 72 h. (a), (b) Expression (squares) and secretion (bars) of pSmTq2 and pmScarlet-I 
respectively, (c) mode of action of the self-cleaving pSmTq2 probe and anticipated localization of CBM-pmScarlet-
I and pSmTq2 in yeast cells. 2A is a peptide for pSmTq2 self-cleaving. (d) ratio between pmScarlet-I (RFP) and 
pSmTq2 (BFP) expression in strains expressing TpolCBM16-1 or PaCBM35 with different signal peptides for 
secretion. Bars and squares represent mean + SD of 3 biological replicates. Letters denote significant differences 
obtained by one way ANOVA with Tukey’s pairwise (p=0,05) for (a) and (b) top letters show significance for 
secretion and bottom letters show significant differences for expression.  
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Both tested signal peptides showed slightly different behaviours depending on whether 

they were used in conjunction with TpolCBM16-1 or PaCBM35. For TpolCBM16-1, which 

secreted less than PaCBM35 regardless of the signal peptide, no significant difference was 

observed in the performance of both signal peptides. In the case of PaCBM35, the α-signal 

exhibited a slight but significantly elevated secretion rate compared to the AtEXP10 signal 

peptide (Figure 24b). Given that the secretion of AtEXP10-PaCBM35 still remained 

significantly higher than the secretion of α-TpolCBM16-1 and AtEXP10-TpolCBM16-1, both 

signal peptides represented suitable candidates for further experiments in planta. 

The calculated ratios between pmScarlet-I and pSmTq2 signals unveiled no significant 

differences between the signal peptide/CBM combinations, except for AtEXP10-PaCBM35 

exhibiting a slightly lower ratio (Figure 24c). The consistent ratio between pmScarlet-I and 

pSmTq2 confirms that pSmTq2 is a suitable tool to measure total CBM expression.  

 

Figure 25 Localization of CBMs with different signal peptides in yeast. Selected colonies from Figure 24 were 
imaged using a Zeiss confocal microscope (LSM780). From left to right: α-pmScarlet-I, pSmTq2, TpolCBM16-1 and 
PaCBM35 with α-secretion peptide and TpolCBM16-1 and PaCBM35 with AtEXP10 secretion peptide. From top to 
bottom: transmitted light (TL), blue channel (BFP), red channel (RFP) and merge of blue and red channel. Scale 
bar = 5 µm. 

To confirm the cytosolic localization of pSmTq2, selected colonies from the ones shown 

in Figure 24 were imaged via confocal microscopy using a Zeiss LSM780. Compared to the 

non-pSmTq2 expressing α-pmScarlet-I, cells expressing pSmTq2 alone exhibited a clear 
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cytosolic pSmTq2 signal. In addition to being similar in intensity, the pSmTq2 signal in the CBM 

expressing strains resembled the localization observed in pSmTq2 alone. This observation 

underlines the robustness of the system set in place, as the expression of the TpolCBM16-1 

and PaCBM35 – regardless of the employed secretion signal peptide - and the presence and 

localization of the pSmTq2 ratiometric probe do not interfere with each other. It is noteworthy 

that the strongly elevated α-pmScarlet-I expression compared to the expression of the CBM 

constructs resulted in a weak pmScarlet-I signal. However, since the signal was localized in 

the cytosol and not in punctate as observed when CBMs and CSLAs are co-expressed (Figure 

19), it can be presumed that the presence of heteromannans does not cause the observed 

CBM retention but might rather by the high α-pmScarlet-I expression levels. 

3.2.3.1 Influence of Signal Peptides on CBM Behaviour in Yeast 

The key feature of the new CBM-based probes lies in their capability to secrete out of 

non-heteromannan-producing cells like Pichia X-33. It was, therefore, crucial to verify that the 

employed signal peptides drove the CBM-probe secretion and if CBMs without a signal peptide 

would remain in Pichia X-33 cells. Additionally, the expression of CBMs with no signal peptide 

enabled the evaluation of CBM localization in Pichia X-33. Another essential aspect of this 

experiment was to verify if the CBMs localized to the cytosol, distinct from their punctate 

localization in heteromannan-producing yeast strains. 

Evaluation of the pSmTq2 signal and the total pmScarlet-I signal in the cultures showed 

comparable expression levels for TpolCBM16-1 and PaCBM35 with and without signal 

peptide, enabling a reliable comparison of their respective secretion rates (Figure 26a and b). 

The CBM secretion rate analysis confirmed the expectations that (a) α-TpolCBM16-1 and α-

PaCBM35 were nearly completely secreted and that (b) absence of the α signal peptide 

resulted in minimal secretion of TpolCBM16-1 and PaCBM35, with levels below 10% (Figure 

26a). These results confirm that the α signal peptide is the driving force of CBM secretion. In 

addition, the findings support the observed correlation between α-CBM retention and 

heteromannan presence in yeast cells as described in Chapters 3.2.2.1, 3.2.2.2, 3.2.2.3).  

The localization of TpolCBM16-1 and PaCBM35 without signal peptide was examined 

via confocal microscopy (Zeiss LSM780). The presence of pSmTq2 in all analysed CBM-

expressing strains confirmed the similar expression of α-CBMs and no-SP-CBMs (no signal 

peptide). In addition, the high signal intensity of pSmTq2 alone compared to the pSmTq2 signal 

in CBM-expressing cells was consistent with the fluorescence plate reading measurements 

(Figure 26b and c). The specificity of the pSmTq2 was confirmed by the lack of turquoise 

fluorescence in the pmScarlet-I control. Both pSmTq2 alone and the cleaved pSmTq2 from the 

CBMs localized to the cytosol, consistent with previous observations (Figure 25). 
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Figure 26 CBM expression and secretion with and without signal peptide. Cells were grown in sterile 24-well plates 
in 600 µL YPM + G for 72 h. Fluorescence was measured with a Tecan M1000. (a) red fluorescence of pmScarlet-
I representing expression (squares) and secretion (bars); mean + SD of 2-3 biological replicates. Significant 
differences between secretion of CBMs with and without signal peptide are shown as asterisks and were obtained 
by one-way Anova with Tukey’s pairwise (p=0.05) (b)CBM expression assessed through levels pSmTq2 (Tq2). Bars 
show mean + SD of 2-3 biological replicates. No significant differences were found (ns) (c) TpolCBM16-1 and 
PaCBM35 with and without signal peptide tagged with pmScarlet-I-2A-Tq2. TL = transmitted light, BFP = pSmTq2 
signal, RFP = pmScarlet-I signal. Images were acquired via confocal microscopy using a Zeiss LSM780. 

The imaging results aligned with the CBM secretion rates determined via quantitative 

fluorescence analysis. TpolCBM16-1 and PaCBM35 were only observed when expressed 

without α, while no pmScarlet-I signal was detected in the cells expressing α-TpolCBM16-1 

and α-PaCBM35. Just as the α-pmScarlet-I control, the no-SP-CBMs localized cytosolically. 

The high α-pmScarlet-I signal was attributed to its high expression and comparably low 
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secretion in this particular experiment. Nevertheless, the cytosolic localization of the no-SP-

CBMs demonstrated that the tested CBMs only localize in punctate when expressed in 

heteromannan-producing yeast backgrounds. The results support the hypothesis that the 

presence of heteromannan or heteromannan-producing proteins is required for a punctate 

CBM localization, as shown in Figure 19 for mRuby2-tagged CBMs and in Figure 28 for CBMs 

tagged with pmScarlet-I-2A-pSmTq2. 

In conclusion, this experiment highlights the effectiveness of the self-cleaving pSmTq2 

as a tool to visually confirm CBM expression, even after their secretion from the cells. 

3.2.3.2 Influence of Glucomannan Abundance on PaCBM35 Secretion 

The secretion of TpolCBM16-1 and PaCBM35 correlated with the amount of mannose 

present in AtCSLA2 and AkCSLA3-sfGFP-expressing yeast strains. Notably, the CBMs 

secreted the least when expressed in the AkCSLA3-sfGFP background, which produced 

higher amounts of mannose than the AtCSLA2 background (Figure 16). These results indicate 

that the mannose amount might be determinative of the CBM secretion rate. This is supported 

by the fact that both TpolCBM16-1 and PaCBM35 are known to bind the middle of mannan 

oligosaccharide chains (Bae et al., 2008; Su et al., 2010; Couturier et al., 2011; Couturier et 

al., 2013), implying that they would bind the mannan parts of the glucomannan produced by 

AkCSLA3-sfGFP. To validate that hypothesis, it was investigated how the secretion rate of 

PaCBM35 would respond to different levels of the same product. 

Therefore, PaCBM35 with the new pmScarlet-I-2A-pSmTq2 tag was expressed in two 

backgrounds that produce different amounts of glucomannan, namely AkCSLA3-sfGFP (high 

glucomannan) and sfGFP-AkCSLA3 (low glucomannan). Preliminary unpublished findings by 

Annika Grieß-Osowski had shown that C-terminal tagging of AkCSLA3 with sfGFP caused a 

5.4-fold reduction in mannose compared to N-terminal tagging (Figure 27b). Importantly, the 

fold change of 5.9 between the sfGFP signals of AkCSLA3-sfGFP and sfGFP-AkCSLA3 was 

similar to the measured mannose amounts. This correlation between fold changes allowed a 

straightforward estimation of glucomannan abundance via sfGFP signal strength and, in turn, 

the assessment of the influence of glucomannan abundance on PaCBM35 secretion. To rule 

out a potential impact of the chosen signal peptide on the secretion differences of PaCBM35 

between AkCSLA3-sfGFP and sfGFP-AkCSLA3, both the α and the AtEXP10 signal peptide 

were employed. This setup allowed to minimize unknown variables in the experimental setup 

and to enhance the reliability of the observed potential correlation of PaCBM35 secretion and 

glucomannan presence. 
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Fluorescent plate reading analysis confirmed the significantly lower expression of 

sfGFP-AkCSLA3 than AkCSLA3-sfGFP (Figure 28a). Consistent with the previously reported 

differences in glucomannan yield, α-PaCBM35 secretion was significantly increased in the 

sfGFP-AkCSLA3 background compared to the AkCSLA3-sfGFP background. As expected, the 

highest secretion of α-PaCBM35 was observed in the non-glucomannan-producing X-33 

wild-type. For AtEXP10-PaCBM35, the secretion from the sGFP-AkCSLA3 was also higher 

than from the AkCSLA3-sfGFP background, although here, the difference in secretion rates 

was not statistically significant. Nevertheless, AtEXP10-PaCBM35 secretion was significantly 

reduced in the AkCSLA3 expressing strains compared to the secretion from X-33 (Figure 28b). 

The results demonstrate that both the α signal peptide and the AtEXP10 peptide promote high 

CBM secretion in the absence of heterologous heteromannan in Pichia. Additionally, the 

results suggest a tendency of the PaCBM35 secretion to correlate with the amount of 

glucomannan present. Hence, the CBMs can serve as a tool for rapid detection of 

glucomannan production in CSLA-expressing strains. 

Qualitative assessment of the PaCBM35 

signal intensity via confocal microscopy with a 

Zeiss LSM780 confirmed the correlation between 

PaCBM35 secretion and glucomannan amounts 

detected via fluorescent plate reading 

measurements (Figure 28a and b). While the α-

pmScarlet-I control was efficiently secreted out of 

the AkCSLA3 expressing cells, regardless of the 

AkCSLA3 tagging strategy, PaCBM35 was 

retained in the same genotypes (Figure 28c). 

Consistent with previous results (Figure 19), α-

PaCBM35 and AkCSLA3-sfGFP co-localized in the 

cells in punctate. The same localization pattern 

was also observed for AtEXP10-PaCBM35 

demonstrating that AtEXP10 is not only a suitable 

signal peptide for secretion analysis but also that 

the PaCBM35 behaviour in AkCSLA3-sfGFP 

expressing strains is robust against the change of 

signal peptides. This is particularly important in the 

context of the potential application of CBM-probes 

in planta or other organisms where different signal 

peptides might be required for secretion. 

Figure 27 Influence of N- and C-terminal sfGFP
tag of AkCSLA3 (Ak3) on fluorescence and 
mannose content. Experiment was carried out 
by Annika Grieß-Osowski, and figure was 
prepared by Madalen Robert. Cells were grown 
in 2 mL BMGY in plastic culture tubes for 24 h 
before transfer to BMMY for another 24 h. AKI
was hydrolysed with sulfuric acid and submitted 
to HPAEC-PAD analysis. (a) GFP expression 
and (b) mannose (Man) content of 2 biological 
replicates. Bars represent mean + SD. Fold 
change was calculated by dividing the means of 
AkCSLA3-sfGFP by the means of sfGFP. 
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Figure 28 CBM expression and secretion in AkCSLA3 (Ak3) background with C- or N-terminal sfGFP. Cells grew 
in sterile 24-well plates in 600 µL YPM+G for 72 h. Fluorescence was measured with a Tecan M1000. Bars 
represent mean + SD of 3 biological replicates of (a) GFP expression and (b) RFP % secretion (bars) and RFP 
expression (squares). Letters in (a) and asterisks in (b) denote significant differences based on one-way Anova with 
Tukey’s pairwise (p=0.05). X-axis denotes CBM and pmScarlet-I control expression backgrounds. PaCBM35 was 
tagged with pmScarlet-I-2A-Tq2. (c) Localization of PaCBM35 in AkCSLA3 (Ak3) background with C- or N-terminal 
sfGFP. Confocal images were acquired with a Zeiss LSM780. Abbreviations: Transmitted light (TL), pSmTq2 (BFP), 
pmScarlet-I (RFP) and sfGFP signal (GFP). Merged image = overlay of fluorescence channels. Scale bar = 5 µm. 
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Despite the lower signal of sfGFP-AkCSLA3 compared to AkCSLA3-sfGFP, the 

localization patterns of PaCBM35 with different signal peptides persisted when both CBM 

types were expressed in the sfGFP-AkCSLA3 background. The fact that neither AkCSLA3 nor 

PaCBM35 localization was affected by the different AkCSLA3 tagging strategies demonstrates 

the suitability of the newly developed CBM-based system to detect and localize heteromannan 

in vivo and its robustness against changes in signal peptide or CSLA-tagging strategy. It can 

be concluded that the CBM-based probes represent a robust and versatile tool that could 

potentially be applicable in various contexts where the assessment of heteromannan amounts 

and localization is required. 

3.3 Application of the New CBM Probes in Yeast and in Plants 

After successfully validating the novel CBM probes as indicators for HM presence in 

Pichia, their ability to perform in the context of two key applications was explored. Specifically, 

it was investigated if the new CBM probes could identify new functional CSLA variants and 

visualize the native HM distribution in planta. The discovery of new functional CSLA variants 

is crucial for understanding the relationship between amino acid changes and the type and 

quantity of HM. This could enable the design of higher yielding CSLAs and customized HM 

fine structures. Using CBMs as probes to visualize the native distribution of HM in planta will 

provide invaluable insights into the influence of HM distribution and dynamics on plant systems 

in terms of phenotype and nutritional value. This knowledge could be a first step towards 

engineering crops with higher yields and enhanced nutritional benefits. 

3.3.1 Application in Yeast: Discover New Functional HM-Producing Proteins 

To explore the potential of the novel CBM probes for high-throughput identification of 

novel and functional CSLA variants through single-cell analysis, a library of random AkCSLA3 

mutants was generated. AkCSLA3 provides health benefits, especially regarding lifestyle 

diseases such as diabetes (Behera and Ray, 2016). Using error-prone PCR, random 

mutations, with an average rate of 5 mutations per 1000 base pairs, were introduced in the 

AkCSLA3 portion of AkCSLA3-sfGFP.  

As proof of concept for recombinant CBMs as detectors for new functional CSLA 

variants and to confirm that the CBM probe secretion is related to heteromannan and not CSLA 

presence, 10 randomly selected mutated plasmids were used to (a) verify the mutation rates, 

(b) potentially identify new functional AkCSLA3 variants, (c) evaluate the CBM probe 

performance when co-expressed with non-functional AkCSLA3 variants. 
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3.3.1.1 Characterization of Mutated CSLAs 

The sequences of the 10 randomly selected plasmids were determined via whole 

plasmid sequencing and aligned to the TOPCONS 2.0 prediction of the parental AkCSLA3 to 

assess where the mutations were localized. Additionally, the borders used to swap domains in 

Chapter 3.1 were also added to the alignment to evaluate in which of the domains selected for 

the domain swap experiments the mutations would localize (Figure 29). This examination is 

essential given the variable impacts of different AkCSLA3 domains on the protein’s 

functionality. Exploring the potential correlation between AkCSLA3 functionality and the 

location of specific amino acid mutations could provide key insights into how mutations in 

different domains may influence AkCSLA3 functionality. 

 

Figure 29 Verified strains of the CSLA library that were used for preliminary experiments. TOP: AkCSLA3 topology 
visualized using TOPCONS 2.0 with transmembrane domains (pink). Blue regions are outside the membrane, i.e., 
in the cytosol, and red regions are inside the membrane, i.e. within the Golgi apparatus. The GT2 domain shows 
the conserved Pfam PF13641 GT2 domain. The dashed lines represent the borders of 100% amino acid identity 
that were used as borders for the CSLA swap experiments (Chapter 3.1). BOTTOM: Mutations found through whole 
plasmid sequencing by Plasmidsaurus are denoted as red bars and aligned with the TOPCONS sequence. Notes 
on the right show the traits of the mutated versions that were later discovered. 

Among the 10 sequenced library plasmids, three did not differ from the parental 

AkCSLA3 sequence. The number of bp changes ranged from 0-10, while the consecutive 

amino acid (AA) changes ranged from 0-8, as certain base pair mutations did not result in 

changed amino acids (Figure 30d). Two plasmids experienced frameshifts due to base pair 

insertions rather than mutations. Figure 29 shows the amino acid changes in relation to their 

localization in the gene, depicted as red vertical bars. It also specifies the numerical identifiers 

given to each plasmid and summarizes which plasmids were examined and which resulted in 

functional and non-functional mutated AkCSLA3 variants. 

 



75 

 

 

Figure 30 Expression and monosaccharide composition of verified CSLA library strains expressed in wild-type. 
Colonies grew in 600 µL YPM+ G in sterile 24-well plates for 72 h. Fluorescence (GFP) was measured using a 
Biotek Synergy H1 (a). GFP signal; levels wild-type X-33 and sfGFP control are shown as horizontal dashed lines. 
AKI of the samples hydrolysed with 2 M TFA to determine glucose (Glc) and mannose (Man) levels. (b) µg sugar 
per 50 µL AKI, (c) relative Glc/Man composition (%). Error bars show mean + SD of 4-5 biological replicates. Letters 
denote significant differences obtained by one-way Anova with Tukey’s pairwise (p=0.05). X-33 Glc and Man levels 
are shown as horizontal dashed lines. 

To determine the functionality and expression of the validated mutated AkCSLA3 

variants, they were initially expressed and analysed in wild-type X-33. Predictably, all mutated 

variants without frameshift displayed sfGFP levels similar to the parental AkCSLA3, whereas 

variants with frameshift mutation showed no sfGFP signal (Figure 30a). Monosaccharide 

analysis following 2 M TFA hydrolysis of the alkaline insoluble residue of each variant revealed 

that neither the sfGFP signal nor the number of mutations were decisive factors for the amount 

of glucomannan produced. 

Variants 9 and 10 behaved differently, although both had 5 bp changes and 4 AA 

changes. While variant 9 produced some glucomannan, variant 10 did not show a noticeable 

increase in mannose level compared to the X-33 wild-type (Figure 30b and c). This indicates 

that the position of the mutations might have a stronger influence on the CSLA functionality 
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than the sheer number of mutations. It is noteworthy that except for the functional variant 4, 

which had a single bp change and no AA change, the mannose content of functional variants 

6 and 9 was slightly but significantly reduced compared to the parental AkCSLA3. However, 

the Glc:Man ratio did not deviate from the parental AkCSLA3, suggesting that while the 

mutations impacted the overall glucomannan yield, they may not have altered its composition 

and structure (Figure 30c). 

As anticipated, the non-mutated CSLA (number 2) generated mannose amounts similar 

to the parent, and the frameshift variant 8 did not display an increased mannose level. Despite 

the frameshift only affecting the GFP portion of the gene, variant 3 also failed to produce 

significant amounts of mannose. This could imply that two essential amino acids were mutated 

in this case. Alternatively, the frameshift of sfGFP and the potential resulting misfolding might 

have caused misfolding of the AkCSLA3 portion, thereby abolishing its function. 

3.3.1.2 CBM-Probes Detect New Functional CSLA Variants 

After identifying functional and non-functional CSLA variants, they were expressed in 

the α-PaCBM35-Sc-2A-Tq2 background to verify if the CBM secretion rates would align with 

the results obtained through monosaccharide analysis (Figure 30). 

Ultimately, a functioning pipeline like this could significantly increase the screening 

throughput to find new functional CSLA variants. By that, synthases with potentially higher 

efficiency could be detected easily. In addition, the non-functional variants could help identify 

the key amino acids for CSLA function. Given that different CBMs could be employed for any 

given HM type, this pipeline could be applied to determine the functionality of various CSL 

enzyme variants. Eventually, CBM-based probes could assist in discovering new CSL variants 

with desired functions, thereby fostering the design of new heteromannans, which could 

potentially find applications in industries such as healthcare and nutrition. 

The sfGFP fluorescence of the selected library strains expressed in wild-type (Figure 

30a) and the α-PaCBM35 background (Figure 31a) were similar, confirming that CSLA 

expression was not influenced when co-expressed with α-PaCBM35. Analysis of the 

pmScarlet-I fluorescence in whole cultures and the supernatant revealed that α-PaCBM35 

exhibited the highest secretion rates when co-expressed with non-functional CSLA variants. 

Conversely, secretion decreased when the mannose content was higher. The lowest secretion 

rate was detected for the AkCSLA3 parent. The secretion from functional CSLA variants was 

slightly elevated compared to the AkCSLA2 parent but still considerably lower than the 

secretion from non-functional CSLA variants (Figure 31b). This is consistent with earlier 

findings that CBM secretion rates correlate with the mannose amounts in the cells (Figure 16). 
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Most importantly, the results confirm that the reduction in CBM secretion is indeed 

driven by the presence of HM and not by the mere presence of more or less CSLA proteins 

since the expression of non-functional CSLAs did not reduce the secretion of α-PaCBM35. 

 

Figure 31 Expression and monosaccharide composition of verified CSLA library strains expressed in α-PaCBM35 
tagged with-Sc-2A-Tq2. Colonies grew in 600 µL YPM+ G (sterile 24-well plates) for 72 h. Fluorescence of whole 
cultures and supernatant was measured with a Biotek Synergy H1. (a) GFP signal shows AkCSLA3-sfGFP and 
variant expression. (b) RFP shows α-PaCBM35-Sc-2A-Tq2 expression (squares) and secretion (bars). Sample AKI 
was hydrolysed with 2 M TFA to determine glucose (Glc) and mannose (Man) levels. (c) µg sugar per 50 µL AKI. 
Error bars show mean + SD of 4-5 biological replicates, except for single construct colonies (1 biological replicate). 

Considering that some mutations in the verified CSLA library strains were located near 

or within transmembrane regions of the proteins, it was hypothesized that these could influence 

the CSLA variant localization. To examine this, cells were imaged with a confocal Leica SP 5 

microscope. Before imaging, cells were counterstained with PI to detect dead cells and CF to 

visualize native yeast cell wall polysaccharides. As anticipated, the variants without AA 

changes localized in small punctate structures akin to the parental AkCSLA3. Similarly, 

functional variants 6 and 9 also displayed that type of localization. 
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Conversely, the non-functional variants 1 and 10 displayed larger aggregates 

compared to the punctate structures observed in functional variants (Figure 32). This could 

point to a mislocalization of non-functional variants. Variant 1 harbours mutations in the first 

and third predicted transmembrane domain (Figure 29) and might therefore be compromised 

in its ability to anchor to the Golgi membrane, thus causing a mislocalization in the cell. 

However, variant 10 lacks mutations in the predicted transmembrane regions (Figure 29), 

suggesting that protein aggregation may also be due to improper protein folding. 

The possibility of improper protein folding could arise from alterations in the charges of 

the mutated amino acids compared to those in the parental AkCSLA3. The focus to investigate 

that possibility was primarily directed towards variants 9 and 10, since variant 9 was functional 

while variant 10 was non-functional, despite both mutations having 4 amino acid changes. 

Upon examination, it was found that in variant 9, all changed amino acids exhibited a different 

polarity than the parent, while 3 out of 4 mutations in variant 10 did not change the polarity. 

This strongly suggests a lack of correlation between the polarity of the new amino acids in 

relation to parental counterparts in the context of glucomannan production (Table 4). 

Table 4 Polarity of mutated CSLA library amino acids(n = non-polar; p = polar; a = acidic; b = basic) 

VARIANT 9 functional 
AA change D139G A324T V369A A488T 

polarity a → n n → p n → n n → p 

VARIANT 10 no HM 
AA change P108Q V270M A317P F359T 

polarity n → p n → n n → n n → n 

Given that alterations in amino acid polarity did not appear to influence the functionality 

of the library CSLA, it was investigated if the mutations could cause protein misfolding, which 

would result in function loss. However, de novo protein folding calculations are typically time-

consuming and require substantial computational resources. To gain a preliminary 

understanding of the structural differences between the CSLA variants and their parent 

AkCSLA3, AlphaFold 2.0 was used to predict protein folding. This tool utilizes neural network 

computing and complex algorithms to accurately predict protein structures by matching a given 

amino acid sequence to known 3D protein structures (Jumper et al., 2021; Akdel et al., 2022).  
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Figure 32 Localization of mutated AkCSLA3 (GFP) versions compared to parental AkCSLA3. Cells were grown in 
600 µL YPM+ G in sterile 24-well plates for 72 h and imaged with a Leica SP5 microscope. Cells were stained with 
10 µL of 0.01% PI (to visualize dead cells (RFP)) and 0.01% CF (to visualize native yeast polysaccharides (BFP)). 
Scale bar = 5 µm. 
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Sequence superimposition revealed only minor structural differences at the sites of 

mutated amino acids. Even variant 1, which harbours 8 amino acid changes, was highly similar 

to the parent in terms of protein folding (Figure 33). However, the AlphaFold 2.0 mode of 

operation could lead to an underestimation of the effects of small amino acid changes. To 

verify if the lack of structural changes holds true for predictions of the transmembrane domains, 

the sequences were submitted to topology prediction with TOPCONS 2.0 (results not shown). 

There were no discernible differences between the mutated library proteins and the parental 

AkCSLA3, aligning with the AlphaFold 2.0 results (Figure 33). In summary, the computational 

analysis results did not reveal why some amino acid mutations seem tolerated, whereas others 

completely abolish the protein function. Therefore, future endeavours should focus on a more 

detailed exploration of the impacts of specific amino acid alterations on protein function and 

structure.

 

Figure 33 TOPCONS 2.0 and AlphaFold 2.0 predictions of CSLA library variant 1 aligned with AkCSLA3 parent. 
TOP: TOPCONS 2.0 topology prediction of transmembrane domains (pink / grey / white). Blue regions are outside 
the membrane, i.e., in the cytosol, and red regions are inside the membrane, i.e. within the Golgi apparatus. The 
GT2 domain shows the conserved Pfam PF13641 GT2 domain. The dashed lines represent the borders of 100% 
amino acid identity that were used as borders for the CSLA swap experiments (Chapter 3.1). BOTTOM: AlphaFold 
2.0 structure prediction of AkCSLA3 (orange) and CSLA library variant 1 (blue). Green highlighted regions in overlay 
of both structures show mutated amino acids. Circles show effects of mutated amino acids on 3D – protein structure. 
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When analysing complete cultures consisting of one specific yeast strain, one essential 

piece of information that is overlooked is the level of uniformity within each population with 

respect to gene expression and viability which can be analysed in more detail using single-cell 

cytometry (Hohenblum et al., 2003). Therefore, proof of concept experiments for using 

cytometry and single-cell analysis to find new CSLA variants were carried out. These 

experiments also aimed to gather more information about the variability within one population 

expressing the same gene.  

Cultures expressing the verified CSLA library variants in Pichia wild-type were grown 

in YPM + G according to the usual growth protocol, stained with PI to detect dead cells, and 

subjected to cytometry using the Accuri 6. Considering both the sfGFP and PI signal, it could 

be distinguished between the following three categories of AkCSLA3-sfGFP and CSLA library 

expression: (a) sfGFP signal + HM production, (b) sfGFP signal + no HM production, (c) no 

sfGFP signal + no HM production (Figure 34c). Like that, there were clear distribution 

differences between unstained wild-type, sfGFP, and AkCSLA3-sfGFP populations. 

For X-33, almost 100% of cells were viable, and had no sfGFP signal. The viability of 

cells expressing sfGFP was also nearly100%, as was the number of cells with sfGFP signal, 

underlining the uniformity of that population. In contrast, the toxicity of AkCSLA3-sfGFP was 

evidenced by the fact that over 30% of cells exhibiting GFP signal were also PI stained (Figure 

34a and b). More importantly, non-functional AkCSLA3-sfGFP variants mirrored the sfGFP 

alone signal distribution and cell viability (Figure 34d), while cell viability and sfGFP signal 

distribution of functional AkCSLA3-sfGFP variants resembled the parental AkCSLA3-sfGFP 

(Figure 34e). Non-functional and non-fluorescent variants mimicked the wild-type, except for 

the frameshift variant 3, which displayed a high number of dead cells (Figure 34b and f). 

The conducted experiment shows the potential of cytometry, which should, later on, be 

paired with cell sorting as a valuable tool for gene-library screening to detect new functional 

CSLA variants once the variants will be co-expressed with the CBM probes. In addition, 

cytometry + cell sorting could be very useful to quickly assess cell viability, thereby providing 

valuable insights into the potential toxicity of certain CSLAs. 
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Figure 34 Single cell cytometry of verified CSLA library strains. (a) relation between cells with no (no FL), only GFP, 
only RFP or RFP and GFP fluorescence in%. (b) Table of percentages shown in (a). (c) Green fluorescence (GFU) 
and PI signal (RFU) of unstained X-33 non-fluorescent control (X-33 no PI), sfGFP and AkCSLA3-sfGFP. In the 
graph cell types are clustered dependent on emission of sfGFP and/or PI signal as follows: No FL = bottom left; 
sfGFP = top left; sfGFP + PI = top right; PI = bottom right. (d) sfGFP emitting functional variants compared to 
AkCSLA3-sfGFP parent. (e) sfGFP emitting variants that do not produce HM, compared to sfGFP. (f) variants 
neither sfGFP nor HM production compared to PI-stained wild-type (X-33 + PI). For each genotype, 100,000 cells 
were analysed and (c)-(f) were then plotted using the floreada analysis tool (https://floreada.io/analysis). 
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3.3.2 Application in Plants: CBMs Help Elucidate Native HM Distribution 

To assess the ability of the newly developed CBM probes to uncover native 

heteromannan distribution and dynamics in living plants, the probes were expressed in the 

model plants Nicotiana benthamiana and Arabidopsis thaliana. Subsequently, the CBM 

expression patterns were imaged and analysed via confocal microscopy.  

N. benthamiana is typically transformed transiently and therefore allows for rapid 

assessment of the CBM probe functionality. In contrast, the extensive collection of well-

characterized Arabidopsis thaliana mutants would allow a more profound investigation of the 

CBM probe functionality. By expressing the CBM probes in heteromannan-deficient mutants 

and the Col-0 wild-type, it could be evaluated how well the new CBM probes can detect 

heteromannan quantity and distribution differences. 

3.3.2.1 Transient Expression of CBM-Probes in N. benthamiana 

The performance of the novel CBM-based heteromannan detection tool was first 

evaluated by transiently expressing TpolCBM16-1 and PaCBM35, both tagged with pmScarlet-

I-2A-pSmTq2 and equipped either with the α or the AtEXP10 signal peptide Nicotiana 

benthamiana under the use of the constitutive p35S promoter. Leaf disc plasmolysis allows to 

contract cellular vacuoles, thus enlarging the remaining cellular structures (Figure 35) and 

enabling more precise investigation of potential localization differences between genotypes. 

 
Figure 35 Model of how plasmolysis affects plant cell organization. The model was created based on a publication 
by (Giraldo and Valent, 2013) and shows how plasmolysis reduces the size of the vacuole unveiling Hechtian 
strands that connect the plasma membrane to the cell wall. 

Figure 36 shows the images obtained for each tested genotype before and after 

plasmolysis. Note that the acquisition gain for the pmScarlet-I channel was reduced for 

plasmolysed α-PaCBM35 to ensure proper signal localization, given that the initial signal 

intensity would have saturated the image.  

The fluorescent proteins pmScarlet-I and pSmTq2, components of the pmScarlet-I-2A-

pSmTq2 tag, were expressed independently or in conjunction with the α signal peptide. In non-

plasmolysed cells, it was challenging to discern localization differences influenced by the 

presence or absence of the α signal peptide. Following plasmolysis, it became apparent that 

the standalone fluorescent proteins likely localized predominantly at the plasma membrane or 
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within the cytosol. On the other hand, in addition to localization at the plasma membrane, the 

fluorescent proteins equipped with the α signal peptide appeared to localize in the vacuole or 

tonoplast and possibly the apoplast. The localization of α-equipped fluorescent proteins 

indicates that the α signal peptide may facilitate their secretion out of the cells. 

The observed similarities or discrepancies in localization among the tested CBMs did 

not correlate with the CBMs themselves but seemed to coincide with the presence of different 

signal peptides. Like that, both α-TpolCBM16-1 and α-PaCBM35 exhibited pmScarlet-I signals 

at the cell peripheries in a punctate pattern, with the whole cells showing a uniform signal 

distribution with the exception of some small darker spots, possibly corresponding to 

mitochondria or peroxisome. The pSmTq2 signal mirrored that of its standalone expression, 

indicating successful cleaving from the CBM constructs. After plasmolysis with 1 M NaOH, 

both α-TpolCBM16-1 and α-PaCBM35 localized in punctate at the plasma membrane and 

showed uniform labelling at the vacuole periphery – possibly the tonoplast - and within the 

vacuole. In both cases, no obvious mannan labelling was observed in the cell wall. 

On the other hand, when equipped with the ATEXP10 signal peptide, both TpolCBM16-

1 and PaCBM35 exhibited a uniform localization pattern at the cell edges and in certain 

Hechtian strands or regions of the cytoskeleton. Full cell labelling was not observed. The 

pSmTq2 signal, once again, mirrored the location of pSmTq2 expressed independently, 

indicating successful cleavage. Upon plasmolysis with 1 M NaOH, AtEXP10-TpolCBM16-1 

presented punctate localizations akin to those in α-pmScarlet-I (Figure 36). However, the 

higher number of punctate in the CBM sample suggested potential plasma membrane mannan 

labelling. Similar patterning was also observed for AtEXP10-PaCBM35, both regarding the 

pmScarlet-I and the pSmTq2 signal. 

In conclusion, the results demonstrate that TpolCBM16-1 and PaCBM35 tagged with 

pmScarlet-I-2A-pSmTq2 can be successfully expressed transiently in N. benthamiana leaves 

and are promising candidates for stable expression in Arabidopsis. The results also highlight 

the influence of signal peptides on CBM localization. While it could not unequivocally be stated 

that the CBMs label the mannan in the plasma membrane or cell walls of N. benthamiana 

epidermal leaf cells, the punctate structures at the plasma membranes could indicate mannan 

labelling. This underscores the importance of stable CBM expression in Arabidopsis, as unlike 

N. benthamiana, Arabidopsis offers cell wall mutants that can facilitate the study of CBM 

interaction with, for instance, mannan deficient cell walls. 
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Figure 36 Transient expression of TpolCBM16-1 and PaCBM35 with different signal peptides in N. benthamiana. 
Leaves of 6 weeks old plants were infiltrated with A. tumefaciens containing CBM constructs tagged with Sc-2A-
Tq2 and equipped with either α or AtEXP10 as a signal peptide. Fluorescent controls were expressed with and 
without α. Leaf discs were imaged 3 days post infiltration via confocal microscopy with a Zeiss LSM900. For 
plasmolysis, leaf discs were immersed in 1 M NaCl salt solution and imaged immediately. The negative control 
(infiltration solution only) was treated the same way as all samples and no fluorescence was detected (image not 
shown). Note that for plasmolysed α-PaCBM35 the pmScarlet-I signal was very high, which is why for this image 
only, the red channel gain was reduced. Scale bar = 50 µm. 
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3.3.2.2 Non-Invasive Detection of Heteromannans in Arabidopsis 

As proof of concept, for the ability of the novel CBM probes to detect the native 

distribution of heteromannans in planta, α-TpolCBM16-1-pmScarlet-I-2A-pSmTq2 was 

selected as a candidate, as it yielded promising results in both yeast and N. benthamiana. 

Alongside the expression and localization controls pmScarlet-I and α-pmScarlet-I, it was stably 

transformed into Arabidopsis using the constitutive p35S promoter. The constructs were first 

introduced into a MoClo vector, which contained an RFP selection marker gene that would 

allow the detection of positive T1 transformants based on the red fluorescence of the seeds. 

After stable agrobacterium-mediated transformation in Arabidopsis Col-0 and 

a csla2,3,9 mutant background – known for its significantly reduced mannan production 

(Goubet et al., 2009; Liepman and Cavalier, 2012) - seeds were selected based on red 

fluorescence and grown on vertical agar plates for initial screening (Figure 37). 

 

Figure 37 A. tumefaciens-mediated stable Arabidopsis transformation and propagation over three generations. 
From left to right: Transformation of A. tumefaciens with a gene of interest (for example a CBM), dipping of 
Arabidopsis inflorescences in a transformation solution containing A. tumefaciens with the gene of interest. After 
harvesting, seeds of the T1 generation are selected based on their RFP signal. From these seeds, the T2 lines are 
generated. Only T2 lines that show Mendelian segregation ratios of 3:1 transformed versus untransformed seeds 
are selected for growth of the T3 generation that is able to yield homozygous plants. 

This first generation after transformation, termed T1, already yielded promising results 

in terms of fluorescence (results not shown). Using confocal microscopy, seedlings exhibiting 

fluorescence were selected and cultivated to maturity on soil. The resulting T2 lines were 

examined for Mendelian segregation; only the lines with an approximate 3:1 ratio (Appendix 5) 

of red and non-red fluorescent seeds were selected to generate the third generation, i.e., T3 

lines. Of the selected lines, 30 fluorescent seeds were grown on vertical agar plates for 5 days 

under long-day conditions prior to root imaging. Between 8 to 12 seedlings were imaged using 

a confocal Zeiss LSM780 microscope. The images presented in Figure 38 reflect the typical 

observations among the screened seedlings. 

The initial T1 line screening revealed that the pSmTq2 signal from α-TpolCBM16-1-

pmScarlet-I-2A-pSmTq2 was barely discernible, despite a strong pmScarlet-I signal being 

observed. To ensure that an imaging issue did not cause this pSmTq2 signal absence, an 

additional control Cyan Fluorescent Protein (CFP) expressing Arabidopsis control was imaged 
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(Nelson et al., 2007). Moreover, Pichia strains expressing the same constructs as the T3 

Arabidopsis seedlings were cultivated and imaged with particular attention to the pSmTq2 

signal. The yeast control of α-TpolCBM16-1-pmScarlet-I-2A-pSmTq2 and the CFP control in 

Arabidopsis exhibited robust pSmTq2 signal (Figure 38a). Nonetheless, despite a strong 

pmScarlet-I signal, little to no pSmTq2 signal could be detected in the α-TpolCBM16-1-

pmScarlet-I-2A-pSmTq2 expressing Arabidopsis lines, both in the Col-0 and in the csla2,3,9 

backgrounds (merged images in Figure 38b and c). This suggests an issue regarding pSmTq2 

expression or stability under the conditions employed in this experiment. The blue channel 

was, therefore, not displayed separately in Figure 38b and c. 

In the root elongation zone of 5-day-old Col-0 background seedlings, all genotypes 

showed a high pmScarlet-I signal compared to the negative control Col-0. When expressed in 

Col-0, pmScarlet-I was found ubiquitously in the epidermal cells, while no signal was detected 

in the stele of the root. On the other hand, α-pmScarlet-I in Col-0 presented a coarser labelling 

pattern that in some cells appeared as a smear towards the edges of certain epidermal cells, 

even though many cells were labelled entirely. In addition to these patterns, some nuclei were 

labelled, and faint labelling of the vasculature could also be observed (Figure 38c). 

The localization of α-TpolCBM16-1-pmScarlet-I-2A-pSmTq2 differed notably from the 

localization of the pmScarlet-I controls. This genotype exhibited a filamentous punctate 

structure adjacent to epidermal cell walls. In addition, pericycle cells in the vasculature were 

strongly and completely labelled, except for the nuclei that remained unlabelled. When 

expressed in the csla2,3,9 background, the pmScarlet-I signal was considerably weaker than 

in Col-0. However, the labelling patterns mirrored the patterns observed in the Col-0 

background. Contrary to the localization observed in Col-0, α-TpolCBM16-1-pmScarlet-I-2A-

pSmTq2 was not found in the vasculature. 

These results are consistent with what might be expected due to the lack of 

heteromannan since many heteromannans are localized in xylem cells (Goubet et al., 2009), 

and a heteromannan deficient mutant such as csla2,3,9 would likely exhibit a reduction or 

absence of heteromannan in the xylem. Regarding signal intensity, its reduction in csla2,3,9 

compared to Col-0 occurs both for the CBM and the fluorescent controls, suggesting that it 

may not be directly associated with the lack of heteromannan. To determine whether the 

reduced signal intensity is due to lower expression levels in the csla2,3,9 mutant, future 

experiments should include a quantitative analysis of expression levels using techniques such 

as quantitative PCR (qPCR). This would provide a more detailed understanding of the potential 

correlation between gene expression and signal intensity in these plant lines. 

In leaves of 15-days-old seedlings, the observations made in the roots could be 

confirmed, underscoring the efficacy and reliability of the experimental design as well as the 
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α-TpolCBM16-1-pmScarlet-I-2A-pSmTq2 construct (Figure 38b). In fact, except for the lack of 

pSmTq2 signal, the pattern observed was highly similar to the pattern observed when the same 

construct was transiently expressed in tobacco leaves (Figure 36). Again, the absence of α-

TpolCBM16-1-pmScarlet-I-2A-pSmTq2 signal in the csla2,3,9 mutant could be due to the 

heteromannan deficiency or low expression. This stresses the importance of quantifying gene 

transcripts in the future. 

Despite the absence of pSmTq2 signal, the results demonstrate the potential of 

recombinant CBMs for in vivo visualization of complex carbohydrates like heteromannans in 

planta. The selected construct α-TpolCBM16-1-pmScarlet-I-2A-pSmTq2 could successfully be 

expressed and localized differently depending on the background it was expressed in, 

suggesting a heteromannan-dependent localization pattern. In addition, the punctate 

localization of TpolCBM16-1 in the epidermal cell walls of Col-0 indicates that it might be able 

to access the mannans despite their embedding in the pectin matrix. This presents a significant 

advantage compared to more traditional techniques such as immunolabelling, where the 

antibody size restricts access to cell wall mannans. CBMs could therefore be a powerful tool 

for non-destructive in vivo labelling of plant carbohydrates, with potential applications in 

scientific research and industrial settings. 

 

 

 

 

 

 

 

 

 

 

The following legend refers to the figure on the next page: 

Figure 38 Stable expression of α-TpolCBM16-1-Sc-2A-Tq2, α-pmScarlet-I and pmScarlet-I in Arabidopsis Col-0 
and csla2,3,9. Selected T3 lines showed Mendelian segregation ratios of ~ 3:1. All images were acquired with the 
same settings using a confocal Zeiss LSM780. 3D-projection signal intensities were adjusted in post-processing for 
best visualization. Negative controls were adjusted the same way as the darkest fluorescent signal. (a) Yeast 
fluorescent controls expressing α-TpolCBM16-1-Sc-2A-Tq2 and α-pmScarlet-I and Arabidopsis cyan fluorescence 
(CFP) control. (b) Epidermal cells of rosette leaves from 15 days old T3 seedlings, transferred to soil after 7 days 
of growth on vertical agar plates. (c): 5 days old seedling root elongation zones. Note: TL panel of α-TpolCBM16-
1-Sc-2A-Tq2 also shows resliced image of the red channel. Abbreviations: TL = transmitted light, BFP = blue 
fluorescent protein, RFP = red fluorescent protein, merged = merging of fluorescent channels (except for CFP 
control where all channels were merged); 3D-projection = layering of all planes to form a 3-dimensional image in 
ImageJ. Scale bar = 50 µm. 
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4 DISCUSSION 

Synthetic biology greatly profits from employing microorganisms such as bacteria and 

yeast. Living materials can be engineered to exert novel functions, and polysaccharides like 

cellulose can be functionalized by engineering, such as cellulose-enzyme-networks (Gilbert 

and Ellis, 2018; Gilbert et al., 2021). They allow for rapid design-build-test-learn cycles due to 

their short generation times, which extend only over days, compared to plants' much longer 

generation times. This time efficiency makes microorganisms an invaluable resource for 

investigating and innovating polysaccharide production and functionalization. 

The objective of the present study was threefold. First, single-domain swaps were 

employed in an attempt to tailor HM production in yeast. Second, new probes were developed 

to label HM in vivo non-invasively. These new probes were then used to demonstrate how they 

could help elucidate native HM distribution in planta and to discover new CSLA variants by 

using the new CBM-based probes as indicators of the functionality of different CSLA variants. 

4.1 CSLA Domain Swaps for HM Biosynthesis Tailoring 

To manipulate HM production, domains from the mannan-producing AtCSLA2 from the 

dicot Arabidopsis were swapped with AkCSLA3 domains from the monocot A. konjac. 

AtCSLA2 plays a role in Arabidopsis seed mucilage, with potential implications on seed 

mucilage characteristics, which may influence the salt tolerance of Arabidopsis seeds (Yu et 

al., 2014; Voiniciuc et al., 2015; Yang et al., 2021). Conversely, AkCSLA3 piques interest for 

its function in glucomannan biosynthesis during A. konjac development as glucomannan is 

currently used to manage lifestyle diseases such as diabetes (Gille et al., 2011; Behera and 

Ray, 2016). Modulating HM biosynthesis may serve dual purposes, potentially enhancing crop 

resilience to stress and augmenting the health benefits of hemicelluloses. 

A new streamlined growth protocol (Robert et al., 2021) improved yeast growth times 

and increased HM yields. The Glc components of glucomannan produced by AkCSLA3 could 

be separated from the native yeast Glc by linkage analysis (Figure 7) and partial AKI digestion 

with β-mannanase. These techniques removed background yeast β-1,3-linked glucans from 

the β-1,4-linked heteromannans (Figure 8) (Aguilar-Uscanga, 2003; Voiniciuc et al., 2019). 

Glycosidic linkage analysis in the domain-swapped enzymes and their parents 

AtCSLA2 and AkCSLA3 revealed an increase in 4-linked Man production in all chimeras 

relative to the wild-type, albeit marginal for five constructs (Figure 7b and c, Figure 8b). 

Swapping the N- or the C-terminal CSLA domain often led to a significant drop in HM 

production, except for 3332, which sustained HM quantities akin to its parent AkCSLA3. 
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Previous research highlighted the crucial role of transmembrane pores for the 

translocation and structure of xyloglucan (Davis et al., 2010), mixed linkage glucan (Jobling, 

2015; Dimitroff et al., 2016), and cellulose synthases (Purushotham et al., 2020). Considering 

the high divergence at the N- and C-termini of AtCSLA2 and AkCSLA3 (Figure 6), these 

terminal regions may ensure proper protein structure and Golgi membrane anchoring. Altering 

these domains may compromise protein architecture, reducing or abolishing their function. 

Surprisingly, chimeras 2322 and 2232 produced more mannan than their parent 

AtCSLA2 without incorporating significantly more Glc (Figure 7). This suggests that in a 

heterologous host, AtCSLA2 requires AtMSR1 to produce glucomannan (Voiniciuc et al., 

2019), which was further supported by increased Glc incorporation and HM yield when 2322 

and 2232 were co-expressed with AtMSR1 (Robert et al., 2021). These observations led to the 

hypothesis that the putative protein O-fucosyltransferase MSR1 might glycosylate and/or 

interact directly with the GT2 domain of CSLA enzymes. 

Using cost-efficient materials and a single heterologous CSLA-based enzyme, it was 

possible to produce (gluco)mannan at mg / 2 mL levels. However, due to their insolubility 

(Berglund et al., 2020), assessing the molecular weight of intact heterologous HM was not 

feasible. Future research could consider co-expressing CSLAs with enzymes responsible for 

HM galactosylation and/or acetylation, which is hypothesized to help branch mannans 

(Scheller and Ulvskov, 2010) and, by that, increase HM solubility. 

Prior studies on CSL chimeras disclosed that swapped-domain cereal CSLF6 proteins 

expressed transiently in N. benthamiana leaves generated variable β-1,3-1,4-linked-glucan 

amounts but consistent DP3:DP4 oligosaccharide ratios, generally matching the ratios 

observed in both parents or intermediate ratios (Jobling, 2015; Dimitroff et al., 2016). By using 

a similar approach and comparing the Glc:Man ratios of chimeric and parental enzymes, it was 

possible to distinguish between glucomannan, produced by AkCSLA3 and 3332, and pure 

mannan, produced by AtCSLA2, 2322, and 2232. 

Contrary to the present study, where five CSLA swaps produced significantly less HM 

than their parents (Figure 7), CSLF6 chimeras from prior studies were all functional. This might 

stem from the tighter evolutionary kinship among cereal CSLF6s compared to the selected 

CSLAs. Notably, AtCSLA3 and not AtCSLA2 is the ortholog of AkCSLA3 (Gille et al., 2011). 

Yet, no specific amino acids related to glucomannan synthase activity were identified. 

Extended overexpression of AkCSLA3-driven glucomannan production reduced growth 

compared to the wild-type, aligning with the impossibility of constitutive AkCSLA3 expression, 

despite available constitutive promoters (Prielhofer et al., 2017). AtCSLA2 and 

mannan-producing chimeras did not display such growth reduction (Figure 9). 24 h of 

AkCSLA3 overexpression sufficed to lower cell density but not to induce morphological 
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changes. However, after 72 h, most AkCSLA3-expressing cells lost viability, indicated by 

increased TB uptake (Figure 9b). Additional tests with PI (Figure 10) and Congo red (Robert 

et al., 2021) corroborated the viability loss in AkCSLA3 colonies. 

Replacing the C-terminal domain of AkCSLA3 with the one of AtCSLA2 (3332) partially 

restored cell viability (Figure 9, Figure 10), with minimal impact on Glc:Man ratio (Figure 8). 

Also, TmCSLC4 expression, a β-1,4-glucan synthase putatively producing xyloglucan in yeast 

(XyG) (Cocuron et al., 2007; Schultink et al., 2014), did not affect cell viability (Robert et al., 

2021). Thus, the viability drop upon prolonged AkCSLA3 overexpression could be 

glucomannan specific, possibly due to GDP-Glc precursor competition and/or intracellular 

glucomannan accumulation. In the future, this could be tested by expressing high-yielding 

CSLA variants to elucidate if this would intensify the defects. As a first step, an AkCSLA3 

variant library was created. Combined with new CBM-based probes, new, higher-yielding 

CSLA variants could be discovered. 

4.2 Design of a CBM-Probe for in vivo  

Investigating CSLAs in yeast presents a notable challenge: only a select few maintain 

functionality when tagged with a fluorescent protein, thus preventing in vivo localization 

analysis of most CSLAs (Voiniciuc et al., 2019; Robert et al., 2021). In addition, the position of 

the fluorescent tag may strongly influence the productivity of a given CSLA (Figure 27). 

Heteromannan labelling requires a specialized tool that can simultaneously fluoresce 

and anchor itself to HM to allow the visualization of its precise localization. Existing techniques 

employing these dual capabilities are unspecific stains or antibodies which require tissue 

disruption (Voiniciuc et al., 2018b). In this work, the shortcomings of the current labelling 

techniques were addressed by developing a new, user-friendly, non-invasive, specific probe 

to label HM. They are based on Carbohydrate-Binding Modules (CBMs) recombined with 

fluorescent proteins similar those previously developed for xylan labelling in Arabidopsis 

(Zhang, 2014). The new probes will be efficient instruments for detecting functional enzymes 

when co-expressed with native or chimeric CSL enzymes in heterologous systems and to 

elucidate the native distributions of HM in planta. Expressing CSLA libraries in 

CBM-probe-expressing yeast could help rapidly identify new functional CSLA variants. This 

approach could uncover key amino acids essential for CSLA function and potentially lead to 

minimally altered CSLAs with higher yields in a high throughput manner. 
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4.2.1 CBM-Probe Secretion from Yeast Depends on HM Quantities 

In this work, probes for in vivo heteromannan binding were developed using mannan-

binding CBMs that were recombined with C-terminal fluorescent proteins and N-terminal signal 

peptides for extracellular secretion. This ensured that the recombinant CBMs secreted from 

the yeast cells unless they were retained by HM presence (Figure 16a). 

It was found that the amount of heterologous (gluco)mannan was decisive of the 

relative TpolCBM16-1 and PaCBM35 secretion (Figure 27, Figure 28), demonstrating the 

ability of CBMs not only to detect HM but also to give insight into the produced HM quantities. 

In contrast, TmCBM27 consistently showed low secretion rates across all tested backgrounds. 

While the α-signal peptide enabled successful secretion of TpolCBM16-1 and 

PaCBM35 from the wild-type, this signal peptide may not be suitable for TmCBM27 secretion. 

Recent studies uncovered potential shortcomings of the α-signal peptide and proposed 

alternative, potentially better performing, signal peptides tailored for Pichia (Barrero et al., 

2018; Shen et al., 2022). The new signal peptides could improve TmCBM27 secretion. As, 

from the selected CBM candidates, TmCBM27 seems to exhibit the highest specificity towards 

β-1,4-mannooligosaccharides, the use of alternative signal peptides for its further exploration 

could enhance the optimization of mannan-binding CBM-probes (Table 1). 

Previous investigations regarding TmCBM27 binding to β-1,4-mannooligosaccharides, 

carob galactomannan, and konjac glucomannan (Boraston et al., 2003; Boraston et al., 2004) 

were recently confirmed computationally, where the formation of TmCBM27/mannopentaose 

complex was demonstrated (Zou et al., 2023). Yet, no studies were found in which the binding 

of TmCBM27 to differently linked poly- or oligosaccharides was tested. So, the limited 

TmCBM27 secretion could either result from its specific configuration, or it could potentially 

bind to native yeast polymers such as β-1,3- and 1,6-glucans or mannoproteins (Aguilar-

Uscanga, 2003). Considering the promiscuous carbohydrate recognition of several CBMs 

(Obembe et al., 2007), future research could explore the potential recognition of non-β-1,4-

linked carbohydrates by TmCBM27. A computational approach, such as a recently introduced 

deep learning-based system (Zou et al., 2023), could be the starting point for testing diverse 

ligands, followed by empirical ligand binding experiments. 

4.2.2 In Yeast, CBM-Probes Co-Localize with CSLAs 

Surprisingly, when co-expressed with CSLAs, the CBMs did not localize to the cell walls 

- where heterologous (gluco)mannan was expected - but rather co-localized with the CSLA 

enzymes (Figure 19, Figure 28). This raised questions about the extent of heterologous HM 

incorporation into the yeast cell walls (Figure 39). 
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Immunolabelling untagged AtCSLA2 

and AkCSLA3 expressing strains revealed 

(gluco)mannan presence at the cell walls, 

suggesting that a significant portion of 

(gluco)mannan may be incorporated into 

the cell walls. On the other hand, its 

considerable size (150 kDa (Charles A 

Janeway et al., 2001)) may prevent LM21 

from penetrating the cell wall, preventing 

intracellular HM labelling. 

If most HM were incorporated into 

the cell walls, the co-localization of the 

CBMs with the CSLAs would remain 

unexplained. Co-expression of CBMs and 

CSLAs could cause CBM/HM binding 

immediately after biosynthesis and before 

initiation of vesicular HM transport to the cell 

wall as CBM/HM may struggle to 

translocate through the Golgi and to the cell 

wall. This could be caused by the CBMs 

themselves. CBM/HM complexes would 

display different characteristics than HM 

alone, potentially preventing the HM from 

being recognized as components that 

should be incorporated into vesicles for 

transport to the cell wall (Franková and Fry, 

2013). Considering the DPs of 13-22 for 

heterologous (gluco)mannan (Figure 7, 

(Robert et al., 2021)), the binding of 

TpolCBM16-1 to mannopentaose in a 1:1 

ratio (Bae et al., 2008; Su et al., 2010), and the fact that mannanase derived family 35 CBMs 

bind mannopentaose (Tunnicliffe et al., 2005), it could be speculated, that 3-4 recombinant 

CBMs would bind the same (gluco)mannan chain. The overall complex would exceed 200 kDa 

(α-CBM-FP ≈ 50 kDa), possibly preventing it from passing the Golgi membrane. 

Figure 39 Expected vs. observed CBM-localization in HM-
producing yeast. From top to bottom: (Gluco)mannan 
produced by CSLAs is expected to localize to the yeast cell 
walls. Therefore, CBMs were expected to localize to the cell 
walls too. However, they were found to co-localize with the 
CSLAs in the Golgi-Apparatus. It is therefore hypothesized 
that a significant portion of heterologous (Gluco)mannan 
may remain in proximity to the CSLAs.
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4.2.3 Optimization of CBM-Probes Using a Ratiometric Fluorescent Protein 

The top CBM-probes harbouring TpolCBM16-1 and PaCBM35 were further optimized 

by introducing a new tag comprising pmScarlet-I (Botman et al., 2019) and a self-cleaving 

pSmTq2 as a ratiometric probe (Figure 24). The ratiometric probe was designed for plant 

expression, considering that unlike in yeast cultures, no supernatant is available to measure 

fluorescence in plants. pSmTq2 was intended to confirm CBM expression, even if they were 

to secrete out of the plant due to lack of mannan, as expected in the mannan-deficient 

Arabidopsis csla2,3,9 triple mutant (Goubet et al., 2009; Liepman and Cavalier, 2012). 

Cleaved pSmTq2 remained in the cytosol while the CBMs with the pmScarlet-I tag still 

secreted out of the cells. The ratios of total pSmTq2 signal to total pmScarlet-I signal were 

consistent across the tested genotypes (Figure 24), suggesting that pSmTq2 could be a 

reliable indicator for CBM expression in plants. 

In yeast, the secretion efficiency of a native Arabidopsis secretion signal peptide 

(AtEXP10) (Cho and Cosgrove, 2000; Zhang, 2014) was lower than α-mediated CBM 

secretion. This accounts for the fact that AtEXP10 is a plant signal peptide. It might have 

difficulties passing the yeast secretory pathway as efficiently as the one of Arabidopsis. Still, 

its secretion in yeast was relatively high in the wild-type, especially when considering CBM-

probes without signal peptide, which showed no secretion at all (Figure 24, Figure 26). 

In wild-type, recombinant PaCBM35 localized in the cytosol regardless of the secretion 

signal peptide (Figure 25, Figure 26), confirming that CBM-probes only localized in punctate 

when co-expressed with CSLAs. Similar to the behaviour of the α-signal peptide, AtEXP10 

also resulted in a (gluco)mannan quantity-dependent secretion (Figure 27, Figure 28), 

underscoring its potential for successful use in plants. Also, the results show that plant 

secretion peptides are able to function when heterologously expressed in yeast. 

4.2.4 CBM-Probes Help Detect New CSLA Variants 

After validating the new CBM-probes in yeast, they were tested as to their ability to 

enable the high throughput discovery of new CSLA enzymes. Four of the 10 selected 

AkCSLA3-sfGFP library strains to analyse had no amino acid changes, while the others varied 

from 1-8 mutations. Two strains underwent frameshift mutations, impairing their function and 

sfGFP fluorescence. Variants 9 and 10 both had the same number of bp and AA changes. Yet, 

only variant 9 showed elevated amounts of mannose (Figure 30). This raised questions about 

the impact of mutation locations on the ability of non-functional variants to anchor to the Golgi 

membrane and the potential influence of altered AA polarity on enzyme functionality. 
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Indeed, non-functional variants formed larger aggregates than the parental AkCSLA3 

and the functional variants, which localized in punctate (Figure 32). It was hypothesized that 

function loss and mislocalization could be caused by mutations in the transmembrane regions, 

which could affect protein anchoring to the Golgi membrane. Another hypothesis was that 

protein aggregation could be due to improper protein folding (Figure 29) caused by polarity 

changes of the mutated AA. In fact, AA polarity and polar interactions play a crucial role in 

protein-folding (Shanahan and Thornton, 2005; Pace and Gao, 2013), especially in 

transmembrane regions (Partridge et al., 2002). 

However, there was no correlation between AA polarity and functionality (Table 4). In 

addition, AlphaFold2.0 prediction showed that despite eight AA changes, the enzyme structure 

of non-functional variant 1 was similar to the wild-type AkCSLA3 (Figure 33). Yet, AlphaFold 

2.0 may overpredict α-helices and β-strands (Stevens and He, 2022), which might cause 

variant 1 to seemingly match the AkCSLA3-sfGFP parent, despite its potential architectural 

impairment. Future experiments with more variants are required to provide greater insights into 

AA or AA combinations essential for CSLA function. In addition, experimentally resolving 

structures of select CSLA variants would facilitate comparisons with AlphaFold2.0 predictions, 

establishing a benchmark for its precision in predicting CSLA structures. 

PaCBM35-probe secretion rates correlated with the amounts of mannan made by the 

verified library strains (Figure 31), underscoring the ability of the new CBM probes to predict 

the CSLA (variant) performance as already demonstrated in section 3.2.3.2.. 

The independence of CBM secretion from sheer CSLA expression was a significant 

discovery. Notably, when co-expressed with non-functional CSLA variants, PaCBM35 

secretion was similar to wild-type (Figure 30), affirming that CBM secretion depends on 

(gluco)mannan presence and not CSLA expression. 

In whole yeast cultures, the variability within populations often goes unexamined. One 

key objective of CBM-probe application is to detect new CSLA variants at the single-cell level. 

Therefore, it is crucial to understand the distribution of cell size, gene expression, and viability 

of a yeast population. Experiments with AkCSLA3, AtCSLA2, and the CSLA swaps provided 

valuable insight into individual CSLA domain functions. However, the limited sample size (~1 

µL) and the narrow acquisition plane in microscopy only allowed the analysis of around 1000 

cells per genotype (Chapter 3.1 & (Robert et al., 2021)). Moreover, microscopy does not allow 

the recovery of single cells, making it unsuitable for CBM-mediated CSLA variant searching. 

Single-cell analysis via cytometry coupled with subsequent cell sorting could overcome 

microscopical limitations (Hohenblum et al., 2003). In such a setup, only cells with functional 

CSLAs would show fluorescence from retained CBMs, enabling high throughput cell sorting 

based on CSLA functionality. This approach could also help pinpoint influential amino acids 
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responsible for the fine structure of produced (gluco)mannans and overall CSLA functionality. 

As proof of concept, single-cell cytometry was tested as to its ability to help identify functional 

AkCSLA3-sfGFP library variants in wild-type cultures stained with PI to identify dead cells.  

The sfGFP signal allowed to discern which populations expressed AkCSLA3-sfGFP or 

a variant. By examining the PI signal, it could also be identified which populations suffered 

from the (gluco)mannan accumulation toxicity, enabling to differentiate between functional and 

non-functional AkCSLA3 variants (Figure 34). The clear sfGFP and PI distribution patterns 

between unstained wild-type, sfGFP, and AkCSLA3-sfGFP populations were mirrored in the 

CSLA variants with the respective traits (sfGFP signal, PI staining). This demonstrated that 

even without the CBM-probes, which will allow more accurate CSLA function predictions in the 

future, it was possible to distinguish functional from non-functional CSLA variants. 

Hence, combining cytometry with cell sorting offers a promising tool for high-throughput 

gene-library screening, particularly once the genes to screen will be co-expressed with the 

CBM-probes. Furthermore, this approach presents a rapid method for cell viability assessment, 

granting insights into the toxicity of specific (gluco)mannan structures for Pichia. 

4.2.5 CBM-Probes Label Heteromannans in planta 

The novel CBM-probes are also envisioned to provide unprecedented insight into the 

in vivo distribution of plant HM in wild-type plants and those with mutations affecting HM 

production. This will improve the understanding of how they affect HM distribution. 

In N. benthamiana leaves, the pSmTq2 expression control localized differently than the 

CBM-probes, indicating successful cleaving, as previously observed in yeast (Figure 25, 

Figure 26). Interestingly, TpolCBM16-1 and PaCBM35 localized similarly in plasmolysed cells. 

Localization differences were rather tied to the different signal peptides (Figure 36). 

The fact that the signal peptides had a stronger influence on localization than the CBMs 

underscores the similar substrate specificities of TpolCBM16-1 and PaCBM35 (Table 1). 

However, in this context, it remains uncertain if the CBMs labelled HM. Yet, when plasmolysed,  

AtEXP10-TpolCBM16-1 and AtEXP10-PaCBM35 showed more punctate structures than the 

α-pmScarlet-I control, suggesting at least some level of mannan-binding. 

Mannan labelling could be hindered by pectin that embeds cell wall mannans (Marcus 

et al., 2010). While the recombinant CBMs (≈ 50 kDa) are smaller than typical antibodies (≈ 

150 kDa) used to immunolabel mannans (Charles A Janeway et al., 2001), theoretically 

improving in vivo mannan access, the CBMs may still be too large compared to typical cell wall 

dyes. On the other hand, mannan acetylation sometimes protects them against CBM-binding 

and thereby reduces or prevents their degradation by glycosyl hydrolases (Montanier et al., 
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2009; Marcus et al., 2010; Berglund et al., 2020). Consequently, even if the CBMs are 

sufficiently small to bypass the pectin, acetylation might still prevent them from labelling 

mannan effectively. Additionally, the relatively low mannan content in N. benthamiana leaves 

(Nguema-Ona et al., 2012) could contribute to a lack of CBM movement to the cell walls. In 

fact, in the roots of Arabidopsis Col-0 seedlings, which contain higher amounts of mannan, 

punctate structures at the cell walls suggested successful mannan labelling (Figure 38). 

The top CBM candidate, α-TpolCBM16-1, was stably expressed in the Arabidopsis 

Col-0 wild-type and the csla2,3,9 triple mutant. While the signal strength in Col-0 was 

significantly higher than in csla2,3,9, TpolCBM16-1 localization differences between the 

backgrounds were clearly discernible (Figure 38). Both pmScarlet-I controls (with and without 

α-signal peptide) primarily localized in smooth patterns at the epidermal cell edges in both 

Arabidopsis backgrounds. TpolCBM16-1, on the other hand, localized in punctate at the edges 

of the epidermal cells and showed very strong xylem labelling in Col-0 (Figure 38), aligning 

with the known abundance of mannans in the xylem and vasculature (Handford et al., 2003; 

Goubet et al., 2009; Marcus et al., 2010; Kim and Daniel, 2012). 

In contrast, TpolCBM16-1 labelled only a few epidermal cells of the csla2,3,9 mutant. 

The TpolCBM16-1 labelling patterns in these cells were similar to the ones in Col-0, suggesting 

that, at least in these cells, (gluco)mannan distribution may be similar in Col-0 wild-type and 

csla2,3,9. From these observations, it could be proposed that the mannan deficiency in the 

csla2,3,9 mutant may not necessarily stem from a universal (gluco)mannan content reduction 

in each cell but rather from a complete absence in most epidermal cells and wild-type like 

(gluco)mannan production in a few cells. 

These observations contrast with an earlier immunolabelling study on mature 

inflorescence Arabidopsis stems of the csla2,3,9 mutant, which suggested a complete absence 

of mannan (Goubet et al., 2009). However, this study had a limited scope of cell analysis due 

to the laborious preparation of each stem section for immunolabelling. In contrast, CBM-probe 

expression enabled rapid microscopical screening of entire seedlings without preliminary 

sample preparation. Hence, it is not unlikely that previous studies may have overlooked the 

few cells in Arabidopsis stems that still produced mannan or that the observations in the 

present study are seedling-root-specific. In addition, the previous study showed that the 

presence of mannan in a few cells could be overlooked in carbohydrate analysis. 

On the other hand, TpolCBM16-1 labelled neither xylem cells nor the vasculature in 

csla2,3,9, which aligns with the lack of mannan in this mutant (Goubet et al., 2009; Liepman 

and Cavalier, 2012) and underscores the specificity of CBM-based probes for heteromannans 

in planta. Consequently, this study highlights the value of non-invasive mannan labelling 

probes to increase the precision of in planta mannan distribution and content analysis. 
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Despite promising results in terms of HM labelling, certain challenges remain to be 

addressed. No pSmTq2 labelling was detected in the seedling roots, which could not be 

attributed to an imaging issue, as the signals from the yeast control pSmTq2 and a peroxisomal 

CFP Arabidopsis control (Nelson et al., 2007) were clearly visible. The lack of pSmTq2 signal 

may have been pH-related since fluorescent proteins like GFP respond to pH changes (Bizzarri 

et al., 2009). Here, the pSmTq2 signal was stable in N. benthamiana leaves even in elevated 

pH after plasmolysis (Figure 36). In addition, previous research showed that in N. benthamiana 

mesophyll cells, mTurquoise2 was stable in a pH range from 5-8 and only showed a slight 

signal reduction at pH 4 (Stoddard and Rolland, 2019). Given that the pH variations in 

Arabidopsis fall in this pH range (apoplast ≈ pH (5-6); cytosol ≈ pH 7) (Wegner and Shabala, 

2020; Zhou et al., 2021), a pH-related lack of pSmTq2 signal seems unlikely, especially since 

mTq2 has already successfully been expressed in Arabidopsis seedlings previously 

(Schürholz et al., 2018; Gehrke et al., 2023). Since the codon optimization for expression in 

Pichia had no detrimental effect on the expression in N. benthamiana either, the cause for the 

absence of the pSmTq2 signal in the present study should be investigated further in the future. 

Another concern was the high difference in CBM signal strength between Col-0 and 

csla2,3,9, which could possibly be an expression issue. Previous findings unveiled a resistance 

of a rat4 Arabidopsis mutant against A. tumefaciens-driven transformation. The cause of this 

resistance was identified as being a T-DNA insertion in an untranslated region of the CSLA9 

gene, which also caused CSLA9 transcript reduction (Zhu et al., 2003). Unpublished findings 

from the “Designer Glycans” group also uncovered a difficulty of A. tumefaciens transformation 

of csla2,3,9 mutant lines, suggesting that the CSLA9 gene impairment may have the same 

effect in the csla2,3,9 mutant and the rat4 mutant. 

In the future, it will be vital to confirm that the absence of TpolCBM16-1 from the xylem 

in csla2,3,9 is indeed due to the lack of HM and not low expression levels. In addition, it is 

important to consider that screened T3 generation has yet to be analysed as to the insertion 

loci of TpolCBM16-1 and that at this stage, the signal intensity differences could also be due 

to different CBM-probe gene integration loci and the resulting differing expression strengths. 

Using RT-qPCR, the transcripts of the CBM-probes, the fluorescent controls, and the 

(Gluco)mannan-producing CSLAs should be analysed, and expression levels correlated to the 

mannan content and CBM fluorescence signal intensity. This will allow to verify the 

observations made in this work. Additionally, the performance of new CBM-probes in other 

Arabidopsis mutants, like the cellulose-reduced mutant kor1-4 (Mielke et al., 2021) or CSLA 

overexpressing mutants (Goubet et al., 2009), could provide intriguing insights, potentially 

unveiling the influence of cellulose absence on HM localization or how cell walls might 

reorganize upon increased heteromannan presence respectively. 
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Prior investigations with mannan-specific antibodies focused predominantly on stems, 

where mannan was found to be distributed evenly in a significant portion of primary and 

secondary cell walls. This patterning differs from the punctate localizations observed in this 

study (Handford et al., 2003; Marcus et al., 2010), making additional investigations with respect 

to the observed CBM-localizations in planta crucial, especially in stem sections. 

4.3 Conclusion 

In sum, the results demonstrate that CSLA alteration via domain swaps or the creation 

of CSLA libraries can facilitate the discovery of new, favourable heteromannans with tailored 

fine structures and positive effects on yeast growth. A new in vivo heteromannan-labelling tool 

based on CBMs was also successfully developed. The novel CBM-probes were validated in 

yeast, and their potential to assist high throughput discovery of new CSLA variants and 

elucidate HM distribution in planta was demonstrated through proof-of-concept experiments. 

The key advantage of these findings is that the approaches used in this work could be 

replicated for other CSLA enzymes, thereby facilitating the fine-tuning and in vivo detection of 

a wide array of hemicelluloses. 

In the future, CBM-probes could be used for various purposes related to mannan 

probing, heteromannan biosynthesis tailoring, and biotechnological applications. They could 

serve to decipher distributions and dynamics of heteromannans not only in model plants but 

also in industrially relevant crops like maize or cereal, aiding the discovery of variants with 

higher nutritional value due to increased heteromannan presence. 

Furthermore, coupling cytometry with cell sorting could enable high throughput CBM-

probe-based screening for new CSLA variants and uncover the key amino acids that influence 

heteromannan fine structure. This could enable precise heteromannan biosynthesis fine-tuning 

and subsequent production of heteromannans with desirable traits for improved crop nutrition, 

biocapsules with tailored drug release times (Homayun et al., 2019). 

Beyond this, CBMs could impart new functions to engineered living materials. CBMs 

could be recombined with antimicrobial peptides like LL-37 (Dürr et al., 2006) and serve as 

junctions between scaffold carbohydrates like mannans (Kang et al., 2021) or living materials, 

leading to (engineered living) materials with antimicrobial traits. 

With the continuous discovery of new CBMs, the number of potential future applications 

increases daily. Beyond the mentioned potential applications, exploring these versatile 

carbohydrate binders will certainly unveil possible applications across various fields. 
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6 APPENDICES 

Appendix 1 Primer sequences used for Golden Gate and MoClo assembly of constructs cloned for this thesis. 
Primers are clustered by subprojects they were used for. Primer names for the domain swap project relate to the 
four domains established in Figure 6. Recognition sites of the enzymes are highlighted in bold, fusion sites are 
coloured in yellow. Bold lower case letters in the fusion sites of primers denote the domestications (dom) employed 
to remove unwanted enzyme cut sites. To create the small cleaving peptide P2A, designated to cause self-cleaving 
of pSmTq2, the first and the second P2A halves were integrated in the respective assembly primers (blue). F and 
R specify forward or reverse primer orientation. 

GOLDEN GATE AND MOCLO ASSEMBLY 

PRIMERS 5' to 3' sequence (fusion sites) 

DOMAIN SWAP PRIMERS 

AtCSLA2 dom1 R atatGGTCTCtGAgaTGCTCGGACGGCGAGAT 

AtCSLA2 dom2 F ataaGGTCTCatcTCTTCGCGGCTGGAAAT 

AkCSLA3 dom1 R cgacGGTCTCtAtACCTTCACGTACAGGCTCA 

AkCSLA3 dom2 F ataaGGTCTCaGTaTTCCGCCGGCGGCCCAA 

AkCSLA3 dom2 R cggcGGTCTCtTtTCATATTTTATGTTCACCCCATCC 

AkCSLA3 dom3 F acatGGTCTCaGAaACCAGGGCCAACAGAAATG 

AkCSLA3 dom3 R atcaGGTCTCtGtCCGATCTCCGGGTTGTGGAT 

AkCSLA3 dom4 F atatGGTCTCaGGaCTCGCTCAGGCTCGCTGGAA 

AtCSLA2-1 F acatGGTCTCaCATGGACGGTGTATCACCAAAGT 

AtCSLA2-1 R cttcGGTCTCtGAGGACGACGGGGAAATT 

AtCSLA2-2 F tacaGGTCTCaCCTCCCTCGTACAAATCCCCAT 

AtCSLA2-2 R cgtcGGTCTCtACCATCTATGTTGCTGA 

AtCSLA2-3 F acgcGGTCTCtTGGTCTTGTGGACCT 

AtCSLA2-3 R atcaGGTCTCtCGTTCGTTAGCCCTTCCTGCC 

AtCSLA2-4 F agtcGGTCTCaAACGAGTGGGTAGTGACT 

AtCSLA2-4 R acgcGGTCTCtAAGCCTAACTCGGGACATAAGTCC 

AkCSLA3 DOMAIN SWAPS PRIMERS 

AkCSLA3-1 F ataaGGTCTCaCATGGCCATCGACTGGGC 

AkCSLA3-1 R cttcGGTCTCtGAGGACCATTGGGTAGGC 

AkCSLA3-2 F taatGGTCTCaCCTCGTCCAAATACCCAT 

AkCSLA3-2 R catcGGTCTCtACCATCGATGCTGTT 

AkCSLA3-3 F tacaGGTCTCtTGGTCATGCGGGCC 

AkCSLA3-3 R atacGGTCTCtCGTTGACCCTCCCGATCT 

AkCSLA3-4 F atatGGTCTCaAACGAGTGGGTCGTCACA 

AkCSLA3-4 R cgcgGGTCTCtAAGCCTACTTTTCACTAGGAACAAAGGT 

TmCSLC4 DOMAIN SWAP PRIMERS 

TmCSLC4-2 F taatGGTCTCgCCTCGTCCAAATTCCTATGTGC 

TmCSLC4-2 R catcGGTCTCgACCACCATCTATGTTGTTGCTT 

PRIMERS FOR α SIGNAL PEPTIDE INTRODUCTION IN BB1_12 

pFDH1 F agccGGTCTCaGGAGAAATGGCAGAAGGATCAGCC 
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pFDH1 F gcgcGGTCTCgCAACTGTTTAAGTGGGTGATGTTG 

BB1_12 SPalpha F gtctGGTCTCgGTTGATGAGATTTCCTTCAATTTT 

BB1_12 SPalpha R acgaGGTCTCgCATGGCTTCAGCCTCTCTTTTCTC 

PRIMERS FOR RECOMBINATION OF CBMS WITH Α AND mRuby2 IN BB1_23 

BB1_23 SPalpha F agccGGTCTCaCATGAGATTTCCTTCAATTTTTAC 

BB1_23 SPalpha R aataGGTCTCaAGAACCAGCTTCAGCCTCTCTTTTCT 

CjCBM35 + L2 F aggaGGTCTCaTTCTGCTGTTCCAGAAGGTAACTCCTG 

CjCBM35 + L2 R agaaGGTCTCaCTCCTTCTTCACCCTTAGAAACCATTGG 

mRuby2 F atatGGTCTCaGGAGTGTCCAAAGGAGAGGAGTTA 

mRuby2 R acgaGGTCTCgAAGCTTACTTATACAATTCATCCATACCACCG 

TpolCBM16-1 F aggaGGTCTCaTTCTAAATATGGTTTCCAATCCAGG 

TpolCBM16-1 R agaaGGTCTCaCTCCCACTTCAACTAAATAAACGTC 

PRIMERS FOR CREATING RATIOMETRIC PROBE IN BB1_34 

pmScarlet-I +  
1st half P2A F 

ataGGTCTCgCAGCttgcttcaacagagaaaaattagtggcTTTGTACAATTCATCCATAC 

2nd half P2A + pSmTq2 F attaGGTCTCaGCTGgagatgttgaagagaaccctggtccaATGGTATCGAAAGGTGAGGAG 

pSmTq2 R cgcgGGTCTCgCTATTTTGTACAATTCGTCCATCC 

(stop)ScCYC1tt R acGGTCTCgATAGgctagTCATGTAATTAGTTATGTCAC 

PRIMERS FOR BRINGING CBM CODING SEQUENCES INTO THE MOCLO SYSTEM 

AtEXP10SP F cgctGAAGACacAATGATGGGTCATCTTGGGTTCTTAG 

SPalpha F cgctGAAGACacAATGATGAGATTTCCTTCAATTTTTAC 

pSmTq2 (stop) R acgaGAAGACcgAAGCttaTTTGTACAATTCGTCCATC 
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Appendix 2 Primers used for genotyping and sequence verification after cloning. Primers are clustered by 
subprojects they were used for. Primer names for the domain swap project relate to the four domains established 
in Figure 6. F and R specifiy forward or reverse primer orientation. 

GENOTYPING AND SEQUENCING 

PRIMERS 5' to 3' sequence 

CSLA SWAP PROJECT 

AtCSLA2-1 F GAGGATGGAGATCACAGGCCAA 

AtCSLA2-2 R TGAAGGTCACCGAGGTAGAGAA 

AtCSLA2-3 F TGGACCTGCAAATCTCTTTAGGA 

AtCSLA2-4 R CCAGCCCACTGATGAAGAAA 

AkCSLA3-1 F CCTCTACATTTGGGGTCAGG 

AkCSLA3-2 R TCCCACGTAGACAAACTTCCAACC 

AkCSLA3-3 F CGTAGCTCATTTCGTCACCT 

AkCSLA3-4 R AGGTGCCAACATAACCAAGTCC 

TmCSLC4 R GCCTTGATTCTCCAAACACC 

TmCSLC4 F ACTTTCTGCTCAGGGTGTCC 

TmXXT2 R CATTGTGACCTCTGCTCGTC 

M13 F TGTAAAACGACGGCCAGT 

M13 R CAGGAAACAGCTATGAC 

CBM PROJECT 

TpolCBM16-1 CACGAATCCAAACCATCCTC 

TmCBM27 CAACAACTCCGATGTGCAAC 

CjCBM35 AAGCAGTACCGTCCATGACC 

PaCBM35 GTTTTGACCTGCATTCAGCA 

pmScarlet-I TCCCACTTGAAACCTTCTGG 

pSmTq2 TACACCCCAGGAAAGAGTGG 

mRuby2 CAAATGACCTCCACCATCAA 

pFDH1 TTCAGTGTGCTGACCTACACG 

ScCYC1tt CTTTTCGGTTAGAGCGGATG 

pAGM8031 F TAGGCACCCCAGGCTTTAC 

pAGM8031 R GGCACATACAAATGGACGAAC 

 

NEXT PAGE: 

Appendix 3 Example of pipeline used to recombine TpolCBM16-1. From top to bottom: Coding sequences (CDS) 
are prepared for introduction into GoldenPiCs BB1 level vectors with standard fusion sites at the outer edges (not 
shown) and customized fusion sites (Fs) between elements when more than one CDS is introduced into a vector. 
Note that the 2A signal peptide for self-cleaving of pSmTq2 is introduced via primers with custom fusion sites that 
have the first or the second half of it respectively. Elements from the BB1 Level are recombined into the GoldenPiCs 
Level 3 vector BB3rN_14, which carries a Nourseothricin resistance. BB3 vectors are linearized and transformed 
into Pichia. For plant expression, the α-TpolCBM16-1-pmScarlet-I-2A-pSmTq2 sequence is extracted from the BB3 
vector via Phusion PCR using Phusion primers that introduce the appropriate fusion sites (FsB, FsC) for entry into 
the MoClo Level 0 vector pAGM4031. CDS is assembled into MoClo Level 1 together with the p35S promoter and 
the tOCS terminator. These constructs are then transiently expressed in N. benthamiana. For stable expression in 
Arabidopsis, the MoClo Level 1 construct is reassembled into a the MoClo level M vector pAGM8031 together with 
an RFP selection CDS, which induces red fluorescence in transformed seeds, and an end linker. Level M constructs 
were then expressed in Arabidopsis.  
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Appendix 4 Dilutions and total volumes used for plate reading of OD600 and fluorescence as described in 2.2.1. 
Table specifies the dilutions and total volumes for each figure. When supernatant was measured with a different 
dilution than the total culture, the supernatant dilutions are shown in parenthesis.

FIGURE µL CULTURE µL MILLIQ WATER 

FIGURE 11, FIGURE 12 C/D, FIGURE 16, FIGURE 17, FIGURE 20, 

FIGURE 24 
50 150 

FIGURE 12 A/B 200 0 

FIGURE 13 100 100 

FIGURE 14 50 (100) 150 (100) 

FIGURE 18, FIGURE 30, FIGURE 31 10 240 

FIGURE 26, FIGURE 28 10 290 

 

 

Appendix 5 Segregation ratios of transgenic Arabidopsis lines selected for microscopical analysis. For each 
genotype, seeds of 7-13 T2 lines were screened with respect to their segregation ratios. The three lines (except 
only two for α-pmScarlet-I) with the segregation ratios closest to 3:1 were selected for T3 growth and seedling root 
imaging via confocal microscopy.  

construct background line red seeds no FL seeds segregation ratio 

pmScarlet-I 

Col-0 

1 45 15 3.0 

2 45 14 3.2 

3 45 15 3.0 

α-pmScarlet-I 
1 45 18 2.5 

2 45 15 3.0 

α-TpolCBM16-1 
-Sc-2A-Tq2 

1 45 15 3.0 

2 45 13 3.5 

3 43 17 2.5 

pmScarlet-I 

csla2,3,9 

1 45 16 2.8 

2 45 13 3.5 

3 45 13 3.5 

α-pmScarlet-I 

1 45 14 3.2 

2 45 16 2.8 

3 45 14 3.2 

α-TpolCBM16-1 
-Sc-2A-Tq2 

1 45 13 3.5 

2 45 14 3.2 

3 45 17 2.6 
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