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Highlights

e Compilation of detailed inventory of intrinsic pectinolytic enzymes of U. maydis

e Activation of intrinsic endo-polygalacturonase in the yeast form

e Complementation of the pectinolytic repertoire by bacterial and fungal enzymes

e Online evaluation method for enzymatic substrate degradation using respiratory data

e Co-fermentation of engineered strains for efficient growth on polygalacturonic acid

Abstract

Microbial valorization of plant biomass is a key target in bioeconomy. A promising
candidate for consolidated bioprocessing is the dimorphic fungus Ustilago maydis. It harbors
hydrolytic enzymes to degrade biomass components and naturally produces valuable
secondary metabolites like itaconic acid, malic acid or glycolipids. However, hydrolytic
enzymes are mainly expressed in the hyphal form. This type of morphology should be
prevented in industrial fermentation processes. Genetic activation of these enzymes can
enable growth on cognate substrates also in the yeast form. Here, strains were engineered for
growth on polygalacturonic acid as major component of pectin. Besides activation of intrinsic
enzymes, supplementation with heterologous genes for potent enzymes was tested. The

presence of an unconventional secretion pathway allowed exploiting fungal and bacterial
2
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enzymes. Growth of the engineered strains was evaluated by a recently developed method for
online determination of residual substrates based on the respiration activity. This enabled the
quantification of the overall consumed substrate as a key asset for the assessment of the
enzyme degradation potential even on polymeric substrates. Co-fermentation of endo- and
exo-polygalacturonase overexpression strains resulted in efficient growth on polygalacturonic
acid. In the future, the approach will be extended to establish efficient degradation and

valorization of pectin.

Abbreviations
CAZyme, carbohydrate-active enzyme; CM, complex medium; CTR, carbon dioxide transfer rate; DNS, 3,5-dinitrosalicylic acid; ER,

endoplasmic reticulum; f. c., final concentration; GH, glycoside hydrolase; Gus, B-glucuronidase; HG, homogalacturonan; n.s., not
significant; ODgq, Optical density (600 nm); OTR, oxygen transfer rate; RAMOS, respiration activity monitoring system; RGI / RGI|I,

rhamnogalacturonan I/ Il; RQ, respiratory quotient; RT, room temperature; XG, xylogalacturonan.

Keywords: CAZyme, co-fermentation, oxygen transfer rate,

polygalacturonic acid, unconventional secretion, Ustilago maydis

1. Introduction

One key step towards a sustainable bioeconomy is the transition away from fossil
resources to the synthesis of chemicals or chemical building blocks from renewable bio-based
substrates, waste materials, or low-value industrial by-products (1, 2). Sugar beet pulp is an
abundant but low-value by-product of the sugar industry which accumulates during sugar
production in Europe and the United States. Worldwide about 8.6 million metric tons of dried
fiber-rich sugar beet pulp are used as animal feed (web reference 1). However, the economic
profit is limited due to the drying costs (3). Hence, it would be advantageous to use sugar beet

pulp for production of high-value substances in a microbial consolidated bioprocess. Substrate
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costs of 123 US$ / t of sugar beet pulp dry matter (web reference 2) and a market price of
1500 US$ / t for itaconic acid (4) as a potential product indicate the economic range for the
microbial conversion of sugar beet pulp. The respective microorganisms must be able to
enzymatically hydrolyze the (pretreated) pectin-rich pulp to release fermentable sugars and, at
the same time, produce a valuable product.

Four structural classes of pectic polymers exist: homogalacturonan (HG),
rhamnogalacturonan | (RGI), xylogalacturonan (XG), and rhamnogalacturonan 11 (RGII). HG
and RGI are depicted in Fig. 1. HG is composed of partially esterified polygalacturonic acid,
an a-1,4-linked galacturonic acid (galacturonic acid) polymer (5, 6). RGI, RGIl and XG
consist of a heteropolymer backbone and several different side chains including numerous
different sugars (5). Due to its complex structure, a large set of carbohydrate-active enzymes
(CAZymes) is needed for efficient pectin degradation (7). HG represents the most abundant
structural class with a share of about 60% (w/w) (8). Complete HG degradation requires the
efficient interplay of exo- and endo-polygalacturonases that in concert hydrolyze the
polygalacturonic acid backbone. Alternatively, pectate and pectin lyases can break the a-1-4
bonds by a trans-elimination mechanism yielding unsaturated (methyl)oligogalacturonates
(9). In addition, methyl-esterifications and O-acetylations of the polygalacturonic acid
backbone result in the additional need for pectin methylesterases and pectin acetylesterases
(10). Hydrolysis of other structural classes containing, among others, arabinose, rhamnose,
galactose, fucose and xylose moieties, requires diverse other hydrolytic enzymes (5).

A multitude of pectinolytic enzymes is produced by ascomycete filamentous fungi like
Aspergillus niger (11), basidiomycete mushrooms like Schizophyllum commune (12) and
various bacteria (7). Potent enzymes can be heterologously produced in Saccharomyces
cerevisiae and are currently used in different industrial applications, with fruit juice extraction

and clarification as the most important process (13).
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With respect to consolidated bioprocessing, recent research has focused on converting the
established fungal model S. cerevisiae into a host for bioethanol production from pectin.

S. cerevisiae does not produce intrinsic CAZymes for biomass degradation and does not
naturally grow on many of the pectin components like galacturonic acid. Therefore, genetic
engineering for substrate hydrolysis and uptake was conducted (14, 15). Another study
describes the expression of an endo-polygalacturonase in S. cerevisiae, but the aim was not on
substrate consumption (16). To our knowledge, no efficient process using S. cerevisiae
simultaneously as CAZyme production host and for galacturonic acid metabolization has been
published yet. As mentioned above, some filamentous fungi are naturally equipped for pectin
degradation and hence constitute promising alternatives to the yeast system (17). However,
suitable high-value products are lacking and efficient culturing in bioreactors remains a
challenge (18, 19).

In the past years, the corn smut fungus Ustilago maydis has emerged as an attractive
candidate for consolidated bioprocessing (20, 21). The basidiomycete is mostly known for its
ability to cause corn smut disease in its host maize and has been studied for decades. By now,
it has developed into a fungal model that is prominent for research on host-pathogen
interaction, cell and RNA biology as well as homologous recombination (22, 23). Handling of
U. maydis in the laboratory is very well established and includes a versatile toolset for
efficient genetic manipulation yielding genetically stable strains (24-28). The duplication time
is less than two hours in the presence of glucose as sole carbon source (21, 30). The
dimorphic fungus can be grown in the laboratory in a haploid yeast form that duplicates by
budding. These haploid cells are very robust and, in contrast to filamentous fungi, can easily
be cultivated in submerged culture, including large-scale cultivation in bioreactors (18, 29). In
nature, after mating of compatible yeast cells, infectious hyphae are formed that penetrate the
plant surface and cause infection (31). However, pure axenic cultures of haploid cells without

a suitable mating partner are considered harmless, and since the crucial genetic factors for
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infection like the mating genes are known, the fungus can easily be transformed into a non-
infectious, safe-to-use form (21, 32). In submerged culture of haploid cells, a morphological
switch to hyphal growth can also occur under the influence of stresses such as low pH or
nutrient limitations (33), but this switch can be avoided through disruption of the mitogen-
activated protein kinase (MAPK) signal transduction pathway that regulates the sexual cycle
(34). Such a modification does not affect the fitness of the cell under biotechnologically
relevant conditions (35). Of note, U. maydis has a very narrow host range infecting only Zea
mays and its ancestor Teosinte. It is innocuous to humans and infected plant parts are even
relished as a delicacy called Huitlacoche in Central America (21, 36).

From a biotechnological perspective, U. maydis is very interesting because it naturally
produces valuable secondary metabolites, including organic acids like itaconic and malic acid
as well as the glycolipids ustilagic acid and mannosylerythrytol lipids (37-41). As a plant
pathogen, U. maydis also contains a limited but potent set of conventionally secreted
hydrolytic enzymes including several CAZymes such as multiple xylanases, endoglucanases,
B-glucosidases and oxidoreductases (20, 42-46). Hence, it would be perfectly suited for
biomass valorization. Unfortunately, the CAZymes are mainly produced during the infections
stage in the plant and not during the biotechnologically relevant yeast phase (42). We recently
addressed this problem and activated several CAZymes in the yeast phase by exchanging the
native promoters of the respective genes by a strong artificial promoter (47). This enabled the
secretion of active enzymes during yeast-like growth and resulted in degradation of novel
simple biomass-related substrates like cellobiose (20). Additionally, as a proof of principle,
itaconic acid was produced using cellobiose as sole carbon source (20).

U. maydis not only harbors the conventional secretion pathway for protein export via the
endomembrane system but also an unconventional secretion route (48, 49). Chitinase Cts1 has
been identified as a target protein that is exported via the fragmentation zone of dividing cells

in a novel lock-type mechanism (49-51). Export of heterologous proteins via unconventional

6



Stoffels and Mdiller et al., 2019

secretion using Ctsl as a carrier has been established a few years ago (28, 52, 53).
Importantly, unconventional secretion circumvents the endomembrane system and
consequently the cognate post-translational modifications. This can be essential for secretion
of bacterial proteins coincidentally containing detrimental eukaryotic N-glycosylation sites
(28, 50).

U. maydis is able to grow on monomeric galacturonic acid, the most abundant sugar in
pectin, as we have shown recently in a parallel methodological study (54). This ability has
been proven by application of the respiration activity monitoring system (RAMOS), enabling
the development of a methodology for the online quantification of consumed galacturonic
acid. It is based on the stoichiometric linkage between galacturonic acid consumption, oxygen
consumption and carbon dioxide release. Extension of this methodology towards polymeric
substrates even enabled the determination of enzymatic activity in the culture supernatant
(54). Thus, the RAMOS technology provides a powerful tool for the characterization of
CAZyme producing strains based on their metabolic activity on complex substrates.

In this work we extended our previous approach of activating intrinsic CAZymes for the
degradation of plant biomass components (20) to perform the first important step towards
valorization of pectin-rich biomass. We focused on the major pectin component,
polygalacturonic acid, and used a combination of genetic methods and bioprocess engineering
to establish its decomposition and consumption. By application of online monitoring tools, we
compared the hydrolytic activity of different intrinsic and heterologous polygalacturonases on
polygalacturonic acid. To assess additive effects, we co-cultivated U. maydis strains
expressing endo- and exo-polygalacturonase and identified a suitable combination for

complete substrate conversion.
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2. Materials and methods

2.1 Plasmids, strains and media

All plasmid vectors were generated using standard molecular cloning methods including
Golden Gate cloning (25, 55). Plasmids were propagated in Escherichia coli Top10 cells. The
vector for intrinsic gene activation with the strong Poma promoter was assembled by Golden
Gate cloning (20, 25) using approximately 1 kb flanking regions in the 5” region of the
intrinsic open reading frame thereby deleting the putative region for the native promoter of
about 1 kb. Genomic DNA of U. maydis strain UM521 (56) was used as a template for flank
generation by PCR (web reference 4). Heterologous genes were inserted in the ip locus using
integrative vectors mediating carboxin resistance (28) or in the modified upp3 locus of strain
AB33P5AR, in which 5 proteases including upp3 had previously been sequentially deleted
(52). Heterologous genes were specifically codon-optimized for expression in U. maydis
using an online tool (57, 58) and produced by chemical gene synthesis (Integrated DNA
Technologies, Leuven, Belgium). Oligonucleotides used for molecular cloning are listed in
Table 1.

pUMa2822 (pDest_Poma:umag_02510_ NatR) for in locus promoter exchange of
umag_02510 was generated by Sapl-mediated Golden Gate cloning. The reaction included the
up- and downstream flanks generated on UM521 gDNA using the primer combinations
MF425xMF426 and MF427xMFA428, respectively, the storage vector pUMa2443 (51)
containing a nourseothricin resistance cassette (NatR) and the Poma promoter, as well as the
destination vector pUMa2074 (51). The integrative plasmids for insertion at the ip locus
pUMa3108 (pRabX1 Poma_pgaX CbxR), pUMa3400 (pRabX1 Poma_pguB-ctsl CbxR),
pUMa3401 (pRabX1 Poma_pehl-ctsl CbxR), pUMa3403 (pRabX1 Poma pgal CbxR)
were generated by standard restriction-ligation cloning. The corresponding codon-optimized

heterologous genes were synthetized with cognate flanking restriction sites. Heterologous
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fungal genes included their N-terminal native signal peptides for entry of the Endoplasmic
Reticulum (ER) whereas the signal peptides of bacterial genes were eliminated for export of
the corresponding protein by Ctsl-mediated unconventional secretion (signal peptides
predicted with SignalP5.0; web reference 5) (59). pUMa2113 (52) served as backbone for
insertion of bacterial genes via Ncol/Spel or BamHI/Spel sites, thereby replacing the gus
gene, resulting in translational Cts1 fusions. For insertion of fungal genes, pUMa2113 was
modified removing cts1 via Notl/Sfil and Ncol/Sfil hydrolysis creating an intermediate vector
carrying the Poma promoter (47) and the gus gene fused to a SHH-tag encoding sequence
which consists of a OneStrep, 3x HA and a 10x His tag (52). The construct was inserted at the
ip locus, which is an established locus for the expression of heterologous genes (28). Via
restriction with BamH|I/Sfil the gus gene was removed from the intermediate vector and
replaced by the respective heterologous fungal gene upstream (in frame) of the shh sequence
(52). Plasmid sequences and detailed cloning strategies will be provided upon request.

U. maydis strains applied or generated in this study are listed in Table 2. Genomically
stable strains were obtained by homologous recombination using the parental strain
AB33P5AR (52). All plasmids were linearized at the flank borders or within the ip® allele
using unique restriction endonucleases (25, 60). Excised linear constructs were used to
transform U. maydis protoplasts (60). Each genetic modification was verified by Southern
blot analysis using digoxigenin labeled probes (PCR Dig Labeling Mix, Roche, Basel,
Switzerland). Mutants transformed with integrative plasmids were selected for harboring a
single plasmid copy in the ip locus by Southern blot analysis using a probe generated by PCR
using primer combination MF502/MF503 and the template pUMa260 (61). For in locus
modifications the complete flanking regions were used as probes.

For strain generation U. maydis strains were grown at 28°C in complete medium (CM)
supplemented with 10 g/L glucose (CM-Glc) (63). For determination of enzyme activities

indicated strains were grown at 28°C in modified Verduyn mineral medium (4 g/L NH4Cl,
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0.2 g/L MgSO4 x 7 H20, 0.1 g/L FeSO4 x 7 H20, 0.5 g/L KH2POg4, 1.0 mL/L trace element
solution, 0.1 M MES buffer, pH 6.0; trace element solution: 15.0 g/L EDTA, 4.5 g/L ZnSO4 x
7 H20, 4.5 g/L CaClz x 2 H20, 3.0 g/L FeSO4 x 7 H20, 1.0 g/L H3BO3, 0.84 g/L MnCl; x

2 H20, 0.33 g/L CoCl2 x 6 H20, 0.3 g/L CuSO4 x 5 H20, 0.4 g/L Na2MoO4 x 2 H20, 0.1 g/L
K1) (54). The modified Verduyn mineral medium was supplemented with 1% (w/v) glucose

unless stated otherwise.

2.2 Bioinformatic evaluation

To identify U. maydis orthologues of Aspergillus niger enzymes acting in galacturonic acid
catabolism, respective amino acid sequences were subjected to BlastP analyzes on the
National Center for Biotechnology Information (NCBI) server. U. maydis 521 (taxid:237631)
served as a reference protein dataset (web reference 6). Amino acid identities over the whole
length of homologous sequences were determined by amino acid alignments using the
program CloneManager 12 (Sci-Ed Software).

Putative enzyme functions and GH domains of pectinolytic enzymes were derived from
BlastP analyzes against the full reference protein database (refseq_protein) on NCBI. Well-
characterized proteins upon the top hits were used for amino acid alignments and
conservation of functional residues was determined based on available literature information.
N-terminal signal sequences for prediction of conventional secretion were determined by
SignalP4.1 (web reference 7) (59). U. maydis amino acid (umag) sequences were retrieved
from the EnsemblFungi U. maydis genome homepage (web reference 4). The amino acid
alignment has been assembled using Clustal Omega (web reference 8) (64) and the program

ESPript 3.0 (65).

2.3 Preparation of cell extracts
U. maydis cell extracts were prepared as described in Stock et al. 2016 (66) using

denaturing sodium phosphate buffer (0.1 M Na;HPO4/NaH2PO4, 8 M Urea, 0.01 M Tris/HCL,

10
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pH 8.0) supplemented with a protease inhibitor mix (1 mM phenylmethylsulfonylfluorid
(PMSF), 10 mM DTT, 2.5 mM benzamidine hydrochloride hydrate, 5 x cOmplete Protease
EDTA-free Protease Inhibitor Cocktail (Sigma-Aldrich, now Merck, Darmstadt, Germany).
Cell pellets of 2 mL cultures were mixed with 500 pL of denaturing sodium phosphate buffer
and 100 pL of glass beads (0.25-0.5 mm; Carl Roth, Karlsruhe, Germany). The cell disruption
was performed in a ball mill (Retsch, Haan, Germany) at 30 Hz for 5 min. The mixture was
centrifuged at 16,000 x g for 30 min. 400 pL of the supernatant were transferred to a new

1.5 mL reaction tube and stored on ice. The protein concentration of the supernatant was
determined via Bradford assay. 10 ng of protein was incubated with 1 x denaturing Laemmli-
buffer (67) in a volume of 20 pL at 95°C for 10 min. For subsequent deglycosylation of cell
extracts, the denaturation of the protein was performed in 1 x glycoprotein reaction buffer

(see below).

2.4 Protein precipitation from culture supernatants

To precipitate proteins, cell free culture supernatants were harvested by centrifugation
(16,000 x g, 10 min) and supplemented with 10% (v/v) trichloric acid (TCA). After overnight
incubation at 4°C, precipitates were pelleted by centrifugation (16,000 x g, 30 min, 4°C) and
washed twice with ice-cold acetone (precooled to -20°C). The protein pellets were then
resuspended in 15 pL of 3 x denaturing Laemmli-buffer (67) (protein concentration factor
about 60 x) and the pH was neutralized with 2 uL 1 M NaOH. For SDS-Page analysis, the
samples were boiled for 10 min. After centrifugation (22,000 x g, 5 min, room temperature

(RT)) the supernatants were used for SDS-Page.

2.5 SDS-Page and Western blot analysis
SDS-Page was used to separate proteins by their molecular masses. Proteins from gels
were transferred to methanol-activated PVDF membranes using semi-dry Western blotting.

Tagged proteins were detected using primary anti-HA antibodies (Sigma-Aldrich, now

11
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Merck, Darmstadt, Germany; 1:3,000 dilution) and secondary anti-mouse 1gG-HRP
conjugates (Promega, Mannheim, Germany; 1:4,000 dilution). Blots were developed using
AceGlow Western blotting detection reagent (PegLab, now VWR, Erlangen, Germany) and a
LAS4000 chemiluminescence imager (GE LifeScience/VWR, Erlangen, Germany). To
visualize protein loading, the PVDF membranes were stained with Coomassie Brilliant Blue
by a 5 minute incubation step in the staining solution (0.05% Coomassie Brilliant Blue R250,
15% (v/v) acetic acid, 15% (v/v) methanol), followed by a short rinse in water and subsequent

drying.

2.6 Protein deglycosylation

Proteins in cell extracts or precipitated culture supernatants were treated with the PNGaseF
deglycosylation kit (New England Biolabs, Frankfurt am Main, Germany) to remove the
sugar moieties of N-glycosylations. 10 pg of cell extracts or protein pellets obtained by TCA
precipitation were dissolved in 10 uL 1 x glycoprotein reaction buffer and denatured by
incubation at 95°C for 10 min. 2 uL 10% (w/v) Nonidet P-40 (NP-40), 2 uL 10 x GlycoBuffer
I1'and 1 uL. PNGaseF were added and the volume adjusted to 20 pL with H20. Reaction
mixes were incubated for 4 h at 37 °C and subsequently analyzed by SDS-Page and Western

blot analysis.

2.7 Offline polygalacturonase activity assays

Enzymatic activity of exo- and endo-polygalacturonases in cell free culture supernatants
was determined using dinitrosalicylic acid (DNS) assay (68) as described for other substrates
(20). Therefore, shake flask cultures (100 mL shake flasks) of respective strains were
inoculated in 10 mL of modified Verduyn mineral medium containing 10 g/L glucose at an
optical density (ODeoo) of 0.5 and incubated for 24 h (Infors shaker HT Ecotron, 200 rpm,
shaking diameter 50 mm, 28°C). At this time glucose was completely consumed, which was
initially verified by DNS assays (Table S1) or roughly estimated by glucose test strips

12
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(detection range of 0.5 g/L to 10 g/L; Macherey-Nagel, Diiren; Germany). Supernatants were
then collected in 2 mL reaction tubes by centrifugation (3 min, 16,000 x g, RT). 200 uL
culture supernatant was mixed with 800 uL polygalacturonic acid solution (0.5% (w/v)
polygalacturonic acid, purity 85% [Carl Roth, Karlsruhe, Germany] in 0.1 M sodium acetate
buffer, pH 5.5) and incubated at 30°C (600 rpm). 60 uL samples were taken at 0, 6 and 24 h
and incubated at 95°C for 10 min to deactivate the respective enzymes. Samples were stored
at -20°C until the DNS assay was performed. For the colorimetric reaction, the samples were
thawed at room temperature, mixed with 60 uL of DNS reagent (10 g/L 3,5-dinitrosalicylic
acid (Sigma-Aldrich, now Merck, Darmstadt, Germany), 404 g/L sodium potassium tartrate
tetrahydrate, 0.4 M sodium hydroxide) and incubated at 95°C for 10 min to facilitate the
reaction from 3,5-dinitrosalicylic acid to 3-amino-5-nitrosalicylic acid, resulting in a color
shift from yellow to red. Next, reaction mixes were cooled to RT and centrifuged for 1 min at
16,000 x g to sediment the remaining polygalacturonic acid. 80 pL of each sample was loaded
onto transparent polystyrol 96-well microtiter plates (Greiner Bio-One, Frickenhausen,
Germany). Absorption was determined at 540 nm using a Tecan 200 plate reader (Tecan,
Mannerdorf, Switzerland). In order to quantify the amount of released galacturonic acid, a
standard curve was recorded using standard solutions with concentrations of 0, 0.625, 1.125,
2.5, 5.0, 10.0 and 20.0 mM of galacturonic acid. Initial values (0 h) were subtracted to remove

background.

2.8 Online measurement of the metabolic activity

Online monitoring of the oxygen transfer rate (OTR), the carbon dioxide transfer rate
(CTR) and the respiratory quotient (RQ) enabled determining the metabolic activity of
cultures. Cultivations were performed in modified 250 mL shake flasks using an in house
built respiration activity monitoring system (RAMOS) (69, 70). Commercial versions of the
device are available from Kuhner AG (Birsfelden, Switzerland) or HiTec Zang GmbH

(Herzogenrath, Germany). The flasks were filled with 20 mL modified Verduyn mineral
13
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medium (ref. section 2.1) that was inoculated with an over-night grown pre-culture to an
initial ODeoo Of 0.6 and shaken in a ISF1-X shaking incubator (Kihner AG, Birsfelden,
Switzerland) at 30°C with a shaking frequency of 300 rpm at a shaking diameter of 50 mm.
As carbon sources, the medium was supplemented with 4 g/L glucose and varying amounts of
(poly)galacturonic acid. Consumption of (poly)galacturonic acid leads to an increasing pH.
To prevent alkalization during growth on those acid substrates, the buffer type and
concentration was changed from 0.1 M MES, pH 6.0 (ref. section 2.1) to 0.2 M MOPS,

pH 6.0.

Based on the respiratory quotient (RQ), cultivation phases with glucose and
(poly)galacturonic acid consumption were identified, as described previously (54).
Polygalacturonic acid consumption started after the OTR and RQ drop due to glucose
depletion. The end of polygalacturonic acid consumption was defined as the time point where
a linear fit of the RQ reached a value of 1.2. This value corresponds to the theoretical RQ
value for pure combustion of (poly)galacturonic acid. Fig. S2 depicts an exemplary fit of the
RQ during the cultivation represented in Fig. 9. The overall consumed oxygen during
consumption of (poly)galacturonic acid, calculated as the integral of the OTR curve, was used
to estimate the respective residual substrate concentration (54). The enzymatic activity in the
culture supernatant was determined from the linear decrease of the calculated concentration of

residual (poly)galacturonic acid over time (54).

2.9 Offline analytics

For offline sampling, cotton plug-sealed shake flasks were cultivated in parallel to the
RAMOS flasks under identical cultivation conditions. The pH value of unfiltered culture
broth was measured at RT using a HI2211 pH meter (Hanna Instruments, VV6hringen,
Germany). Glucose and galacturonic acid concentrations were determined from cell-free
supernatant. After sterile filtration with 0.2 um filters (Rotilabo syringe filters Mini-Tip

cellulose acetate membrane, N° PP52.1, Carl Roth, Karlsruhe, Germany), the samples were
14
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separated by HPLC using an organic acid resin column (250 x 8 mm, CS-Chromatographie
Service GmbH, Langerwehe, Germany). The separation was achieved with 1 mM H>SO4 at
75 °C and a flow rate of 0.8 mL/min. The column was coupled to a refractometer and the data

was analyzed by the software Chromeleon 6.2 (Dionex, Germering, Germany).

2.10 Determination of liberated galacturonic acid during RAMOS cultivations
The overall liberated amount of galacturonic acid was determined using the following
calculations:
GalAyp = GalAgy, + GalAgyy, (1)

GalAy;, : concentration of overall liberated galacturonic acid from polygalacturonic

acid [g/L]

GalAs,, . concentration of galacturonic acid in the culture supernatant, measured

by HPLC [g/L]

GalA,,, : concentration of the overall consumed galacturonic acid [g/L],

determined from the integral of the OTR curve as described earlier (54)

The liberation rate of galacturonic acid between two sampling time points (t: and t2) can be
calculated by:

AGalAlib _ GalA”blz — GalAlib,l (2)
At t, —t;

This liberation rate was plotted against t = %

2.11  Microscopic analyses
For microscopy, cells were immobilized on agarose patches (2% final concentration
(f. c.)). Life/dead staining was performed using propidium iodide. The strains were cultivated

as described for the online measurements above and samples were taken after 8 and 36 h of
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cultivation time. For staining the samples, 150 uL of cell suspension were incubated for

10 min with 0.6 pL of aqueous propidium iodite solution (1 pug/pL) on a Vibrax VXR Basic
laboratory shaker (IKA® -Werke GmbH & CO. KG, Staufen, Germany). A wide-field
microscope setup from Visitron Systems, Axio Imager M1 (Visitron Systems GmbH,
Puchheim, Germany) equipped with a CCD camera and the objective lens Plan Neofluar (40
X, NA 1.3; 63 x, NA 1.25) (Carl Zeiss, Jena, Germany) was used. The propidium iodite signal
was acquired using a HXP metal halide lamp (LEj, Jena, Germany) in combination with a
filter set for Rfp/mCherry (ET560/40BP, ET585LP, ET630/75BP). The microscopic system
was controlled by the MetaMorph software (Molecular Devices, version 7, Sunnyvale, USA).

The program was also used for adjustment of brightness and contrast for image processing.

3. Results and discussion

3.1 Inventory of intrinsic enzymes for pectin degradation and metabolization

Earlier studies suggested that some pectinolytic enzymes are present in U. maydis (42, 43,
45, 56). To inspect its natural abilities to degrade pectin in more detail, a list of potentially
relevant enzymes was collected and carefully re-evaluated bioinformatically. Therefore, the
proteins were inspected for the presence of enzymatic domains, especially of glycoside
hydrolase (GH) domains and conserved domains of other CAZyme families (web reference 3)
(71). Furthermore, a screening for conventional N-terminal secretion signals (SignalP5.0; web
reference 5) was performed, and well-characterized orthologues were identified by BlastP
analysis to compare enzyme architectures and the presence of active site residues (Fig. 1;
Table S2).

The analysis confirmed that several potential secreted pectinolytic enzymes with conserved
hydrolytic domains are encoded in the U. maydis genome. These include a putative endo-

polygalacturonase, pectin lyase and pectin methylesterase. These enzymes are potentially
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acting on the polygalacturonic acid backbone in HG (Fig. 1, Fig. S1; Table S2). For example,
the putative endo-polygalacturonase shows homology to well-characterized endo-
polygalacturonases like the ones from Fusarium moniliforme and Aspergillus aculeatus.
Substrate binding sites and residues involved in proton donation to the glycosidic oxygen and
activation of H>O for the nucleophilic attack are conserved (Fig. 2) (72, 73). In addition it
carries a predicted N-terminal signal peptide for secretion via the conventional
endomembrane system (Fig. 2; Table S2), which is in line with its putative extracellular
function.

In addition to the enzymes acting on HG, three putative arabinofuranosidases and two
arabinases were detected in the U. maydis genome. Those enzymes break down
arabinofuranose or arabino-oligosaccharides from RG | and Il side chains. Finally, other
enzymes were identified which act on less abundant sugar residues (e.g., B-galactosidase; Fig.
1; Table S2).

As described before, pectinolytic enzymes are mainly secreted during plant infection and
not during the biotechnologically relevant yeast stage (42). This finding is in line with our
earlier observation that in the yeast form the fungus is not even able to grow naturally on the
polygalacturonic acid backbone of pectin (54). By contrast, an earlier study reported growth
of similar U. maydis wild type strains on polygalacturonic acid (45), a contradictory
observation that cannot be explained to date but might be attributed to the source and purity of
the substrate .

Most enzymes acting on the HG backbone release galacturonic acid, the main building
block of pectin. Galacturonic acid also represents the major component of pectin hydrolysates
(8). Therefore, the metabolization of this monosaccharide is a prerequisite for growth on
pectin. To evaluate the ability of U. maydis to consume galacturonic acid, the bioinformatics
survey was extended. A conserved catabolic pathway of galacturonic acid has been described

in Aspergillus niger and other filamentous fungi (74). It involves enzymes that convert
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galacturonic acid into pyruvate and L-glyceraldehyde in three enzymatic steps. L-
glyceraldehyde is subsequently reduced to glycerol. To identify homologs in U. maydis,
BlastP analyses using the enzyme amino acid sequences from A. niger (75) as queries were
applied. Homologs of all four enzymes are encoded in the U. maydis genome, ranging
between 38 and 60% amino acid identity (Fig. 3). This suggests that U. maydis is able to
catabolize galacturonic acid via a similar pathway like A. niger. By contrast, the central
regulator GaaR for galacturonic acid utilization in A. niger is not clearly conserved in U.
maydis (76), leaving the regulation of the pathway open.

In summary, the bioinformatic analyses indicated that U. maydis is able to grow on
galacturonic acid and contains enzymes to hydrolyze some of the enzymatic bonds in pectin
molecules. However, the present enzyme set is clearly not sufficient to completely degrade
the complex polymer into its monomers, because essential players are lacking for HG
degradation, e.g., exo-polygalacturonase and pectin acetylesterase (Fig. 1). It is thus likely
that as a biotrophic U. maydis does not feed on pectin but instead uses the present enzymes to
loosen the recalcitrant structure of the plant cell walls for penetration during in planta growth
(42). Deletion of the genes for predicted endo-polygalacturonase, pectin lyase or pectin
methyl-esterase did not impair virulence, suggesting that the function of the enzymes during

plant infection is dispensable (42).

3.2 Activation of an intrinsic endo-polygalacturonase

As a first step towards degradation of the polygalacturonic acid backbone of pectin, we
focused on the activation of intrinsic enzymes during the yeast phase. Initially, an
overexpression strain of the most important intrinsically encoded enzyme acting on pure
polygalacturonic acid, the predicted endo-polygalacturonase (UmPgul; encoded by
umag_02510; Fig. 1 and Fig. 2), was generated using an established promoter exchange
strategy. Here, the native promoter of the respective gene is replaced by the strong,

constitutive Poma promoter (Fig. 4A) (20). The construct was stably introduced in the protease-
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deficient strain AB33P5AR. This strain lacks a total of five proteases and has a significantly
reduced proteolytic activity in the culture supernatant, thus, avoiding possible extracellular
degradation of the secreted enzyme (52). The morphology of the engineered strain was not
impaired (Fig. S3). To check for enzyme activity, cell-free culture supernatant of the
expression strain AB33P5AR/UmPgul was incubated with the substrate polygalacturonic
acid. In contrast to the progenitor strain, the supernatant of the activated strain caused a
significant increase in reducing groups released from polygalacturonic acid, as detected by
DNS assay (Fig. 4B). This confirms the bioinformatics prediction that UmPgul is indeed an

active secreted polygalacturonase.

3.3 Complementation with unconventionally secreted heterologous bacterial
polygalacturonases

Since the genome of U. maydis does not encode a complete enzyme set for pectin
degradation and especially lacks any obvious exo-polygalacturonase homologue for release of
monomeric galacturonic acid from polygalacturonic acid, we aimed on testing
complementation with potent heterologous enzymes. The ability to secrete potent bacterial
enzymes is a unique opportunity of our system. It is only feasible because of the existence of
the unconventional lock-type secretion pathway (Fig. 5A) (51), which circumvents the
endomembrane system and, thus, potentially harmful posttranslational modifications (28).

We started out using exo-polygalacturonase PguB from Klebsiella sp. CGMCC 4433
(KpPguB; accession number JO388228.1; GH28), a potent bacterial enzyme that has been
described to match the physiological requirements of UmPgul (77). To this end, a strain in
which a codon-optimized version of the respective gene was expressed as translational fusion
with the carrier Cts1 for unconventional secretion was generated (Fig. 5B) (28). Of note, the
sequence for the native signal peptide present in the bacterial gene was eliminated to redirect

it to the unconventional secretion pathway.
19



Stoffels and Mdiller et al., 2019

Western blot analyses demonstrated that the fusion protein is synthetized and secreted into
the culture supernatant (Fig. 5C, D). Notably, the prediction of N-glycosylation sites revealed
the presence of three potential motifs in KpPguB (web reference 9) (Fig. 5B). Therefore,
exporting this bacterial enzyme via the conventional secretion pathway in eukaryotes would
very likely lead to artificial N-glycosylation, which might interfere with its activity. DNS
assays using culture supernatants and polygalacturonic acid as a substrate confirmed that
KpPguB was secreted and active. The amount of released reducing groups after 6 h was
negligible, while after 24 h low amounts of about 0.5 mM reducing groups could be detected
(Fig. 5E). This is in line with the assumption, that exo-acting enzymes show low activities on
large polymeric substrates due to the low availability of polymer ends.

A similar strategy was followed to test a bacterial endo-polygalacturonase, using Pehl
from Pectobacterium carotovorum (PcPehl; accession number M83222.1; GH28) (78). This
protein even contains up to six predicted N-glycosylation motifs (Fig. 5B), again suggesting
that unconventional secretion is a valuable tool to export the protein while avoiding
potentially deleterious post-translational modifications. Also in this case, Western blot
analysis and DNS assays confirmed secretion and activity with about 1 mM released reducing
groups (Fig. 5C-E).

Overall, the experiments indicated that bacterial polygalacturonases could be expressed
and secreted in an active state using the unique unconventional secretion system. Microscopy
confirmed that the overexpression of the transgenes do not cause morphological side-effects
(Fig. S3). Thus, the intrinsic repertoire can be complemented with bacterial enzymes.
However, in comparison to the bacterial enzyme, the intrinsic endo-polygalacturonase did
show a higher activity suggesting that the amounts of unconventionally released bacterial
enzymes might need further improvements. Limiting yields of the unconventional secretion
pathway have been observed earlier and are currently addressed by different optimization
steps (30).
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3.4 Complementation with conventionally secreted heterologous fungal
polygalacturonases

Next, the performance of heterologous fungal polygalacturonases was investigated.
Initially, the conventionally secreted fungal exo-polygalacturonase PgaX from Aspergillus
tubingensis (AtPgaX; accession number CAA68128.1; GH28) was tested (79). Therefore, a
published strain carrying a codon-optimized gene encoding an SHH-tagged version of
AtPgaX under control of the Poma in the ip locus of AB33P5AR was used
(AB33P5AR/AtPgaX) (54). The corresponding enzyme was conventionally secreted via the
endomembrane system using its native N-terminal signal peptide (Fig. 6A, B). To confirm
expression and secretion of the heterologous protein, Western blot analyses of cell extracts
and culture supernatants were performed (Fig. 6C, D). Specific bands were detected for
AtPgaX running significantly higher than its expected size of 56.5 kDa (Fig. 6C, D) (79). The
enzyme carries eight predicted N-glycosylation sites (Fig. 6B; web reference 9) for
modification in the endomembrane system suggesting that the size shift could be due to
posttranslational modifications. Indeed, deglycosylated protein was strongly reduced in size
and ran approximately at the expected height (Fig. 6C, D). Enzyme activity of
AB33P5AR/AtPgaX culture supernatant was assayed by DNS assays using polygalacturonic
acid as a substrate (Fig. 6E). Compared to the control, significantly higher amounts of
reducing groups were detected when testing culture supernatants obtained from the strain
expressing the heterologous fungal enzyme, demonstrating that it is functionally secreted in
U. maydis. However, only slight activity with release of about 2.5 mM reducing groups was
observed (24 h incubation; Fig. 6E). This is in line with the previously observed low
metabolic activity of this strain on polygalacturonic acid (54).

To evaluate the enzymatic power of heterologous fungal enzymes in comparison to
intrinsic UmPgul, a potent endo-polygalacturonase from A. aculeatus (AaPgul, accession

number XM 020201835.1; GH28) was also tested (73). The corresponding strain was
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generated with a similar strategy yielding AB33P5AR/AaPgul. Western blot analyses
confirmed that the enzyme was produced and secreted. Consistent with the absence of N-
glycosylation sites, it did not show a major size shift as observed for AtPgaX (Fig. 5B-D). In
DNS assays up to 10 mM reducing groups were released from polygalacturonic acid (24 h
incubation; Fig. 6E), confirming that the heterologous enzyme was secreted in an active state.
Again, the morphology of the modified strains was not changed compared to the progenitor
strain (Fig. S3), indicating that no side-effects were caused by overexpression of the
transgenes.

In summary, the results suggest that the enzyme repertoire of U. maydis can be
complemented by both bacterial and eukaryotic enzymes. Importantly, comparing the
different heterologous enzymes, fungal polygalacturonases exported by conventional
secretion turned out to release the highest amounts of reducing groups and are therefore likely
to be the best candidates for use in polygalacturonic acid degradation. More specifically, the
strong performance of AaPgul suggests that it should be preferred to the intrinsic endo-
polygalacturonase UmPgul that only released up to about 6.5 mM reducing groups (dashed
line, Fig. 6E). The AtPgaX producing strain could be exploited to supplement U. maydis
cultures with the required exo-polygalacturonase activity.

Endo- and exo-polygalacturonases are supposed to act synergistically on the degradation of
polygalacturonic acid to produce monomeric galacturonic acid for uptake and metabolization
(80). Therefore, the next step towards efficient consolidated polygalacturonic acid utilization
was to combine these enzyme activities (Fig. 7A). Therefore, the generated culture
supernatants of the strains AB33P5AR/AtPgaX and AB33P5AR/AaPgul secreting the potent
fungal polygalacturonases were mixed exemplary to conduct an enzyme assay (Fig. 7B, left
bars). In addition, since up to now all enzymes in this study were overexpressed in separate
strains, the potential of co-fermentation of those strains was tested. In future, this approach

would allow for a flexible adaptation of strain mixtures to the respective substrate. For co-
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fermentation, the two strains were inoculated in a 1:1 ratio starting at a total optical density of
0.1. DNS assays using the culture supernatant of this co-fermentation (Fig. 7B, right bars)
revealed similar enzyme activity compared to the mixed culture supernatants of axenic
cultures. In both experiments, about 12 mM reducing groups were released after 24 h (Fig.
7B). This suggests that both approaches yield approximately equal enzyme mixtures and that
enzymes work together, yielding synergistic amounts of reducing groups compared to the
individual cultivations which contain twice the amount of supernatant than the mixed
supernatant assay (compare to Fig. 6E). The fact that released groups did only double with a
four-fold increase of the incubation time (6 vs. 24 h) is likely due to product inhibition (54).
In summary, co-fermentations are a practical tool to analyze different combinations of

hydrolytic enzymes.

3.5 Following the physiological parameters during growth on polygalacturonic acid

using RAMOS

The previously used enzyme assays clearly demonstrated that U. maydis could be
complemented by heterologous pectinolytic enzymes. However, due to product inhibition and
low resolution over time, these offline in vitro assays only allow limiting conclusions,
compared to direct cultivations on polygalacturonic acid (79). Hence, application of our
established respiration activity monitoring system (RAMOS) enabled a detailed insight into
the physiology of the engineered strains. This method takes advantage of the fact that sugar
consumption is stoichiometrically coupled to oxygen uptake (81, 82). In a previous study, we
used the AtPgaX overexpressing strain in axenic culture to develop this technique for
monitoring the behavior on polygalacturonic acid (54).

In a first experiment, strain AB33P5AR/UmPgul overexpressing the intrinsic endo-
polygalacturonase was grown on 20 g/L galacturonic acid or polygalacturonic acid (Fig. 8).
To boost initial growth and enzyme production, all cultivations were supplemented with 4 g/L

glucose as a first carbon source (Fig. 8A). Both cultures first grew on the preferred substrate
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glucose, which led to a steep exponential increase of the OTR up to 11 mmol/L/h. After 7.5 h,
glucose was depleted and the OTR dropped down to about 2.4 mmol/L/h. At this point,
growth on the second carbon source, galacturonic acid (Fig. 8A, blue curves) or
polygalacturonic acid (Fig. 8A, black curve), respectively, was initiated. As described for the
progenitor strain AB33P5AR (54), cells of AB33P5SAR/UmPgul adapted for the growth on
galacturonic acid during this phase of low metabolic activity, starting after about 10 h of
cultivation time. The metabolic switch can easily be detected in the course of the respiratory
quotient (RQ, Fig. 8B): During consumption of glucose, RQ values of 1.1 are observed while
during galacturonic acid consumption, the RQ increases to values of 1.4 (Fig. 8B, blue
curves). This is in line with our previous RAMOS experiments and is attributed to the specific
reduction levels of the substrates (54). In comparison to consumption of glucose, the OTR
increase during growth on galacturonic acid as carbon source is less steep (Fig. 8A, blue
curves), suggesting that galacturonic acid is only slowly metabolized. Microscopic imaging of
the cells verified the presence of mostly living cells without excessive signs of cellular stress
like abnormal morphologies or the formation of stress hyphae for both cultures during growth
on both glucose and galacturonic acid (Fig. S4). The culture growing on galacturonic acid
(Fig. 8A, black line and Fig. S4B) reached an ODsoo 0f 8.2 at the end of cultivation.

HPLC analysis confirmed that galacturonic acid was consumed completely during the
course of the experiment (data not shown). As described previously, the overall consumed
oxygen during galacturonic acid metabolization can be used to estimate the residual
galacturonic acid concentration (Fig. 8C, blue curves) (54). This estimation yielded a final
galacturonic acid concentration of about 2 g/L (or 10% of the initial galacturonic acid
concentration) at the end of cultivation deviating from the HPLC analysis. However, the
deviation could be explained by different applied U. maydis strains and slightly different
initial pH between this experiment and the underlying correlation of oxygen and galacturonic

acid consumption that was published previously (54). Those differences could change
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metabolic fluxes including the yield coefficient for biomass formation (Y x/galacturonic acid). Thus,
the stoichiometric coefficients of oxygen and galacturonic acid could differ, leading to the
observed deviation between estimated and measured galacturonic acid concentration.

In contrast to the experiments on galacturonic acid, no metabolic activity could be detected
for AB33P5AR/UmPgul on polygalacturonic acid (Fig. 8A, black curves). The cultivation
reached ODeoo values of about 1.4 at the end of the cultivation, being far below the final
ODsoo of 8.2 during growth on galacturonic acid. The determination of ODeoo or cell dry
weight during cultivations on polygalacturonic acid is very error prone. Polygalacturonic acid
supplementation causes elevated levels of turbidity in liquid media and it sediments during
centrifugation. These characteristics falsify the measurement of ODsoo Or cell dry weight,
respectively. Due to the unknown fraction of hydrolyzed polygalacturonic acid during the
cultivation, the ODesoo Was compared for both cultivations at the end of the cultivation. At this
time point, the turbidity is caused exclusively by the cells. Microscopic analysis of the cells
did not reveal any signs of enhanced cell death or abnormal morphologies even at later time
points, suggesting that the culture was in a resting stage rather than dying (Fig. S4). Taken
together, the measurement of metabolic activity of AB33PSAR/UmPgul during cultivation on
polygalacturonic acid clearly indicates that the activity of only the activated intrinsic endo-
polygalacturonase enzyme is not sufficient to permit growth on the polymer. Endo-
polygalacturonases typically release oligogalacturonates with a degree of polymerization of 2
to 4, which cannot be transported across the cell membrane without further breakdown (7).
Hence, although the respective enzyme activity could be detected (Fig. 4B), activation of only
the intrinsic enzyme for polygalacturonic acid degradation did not enable growth on
polygalacturonic acid. This confirms that complementation with further enzymes, especially

exo-polygalacturonases, is needed to generate monomeric galacturonic acid.
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3.6 Characterizing co-fermentations using RAMOS

Earlier experiments suggested that a combination of endo- and exo-polygalacturonase
activity could be beneficial for polygalacturonic acid degradation (ref. Fig. 7B). Those
supernatants were, however, generated using glucose as carbon source. To evaluate the
performance of co-fermentations on polygalacturonic acid, we used strain
AB33P5AR/AtPgaX expressing the heterologous exo-polygalacturonase from A. terreus (ref.
Fig. 6E) and tested the effects of adding strains producing intrinsic, fungal or bacterial endo-
polygalacturonase (ref. Fig. 4B, Fig. 5E and Fig. 6E, respectively) using the RAMOS
technique (Fig. 9). All cultivations were conducted in biological duplicates and showed an
excellent reproducibility (Fig. S5). Substrate conversion of AB33P5AR/AtPgaX in axenic
culture was clearly limited (Fig. 9A, blue). The residual polygalacturonic acid calculated from
the overall consumed oxygen during galacturonic acid consumption indicated a
polygalacturonic acid consumption of < 56% after 39.5 h of cultivation time. The addition of
the strain expressing intrinsic endo-polygalacturonase UmPgul led to an increased overall
substrate consumption of 85% (Fig. 9C). The maximal OTR during galacturonic acid
consumption, representing the overall enzymatic activity, was comparable to the axenic
culture of the U. maydis strain AB33P5SAR/AtPgaX, but the polygalacturonic acid
consumption phase was elongated until > 55.5 h of cultivation time. This indicates that the
addition of endo-polygalacturonase activity led to an increased substrate accessibility for the
exo-polygalacturonase enzyme. The co-fermentation with the bacterial endo-
polygalacturonase PcPeh1-Ctsl expressing strain showed a slightly lower maximal OTR,
while the consumption phase was elongated also in comparison to the axenic culture to
60.5 h. The overall substrate consumption was comparable to the co-fermentation with the
UmPgul expressing strain at 81%. Lower maximal OTR and elongated cultivation time

indicate a low enzymatic activity for PcPeh1-Ctsl, that correlates well with the offline
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determined enzymatic activities for PcPeh1-Ctsl (Fig. 5E) compared to the intrinsic UmPgul
(Fig. 4B).

Importantly, addition of the strain expressing fungal AaPgul did strongly increase the
maximal OTR and led to the fastest consumption of polygalacturonic acid. In total, 79% of
the supplemented polygalacturonic acid was consumed after only 32.5 h of cultivation time.
The OTR profile mirrors precisely the growth on monomeric galacturonic acid (ref. Fig. 8A,
blue; note the different time scale on the x-axis). As already discussed for the growth on
monomeric galacturonic acid, the estimated residual galacturonic acid could differ for
different U. maydis strains and cultivation conditions. Thus, in contrast to axenic cultures of
AB33P5AR/AtPgaX on polygalacturonic acid, the substrate might have been consumed
completely in all three co-fermentations after different times of cultivation. The fast growing
co-fermentation of AB33P5AR/AtPgaX and AB33P5AR/AaPgul is a potent means to degrade
the polymer polygalacturonic acid. Microscopic observations of the co-culture confirmed that
the majority of cells was healthy and that it did not contain elevated amounts of cells with
abnormal morphologies (Fig. S4).

The influence of three enzymatic compositions was tested by varying the inoculation ratio
of the most powerful strain combination. AB33P5AR/AtPgaX and AB33P5AR/AaPgul,
overexpressing fungal endo- and exo-polygalacturonase were co-fermented with a relative
inoculation ratio of 5:1; 1:1 and 1:5 while maintaining a total initial ODeoo of 0.6 (Fig. 10). A
ratio of 1:1 and 1:5 (surplus of exo-polygalacturonase, Fig. 10B and C, respectively) resulted
in efficient consumption of polygalacturonic acid with complete polygalacturonic acid
hydrolysis. A 5:1 ratio (surplus of endo-polygalacturonase, Fig. 10A) resulted in an elongated
polygalacturonic acid consumption phase. Maximal values were reached after 20.5 h of
cultivation time. From that time point on, the OTR slowly decreased over a time span of 27 h,
indicating a limitation in monomeric galacturonic acid even in the presence of

polygalacturonic acid. A basal OTR level of 2 mmol/L/h was reached after 47.5 h. Compared
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to this cultivation, an inoculation ratio of 1:1 (Fig. 10B) and 1:5 (surplus of exo-
polygalacturonase, Fig. 10C) showed maximal OTRs after 28 h. In those co-fermentations,
the OTR reached a basal level of 2 mmol/L/h after 36 h. The sharp drop in the OTR over a
short time span (9.5 and 8 h for a ratio of 1:1 and 1:5 (surplus of exo-polygalacturonase),
respectively) indicates that both, galacturonic acid and polygalacturonic acid were depleted.
At the end of the cultivation, similar ODeoo levels (8.9 £ 0.4) were reached for all co-
fermentations. This indicates that the overall consumption of polygalacturonic acid is similar
with different inoculation ratios, but the time until all available polygalacturonic acid is
consumed, differs. Interestingly, offline determination of galacturonic acid in these co-
fermentations revealed that in all cases, the monomer accumulated during growth on glucose
(until 9 h of cultivation time), which can be attributed to the expression of hydrolytically
active enzyme from the very beginning of the cultivation. Interestingly, galacturonic acid
accumulated further for a ratio of 1:1 (Fig. 10B, blue line) and 1:5 (surplus of exo-
polygalacturonase, Fig. 10C, blue line) during the first hours of growth on galacturonic acid.
This suggests that galacturonic acid uptake is a limiting step in the cultivation.

Cultivation data of the most efficient co-fermentation with an inoculation ratio of 1:5
(initial ODeo0o = 0.1 for endo-polygalacturonase strain AB33P5AR/AaPgul and ODego = 0.5
for exo-polygalacturonase strain AB33P5SAR/AtPgaX) was analyzed in more detail with
respect to the galacturonic acid liberation rate (Fig. 11). Online measurement of the RQ (Fig.
11A, red lines) clearly separates the glucose and galacturonic acid consumption phases. The
correlation between oxygen and galacturonic acid consumption, described in the materials and
methods section 2.8, was applied to calculate the overall consumed amount of galacturonic
acid over time (Fig. 11B, green lines) (54). Both fractions of galacturonic acid, offline
measured concentration and calculated concentration of consumed galacturonic acid were
used to determine the total liberated amount of galacturonic acid during the cultivation (Fig.

11B, black lines, see also materials and methods section 2.10). The temporal derivative of this
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total liberated galacturonic acid represents the galacturonic acid liberation rate (Fig. 11C,
black line). During growth on glucose, the enzyme is produced efficiently, leading to an
increase of the galacturonic acid liberation rate to 1.3 g/L/h. During the galacturonic acid
consumption phase, the galacturonic acid liberation rate decreases to < 0.4 g/L/h. This
behavior can be explained by the development of the pH value (Fig. 11C, yellow line). During
growth on glucose, the pH decreases to 4.6. The expressed exo-polygalacturonase AtPgax
has a pH optimum at 4.5 (79). This value fits very well to the cultivation pH at this time point.
As the pH increases to values up to 6.7 during consumption of galacturonic acid, the enzyme
activity is likely to decrease substantially, leading to a significantly decreased galacturonic
acid liberation rate. Therefore, the course of the pH mirrors very well the course of the

liberation rate.

4. Conclusions

In the present study, bioinformatic analyses, sophisticated strain generation and online
monitoring techniques were combined to establish and follow polygalacturonic acid
degradation and subsequent metabolization of its monomer galacturonic acid by U. maydis
growing in a yeast-like morphology. This is a first and essential step towards pectin
valorization. Intriguingly, bacterial enzymes were shown to be exported in an active state by
unconventional secretion. However, yields are yet limiting. The recent discovery of the novel
lock-type secretion pathway will help to improve the system such that this option might
constitute an additional valuable tool to improve biomass degradation in the future.

The present study has also proven that co-fermentations are a promising means to combine
enzyme activities without tedious generation of strains carrying multiple enzymes. This
finding will be further exploited by mixing distinct master strains for efficient hydrolysis of
complex substrates like pectin or sugar beet pulp. These mixtures can be evaluated with high

resolution and throughput thanks to the RAMOS read-out for characterization of enzyme
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production and biomass hydrolysis (54). It is generally beneficial if the cultivation shows a
fast sugar uptake rate, because inhibition by products of the enzymatic hydrolysis of biomass
is reduced and the released sugars are directly fermented. Hence, product inhibition does not
play a major role in efficient one-pot consolidated bioprocesses (83, 84). . Therefore, the
online read-out of the RAMOS technique has proven to be a reliable and practical alternative
to offline sampling for the characterization of cultures growing on polygalacturonic acid. The
microbial system still needs to be streamlined towards the more complex substrate pectin by
insertion of additional enzymes, as well as towards higher efficiency by increasing the amount
of secreted enzymes.

The present work is a solid foundation for establishing an efficient consolidated bioprocess

for pectin degradation and subsequent production of glycolipids or organic acids in the future.
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Fig. 1. Schematic structure of the most abundant pectin classes HG and RGI and
relevant enzymes for degradation. Enzymes required for degradation of the two major
pectin classes and their sites of action are depicted. Corresponding enzymatic domains
according to CAZy database are provided in brackets. GH, glycoside hydrolase domain; PL,
polysaccharide lyase domain; CE, carbohydrate esterase domain (web reference 3). The

U. maydis genome encodes some putative

pectinolytic enzymes (corresponding umag

identifiers indicated in red; web reference 4), especially for decomposition of the
polygalacturonic acid backbone in HG and the arabinose side-chains of RGI. Nevertheless,
crucial enzymes for complete pectin hydrolysis are lacking. Figure adapted from Glass et al.,

2013 (2).
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Fig. 2. Conservation of a putative endo-polygalacturonase of U. maydis. Amino acid
alignment showing the conservation of important functional residues between the well-
characterized Fusarium moniliforme Pga (FmPga; accession number Q07181.1), Aspergillus
aculeatus Pgul (AaPgul; accession number O74213.1) and the putative endo-
polygalacturonase Pgul present in U. maydis (UmPgul; accession number KI1S69158.1).
Blue asterisks depict residues involved in substrate binding; the blue triangle marks the
aspartate residue that presumably donates protons to the glycosidic oxygen and the circles
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mark residues involved in activating H>O for the nucleophilic attack (72). The predicted N-
terminal signal peptides for conventional secretion are indicated by the blue dashed boxes.
Identical amino acids are depicted with a black background.

NAD(P)H NAD(P)* -H20

D-galacturonic acid === L-galacturonate =——p= 2-keto-3-deoxy-L-galactonate =——p= pyruvate

D-galacturonic acid L-galacturonate 2-keto-3-deoxy-L-
reductase dehydratase galactonate

gaaA (WG222) gaaB (WG262) aldolase
umag_00177 (60%) umag_02115 (50%) umag_04667 (38%)

L-glyceraldehyde = glycerol

L-glyceraldehyde reductase
umag_ 11741 (51%)
umag_10104 (41%)
umag_02778 (42%)

Fig. 3. Conservation of the galacturonic acid catabolic pathway between A. niger (75)
and U. maydis. Numbers indicate the percentage of overall amino acid conservation. umag
numbers (red font) correspond to respective gene identifiers found on EnsemblFungi Ustilago
maydis genome database or NCBI. A. niger pathway adapted from Martens-Uzunova et al.,
2008 (75).
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Fig. 4. Activation of an intrinsic endo-polygalacturonase. A, Schematic representation of
the applied gene-activation strategy (20). The native promoter of the corresponding gene
umpgul (umag_02510) was replaced by the strong constitutive promoter Poma. A
nourseothricin resistance cassette (NatR) was inserted for selection. B, DNS assay depicting
enzymatic activity of constitutively expressed intrinsic endo-polygalacturonase on
polygalacturonic acid. The progenitor strain AB33P5AR served as control, exhibiting no
significant activity. Upon incubation with polygalacturonic acid, the activated strain
AB33P5A/UmPgul showed a strongly enhanced release of reducing groups. The graph
represents the results of three biological replicates. Error bars depict standard deviation. **, p
value < 0.01; ***, p value 0.001 (two sample t-test).

A B

KpPguB-Cts1 N—II l [-C

R Jeldke %
0 o
PcPeh1-Cts1 N-| [ [-c
C ~ D E
& xn & \@ 204 MW 24h
LSS A
R O R J 6h
LS S **
05" Oy S
v 2 & &.8.8 |
Aol o Sl S g 1°§ l[—]*
170 i
130 | "".! 1501 =
100 - - 100 4 = =
701 70 - 5 1.0 | n.s. l
55 4 e [S)
55 o
40 - c
40 1 ©
35 - 3 05 4
: 35 1 e
100 - o 100 L
70 ]
55 - ;2 s - | T
— o o8 oS

o © 4
DAV S e

Fig. 5. Complementation with bacterial endo- and exo-polygalacturonases. A,
Heterologous enzymes are secreted by lock-type unconventional secretion via the
fragmentation zone of dividing yeast-like growing cells (scheme). B, Representation of the
two bacterial Cts1-fusion proteins used for complementation. Predicted N-glycosylation sites
of endo-polygalacturonase P. carotovorum Pehl (PcPehl, 3 predicted sites) and exo-
polygalacturonase K. pneumoniae PguB (KpPguB, 6 predicted sites) are indicated by
asterisks. Predicted N-terminal signal peptides were removed from the sequences to allow for
Cts1-mediated unconventional secretion. Ctsl is indicated in white. An SHH-tag connects the
two protein moieties (shown in grey). The predicted functional GH28 domains are indicated
by dotted areas. C, Expression of bacterial polygalacturonases in AB33P5AR (progenitor).
The Western blot analysis depicts cell extracts (10 pg), which were partially deglycosylated
(D). Heterologous proteins were detected using antibodies directed against the internal HA-
tag. CBB, Coomassie Brilliant Blue staining of the membrane. Expected sizes of tagged
proteins: KpPguB-Ctsl, 134.9 kDa; PcPeh1-Ctsl, 105.1 kDa. D, Unconventional secretion of
bacterial polygalacturonases in AB33P5AR as Cts1-fusion proteins. The Western blot analysis
depicts precipitated and deglycosylated culture supernatants (corresponding to 20 ml culture).
Proteins were detected using antibodies directed against the internal HA-tag. CBB,
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Coomassie Brilliant Blue staining of the membrane. E, DNS assay to detect activity of
heterologous enzymes from bacterial sources. In contrast to the progenitor strain AB33P5AR,
both engineered strains release reducing groups from polygalacturonic acid. The graph
represents the results of three biological replicates. Error bars depict standard deviation, n.s., p
value > 0.05; *, p value < 0.05; **, p value < 0.01.
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Fig. 6. Complementation with fungal endo- and exo-polygalacturonases. A, Heterologous
enzymes are secreted by conventional secretion via the endomembrane system of yeast-like
growing cells (scheme). B, Representation of the two fungal proteins used for
complementation. Predicted N-glycosylation sites of A. tubingensis PgaX (AtPgaX, 8
predicted sites) and A. aculeatus Pgul (AaPgul, O predicted sites) are depicted by asterisks.
Predicted N-terminal signal peptides are indicated in black. The C-terminal SHH-tag is shown
in grey. The predicted functional GH28 domains are indicated by dotted areas. C, Expression
of fungal polygalacturonases in AB33P5AR (progenitor strain). The Western blot analysis
depicts cell extracts (10 ug), which were partially deglycosylated (D). Heterologous proteins
were detected using antibodies directed against the HA-tag. CBB, Coomassie Brilliant Blue
staining of the membrane. Expected sizes of tagged proteins: AtPgaX, 56.5 kDa; AaPgul,
47.1 kDa. D, Conventional secretion of fungal polygalacturonases in AB33P5AR. The
Western blot analysis depicts precipitated and deglycosylated culture supernatants
(corresponding to 1 ml culture). Proteins were detected using antibodies directed against the
HA-tag. E, DNS assay to detect activity of heterologous enzymes from fungal sources on
polygalacturonic acid. In contrast to the progenitor strain AB33P5AR, both engineered strains
were active on this polymer (release of reducing groups). The amount of reducing groups
liberated by the fungal endo-polygalacturonase AaPgul was higher compared to the intrinsic
UmPgul (dashed line after 24 h). The graph represents the results of three biological
replicates. Error bars depict standard deviation; ****, p value > 0.0001.
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Fig. 7. Co-fermentations of fungal endo- and exo-polygalacturonases. A, Schematical
representation of exo-polygalaturonases (green) and endo-polygalacturonases (orange) acting
on polygalacturonic acid. B, Comparative DNS assays using mixed supernatants and mixed
cultures of strains secreting intrinsic fungal endo- and heterologous exo-polygalacturonase.
Strains AB33P5AR/AtPgaX and AB33PSAR/AaPgul were used for the assay. The graph
represents the results of three biological replicates. Error bars depict standard deviation.
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Fig. 8. Cultivation of the UmPgul (endo-polygalacturonase) overexpression strain on
galacturonic acid and polygalacturonic acid. Strain AB33PSAR/UmPgul was grown on
a mixture of glucose (Glc, 4 g/L) and (poly)galacturonic acid (20 g/L, purity 85%) as
carbon sources. A, Biological duplicates of oxygen transfer rate, represented each as line
and dashed line. B, Biological duplicates of respiratory quotient, represented each as line and
dashed line. C, Biological duplicates of the overall consumed oxygen, represented each as
line and dashed line. For the cultivation on galacturonic acid, the estimated residual
galacturonic acid concentration (54) is shown in green. For clarity reasons, only every third
data point is shown and the RQ is only shown for OTR > 2 mmol/L/h. Culture conditions:
modified Verduyn mineral medium, 0.2 M MOPS, initial pH 6.0, 250 mL flask, filling
volume 20 mL, shaking frequency 300 rpm, shaking diameter 50 mm, initial ODego = 0.6, T =
30°C.
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Fig. 9. RAMOS cultivation of axenic cultures and co-fermentations on polygalacturonic
acid. The strains expressing AtPgaX (fungal exo-polygalacturonase), UmPgul (intrinsic
endo-polygalacturonase), PcPehl (bacterial endo-polygalacturonase) and AaPgul(fungal
endo-polygalacturonase) were grown on a mixture of glucose (4 g/L) and polygalacturonic
acid (20 g/L, purity 85%) as carbon sources. A, Oxygen transfer rate. B, Respiratory quotient.
C, Residual substrate calculated from the overall consumed oxygen (54). End of
polygalacturonic acid consumption was defined by the RQ drop below 1. For clarity reasons,
only every third data point is shown and the RQ is only shown for OTR > 2 mmol/L/h. All
plots represent the mean of biological duplicates (see Error! Reference source not found.
for individual cultivations). Culture conditions: modified Verduyn mineral medium, 0.2 M
MOPS, initial pH 6.0, 250 mL flask, filling volume 20 mL, shaking frequency 300 rpm,
shaking diameter 50 mm, initial ODsoo = 0.6 (inoculation ratio 1:1 for co-fermentations), T =
30 °C.
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Oxygen transfer rate (OTR) [mmol/L/h]

Time [h]

Fig. 10. Co-fermentation of AtPgaX (fungal exo-polygalacturonase) and AaPgul (fungal
endo-polygalacturonase) overexpression strains with different inoculation ratios on
polygalacturonic acid. The strain combination AB33P5AR/AtPgaX and AB33P5AR/AaPgul
was grown in medium containing a mixture of glucose (4 g/L) and polygalacturonic acid

(20 g/L, purity 85%) as carbon sources. A, Inoculation ratio 5:1 (ODego = 0.5 for
AB33P5AR/AaPgul and ODegoo = 0.1 for AB33P5AR/AtPgaX). B, Inoculation ratio 1:1
(ODeoo = 0.3 for both, AB33P5AR/AtPgaX and AB33P5AR/AaPgul). C, Inoculation ratio 1:5
(ODgoo = 0.1 for AB33P5AR/AaPgul and ODsoo = 0.5 for AB33P5AR/AtPgaX). Continuous
and dashed black lines represent biological duplicates of RAMOS cultivations. For clarity
reasons, only every third data point is shown. Culture conditions: modified Verduyn mineral
medium, 0.2 M MOPS, initial pH 6.0, 250 mL flask, filling volume 20 mL, shaking frequency
300 rpm, shaking diameter 50 mm, T = 30°C.
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Fig. 11. Galacturonic acid liberation rate during co-fermentation of AtPgaX (fungal exo-
polygalacturonase) and AaPgul (fungal endo-polygalacturonase) overexpression strains
(inoculation ratio 5:1) on polygalacturonic acid. The strains were grown on a mixture of
glucose (4 g/L) and polygalacturonic acid (20 g/L, purity 85%) as carbon sources. A, Oxygen
transfer rate and respiratory quotient of biological duplicates (continuous and dashed lines,
identical data set to Fig. 10C) B, Measured galacturonic acid concentration in the supernatant
and consumed galacturonic acid, calculated from the overall consumed oxygen. End of
polygalacturonic acid consumption was defined by the RQ drop below 1. Total liberated
galacturonic acid equals the sum of both quantities. C, Calculated galacturonic acid liberation
rate (mean of biological duplicates) in comparison to the offline determined pH. Culture
conditions: modified Verduyn mineral medium, 0.2 M MOPS, initial pH 6.0, 250 mL flask,
filling volume 20 mL, shaking frequency 300 rpm, shaking diameter 50 mm, initial

ODgoo = 0.5 (AB33P5AR/AtPgaX) or 0.1 (AB33P5AR/AaPgul), T =30 °C.
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Table 1. DNA oligonucleotides used in this study.

Designation | Nucleotide sequence (5- 3")

oMB425 ACAGCTCTTCCGTGCATTTAAATACCTCGAAGCACAACGTACG
oMB426 ACAGCTCTTCCGGCCCACCCGAGGCACCGTCTTTATGC
oMB427 ACAGCTCTTCCCCTATGGCCTGCCTTTTGCTGGTTGG

oMB428 CGCGCTCTTCCGACATTTAAATACCCGACAATTTGATGTTGG
OMF502 ACGACGTTGTAAAACGACGGCCAG

OoMF503 TTCACACAGGAAACAGCTATGACC
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Table 2. U. maydis strains used in this study.

Stoffels and Mdiller et al., 2019

Progenitor
Relevant genotype, Plasmid Manipulated
Strains UMa! | Reference (UMa)*
Resistance transformed locus?
[Reference]
AB33P5AR FRT5[um04400 A] 1391 | (52) detailed strain ip (cbx), AB33
FRT3[um11908A] description in umag_04400, | (62)
FRT2[um00064 A] Sarkari et al. umag_11908,
FRTwt[um02178A] 2014 (52) umag_00064,
FRT1[um04926A] umag_2178,
PhleoR umag_04926
AB33P5AR FRT5[um04400 A] 2030 | This study. pDest_Poma:um | umag_02510 | AB33P5AR
/UmPgul FRT3[um11908A] ag_02510_NatR (UM1391)
FRT2[um00064 A] (PUMa2822) (52)
FRTwtlum02178A]
FRT1[um04926A]
P02510::umag_02510::Pom
a::um02510
PhleoR, NatR
AB33P5AR FRT5[um04400 A] 2106 | (54) pRabX1_Poma_ | ip (cbx) AB33P5AR
/AtPgaX FRT3[um11908A] pgaX_SHH_Cbx (UM1391) (52)
FRT2[um00064 A] R (pUMa3108)
FRTWtum02178A]
FRT1[um04926A]
ip" [PomaAtPgaX:SHH] ip®
PhleoR, CbxR
AB33P5AR FRT5[um04400 A] 2416 | This study. pRabX1_Poma_ | ip (cbx) AB33P5AR
/AaPgul3 FRT3[um11908A] AaPgul_SHH_C (UM1391) (52)
FRT2[um00064 A] bxR
FRTwtlum02178A] (pPUMa3403)
FRT1[um04926A]
ip" [PomaAaPgul:SHH] ip®
PhleoR, CbxR
AB33P5AR FRT5[um04400 A] 2402 | This study. pRabX1_Poma_ | ip (cbx) AB33P5AR
/PcPeh14 FRT3[um11908A] Peh1-SHH- (UM1391) (52)
FRT2[um00064 A] Ctsl_CbxR
FRTwt[lum02178A] (pUMa3401)
FRT1[um04926A]
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ip" [PomaPcPehl:SHH:

ctsl] ip®
PhleoR, CbxR
AB33P5AR FRT5[um04400 A] 2401 | This study. pRabX1_Poma_ | ip (cbx) AB33P5AR(U
/KpPguB* FRT3[um11908A] PguB-SHH- M1391) (52)
FRT2[um00064 A] Cts1_CbxR
FRTWHum02178A] (PUMa3400)
FRT1[um04926A]

ip" [PomaKpPguB:SHH:
ctsl] ip®

PhleoR, CbxR

YInternal strain collection number

2 Sequences available at the National Center for Biotechnology Information (NCBI) or EnsemblFungi (web
reference 4)

3 The intrinsic signal peptide encoding sequences of the enzymes were kept

4 The intrinsic signal peptide encoding sequences predicted by SignalP 4.1 were removed to allow for
unconventional secretion (web reference 7)
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