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ABSTRACT: The implementation of bioprocesses in an economically feasible and industrial competitive manner requires the optimal allocation
of resources for a balanced distribution between biomass formation and product synthesis. The decoupling of growth and production in two-stage
bioprocesses, aiming to ensure sufficient growth before the onset of production, is particularly relevant when target products inhibit growth. In
order to avoid expensive inducer molecules, continuing process monitoring, elaborate individual process optimization, and strain engineering, we
developed and applied nitrogen deprivation-induced expression of genes for product biosynthesis. Two native nitrogen deprivation-inducible
promoters were identified and shown to function for dynamic growth-decoupled gene expression or CRISPRi-mediated gene knockdown in C.
glutamicum with superior induction factors than the standard IPTG-inducible P« promoter. Valorization of xylose to produce either the sugar acid
xylonic acid or the sugar alcohol xylitol from xylose as sole source of carbon and energy was demonstrated. Competitive titers of up to 34 g L.*
xylonate and 13 g L. xylitol were achieved in two-stage processes. We discussed that the transfer to bioprocesses with C. glutamicum using
carbon sources other than xylose appears straightforward in particular regarding production of growth-inhibitory compounds by their growth-
decoupled fermentative production.
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1. Introduction

In the context of a sustainable, future-oriented bioeconomy, lignocellulose, which is considered the most abundant biomass,
presents an attractive second-generation feedstock with an estimated annual production of 182 billion tons [1]. Besides glucose,
lignocellulosic hydrolysate mostly contains xylose (15-37%) as monomeric sugar [2], making its valorization into xylose-derivable
valuable compounds highly interesting. The sugar alcohol xylitol and the sugar acid xylonate belong to this compound class.

Generally, sugar acids are used as chemical intermediates. D-gluconate, the best known one, reached an annual production of
90 000 tons worldwide in 2009 [3]. It is industrially produced by oxidation of the monosaccharide glucose [3] and thus competes
with its use in human and animal nutrition. Due to similar physical properties, xylonate, which can be derived from the non-food
sugar xylose, represents a highly interesting substitute [4]. Xylonate has found applications as dispersing agent for cement and
concrete [5], clarifying agent for polyolefins [6], precursor in the production of co-polyamides [7] or therapeutically active
compounds [8] and the synthesis of 1,2,3-butanetriol [9] or 3,4-dihydroxybutyrate [10]. Chemical synthesis of xylonate is known,
but characterized by low selectivity [11]. This obstacle can be overcome by the high efficiency of microbial conversion of xylose
into xylonic acid, which proceeds via xylose or glucose dehydrogenase-mediated oxidation to xylonolactone, followed by lactonase-
catalyzed or spontaneous hydrolysis to xylonate [12], as exemplified for native producer organisms, e.g., Pseudomonas fragi [13],
Klebsiella pneumoniae [14], Paraburkholderia sacchari [15] and Gluconobacter oxydans [16], as well as genetically engineered
strains of Escherichia coli [17], Corynebacterium glutamicum [18], and Saccharomyces cerevisiae [4].

Xylitol, a five-carbon sugar alcohol naturally occurring in vegetables, fruits and hardwood trees like birch and beechwood has
gained popularity as artificial non-diabetic sweetener in nutrition and has reached a market size of almost 9 million US dollars in
2021 [19]. Besides, it is used in the pharmaceutical industry for its insulin-independent metabolism, anti-cariogenic and calcium
absorption-facilitating properties [20]. The platform compound xylitol has the potential as precursor for production of propylene
glycol, poly(ethylene glycol), glycerol, xylaric acid or lactic acid [21]. Since only low xylitol concentrations are found in natural
sources [21], either chemical synthesis via catalytic hydrogenation of lignocellulosic biomass using toxic catalysts, high pressure
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and energy [21], or biotechnological production is required [22]. Biosynthesis of xylitol as part of xylose metabolism is widespread
among yeast and fungi via NADPH-dependent reduction of xylose by xylose reductase (Xr) [23], but only few bacterial species,
including corynebacteria [24] were reported to show slow xylitol formation, e.g., the isolate Corynebacterium sp. No. 208
accumulated 69 g L. of D-xylitol in 14 days [24]. Consequently, biotechnological production approaches are centered on yeast,
particularly the genus Candida [25], but have also been extended to established biotechnological workhorses, including C.
glutamicum [26].

C. glutamicum is primarily known for amino acid production in the million ton scale [27]. Among others, its reputation as
versatile chassis is endowed with high stress tolerance and robustness [28,29], the absence of endotoxins [30], and the suitability
for the production of GRAS status compounds [31], such as sugars, sugar alcohols [32,33], the flavor enhancer L-glutamate [34],
and other amino acids as well as related compounds [35,36]. By synthetic biology, the product spectrum is further expanded to
diamines [37], vitamins [38], organic acids [39], and alcohols [40]. Biobased production with C. glutamicum benefits from the
naturally broad carbon spectrum and the access to non-native sugars is achieved by the introduction of synthetic pathways [41].

A detailed understanding of the metabolism of macronutrients has been gained, e.g., regarding nitrogen metabolism. Genetic
regulation of nitrogen metabolism involves the global repressor protein AmtR, which mediates the nitrogen-dependent regulation
of genes for ammonium transporters, proteins for ammonium assimilation and signal transduction, urea and creatinine metabolism,
but also some uncharacterized ones [42,43]. Upon nitrogen limitation, repression is released by interaction of AmtR with the
adenylated signal transduction protein GInK [43]. Two promoters of the operons amtB-gInK-gInD and amtA-ocd-soxA were reported
to show the strongest and fastest response to nitrogen-limiting conditions [42], making them interesting options for auto-induction.
The most common induction strategies rely on the addition of exogenous inducer molecules such as isopropyl p-D-thiogalactoside
(IPTG). Besides the fact that induction at the intended cell density must be the precisely timed, the high costs for inducers (IPTG,
lactose, galactose, gentiobiose, fucose, lactitol or sucralose [44]) make their addition economically unattractive in industrial scale
and the toxicity may preclude their use in the production of pharmaceuticals [45]. As alternative, completely inducer-free dynamic
pathway regulation by auto-induction has been developed, in which growth and production phases may be decoupled. During the
second phase of such two-stage processes, hon-growing stationary phase cells can maintain their metabolic activity, which enables
the predominant allocation of resources to the product formation for high protein yields [46]. Moreover, stationary phase cells tend
to be more robust and stress resistant than exponentially growing ones [47]. Most developed auto-induction systems make use of
carbon catabolite repression, metabolite regulated promoters and biosensors, or employ quorum sensing [48,49]. All of these build
on natural dynamic regulation mechanisms, which ensure the maintenance of pathway balances under varying environmental
conditions, but simultaneously render them innately highly sensitive and require elaborate product-, strain-, and process-specific
calibration [50-52]. Moreover, the type of the carbon source can affect the regulatory network which entails severe and often
unpredictable changes in cellular metabolism [53], and it is not suited for the synthesis of molecules with carbohydrate backbones.
Unlike most model microorganisms with pronounced carbon catabolite repression, C. glutamicum naturally co-utilizes different
carbohydrates [29]. Therefore, a dependency from macronutrients other than the carbon source in combination with respective
responsive promoters provides an interesting alternative [53,54], but has not been studied for C. glutamicum. Here, we describe
auto-induction for nitrogen-controlled production of sugar acid xylonate and sugar alcohol xylitol from pentose xylose by
metabolically engineered C. glutamicum.

2. Materials and Methods
2.1. Bacterial Strains and Cultivation Conditions

All strains used in this study are listed in Table 1 and all plasmids are given in Table 2. E. coli DH5a [55] served as host for
plasmid construction, amplification, and maintenance. Cultures were grown at 37 <C and 180 rpm in baffled shake flasks in lysogeny
broth (LB), supplemented with antibiotics (100 pg mL™ spectinomycin, 100 pg -mL™* ampicillin, 10 pg mL™ tetracycline, 30
g mL* chloramphenicol), according to the plasmids.

Cultures of C. glutamicum were grown in baffled shake flasks at 30 <C and 120 rpm on a rotary shaker, supplemented with
appropriate antibiotics (5 pg-mL™ tetracycline, 7 pg-mL™ chloramphenicol). Precultures were grown in LB, harvested by
centrifugation (3200>g, 7 min), washed and resuspended in CgXII lacking the accessible nitrogen sources (NH.).SO4 and urea for
inoculum of main cultures. Main cultures were grown in CgXIl minimal medium with regular nitrogen content (CgXIll, [56]) and
40 g L glucose or xylose as carbon source. To limit biomass formation while maintaining xylitol or xylonate production, a medium
with reduced accessible nitrogen content (N-CgXIl, containing 5% nitrogen in form of 1 gL (NH4).SO4 and 0.25 g L.* urea
instead of 20 g L. (NH4)2SO4 and 5 g L.* urea) was chosen. Production experiments were performed in 10 mL in baffled shake
flasks for 144 h as at that time we assumed that production has terminated either by exhaustion of the carbon source xylose or by
product inhibition. It has to be noted that the volumetric productivity may be increased by optimizing the production time towards
shorter incubation. Growth was monitored by optical density at 600 nm (ODsgo) in a V-1200 Spectrophotometer (VWR, Radnor,
PA, USA) and the previously determined factor of 0.25 g L. cell dry weight (CDW) was assumed to correspond to an ODggo Of 1.
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To investigate the effect of xylitol presence on growth, cells were cultivated in a BioLector microcultivation system (m2p-
labs, Aachen, Germany) in a volume of 1 mL in a 48-well flower plates at 30 <C, 85% humidity and a shaking frequency of 1100
rpm. Growth was monitored by backscatter light signal at 620 nm. Gene expression from pECXT99A derived plasmids and sgRNA
expression from pS_dCas9 derived plasmids was induced by the addition of 1 mM isopropyl-p-D-1-thiogalactopyranoside (IPTG).
Additionally, 0.25 pg mL™* anhydrotetracycline (aTc) was added for dCas9 expression from pS_dCas9-gfpuy.

Table 1. List of strains used in this study.

Strain Relevant Characteristics Source
E. coli DH5a E. coli F-d80lacZAM15 A(lacZYA-argF) U169 endAl recAl hsdR17 (rK™, mK*) supE44 thi-1 gyrA96 relAl phoA [55]
C. glutamicum WT C. glutamicum wild-type, ATCC13032 [57]
WT-EV C. glutamicum WT carrying pECXT_Pgy, [58]
X C. glutamicum ATCC 13032 derivate with the synthetic operon, consisting of xylA of Xanthomonas campestris and 59]
g xyIB of C. glutamicum WT, integrated into the gene locus actA (cg2840)
gX-EV C. glutamicum gX, carrying pECXT99A This study
gX-Pyre-xr C. glutamicum gX, carrying pECXT99A-XIrrm This study
gX-Pamta-Xr C. glutamicum gX, carrying pECXT_Pamaa-Xrrm This study
gX-Pamig-Xr C. glutamicum gX, carrying pECXT_Pama-Xrrm This study
gX-Pyc-xylB C. glutamicum gX, carrying pECXT99A-xyIBc. This study
9X-Pamia-xyIB C. glutamicum gX, carrying pECXT_Pama-xyIBc.. This study
gX-Pamis-xyIB C. glutamicum gX, carrying pECXT_Pams-xylBc.. This study
WT-Pama-gfp C. glutamicum WT, carrying pS_Pama-gfpuv This study
WT-Pame-gfp C. glutamicum WT, carrying pS_Pame-gfpuv This study
WT-gfp C. glutamicum WT, carrying pECXT_Ps,n-gfpuv This study
WT-gfp-dCas9 C. glutamicum WT, carrying pECXT_Ps-gfpuv and pS_dCas9-gfpuv This study
WT-gfp-Pami-dCas9 C. glutamicum WT, carrying pECXT_Ps,n-gfpuv and pS_Pama-dCas9-gfpuy This study
WT-gfp-Pamis-dCas9 C. glutamicum WT, carrying pECXT Ps,-gfpuy and pS Pame-dCas9-gfpuy This study
Table 2. List of plasmids used in this study.
Plasmids Relevant Characteristics Source
pK19mobsacB KmR, E. coli/C. glutamicum shuttle vector for construction of C. glutamicum deletion and insertion mutants [60]
(pK18 oriVe, sacB, lacZa)
PECXT99A Tet®, Py lacl¥, pGAL oriVe, C. glutamicum/E. coli expression shuttle vector [61]
PECXT_Py-gfpuv pPECXT _Py,, derivative for constitutive expression of gfpuy [58]
synthesized by
pPMA-RQ_XR_R- AmpR, cloning plasmid with sequence of codon-harmonized version of xylose reductase from Rhodotorula Geneart AG,
mucilaginosa mucilaginosa NBT11 Regensburg,
Germany
PECXT99A-XIR m. PECXT99A derivate for IPTG-inducible expression of xr from Rhodotorula mucilaginosa NBT11 (Xrgm) This study
PECXT_Pama-XIrm. pPECXT99A derivative for nitrogen-starvation inducible expression of Xrgm. by Pamta This study
PECXT_Pame-XIrm. pECXT99A derivative for nitrogen-starvation inducible expression of Xrrm. by Pami This study
pPEKEx3_xyIXABCDc. Spec®; pEKEX3 derivative for the regulated expression of xyIXABCDCc of Caulobacter crescentus [18]
PECXT99A-xylBc.. pPECXT99A derivative for IPTG-inducible expression of xyIB of Caulobacter crescentus (xylBc.) This study
PECXT_Pama-XylBc.. pECXT99A derivative for nitrogen-starvation inducible expression of xylBc.c. by Pamia This study
PECXT_Pame-XylBc.. pECXT99A derivative for nitrogen-starvation inducible expression of xylBc.c. by Pams This study
PECXT_Pyn-gfpuv TetR, pECXT99A derivative for constitutive expression from promoter Pgy, This study
pS_dCas9 anhydrotetracycline-inducible expression of dCas9 from Streptococcus pyogenes and IPTG-inducible expression 62]
= of the dCas9 handle
pS_dCas9-gfpuv pS_dCas9 plasmid carrying the gfpyv SQRNA This study
PS_Pama-dCas9-gfpuy pS_dCas9-gfpyy derivative with Py replaced by Pama for Pama-regulated CRISPRi-mediated repression of gfpuy This study
pS_Pams-dCas9-gfpuy pS_dCas9-gfpyy derivative with Py replaced by Pame for Pams-regulated CRISPRi-mediated repression of gfpuy This study
pS_Pama-gfpuv pS_Pama-dCas9-gfpyy derivative with dCas9 replaced by gfpyy for Pama-regulated expression of gfpuy This study
pS Pamis-gfpuv pS P.ms-dCas9-gfpuy derivative with dCas9 replaced by gfpuy for P.ms-regulated expression of gfpuy This study

2.2. Molecular Genetic Methods

Promoter and gene sequences were amplified with ALLin™ HiFi DNA Polymerase (highQu GmbH, Kraichtal, Germany) and
the listed oligonucleotides (Table S1, obtained from Metabion, Planegg/Steinkirchen, Germany).

The promoter sequences of amtA (Pama) and amtB (Pamis), Spanning approximately 300 nucleotides of the 5’ sequence adjacent
to the respective start codon were amplified from genomic DNA of C. glutamicum WT [57], which was isolated as described
previously [63]. Promoter-less genes gfpuv, xyIB and xr were amplified from plasmids pECXT_Psyn-gfpuv, PEKEX3_xyIXABCD,
and pMA-RQ_XR_R-mucilaginosa, respectively. Primer overhangs were used for integration of a consensus ribosome binding site
(RBS) sequence (GAAAGGAGGCCCTTCAG) in front of dfpuv and xylB, whereas an optimized RBS
(CCCGAAAAGTCGAAAGGAGGTATTTTA, designed using the Salislab software, [64]), was included in front of xr.

A single guide RNA (sgRNA) of 20 nt, homologous to the non-template strand of gfpuy, was designed with the CRISPy-
webtool [65], based on the genome sequence of C. glutamicum WT [57] and single-stranded oligonucleotides were used to attain
the double-stranded sgRNA insert by oligo annealing, as described elsewhere [62]. All restriction enzymes were obtained from
NEB (NEB, Frankfurt, Germany). pS_dCas9 was linearized with Pstl for insertion of the sgRNA. pS_dCas9-gfpuv was cut with
Aatll and Bglll for promoter replacement and resulting plasmids pS_dCas9_Px«x-gfpuv were cut with Bglll and PspXI for
replacement of the dCas9 gene for gfpuv. pPECXT99A was linearized using BamHI alone or in combination with Ndel for integration



Synthetic Biology and Engineering 2023, 1, 10009 4 of 14

of a gene or for simultaneous promoter replacement, respectively. All linearized plasmids were dephosphorylated (Antarctic
phosphatase, New England Biolabs, Frankfurt, Germany) before plasmid assembly by the method of Gibson [66].

A V-1200 Spectrophotometer (VWR, Radnor, PA, USA) was used to determine DNA concentrations and the sequences of all
inserts of newly constructed plasmids were verified by sequencing and transformants confirmed by colony PCR with respective
oligonucleotides (Table S1). A plasmid miniprep kit (GeneJET, Thermo Fisher Scientific, Schwerte, Germany) and a PCR and gel
extraction kit (Macherey-Nagel, DUren, Germany) were used for plasmid isolation and purification of DNA sequences, respectively.
Standard molecular genetic techniques were performed according to previously described procedures [67]. E. coli competent cells
were prepared by the CaCl, method [67] for transformation by heat shock at 42 <C [56], while C. glutamicum cells were transformed
by electroporation, followed by heat shock at 46 <C [56].

2.3. Flow Cytometry for Fluorescence Analysis and Quantification

The fluorescence of Gfpuv was analyzed using flow cytometry (flow cytometer Gallios™, Beckman Coulter, Krefeld,
Germany) with excitation by a blue solid-state laser at 405 nm and detection by a 525/50 nm bandpass filter. The forward-(FSC)
and side-scatter (SSC) signals were measured for 20,000 cells per sample. Samples for analysis of induction or knockdown of gfpuv
expression were taken after 24 h, diluted to an ODggo 0f approximately 0.1 in TN buffer (50 mM Tris-HCI, 50 mM NacCl, pH 6.3)
and analyzed immediately with WT-EV cells as reference to adjust for autofluorescence.

2.4. Enzymatic Activity Assays

For analysis of xylose reductase or xylose dehydrogenase activity, cells were grown in 50 mL CgXIl or N-CgXIll,
supplemented with 40 g L. xylose in baffled shake flasks for 68 h. When indicated, 1 mM IPTG was added and cultivation started
for gX-Pyc-xyIB or of gX-Pyc-xr, when an ODggo Of 4 was reached to permit sufficient biomass formation despite xylitol cytotoxicity.
All following steps were performed at 4 <C or on ice. Cells were harvested by centrifugation (20,200%g, 7 min), washed three times
in resuspension buffer (50 mM Tris HCI, pH 7.5), resuspended in 2 mL, and disrupted by ultrasonication (UP 200S, Dr. Hielscher
GmbH, Teltow, Germany) at 60% amplitude and a 0.5 s pulsing cycle for 9 min. The method of Bradford was employed for
quantification of total crude protein concentrations with bovine serum standard as reference [68]. Measurements of enzymatic
activity were performed within 48 h after cell lysis.

Both assays were performed in 1 mL total volume at 30 <C, using crude extracts containing >1 g 1. total protein. Absorbance
was followed for 3 min in a photometer (Shimadzu UV-1650 PC photometer, Shimadzu, Duisburg, Germany) at 340 nm before
and after the start of the reaction by xylose addition. Specific activities, given in units per mg of total protein (U mg™), were
calculated with one unit corresponding to the conversion of 1 pmol NADPH or NAD* per min under the described conditions.
Xylose reductase activity was determined as described elsewhere [26] with a final sample composition of 100 mM potassium
phosphate (pH 6.0) reaction buffer, 0.2 mM NADPH, and 200 mM xylose. Xylose reductase activity was determined as described
elsewhere [69] with a final sample composition of 50 mM sodium phosphate (pH 8) reaction buffer, 2 mM NAD, and 200 mM
xylose.

2.5. Product and Substrate Quantification
2.5.1. HPLC Analysis

Substrate and products were quantified by high performance liquid chromatography (HPLC) with an Agilent 1200 series
system (Agilent Technologies Deutschland GmbH, B&blingen, Germany), equipped with an amino exchange column (Aminex, 300
x 8 mm, 10 pm particle size, 25 A pore diameter, CS Chromatographie Service, Langerwehe, Germany). Compounds were
separated under isocratic conditions at a flow rate of 0.8 mL min™* for 17 min with 5 mM H,SO, as mobile phase. Xylose and
xylitol were detected by the refractive index signal (RID G1362A, 1200 series, Agilent Technologies, B&blingen, Germany) and
xylonate by a diode array detector (DAD G1315B, 1200 series, Agilent Technologies) at 210 nm. Samples were taken at indicated
time points, centrifuged (20,200% g, 15 min) and stored at —20 <T until analysis.

2.5.2. Spectrophotometric Xylose Quantification

Coelution of xylose and xylonate under the applied conditions prohibited their differentiation and quantification by RID
detection alone. For clear compound identity, xylonate was exclusively quantified via the DAD signal, while the xylose content of
culture supernatants was determined using a D-xylose assay kit (Megazyme Ltd., Wicklow, Ireland).

2.5.3. Data Analysis and Presentation

Statistical significance of triplicate cultivations or measurements was determined by the two-sided unpaired Student’s t-tests
with p-values of <0.001 (***); p <0.01 (**); p <0.05 (*) and p >0.05 (n.s.: not significant). Values of biomass formation and product
synthesis were adjusted to volume reduction due to evaporation.
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3. Results
3.1. Characterization of Nitrogen-dependent Promoters for Nitrogen Starvation-induced Gene Expression

Transcription of the operons amtB-gInK-gInD and amtA-ocd-soxA is known to be induced upon nitrogen limitation. The
promoter sequences of amtA and amtB, referred to as Pamwa and Pame, were amplified as 314 and 284 bp fragments from the genome
of C. glutamicum WT and included the two contained AmtR consensus binding motifS(ATCTATAGAACGATAGQG),
located -97 to -86 and -61 to -46 of amtA and -186 to -159 and -118 and -91 of amtB start codons, respectively [42].

Prior to establishing nitrogen content-dependent production of value-added compounds, the promoter-less gene of the green
fluorescent protein (Gfpuv) was harnessed as reporter for initial investigation of the candidate promoters Pama and Pam. Pamia-0r
Pamie-controlled gfpuv expression was attained by construction of the plasmids pS_Pamia-gfpuv and pS_Pami-gfpuv, which were used
to transform C. glutamicum WT, yielding strains WT-Pama-gfpuv and WT-Pamis-gfpuv. Standard CgXIl minimal medium, which is
optimized for nitrogen-demandin g dysine biosynthesis, contains 468 mM of accessible nitrogen in the form of urea and ammonium
sulfate (CgXIl). Here, we used a nitrogen-limiting medium named N-CgXII with accessible nitrogen reduced to 5% (23 mM; see
Materials and Methods). The cultivation of WT-Pama-gfpuv and WT-Pami-gfpuv for 24 h in N-CgXIl instead of CgXII decreased
the total attainable biomass concentration to approximately 25%. Hence, the nitrogen content in N-CgXII was suited to set nitrogen-
limiting growth conditions and the Gfpuy fluorescence of these cells, measured by flow cytometry, was used to analyze the response
Of Pamta and Pames.

The flow cytometry scatter plots showed a clear shift of the cell population to higher fluorescence intensities when N-CgXI1|
was used instead of CgXII (representatively shown for Pama Figure 1A), confirming nitrogen starvation-induced gfpuv expression.
With the mean population fluorescence intensity serving as a measure for quantitative comparison of promoter strengths,
approximately 18- and 5-fold increased expression was observed when strains WT-Pamia-gfpuv and WT-Pami-gfpuv Were cultivated
with reduced nitrogen content as compared to regular CgXIl medium nitrogen content (Figure 1C). Upon serial transfer from
nitrogen liming cultivation to a second batch cultivation under nitrogen limitation, strains WT-Pama-gfpuv and WT-Pamis-gfpuv
showed approximately 11- and 7-fold higher expression than those after cultivation in CgXIl (Figure 1C). Thus, to elicit nitrogen
limitation and reporter gene induction in strains WT-Pama-gfpuv and WT-Pamis-gfpuv, a single transfer from CgXIl medium to N-
CgXII medium was sufficient (Figure 1C).

3.2. Characterization of Nitrogen Starvation-induced CRISPRi Gene Repression

Conditional gene expression may depend, i.a., on positive or negative control. On the basis of nitrogen limitation induced
positive control of gfpuv expression using promoters Pamia and Pame, We aimed to demonstrate the general validity and applicability
of this response to CRISPRi-mediated gene repression [70]. In this approach, CRISPRI served to invert the positive to a negative
regulatory output. First, Pamia- Or Pams-controlled dCas9 expression was realized in plasmids pS_Pamia-dCas9-gfpuv or pS_Pamis-
dCas9-gfpuv and compared to anhydrotetracyclin (aTc)-inducible dCas9 expression from promoter Pewrsa in plasmid pS_dCas9-
gfpuv as a reference. The gfpuv-specific SgRNA was expressed from a second compatible plasmid named pECXT_Psys-gfpuv. The
resulting strains were called WT-Pamia-dCas9-gfpuy, WT-Pamie-dCas9-gfpuy and WT-dCas9-gfpuy. The addition of IPTG to all
cultures at the beginning of the cultivation assured the expression of the gfpuv-specific sRNA and therefore rendered the
knockdown dependent on expression of the gene encoding the complex’s second component, the dCas9 protein.

Induction of Pw/a-controlled dCas9 expression by aTc addition decreased the fluorescence intensity of cells grown in CgXI|
to 27% (Figure 1D) and verified the functionality of the CRISPRi design. In the absence of aTc, repression of gfpuv was neither
observed with 100% nor with 5% nitrogen (Figure 1D and data not shown). By contrast, after two cultivations under nitrogen
limiting conditions, cells of strains WT-Pamin-dCas9-gfpuv and WT-Pame-dCas9-gfpuyv showed CRISPRi-mediated repression of
ofpuv to 35% for Pama and 40% for Pamis, respectively, as compared to cultivation with 100% nitrogen (Figure 1B,D). Unlike the
positive control of gfpuv expression using promoters Pama and Pame 0bserved in the first nitrogen-limited cultivation (Figure 1C),
CRISPRi-mediated repression of gfpuv was only observed after transfer to a second nitrogen-limited cultivation (Figure 1D). This
time delay may be attributed to the high stability of Gfpuyv [71] that requires dilution by cell division before repressed gfpuv
expression becomes detectable.

In summary, the nitrogen content-dependent response of both promoters is suitable for gene expression and CRISPRi-mediated
repression in synthetic constructs without discernible basal expression and allows tight nitrogen content-dependent regulation with
faster and higher response of Pamta.
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Figure 1. Characterization of nitrogen limitation inducible gene expression (A,C) and CRISPRi-mediated gene repression (B,D). Promoters Pamta
(green), Pames (blue) or aTc-inducible Pew/a-dCas9 (grey) were fused either to promoterless gfpuv (A,C) or to the dCas9 gene (B,D). IPTG (1 mM)
was used to induce gfpuv-specific SgRNA expression in all CRISPRi cultivations. Cultivations were performed using the regular medium CgXI|
(100% nitrogen; dark blue, green, or grey) or N-CgXII containing 5% nitrogen for a single batch cultivation (intermediate green, blue or grey) or
two consecutive batch cultivations (light green, blue, or grey) for 24 h. Gfpuv fluorescence was analyzed by flow cytometry. Representative scatter
plots depict the shifted fluorescence intensities of cells with Pama-induced Gfpuv expression after one batch cultivation in N-CgXII (A) and for
CRISPRI knockdown after two batch cultivations in N-CgXlI (B). Relative mean fluorescence was normalized to the respective non-induced state.
As positive control, Pretr/a-controlled dCas9 expression was induced with 0.25 pg L™ aTc (white box in D).

3.3. Nitrogen-limitation Induced Expression of Heterologous Genes for Xylose Reductase and Xylose Dehydrogenase

Based on our prior work on xylitol and xylonate production by recombinant C. glutamicum [18,72], the genes xyIB encoding
xylose dehydrogenase from Caulobacter crescentus and xr coding for xylose reductase from Rhodotorula mucilaginosa NBT11
were chosen for expression in strain gX. This xylose-utilizing strain is characterized by the genomic integration of the synthetic
xylose utilization operon for production of xylose isomerase from Xanthomonas campestris and native xylulokinase [73]. Genes
xylIB and xr were cloned under the control of nitrogen limitation-inducible promoters Pamta and Pamis or IPTG-inducible Py, yielding
the xylonate producer strains gX-Puc-XyIB, gX-Pama-XyIB, gX-Pamis-XyIB, and the xylitol producer strains gX-Pic-Xr, gX-Pamta-Xr,
gX-Pamis-Xr. As negative control, gX was transformed with the empty vector and called gX-EV.

Functional expression of xylose dehydrogenase and xylose reductase genes was examined by enzyme activity assays (Figure
2A,B). As expected, crude extracts of the empty vector control strain and each strain cultivated under non-inducing conditions lacked
detectable xylose dehydrogenase and xylose reductase activities (Figure 2A,B). Induction of the xylose dehydrogenase gene was
evident for strain gX-Pyc-xylB in the presence of IPTG and led to activities of 9.8 +1.4 and 10.1 +0.9 U mg in regular CgXIl medium
and nitrogen-limited medium N-CgXIl, respectively (Figure 2A). Nitrogen-starvation induction was observed for strains gX-Pama-
xylB and gX-Pame-xylB, leading to xylose dehydrogenase activities of 3.4 +0.7 U mg™ and 0.7 +0.1 U mg?, respectively, under
nitrogen-limiting conditions (Figure 3A). Similarly, nitrogen-limiting conditions also induced xylose reductase in strains gX-Pamta-Xr
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and gX-Pami-Xr to reach 0.5 0.1 Umg2and 0.7 0.1 U mg™, respectively (Figure 2B). Thus, functional expression of xylose
reductase and xylose dehydrogenase with Pama Or Pams is dynamically controllable by the prevalent nitrogen availability and provides
a promising basis for exploitation of these promoters for nitrogen content-controlled production of xylitol and xylonate.

In the case of IPTG-controlled xylose reductase gene expression, we noted that IPTG addition at inoculation completely
impeded growth of strain gX-Pyc-xr (data not shown). This indicated that xylitol production from xylose impairs growth with xylose
of strain gX as previously observed for addition of xylitol to other C. glutamicum strains [74]. Indeed, when addition of IPTG was
delayed to the mid-exponential growth phase at a biomass concentration of 1 g 1.7, xylose reductase activities of 0.5 +0.1 and 0.5
+0.1 U mg* could be measured using both CgXlI and N-CgXIl media.

As xylitol is known to perturb the propagation of various microorganisms including C. glutamicum, gX was cultivated in
CgXII with 40 g L. * glucose or xylose as sole carbon and energy source in the presence of different xylitol concentrations. Growth
with xylose was severely inhibited by xylitol as reflected by reduced maximal biomass concentrations and growth rates and by
longer lag-phases. For example, the growth rate was reduced to half-maximal at 0.8 0.0 g L.7* xylitol and upon addition of 5 g .
of xylitol, a lag-phase of 23 h was observed and the maximal biomass concentration was reduced by about threefold (Figure 3,
Figure S1). A higher tolerance was observed with glucose as sole carbon source, e.g., a 20-times higher xylitol concentration (15.8
+0.1 g L) was required to reduce the growth rate to half maximal (Figure 3). Thus, while production of xylonate may either be
coupled to growth or not, only growth-decoupled production may be a suitable strategy for a xylitol process.
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Figure 2. Xylose dehydrogenase (A) and xylose reductase (B) activities in crude extracts of cells grown under nitrogen-rich or -limiting conditions.
Cells of C. glutamicum gX derived strains for expression of xylB or xr from IPTG inducible P, or nitrogen content-dependent Pamta or Pamts and
the empty vector control strain gX-EV were grown in CgXIl or N-CgXIll, supplemented with 40 gL * xylose for 68 h. For Pic-controlled
expression, 1 mM IPTG (+) was added at cultivation start. Values of means with standard deviations refer to at least three technical replicates. *
= not detectable. (<0.05 U mg™), n.g. = no growth.
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Figure 3. Effect of the addition of xylitol on growth of gX in CgXII medium with glucose (light grey) or xylose (black) as carbon sources. Biomass
(triangles), maximal growth rates pwax (squares) and lag-phases (circles) of cells grown in CgXI1l supplemented with 40 g L.* glucose (grey) or
xylose (black) and 0-5 g .1 xylitol were determined in a BioLector microcultivation system during cultivation for 96 h. Values of means with
standard deviations refer to triplicate cultivations.
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3.4. Nitrogen-limitation Induced Production of the Sugar Acid Xylonate

Xylose functions as carbon and energy source for growth of C. glutamicum strain gX, and thus, production of xylonate or
xylitol from xylose by this strain competes with biomass formation. Production can be decoupled from growth, e.g., by imposing a
nutrition limitation other than xylose. Here, we used either medium CgXII with abundant nitrogen availability or medium N-CgXI|
with just 5% of the nitrogen content. C. glutamicum strains gX-EV and gX-Puc-xyIB were cultivated in CgXIl and N-CgXII with
267 mM xylose. As expected, strain gX-EV did not produce xylonate. Without IPTG induction, strain gX-Pyc-xyIB exhibited basal
xylB expression that resulted in the maximal accumulation of approximately 90 mM xylonate after 72 h (Figure 4) irrespective of
the nitrogen content in the cultivation medium (Table 3, Table S2). IPTG induction during inoculation increased xylonate
production by strain gX-Pyc-xyIB to 185 +13 after 72 h (Figure 4) and a maximum of 217 =7 mM after 144 h (Table 3, equivalent
to 78 mol% of xylose oxidized to xylonate). This occurred at the cost of biomass formation that was diminished to about half (Figure
4 A; Table 3). Growth in the nitrogen-starvation medium N-CgXII was limited to reach a maximal biomass concentration of around
2.5 g L. (Figure 4B,C) and strains gX-Pama-xylB and gX-Pame-xylB produced 209 =7 and 171 =9 mM xylonate, respectively,
under these conditions (Table 3). Thus, about 77 and 63 mol% of xylose, respectively, was oxidized to xylonate. When nitrogen
was abundant, both strains reached a higher biomass concentration (about 8 to 9 g 1.2, Figure 4B,C) but accumulated less xylonate
(about 50 mM, Table 3). As can be seen at the end of the culture (at 144 h; Table 3), the nitrogen-limitation induced xylonate
production by the C. glutamicum strains gX-Pama-xyIB and gX-Pamie-xyIB was comparable to IPTG-induced xylonate production
by gX-Puc-xyIB. Notably, nitrogen-limitation induced xylonate production did not require addition of the costly inducer IPTG.
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Figure 4. Biomass formation (grey) and production of xylonate (orange) or xylitol (purple) in xylose minimal medium. Strains gX-Puc-xyIB (A),
gX-Pamta-xyIB (B), gX-Pamts-xyIB (C) gX-Ptre-xr (D), gX-Pamta-xr (E), and gX-Pames-xr (F), were cultivated in CgXII (solid line) or N-CgXII
(dashed line) supplemented with 40 g L. xylose in shake flasks for 144 h. Py was induced by addition of ImM IPTG (open squares; A,D). Values
of means with standard deviations refer to triplicate cultivations.

3.5. Nitrogen-limitation Induced Production of the Sugar Alcohol Xylitol

The previous finding that xylitol impaired growth suggested that its growth-decoupled production may be better than growth-
associated production. In the absence of IPTG, strain gX-Pyc-Xr utilized xylose completely, grew to a biomass concentration of 8.4
+0.2 g L%, and due to leakage of the promoter Py, accumulated xylitol during growth and in the stationary phase until a final titer
of 16 mM was reached (Figure 4D, Table 3). Induction with IPTG during inoculation abrogated growth, while 42 £4 mM xylitol
accumulated and 191 +3 mM xylose remained in the broth, which is equivalent of 49 mol% conversion of xylose to xylitol (Table
3). With abundant nitrogen, strains gX-Pama-Xr and gX-Pami-Xr grew to biomass concentrations of around 9 g 1.2, utilized xylose
completely and produced 9 =1 mM and 13 =1 mM xylitol, respectively (Figure 4E,F; Table 3). Induction by nitrogen-limitation
in medium N-CgXII considerably reduced biomass formation by strains gX-Pama-Xr and gX-Pam-xr to around 2.5 g .* and xylose
utilization was incomplete as 104 =5 mM and 108 10 mM xylose remained in the culture broth (Table 3). Notably, under these
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conditions the highest final xylitol titers were observed: 86 =5 mM and 83 10 mM xylitol (corresponding to conversion of 50
and 49 mol% of xylose, Table 3) for strains gX-Pamia-Xr and gX-Pamis-Xr, respectively, which was twofold higher than the xylitol
titer obtained with the Py system (Table 3). Thus, nitrogen-limitation-induced xylitol production by the C. glutamicum strains gX-
Pamta-Xr and gX-Pami-Xr proved superior to the production via IPTG induction as addition of costly compounds for induction was
not required and higher product titers were achieved.

Table 3. Biomass formation, product titers, and remaining xylose concentrations in cultivation using xylose minimal medium. Xylitol and xylonate
producer strains gX-Pamta-Xr, gX-Pam-Xr, gX-Pamta-xyIB, and gX-Pamts-xyIB were cultivated with 40 g L.~* xylose in shake flasks for 144 h either
with 100% nitrogen (CgXIl) or with 5% nitrogen (N-CgXIll). Strains gX-Puc-xr, and gX-Puwc-xylB were cultivated in CgXIl with/without IPTG
induction of Puc. Values of means with standard deviations refer to triplicate cultivations.

Medium Biomass [ g'L'] Product [mM] Xylose [mM]
CgXII 79+0.1 86 +4 <1
gX-Pre-xylB CeXII + IPTG 3.8+0.1 21747 <1
xylonate X ) CgXII 9.0+04 53+2 <1
producer strains gX-Pama-xylB N-CgXII 2.6+0.1 209 £ 7 5+1
CgXII 9.0+0.1 48 +4 <1
gX-Pams-xylB N-CeXII 27402 17149 641
P CgXII 84+£02 16 £1 <1
EAHexr CeXII + IPTG 02+0.1 42+4 19143
xylitol N CgXIl 8.9+0.3 91 <1
producer strains EAFamid=x N-CgXII 25+0.2 86+5 104+5
N CeXIl 9.1+0.9 131 <1
EAamib-x N-CgXII 2.6+0.2 83+10 108 + 10

4, Discussion and Conclusions

In this study, we exemplified the suitability of nitrogen limitation-inducible promoters as an efficient tool for inducer-free
dynamic modulation of gene expression by induction or CRISPRi-mediated knockdown in C. glutamicum. This strategy, which
does not require constant process monitoring, was successfully applied to the inducer-free production of two products derived from
the lignocellulosic pentose sugar xylose. While production of the sugar acid xylonate reached comparable titers as production
induced with the costly IPTG, production of the growth-inhibitory sugar alcohol xylitol outperformed IPTG-inducible xylitol
product titers by a factor of about two. Thus, growth-decoupled production using the nitrogen-limitation-inducible promoters Pamia
and Pames proved to be particularly valuable for production of the growth-inhibitory product xylitol.

The production of growth-inhibitory products benefits from decoupling production from growth. Expression of the respective
genes for the biosynthesis pathway has to be tightly controlled. Basal transcription from leaky induction systems like the classic
IPTG inducible Py promoter often hampers the attainment of stable, scalable two-stage cultivation processes, that allow predictable
scale-up and transfer to different cultivation systems and initiated versatile efforts for its diminution. The leakiness of the T7
promoter system was reduced by inhibiting transcription initiation by binding of the T7 lysozyme to T7 RNA polymerase [75].
Besides tight regulation with low leakiness, timing of expression is key to production of growth-inhibitory compounds. For example,
an antibiotic may be added as shown for production of L-glutamic acid by C. glutamicum upon addition of the DNA gyrase inhibitor
ciprofloxacin [76]. Alternatively, metabolic engineering made use of promoters that show expression only in the stationary growth
phase as applied to fermentative production of the secondary metabolite lovastatin by the fungus Aspergillus terreus [77]. The
medium formulation may be adjusted such that a macronutrient becomes limiting for growth, but growth-decoupled production
continues. As most, if not all, products contain carbon atoms, carbon source limitation typically is not beneficial. Instead, a limiting
P or N source may be used to decouple production from growth. However, the chosen products should lack either P or N atoms.
Phosphate limitation-induced expression has been applied to production of recombinant proteins by E. coli [54]. Promoters of E.
coli, activated by the transcriptional activator PhoB, were also used for xylitol production to a titer of 200 g L.™* at 86 mol%
conversion [78]. Although the nutrient starvation response is intrinsically subject to species- or strain-specific complex regulatory
patterns, often rendering nutrient limitation-induced production too sensible for straight transfer [46], conserved regulatory
mechanisms may make transfer to C. glutamicum possible since its phosphate starvation response is well characterized [79].
Recently, the choice of the nitrogen source and nitrogen catabolite repression have been exploited for production of glycosylated
and secreted proteins by Aspergillus nidulans [53]. Based on the knowledge on the AmtR regulon [42], we have compared nitrogen-
dependent promoters for induction of xylitol and xylonate biosynthesis genes and identified Pana and Pamis applicable to precise
expression control without the requirement for induction of costly inducers. Depending on the product and process, other promoters
regulated by AmtR may prove better due to different promoter strengths or basal activities.

The xylonate titers achieved here with C. glutamicum gX-Pama-xyIB (up to 34 1.1 g L. ! at 144 h, Table 3) are promising,
but have to be optimized further for industrial application. For example, the nitrogen content has to be optimized further to realize
the highest possible biomass concentration for subsequent use in non-growth associated production. Moreover, cultivation in fed-
batch mode may be helpful to maintain non-growth associated production with the highest possible biomass concentration over
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extended time periods. NAD*-dependent xylose oxidation by XyIB yields one reduction equivalent per xylonate produced. Under
anaerobic conditions surplus NADH can easily be oxidized. An approach often chosen to improve xylonate titers is the addition of
other carbon sources along with xylose and/or the addition of complex media components such as yeast extract [18,80]. The
volumetric productivity may be improved by deletion of the gene for the transcriptional repressor I0IR since the gene for the native
myo-inositol 2-dehydrogenase (lolG, cg0204), which also oxidizes D-xylose, would be derepressed [81]. However, degradation of
xylonate by the enzymes encoded in the iol operons [82] has to be abolished by deletion of the respective genes. Although hydrolysis
of D-1,4-xylonolactone generated in the xylose dehydrogenase reaction is thought to occur spontaneously, the additional expression
of the gene for D-1,4-xylonolactonase from C. crescentus may accelerate xylonate production. Enzyme catalysis is also known for
biotransformation of xylose to xylonate. However, this requires redox cofactor regeneration which may be achieved by
electrodialysis [83] and often suffers from enzyme instability. To overcome the latter, immobilization of xylose dehydrogenase on
triglycine functionalized PEGylated gold nanoparticles via C. glutamicum sortase E improved enzyme stability as compared to free
enzymes [84]. Since the product xylonate is an acid with a pKa of 3.56, enzyme catalysis, whole-cell biotransformation and
fermentation have to be well-buffered, which may limit downstream processing. The latter may also be a challenge to use
lignocellulosic hydrolysates that contain a notable fraction of xylose. Future work is required to see if industrial key performance
indicators (KPIs) can be reached for xylonate production from xylose.

Likewise, xylitol production requires further optimization to achieve industrial KPIs. Although the xylitol titers achieved here
were about an order of magnitude higher than those obtained previously with C. glutamicum (about 86 mM or 13 g L.* as compared
to 1.1 g L1 [72]), Xr activity in crude extracts of nitrogen-starved gX cells only amounted to approximately 10% of that reported
previously (0.53 £0.08 U mg*and 0.72 =0.08 U /g2, Figure 3A, as compared to 6.4 0.1 U g [72]). Remarkably, the titer
obtained here with strain gX-Pama-xr (13.0 £0.7 g1%, Table 3) exceeded the concentration that diminished growth to half
maximum (Figure 2) by 15-fold. This clearly indicates the beneficial effect of decoupling xylitol production from growth. Xylitol
related growth inhibition may be due to formation of xylitol 5-phosphate, which noncompetitively inhibits xylose transporters, by
xylulokinase [74,85]. In this respect, it has to be noted that the gene for the endogenous xylulokinase (cg0147, xylBcg) is
overexpressed to enable utilization of xylose for growth. As way out, either native xylulokinase was be replaced by a D-xylulokinase
variant from Pichia stipitis [85], which does not accept xylitol as substrate, or introduction of the oxidative Weimberg pathway for
xylose utilization may help [86]. The inhibition by xylitol 5-phosphate formed during xylose utilization in our strains also occurs
during xylonate production. However, here the xylitol titers achieved were two- to threefold lower when compared to the xylonate
titers (about 86 mM xylitol in comparison to about 210 mM xylonate; Table 3). About 0.5 mol mol ™ xylitol were produced from
xylose (Table 3). Based on the degrees of reduction of xylose and xylitol a theoretical maximal yield of 0.91 mol mol™ can be
calculated (as compared to 1.1 mol mol™ for xylonate). It has to be noted that reduction of xylose to xylitol requires NADPH. Thus,
a fraction of xylose is used not only to form biomass, but also serves to provide NADPH for xylitol production. The complete
oxidation of one molecule of xylose to five molecules of CO; yields 10 NADPH. Therefore, the maximal theoretical xylitol pathway
yield from xylose is sub-stoichiometric at 0.83 mol mol [87]. However, NADPH formation may even be lower as NADH instead
of NADPH may be formed during xylose oxidation. This may be alleviated by heterologous expression of the genes for the
membrane-bound transhydrogenase PntAB from E. coli in order to convert NADH to NADPH [88]. Alternatively, glucose or
gluconate was used as co-substrate to continuously replenish the NADPH pool during xylose reduction [26,72,78]. The use of
mixtures of xylose and glucose may be relevant as both are the dominating sugars present in lignocellulosic hydrolysates.

Our demonstration of using nitrogen starvation promoters in different setups for gene expression or CRISPRi-mediated gene
knockdown provides a promising foundation, transferable to other processes. Transfer to bioprocesses with C. glutamicum using
carbon sources other than xylose appears straightforward. With regards to the product scope, applications involving growth-
inhibitory intermediates or targeting products may be most beneficial for the type of growth-decoupled production developed here.
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