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Summary
The polyamine putrescine (1,4-diaminobutane) contributes to cellular fitness in most organisms,

where it is derived from the amino acids ornithine or arginine. In the chemical industry,

putrescine serves as a versatile building block for polyamide synthesis. The green microalga

Chlamydomonas reinhardtii accumulates relatively high putrescine amounts, which, together

with recent advances in genetic engineering, enables the generation of a powerful green cell

factory to promote sustainable biotechnology for base chemical production. Here, we report a

systematic investigation of the native putrescine metabolism in C. reinhardtii, leading to the first

CO2-based bio-production of putrescine, by employing modern synthetic biology and metabolic

engineering strategies. A CRISPR/Cas9-based knockout of key enzymes of the polyamine

biosynthesis pathway identified ornithine decarboxylase 1 (ODC1) as a gatekeeper for putrescine

accumulation and demonstrated that the arginine decarboxylase (ADC) route is likely inactive

and that amine oxidase 2 (AMX2) is mainly responsible for putrescine degradation in C.

reinhardtii. A 4.5-fold increase in cellular putrescine levels was achieved by engineered

overexpression of potent candidate ornithine decarboxylases (ODCs). We identified unexpected

substrate promiscuity in two bacterial ODCs, which exhibited co-production of cadaverine and 4-

aminobutanol. Final pathway engineering included overexpression of recombinant arginases for

improved substrate availability as well as functional knockout of putrescine degradation, which

resulted in a 10-fold increase in cellular putrescine titres and yielded 200 mg/L in phototrophic

high cell density cultivations after 10 days.

Introduction

Chemical synthesis of most commodity plastics is based on fossil

petroleum feedstock, which could be readily replaced by bio-

produced monomers (Fiorentino et al., 2019). For example,

synthesis of the polyamide Nylon-4,6 requires the bio-available

monomers putrescine and adipic acid, offers excellent material

properties and can be used in heavy-duty fibre and engineering

products (Roerdink and Warnier, 1985; Schneider and

Wendisch, 2011). With up to 0.3% of the total biomass dry

weight (BDW), putrescine is the most abundant endogenous

polyamine (91 mol%) in C. reinhardtii (Lin and Lin, 2019), which

makes it an ideal candidate for the development of a microbial

green cell factory for polyamine production. Recently, we

demonstrated great flexibility in the amino acid metabolism of

this microalga by establishing engineered overproduction of the

non-native diamine cadaverine (Freudenberg et al., 2021).

The putrescine metabolism and its biological roles in Chlamy-

domonas reinhardtii are complex and require further investiga-

tions in order to develop advanced overproduction strategies.

Putrescine possesses some nonspecific functions (derived from its

chemical properties, e.g. positive charge at physiological pH),

which include interactions with nucleic acids, phospholipids

and proteins, thereby regulating transcription and translation

(Igarashi and Kashiwagi, 2010; Michael, 2016a; Miller-Fleming

et al., 2015). In C. reinhardtii, it is assumed to be involved in

nitrogen storage, cell cycle progression (Theiss et al., 2002), DNA

secondary structure (G-quadruplex) formation (Vinyard

et al., 2018) and higher polyamine synthesis. In plants, polyami-

nes have been shown to contribute to growth, development, cell

signalling, photosynthesis as well as abiotic and biotic stress

responses (Chen et al., 2019; Jancewicz et al., 2016; Poidevin

et al., 2019; Rangan et al., 2014; Shu et al., 2012).

Similar to plants, putrescine biosynthesis in C. reinhardtii

(Figure 1a) is intimately tied to nitrogen metabolism and arginine

biosynthesis in the chloroplast (Harris et al., 2009). Whilst

ammonium can be assimilated directly, environmental nitrate is

initially reduced via nitrite to ammonium. The incorporation of

inorganic ammonium into glutamate is catalysed by the glu-

tamine synthetase/glutamate synthase cycle, which additionally

requires a-ketoglutarate from the tricarboxylic acid (TCA) cycle

(Fernandez and Galvan, 2008). Nitrogen assimilation is amongst

others regulated via feedback inhibition by excess arginine or

ammonium, mediated by the NO-inducible guanylate cyclase

CYG56 (Gonz�alez-Ballester et al., 2018). Putrescine synthesis

starts with enzymatic acetylation and phosphorylation of gluta-

mate, resulting in N-acetylglutamate-5-phosphate. The enzyme

for the second, rate-limiting reaction (NAGK, N-acetylglutamate

kinase) is regulated via allosteric feedback inhibition by arginine

(Slocum, 2005) and stimulation by the C/N state-sensing PII signal

transduction protein (Selim et al., 2020a; Zalutskaya

et al., 2018). Subsequent ornithine biosynthesis from N-

acetylglutamate-5-phosphate requires another three enzymatic

reactions, after which two possible pathways exist for putrescine

synthesis, the ornithine and arginine decarboxylase (ODC and

ADC) routes.
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Chlamydomonas reinhardtii harbours an active ODC route

(Figure 1a), which relies on the catalytic activity of ornithine

decarboxylases, encoded by ODC1 and ODC2 (Merchant

et al., 2007; Tassoni et al., 2018; Voigt et al., 2000). ODC1

expression is partially regulated by diurnal cycle-dependent

alternative splicing, whereby the functional mRNA variant

(ODC1-S) accumulates in the light phase (Labadorf et al., 2010;

Pandey et al., 2020). Evidence suggests that ornithine is also

substrate for ornithine aminotransferase, which catalyses the

reaction towards glutamate-5-semialdehyde, thereby connecting

putrescine and proline biosynthesis (Atteia et al., 2009; Zalut-

skaya et al., 2020).

The ADC route is present in most plants and few microalgae

such as Chlorella vulgaris (Cohen et al., 1983; Michael, 2016b),

but its activity in C. reinhardtii is unclear because the evidence for

an arginine decarboxylase is lacking (Lin and Lin, 2019). This

route requires arginine, which is synthesized by subsequent

amidation of ornithine via carbamoyl phosphate and aspartate

(Figure 1a). Arginine is decarboxylated by the activity of ADC to

agmatine, which is converted to putrescine via N-

carbamoylputrescine.

Putrescine acts as an essential substrate for the synthesis of

higher polyamines like spermidine, spermine or thermospermine.

In the initial step, spermidine synthase (SPD1) catalyses the

formation of spermidine, which is required for cell proliferation

(Freudenberg et al., 2022). Putrescine is degraded by amine

oxidases (AMX) to 4-aminobutanal (Harris et al., 2009; Park

et al., 2015), which could be oxidized to c-aminobutyric acid

Figure 1 Investigating putrescine metabolism in Chlamydomonas reinhardtii. (a) Schematic of the putrescine metabolic network originating from the

incorporation of inorganic carbon and nitrogen, leading to glutamate formation. Dashed lines indicate vestigial or hypothetic reactions. Multiple

consecutive reactions are summarized by two or more arrows. An orthogonal bar at the end of a connection symbolizes direct (solid line) or indirect (dotted

lines) feedback inhibition. (b) Effect of extracellular putrescine on cell growth, summarized as growth rate inhibition (GR value) of spiked UVM4 cultures

normalized to the untreated control after 3 days. (c) Cellular putrescine levels during the early stationary growth phase in the N-UVM4 strain compared to

those in DODC1 and DODC2 knockout mutants. Error bars represent the standard deviation of biological replicates. Asterisks (*) indicate the significance

level of an unpaired, two-sided Student’s t-test assuming non-homogenous variances (*P < 0.05). TCA cycle, Tricarboxylic acid cycle; ADI, Arginine

deiminase; OTC, Ornithine carbamoyltransferase; ASL, Argininosuccinate lyase; AGS, Argininosuccinate synthase; ADC, Arginine decarboxylase; OAD,

Arginine/ornithine decarboxylase; OTA, Ornithine aminotransferase; ODC, Ornithine decarboxylase; AIH, Agmatine iminohydrolase; CPA, N-

carbamoylputrescine amidohydrolase; AMX, Amine oxidase; AMADH, Aminoaldehyde dehydrogenase; SPD, Spermidine synthase; dc-SAM, Decarboxylated

S-adenosyl methionine; eIF5A, Eukaryotic translation (initiation) factor 5A; SPS/ACL, (Thermo)spermine synthase; Glu-5-Ald, Glutamate-5-semialdehyde;

GABA, c-aminobutyric acid; N-Ca-Put, N-carbamoylputrescine.
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(GABA) by the activity of an aminoaldehyde dehydrogenase, as

observed in Arabidopsis thaliana (Stiti et al., 2011). GABA might

then be recycled into the TCA cycle via succinate. Other catabolic

reactions such as N-acetylation or N-methylation of putrescine,

which have been described in other organisms (Li et al., 2016),

have not yet been reported for C. reinhardtii.

In this work, we investigated the putrescine metabolism of C.

reinhardtii by functional gene analysis and supplementation

experiments, which served as a starting point for recombinant

putrescine overproduction. Various metabolic engineering strate-

gies were employed to achieve robust yields, including overex-

pression and characterization of key pathway enzymes as well as

utilizing CRISPR/Cas9-based genome editing for pathway modu-

lation. Putrescine accumulation was maximized by combining

genetic engineering with phototrophic high cell density cultiva-

tion.

Results and Discussion

Exploring the native C. reinhardtii putrescine
metabolism

Chlamydomonas reinhardtii is a facultative photoautotroph and

can utilize several environmental organic molecules to accelerate

growth, for example, acetate (Sager and Granick, 1953), urea

(Kirk and Kirk, 1978), amino acids (Calatrava et al., 2019) or

cellulose (Blifernez-Klassen et al., 2012), either by direct cellular

import or after extracellular enzymatic degradation. Supple-

mented putrescine was shown to be internalized by C. reinhardtii

(Theiss et al., 2004), but the uptake mechanism and bio-

availability remain unclear.

To examine the utilization of extracellular putrescine and to

evaluate potential toxic effects, a mixotrophic culture was spiked

with different concentrations spanning four orders of magnitude

(0.001–10 mM, Figure 1b and S1). Low levels of putrescine

(0.001–0.1 mM) did not affect growth rates (Figure S1C),

whereas higher concentrations (above 1 mM) induced a moder-

ate, dose-dependent reduction in growth rates (GR value below

0.9). About 10 mM putrescine lowered the GR value to 0.82 and

reduced final cell concentrations by 40%. This growth arrest was

accompanied by significantly increased average cellular diameters

for concentrations above 0.1 mM putrescine (Figure S1D), with

an up to 30% increase in diameter at 10 mM putrescine. This

slightly attenuated over the course of the cultivation. Both effects

were markedly less pronounced compared to a similar setup

employing non-native cadaverine (Freudenberg et al., 2021),

indicating a relatively high tolerance of environmental putrescine

in C. reinhardtii.

External putrescine concentrations positively correlated with

cellular titres (Figure S1B), but most putrescine could be

recovered after cultivation. With reference to the untreated

control, only small amounts of the supplemented putrescine (4–
26 mg/L, up to 9%) were lost due to metabolism or degradation

(Figure S1A). Interestingly, regardless of the applied concentra-

tion, extracellular putrescine did not sustain growth when C.

reinhardtii strain UVM4 was cultivated under nitrogen-depleted

conditions (Figure S1E). Merely the cell size was increased up to

20% after day 3 for the higher dosage points (above 1 mM),

which might be due to osmotic effects. These results suggest

that uptake or extracellular degradation of putrescine is limited

and that higher amounts cannot serve as relevant nitrogen

source under these conditions. It is likely that supplemented

putrescine instead adheres to the cell surface, especially when

considering that intracellular putrescine can be recycled by

amine oxidases.

Ornithine decarboxylase (ODC) catalyses the decarboxylation

reaction to produce putrescine from ornithine, which is also an

intermediate of arginine anabolism found in the chloroplast.

Chlamydomonas reinhardtii harbours two native ODC genes,

which were disrupted by CRISPR/Cas9-based genome editing to

elucidate their individual contribution to putrescine accumulation.

For ODC1 and ODC2, an editing frequency of 43% � 1.5%

(n = 2) and 75% � 6% (n = 2) was achieved in pre-selected

transformants. Representative colony PCR (cPCR) results are

found in Figure S2. Identified ODC knockout mutants (DODC)
were cultivated mixotrophically and cellular putrescine levels in

DODC1 strains were found to be significantly reduced by 66%

(from 0.12 to 0.04 pg/cell, Figure 1c), whilst total volumetric

yields were decreased by 77% (from 3.9 to 0.9 mg/L, Fig-

ure S3B). This highlights the importance of ODC1 as the main

constituent for native putrescine synthesis, but also implies that

additional enzymes are involved, as putrescine was not eliminated

in DODC1 mutants. Disruption of ODC2 did not significantly alter

putrescine titres (total and cellular) or cell growth (Figure 1c and

S3C). We hypothesize that both ODC enzymes are independently

regulated, whereby ODC1 activity is likely increased upon

knockout of ODC2 to achieve putrescine homeostasis. On the

other hand, ODC2 can only partially complement ODC1 activity,

possibly because its expression does not involve a similar

alternative splicing mechanism, but responds to nitric oxide

(NO) instead (Zalutskaya et al., 2020). Several attempts at com-

bining both ODC knockouts in a single strain were unsuccessful,

even under supplemented polyamine conditions (5 lM spermidine

and 0.1 mM putrescine, according to Freudenberg et al., (2022)).

This suggests that alternative pathways (e.g. the ADC route) do

not provide sufficient putrescine amounts in C. reinhardtii for

survival.

Growth rates and final cell concentrations of DODC1 strains

were reduced, whilst average cell diameters increased by up to

20% compared to the parental strain (Figure S3A). If putrescine

was exclusively required as a precursor for synthesis of higher

polyamines, adding spermidine should alleviate the negative

growth effect of low putrescine levels. However, when supple-

menting 5 lM spermidine, growth and cell sizes were unchanged.

The addition of 0.1 mM putrescine, on the other hand, resulted in

slightly increased growth rates and a significant reduction in cell

size comparable to that of the control strain N-UVM4 (Fig-

ure S3A). It appears that putrescine directly fulfils important

cellular functions required for cell proliferation. In particular, DNA

and RNA stabilization or the synthesis of norspermidine might be

affected, although the route of synthesis has not been elucidated

yet (Tassoni et al., 2018). Interestingly, upon the addition of the

ODC inhibitor a-difluoromethylornithine (DFMO), cell numbers

and cellular norspermidine content increased, whereas putrescine

accumulation and ODC activity decreased (Tassoni et al., 2018).

The possibility that DFMO acts as an abiotic stress agent in

addition to its inhibitory effect on ODC was discussed by Tassoni

et al. and is supported by our results since the knockout of ODC1

not only led to a decrease in cellular putrescine but also reduced

growth rate and final cell concentrations.

Manipulating putrescine accumulation by
overexpression of ornithine decarboxylases

Elevated putrescine accumulation was established by engineered

expression of four different ODCs in C. reinhardtii strain N-UVM4:
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The active splice variant of native C. reinhardtii ODC1 (CrODC1-

S), a plant ODC from Atropa belladonna (AbODC), which was

previously utilized for tropane alkaloid production (Zhao

et al., 2020) and two bacterial ODCs from Escherichia coli

(EcoSpeC) and Enterobacter cloacae (EcSpeF), which have been

employed for bacterial putrescine production (Li et al., 2018;

Schneider and Wendisch, 2010).

The optimal construct design was tested for bacterial EcSpeF by

comparing the effects of chloroplast or cytosolic enzyme local-

ization to determine subcellular substrate availability (Lauersen

et al., 2016) and C- or N-terminal fluorescence reporter fusion

(Figure S4). According to Western blotting results, chloroplast-

targeted expression was limited compared to cytosolic localiza-

tion and no enzymatic activity, reflected by unchanged putrescine

levels and could be observed. In addition, no significant difference

was found in the placement of the fluorescence reporter. Our

results suggest that ornithine is freely available in the cytosol of C.

reinhardtii, reporter fusion does not inhibit enzyme activity and

enzyme accumulation is more stable in the cytosol.

Candidate ODCs were cloned into suitable MoClo devices

(Figure 2a) and used for nuclear transformation of C. reinhardtii

strain N-UVM4. Isolated transformants were characterized

regarding cell growth, reporter fluorescence and volumetric

putrescine yield from the cellular fraction (Figure 2b). Overex-

pression of CrODC1-S (A1) had little effect on cell concentrations,

resulted in very low reporter fluorescence and a broad range of

putrescine titres ranging from 4 mg/L (native levels) to more than

14 mg/L. Expression of AbODC resulted in the highest average

volumetric yields (ranging from 8 to 15 mg/L), which correlated

with respective fluorescence intensities. Accordingly, construct

A2 was used in the following engineering attempts. In line with

the previous experiments on putrescine toxicity (Figure S1), a

fourfold increase in cellular putrescine levels in case of AbODC

expression (Figure S5) led to slightly reduced cell concentrations.

It is possible that intracellular putrescine titres are much higher

upon ODC overexpression compared to extracellular treatment

with putrescine. However, physiological responses are compara-

ble.

Expression of both bacterial ODCs resulted in severely reduced

final cell concentrations, despite only moderately elevated volu-

metric putrescine yields. We uncovered that both enzymes led to

the formation of the two secondary products cadaverine and 4-

aminobutanol (Figure S5), which were identified via HPLC (Fig-

ure S6B,C) and UHPLC–MS/MS (Figure S7), respectively. The

formation of 4-aminobutanol has not yet been reported as a

side product from bacterial ODCs and both compounds were not

found in cells expressing AbODC, indicating they did not result

from putrescine degradation. Substrate promiscuity of ornithine

decarboxylases in some bacteria and plants has been observed

under certain conditions (Guirard and Snell, 1980; Lee and

Cho, 2001; Sakai et al., 1997; Takatsuka et al., 1999) and likely

originates from structural similarities to arginine or lysine decar-

boxylases as they share a common ancestor within group IV of

PLP (pyridoxal phosphate)-dependent decarboxylases

(Michael, 2016b).

Production of 4-aminobutanol was evaluated further in a

phototrophic, high cell density cultivation (6xP medium, Fig-

ure S8). It was found that the expression of both enzymes,

EcoSpeC and EcSpeF, resulted in a severe reduction of final

biomass and cell concentrations (on average 49.5% and 66%,

respectively). A mean volumetric 4-aminobutanol production of

66 mg/L (80 mg/L maximum) was achieved. In addition, about

40 mg/L of putrescine accumulated and cadaverine levels differed

significantly between the two transformant populations, accu-

mulating to 30 mg/L (EcoSpeC) and 13 mg/L (EcSpeF), respec-

tively. Interestingly, putrescine and cadaverine were located

primarily in the cellular fraction (80% and 70%, respectively),

whereas 4-aminobutanol was found in the supernatant (90%),

suggesting that it was actively exported from the cell. Recently,

the first bio-production of 4-aminobutanol was shown in engi-

neered Corynebacterium glutamicum, achieving up to 24.7 g/L in

a fed-batch cultivation (Prabowo et al., 2020).

A potential candidate substrate in C. reinhardtii for bacterial

ODCs to yield 4-aminobutanol by decarboxylation is L-

pentahomoserine (5-hydroxy-L-norvaline, CAS 6152-89-2). It

was found in bacteria (Hill et al., 1993) and plants (Carmo-Silva

et al., 2009) before, but its existence in C. reinhardtii is unclear.

Since it represents the reduced form of the proline biosynthesis

intermediate glutamate-5-semialdehyde (Figure 1a), some spe-

cies (e.g. Neurospora crassa) are able to utilize it for protein

biosynthesis (Vogel and Kopac, 1959). Another possibility is that

the two bacterial ODCs exhibit a latent ability to catalyse a

decarboxylation-dependent oxidative deamination of ornithine to

yield 4-aminobutanal, which could be reduced by C. reinhardtii to

form 4-aminobutanol (Bertoldi et al., 1999; Pontrelli

et al., 2018). Enzyme promiscuity was also observed when

expressing a bacterial lysine decarboxylase in C. reinhardtii

(Freudenberg et al., 2021), which, under certain conditions, led

to an abundant side product accumulation in the supernatant of a

high cell density cultivation. These results demonstrate limitations

in the application of recombinant enzymes from distantly related

species and emphasize the need for systematic characterization of

candidate enzymes in heterologous hosts.

Putrescine production correlates with growth but is
reduced by substrate supplementation

Putrescine accumulation was evaluated during a mixotrophic

cultivation of engineered N-UVM4 strains expressing AbODC-YFP

(vector A2, Figure 3a). From day 2 onwards, cell concentrations

were significantly reduced compared to the parental strain.

Reduced cell viability was observed for all strains after day 4, likely

due to elevated pH (around 9) after acetate consumption in TAP-

NO3. Due to this ongoing cell lysis, putrescine was found

increasingly in the supernatant fraction at later cultivation time

points, which was more pronounced in transformant strains,

where 50% of total putrescine was found in the supernatant

after 6 days. Furthermore, total putrescine accumulated rapidly

during the initial growth phase and titres stabilized after day 2

around 17 mg/L.

Since recombinant putrescine accumulation correlated with

active cell division, prolonging the growth phase by cultivating

the transformant strains phototrophically in high cell density

medium (6xP) should increase titres. In addition to an almost 10-

fold increase in cell concentrations (Figure 3b), 83 mg/L putres-

cine accumulated, with only small amounts found in the

supernatant, which implies that putrescine was not actively

exported by the cells. No pH-related reduction in cell concentra-

tions of both the control and production strains occurred in the

stationary phase. It can be concluded that unless cell lysis releases

putrescine to the supernatant, very little transport or diffusion of

putrescine occurs, which reflects the observations made with

external putrescine (Figure S1). Interestingly, almost no cytostatic

effects were observed in the production strain. This is explained

by the relatively low cellular putrescine titres after day 3, which
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dropped below 0.43 pg/cell. It seems that carbon and nitrogen

partitioning was shifted towards biomass rather than putrescine

accumulation under these conditions, even though volumetric

putrescine yield was higher than during mixotrophic growth and

high recombinant gene expression (according to the Western

blotting result) was detectable throughout the cultivation. A

potential lack of substrate availability or increasing putrescine

degradation might have caused the stagnant volumetric and

decreasing cellular yields after day 3.

To increase substrate supply, a mixotrophic cultivation was

complemented with additional 1 mM ornithine or arginine (Fig-

ure 3c). The presence of external ornithine completely abolished

cell division in both the production and control strains, which is

reflected by significantly lower biomass accumulation and total

putrescine yields (Figure S9A). Further, ornithine was fully recov-

ered from the culture, indicating that it was not metabolized,

even though cellular import might have occurred (Figure S9B). In

contrast, C. reinhardtii wild-type strains were shown to grow on a

solid medium supplied with up to 100 mg/L (0.76 mM) ornithine

(Loppes, 1970), whilst at higher concentration (500 mg/L), a

severe growth inhibition was reported (Sussenbach and Strijk-

ert, 1969). The authors postulated that this observed growth

arrest was due to blocked arginine utilization for protein

biosynthesis via forward inhibition of arginyl-tRNA synthetase by

argininosuccinate. It is likely that a cell wall-reduced strain such as

UVM4 (Neupert et al., 2009) is much more susceptible to

external ornithine, especially in liquid cultivations, where the

mass transfer is faster.

Supplemented arginine was clearly metabolized by the cells (up

to 80% after 4 days, Figure S9B) and resulted in increased final

cell concentrations (Figure 3c) and biomass accumulation (Fig-

ure S9A). Arginine has been shown to serve as a direct (via

carrier-mediated import) and indirect (via enzymatic degradation

releasing ammonia) nitrogen source for growth in C. reinhardtii

(Calatrava et al., 2019; Kirk and Kirk, 1978). However, putres-

cine yields diminished by about 50% in production strains and

were slightly reduced in the control strain, even though nitrogen

was continuously available as both nitrate and arginine. Low

ornithine titres might be responsible, whereby the internalized

arginine reached the inhibition concentration of NAGK, shutting

down the arginine anabolism pathway (Selim et al., 2020b).

Feeding arginine as the sole nitrogen source is known to trigger

an N starvation-like response in C. reinhardtii (Munz et al., 2020),

which could also lead to lower putrescine amounts by upregu-

lation of degrading enzymes. To conclude, substrate availability

might pose a limitation during ODC overexpression but cannot be

circumvented by supplementation, due to the extensive regula-

tion of arginine and putrescine biosynthesis.

Putrescine accumulation depends partially on ornithine
decarboxylase enzyme titre

Increasing the cellular enzyme titres by multiple transformations

of the same GOI is a common strategy for improving metabolic

flux towards the desired product (Wichmann et al., 2018).

Accordingly, an additional vector was designed (A5: AbODC-

RFP, Figure 4a) and used for transformation. The resulting strains

(2xAbODC) were characterized in terms of cell concentrations

and cellular putrescine titres (Figure 4b). Elevated ODC levels

significantly reduced final cell concentrations by about 18% to

1.63 9 107 cells/mL and increased cellular putrescine yields

during exponential and stationary growth phase by 12% and

19% (to 0.82 and 0.68 pg/cell), respectively. Both effects resulted

in a non-significant change in volumetric yields and in continued

cellular putrescine loss over time. It is likely that reduced cell

fitness due to product accumulation or substrate limitation

inhibits further increase in putrescine accumulation.

Figure 2 Establishing recombinant putrescine production in Chlamydomonas reinhardtii by recombinant expression of ornithine decarboxylases. (a)

Decarboxylation reaction from ornithine to putrescine (left) and transgene design used in this experiment (right). (b) Strains with highest reporter

fluorescence levels were cultivated mixotrophically for 4 days and compared to the parental strain N-UVM4. The box-and-whisker plots depict the final cell

concentration on day 4, adjusted YFP fluorescence level per cell and the volumetric cellular putrescine yield (from left to right) depending on the gene of

interest (GOI). The number of biological replicates is indicated at the bottom left (n = 4 for N-UVM4, n = 20 for A1-A4). The number of introns in the GOI

from A1 to A4 equals 4, 3, 5 and 5. Genetic symbols are based on the SBOL 3.0 suggestions or have been published previously (Crozet et al., 2018). The

glyphs for promoter and terminator do include 50 and 30 UTRs, respectively. RFU, relative fluorescence units; PSAD Photosystem I reaction centre subunit II;

FDX1, Ferredoxin; RBCS2 i1/i2, Ribulose bisphosphate carboxylase small subunit intron 1/2; AbSAP(i), HSP70A/bTUB2 Synthetic Algae Promoter; aphVIII,

Aminoglycoside 30-phosphotransferase type VIII.
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Heterologous arginase expression for increased
substrate provisioning

Robust substrate availability is crucial for efficient ODC produc-

tivity. In addition to biosynthesis from glutamate, cellular

ornithine can be provided by a heterologous arginase, which

catalyses the hydrolytic reaction of arginine to ornithine and urea

(Figure 5a). Whilst urea serves as an additional nitrogen source,

reduced arginine levels should stimulate the polyamine

biosynthesis pathway. In addition, supplementation of high

ornithine concentrations and resulting growth arrest can be

avoided.

In plants, arginases are localized in the cytoplasm or mito-

chondria and are responsible for the mobilization of stored

nitrogen as arginine and the generation of ornithine as stress

response (Siddappa and Marathe, 2020). Intriguingly, no native

arginase can be found in the Chlamydomonas genome, which

reduces the probability of inhibition by regulatory elements.

Figure 3 Evaluating recombinant putrescine production over time depending on the cultivation regime and medium supplementation. (a) Mixotrophic

cultivation of the strain N-UVM4 (n = 1) and different strains exhibiting high reporter fluorescence levels after transformation with construct A2 (AbODC-

YFP) (n = 4). Cell concentrations are depicted on the left and putrescine yields on the right, where total putrescine and supernatant (Sup.) yields are plotted

separately. The supernatant fraction was quantified beginning with day 4 and likely contained some putrescine on day 3. (b) Phototrophic, high cell density

cultivation of the same strains as in (a) with cell concentrations (left), putrescine yields (middle) and expression levels over time of the AbODC-YFP fusion

protein visualized via Western blotting and detection using an anti-Strep antibody (right). Error bars represent the standard deviation of biological

replicates. (c) Cell concentrations (left) and cellular putrescine yield (right) during a mixotrophic cultivation of the same strains as in (a), which were spiked

with 1 mM of either arginine (Arg) or ornithine (Orn) on day one (black triangle). Missing data points indicate results below the detection limit. Asterisks (*)

indicate the significance level of an unpaired, two-sided Student’s t-test assuming non-homogenous variances (*P < 0.05).
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Arginase coding sequences were chosen from Bacillus subtilis

(BsRocF) and from the plant Solanum lycopersicum (SlArg1), as

both have been characterized before (Chen et al., 2004; Yu

et al., 2013). Only manganese is required as cofactor, which is

supplied by the TAP medium (Kropat et al., 2011). Six expression

vectors were constructed to facilitate targeted expression of the

two arginases to all relevant compartments (Figure 5a,b). After

transformation of the putrescine production strain (harbouring

two copies of the AbODC expression cassette), a systematic

characterization based on initial colony fluorescence was con-

ducted by determining cell concentrations, reporter fluorescence,

in vitro arginase activity and total putrescine yields. No significant

effect on final cell concentration was observed and reporter

fluorescence of the two ODC cassettes (A2 and A5) indicated

consistently high expression. Arginase reporter fluorescence,

however, was low (below 36% of maximal values) for all vectors

except B1 and B2 (BsRocF-CFP located in the cytosol or

chloroplast). This indicates poor expression capacity of SlArg1-

CFP and impaired accumulation of BsRocF-CFP in the mitochon-

dria. Ornithine titres remained below the detection limit in all

strains, necessitating an alternative quantification method. In

vitro arginase activity, which was quantified directly after whole

cell lysis, correlated well with reporter fluorescence. Only cells

derived from transformations with vectors B1 and B2 exhibited

appreciable in vitro activity above control levels (0.4 mM urea)

with about 3 mM urea (6.5-fold increase) formed after 30 min.

Protein characterization in N-UVM4 demonstrated that the fusion

protein BsRocF-CFP was functionally expressed (Figure 5c); how-

ever, total putrescine yields were not increased for both

putrescine production lineages expressing arginases of vectors

B1 and B2. This was verified by a time-resolved production

experiment (Figure 5c). With strains expressing BsRocF-CFP (tar-

geted to the chloroplast), cell concentrations were markedly

lower on day 2, but no other difference to the parental strains

was observed.

Although our results confirm in vitro activity and intact enzyme

accumulation, no significant increase in putrescine titres could be

observed. It is likely that either product inhibition by putrescine

limited ODC activity that ODC substrate limitation was not a

bottleneck in this engineering or that elevated putrescine

degradation counteracted any increase in production. Addition-

ally, it is conceivable that the cell volume restricts further

putrescine accumulation.

AMX2 is a putrescine degrading enzyme

In C. reinhardtii, endogenous putrescine serves as substrate for

two enzymatic routes (Figures 1a and 6a) involving (i) the copper-

containing amine oxidases AMX1-3 and (ii) spermidine synthase

SPD1 (Harris et al., 2009). Previous work revealed that functional

SPD1 expression is essential for cell proliferation (Freudenberg

et al., 2022), but spermidine levels are comparably low, suggest-

ing little metabolic flux via this route.

However, the three amine oxidases AMX1-3 are promising

candidates for further engineering, as they have been intimately

associated with nitrogen metabolism and putrescine degradation

to 4-aminobutanal, H2O2 and ammonia. AMX1 and AMX2 share

47.1% amino acid sequence identity, whereas AMX3 only shares

22.8% identity with AMX1 and 21.5% with AMX2. Expression of

Figure 4 Effect of gene stacking on recombinant putrescine production. (a) Desired increase in the decarboxylation reaction from ornithine to putrescine

(left) and design of the transgene constructs used in this experiment (right). (b) Strain N-UVM4 was transformed with either construct A2 (AbODC-YFP) or

A5 (AbODC-RFP) and subsequently with construct A5 or A2, respectively, to develop strains that expressed two copies of the AbODC GOI. The strains with

highest reporter fluorescence (n = 17) were cultivated alongside their parental strains (n = 12) mixotrophically for 3 days and the resulting cell

concentrations and putrescine yields extracted from the pellet fraction are depicted in the box-and-whisker plots (left to right) for days one and three. The

dashed line indicates the mean cell concentration of the N-UVM4 strain. Asterisks (*) indicate the significance level of an unpaired, two-sided Student’s t-

test assuming non-homogenous variances (*P < 0.05). Genetic symbols are based on the SBOL 3.0 suggestions or have been published previously (Crozet

et al., 2018). The glyphs for promoter and terminator do include 50 and 30 UTRs, respectively. Promoters and terminators are the same for constructs A2

and A5. PSAD, Photosystem I reaction centre subunit II; FDX1, Ferredoxin; RBCS2 i1/i2, Ribulose bisphosphate carboxylase small subunit intron 1/2; AbSAP

(i), HSP70A/bTUB2 Synthetic Algae Promoter; aphVIII, Aminoglycoside 30-phosphotransferase type VIII; shBle, Streptoalloteichus hindustanus Ble protein.
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all three genes is strongly induced upon nitrogen deprivation

(log2-fold change of AMX1: 8–10, AMX2: 3.5–7, AMX3: 5.8–
9.3), but the absolute expression of AMX3 is comparably low

(about eightfold less) in all tested conditions (Schmollinger

et al., 2014). The effects of nitrogen starvation on the putrescine

yield during a mixotrophic cultivation are shown in Figure 6b. In

line with AMX expression data, a reduction of 89% (from 3.8 to

0.41 mg/L) and 81% (from 20 to 3.8 mg/L) in total putrescine

titres could be observed after 1 day of cultivation in both the

control strain and the putrescine production strains, respectively.

CRISPR/Cas9-based genome editing was used to functionally

inactivate AMX1-3 in the control strain N-UVM4 and the

Figure 5 Improving ornithine substrate availability by expression of recombinant arginases. (a) Arginase reaction leading to a desired increase in ornithine

for subsequent decarboxylation by recombinant ODCs (left) and design of the transgene constructs used in this experiment (right). Expression elements for

constructs A2 and A5 are omitted for clarity (see Figure 4). (b) Strains expressing two copies of the AbODC GOI (constructs A2 and A5) with highest

reporter fluorescence levels were transformed with constructs B1-6 and cultivated mixotrophically for 3 days. The charts depict cell concentrations,

adjusted reporter fluorescence, in vitro arginase activity (quantified as mM urea produced in 30 min) as well as total putrescine yields (left to right)

depending on the genetic construct. (c) Strains expressing ODCs from vectors A2 (AbODC-YFP) and A5 (AbODC-RFP) as well as B1 (BsRocF-CFP) or B2

(BsRocF-CFP targeted to the chloroplast) were cultivated mixotrophically for 4 days. Cell concentrations and total putrescine yields are depicted (left)

together with visualization of the BsRocF-CFP fusion protein by Western blotting using an anti-HA antibody for detection (right) for three different N-UVM4

transformants. Genetic symbols are based on the SBOL 3.0 suggestions or have been published previously (Crozet et al., 2018). The glyphs for promoter

and terminator do include 50 and 30 UTRs, respectively. The number of introns in the GOI for BsRocF and SlArg1 equals 3. The PSAD chloroplast and AtpA

mitochondrial targeting peptides are shown in green. Error bars represent the standard deviation of biological replicates. RFU, relative fluorescence units;

PSAD, Photosystem I reaction centre subunit II; FDX1, Ferredoxin; RBCS2 i1/i2, Ribulose bisphosphate carboxylase small subunit intron 1/2; AbSAP(i),

HSP70A/bTUB2 Synthetic Algae Promoter; NAT, Nourseothricin N-acetyl transferase.
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production strain (harbouring two copies of the AbODC cassette,

A2 and A5). Comparable high editing frequencies according to

cPCR after pre-selection were achieved: AMX1: 67% � 18%

(n = 4), AMX2: 78% � 16% (n = 2), AMX3: 54% � 18%

(n = 2). Representative cPCR results are shown in Figure S2 and

exemplary sequencing data for DAMX1 are depicted in Fig-

ure S10. In addition, a subsequent knockout of AMX2 was

introduced into DAMX1 mutant strains to unravel potential

cumulative effects (DAMX1 + 2). Three independent mutant

strains for each gene knockout were cultivated phototrophically

in T2P-NO3 medium (Figure 6c,d), where nitrogen limitation was

reached after 2 days, as nitrate levels were drastically reduced

(Figure 6d). No significant differences in growth characteristics

were observable. However, whilst total putrescine titres in all N-

UVM4 strains increased to about 5 mg/L until day 2 and dropped

to 1 mg/L after the onset of nitrogen starvation, yields remained

stable till the end of the cultivation in N-UVM4 DAMX2 and

DAMX1 + 2 strains. No cumulative effect of the double knockout

of AMX1 and AMX2 was discernable, pointing to AMX2 as the

main enzyme involved in putrescine degradation. A similar result

was obtained from AMX knockout mutants derived from the

production strain (Figure 6d), where growth was also unaffected,

but generally increased putrescine levels (20 mg/L after 2 days)

were obtained. Production yields remained stable in 2xAbODC

DAMX1 and DAMX1 + 2 strains, whereas they were reduced

substantially upon nitrogen limitation in all other strains.

When cultivating the production strain and associated AMX

knockout mutants mixotrophically in a TAP medium, where

nitrogen limitation occurs much later, no significant effect of the

AMX2 knockout on putrescine accumulation was observed

(Figure S11). Apparently, no putrescine degradation was occur-

ring via the AMX route in these conditions, indicating that AMX2

expression is tightly regulated and associated with nitrogen

limitation.

We conclude that AMX2 is the main contributor to putrescine

oxidation during nitrogen limitation. Although AMX1 and AMX3

are co-expressed under the same condition, their roles remain

elusive, as a functional knockout had no effect on putrescine

levels. It is very likely that these enzymes act on alternative

substrates (e.g. amino acids) and AMX2 is the only enzyme

capable of putrescine oxidation during nitrogen limitation.

Maximizing putrescine accumulation by combining high
cell density cultivation with metabolic engineering

Phototrophic, high cell density cultivation is a powerful strategy to

increase volumetric productivity of all recombinant products in C.

reinhardtii and can be achieved by adjusted nutrient salt contents

and high light and CO2 supply (Freudenberg et al., 2021).

Candidate strains from the three engineering attempts (i)

2xAbODC; (ii) 2xAbODC + BsRocF and (iii) 2xAbODC DAMX2

were compared to the control strain N-UVM4 utilizing the

CellDEG HD100 cultivators (Figure 7a). CO2-enriched air (10% v/

Figure 6 Engineering the putrescine catabolism in Chlamydomonas reinhardtii by CRISPR/Cas9-mediated knockout of key enzymes. (a) Relevant reactions

of putrescine utilization and degradation. The latter is highlighted by a red cross. (b) Effect of nitrogen starvation on total putrescine yields in strain N-UVM4

and transformants expressing AbODC-YFP (vector A2). On day 3 of a mixotrophic cultivation, cells were transferred to nitrogen depleted TAP medium and

cultivated for another day. (c) Utilizing CRISPR/Cas9, the genes AMX1-3 were targeted and knocked out in the reference strain N-UVM4 by insertion of an

antibiotic resistance cassette. Dual knockouts of the genes AMX1 and AMX2 were created by consecutive transformations. Strains were cultivated

phototrophically and cell concentrations and total putrescine yields are plotted. (d) Similar to (c), the genes AMX1-3 were targeted and knocked out in the

putrescine production strain, expressing AbODC-YFP and AbODC-RFP (vectors A2 and A5). Dual knockouts of the genes AMX1 and AMX2 were created by

consecutive transformations. Strains were cultivated phototrophically and in addition to cell concentrations and total putrescine yields, the remaining

nitrate in the culture supernatant is plotted. Error bars represent the standard deviation of biological replicates. AMX, Amine oxidase; SPD, Spermidine

synthase; Spd, Spermidine.
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v) and gradually increased light intensities from 450 to 1000 lmol

photons/m2/s resulted in robust growth and biomass accumula-

tion. Detailed performance analysis (Figure 7b) revealed that

nitrate and phosphate were removed from the supernatant by

day 7 of the cultivation, at which time, the effects of the AMX2

knockout manifested: Total putrescine yields in DAMX2 strains

were significantly higher than in the other strains. Interestingly,

no severe degradation of putrescine was observed, suggesting

that nitrogen was not a limiting factor for growth during the

stationary phase. Light stress, self-shading or deprivation of a

nutrient salt besides nitrate might have limited growth. We

hypothesize that AMX2 is likely not induced under these

conditions.

The best production strain achieved a maximal productivity of

58 mg/L/d (volumetric), 18.9 mg/g/d (specific) and a fairly stable

specific yield of 20.5 mg/g BDW. The apparent rise in productiv-

ities from day 8 is due to increased medium evaporation under

very high light conditions, which amounted to about 14.5% (of

initial volume) on day 10.

Final volumetric putrescine yields of (i) 153 � 12 mg/L; (ii)

148 � 3 mg/L; and (iii) 195 � 6 mg/L were achieved. The

knockout of AMX2 combined with overexpression of two copies

of AbODC resulted in highest volumetric putrescine yields of up

to 200 mg/L. Expression of BsRocF did not significantly improve

yields, indicating that ornithine substrate limitation was unlikely.

In summary, through state-of-the-art metabolic engineering

strategies, putrescine levels were raised 10-fold relative to the

control strain N-UVM4 from 20 mg/L in these optimized growth

conditions (see Figure S12 for performance data of N-UVM4).

This study demonstrates the first phototrophic bio-production

of putrescine. Previous heterotrophic fermentations yielded 6 g/L

putrescine (batch cultivation) with up to 0.1 g/L/h in engineered

C. glutamicum (Schneider and Wendisch, 2010). Later, 12.5 g/L

(batch) was achieved and fed-batch attempts with engineered

Escherichia coli resulted in up to 42.3 g/L (Li et al., 2018).

However, when grown on more sustainable, pre-treated rice

straw hydrolysate as carbon source yields were considerably lower

with 91 mg/L after 3 days (Sasikumar et al., 2021). This is

comparable to the achievements presented here and makes C.

reinhardtii an effective competitor when it comes to sustainable,

phototrophic bio-production of polyamines.

Conclusions and Outlook

Despite its native abundance in C. reinhardtii, engineered

putrescine bio-production is comparably challenging due to

several present layers of regulations. Biosynthesis is influenced

by adaptive metabolic response to available nitrogen, carbon and

Figure 7 Phototrophic, high cell density

cultivation of the best putrescine

production strains obtained during the

previous investigations in Figures 5 and 6

utilizing the CellDEG HD100 cultivators. (a)

Picture of the HD100 cultivators and

summary of the most important

engineering strategies for increased

putrescine accumulation. Overexpression

of a high-performance ODC enzyme was

coupled with knockout of the native

degrading enzyme AMX2 and optimized

nutrient supply in a phototrophic cultiva-

tion. Improved substrate provisioning by

arginase expression might have an effect in

phototrophic conditions. (b) Detailed per-

formance parameters of the putrescine

production strains and incident light inten-

sities. Cell concentrations, biomass dry

weight (BDW), average residual nitrate and

phosphate in the supernatant, as well as

volumetric and specific putrescine yields

and productivities are plotted. Error bars

represent the standard deviation of bio-

logical triplicates.
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metabolites such as ornithine and arginine. Our results suggest

that putrescine accumulation is closely linked to nitrogen avail-

ability and is rapidly mobilized upon nitrogen deprivation. Even

though cells can tolerate high external putrescine concentrations

(<0.44 g/L), import and utilization was limited and unable to

compensate a lacking nitrogen source. By state-of-the-art CRISPR/

Cas9-based gene knockouts, we confirmed that ODC1 is the

main enzyme for putrescine homeostasis. ODC2 contributes up to

a third of physiological titres in case of ODC1 knockout, whilst the

ADC pathway is likely inactive. Furthermore, AMX2 is shown to

solely mediate putrescine oxidation during nitrogen limitation,

whilst AMX1 and AMX3 likely accept other substrates.

This study displays the first recombinant and phototrophic

putrescine production in C. reinhardtii, achieved via several

advanced metabolic engineering approaches. Successful knock-

out of AMX2 to prohibit product degradation was coupled with

an effective overexpression of two copies of the robust plant

AbODC. This resulted in the highest volumetric yields of 200 mg/

L, when combined with an optimized, phototrophic high cell

density cultivation strategy (Figure 7a). Ornithine was shown to

be freely available in the cytosol of C. reinhardtii and titres could

not be increased by expression of a recombinant arginase. We

uncovered a yet unreported substrate promiscuity of bacterial

ODCs, which when expressed in the cytosol of C. reinhardtii led

to the formation of cadaverine and high amounts of 4-

aminobutanol. This compound was likely exported to the culture

medium and poses a promising alternative target for bio-

production (Prabowo et al., 2020).

Putrescine production and ornithine availability would benefit

from a raised glutamate synthesis. Here, a key regulating enzyme,

the guanylate cyclase CYG56 is a promising candidate for further

engineering to circumvent glutamate synthesis inhibition in excess

arginine or ammonium conditions (Gonz�alez-Ballester

et al., 2018). Engineered glutamate acetylation via N-

acetylglutamate kinase (NAGK) and improved nutrient supply

could further stimulate metabolic flux towards putrescine.

Importantly, putrescine export to the culture supernatant should

be explored to avoid product inhibition and reduce its effect on

cellular fitness.

Methods

Vector design and cloning

Plasmid design was based on the standardized modular cloning

system (MoClo) (Crozet et al., 2018) including recent design

improvements (Einhaus et al., 2022). Coding sequences of

CrODC1-S (UniProt: A8J7E8), AbODC1 (A0A060IEJ3), EcoSpeC

(P21169), EcSpeF (A0A0H3CLT7), BsRocF (P39138) and SlARG1

(Q5UNS2) were synthetically optimized for high transgene

expression (Table S1) (Baier et al., 2018; Jaeger et al., 2019),

followed by gene synthesis (GenScript Biotech B.V., Leiden,

Netherlands). Note that CrODC1-S is based on transcript t2.1

(Phytozome: Cre03.g159500) and that as of genome version 5.6

another, larger version might exist, which retains exon 4 in

addition to a newly described short exon just upstream (transcript

t1.2). However, experimental data are lacking and an earlier study

identified transcript t2.1 as the only one leading to a functional

enzyme (Pandey et al., 2020). The fluorescence reporters mVe-

nus (YFP, NCBI: AAZ65844), mRuby2 (RFP: AFR60232) and

mCerulean3 (CFP: ATP07149) were implemented as previously

described (Baier et al., 2020) and translationally fused along with

a terminal Strep II or HA epitope tag.

Transcription was driven by the HSP70A/bTUB2 Synthetic Algae

Promoter (AbSAP(i)) (Einhaus et al., 2021)), HSP70A/RBCS2 (AR

(i)) (Schroda et al., 2000) or photosystem I reaction centre

subunit II (PSAD) promoter (Fischer and Rochaix, 2001) and the

ferredoxin (FDX1) terminator (L�opez-Paz et al., 2017). Post-

translational transport to mitochondria or the chloroplast was

initiated by incorporation of the signal peptides from the ATP

synthase subunit alpha (AtpA) or PSAD, respectively. Antibiotic

selection was facilitated by a separate module, expressing

aminoglycoside phosphotransferase type VII, VIII (aphVII (Berthold

et al., 2002), aphVIII (Sizova et al., 2001)), Streptoalloteichus

hindustanus Bleomycin resistance protein (shble) (Stevens

et al., 1996), aminoglycoside adenylyltransferase aadA (Cerutti

et al., 1997) or nourseothricin N-acetyl transferase (NAT) (Yang

et al., 2019). The PSAD promoter and FDX1 terminator con-

trolled expression of all antibiotic resistance modules.

Repair template (donor-DNA) plasmids for CRISPR/Cas9 editing

experiments were constructed as previously described (Freuden-

berg et al., 2022). Briefly, two fragments of genomic DNA

(homology arms) of around 500 bp each up- and downstream

of the sgRNA target area were amplified from the C. reinhardtii

genome via PCR (Q5 High Fidelity polymerase, NEB). Primers

included overhangs for direct level 1 module cloning via cut-

ligation (primers in Table S2) as previously described (Crozet

et al., 2018). An antibiotic resistance module was included in the

level 2 device assembly.

Assembled plasmids were used to transform chemically com-

petent E. coli DH5a cells and selection was carried out on solid LB

agar plates containing the appropriate antibiotics (level 0: 50 mg/

L streptomycin, level 1: 300 mg/L ampicillin, level 2: 50 mg/L

kanamycin). Plasmids were extracted using the peqGOLD plasmid

isolation kit (VWR), followed by Sanger sequencing (Sequencing

Core Facility, Bielefeld University).

Chlamydomonas reinhardtii cultivation

Chlamydomonas reinhardtii strains were maintained under

mixotrophic growth conditions on solid Tris-acetate phosphate

(TAP) (Gorman and Levine, 1965) agar plates with updated trace

element composition (Kropat et al., 2011). A continuous photon

flux density of 50 lmol/m2/s was applied. Nitrogen was provided

as either ammonium for strain UVM4 (Neupert et al., 2009) or

nitrate for the nitrate-capable variant N-UVM4 (Freudenberg

et al., 2021).

Liquid cultivations were inoculated with 5–7.5 9 105 cells/mL

and carried out either mixotrophically in TAP medium and

ambient air or phototrophically in T2P medium (Lauersen

et al., 2016) with CO2-enriched air (3–5% v/v) and a continuous

photon flux density of around 350 lmol/m2/s. For high cell

density cultivations, 6xP medium (Freudenberg et al., 2021)

supplied with up to 10% (v/v) CO2-enriched air was used in

either 6-well plates or the HD100 cultivators (CellDEG GmbH)

with a working volume of 110 mL.

Cell concentration and average cellular diameter were quan-

tified with the Z2 Coulter Counter Analyser (Beckman Coulter Life

Sciences, Krefeld, Germany) following the manufacturer’s instruc-

tions. Biomass dry weight (BDW) was determined gravimetrically

after centrifugation (5 min at 20 000 g) of a 2 mL culture sample

and drying the pellet overnight at 105 °C. Dissolved nitrate and

ortho-phosphate in the culture supernatant were quantified using

the LCK 339 and LCK 349 (Hach Company, D€usseldorf, Germany)

cuvette test kits together with the DR 3900 VIS spectrophotome-

ter (Hach Company) according to the manufacturer’s instructions.
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Nuclear transformation and CRISPR/Cas9-based genome
editing

The nuclear transformation was performed via the glass bead

method (Kindle, 1990) using 10 lg of linearized plasmid DNA

and 3 9 108 cells in the exponential growth phase. Transfor-

mants were selected on TAP agar plates containing the appro-

priate nitrogen source and antibiotics (10 mg/L Paromomycin,

10 mg/L Hygromycin, 10 mg/L Zeocin, 2.5 mg/L Nourseothricin

or 200 mg/L Spectinomycin), applying continuous light of around

500 lmol photons/m2/s.

Nuclear genome editing was achieved by direct delivery of pre-

assembled Cas9-sgRNA ribonucleoproteins (RNPs) and double-

stranded donor-DNA (repair template, containing homologous

flanking regions) via electroporation as previously described

(Freudenberg et al., 2022). Briefly, for each target gene, sgRNAs

(Table S3) were determined with the online Cas-Designer (RGEN

tools) and synthesized using the EnGen� sgRNA Synthesis Kit

(New England Biolabs GmbH, NEB) following the manufacturer’s

instructions. Target site digest capability was tested in vitro by

incubating PCR-amplified genomic DNA with pre-assembled

Cas9-sgRNA RNPs for 30 min at 37 °C, followed by separation

via agarose gel electrophoresis (Figure S13).

Chlamydomonas reinhardtii cells were transferred to nitrogen-

depleted TAP medium 24 h prior to electroporation and a total of

7 9 107 cells were harvested by centrifugation (1000 g for

3 min) and resuspension in 120 lL of TAP-sucrose (40 mM),

followed by heat shock treatment at 40 °C for 20 min. RNPs were

assembled at room temperature (8 lg Cas9-NLS (NEB), 7 lg
sgRNA) and combined with 750 ng linearized repair template.

Electroporation was conducted (Square-wave protocol, 2 mm

electrode gap, 250 V, single 8 ms pulse) with the Gene Pulser

Xcell System (Bio-Rad Laboratories GmbH, Feldkirchen, Germany)

and cells were subsequently recovered at low light (10 lmol

photons/m2/s) for 24 h, followed by selection on agar plates

containing the appropriate nitrogen source and antibiotic at

300 lmol photons/m2/s.

Emerging colonies (at least 22) were screened for a successful

edit of the target gene by colony PCR (cPCR) as described

previously (Cao et al., 2009) using Q5 High Fidelity Polymerase

(NEB) (primers in Table S2). PCR products were separated via

agarose gel electrophoresis (Figure S2) and sequence identity was

confirmed by Sanger sequencing (Sequencing Core Facility,

Bielefeld University). Functional investigations were conducted

in at least three independent knockout strains.

Fluorescence screening

Fluorescence intensity was quantified in liquid culture and on agar

plates as previously described (Lauersen et al., 2016). Briefly, an

initial pool of at least 144 colonies per transformation was

isolated randomly and their fluorescence on plate level was

compared via an in vivo plant imaging system (NightShade LB

985; Berthold Technologies GmbH & Co. KG, Bad Wildbad,

Germany) with appropriate filters (YFP: ex. 504/10 nm, em. 530/

20 nm, RFP: ex. 560/10 nm, em. 600/20 nm, CFP: ex. 425/

40 nm, em. 500/20 nm). To reduce background fluorescence,

TAP agar plates were supplemented with 250 mg/L amido black

10B (Carl Roth GmbH + Co. KG, Karlsruhe, Germany). Fluores-

cence levels of individual colonies were verified using a Leica

M205 FA stereomicroscope (Leica Microsystems GmbH, Wetzlar,

Germany) with appropriate filters (YFP: ex. 490–510 nm, em.

520–550 nm, RFP: ex. 540–580 nm, em. 589–599 nm, CFP: ex.

426–446 nm, em. 460–500 nm). Transformants with highest

fluorescence intensities were cultured in microtitre plates and

fluorescence was measured together with optical density at

750 nm in a plate reader (Infinite M200 PRO; Tecan Group Ltd.,

M€annedorf, Switzerland) with appropriate filter settings (YFP: ex.

515/9 nm, em. 550/20 nm, RFP: ex. 560/9 nm, em. 590/20 nm,

CFP: ex. 445/9 nm, em. 485/20 nm). Untransformed cells were

used for signal normalization.

HPLC and polyamine analysis

Extraction and polyamine quantification were conducted for

both, cellular and supernatant fractions as previously described

(Freudenberg et al., 2021). Note that the term ‘cellular putres-

cine’ is used whenever the cellular fraction was exclusively

extracted and used to calculate volumetric or per cell yields. To

allow unambiguous detection of arginine via HPLC, TRIS buffer

was replaced with HEPES buffer in respective experiments

(McFadden and Melkonian, 1986). Briefly, a cultivation sample

of 1 mL was centrifuged (3000 g for 3 min) and the cells were

resuspended in 600 lL 5% (v/v) trichloroacetic acid (TCA)

containing the internal standard diaminohexane (DAH, 5 mg/L;

Acros Organics). Likewise, 0.9 mL of culture supernatant was

combined with 0.1 mL 50% (v/v) TCA containing DAH (50 mg/L).

After a 15 min incubation on ice, the resulting debris was

pelleted (20 000 g for 8 min) and supernatants were used for

pre-column ortho-phthalaldehyde (OPA) derivatization, followed

by reversed-phase HPLC and fluorescence detection based on

previous descriptions (Schrumpf et al., 1991). Briefly, an HPLC

system (Knauer Smartline Pump 1000 and Manager 5000

connected to Spark Triathlon autosampler) was used to mix

40 lL of sample solution with 360 lL of OPA reagent, of which

20 lL was loaded onto a reversed-phase column with a guard

column of the same material (MultoKrom 100–5 C18; CS-

Chromatographie Service GmbH, Langerwehe, Germany). At a

flow rate of 1 mL/min, the samples were eluted over the course

of 23 min using a gradient of the solvents Na-acetate (50 mM,

pH 7) and methanol as follows. Methanol was increased from

initially 30% (1 min) to 70% over 6 min and then to 90% over

11 min. After a brief increase to 95% over 1 min, methanol was

reduced to 70% over 2 min and then back to 30% over 2 min.

After separation, the isoindole derivatives formed during OPA

derivatization were detected with a fluorescence detector (Shi-

madzu RF-10A XL, excitation: 330 nm, emission: 450 nm).

Quantification was accomplished using commercial standards

(Merck KGaA) and a representative chromatogram can be found

in Figure S6A.

Compound identification was done via coupled UHPLC–MS/MS

following a similar pre-column OPA-derivatization and separation

protocol. For this, a Dionex UltiMate 3000 HPLC system

(autosampler, pump and oven; Thermo Scientific, Bremen,

Germany) with a Eurospher II 100–2 C18 column (Knauer GmbH,

Berlin, Germany) coupled to a micrOTOF-Q (Bruker Daltonics,

Bremen, Germany) electrospray ionization and orthogonal time-

of-flight mass spectrometer in the positive mode was employed.

Representative chromatograms can be found in Figure S7.

SDS-PAGE, Western blotting and immunostaining

Proteins were extracted and separated as described previously

(Baier et al., 2018) using 10% SDS-Polyacrylamide gels, followed

by colloidal Coomassie staining (Dyballa and Metzger, 2009) and

Western blotting onto a nitrocellulose membrane (AmershamTM;

GE Healthcare, Uppsala, Sweden). After blocking with 2.5% (w/v)
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BSA and 2.5% (w/v) milk powder in TBS-T buffer, immunode-

tection was carried out via incubation with horseradish peroxi-

dase coupled Strep II tag (IBA Life Sciences, G€ottingen, Germany)

or HA-tag antibodies (Thermo Scientific) in blocking buffer

(1:10000), washing with TBS-T and addition of PierceTM ECL

Western blotting substrates (Thermo Scientific), followed by

detection in a Fusion Fx7 chemiluminescence imaging system

(Vilber Lourmat).

Putrescine toxicity assay

A mixotrophic cultivation of strain UVM4 in a TAP medium was

spiked with different amounts of putrescine hydrochloride (0.001

to 10 mM). Growth and cell morphology were observed for

4 days after which polyamines were extracted. Cell concentration

was used to calculate the growth rate inhibition (GR) according

to (Hafner et al., 2016). The GR value describes the ratio of

growth rates in treated versus untreated conditions and is

defined as 1 for no effect on growth and 0 for complete

cytostasis.

Arginase assay

In vitro activity of recombinant arginases was quantified by

colorimetric detection of the secondary enzymatic product urea.

Total protein extraction was based on previous descriptions

(Goldraij and Polacco, 1999). Briefly, about 2 9 107 cells were

centrifuged at 1000 g for 3 min and the pellet was resuspended

in 0.5 mL TBS buffer containing 4 mM Pefabloc� SC-Protease-

Inhibitor (Carl Roth GmbH + Co. KG). About 0.3 mL of glass

beads (0.1 mm; Carl Roth GmbH + Co. KG) was added and the

sample was homogenized at 7500 rpm for 3 9 10 s with 15 s

pauses using a cell homogenizer (Precellys Evolution; Bertin

Technologies, Frankfurt am Main, Germany). The debris was

centrifuged at 10000 g for 30 s and 300 lL of the supernatant

was mixed with cofactor solution and after short incubation with

the arginine substrate solution. The final reaction mixture

(600 lL) contained about 0.4 mg/mL of protein (calculated from

Hammel et al., 2018), 10 mM MnCl2, 160 mM L-arginine at pH

9.7 and 200 lM of the urease inhibitor phenyl phosphorodiami-

date (Liao and Raines, 1985). The sample was incubated for

30 min at 30 °C and the reaction was stopped by addition of

300 lL of 0.5 M H2SO4.

Colorimetric detection was based on the reaction of OPA, NED

and urea at 37 °C as previously reported (Jung et al., 1975).

About 200 lL of the final NED/OPA reagent (100 mg/L ortho-

phthalaldehyde, 215 mg/L N-(1-naphthyl)ethylenediamine (NED),

2.5 M sulphuric acid, 2.5 g/L boric acid and 0.03% Brij-35 were

mixed with 50 lL of sample solution in a 96-well microtitre plate

and incubated at room temperature in the dark for 30 min.

Absorption at 505 nm was measured with a plate reader (Infinite

M200 PRO, Tecan Group Ltd.).
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