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Marine Proteobacteria metabolize glycolate 
via the β-hydroxyaspartate cycle

Lennart Schada von Borzyskowski1*, Francesca Severi1, Karen Krüger2, Lucas Hermann3, 
Alexandre Gilardet1, Felix Sippel1, Bianca Pommerenke1, Peter Claus1, Niña Socorro Cortina1, 
Timo Glatter4, Stefan Zauner5, Jan Zarzycki1, Bernhard M. Fuchs2, Erhard Bremer3,6,  
Uwe G. Maier5,6, Rudolf I. Amann2 & Tobias J. Erb1,6*

One of the most abundant sources of organic carbon in the ocean is glycolate, the 
secretion of which by marine phytoplankton results in an estimated annual flux of one 
petagram of glycolate in marine environments1. Although it is generally accepted that 
glycolate is oxidized to glyoxylate by marine bacteria2–4, the further fate of this C2 
metabolite is not well understood. Here we show that ubiquitous marine 
Proteobacteria are able to assimilate glyoxylate via the β-hydroxyaspartate cycle 
(BHAC) that was originally proposed 56 years ago5. We elucidate the biochemistry of 
the BHAC and describe the structure of its key enzymes, including a previously 
unknown primary imine reductase. Overall, the BHAC enables the direct production 
of oxaloacetate from glyoxylate through only four enzymatic steps, representing—to 
our knowledge—the most efficient glyoxylate assimilation route described to date. 
Analysis of marine metagenomes shows that the BHAC is globally distributed and on 
average 20-fold more abundant than the glycerate pathway, the only other known 
pathway for net glyoxylate assimilation. In a field study of a phytoplankton bloom, we 
show that glycolate is present in high nanomolar concentrations and taken up by 
prokaryotes at rates that allow a full turnover of the glycolate pool within one week. 
During the bloom, genes that encode BHAC key enzymes are present in up to 1.5% of 
the bacterial community and actively transcribed, supporting the role of the BHAC in 
glycolate assimilation and suggesting a previously undescribed trophic interaction 
between autotrophic phytoplankton and heterotrophic bacterioplankton.

Global net primary production has been estimated to be approximately 
100 petagrams of carbon per year, equal parts of which are produced 
in terrestrial and marine habitats6. In the oceans, more than a third of 
primary production can be released into the water column by phyto-
plankton as dissolved organic carbon7, generating a plethora of sub-
strates for heterotrophic bacterioplankton. An abundant component 
of the pool of dissolved organic carbon is the carboxylic acid glyco-
late, which is released as a photorespiratory waste product of marine 
autotrophs3,8,9. Concentrations of glycolate in the nanomolar-to-low 
micromolar range have been measured in different marine habitats1,2,10,11 
(Extended Data Fig. 1), and the compound is readily taken up by bac-
terioplankton12. The first step in glycolate metabolism is its oxidation 
to glyoxylate, which is catalysed by the enzyme glycolate oxidase. The 
abundance and transcription of the glcD gene, which encodes a subunit 
of glycolate oxidase, has previously been used to investigate bacterial 
groups that are capable of glycolate utilization4,13. However, it has been 
assumed that glycolate is the subject of bacterial oxidation mainly to 
conserve energy2–4; the further fate of glyoxylate has not been described 
in detail. For SAR11 bacteria, it has been shown that glyoxylate can be 
used to replace the obligate glycine requirement14. In SAR11 and other 

bacteria, glyoxylate can be co-assimilated by malate synthase into the 
tricarboxylic acid cycle14–16 or directly assimilated into central carbon 
metabolism through the well-studied glycerate pathway17,18. An alter-
native solution is the BHAC5,19, which has been previously proposed 
to operate in the Alphaproteobacterium Paracoccus denitrificans20,21. 
However, the complete reaction sequence and the proteins comprising 
this pathway and their detailed biochemistry have remained unknown 
for the past 56 years.

On the basis of the sequence of a putative β-hydroxyaspartate aldo-
lase gene (dhaa; GenBank accession number AB075600) from P. deni-
trificans IFO 1330122, we identified a homologue in the genome of P. 
denitrificans DSM413 (BLT64_RS06500), annotated as a DSD1 family 
pyridoxal 5-phosphate (PLP)-dependent enzyme. This gene is part of 
a gene cluster, which consists of four structural genes and a putative 
transcriptional regulator that we termed bhcABCD and bhcR (Fig. 1a). 
In addition to the gene for the putative β-hydroxyaspartate aldolase 
(bhcC), the cluster comprises the open reading frames that encode a 
putative PLP-dependent aminotransferase (BLT64_RS06510, bhcA), a 
putative serine/threonine dehydratase (BLT64_RS06505, bhcB) and 
a putative ornithine cyclodeaminase (BLT64_RS06495, bhcD). The 
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putative transcriptional regulator (BLT64_RS06515), annotated as 
IclR-family regulator, is located in the opposite orientation to the four 
structural genes.

We expressed and characterized the four enzymes that are encoded 
in the gene cluster. BhcA is a PLP-dependent aminotransferase that 
transaminates glyoxylate into glycine using aspartate as the preferred 
amino group donor. BhcB functions as a β-hydroxyaspartate dehy-
dratase. BhcC is a β-hydroxyaspartate aldolase, the key enzyme of the 
BHAC that catalyses the condensation of glyoxylate and glycine into 
β-hydroxyaspartate. This enzyme is closely related to d-threonine aldo-
lases (Extended Data Fig. 2). The crystal structure of β-hydroxyaspartate 
aldolase that we solved at 1.7 Å (Protein Data Bank (PDB) 6QKB) shows 
that the three amino acids A160, A195 and S313 distinguish the active 
site of BhcC from that of d-threonine aldolases, providing a signature 
sequence for this enzyme family (Fig. 1c, Extended Data Fig. 2 and 

Extended Data Table 1). When combined, the BhcABC proteins were 
sufficient to reconstruct a reaction sequence from aspartate and two 
molecules of glyoxylate to two molecules of oxaloacetate and free 
ammonia. However, this left us puzzled about the function of the fourth 
open reading frame, the putative ornithine cyclodeaminase (bhcD).

When we tested BhcD in combination with BhcB, we discovered 
that it functions as an imine reductase (IRED) that accepts a labile 
iminosuccinate intermediate23 formed by the latter enzyme (Fig. 2a, 
b). We used sodium cyanoborohydride trapping to demonstrate that 
BhcB produces iminosuccinate (Fig. 2c). Although this compound 
spontaneously decays into free ammonia and oxaloacetate in solution 
(Fig. 2d), iminosuccinate is reduced to l-aspartate in the presence of 
BhcD, thereby regenerating the amino group donor for the first step of 
the BHAC. IREDs are extensively investigated owing to their biotechno-
logical potential24. Almost all IREDs described to date act on secondary 
imines, whereas the reduction of a free primary imine—as catalysed by 
BhcD—has not previously been described. The enzymatic reduction 
of primary imines is known only as part of the reaction sequence in 
glutamate dehydrogenase25 and as part of a non-physiological side reac-
tion of ketimine reductases26. The crystal structure of BhcD, which we 
solved to a resolution of 2.6 Å (PDB 6RQA), shows major differences in 
the active site compared to l-alanine dehydrogenase from Archaeoglo-
bus fulgidus (PDB 1OMO), the closest structural homologue within the 
ornithine cyclodeaminase/µ-crystalline enzyme superfamily (Fig. 1d, 
Extended Data Fig. 3 and Extended Data Table 1). Phylogenetic analysis 
supports these active site differences and reveals that BhcD and its 
homologues constitute a novel family of primary IREDs within the orni-
thine cyclodeaminase/µ-crystalline superfamily (Extended Data Fig. 3).
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The kinetic parameters of all enzymes of the BHAC are reported in 
Table 1. The complete reaction sequence of the pathway is shown in 
Fig. 1b. The cycle extends the originally proposed reaction sequence5 by 
the IRED reaction. Overall, the BHAC converts two molecules of glyoxy-
late (C2) into oxaloacetate (C4) without the loss of carbon as CO2, under 
consumption of just one reducing equivalent and regeneration of the 
catalytic amino donor, which makes it one of the most efficient glyoxy-
late assimilation pathways described to date (Supplementary Table 1). 
Oxaloacetate formed in the BHAC can directly enter the tricarboxylic 
acid cycle or serve as substrate for anabolic reactions. The pathway is 
essential for the growth of P. denitrificans in the presence of glycolate 
and glyoxylate, and its enzymes are highly expressed and active in cells 
grown in the presence of glycolate (Extended Data Fig. 5). Glyoxylate 
negatively affected the interaction of the transcriptional regulator BhcR 
with the promoter region of the bhc gene cluster (Extended Data Fig. 5).

We next studied the phylogenetic distribution of the BHAC. The bhc 
gene cluster is widespread among the Rhizobiales and Rhodobacte-
rales orders of the Alphaproteobacteria, and is also found in several 
gammaproteobacterial orders (Extended Data Fig. 6). Most of these 
bacteria were isolated from marine habitats, and the Roseobacter group 
within the Rhodobacterales is one of the three major bacterial groups 
responding to phytoplankton blooms27; Roseobacter-group bacteria 
can constitute up to 15% of the bacterial community in these blooms28. 
Notably, 94% of the isolates with the bhc gene cluster also encode gly-
colate oxidase in their genomes, enabling them to oxidize glycolate to 
glyoxylate for subsequent assimilation by the BHAC (Supplementary 
Data 1). BhcC is also ubiquitously present in marine metagenomes 
collected on the Tara Oceans expedition (Extended Data Fig. 7 and 
Supplementary Data 2), suggesting that the BHAC functions in glycolate 
assimilation in marine environments worldwide. Notably, the BHAC 
(represented by BhcC) is on average 20-fold more abundant than the 
glycerate pathway (represented by Gcl) in these datasets (Extended 
Data Fig. 7d).

To investigate the ecological importance of the BHAC, we focused our 
analyses on Helgoland (Extended Data Fig. 8a, b), an island in the North 
Sea that has already been used extensively as a study site to investigate 
the succession of bacterial populations during algal blooms28,29. We 
analysed metagenomes from seawater samples collected between 2010 
and 2012 at Helgoland and detected the bhc gene cluster in all years at 

intermediate abundances (up to 3 reads per kilobase per million reads 
(RPKM), corresponding to roughly 1.5% of all cells28) (Extended Data 
Fig. 8c–e and Supplementary Data 3). To further investigate the role 
of the BHAC in situ, we monitored the spring phytoplankton bloom 
at Helgoland from March to May 2018. We determined chlorophyll 
a (Chl a) fluorescence as proxy for phytoplankton biomass and total 
microbial cell counts for each working day. Glycolate concentrations 
in the seawater were determined weekly.

The 2018 spring bloom was dominated by pennate diatoms and 
consisted of two peaks in phytoplankton growth in late April and late 
May (Fig. 3a). We determined a background concentration of glyco-
late in the seawater of 300 nM before the bloom, which is in line with 
previous measurements1,2,4,9–11,30–39 (600 ± 340 nM) (Extended Data 
Fig. 1). During the bloom, from early March to late May, glycolate con-
centrations increased by approximately 350 nM (Fig. 3b), indicating 
the accumulation of phytoplankton-derived glycolate. At three time 
points in April and May, before and during the algal bloom, we deter-
mined bulk uptake rates of glycolate in the sea water. Glycolate uptake 
rates were in line with previously reported values12 and increased more 
than threefold from 1.46 nM h−1 to 4.68 nM h−1 between the first and the 
last measurement (Fig. 3b), indicating that the capacity for glycolate 
uptake had multiplied at the same factor as the total microbial cell 
counts. Notably, these rates are comparable to uptake and consump-
tion rates for dimethylsulfoniopropionate in the open ocean40 and 
would enable a turnover of the total glycolate pool at our sampling 
site every 5–10 days. The bhc gene cluster was prevalent during the 
progression of the phytoplankton bloom. bhcC genes were detected 
at all of the time points, with the highest abundance per cell (around 
1.5%) during the peaks of the phytoplankton bloom in April and May 
(Fig. 3c, Extended Data Fig. 9 and Supplementary Data 4). Transcription 
of bhcC was confirmed before and during the spring bloom (Fig. 3d, e), 
indicating that the BHAC is an active route for glycolate assimilation 
in the ocean.

In summary, our study provides the full reaction sequence and 
genetic basis of the BHAC. We demonstrate the biochemistry of the 
pathway, which involves a previously unknown family of IREDs, and 
provide support for its ecological importance in the assimilation of 
phytoplankton-derived dissolved organic carbon. The discovery of 
the BHAC as a ubiquitous pathway in marine environments adds a new 

Table 1 | Kinetic parameters of the four enzymes of the BHAC

Enzyme Substrate kcat (s−1) App. KM (mM) kcat/KM (M−1 s−1)

Aspartate–glyoxylate aminotransferase 
(BhcA)

Glyoxylate 58 ± 1 0.43 ± 0.02 1.34 × 105

l-Aspartate 56 ± 1 2.51 ± 0.10 2.25 × 104

Glycine 0.76 ± 0.01 9.52 ± 0.40 7.97 × 101

Oxaloacetate 0.76 ± 0.02 2.90 ± 0.27 2.62 × 102

l-Serine 8.8 ± 0.3 2.10 ± 0.24 4.20 × 103

l-Glutamate 5.0 ± 0.3 20.62 ± 2.33 2.44 × 102

β-Hydroxyaspartate dehydratase (BhcB) (2R, 3S)-β-Hydroxyaspartate 35 ± 1 0.20 ± 0.02 1.75 × 105

β-Hydroxyaspartate aldolase (BhcC) Glyoxylate 86 ± 4 0.23 ± 0.03 3.72 × 105

Glycine 91 ± 2 4.31 ± 0.34 2.11 × 104

(2R, 3S)-β-Hydroxyaspartate 33 ± 1 0.28 ± 0.03 1.18 × 105

d-Threonine 76 ± 2 9.24 ± 0.86 8.25 × 103

Iminosuccinate reductase (BhcD) Iminosuccinate 201 ± 10 0.09 ± 0.01 2.29 × 106

NADH − 0.02 ± 0.003 −

NADPH − 0.33 ± 0.05 −

Data are mean ± s.d., as determined from nonlinear fits of 18 data points with GraphPad Prism 8. Michaelis–Menten fits of enzyme kinetics and an SDS–PAGE gel showing purified proteins are 
provided in Extended Data Fig. 4 and Supplementary Fig. 1, respectively. For BhcA, kinetics for glyoxylate and l-aspartate were measured with 20 mM l-aspartate and 5 mM glyoxylate, respec-
tively, and kinetics for glycine and oxaloacetate were measured with 20 mM oxaloacetate and 30 mM glycine, respectively. Kinetics for l-serine and l-glutamate were measured with 5 mM 
glyoxylate. For BhcC, kinetics for glycine and glyoxylate were measured with 5 mM glyoxylate and 20 mM glycine, respectively.



4 | Nature | www.nature.com

Article
dimension to the biochemical cycle of glycolate, an abundant organic 
acid in the global oceans. As the BHAC requires only one reducing 
equivalent and enables carbon-conserving glycolate assimilation, it 
may confer an advantage compared to the glycerate pathway, which 
releases CO2. This may explain the high prevalence of the BHAC in 
marine Proteobacteria and could provide a starting point for future 
studies that investigate carbon fluxes from phytoplankton to hetero-
trophic bacterioplankton.
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(n = 1). b, The concentration of glycolate (light brown) was determined  
once per week using liquid chromatography with mass spectrometry  
and increased from approximately 300 nM to around 650 nM. The uptake  
rate of bulk glycolate was determined at three time points through 
14C-glycolate incorporation and uptake rates are indicated. Data are the 
mean ± s.d. of n = 5 seawater samples for glycolate concentrations, and  
of n = 4 seawater samples for glycolate uptake rates. c, The bhcC gene copy 
number per cell (blue circles) was determined using qPCR. d, The bhcC 
transcript copy number per cell (blue triangles) was determined via cDNA 
synthesis followed by qPCR. e, bhcC transcript copy number divided by bhcC 
gene copy number (blue diamonds). c–e, Data are mean ± s.d.; n = 3 
independent experiments.
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Methods

Data reporting
No statistical methods were used to predetermine sample size. The 
experiments were not randomized and the investigators were not 
blinded to allocation during experiments and outcome assessment.

Chemicals and reagents
Unless otherwise stated, all chemicals and reagents were acquired from 
Sigma-Aldrich and were of the highest purity available.

Strains, medium and cultivation conditions
All strains used in this study are listed in Supplementary Table 2. Escheri-
chia coli TOP10 (for genetic work), ST18 (for plasmid conjugation) 
and BL21 AI (for protein expression) were grown at 37 °C in lysogeny 
broth (LB)41.

P. denitrificans DSM 41342 and its derivatives were grown at 30 °C in LB 
or in mineral salt medium with TE3-Zn trace elements43 supplemented 
with various carbon sources. To monitor growth, the optical density at 
600 nm (OD600) of culture samples was determined on a photospec-
trometer (Merck Chemicals).

Vector construction
The genes encoding the four enzymes of the BHAC (bhcABCD) as well 
as the bhcR gene encoding the transcriptional regulator were cloned 
into the standard expression vector pET16b (Merck Chemicals). To this 
end, the respective genes were amplified from genomic DNA of P. deni-
trificans DSM 413 with the primers provided in Supplementary Table 3. 
The resulting PCR products were digested with suitable restriction 
endonucleases (Thermo Fisher Scientific) as given in Supplementary 
Table 3 and ligated into the expression vector pET16b that had been 
digested with the same enzymes to create a vector for heterologous 
expression of the respective protein. Successful cloning of the desired 
open reading frames was verified by DNA sequencing (Eurofins Genom-
ics). All plasmids used in this study are listed in Supplementary Table 2.

Expression and purification of recombinant proteins
For heterologous overexpression of the BhcA, BhcB, BhcC and BhcD 
enzymes, the corresponding plasmid encoding the respective enzyme 
was first transformed into chemically competent E. coli BL21 AI cells. 
The cells were then grown on LB agar plates containing 100 µg ml−1 
ampicillin at 37 °C overnight. A starter culture in selective LB medium 
was inoculated from a single colony on the next day and left to grow 
overnight at 37 °C in a shaking incubator. The starter culture was used 
on the next day to inoculate an expression culture in selective terrific 
broth (TB) medium at a 1:100 dilution. The expression culture was 
grown at 37 °C in a shaking incubator to an OD600 of 0.5–0.7, induced 
with 0.5 mM isopropyl-β-d-thiogalactoside (IPTG) and 0.2% l-arabinose 
and subsequently grown overnight at 18 °C in a shaking incubator. Cells 
were collected at 6,000g for 15 min at 4 °C and cell pellets were stored 
at −20 °C until purification of enzymes. Cell pellets were resuspended 
in twice their volume in buffer A (300 mM NaCl, 25 mM Tris-HCl pH 8.0, 
15 mM imidazole, 1 mM β-mercaptoethanol, 0.1 mM MgCl2, 0.01 mM 
PLP and one tablet of SIGMAFAST protease inhibitor cocktail, EDTA-
free per litre). The cell suspension was treated with a Sonopuls GM200 
sonicator (BANDELIN Electronic) at an amplitude of 50% to lyse the 
cells and subsequently centrifuged at 50,000g and 4 °C for 1 h. The 
filtered supernatant (0.45-µm filter; Sarstedt) was loaded onto Pro-
tino Ni-NTA Agarose (Macherey-Nagel) in a gravity column, which had 
previously been equilibrated with 5 column volumes of buffer A. The 
column was washed with 20 column volumes of buffer A and 5 column 
volumes of 85% buffer A and 15% buffer B and the His-tagged protein 
was eluted with buffer B (buffer A with 500 mM imidazole). The elu-
ate was desalted using PD-10 desalting columns (GE Healthcare) and 
buffer C (100 mM NaCl, 25 mM Tris-HCl pH 8.0, 1 mM MgCl2, 0.01 mM 

PLP, 0.1 mM dithiothreitol (DTT)). This was followed by purification on 
a size-exclusion column (Superdex 200 pg, HiLoad 16/600; GE Health-
care) connected to an ÄKTA Pure system (GE Healthcare) using buffer 
C. The concentrated protein solution (2 ml) was injected, and the flow 
was kept constant at 1 ml min−1. Elution fractions containing pure pro-
tein were determined via SDS–PAGE analysis44 on 12.5% gels. Purified 
enzymes in buffer C were used for crystallization or stored at −20 °C 
in buffer C containing 50% glycerol for later use in enzymatic assays.

BhcR was expressed and purified in the same way, except that buffer A 
contained 100 mM KCl, 20 mM HEPES-KOH pH 7.5, 10 mM MgCl2, 4 mM 
β-mercaptoethanol, 5% glycerol and one tablet of SIGMAFAST protease 
inhibitor cocktail, EDTA-free per litre. Buffer C contained 100 mM KCl, 
20 mM HEPES-KOH pH 7.5, 10 mM MgCl2, 5% glycerol and 1 mM DTT.

NADH-dependent malate dehydrogenase (Mdh) and NADPH-depend-
ent glyoxylate reductase (GhrA) from E. coli were overexpressed using 
the respective strains from the ASKA collection45. A starter culture in 
selective LB medium (34 µg ml−1 chloramphenicol) was inoculated 
from a single colony and left to grow overnight at 37 °C in a shaking 
incubator. The starter culture was used on the next day to inoculate 
an expression culture in selective TB medium at a 1:100 dilution. The 
expression culture was grown at 37 °C in a shaking incubator to an 
OD600 of 0.6, induced with 0.5 mM IPTG and grown another 4 h at 
37 °C in a shaking incubator. The enzymes were affinity-purified in the 
same way as described above, except that buffer A contained 200 mM 
NaCl, 50 mM potassium phosphate pH 7.0, 15 mM imidazole, 1 mM 
β-mercaptoethanol and one tablet of SIGMAFAST protease inhibitor 
cocktail, EDTA-free per litre. Buffer C contained 100 mM NaCl, 50 mM 
potassium phosphate pH 7.0 and 0.1 mM DTT. The purified enzyme 
was stored at −20 °C in buffer C containing 50% glycerol.

Enzyme activity assays
For all enzyme assays, the oxidation of NADH or NADPH was followed 
at 340 nm or 360 nm on a Cary 60 UV-Vis photospectrometer (Agilent) 
in quartz cuvettes with a path length of 1 mm or 10 mm (Hellma Optik).

The enzyme assay to determine the kinetic parameters of BhcA with 
glyoxylate and l-aspartate as substrates was performed at 30 °C in a 
total volume of 300 µl. The reaction mixture contained 100 mM potas-
sium phosphate buffer pH 7.5, 0.1 mM PLP, 0.2 mM NADH, different 
amounts of the respective substrates and 32 nM BhcA. Five hundred 
nanomolar Mdh was added as a coupling enzyme to convert oxaloac-
etate into malate. Kinetics for glyoxylate were measured with 20 mM 
l-aspartate; kinetics for l-aspartate were measured with 5 mM gly-
oxylate. To determine the kinetic parameters with oxaloacetate and 
glycine as substrates, the same assay mixture was used and 3 µM GhrA 
was added as a coupling enzyme to convert glyoxylate into glycolate. 
Kinetics for glycine were measured with 20 mM oxaloacetate; kinetics 
for oxaloacetate were measured with 30 mM glycine. To determine 
the kinetic parameters with l-serine or l-glutamate and glyoxylate as 
substrates, the same assay mixture was used and BhcB (3 µM), BhcC 
(1 µM) and Mdh (500 nM) were added as coupling enzymes. Kinetics 
for l-serine and l-glutamate were measured with 5 mM glyoxylate.

The enzyme assay to determine the kinetic parameters of BhcB 
was performed at 30 °C in a total volume of 300 µl. The reaction mix-
ture contained 100 mM potassium phosphate buffer pH 7.5, 0.1 mM 
PLP, 0.2 mM NADH, different amounts of the substrate (2R, 3S)-β-
hydroxyaspartate and 29 nM BhcB. Five hundred and eighty nanomo-
lar BhcD was added as a coupling enzyme to convert iminosuccinate 
into l-aspartate. (2R, 3S)-β-Hydroxyaspartate was custom-synthesized 
by NewChem and was determined to be >95% pure by NMR analysis.

The enzyme assay to determine the kinetic parameters of BhcC with 
glyoxylate and glycine as substrates was performed at 30 °C in a total 
volume of 300 µl. The reaction mixture contained 100 mM potassium 
phosphate buffer pH 7.5, 0.1 mM PLP, 0.2 mM NADH, 0.5 mM MgCl2, 
different amounts of the respective substrates and 4 nM BhcC. BhcB 
(200 nM) and BhcD (2 µM) were added as coupling enzymes. Kinetics 



for glycine were measured with 5 mM glyoxylate; kinetics for glyoxylate 
were measured with 20 mM glycine. To determine the kinetic param-
eters with (2R, 3S)-β-hydroxyaspartate as substrate, the same assay 
mixture was used and 3 µM GhrA was added as a coupling enzyme to 
convert glyoxylate into glycolate. To determine the kinetic parameters 
with d-threonine as substrate, the same assay mixture was used and 
3 µM alcohol dehydrogenase from Saccharomyces cerevisiae (Sigma-
Aldrich) was added as coupling enzyme to convert acetaldehyde into 
ethanol.

The enzyme assay to determine the apparent kinetic parameters of 
BhcD was performed at 30 °C in a total volume of 250 µl. The reaction 
mixture contained 100 mM potassium phosphate buffer pH 7.5, 0.2 mM 
NADH, 0.1 mM PLP, different amounts of (2R, 3S)-β-hydroxyaspartate, 
and appropriate amounts of the enzymes BhcB and BhcD. Kinetics for 
iminosuccinate were measured with 15 nM BhcD, different amounts of 
(2R, 3S)-β-hydroxyaspartate and BhcB. To a given amount of (2R, 3S)-
β-hydroxyaspartate, a tenfold molar excess of BhcB was added to start 
the reaction and completely and almost instantly convert the substrate 
pool into iminosuccinate. The initial reaction velocity of BhcD was 
determined after a mixing period of 3 s and the apparent concentra-
tion of iminosuccinate at this point in time was calculated on the basis 
of previously published values23. Kinetics for NADH and NADPH were 
measured with 2 mM (2R, 3S)-β-hydroxyaspartate, 214 nM BhcB, 28 nM 
BhcD and different amounts of the respective cofactor. No activity was 
measurable in a reaction mixture containing 100 mM potassium phos-
phate buffer pH 7.5, 0.2 mM NADH, 0.1 mM PLP and 3 mM oxaloacetate 
as well as 9 mM ammonium as putative substrates for BhcD.

The enzyme assay to generate iminosuccinate from (2R, 3S)-β-
hydroxyaspartate (catalysed by BhcB) and further chemical reduction 
of iminosuccinate to l-aspartate with the reducing agent NaBH3CN46 
was performed at 30 °C in a total volume of 1 ml. The reaction mixture 
contained 50 mM Tris pH 7.5, 1 mM (2R, 3S)-β-hydroxyaspartate, 0.1 mM 
PLP, 1 mM MgCl2, 214 nM BhcB and 1 mM NaBH3CN. The reaction was 
carried out in D2O. Aliquots of 180 µl were taken after 0, 0.5, 1, 2 and 
3 min and the reaction was immediately stopped by quenching with 
formic acid (4% final concentration). The samples were centrifuged at 
17,000g and 4 °C for 15 min and the supernatant diluted 1:4 in double-
distilled water for liquid chromatography–mass spectrometry (LC–MS) 
analysis. In negative control experiments, NaBH3CN was omitted from 
the reaction mixture. The same experiment was performed with added 
BhcD instead of NaBH3CN to enzymatically reduce iminosuccinate to 
l-aspartate. The reaction mixture contained 50 mM Tris pH 7.5, 1 mM 
(2R, 3S)-β-hydroxyaspartate, 2 mM NADH, 0.1 mM PLP, 1 mM MgCl2, 
214 nM BhcB and 28 nM BhcD.

LC–MS measurements were performed using an Agilent 6550 iFun-
nel Q-TOF LC–MS system equipped with an electrospray ionization 
(ESI) source set to negative ionization mode. LC was carried out as fol-
lows. The analytes were separated on an aminopropyl column (30 mm 
× 2 mm, particle size 3 µm, 100 Å; Luna NH2, Phenomenex) using a 
mobile phase system consisting of 95:5 20 mM ammonium acetate 
pH 9.3 (adjusted with ammonium hydroxide to a final concentration 
of approximately 10 mM): acetonitrile (A) and acetonitrile (B). Chro-
matographic separation was carried out using the following gradient 
condition at a flow rate of 250 µl min−1: 0 min, 85% B; 3.5 min, 0% B, 
7 min, 0% B; 7.5 min, 85% B; 8 min, 85% B. Column oven and autosa-
mpler temperature were maintained at 15 °C. The ESI source was set 
to the following parameters: capillary voltage was set at 3.5 kV and 
nitrogen gas was used as nebulizing (20 psig), drying (13 l min−1, 225 °C) 
and sheath gas (12 l min−1, 400 °C). The Q-TOF mass detector was cali-
brated before measurement using an ESI-L Low Concentration Tuning 
Mix (Agilent) with residuals and corrected residuals less than 2 ppm 
and 1 ppm, respectively. MS data were acquired with a scan range of 
50–600 m/z. Autorecalibration was carried out using 113 m/z as refer-
ence mass. Subsequent peak integration of all analytes was performed 
using eMZed 2.29.4.047.

Enzyme activity assays in P. denitrificans cell extracts
P. denitrificans cultures were collected during mid-exponential phase 
(OD600 of 0.5–0.7), resuspended in ice-cold 100 mM potassium phos-
phate buffer (pH 7.2) and lysed by sonication. Cell debris was separated 
by centrifugation at 35,000g and 4 °C for 1 h. Total protein concentra-
tions of the resulting cell-free extracts were determined by Bradford 
assay48 using bovine serum albumin as standard. The assays for activity 
of BhcABCD were performed as described above, except that 100 mM 
potassium phosphate buffer pH 7.5 was replaced with 100 mM Tris 
pH 7.5. During BhcD assays, 90 µl samples were taken after 0.5, 1 and 
2 min, and the reaction was immediately stopped by quenching with 
formic acid (4% final concentration). The samples were centrifuged at 
17,000g and 4 °C for 15 min and the supernatant diluted 1:10 in double-
distilled water for LC–MS analysis. l-Malate and l-aspartate in the sam-
ples were quantified using a standard curve of each compound ranging 
from 10 µM to 1,000 µM.

Genetic modification of P. denitrificans
The upstream and downstream flanking regions of the bhcABCD genes 
from P. denitrificans DSM 413 were cloned into the gene deletion vec-
tor pREDSIX49. To this end, the flanking regions were amplified from 
genomic DNA of P. denitrificans DSM 413 with the primers given in Sup-
plementary Table 3. The resulting PCR products were used to perform 
Gibson assembly with the vector pREDSIX, which had been digested 
with MfeI. Subsequently, the resulting vector was digested with NdeI, 
and a kanamycin-resistance cassette, which had been cut out of the 
vector pRGD-Kan with NdeI, was ligated into the cut site to generate 
the final vectors for gene deletion. For gene deletion of each of the 
genes bhcABCD separately and of the complete bhc gene cluster, the 
corresponding plasmid was first transformed into chemically com-
petent E. coli ST1850 cells, which were then grown on LB agar plates 
containing 100 µg ml−1 ampicillin, 50 µg ml−1 kanamycin and 50 µg ml−1 
aminolevulinic acid at 37 °C overnight. A culture in selective LB medium 
was inoculated the next day and left to grow overnight at 37 °C. The 
cultures were diluted the next morning to an OD600 of 0.1. A culture of 
wild-type P. denitrificans DSM 413 in LB medium was inoculated from 
a glycerol stock and grown at 30 °C. ST18 cultures were collected at an 
OD600 of around 0.7, and the P. denitrificans culture was collected at an 
OD600 of about 1.3. All cell pellets were washed once with sterile 10 mM 
MgSO4 and resuspended to an OD600 of approximately 10 in sterile 
10 mM MgSO4. Suspensions of ST18 cells and P. denitrificans cells were 
mixed in a 2:1 ratio and spotted on minimal medium agar plates with-
out any carbon source. Plates were incubated at 30 °C overnight. The 
next morning, spots were removed from the plates, resuspended in LB 
medium and plated on LB agar plates containing 25 µg ml−1 kanamycin. 
Plates were incubated at 30 °C for 3 days. The respective gene deletion 
was verified by colony PCR and DNA sequencing (Eurofins Genomics) 
and the deletion strain was propagated in selective LB medium.

High-throughput growth assays with P. denitrificans strains
Cultures of wild-type P. denitrificans DSM 413 and gene deletion strains 
were pre-grown at 30 °C in LB medium containing 25 µg ml−1 kanamy-
cin, when necessary. Cells were collected, washed once with minimal 
medium containing no carbon source and used to inoculate growth 
cultures of 180 µl minimal medium containing an appropriate carbon 
source as well as 25 µg ml−1 kanamycin for gene deletion strains. Growth 
in 96-well plates (Thermo Fisher Scientific) was monitored at 30 °C at 
600 nm in a Tecan Infinite M200Pro reader (Tecan). The resulting data 
were evaluated using GraphPad Prism 8.0.0.

Whole-cell shotgun proteomics
To acquire the proteome of P. denitrificans growing on different carbon 
sources, 30 ml cultures were grown to mid-exponential phase (OD600 of 
around 0.4) in minimal medium supplemented with 30 mM succinate 
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or 60 mM glycolate. Four replicate cultures were grown for each car-
bon source. Main cultures were inoculated from precultures grown 
in the same medium at a dilution of 1:1,000. Cultures were collected 
by centrifugation at 4,000g and 4 °C for 15 min. The supernatant was 
discarded and pellets were washed in 40 ml phosphate-buffered saline 
(PBS; 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.4). 
After washing, cell pellets were resuspended in 1 ml PBS, transferred 
into Eppendorf tubes and centrifuged as described above. Cell pellets 
in Eppendorf tubes were snap-frozen in liquid nitrogen and stored at 
−80 °C until they were used for the preparation of samples for LC–MS 
analysis and label-free quantification.

For protein extraction, bacterial cell pellets were resuspended in 
4% SDS and lysed by heating (95 °C, 15 min) and sonication (Hielscher 
Ultrasonics). Reduction was performed for 15 min at 90 °C in the pres-
ence of 5 mM tris(2-carboxyethyl)phosphine followed by alkylation 
using 10 mM iodoacetamide at 25 °C for 30 min. The protein concen-
tration in each sample was determined using the BCA protein assay kit 
(Thermo Fisher Scientific) following the manufacturer’s instructions. 
Protein clean-up and tryptic digestion were performed using the SP3 
protocol as previously described51 with minor modifications regarding 
protein digestion temperature and solid-phase extraction of peptides. 
SP3 beads were obtained from GE Healthcare. Trypsin (1 µg, Promega) 
was used to digest 50 µg of total solubilized protein from each sample. 
Tryptic digestion was performed overnight at 30 °C. Subsequently, all 
protein digestions were desalted using C18 microspin columns (Har-
vard Apparatus) according to the manufacturer’s instructions.

LC–MS/MS analysis of protein digestions was performed on a 
Q-Exactive Plus mass spectrometer connected to an electrospray ion 
source (Thermo Fisher Scientific). Peptide separation was carried out 
using an Ultimate 3000 nanoLC-system (Thermo Fisher Scientific), 
equipped with an in-house-packed C18 resin column (Magic C18 AQ 
2.4 µm; Dr. Maisch). The peptides were first loaded onto a C18 precol-
umn (preconcentration set-up) and then eluted in backflush mode 
with a gradient from 98% solvent A (0.15% formic acid) and 2% solvent 
B (99.85% acetonitrile and 0.15% formic acid) to 25% solvent B over 
105 min, continued from 25% to 35% of solvent B up to 135 min. The flow 
rate was set to 300 nl min−1. The data acquisition mode for the initial 
label-free quantification study was set to obtain one high-resolution 
MS scan at a resolution of 60,000 (m/z 200) with a scanning range from 
375 to 1,500 m/z followed by MS/MS scans of the 10 most intense ions. 
To increase the efficiency of MS/MS shots, the charged-state screening 
modus was adjusted to exclude unassigned and singly charged ions. The 
dynamic exclusion duration was set to 30 s. The ion accumulation time 
was set to 50 ms (both MS and MS/MS). The automatic gain control was 
set to 3 × 106 for MS survey scans and 1 × 105 for MS/MS scans. Label-free 
quantification was performed using Progenesis QI (v.2.0). MS raw files 
were imported into Progenesis and the output data (MS/MS spectra) 
were exported in MGF format. MS/MS spectra were then searched using 
MASCOT (v.2.5) against a database of the predicted proteome from P. 
denitrificans downloaded from the UniProt database (https://www.
uniprot.org/; download date 26 January 2017), containing 386 com-
mon contaminant and background proteins that were manually added. 
The following search parameters were used: full tryptic specificity 
required (cleavage after lysine or arginine residues); two missed cleav-
ages allowed; carbamidomethylation (C) set as a fixed modification; 
and oxidation (M) set as a variable modification. The mass tolerance 
was set to 10 ppm for precursor ions and 0.02 Da for fragment ions for 
high-energy collision dissociation. Results from the database search 
were imported back into Progenesis, mapping peptide identifications 
to MS1 features. The peak heights of all MS1 features annotated with 
the same peptide sequence were summed, and protein abundance was 
calculated per LC–MS run. Next, the data obtained from Progenesis 
were evaluated using the SafeQuant R package v.2.2.252. Then, the 1% 
false-discovery rate of identification and quantification as well as the 
intensity-based absolute quantification values were calculated.

Electrophoretic mobility shift assays
Fluorescently labelled DNA fragments for electrophoretic mobility shift 
assays were generated by PCR from genomic DNA of P. denitrificans DSM 
413. For the Pbhc regulatory region, primers Pbhc_fw and Pbhc_rev-
dye were used to generate a 238-bp fragment containing the putative 
Pbhc promoter. The primers bhcA_fw and bhcA_rev-dye were used to 
generate a 255-bp fragment containing a fragment of the bhcA gene 
as negative control. The primers Pbhc_rev-dye and bhcA_rev-dye were 
5′-labelled with the Dyomics 781 fluorescent dye (Microsynth). Binding 
reactions between the DNA fragments (0.025 pmol), various amounts 
of the purified protein BhcR (400×, 2,000×, 4,000×, 10,000×, 20,000× 
and 40,000× molar excess), and various concentrations of glyoxylate 
(0.01, 0.05, 0.1, 0.2, 0.5 and 1 mM final concentration) were performed 
in buffer A (20 mM potassium phosphate pH 7.0, 1 mM DTT, 5 mM MgCl2, 
50 mM KCl, 15 µg ml−1 bovine serum albumin, 50 µg ml−1 herring sperm 
DNA, 5% v/v glycerol, 0.1% Tween-20) in a total volume of 20 µl. After the 
reaction mixtures were incubated at 37 °C for 20 min, the samples were 
loaded onto a native 5% polyacrylamide gel and electrophoretically 
separated at 110 V for 60 min. BhcR–DNA interactions were detected 
using an Odyssey FC Imaging System (LI-COR Biosciences).

Crystallization and structure determination of BhcC and BhcD
The sitting-drop vapour-diffusion method was used for crystallization 
at 16 °C. Purified BhcC (10 mg ml−1) was mixed in a 1:1 ratio with solu-
tion A containing 20% PEG 3350, 0.2 M ammonium chloride, pH 6.3 
(final drop volume 1.4 µl). Reservoirs were filled with 40 µl solution 
A. Crystals appeared within 14 days. Crystals were briefly soaked in 
mother liquor supplemented with 40% glycerol for cryoprotection 
before freezing in liquid nitrogen.

Purified BhcD (10 mg ml−1) was mixed in a 1:1 ratio with solution 
B containing 20% PEG 3350, 0.2 M Mg(NO3)2, 5 mM NAD+ and 5 mM 
Tb-Xo4, pH 6.4 (final drop volume 4 µl). Various additives were tested to 
improve crystal quality and size. The best results were achieved with the 
recently described nucleating and phasing agent Tb-Xo453. Reservoirs 
were filled with 114 µl of solution B. Crystals appeared within a week. 
Crystals were briefly soaked in mother liquor supplemented with 40% 
ethylene glycol for cryoprotection before freezing in liquid nitrogen.

X-ray diffraction data were collected at the beamlines ID29 and ID30B 
of the ESRF (Grenoble, France) and at beamline P13 of DESY (Hamburg, 
Germany). The data were processed with the XDS54 (build 20180126) and 
CCP4 v.7.0 software packages55. The structures were solved by molecu-
lar replacement. For BhcC, the structure of a d-threonine aldolase (PDB 
4V15)56 served as search model. For BhcD, a homology model was made 
based on the structure of l-alanine dehydrogenase (PDB 1OMO)57 using 
Swiss-Model58. This homology model was then used as search model for 
the molecular replacement. The molecular replacement was carried 
out using Phaser of the Phenix software package59 (v.1.14), built with 
Phenix.Autobuild and refined with Phenix.Refine. Additional model-
ling, manual refining and ligand fitting was done in Coot60 (v.0.8.9). 
Final positional and B-factor refinements, as well as water picking, 
were performed using Phenix.Refine. The structure models for BhcC 
and BhcD were deposited at the Protein Data Bank in Europe (PDBe) 
under PDB accession numbers 6QKB and 6RQA, respectively. Figures 
were made using Pymol 1.8.

Analysis of North Sea metagenome data
Searches for the bhc gene cluster in 38 assembled surface seawater 
metagenomes sampled at the island of Helgoland between 2010 and 
2012 were performed using the Ruegeria pomeroyi DSS-3 bhc gene 
cluster proteins as reference (NCBI protein IDs WP_011241924.1 (BhcR), 
WP_011241925.1 (BhcA), WP_011241926.1 (BhcB), WP_011241927.1 
(BhcC), WP_044029519.1 (BhcD)). All identified proteins of the 38 
metagenomes were searched against these proteins using DIAMOND61 
BLASTp and post-filtered to those hits for which the entire gene cluster 
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could be detected on a metagenome contig. These contigs were, if pos-
sible, linked to metagenome-assembled genomes (MAGs) binned from 
the same 38 metagenomes. MAGs were binned as previously described62 
and both the metagenome assemblies and MAGs are accessible under 
accession PRJEB28156 at the European Nucleotide Archive (ENA). MAG 
quality was assessed using CheckM v.1.0.763. Abundance estimates of 
MAGs and the single unbinned contig were calculated based on read 
mapping as reads per kilobase per million reads (RPKM; 2 RPKM ≈ 1% 
relative abundance detected by fluorescence in situ hybridization28). 
Read mapping of all 38 metagenomes to MAGs and the single unbinned 
contig was performed as previously described62 using BBMap v.35.14 
(http://bbtools.jgi.doe.gov).

Phylogenetic analyses
A genome tree of bacterial strains and five MAGs with the bhc gene 
cluster was calculated using GTDBtk v.0.1.3 with GTDB v.8664. GTDBtk 
uses an alignment of 120 bacterial marker genes to infer taxonomic 
relationships. The GTDBtk calculated tree was subsampled to the 264 
bhc gene cluster containing bacterial strains and the MAGs and visual-
ized using iTOL65.

Sequences of BhcABCD from 264 bacterial isolates and 6 metage-
nome contigs (five of which were linked to MAGs) were aligned using 
MUSCLE66, manually curated to remove gaps and concatenated. A phy-
logenetic tree of concatenated sequences of BhcABCD was calculated 
using raxmlGUI67 1.5b2 using the PROTGAMMA model with Le-Gascuel 
substitution matrix68, 100 bootstraps and 100 maximum-likelihood 
resamplings. The resulting tree was visualized using iTOL.

Sequences from the ornithine cyclodeaminase/µ-crystalline 
superfamily (Conserved Domain accession cl27428) and the type 
III PLP-dependent enzymes superfamily (Conserved Domain acces-
sion cl00261) were downloaded from the NCBI protein database and 
aligned using MUSCLE. Phylogenetic trees of the aligned sequences 
were calculated with raxmlGUI 1.5b2 using the PROTGAMMA model 
with Le-Gascuel substitution matrix, 100 bootstraps and 100 maximum-
likelihood resamplings. The resulting trees were visualized using iTOL.

In total, 1,614 protein sequences from the ornithine cyclodeaminase/
µ-crystalline superfamily were used for generation of a sequence simi-
larity network (SSN) using the EFI-EST web tool69 with a cut-off value of 
1 × 10−50. In this SSN, all connected sequences that shared 80% or more 
identity were grouped into a single node, resulting in 619 meta nodes. 
The SSN was visualized with Cytoscape 3.7.1 (https://cytoscape.org) 
and edges between nodes with less than 50% identity were removed.

Analysis of Tara Oceans metagenomes
BhcC from P. denitrificans DSM 413 (Uniprot A1B8Z1) and Gcl from 
Starkeya novella DSM 506 (Uniprot D7A6R1) were used as queries to 
search the OM-RGC_v1 database using the Ocean Gene Atlas70 web tool 
(http://tara-oceans.mio.osupytheas.fr/ocean-gene-atlas) with a cut-off 
value of 1 × 10−100. The resulting hits were inspected and sequences that 
were deemed to not belong to BhcC or Gcl were removed. The follow-
ing criteria were used: at least 50% of the query sequence covered; 
at least two of the three residues A160, A195, S313 present for BhcC 
sequences; residues V25, V51, L421, L476, L478, I47971 present for Gcl 
sequences. The coordinates of sampling sites with positive hits for 
BhcC in samples from surface water (0.22–3-µm size fraction) were 
downloaded and visualized using Ocean Data View 5.1.5 (Schlitzer, R., 
Ocean Data View, odv.awi.de, 2018). Taxonomic assignments of BhcC 
and Gcl sequences were downloaded and manually converted to GTDB 
taxonomy. Sequence IDs are listed in Supplementary Data 2.

Environmental sample collection and processing
Sampling was carried out on each working day (Monday–Friday) with 
the RV Aade (https://www.awi.de/en/expedition/ships/more-ships.
html) at the research site ‘Kabeltonne’ (54° 11.3′ N, 7° 54.0′ E) from 
approximately 1 m water depth in 20 l carboys. The water samples for 

microbial biomass were subjected to fractionating filtration directly 
upon arrival in the Biologische Anstalt Helgoland laboratory (typically 
less than one hour after sampling). Three membrane 142-mm diameter 
filtration units were operated in parallel to keep filtration times to a 
minimum. First, samples were pre-filtered through 142-mm diameter 
10-µm-pore-size polycarbonate filters (Merck Chemicals) by means of 
an air-pressure pump to remove large particles and eukaryotic plank-
ton. Then, the water samples were filtered with air-pressure pumps 
onto 142-mm diameter 3-µm-pore-size polycarbonate filters (Merck 
Chemicals) to collect predominantly bacteria associated with smaller 
particles and algae. Afterwards, dedicated aliquots were filtered onto 
142-mm diameter 0.2-µm pore-size-polyethersulfone filters (Merck 
Chemicals) for DNA and RNA extraction. Bacterioplankton dominated 
this 0.2-µm fraction. The entire filtration process for all fractions was 
usually finished within 3 h, that is, latest 4 h after the sampling. All filters 
were stored at −80 °C until further analyses.

Total cell counts
Samples were fixed with 1% formaldehyde and filtered onto polycar-
bonate membrane filters as described above. Total cell counts were 
determined from 10 ml fixed seawater samples. One filter section was 
cut and stained with 4′,6-diamidino-2-phenylindole (DAPI, 1 µg ml−1). 
The stained filters were analysed manually; the total cell count includes 
heterotrophic bacteria as well as autofluorescent cyanobacteria, but 
not picoeukaryotic cells.

Concentration of Chl a
The concentration of Chl a was determined in subsurface water on each 
working day (Monday–Friday) as part of the Helgoland Roads LTER 
time series (https://www.awi.de/en/science/biosciences/shelf-sea-
system-ecology/working-groups/long-term-observations-lto.html). 
The concentration of Chl a was assessed from fluorescence data using 
an algal group analyser (bbe moldaenke).

Determination of glycolate concentrations
Once per week, 5 aliquots of 2 ml each were taken from the filtrate after 
0.2-µm filtration and stored at −80 °C until analysis. Glycolate con-
centrations were measured after derivatization of the samples with 
3-nitrophenylhydrazine as previously described72. LC–MS analyses were 
performed on an Agilent 6495B Triple Quad LC–MS system equipped 
with an electrospray ionization source. The analytes were separated on 
a RP-18 column (50 mm × 2.1 mm, particle size 1.8 µm, ZORBAX RRHD 
Eclipse Plus C18; Agilent) kept at 40 °C using a mobile phase system 
that consisted of 0.1% formic acid in water (A) and acetonitrile (B). 
The gradient was as follows: 0 min, 5% B; 1 min, 5% B; 6 min, 95% B; 
6.5 min, 95% B; 7 min, 5% B at a flow rate of 250 µl min−1. Samples were 
held at 15 °C and injection volume was 5 µl. MS/MS data were acquired in 
negative MRM mode. Capillary voltage was set at 3 kV and nitrogen gas 
was used as nebulizing (25 psig), drying (11 l min−1, 130 °C) and sheath 
gas (12 l min−1, 400 °C). The dwell time and fragmentor voltage were 
20 ms and 380 V, respectively. Optimized collision energy used for the 
derivatized glycolate (210 m/z → 137 m/z) was 22 V. LC–MS data were 
analysed and quantified using MassHunter Qualitative Navigator and 
QQQ Quantitative Analysis software (Agilent).

Determination of glycolate uptake rates
Samples for glycolate uptake measurements were collected on 10 April, 
15 May and 29 May 2018. All samples were used after filtration through 
a 3-µm filter and divided into 4 live 40 ml subsamples in sterile plastic 
tubes wrapped in aluminium foil and incubated with 165 nM calcium 
[1-14C]glycolate (American Radiolabelled Chemicals; 55 mCi mmol−1, 
0.1 mCi ml−1 in sterile water) at 12 °C for 8 h. Controls consisted of four 
40 ml subsamples killed in 10% formalin for 1 h before addition of 165 nM 
calcium [1-14C]glycolate. Glycolate uptake was monitored over time by 
withdrawing 5 ml aliquots from each subsample, filtering each aliquot 
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onto a 0.2-µm pore size Nuclepore polycarbonate filter (GE Health-
care), rinsing the filter 3 times with 5 ml of filter-sterilized sea water and 
measuring the radioactivity with a Tri-Carb 4910 TR liquid scintillation 
analyser (PerkinElmer) using the Ultima Gold scintillation cocktail 
(PerkinElmer). Glycolate uptake rates were determined by linear fit 
of the counts per minute measured on the filters over time. Uptake 
rates were corrected to account for the presence of non-radioactive 
glycolate in the samples.

DNA and RNA extraction, cDNA synthesis and qPCR
DNA and RNA was extracted from filters using the AllPrep Bacterial 
DNA/RNA/Protein Kit (Qiagen) according to the manufacturer’s instruc-
tions. The RNA samples were treated with the TURBO DNA-free Kit 
(Thermo Fisher Scientific) according to the manufacturer’s instructions 
to exclude contamination with DNA. DNA and RNA concentrations 
were determined using the Qubit dsDNA/RNA HS Assay Kit (Thermo 
Fisher Scientific) according to the manufacturer’s instructions. In total, 
2 µg of RNA was used for cDNA synthesis with the GoScript Reverse 
Transcription System (Promega) and random hexamers according to 
the manufacturer’s instructions.

Degenerate primers for the bhcC gene were designed using the 
j-CODEHOP software73–75 and an alignment of 207 bhcC sequences from 
bacterial strains isolated from marine habitats. Sequences were aligned 
using MUSCLE. Extracted DNA and cDNA of RNA were quantified using 
a CFX Connect Real-Time System (Bio-Rad). SYBR Green JumpStart Taq 
ReadyMix (Sigma-Aldrich) was used for the PCR amplification mixture 
according to the manufacturer’s instructions. Final MgCl2 concentra-
tion was 3 mM, and the amplification protocol consisted of an initial 
enzyme activation step at 95 °C for 5 min, followed by 45 cycles of 95 °C 
for 30 s, 60 °C for 30 s, and 72 °C for 45 s. Eight standard amounts rang-
ing from 3 × 101 to 3 × 108 copies were run in triplicate for each set of 
analyses. Regression of all standard curves yielded an r2 value of at least 
0.998. All samples were run in triplicate. The starting copy numbers of 
bhcC in DNA and cDNA were calculated based on regression parameters 
of standard curves, and gene/transcript copy numbers per cell were 
calculated based on the volume of sea water filtered, the microbial cell 
count at the time of sampling, the amount of extracted DNA or RNA, 
and the volume of DNA or cDNA used per reaction. The degenerate 
primers were validated with genomic DNA of P. denitrificans DSM 413, 
Rhodobacter sphaeroides 2.4.1, and E. coli K-12 MG1655 as template 
using the same qPCR protocol as above. Standards for quantification 
were created by PCR using genomic DNA of P. denitrificans DSM 413 as 
template. Purified bhcC PCR product was quantified using the Qubit 
dsDNA HS Assay Kit (Thermo Fisher Scientific) according to the manu-
facturer’s instructions.

Reporting summary
Further information on research design is available in the Nature 
Research Reporting Summary linked to this paper.

Data availability
The coordinates and structure factors of the crystal structures gen-
erated from this research are available at the PDB under accession 
numbers 6QKB and 6RQA. Mass spectrometry proteomics data are 
available via ProteomeXchange with the identifier PXD013274. MAGs 
are available under accession PRJEB28156 at the European Nucleotide 
Archive (ENA). All other relevant data are available in the Article and the 
Supplementary Information. Source Data for Figs. 2, 3 and Extended 
Data Fig. 1, 4, 5, 7–9 are provided with the paper. 
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Extended Data Fig. 1 | Previously reported glycolate concentrations in 
environmental samples and cultures of photosynthetic organisms. a, Bar 
diagram of glycolate concentrations as previously reported in environmental 
samples. For details on samples, replicates, and analytics see b and the 

literature cited therein. b, Table of glycolate concentrations as previously 
reported in environmental samples (E1, E2 and so on) and cultures of 
photosynthetic organisms (C1, C2 and so on). When reported in the 
reference1,2,4,9–11,30–39, the mean value ± error is given.



Extended Data Fig. 2 | Crystal structure and phylogenetic analysis of the 
β-hydroxyaspartate aldolase BhcC. a, Cartoon representation of the 
β-hydroxyaspartate aldolase homodimer (PDB 6QKB) with superimposed 
protein surface (left, side view; right, top view). b, Active site of 
β-hydroxyaspartate aldolase with covalently bound PLP (light cyan). Active site 
residues highlighted in pink (A160, A195 and S313) are completely conserved 
only among β-hydroxyaspartate aldolases, but differ in d-threonine aldolases. 

c, Active site of d-threonine aldolase (PDB 4V15). The corresponding conserved 
residues among d-threonine aldolases (Q155, S190 and C303) are highlighted as 
in b. d, Maximum likelihood phylogenetic tree of the type III PLP-dependent 
protein superfamily. Sequences of the β-hydroxyaspartate aldolase BhcC and 
its homologues form a distinct clade (blue) within the d-threonine aldolase 
branch of this superfamily. Bootstrap values of at least 50 are given on the 
respective nodes.
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Extended Data Fig. 3 | See next page for caption.



Extended Data Fig. 3 | Crystal structure and phylogenetic analysis of the 
iminosuccinate reductase BhcD. a, Cartoon representation of the 
iminosuccinate reductase homodimer (PDB 6RQA) with superimposed protein 
surface (left, side view; right, top view). b, Active site of BhcD with bound NAD+ 
(light cyan). Residues highlighted in pink (V39, R41, G52, K54 and H83) may 
contribute to substrate binding and are conserved among iminosuccinate 
reductases, but differ in l-alanine dehydrogenases. c, Active site of l-alanine 
dehydrogenase (PDB 1OMO). The corresponding conserved residues among  
l-alanine dehydrogenases (K41, Y43, R52, M54 and V81) are highlighted as in b. 
d, Maximum likelihood phylogenetic tree of the ornithine 

cyclodeaminase/µ-crystalline protein superfamily. Sequences of the 
iminosuccinate reductase BhcD and its homologues form a distinct clade (red) 
within this superfamily. Bootstrap values of at least 50 are given on the 
respective nodes. e, Sequence similarity network of 1,614 sequences from the 
ornithine cyclodeaminase/µ-crystalline protein superfamily. Connected 
sequences with more than 80% identity are clustered into nodes. The number 
in each node gives the number of sequences contained within. Nodes with 
more than 50% identity are connected by edges. Similar to the phylogenetic 
analysis shown in d, sequences of the iminosuccinate reductase BhcD and its 
homologues form a distinct clade (red) within this superfamily.

https://www.rcsb.org/structure/6RQA
http://www.rcsb.org/structure/1OMO
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Extended Data Fig. 4 | Michaelis–Menten kinetics of all enzyme reactions 
characterized in this study. a, Michaelis–Menten kinetics for aspartate–
glyoxylate aminotransferase (BhcA). b, Michaelis–Menten kinetics for 
β-hydroxyaspartate dehydratase (BhcB). c, Michaelis–Menten kinetics for 

β-hydroxyaspartate aldolase (BhcC). d, Michaelis–Menten kinetics for 
iminosuccinate reductase (BhcD). a–d, Data are shown from n = 3 independent 
experiments at different substrate concentrations. The data are summarized  
in Table 1.
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Extended Data Fig. 5 | Physiological role of the BHAC in P. denitrificans DSM 
413. a, Growth rate of wild-type P. denitrificans DSM 413 on the BHAC 
substrates glycolate and glyoxylate. The middle line and box are the median 
and interquartile range of n = 6 independent experiments and the whiskers 
indicate the maximum range of the dataset. b, c, Representative growth curves 
of wild-type P. denitrificans DSM 413 (grey) and bhc deletion strains (coloured) 
grown in the presence of 60 mM glycolate (b) or 60 mM glyoxylate (c). Deletion 
of any single gene in the bhc gene cluster is sufficient to completely abolish 
growth in the presence of glycolate and glyoxylate. These experiments were 
repeated three times independently with similar results. d–f, Growth rates (μ) 
of wild-type P. denitrificans DSM 413 (grey) and BHAC deletion strains 
(coloured) grown in the presence of 60 mM acetate (d), 30 mM succinate (e) or 
20 mM glucose (f). Deletion of any single gene in the bhc gene cluster, or of the 
whole bhc gene cluster, still permits growth on acetate, succinate or glucose 
with comparable growth rates as for the wild type. Data are the mean ± s.d. of 
n = 3 independently grown cultures. g, Analysis of the proteome of glycolate-
grown compared to succinate-grown P. denitrificans DSM 413. All proteins that 
were quantified by at least three unique peptides are shown. The 15 proteins 
that showed the strongest increase in abundance are marked in the volcano 
plot. The four enzymes of the BHAC are marked in red, the three subunits of 
glycolate oxidase in orange, the proteins of a putative operon for lactate 
utilization in white and the proteins directly downstream of the bhc gene 
cluster in light red. h, The abundance of these proteins, given as the percentage 
of the intensity-based absolute quantification (iBAQ) value. Data are the 

mean ± s.d. of n = 4 independently grown cultures. i, Specific activities of BHAC 
enzymes in cell-free extracts of glycolate-grown P. denitrificans DSM 413, as 
measured spectrophotometrically. Note that the activity of BhcD is plotted on 
the right y axis and consists of the actual iminosuccinate reductase activity 
(iminosuccinate to l-aspartate) as well as endogenous malate dehydrogenase 
activity (oxaloacetate to l-malate). j, Ratio of malate to aspartate determined 
by LC–MS during the enzyme assay for BhcD activity. The ratio remains 
approximately constant at 12:1, indicating that only approximately 8% of the 
activity (around 1.3 U mg−1) shown in i can be ascribed to iminosuccinate 
reductase. i, j, Data are the mean ± s.d. of n = 3 independently grown cultures; 
each data point represents the mean of n = 3 technical replicates. k, DNA-
binding properties of BhcR. Left, a fluorescently labelled DNA fragment 
carrying the putative promoter region of the bhc gene cluster (Pbhc) was 
incubated with increasing amounts of purified BhcR protein and subsequently 
separated by electrophoresis to visualize DNA bound to BhcR and free DNA; a 
DNA fragment derived from the coding region of bhcA was used as a negative 
control. BhcR specifically forms a complex with the DNA fragment containing 
the putative promoter region of the bhc gene cluster. Right, the Pbhc–BhcR 
complex was incubated with increasing concentrations of glyoxylate and 
subsequently separated by electrophoresis to assess the effect of glyoxylate on 
complex formation; the bhcA DNA fragment together with BhcR was used as a 
negative control. Increasing concentrations of glyoxylate decrease the binding 
of BhcR to the Pbhc DNA fragment. For gel source data, see Supplementary Fig. 1.



Extended Data Fig. 6 | See next page for caption.



Article
Extended Data Fig. 6 | Phylogenetic analysis of the bhc gene cluster.  
a, Genome-based maximum likelihood phylogenetic tree of bacterial strains 
with the bhc gene cluster. The bhc gene cluster is found in 
Gammaproteobacteria (green), and in the alphaproteobacterial orders 
Rhizobiales (blue) and Rhodobacterales (red), as well as in one member each of 
Sphingomonadales and Kiloniellales. The phylogenetic tree is based on an 
alignment of 120 bacterial marker genes from 264 publicly available bacterial 
genomes and 5 MAGs and was calculated using GTDB-Tk64 (https://github.com/
Ecogenomics/GtdbTk). If several strains from the same genus cluster together, 
nodes are collapsed at the genus level, and the size of the resulting circle 
corresponds to the respective number of strains. Loktanella*: collapsed node 
contains the MAGs 20110516_Bin_8_1 and 20110523_Bin_9_1; Planktotalea**: 
collapsed node contains the MAG 20110523_Bin_97_1; Litoricola***: collapsed 
node contains the MAG 20110526_Bin_19_1. b, Maximum likelihood 
phylogenetic tree of concatenated BHAC enzyme sequences. Colour code is 
the same as in a. Phylogenetic groups that were mostly isolated from terrestrial 
or freshwater habitats are marked with a black dot. Comparison with a reveals 
that the sequences of the BHAC enzymes are not phylogenetically 
representative, as, for example, alpha- and gammaproteobacterial sequences 
form a common branch and sequences from terrestrial or freshwater 
Rhizobiales and Rhodobacterales form another common branch. This 

suggests that the bhc gene cluster might have been subject to horizontal gene 
transfer between distantly related strains in shared habitats. The 
environmental bhc gene cluster sequence that could not be binned 
successfully is marked in bold and clusters together with isolated 
representatives of Pseudoruegeria, Litoreibacter and Pseudooceanicola. The 
phylogenetic tree is based on the concatenated alignments of the 4 enzymes 
(BhcA–BhcD) from 264 publicly available bacterial genomes and from 6 
metagenome contigs. It was calculated using raxmlGUI67. Bootstrap values of 
at least 50 are given on the respective nodes; calculated branch lengths of the 
tree are ignored for the sake of better visualization. If several strains from the 
same genus cluster together, nodes are collapsed at the genus level, and the 
size of the resulting circle corresponds to the respective number of strains. If 
strains from the same genus cluster in more than one node, the respective 
branches are labelled as Genus_1, Genus_2, and so on, in a clockwise manner. 
Loktanella_2*: collapsed node contains the MAGs 20110516_Bin_8_1 and 
20110523_Bin_9_1; Planktotalea**: collapsed node contains the MAG 20110523_
Bin_97_1; Litoricola***: collapsed node contains the MAG 20110526_Bin_19_1.  
a, b, Taxonomy is based on GTDB (release 03-RS86; http://gtdb.ecogenomic.
org/). All strains contained in the phylogenetic trees are listed in 
Supplementary Data 1.

https://github.com/Ecogenomics/GtdbTk
https://github.com/Ecogenomics/GtdbTk
http://gtdb.ecogenomic.org/
http://gtdb.ecogenomic.org/
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Extended Data Fig. 7 | Glyoxylate assimilation pathways in marine 
metagenomes. a, Metagenomes collected during the Tara Oceans expedition 
were searched for the presence of BhcC as representative enzyme of the BHAC. 
Dots on the map mark sampling locations of metagenomes containing BhcC 
sequences; the colour of the dot corresponds to BhcC abundance in samples 
from surface water (0.22–3-µm size fraction), as shown in the legend. The map 
was made with Ocean Data View 5.1.5 (Schlitzer, R., Ocean Data View, odv.awi.
de, 2018). b, Phylogenetic distribution of 104 unique BhcC sequences found in 
Tara Oceans metagenomes. c, Phylogenetic distribution of 32 unique Gcl (as 
representative enzyme of the glycerate pathway) sequences found in Tara 
Oceans metagenomes. Whereas BhcC is mainly found in Alphaproteobacteria, 
Gcl is largely restricted to Gammaproteobacteria. b, c, Taxonomy is based on 

GTDB64 (release 03-RS86; http://gtdb.ecogenomic.org/). d, Ratio of the 
abundances (in percentage of total reads) of BhcC to Gcl in Tara Oceans 
metagenomes. BhcC:Gcl ratios from n = 210 samples are plotted together (left) 
and clustered by sampling depth (SRF, upper layer zone (n = 101); DCM, deep 
chlorophyll maximum layer (n = 68); MES, mesopelagic zone (n = 41)). Samples 
from the 0.22–3-µm size fraction are denoted by a black dot; samples from the 
<0.22-µm size fraction are denoted by a blue dot. The median is shown in 
orange as centre value and error bars represent interquartile ranges. The 
median BhcC:Gcl ratio of all samples is 18.7. The highest BhcC:Gcl ratio is found 
in surface water samples (median = 41.8), with the ratio generally being higher 
in the 0.22–3-µm size fraction than in the <0.22-µm size fraction. Sequence IDs, 
abundances and BhcC:Gcl ratios are given in Supplementary Data 2.

https://odv.awi.de/
https://odv.awi.de/
http://gtdb.ecogenomic.org/


Extended Data Fig. 8 | Abundance of the bhc gene cluster in Helgoland 
metagenomes. a, The location of Helgoland Island approximately 40 km 
offshore the northern German coastline in the North Sea is marked with a red 
dot. The map was made with Ocean Data View 5.1.5 (R. Schlitzer, Ocean Data 
View, odv.awi.de, 2018). b, The long-term ecological research site ‘Kabeltonne’ 
(red dot: 54° 11.3′ N, 7° 54.0′ E) is located between Helgoland Island (left) and 
the small island Düne (right). Satellite image from WorldWind Explorer  
(B. Schubert, worldwind.earth/explorer, 2016–2018); the image was adapted to 

indicate the sampling site. c–e, Abundance of the bhc gene cluster (in RPKM) 
was calculated in 38 metagenomes from samples collected during the algal 
spring blooms of 2010 to 2012 in the North Sea close to Helgoland28. Six 
different sequences were investigated, five of which could be assigned to 
metagenome bins (Extended Data Fig. 6 and Supplementary Data 3), whereas 
the remaining, most abundant sequence (black) could not be binned 
successfully.

https://odv.awi.de/
http://worldwind.earth/explorer/
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Extended Data Fig. 9 | Validation of degenerate bhcC primers. Degenerate 
primers for bhcC were used for qPCR with different amounts of genomic DNA 
from P. denitrificans DSM 413, Rhodobacter sphaeroides 2.4.1, and E. coli K-12 
MG1655 as template. While the bhcC gene from P. denitrificans DSM 413 is 
amplified, genomic DNA from organisms that lack the bhc gene cluster does 
not result in reliable amplification. Data are mean ± s.d.; n = 3 independent 
experiments.



Extended Data Table 1 | X-ray diffraction data collection and 
model refinement statistics

Numbers in parentheses indicate statistics for the highest resolution shell. The structures 
were determined from single crystals.
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Ecological, evolutionary & environmental sciences study design
All studies must disclose on these points even when the disclosure is negative.

Study description Investigation of spring phytoplankton bloom 2018 at Helgoland island. Data on chlorophyll A concentrations, total cell count, 
glycolate concentrations and uptake rates, and abundance of bhcC genes and transcripts in microbial biomass from water samples 
are quantitative.

Research sample Water samples were taken from a designated location (see below) close to Helgoland island; no statistical method was used to 
predetermine sample size. This sampling site was chosen because it had been used in previous sampling campaigns by the MPI 
Bremen and the Biologische Anstalt Helgoland. Therefore, it was relevant to take water samples in 2018 that could be compared to 
samples taken at the same site in previous years.

Sampling strategy Five biological replicates (= independent water samples) were used to determine glycolate concentrations in seawater. Four 
biological replicates (= independent water samples) were used to determine glycolate uptake rates. One water sample was used to 
determine total cell count and chlorophyll A concentration. One water sample was used to obtain microbial biomass for DNA and 
RNA extraction. No sample size calculation was performed. The common rationale for replicate samples was to have a sample size 
that allows us to calculate a standard deviation.

Data collection Sampling was carried out on each working day (Monday - Friday) by the crew of the RV Aade (www.awi.de/en/expedition/ships/
more-ships.html) at the research site ‘Kabeltonne’ (54° 11.3' N, 7° 54.0' E) from approximately 1 m water depth in 20 L carboys. The 
water samples for microbial biomass were subjected to a fractionating filtration directly upon arrival in the Biologische Anstalt 
Helgoland laboratory (typically less than one hour after sampling). The entire filtration process for all fractions was usually finished 
within 3 h, i.e. latest 4 h after the sampling. Further data collection was carried out by the staff of Biologische Anstalt Helgoland and 
MPI Bremen (chlorophyll A concentrations, total cell count), or Lennart Schada von Borzyskowski (glycolate concentrations and 
uptake rates, abundance of bhcC genes and transcripts), together with Peter Claus and Nina Socorro Cortina (glycolate 
concentrations).

Timing and spatial scale Water samples were collected once daily in the morning (between 8 and 10 am) on each working day between March 1 and May 31, 
2018. Water samples were collected in the North Sea close to Helgoland island, at the research site ‘Kabeltonne’ (54° 11.3' N, 7° 54.0' 
E), from approximately 1 m water depth.

Data exclusions No data were excluded from the analyses.

Reproducibility Not applicable, since sampling was carried out once daily.

Randomization The water samples used in this study were selected and divided randomly in the different conditions to determine glycolate uptake 
rates. No criteria of selection were applied.

Blinding Blinding of samples was not applicable for the kind of experiments included in this study, since water samples (in replicates) were 
taken on different dates and labeled accordingly.

Did the study involve field work? Yes No

Field work, collection and transport
Field conditions Water samples were collected once daily in the morning (between 8 and 10 am) on each working day between March 1 and May 

31, independent of temperature or weather conditions.

Location Water samples were collected in the North Sea close to Helgoland island, at the research site ‘Kabeltonne’ (54° 11.3' N, 7° 54.0' 
E), from approximately 1 m water depth.

Access and import/export Water samples were collected without harming the habitat. No import or export of samples was conducted in the frame of this 
study.

Disturbance No disturbance was caused by the study.
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