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Heme, a porphyrin ring complexed with iron, is a metallopros-
thetic group of numerous proteins involved in diverse metabolic
and respiratory processes across all domains of life, and is thus
considered essential for respiring organisms. Several microbial
groups are known to lack the de novo heme biosynthetic pathway
and therefore require exogenous heme from the environment.
These heme auxotroph groups are largely limited to pathogens,
symbionts, or microorganisms living in nutrient-replete conditions,
whereas the complete absence of heme biosynthesis is extremely
rare in free-living organisms. Here, we show that the acl lineage, a
predominant and ubiquitous free-living bacterial group in fresh-
water habitats, is auxotrophic for heme, based on the experimen-
tal or genomic evidence. We found that two recently cultivated acl
isolates require exogenous heme for their growth. One of the cul-
tured acl isolates also exhibited auxotrophy for riboflavin. Accord-
ing to whole-genome analyses, all (n = 20) isolated acl strains
lacked essential enzymes necessary for heme biosynthesis, indicat-
ing that heme auxotrophy is a conserved trait in this lineage. Anal-
yses of >24,000 representative genomes for species clusters of the
Genome Taxonomy Database revealed that heme auxotrophy is
widespread across abundant but not-yet-cultivated microbial
groups, including Patescibacteria, Marinisomatota (SAR406), Acti-
nomarinales (OM1), and Marine groups Ilb and Il of Euryarch-
aeota. Our findings indicate that heme auxotrophy is a more
common phenomenon than previously thought, and may lead to
use of heme as a growth factor to increase the cultured microbial
diversity.
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he actinobacterial acl lineage is the most abundant bacter-

ioplankton group in freshwater environments (1-4). They
have streamlined genomes that suggest auxotrophy for various
essential compounds (such as vitamins and amino acids) and
have diversified into multiple subgroups that display spatiotem-
poral patterning typical of niche specialization (5-8). Labora-
tory cultivation is crucial for the experimental validation of
genome-based inferences on the characteristics of environmen-
tally relevant microbial groups (9, 10), as exemplified by studies
on the marine SAR11 group (11). However, efforts to cultivate
the acl lineage using genome predictions and by inferring eco-
physiological traits from the habitats of these cells were unsuc-
cessful (6, 12), until we recently reported an approach for the
robust cultivation of two acl strains, thus establishing the first
stable cultures of the acl lineage (13).

Stable axenic cultivation of two acl strains was achieved by
supplying catalase as a critical growth supplement (13), after
which diverse subclades of the acl lineage were isolated with
this approach (14). In this previous work (13), the two strains,
“Candidatus Planktophila rubra” IMCC25003 (hereinafter
referred to as IMCC25003) and “Candidatus Planktophila
aquatilis” IMCC26103 (hereinafter referred to as IMCC26103),
grew robustly and reproducibly when bovine liver catalase was
added to growth media. The growth of these strains coincided
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with decreases in H,O, concentrations caused by the addition
of catalase, suggesting that the acl group might be sensitive to
oxidative stress and therefore proliferated due to the lowered
H>0, concentrations in the culture medium. However, two
experimental observations could not be easily reconciled with
this interpretation. First, when H,O, concentration was low-
ered by the addition of pyruvate, a chemical scavenger of
H,0,, the enhancement of acl growth was marginal. Second,
the H,O, concentration that allowed the growth of the two acl
strains in the catalase-supplemented laboratory experiment
(~10 nM) was much lower than those measured in the lake
from which the strains were isolated (~60 nM). Therefore, we
conjectured that “catalase is essential for the growth of acl
strains via mechanisms involving, but not restricted to, H,O,
decomposition” (13).

While further investigating this unsolved discrepancy, we dis-
covered that all genomes of the acl lineage were deficient in
the heme biosynthetic pathway (Fig. 1) (discussed in more
detail below). Hemes are iron-containing porphyrins that are
present as cofactors in a diverse range of bacterial proteins,
including respiratory cytochromes, nonrespiratory-chain cyto-
chromes, noncytochrome hemoproteins, gas sensor proteins,
peroxidases, and catalases (15). Although several microbial
groups with pathogenic, symbiotic, or commensal lifestyles are
known to lack the de novo heme biosynthetic pathway (16-21),
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Definition of six modules involved in heme biosynthesis in Prokaryote

Parts Modules Step
Upper C5 142
C4 3
Common COMMON 4+5+6
Lower PPD (Protoporphyrin-dependent) ~ 7+8+9+10
CPD (Coproporphyrin-dependent)  7+11+12+13
SIRO (Siroheme-dependent) 14+15+16+17+18+13

Six possible pathway variants for heme biosynthesis in Prokaryote

Pathway variant ~ Upper ~ Common Lower

C5_PPD 1+2 4+5+6 7+8+9+10

C5_CPD 1+2 4+5+6 7+11+12+13

C5_SIRO 1+2 4+5+6 14 +15+16+ 17 +18 + 13
C4_PPD 3 4+5+6 7+8+9+10

C4_CPD 3 4+5+6 7+11+12+13

C4_SIRO 3 4+5+6 14+15+16+17+18+ 13

Number of steps found in genome
Number of total steps (from 1 to 6)

Number of steps found in genome
Number of total steps (from 8 to 11)

*x 100

x 100

= Maximum of the completeness of 6 pathway variants

Overview of heme biosynthetic pathways in prokaryotes and the acl lineage. (A) Diagram showing the heme biosynthetic pathway steps. The

presence (black) or absence (red) of each step in the 20 acl genomes are indicated by colored arrows. (B) Definition of modules and heme biosynthetic
pathway variants used in this study. (C) Formulae for the calculation of completeness of modules and pathway variants. The maximum value among the
completeness of six pathway variants of each genome was taken as the overall completeness of the genome. Refer to SI Appendix, Table S1 for a list of

enzyme names and corresponding KO IDs of the steps defined in the diagram.

the complete absence of heme biosynthesis has rarely been
reported in free-living organisms (15). Therefore, the deficiency
in the heme biosynthetic pathway of the acl lineage was unex-
pected, inescapably leading us to speculate that acl bacteria
require heme, an essential cofactor of catalase, for their growth,
rather than the H,O, scavenging function of catalase.

In this study, based on genome predictions and experimental
evidence, we report that the acl lineage is auxotrophic for
heme. To our knowledge, these experiments with acl bacteria
are unique in showing that major and abundant lineages of
free-living microorganisms inhabiting natural aquatic environ-
ments can be heme auxotrophs. We further demonstrate
through comparative genomics that heme auxotrophy may be
widespread among many abundant prokaryotic groups.

Results

Genomic Evidence of Heme Auxotrophy in the acl Lineage. All of
20 complete genome sequences from isolated acl strains (5, 6)
were found to lack essential heme biosynthesis genes. The
heme biosynthetic pathway is complex and consists of three
parts (15) (Fig. 1). In the upper part, 5-aminolevulinic acid is
synthesized via two different modules known as C4 and CS5. In
the essential middle part, 5-aminolevulinic acid is converted to
uroporphyrinogen IIT (a common precursor of all heme com-
pounds), via a three-step process common to all organisms,
designated as “COMMON.” In the lower part, heme synthesis
from uroporphyrinogen III is mediated by three different mod-
ules, each designated PPD (protoporphyrin-dependent), CPD
(coproporphyrinogen-dependent), and SIRO (siroheme-depen-
dent). Therefore, six variant pathways, combinations of one of
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the two upper modules with one of the three lower modules,
are possible in theory for heme biosynthesis. All acl genomes
lack genes for the essential middle part of the pathway and also
lack most genes for the upper and lower parts (Fig. 1), which
strongly indicates that these strains cannot synthesize heme and
therefore require exogenous heme for survival. In accordance
with our analyses, the lack of the heme biosynthetic pathway in
the acl lineage was also suggested in another recent study (22).
Given that heme-containing cytochromes are essential for res-
piration (23, 24), it was surprising to find that the acl lineage,
which is comprised of free-living and obligately aerobic bacte-
ria, does not possess complete sets of heme biosynthesis cod-
ing sequences.

Experimental Evidence of Heme Auxotrophy in the Cultured acl
Bacteria. As the first step to test heme auxotrophy of acl bacte-
ria, we investigated the effect of hemin (the oxidized form of
heme b) on the growth of the two acl strains, IMCC25003 and
IMCC26103, belonging to the acI-Al and acI-A4 tribes, respec-
tively. IMCC25003 growth was dependent on hemin in a
catalase-free medium. Growth was enhanced by hemin at con-
centrations as low as 10 pM, and enhancement was saturated at
hemin concentrations of 1 nM or higher, with maximum cell
densities (1.8 to 2.5 x 107 cells mL™') comparable to that
obtained from bovine liver catalase addition (10 U mL ') (Fig.
24). Given that the heme concentration in 10 U mL™" catalase
is equivalent to ~50 nM, this amount of added catalase would
be predicted to provide sufficient heme to support full
IMCC25003 culture growth. On the other hand, hemin showed
no effect on the growth of IMCC26103 (Fig. 2B).
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Fig. 2. Hemin-dependent growth of the two acl strains. (A and B) Effect of various concentrations (0 to 100 nM) of hemin on the growth of “Ca. P.
rubra” IMCC25003 (A) and “Ca. P. aquatilis” IMCC26103 (B). (C) Effect of various concentrations (0 to 100 nM) of riboflavin on the growth of IMCC26103
in the presence of hemin (10 nM). (D) Effect of various concentrations (0 to 100 nM) of hemin on the growth of IMCC26103 in the presence of riboflavin
(10 nM). The culture medium without hemin and riboflavin was designated as “Control” and the medium with 10 U mL~" of bovine liver catalase was
designated as “Catalase.” All experiments were performed in triplicate. Error bars indicate the SE. Note that error bars smaller than the size of the

symbols are hidden.

Since hemin enhanced the growth of IMCC25003, but not
IMCC26103, we hypothesized that IMCC26103 requires addi-
tional growth factors that are present in catalase preparations
and we predicted that, similar to IMCC25003, IMCC26103
would exhibit hemin-dependent growth if this additional factor
was provided. A reinvestigation of genome-inferred metabolic
potential (6) identified riboflavin, a precursor of FMN and
FAD, as the most likely additional growth factor required by
IMCC26103 but not IMCC25003. The full gene set for de novo
biosynthesis of riboflavin was identified only in IMCC25003.
IMCC26103 instead had a gene for the riboflavin transporter
PnuX, preceded by the FMN riboswitch (SI Appendix, Fig. S1).
Furthermore, the vitamin mixture used in the experiments did
not contain riboflavin (SI Appendix, Table S2). Consistent with
our genome-based predictions, IMCC26103 grew when ribofla-
vin (>100 pM) was provided together with hemin (10 nM), and
its maximum cell densities in cultures supplemented with 1 to
100 nM of riboflavin reached to levels that were comparable to
those of cultures supplied with catalase (Fig. 2C).

Given that these results indicated that the catalase used in
this study contained riboflavin, we directly measured the ribo-
flavin concentration in the catalase solution. HPLC analysis of
the catalase stock solution (10° U mL™") demonstrated that 10
U mL ' of catalase contained ~690 pM of riboflavin (including
FMN and FAD), which explains the growth enhancement of
IMCC26103 in the catalase-supplemented cultures. Riboflavin
concentrations at picomolar ranges have been reported from
various natural waters, including the Northeast Pacific Ocean
(1.3 to 9 pM) (25), a coastal region (up to 4.4 pM) (26), and an
estuary (45 to 128 pM) (27). Moreover, a recent study reported
14 to 40 pM of riboflavin and 93 to 300 pM of FMN in coastal
water samples (28). Considering that the minimum riboflavin
concentration required for the growth of acl bacteria would be
lower than 100 pM based on the growth curves of IMCC26103
and that freshwater is generally more productive than marine
waters, riboflavin supply (including FMN and FAD) in freshwa-
ter environments would be sufficient to support the growth of
acl bacteria that are auxotrophic for riboflavin.

Upon demonstrating that IMCC26103 requires riboflavin for
growth, the effect of hemin on the growth of the strain was
reexamined in the presence of riboflavin (10 nM). IMCC26103
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exhibited hemin-dependent growth (Fig. 2D), as shown for
IMCC25003 (Fig. 24), providing clear evidence of heme auxot-
rophy for both of the cultivated acl strains tested. Both acl
strains grew well without catalase if the essential component of
catalase, heme, and the impurity in the catalase stock, ribofla-
vin, were supplied. It is worth noting that the relationships
between growth and hemin concentration were different for the
two strains. For example, a hemin supply between 1 and 10 nM
maximized the growth of both strains; however, a higher hemin
concentration (=100 pM) was required to grow IMCC26103 (in
contrast to 10 pM for IMCC25003), and growth was reduced at
100 nM with IMCC26103, but not IMCC25003 (Fig. 2 4 and
D). The requirement of higher hemin concentration by
IMCC26103 might be ascribed to a difference in putative heme
transporters (29). Upon searching for heme uptake systems in
the acl genomes, gene clusters similar to the dppABCDF system
(30, 31) were found in both strains, but a gene cluster similar to
hemTUV (32, 33) was found only in IMCC25003, suggesting that
acl bacteria may have a varied repertoire of heme uptake systems
that result in differences in the minimal heme concentrations
required for growth (see SI Appendix, Table S3 for the distribu-
tion of heme uptake systems in 20 complete acl genome sequen-
ces). We speculate that the reduced growth enhancement of
IMCC26103 at higher hemin concentrations (100 nM) may be
due to sensitivity to oxidative stress caused by excess heme (e.g.,
via the Fenton reaction) (34, 35), as only IMCC25003, but not
IMCC26103, possesses the katG gene (13).

Concentrations of dissolved iron—porphyrin-like complexes
(up to 11.5 nM) (36) and heme b (47.3 to 70.8 pM) (37) in natu-
ral waters are similar to or higher than 10 to 100 pM, the mini-
mum heme concentrations that supported the growth of acl
strains, and therefore it seems likely that acl bacterioplankton
survive in their habitats through uptake of exogenous heme. In
natural systems, heme could originate from many sources (e.g.,
hemoproteins such as cytochromes), liberated from co-occurring
organisms by diverse mechanisms, including viral lysis (38, 39).
The concentration of dissolved heme is thus expected to fluctuate
spatiotemporally in response to environmental changes associ-
ated with microbial dynamics. This fluctuation in heme concen-
tration might be linked to taxon-specific distribution of diverse
acl clades and tribes (5, 40), as the affinity of acl bacteria toward
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heme may vary depending on different uptake systems (S
Appendix, Table S3). Additional measurements of dissolved heme
concentration in aquatic habitats and the further characterization
of heme uptake systems of the acl lineage are required to better
understand the effect of variable heme concentrations on acl
populations.

Growth Response of acl Strains to Hydrogen Peroxide. With the
establishment of robust growth conditions for acl strains by
supplying heme and riboflavin, which do not degrade H,O,
(unlike catalase), we were able to reinvestigate the extreme
growth sensitivity of the acl strains to H,O, reported in our
previous study (13). First, we used pyruvate (100 nM to 50 pM)
to reduce H,O, concentrations in our basal medium (filtered
and autoclaved lake water; ~600 nM of H,0,), as pyruvate is a
H,0,-scavenging chemical and is not utilized by the acl strains
as a carbon source (13). IMCC25003 grew in all conditions,
with a slight inhibition dependent on H,O, concentration (Fig.
34). Even at H,O, concentrations above 200 nM throughout
the incubation period (pyruvate: 0 or 100 nM), maximum cell
densities reached ~6 x 10° cells mL ™" (Fig. 3 4 and E). On the
other hand, IMCC26103 exhibited growth only when >10 pM
pyruvate was added, reducing the H,O, concentration far
below 200 nM, thus indicating that IMCC26103 is more sensi-
tive to H,O, than IMCC25003 (Fig. 3 B and F). To assess the
growth of the acl strains at higher H,O, concentrations, the
two strains were cultured in media supplemented with H,O,
(100 nM to 10 pM). Although inhibited, IMCC25003 grew at
initial H,O, concentrations of nearly 1 pM, and complete inhi-
bition was observed only when H,O, remained above 5 pM
(Fig. 3 C and G). As expected, IMCC26103 failed to grow in
any of the H,O,-supplemented conditions (Fig. 3 D and H).

Pyruvate-addition

These observations using culture media supplemented with
heme, riboflavin, and varying H,O, concentrations demonstrate
that the acl strains investigated herein are not as sensitive to
H,O0, as previously thought. We postulate that these differences
in H,O, sensitivity between the two acl strains are due to the
presence of katG (a gene for bifunctional catalase-peroxidase)
in IMCC25003, but not in IMCC26103. The KatG protein of
IMCC25003 displayed catalase activity in our previous work
(13), and therefore its presence in IMCC25003 likely explains
why this strain can defend itself against H,O, stress better than
IMCC26103. This difference could lead to niche partitioning
among the acl strains, as large spatiotemporal variation in
H,O, concentrations has been reported in freshwater habitats
(41). When confronted with high concentrations of H,O,,
katG-possessing acl bacteria would gain an advantage despite
having to invest resources for KatG production. In contrast,
low H>O, concentrations would favor karG-deficient acl cells,
as these conditions would allow for these cells to save the
resources required for KatG production. It is also worth noting
that the putative fitness advantage gained by possessing the
katG gene would be affected also by the availability and con-
centration of heme, in addition to H,O, concentrations, as
KatG cannot function without heme as pointed out in a recent
study (22).

Genomic Evidence of Heme Auxotrophy Across the Uncultured
Microbial Majority. To gain insights into the mechanisms by which
the acl lineage lost the heme biosynthetic pathway, we analyzed
the distribution of the pathway in the genomes of Nanopelagi-
cales. In the Genome Taxonomy Database (GTDB) (42), the acl
lineage is classified as Nanopelagicaceae within the order Nanope-
lagicales constituting several families. This analysis was performed
by taking the maximum value of the completeness of six variants
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Growth of IMCC25003 (A and C) and IMCC26103 (B and D). (E-H) Changes in H,O, concentration during cultivation of IMCC25003 (E and G) and
IMCC26103 (F and H). All experiments were performed in triplicate. Error bars indicate the SE. Note that error bars shorter than the size of the symbols

are hidden.
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of heme biosynthetic pathways found in each representative
genome for species clusters within Nanopelagicales available in
the GTDB (release 89) (Fig. 1 and Dataset S1). The pathway
was almost completely deficient in all freshwater Nanopelagica-
ceae genomes, including single-amplified genomes (SAGs) and
metagenome-assembled genomes (MAGs), whereas only one
MAG from permafrost soil (palsa_747) contained genes encod-
ing early steps in the pathway (Fig. 44). Other Nanopelagicales
genomes not affiliated with the acl lineage exhibited more
variable but generally higher completeness than the acl genomes
(SI Appendix, Fig. S2). Unlike the acl lineage in which all
genomes (except for palsa_747) exhibited <25% completeness,
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the completeness of non-acl lineage ranged 0 to 89% (SI
Appendix, Fig. S2). Most genomes (15 of 17) had at least one
gene for the essential (COMMON) part of the heme biosynthetic
pathway, and three MAGs retrieved from the ocean (NP52 and
NAT138) or wastewater (UBA10799) had nearly complete path-
ways (Fig. 44). Given that most of the phylum Actinobacteria
genomes exhibited the complete heme biosynthetic pathway (S
Appendix, Fig. S3), it seemed plausible that the loss of the heme
biosynthetic pathway occurred in some members of the order
Nanopelagicales and that the acl lineage had completely lost the
pathway while adapting to freshwater environments through
genome streamlining (43, 44).
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Fig. 4. Heme biosynthetic pathway completeness of Nanopelagicales and major aquatic prokaryotic groups. (A) Heme biosynthetic pathway complete-
ness of representative genomes for species clusters belonging to Nanopelagicales. A phylogenomic tree of Nanopelagicales constructed using a
concatenated alignment of conserved marker proteins is shown on the left. The circles on the right side of genome names indicate isolation sources
(habitats). The Nanopelagicaceae (acl) genomes are shaded in pink. Rhodoluna lacicola MWH-Ta8 (not shown here) was set as an outgroup. The middle
column illustrates the overall (leftmost circle) and per-module (the remaining six circles) completeness of the heme biosynthetic pathway among the
Nanopelagicales genomes. Refer to Fig. 1 for the heme biosynthetic pathway completeness calculations. The circle colors indicate the pathway complete-
ness according to the color gradients in the bottom legend. The GC contents and genome sizes of the genomes are shown with bar graphs on the right.
Genome completeness is indicated by the darkness of the genome size bars, as indicated by the scale at the bottom. (B) Distribution of the completeness
of the heme biosynthetic pathway in major aquatic prokaryotic groups. Phylogenomic trees of representative genomes for species clusters affiliated with
major aquatic bacterial and archaeal groups (S/ Appendix, Table S4 and Dataset S1) are shown on the left. The number of genomes of the groups are
indicated at the right of the group names (within parentheses). The Nanopelagicaceae family (acl lineage) is indicated in red. The phylum Patescibacteria
and phyla Thaumarchaeota and Asgardarchaeota were set as the outgroups in the bacterial and archaeal trees, respectively. On the right, ridgeline den-
sity plots were used to illustrate the distribution of the completeness of heme biosynthetic pathways in the prokaryotic groups. The colors under the
ridgelines indicate the completeness following a color gradient shown at the bottom. The points in the plots indicate the completeness of each genome
of the groups. For the trees in this figure, bootstrap values (A; from 100 resamplings) and local support values (B; from 1,000 resamplings) are shown at
the nodes as filled circles (>90%), half-filled circles (>70%), and empty circles (>50%).
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Having shown the absence of the heme biosynthetic pathway
in the freshwater acl bacteria, we expanded the scope of our
investigation to assess genomic evidence for this trait among all
bacteria and archaea. This analysis targeted a total of 24,706
bacterial and archaeal genomes representing species clusters of
the GTDB database (Dataset S1). We found that many phyla
consisted exclusively of members that lacked heme biosynthesis
genes (e.g., Dependentiae, Patescibacteria, and DPANN contain-
ing Nanoarchaeota) or contained substantial proportions of
predicted heme auxotrophs (e.g., Marinisomatota [SAR406],
Chloroflexota, and Asgardarchaeota) (SI Appendix, Figs. S3 and
S4). Many of the phyla in which heme biosynthetic pathway
gaps were frequent consisted of not-yet or rarely cultured
organisms, the so-called microbial dark matter (45), suggesting
that heme auxotrophy is a plausible explanation for the
challenges of culturing the uncultured microbial majority.
Alternatively, considering the enormous metabolic diversity of
prokaryotes, unknown heme biosynthesis pathways are a possi-
bility, and several of the groups predicted to be heme-
auxotrophs (e.g., Patescibacteria and DPANN) are inferred
from their genomes to lack respiration and rely strictly on fer-
mentative metabolism (46, 47); these cells could conceivably
replicate with little to no exogenous heme.

The apparent heme auxotrophy in several abundant plank-
tonic clades, such as SAR406 and Marine Group II archaea
(MG-II), led us to analyze aquatic microorganisms in more
detail (Fig. 4B). A total of 3,233 representative genomes for
species clusters of 29 major phylogenetic groups residing in
marine, freshwater, and groundwater environments were ana-
lyzed (4, 48). The selected groups, their GTDB taxonomy, and
related literatures are listed in ST Appendix, Table S4. Evidence
of deficiencies in heme biosynthetic pathways was widespread,
although varying in degree, in many not-yet-cultivated groups,
such as SAR406, Actinomarinales (OM1), CL500-11, Patesci-
bacteria, MG-IIb, MG-III, and Asgardarchaeota (Fig. 4B).
Inspection of phylogenomic trees indicated that heme
auxotrophy is relegated to specific subclades within each of
these groups (SI Appendix, Figs. S5-S11), which indicates that
the loss of heme biosynthetic pathways likely occurred indepen-
dently many times during evolutionary adaptation to specific
environmental niches.

We investigated the relationship between genome complete-
ness and the heme biosynthetic pathway completeness (herein-
after, heme completeness) to ascertain whether or not heme
auxotrophy could be an artifact caused by the incompleteness of
SAGs and MAGs. For this analysis, the 24,706 genomes were
divided into two groups according to the GTDB metadata: Isolate
and MAG/SAG. Most of the isolates had almost complete
genomes with complete or nearly complete heme biosynthetic
pathways, with a small number of putative heme auxotrophs,
which we defined as heme completeness of <50% (SI Appendix,
Fig. S124). Genome completeness of MAG/SAGs ranged from
50 to 100%, with an evident bias toward higher completeness,
whereas heme completeness of MAG/SAGs showed a bimodal
distribution with maxima at the complete and incomplete limits of
the spectrum (SI Appendix, Fig. S124), indicating that a substan-
tial number of the taxa represented by MAG/SAGs are heme
auxotrophs. When the MAG/SAGs were partitioned into five
intervals according to genome completeness, genomes with low
heme completeness were a sizable proportion across all intervals,
including the most complete one (>90%) (SI Appendix, Fig.
S12B). The substantial proportion of heme incomplete genomes
among the most complete MAG/SAGs indicates that the conclu-
sion of widespread heme auxotrophy among not-yet-cultured taxa
is not an artifact caused by incompleteness of MAG/SAGs. As
exemplified by the two cultured acl strains that showed no growth
when heme was not available, heme auxotrophs might have
escaped general cultivation efforts better than heme prototrophs.
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Because genomes of not-yet-cultured microbial groups can be
obtained only in the form of MAG/SAGs in most cases, it is likely
that most heme auxotroph genomes are MAG/SAGs, thus leading
to higher proportions of heme auxotrophs among MAG/SAGs
than among isolate genomes regardless of genome completeness.

Having demonstrated that the bimodal distribution of heme
completeness in MAG/SAGs was not related to genome com-
pleteness, we next sought to determine whether heme auxo-
trophs across diverse phylogenetic groups share genomic
features that might be associated with the loss of heme biosyn-
thesis, with a focus on heme-requiring proteins. We examined
the number of proteins assigned to the Kyoto Encyclopedia of
Genes and Genomes (KEGG) Orthology (KO) groups that are
associated with heme-requiring enzymes, such as cytochrome ¢
oxidase, succinate dehydrogenase, and catalase (Materials and
Methods). The number of heme-requiring proteins in the acl
lineage was smaller than that in the other genomes belonging
to the same class, phyla, or domain. However, the acl lineage
had more heme proteins per unit genome length (SI Appendix,
Fig. S13). When all bacterial and archaeal genomes were segre-
gated into two groups according to heme completeness (thresh-
old value of 50%), the genomes with lower heme completeness
(<50%) had a smaller number of heme-requiring proteins than
those with higher completeness (>50%), irrespective of normal-
ization by genome size (SI Appendix, Fig. S14). These results
suggest that the number of heme-requiring proteins may have
generally decreased in heme auxotrophs. However, the essen-
tial role of some heme-requiring proteins in respiring microbes
(e.g., the acl) may have limited the loss of the heme-requiring
proteins more strictly than other proteins in streamlined
genomes, leading to the increase in the relative proportion of
heme-requiring proteins in those genomes.

Discussion

Our findings confirmed heme auxotrophy in the predominant
freshwater microbe acl and uncovered genomic evidence indicating
that heme auxotrophy has evolved repeatedly among microor-
ganisms from many environments, particularly among cosmopol-
itan aquatic plankton. The previously reported effect of catalase
on the growth of the two acl strains (13) was found to be due to
heme, an essential cofactor of catalase, rather than the enzy-
matic activity of catalase. Discarding the heme biosynthetic path-
way could, in principle, be a risky strategy for free-living aerobes
because many essential biochemical reactions rely on heme-
requiring proteins (e.g., oxidative phosphorylation). Therefore,
cells lacking the heme biosynthetic pathway would be destined
to depend on exogenous heme, the supply of which could be var-
iable. However, the few studies that have measured free dis-
solved heme or heme-like molecules in aquatic habitats have
detected concentrations that would be sufficient to support the
growth of the acl strains studied herein (36, 37). Furthermore, a
recent study suggested that, despite lacking the heme biosyn-
thetic pathway, the acl lineage can be successful in freshwater
habitats by forming functional cohorts with other diverse
microbes where many exometabolites, including heme, play
important roles as metabolic currencies (22).

Fitness benefits from abandoning heme biosynthesis likely
favor auxotrophic dependency (43). Heme is synthesized
through complex biochemical pathways involving 8 to 11 steps
(Fig. 1). The total length of the proteins involved in these path-
ways has been estimated at ~5,800 to 7,200 amino acids (22),
which may be regarded to be quite expensive, especially for
microbes inhabiting resource-limited environments. Aside from
saving the resources that would be needed to maintain and
express the heme biosynthetic machinery, auxotrophic cells
might also be able to avoid costs associated with toxicity from
heme and heme biosynthesis. Several mechanisms of heme
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toxicity have been described: generation of reactive oxygen spe-
cies (ROS) by the Fenton reaction, catalyzed by iron liberated
from heme (34, 35), and ROS production by intermediates of
heme biosynthesis. H,O, is produced by several enzyme-
dependent reactions, including the oxidation of coproporphyri-
nogen III to coproporphyrin III (Fig. 1: step 11 in CPD
module) and the oxygen-dependent conversion of copropor-
phyrinogen IIT to protoporphyrin IX via protoporphyrinogen
IX (Fig. 1: steps 8 and 9 in PPD module) (15). The final step of
CPD module produces superoxide (49) and nonmetallated
intermediates in heme biosynthesis (e.g., protoporphyrin IX)
generate ROS when exposed to light and oxygen (35, 49-51).
Ostensibly to counter this toxicity and ROS-mediated stress,
cells are known to finely regulate heme biosynthesis, have strat-
egies for heme detoxification, such as efflux systems (52, 53),
and combat oxidative stress with multiple strategies. In addition
to the direct costs of heme biosynthesis, which include acquir-
ing the necessary iron, metabolic burdens associated with
regulation and ROS detoxification might be diminished by
abandoning heme biosynthesis.

In addition to heme, we also experimentally demonstrated
auxotrophy for riboflavin (i.e., vitamin B,) in one of the two acl
strains studied here. Genomic analyses further indicated that
three strains among the 20 genome-sequenced acl strains are
auxotrophic for riboflavin (SI Appendix, Fig. S1). Although fla-
vin cofactors are highly versatile and involved in numerous
enzymatic reactions (54, 55), the distribution of flavin cofactors
in aquatic habitats and riboflavin auxotrophy among ecologi-
cally relevant microbial groups remain largely underexplored
compared to other vitamin B compounds, such as thiamine,
biotin, and cobalamin (56-58). To the best our knowledge, clear
demonstrations of riboflavin auxotrophy among abundant and
free-living prokaryotic groups are rare. Therefore, our discov-
ery of riboflavin auxotrophy in the acl lineage is remarkable
and expands the scope of studies on vitamin-mediated micro-
bial interaction in the environment.

Collectively, our findings contribute to a growing list of
examples in which cells dispense with expensive metabolic path-
ways in favor of increased reliance on compounds that are fun-
damentally important to their metabolism but are synthesized
by members of surrounding microbial communities, thus pro-
viding another case of the Black Queen hypothesis (BQH) (43,
59). Since the first proposal based on the finding of cross-
protection of Prochlorococcus from oxidative stress by other
co-occurring microbes (43), the BOH has served as a concep-
tual framework to understand microbial interactions and com-
munity evolution. Auxotrophies for so-called exometabolites,
such as amino acids and vitamins (22, 58-60), are acknowl-
edged to be the consequences of adaptive gene loss. Further-
more, it has been experimentally demonstrated that the loss of
biosynthetic genes can provide selective advantages when their
final products are available in the environment (61, 62). In this
study, heme is established as a previously unknown kind of
exchangeable metabolite that allows microbes to discard the
biosynthetic pathway following the BQH.

Two important themes in microbiome science converge in
the findings we report: the connectivity of microbiomes and the
challenge of culturing a broader range of the uncultured micro-
bial majority. The motivations for advancing the knowledge on
these topics are the need to expand the range of cell types that
can be studied using experimental microbial cell biology
approaches, and also the need to understand the rules that gov-
ern interactions among the members of microbial communities
(63). The discovery of widespread heme reliance in microbial
ecosystems will likely stimulate future investigations of heme
concentrations across biomes and the influence of heme traffic
between cells on the structuring of microbial communities.
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Materials and Methods

Cultivation of the acl Strains. The basal culture medium used in this study was
prepared by adding carbon compounds, nitrogen and phosphorus sources, an
amino acid mixture, a vitamin mixture, and trace metals (S/ Appendix, Table
S2) into 0.2-pm-filtered and autoclaved lake water (13). The lake water used
to prepare the medium was collected from the surface (1 m) of Lake Soyang in
January 2020. Strains IMCC25003 and IMCC26103 were maintained aerobically
in the basal medium supplemented with catalase (10 U mL~") at 20°C. A cata-
lase stock solution (10° U mL~" in 10 mM PBS, pH 7.4) was prepared using
bovine liver catalase (C9322, Sigma-Aldrich). For the growth experiments,
stock solutions of hemin (5 mM in 5 mM NaOH; 51280, Sigma-Aldrich) and
riboflavin (500 pM in Milli-Q water; R9504, Sigma-Aldrich) were prepared and
sterilized with filtration through a 0.1-um pore-size membrane filter. A H,0,
solution (H1009, Sigma-Aldrich) was diluted at a 1:10,000 ratio with sterile
water. A pyruvic acid stock solution (50 mM) was also prepared and sterilized
with a 0.1-um pore-size membrane filter prior to use. All culture experiments
were performed at 20 °C in the dark using acid-washed polycarbonate flasks.
Actively growing cells in the late exponential phase were used as inocula.
Cell counts were obtained using a flow cytometer (Guava easyCyte Plus,
Millipore) after staining with SYBR Green | (final concentration 5x; Invitrogen)
for 1h.

Determination of Riboflavin Concentration. HPLC analysis was conducted to
quantify the amount of riboflavin in the catalase stock solution. A total of 5
mL of catalase stock solution was diluted to 50 mL with Milli-Q water and
heated at 80 °Cin a water bath for 20 min, then analyzed with an HPLC system
coupled with a fluorescence detector (Agilent) and a CAPCELL PAK C18 MG
(250 x 4.6 mm, 5 pm; Shiseido) column. The detector was set to 445-nm excita-
tion and 530-nm emission wavelengths. The mobile phase was prepared with
10 mM NaH,PO4 (pH 5.5) and methanol (76:24 [vol/ivol]), and the analysis was
conducted with 10 pL of injection volume at a 0.9 mL min~" flow rate for 30
min. The amount of riboflavin, FMN, and FAD in the sample was calculated
based on the peak area of the chromatogram, using standard curves with a
high R? value (0.999) obtained when FAD, FMN, and riboflavin standards were
separated under the same conditions. The riboflavin, FMN, and FAD used for
the determination of standard curves were purchased from Sigma-Aldrich.

Measurement of Hydrogen Peroxide Concentration. Hydrogen peroxide con-
centration was analyzed using the Amplex Red hydrogen peroxide/peroxidase
assay kit (A22188, Invitrogen) according to the manufacturer’s instructions.
For the assay, 100 uL of Amplex Red working solution (prepared according to
the manufacturer’s instructions) was added to each assay tube containing 100
uL of sample. After incubation for 5 min at room temperature in the dark, the
fluorescence of resorufin (the oxidized form of the Amplex Red reagent) was
measured at excitation and emission wavelengths of 470 nm and 665 to 720
nm, respectively, using a Qubit 3 fluorometer (Thermo Fisher Scientific). To
quantify H,0, concentrations, a standard curve (0.01 to 25 pM of H,0,) was
generated by diluting 3.6% (vol/vol) of H,O; solution with sodium phosphate
buffer supplied with the kit.

Analysis on the Completeness of the Heme Biosynthetic Pathway in
Prokaryotic Genomes. A total of 24,706 representative genome sequences for
species clusters in the GTDB (Release 89; 23,458 Bacteria and 1,248 Archaea)
were downloaded from the GTDB server. This genome set comprises 14,406
isolate genomes, 9,861 MAGs, and 439 SAGs (42). According to the GTDB
metadata (available at https:/data.gtdb.ecogenomic.org/releases/release89/
89.0/), a total of 17,763 genomes (71.9%) satisfied the criteria for high-quality
in terms of completeness (>90%) and contamination (<5%), and >99.8% of
genomes satisfied the criteria for medium quality (completeness of >50% and
contamination of <10%) (S/ Appendix, Table S5) (64). Additionally, the
genome sequences of the 20 acl strains isolated to date (5, 6) were down-
loaded from GenBank. Annotation of the genome sequences was performed
using Prokka (v1.14.6), with no rRNA, no tRNA, and no annotation options
(65). Predicted protein sequences were searched against the KofamKOALA
database (accessed on February 19, 2020) using KofamScan 1.2.0 (66). To
reduce run time, the KofamScan was executed using a custom-built hal file
containing only 25 KO IDs involved in heme biosynthetic pathways (Fig. 1 and
SI Appendix, Table S1), with the “-f mapper” option to retain only the hits
above thresholds specific to KO IDs (67). The 25 KO IDs were curated based on
a KEGG pathway map titled “Porphyrin and chlorophyll metabolism
(ko00860),” KEGG modules M00121 (heme biosynthesis, plants and bacteria,
glutamate — heme), M00868 (heme biosynthesis, animals and fungi, glycine
— heme), M00846 (siroheme biosynthesis, glutamyl-tRNA — siroheme), and
MO00847 (heme biosynthesis, archaea, siroheme — heme), in addition to
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several previous studies (15, 68). The KofamScan output files were then
merged for the next step.

To calculate the completeness of the heme biosynthetic pathway using the
KofamScan output, we modified “KEGG_decoder.py” script (69) using
custom-built definitions for the six modules (C5, C4, COMMON, PPD, CPD, and
SIRO) and the six variants (C5_PPD, C5_CPD, C5_SIRO, C4_PPD, C4 CPD, and
C4_SIRO) of the pathway (Fig. 1). These pathway definitions are based on the
curated pathways and the 25 associated KOs presented in Fig. 1 and S/
Appendix, Table S1. The modified Python script (available at https:/github.
com/Suhyuninha/Heme) was executed with the merged KofamScan output
file as an input, which produced completeness values for each of the six
modules and six variants for all genomes. For each genome, the maximum
completeness value among the six variants was taken as the overall heme bio-
synthetic pathway completeness.

To estimate the number of heme-requiring proteins encoded in the
genomes, we searched and downloaded the list of enzymes that contain
heme or cytochrome in the cofactor field from the BRENDA enzyme database
(Release 2021.1) (70). From the list, several enzymes that are involved in the
biosynthesis of heme were removed. The EC numbers of the remaining 322
enzymes were used to extract the corresponding KO IDs, based on the htext
file ("ko00001.keg”) downloaded from the KEGG database (https:/www.
genome.jp/brite/ko00001; accessed in April 2021). A custom hal file was con-
structed from the 477 KO IDs that had been extracted, and further used as a
profile database for running KofamScan. The protein sequences predicted in
the genomes were used as input. The number of heme-requiring proteins (i.e.,
proteins assigned to the KO IDs associated with heme-requiring enzymes) per
genome was calculated from the KofamScan output files. The list of analyzed
KO IDs and EC numbers, the custom-built hal file, and summarized results are
available at the above Github repository, together with the R script used for
the analysis.
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Reconstruction of Phylogenomic Trees and Visualization of the Heme
Biosynthetic Pathway Completeness. To visualize the distribution of the heme
biosynthetic pathway completeness in prokaryotic genomes, phylogenomic
trees were constructed using the trimmed and concatenated multiple
sequence alignment of 120 bacterial and 122 archaeal marker proteins down-
loaded from the GTDB (Release 89). Two phylum-level trees (SI Appendix, Figs.
S3 and S4) were inferred by FastTree2 with the default options (71) using all
the representative genomes for species clusters. Phyla containing 10 or fewer
genomes were not included in the tree building for visualization. The tree in
Fig. 4B was also built using FastTree2, using the genomes affiliated with the
phylogenetic groups listed in SI Appendix, Table S4. All other trees were built
using RAXML 8.2.7 with the PROTGAMMAAUTO option (72). Genome statistics
including completeness and contamination calculated by CheckM, size, and
GC content were downloaded from the GTDB. Visualization of pathway com-
pleteness (modules and variants) was performed using the tidyverse (73),
ggridges (74), and viridis packages in R environment (v4.0.2) (75).
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porting information. The scripts used in this paper are available in GitHub at
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