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Abstract

Studies based on protein-coding genes are essential to describe the diversity within bacterial functional groups. In the case of
aerobic anoxygenic phototrophic (AAP) bacteria, the pufM gene has been established as the genetic marker for this particular
functional group, although available primers are known to have amplification biases. We review here the existing primers for
pufM gene amplification, design new ones, and evaluate their phylogenetic coverage. We then use samples from contrasting
marine environments to evaluate their performance. By comparing the taxonomic composition of communities retrieved with
metagenomics and with different amplicon approaches, we show that the commonly used PCR primers are biased towards the
Gammaproteobacteria phylum and some Alphaproteobacteria clades. The metagenomic approach, as well as the use of other
combinations of the existing and newly designed primers, show that these groups are in fact less abundant than previously
observed, and that a great proportion of pufM sequences are affiliated to uncultured representatives, particularly in the open
ocean. Altogether, the framework developed here becomes a better alternative for future studies based on the pufM gene and,

additionally, serves as a reference for primer evaluation of other functional genes.
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Introduction

The open ocean microbiota consists of approximately 10>
organisms that perform key biogeochemical processes
essential for ecosystem functioning [1]. However, only a
small portion can be isolated and culture-independent tech-
niques based on their genetic content are fundamental to
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study them. Indeed, the sequencing of the ribosomal 16S
rRNA gene allowed the first studies on the biogeography of
marine bacterial communities [2—4]. In the last decade, the
development of high-throughput sequencing (HTS) meth-
ods together with worldwide oceanic surveys [5, 6] has
generated a massive amount of sequencing data obtained
with standardized methodologies, which has facilitated
studying the marine microbiome at an unprecedent scale
and has elucidated patterns of prokaryotic diversity, inter-
actions, and connectivity around the globe (e.g., [7-13]).
While most of the efforts have been performed at the whole
bacterioplankton community level, the focus on specific
functional groups allows the identification of microorgan-
isms involved in a wide range of functions, such as carbon
and nitrogen fixation, ammonia oxidation, or light harvest-
ing, which are key to understand global biogeochemical
cycles [12, 14]. Studies based on protein-coding genes are
essential for this endeavor, since they may have experi-
enced horizontal gene transfer (HGT) processes [15], and
their phylogeny differs from the observed with the canoni-
cal ribosomal 16S rRNA gene.
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A polyphyletic group that has been extensively studied in
the last two decades is that of the aerobic anoxygenic photo-
trophic (AAP) bacteria. Their discovery in the ocean surface
[16] implied a change of paradigm in our understanding of
carbon cycling since they are heterotrophic organisms that
can also obtain energy from light. Although they derive a
fraction of their energy needs harvesting light using bac-
teriochlorophyll a, AAP bacteria are thought to be unable
to fix inorganic carbon, relying thus on dissolved organic
matter. Studies of the diversity of AAP communities are
based on the sequencing of the pufM gene that encodes the
M subunit of the AAP bacteria reaction center. The first
versions of pufM primers were designed based on sequences
from cultured bacteria [17-20]. A comparison of around
200 sequences from cultivated bacteria and environmental
samples carried out by Yutin et al. [21] indicated that the
environmental sequences of the pufM gene had a greater
variability than the ones from cultured bacteria and these
authors proposed new universal primers: pufM_uniF (for-
ward) and pufM_uniR (reverse), hereafter called UniF and
UniR, and an additional reverse primer called pufM_WAW.
Although they were originally designed for marine environ-
ments, primers UniF and UniR were discarded in subsequent
studies due to PCR amplification problems (e.g., [22]) and
have mostly been used in freshwater ecosystems [23-25].
The combination of primers pufMF (forward), designed
by Béja et al. [20], and pufM_WAW (reverse), designed by
Yutin et al. [21], was first proposed by Lehours et al. [26] on
the basis of their specificity and efficiency after testing mul-
tiple primer combinations. Since then, this combination has
been used in most studies analyzing AAP communities in
the marine environment. Most of these studies pictured AAP
communities as mainly composed by Gammaproteobacteria
and Alphaproteobacteria clades [26—33]. The few studies
based on metagenomics showed, however, far more diversity
and a large fraction of AAP assemblages composed of mem-
bers with no cultured representatives. For example, Yutin
et al., [34], using the Global Ocean Sampling (GOS Expedi-
tion) metagenomic shotgun data, described several groups
of AAP bacteria that were abundant in some specific areas
of the ocean and that had hardly been recovered with ampli-
con-based methodologies. Some of these groups were also
described to be abundant in samples from a Brazilian coastal
bay using metagenomics [35]. A new group of AAP bacteria
named “Candidatus Luxescamonaceae” (class Alphapro-
teobacteria), with a putative potential for carbon fixation,
was described from the Tara Oceans metagenomic dataset
[36]. These differences among diversity surveys based on
metagenomics and amplicon-sequencing approaches are
likely due to primer biases [37]. In fact, previous discus-
sions regarding possible biases in pufM amplification argued
that primers pufMF and pufM_WAW may overestimate
some groups to the detriment of others [21, 26-29]. While
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metagenomics overcomes some of the PCR limitations, it
generally only retrieves the most abundant members of the
bacterial community. In the case of a functional group like
the AAP bacteria, with a relative abundance range between
0.1 and 10% of the total bacterioplankton [38], metagenom-
ics can limit a comprehensive knowledge of AAP diversity.
In this context, the aim of this study is to evaluate the per-
formance of existing and newly designed primers of the pufM
gene in marine environments. We employed several combina-
tions of existing and novel pufM primers and determined their
phylogenetic coverage. Then, using a selection of these prim-
ers, we compared the taxonomic composition of marine AAP
communities based on amplicon sequencing vs. metagenom-
ics. The combination of in silico tests and phylogenetic cov-
erage analyses, together with its application to environmen-
tal samples, allow us to propose the optimal combination of
primers for future studies targeting the pufM gene. In addition,
the approach developed here can serve as reference for future
studies involving primer evaluation of functional genes.

Methods
Building a pufM Database

We built a pufM gene database containing around 1300
sequences from isolates and metagenomes from marine
environments. For that purpose, we downloaded 697 pufM
sequences from the Genome Taxonomy Database (GTDB,
https://gtdb.ecogenomic.org/, release 202) using AnnoTree
[39] and then added to the database sequences from metagen-
omics datasets such as those from the Tara Oceans Expedi-
tion [6], the Malaspina Expedition [5], the GOS Expedition
[34, 35], and the Blanes Bay Microbial Observatory (BBMO)
[28]. The taxonomic assignation of the metagenomic
sequences was based on the phylogenetic tree generated in
Gazulla et al. [27]. We classified all sequences into different
groups based on their class or order ranks and the phylo-
groups A to L, previously established by Yutin et al. [34].
These phylogroups were defined based on the puf operon
organization and on the pufM gene phylogeny. Around 100
sequences could not be assigned to any phylogroup and were
clustered together in the “Others” group.

Phylogenetic coverage, primer design, and in vitro
performance

To evaluate the phylogenetic coverage of the primers pufMF
[20], UniF, UniR, and pufM_WAW [21], we aligned them
against our pufM database using the AlignTranslation function
in the Decipher R package [40]. We visualized the alignment
with Geneious Prime® 2021.1.1. and calculated the percent-
age of sequences showing between 0 and 7 mismatches for
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each primer region within the whole database. To further
evaluate these primers, we calculated in silico parameters such
as the mean melting temperature, GC content, and AG values
for hairpin, self-dimer and hetero-dimer formation, with the
OligoAnalyzer tool from IDT (Integrated DNA Technologies,
https://eu.idtdna.com/calc/analyzer). Based on the results of
these analyses (Table 1), we decided to design forward prim-
ers that would combine with the reverse primer pufM_WAW,
which showed good performance. The designing was car-
ried out using the DesignPrimers function of the Decipher
R package [40] and Geneious Prime® 2021.1.1. All primer
proposals went through the same in silico tests as the existing
primers, and their phylogenetic coverage was calculated as
explained above. We came up with five candidates (Table S1)
that were synthesized by ®Metabion International AG (https://
www.metabion.com/). We performed PCR amplifications of
the pufM gene using the different combinations of the newly
designed primers as well as the primers from Béja et al. [20]
and Yutin et al., [21]. DNA from the AAP strains Congregi-
bacter litoralis (Gammaproteobacteria), Sandarakinorhabdus
limnophila (Alphaproteobacteria), and from the purple sulfur
bacteria Allochromatium vinosum (Gammaproteobacteria), all
three containing the pufM gene, was used as positive control,
as well as several marine environmental samples from the
BBMO and the Alboran Sea, which were known to contain
AAP bacteria. After several attempts of amplification using
various PCR conditions (see Table S2), only the following set
of primers showed positive results (forward/reverse): pufMF/
pufM_WAW, UniF/UniR, and pufMF_Y/pufM_WAW. The
forward primer pufMF_Y was the only candidate from our
designed primer proposals that successfully amplified a gene
fragment. We confirmed the amplification of pufM fragments
using Sanger sequencing, performed at the Genomics Unit
of the University of Malaga, Spain (www.scai.uma.es). The
following material and methods refer only to these three com-
binations of primers.

Table 1 In silico parameters of primers pufMF [20], pufM_WAW,
UniF, UniR [21], and pufMF_Y (this study). Abbreviations: Tm,
mean melting temperature; mismt, mismatches. The hybridization

DNA Extraction, pufM Amplification, Sequencing,
and Sequence Processing

To analyze the performance of these primers, we selected
17 environmental samples belonging to datasets in which
AAP communities had previously been analyzed: 9 samples
from a seasonal study of the BBMO [28] and 8 samples
from the surface global ocean Malaspina Expedition [27]
(Table S3). For this subset of samples, both amplicon (with
primers pufMF/pufM_WAW) and metagenomic data were
available and they represented a comprehensive picture
of the diversity at a seasonal and at a spatial scale. DNA
extraction and amplification of the pufM gene with prim-
ers pufMF/pufM_WAW was done as explained in Auladell
et al. [28] and in Gazulla et al. [27] in samples from the
BBMO and the Malaspina Expedition, respectively. Prim-
ers pufMF_Y/pufM_WAW and UniF/UniR were used to
amplify different size fragments of the pufM gene follow-
ing the conditions described in Supplementary Informa-
tion 1. Sequencing was performed in an Illumina MiSeq
sequencer (2 x 250 bp) at the Research and Testing Labora-
tory (http://rtlgenomics.com/). Noteworthy, amplification
with primers UniF/UniR was only possible after a cleaning
step performed in the sequencing house using the TaKaRa
ExTaq DNA polymerase (TaKaRa Bio Inc., Shiga, Japan).
Sequences of the pufM gene from the BBMO metagenomes
were generated as described in Auladell et al. [28]. Those
from the Malaspina Expedition were retrieved from the
Malaspina gene catalog when annotated as any of the fol-
lowing: pufM (prokka 1.14.6 [41]), K08928 for the Kyoto
Encyclopedia of Genes and Genomes orthologs (KEGG
[42]), and PFO0124 (Protein Families [43]). Annotations
were manually curated to filter out possible false positives.
The generation of the Malaspina Gene Database and its
annotation is described in Supplementary Information 2 and
in Sanchez et al. [44].

percentage refers to the percentage of sequences from our database
that hybridize with 0 mismatches (0 mismt) and 0, 1, or 2 mismatches
(0-2 mismt). Degenerate nucleotides are underlined

Primer name Sequence

Length %GC Tm (°C) Hybridization (%)

Hairpin* Self- Hetero-dimer *

B T dimer*
0 mismt 0-2 mismt
pufMF TAC GGS AAC CTG TWC TAC 18bp 50% 629°C 21.59% 69.42% -0.3 —5.05 —7.94%%*
pufM_WAW AYN GCR AAC CAC CAN GCC CA 20bp 60%  73°C 82.50% 91.01% 1.25 —-12.32 -
UniF GGN AAY YTN TWY TAY AAYCCN 26bp 36.5% 54.2°C 94.86% 99.9% 2.56 —12.67 —7.22%%*
TTY CA
UniR YCC ATN GTC CAN CKC CAR AA 20bp 52.5% 56.9°C 88.50% 95.75% Hk —-10.66 -
pufMF_Y GGS AAY CTS TWY TAY AAY C 19bp 42.1% 47.5°C 555% 94.62% 2.3 —10.53 —8.22%**

*Maximum value of AG (kcal/mole)

“No structure found for this sequence

“"Hetero-dimer values are calculated for the following pairs of primers: pufME/pufM_WAW, UniF/UniR, and pufMF_Y/pufM_WAW
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Sequence Data Processing and Statistical Analyses

Each amplicon dataset was processed separately with cutadapt
v1.16 [45] to remove primers and spurious sequences, and
with DADA?2 v1.10 [46] to differentiate exact sequence vari-
ants and remove chimeras (details in Supplementary Informa-
tion 1). In total, we obtained three amplicon sequence variant
(ASV) tables, each one corresponding to each primer set com-
bination. Sample BL.110412 from the BBMO dataset was dis-
carded due to a low number of reads (103 reads in the UniF/
UniR assay). In addition, to compare the performance of the
different primer pairs, we joined the three amplicon datasets,
by cutting all sequences to the same length (145 bp, the size of
the smallest amplicon, obtained with primers UniF/UniR) and
using the mergeSequenceTables function in DADA?2, to ana-
lyze them as a single dataset. The phylogeny of the sequences
was inferred using the phylogenetic tree from Gazulla et al.
[27] and the Evolutionary Placement Algorithm v0.3.5 [47].
Community composition, statistical analyses and figures were
performed in R v4.2.0 (R Core Team 2022) using packages
phyloseq [48], tidyverse [49], vegan [50], and ggplot2 [51]
(see details in Supplementary Information 3).

Results

Phylogenetic Coverage and PCR Parameters
of the Existing Primers for the Amplification
of the pufM Gene

We examined the phylogenetic coverage of existing primers
pufMF [20], UniF, UniR, and pufM_WAW [21] against an
in-house built database of the pufM gene consisting of >1300
sequences from isolates and metagenomes, by calculating the
number of mismatches for each position. Then, to determine
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(Rhodobacterales) E
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Other Alphaproteobacteria
Others

®y

Alpha-
proteobacteria

Taxonomic groups

pufM_WAW

the frequency of mismatches in different AAP assemblages,
we classified our database into groups according to their
taxonomic rank and into the phylogroups A to L previously
established by Yutin et al. [34] and commonly used in AAP
diversity surveys (Fig. 1). The forward primer pufMF had the
highest number of mismatches, especially for phylogroups A,
B, C, D, and G, for which most of the sequences had more
than three mismatches in that primer region. In total, the
pufMF primer showed perfect matches to only 21.6% of the
sequences in our database. This primer has been commonly
paired with the reverse primer pufM_WAW, which shows a
better performance, and for which most of the sequences pre-
sent zero mismatches (80.4%). On the other hand, primers
UniF and UniR showed a higher coverage for all the taxo-
nomic groups, with a hybridization ratio (zero mismatches)
of 94.9% for UniF and 88.5% for UniR in our database. To
further evaluate these primers, we calculated in silico param-
eters such as the mean melting temperature, GC content, and
AG values for hairpin, self-dimer, and hetero-dimer formation
individually for each primer (Table 1). All primers have simi-
lar characteristics in terms of length, GC content, or degener-
ate nucleotides. However, the forward primer UniF stands out
as the longest oligonucleotide, with a very low percentage of
GC and a high number (ten) of degenerate nucleotides.

Design of New Primers for the Amplification
of the pufM Gene

The design of new primers for the pufM gene was addressed
from two perspectives: On one hand, we attempted to design
primers for an upstream region that, combined with the
reverse primer pufM_WAW, would generate longer ampli-
cons and improve the taxonomic resolution. The pufM_
WAW primer region is located at the end of the pufM gene
(Fig. 2A), and since the phylogenetic coverage is high (Fig. 1;

UniF UniR

AEY B, F
ke

- L
@

6 0 2 4 6 0 2 4 6 0 2 4 &
Mismatches

Fig. 1 Mismatches of primers pufMF [20], pufM_WAW, UniF, and UniR, [21], and pufMF_Y (this study) for the different AAP groups defined
in this study. Dashed lines separate sequences with three or more mismatches
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Table 1), it was a good candidate for a reverse primer. On the
other hand, we intended to improve the phylogenetic cover-
age of the primer pufMF and the in vitro performance of
primer UniF, both hybridizing in the same conserved region
of the gene, by revising their design and including modifica-
tions. For this purpose, we used the nucleotide and amino
acid alignment of the sequences, we analyzed the percentage
of each nucleotide at each position, and we associated these
changes to the different phylogroups when possible (Fig. 2B).
A total of five forward primer candidates (Table S1) were
tested in vitro using cultures and environmental samples and
by varying the PCR conditions (annealing temperature, Mg™>
concentration, and primer concentration; Table S2). Three
primers were designed in upstream regions of the pufM gene,
while two were improved versions of the existing pufMF
primer. We successfully obtained one forward primer, named
“pufMF_Y” that combined with the existing reverse primer
pufM_WAW, amplified a 203-bp fragment of the pufM gene,
while the others were discarded due to their poor perfor-
mance. This primer hybridizes in the same conserved region
as primers pufMF and UniF (Fig. 2A); it improves the phylo-
genetic coverage of primer pufMF, and it has a lower number
of degenerate nucleotides that primer UniF. Although the
hybridization ratio is relatively low (55.45%) compared to
primer UniF, when we consider sequences with zero, one, or
two mismatches (that are likely to amplify), the hybridiza-
tion ratio increases up to 95%. Additionally, we performed
PCR amplification with different combinations of the existing

Primer pufMF (Béja et al., 2002)

primers. Primers pufMF/pufM_WAW and UniF/UniR ampli-
fied fragments of 207 and 145 bp, respectively. Although it
has been used before in marine [52] and freshwater ecosys-
tems [24], the combination of primers UniF/pufM_WAW did
not result in positive amplification of our marine samples
after several attempts under different PCR conditions.

Oceanographic Context of the Environmental
Samples Used for Primer Comparison
and Sequencing Results

To test the performance of the different primers in natu-
ral samples, we compared the composition of AAP com-
munities retrieved by metagenomics and that retrieved by
amplicon sequencing using different primer combinations.
Based on the in vitro results explained above, we selected
primers pufMF/pufM_WAW, which have been routinely
used in marine environments (e.g., [26-30, 53]), primers
UniF/UniR, mainly used in freshwater ecosystems [23, 25],
and the newly designed forward primer pufMF_Y with the
reverse pufM_WAW. Illumina sequencing with the three
primer combinations was performed for 17 samples that
covered both spatial and temporal variabilities: eight open
ocean samples from the Malaspina Expedition [5], from the
Pacific, the Atlantic, and the Indian Oceans, and nine coastal
samples from the BBMO in the Mediterranean Sea, col-
lected at different seasons during years 2011 and 2012 [54]
(Fig. 3A; Table S3). These samples were part of previous
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«Fig. 3 (A) Stations from the Malaspina Expedition used in this study
(“MP” code). Samples from Blanes Bay Microbial Observatory
(BBMO) are all from the same coastal site, yet collected at differ-
ent times of the year. The code of Blanes samples indicates Blanes-
year-month-day (e.g., BL110208 is from the 8th of February 2011).
(B) pufM taxonomic composition of the BBMO left) and Malaspina
(right) samples with the metagenomic approach. Below, the commu-
nity composition at each station retrieved with the amplicon approach
and with the different primers combinations: primers pufMF/pufM_
WAW (C), pufMF_Y/putM_WAW (D), and UniF/UniR (E). For each
primer combination, and each sample, we have represented the rela-
tive abundances of the taxonomic groups retrieved with metagenom-
ics vs. those retrieved with the amplicon approach. The dashed lines
represent the 1:1 lines in which both the metagenomic and the ampli-
con approach would indicate the same taxonomic community compo-
sition

studies analyzing AAP communities by means of amplicon
sequencing with primers pufMF/pufM_WAW (Malaspina
samples in [27] and BBMO samples in [28]). Besides, we
obtained 176 and 62 predicted genes from metagenomic
assemblies associated to the pufM gene from the Malaspina
and the BBMO metagenomic datasets, respectively. Pre-
dicted genes from Malaspina were between 101 and 1040 bp
(N50=804 bp) in length, while genes from the BBMO were
between 708 and 1044 bp long (N50=966 bp). Regard-
ing the amplicon analyses, for the primer combination
pufMF_Y/pufM_WAW, we obtained a total of 1904 ASVs,
for the UniF/UniR, we retrieved 1294 ASVs, and with prim-
ers pufMF/pufM_WAW, we obtained a total of 418 ASVs.
There were almost no shared ASVs between oceanic and
coastal environments (~3%; see Table S4 for details). In
terms of primer efficiency, we obtained 1.2 million reads
with primers pufMF_Y/pufM_WAW, 0.5 million reads with
primers UniF/UniR, and less than 0.3 million reads with
primers pufMF/pufM_WAW. The high efficiency of prim-
ers pufMF_Y/pufM_WAW and the amplicon size of 203 bp
(vs. 145 bp with UniF/UniR primers) led to higher values of
alpha diversity for this primer combination (Fig. S1). Com-
munities amplified with primers pufMF_Y/pufM_WAW
had the highest richness (mean 173.5 +0.27) values, fol-
lowed by primers UniF/UniR, with a significantly lower
mean observed diversity (125.1 +2.5; Tukey test, p <0.05;
Fig. S1). Instead, the mean Shannon index value (pufMF_Y/
pufM_WAW, 3.58; UniF/UniR, 3.36 primer) was compara-
ble for both approaches. Primers pufMF/pufM_WAW failed
to amplify many sequences as compared to the previous
primers, which resulted in a significantly lower observed
diversity (mean 43.9 +0.3; Tukey test, p <0.05) and Shan-
non index values (mean 2.47; Tukey test, p <0.05; Fig. S1).

We classified taxonomically all ASVs into 14 broad
taxonomic groups, according to their order within the
Alphaproteobacteria (“Rhizobiales,” “Rhodobacterales,”
“Sphingomonadales” and “Other Alphaproteobacteria™)
and the Gammaproteobacteria classes (“Burkholderiales”

and “Pseudomonadales”, with sequences from the family
Halieaceae). Besides, we also used the taxonomic groups
proposed by Yutin et al. [34] —A to L— for comparison with
previously published studies. Some of these phylogroups
can be associated to known groups: phylogroup K contains
sequences affiliated to the NOR5/OM60 clade, from family
Halieaceae, order Pseudomonadales, and phylogroup I is
related to the Burkholderiales order, both belonging to the
Gammaproteobacteria. Phylogroup J has been associated to
the Rhizobiales order, while phylogroups E, F, and G are
associated to the Rhodobacterales order. Phylogroups A, B,
C, D, H, and L have no taxonomically described representa-
tive. Finally, some of our ASVs could be associated to the
recently described “Candidatus Luxescamonaceae” family.
Since this family clustered within phylogroups C and D in
our phylogenetic tree, we classified them as C or D depend-
ing on their position in the tree. Sequences that could not be
further classified, were categorized as “Others”.

Performance of the Primers as Compared
to Metagenomics in Marine Environmental Samples

The composition of AAP communities varied largely
depending on the methodology (amplicon sequencing vs.
metagenomics) and the primer combination in the amplicon
approaches. In the metagenomes from BBMO, phylogroup
K was always present and abundant in some months, while
other groups peaked at specific times of the year (Fig. 3B).
This was the case of phylogroup A, whose relative abun-
dance increased from < 1% up to 30% during winter, or the
Rhodobacterales, which increased after the spring bloom.
In the case of the Malaspina metagenomes, the uncultured
phylogroups A, B, C, and D dominated in all samples, while
Gammaproteobacteria and Alphaproteobacteria sequences
were always present but scarce (Fig. 3B).

The different amplicon approaches resulted in communi-
ties with very different taxonomic composition (Fig. 3C-E;
Adonis test, p <0.05), especially for primers pufMF/
pufM_WAW. The communities described with this primer
combination were dominated by phylogroup K (Pseudomo-
nadales), and only samples BL110208, MP0311, MP1176,
and MP1672 were dominated by ASVs associated to the
Alphaproteobacteria class (Fig. 3C). Noteworthy, we only
retrieved three sequences with very low abundances of phy-
logroup C (in sample MP0778) and none from phylogroups
A, B or D. Communities inferred using primers pufMF_Y/
pufM_WAW were more diverse (Tukey test, p <0.05) and
contained more groups (Fig. 3D). Although Pseudomon-
adales were still prevalent, especially in coastal samples,
other groups appeared as relevant, such as phylogroups A
and B, and Rhodobacterales from phylogroups E and G.
Likewise, primers UniF/UniR also succeeded in amplifying
phylogroups A, B, C, and D. The communities retrieved with
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these primers were similar to those described with prim-
ers pufMF_Y/pufM_WAW, albeit with some differences. In
samples from Blanes Bay, phylogroup G was predominant
within the Rhodobacterales. In turn, Malaspina samples
were mainly dominated by phylogroups A, B, and C, while
the relative abundance of Pseudomonadales was much lower.

To further compare the performance of the three prim-
ers pairs, we plotted the relative abundance of the different
taxonomic groups retrieved with each amplicon approach
vs. the metagenomic approach (Fig. 3C-E) and summarized
the phylogenetic coverage of the metagenomic and ampli-
con approaches (Fig. S2). All in all, primer pufMF failed at
amplifying groups with no cultured representatives (phylo-
groups A, B, C, and D), while it overestimated the abundance
of Gammaproteobacteria and Rhizobiales. In turn, primers
pufMF_Y/pufM_WAW and UniF/UniR better reflected
the composition of the communities as observed with the
metagenomic approach, assumed to be less biased than
amplicon approaches. Although primers pufMF_Y/pufM_
WAW seemed to overestimate the abundance of Gammapro-
teobacteria, especially in open ocean samples (Fig. 3D), their
performance was comparable to that observed with metage-
nomes (no statistical differences after Tukey test, p >0.05;
Fig. S2). In turn, the performance of primers UniF/UniR was
quite good for the most abundant phylogroups.

Finally, given the differences in the taxonomic composi-
tion of samples analyzed with different primers combina-
tions, we wanted to test whether the community structure
was conserved with primers UniF/UniR and pufMF_Y/
pufM_WAW. To do so, we computed Bray—Curtis dissimi-
larity matrices for each amplicon approach to compare the
structure of communities and performed Mantel test cor-
relations. Besides, we Hellinger-transformed the data and
applied a Procrustes test to assess the statistical significance
between each ordination. The matrices obtained with the
primers traditionally employed in AAP diversity surveys and
the primer combinations proposed in this study were highly
correlated (Mantel tests; Table S5). Besides, the Procrustes
tests showed no statistical differences between their spatial
ordination (Table S5). For further comparison of primer’s
performance, we combined all the samples into non-metric
multidimensional scaling (NMDS) plots, first by merging
the samples from the three amplicon approaches into one
matrix (Fig. S3a) and then including the metagenomic data
(Fig. S3b). Samples from coastal and open ocean environ-
ments appeared in two clear distinct clusters (dispersion
between samples is statistically significant, betadisper test,
p <0.001; Fig. S3c) for both plots. However, the clustering
of samples based on the approach (metagenomics and dif-
ferent primer combinations) was less clear and not signifi-
cant after testing the dispersion between samples (betadis-
per test, p=0.0793; Fig. S3d). All in all, this indicates that
even though the diversity and taxonomic composition varied
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depending on the primer, the community structure was con-
served in the three approaches, and general ecological pat-
terns could be observed indistinctively of the used primer.

Discussion

The study of key marker genes together with the develop-
ment of the “~omics” techniques has increased our under-
standing of marine diversity and biogeochemical cycles
[14, 55]. Both metagenomics and amplicon approaches are
commonly used to target functional genes and to describe
their ecological patterns. Amplicon sequencing is easy to
implement, relatively cheap, and effective in capturing
large numbers of sequence variants. However, due to the
high sequence variability of protein-coding genes, primer
biases are common and can result in the misrepresentation
of the relative contribution of certain taxa. In contrast,
metagenomics is PCR-free and less biased for functional
gene analysis, but it generally retrieves fewer copies of
marker genes and hinders the comprehensive study of
functional groups with low abundances in the environ-
ment. For example, the nifH gene, a genetic marker of
nitrogen-fixing populations, is usually studied using ampli-
con sequencing since the number of variants retrieved with
metagenomic surveys is too low, if not undetectable [56,
57]. Likewise, most of the studies of AAP bacteria are
based on the partial amplification of the pufM gene (e.g.
[18, 20, 27-29, 31, 33, 58, 59],), while only few have
approached their study based solely on metagenomics
[34, 35]. Yet, the application of metagenomics allows the
description of new metabolisms and new taxa in marine
microbiomes, such as the discovery of new nitrogen fixa-
tion pathways in surface ocean heterotrophs [56], and
the description of new AAP phylogroups previously not
reported [34]. In this study, we combined both approaches
to unveil the biases of existing primers for the pufM gene,
design new ones, and test the performance of different
primer combinations in a variety of marine environments.

Debate regarding primer biases in the case of the pufM
gene is not new; it arose in studies that used the primer pair
pufMF/pufM_WAW and showed a large dominance of phy-
logroup K (Gammaproteobacteria) in AAP communities
[26-29]. Lehours et al. [26] reported > 80% of relative abun-
dance of this phylogroup in samples from the Mediterra-
nean Sea and considered possible primer biases favoring the
amplification of the Gammaproteobacteria but disregarded
that problem because the same primer pair in Arctic waters
led to low abundances of phylogroup K. Still, it is likely that
arctic bacterial communities have a very different composi-
tion, due to temperature differences and the effect of ice melt
in salinity. Gammaproteobacteria were also predominant in
samples from the coastal Blanes Bay [28, 29]. In this area,
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although the seasonal trends of communities retrieved by
both metagenomics and amplicon sequencing had similar
trends for the predominant groups, primers pufMF/pufM_
WAW overestimated the contribution of phylogroup K and
failed to amplify sequences of some groups that appeared
in the metagenomic approach [28]. In addition to the preva-
lence of Gammaproteobacteria in marine AAP communi-
ties, most studies also reported the presence of members of
the Alphaproteobacteria [26-29, 33, 53, 60, 61]. Our results
show that for the pufMF primer, the number of mismatches
of sequences affiliated to Gammaproteobacteria and some
Alphaproteobacteria orders is low in comparison to the mis-
matches in phylogroups A, B, C, and D, which are almost
absent in amplicon-based studies (Fig. 1). In fact, these phy-
logroups were described for the first time following the shot-
gun metagenomic sequencing approach of Yutin et al. [34].
They have no cultured representatives, and even though they
were abundant in samples from the GOS Expedition [34],
they have been barely retrieved in other studies, which might
be explained by the high number of mismatches within the
region of the commonly used pufMF primer (Figs. 1 and
2B). On the contrary, the universal primers UniF, UniR, and
pufM_WAW [21] have a very good phylogenetic coverage
(Fig. 1). While the reverse primer pufM_WAW has been
extensively used in combination with pufMF, primers UniF/
UniR have barely been used in marine environments and
were discarded in previous studies as they repeatedly failed
in amplifying under different conditions ([22, 26, 29] and
authors unpublished observations). Both primers, pufMF
and UniF, hybridize in the same region of the pufM gene
(with 3-nucleotides shift between them), but UniF has 10
degenerate nucleotides, a very low GC content, and low
melting temperature (Table 1), which might explain why it
is problematic in vitro.

The primers designed in this study aimed at both improv-
ing the coverage of the commonly used ones and producing
longer amplicons. While we did not succeed in the design
of primers in the upstream region, we were able to produce
an oligonucleotide with a higher hybridization ratio than
pufMF, and a lower number of degenerate nucleotides than
UniF, while maintaining the amplicon size of ~200 bp. The
detailed analysis of the nucleotide composition of primer
pufMF (Fig. 2B) indicates that most of the mutations in the
primer region can be associated to different phylogroups and
generally represent silent mutations. The only exceptions are
sequences from phylogroup C and D that have a histidine
and a tryptophan respectively, instead of a tyrosine in the
first position (of the primer region), and sequences from
phylogroup D that encode for a tyrosine instead of a phe-
nylalanine in position five. We identified 7 nucleotides with
problematic mismatches, represented in bold and under-
lined in Fig. 2, that were considered when redesigning the
new primer pufMF_Y. Nevertheless, we cannot discard that

other regions or combinations might work, nor that designs
of primers that include both the pufL (upstream gene that
encodes the L subunit of the bacterial reaction center) and
the pufM gene might produce better tools.

Finding universally conserved regions in a functional
gene is challenging, and sometimes, it is not possible to
generate universal primers, as it happens, among others,
with genes nirS and nirK (NO-forming nitrite reductase
genes) that rely on the use of clade-specific primers [62].
Although the use of universal primers is appropriate to
describe microbial communities, even perfectly matched
primers can exhibit preferential amplification; thus, beyond
the in silico testing, analyses with environmental samples
are also important for primer evaluation [63]. To test differ-
ent primer combinations, we used samples from different
marine environments (coastal vs. open ocean) and from dif-
ferent seasons, to include the spatial and seasonal variability
that exists in AAP assemblages, as reported previously [27,
28, 31, 34]. The metagenomic assay provided a bias-free
representation of the most abundant components of AAP
communities in samples from the BBMO and Malaspina
(Fig. 3B). Even though the number of copies retrieved was
low, comparing these communities to those obtained through
amplicon-sequencing was the best approach to analyze the
biases of each primer combination. A previous analysis with
samples from the BBMO already identified discrepancies in
the taxonomic composition of communities with the differ-
ent methods, such as sequences from phylogroups A, B, and
C that were only retrieved by metagenomics and were absent
in the amplicon approach [28]. In this study, using the same
extracted DNA from BBMO samples and different primer
combinations, we were able to amplify sequences from these
phylogroups, which in fact constitute over 50% of the rela-
tive abundance in two samples (Fig. 3D, E). Likewise, we
obtained a great proportion of these groups in samples from
Malaspina, which were completely missed with primers
pufMF/pufM_WAW, as shown in Fig. 3C and in Gazulla
et al. [27]. These results are consistent with the reports
from Yutin et al., [34] and Cuadrat et al. [35], in which they
describe a high proportion of sequences affiliated to phylo-
groups A, B, C, and D in AAP communities from different
marine environments [36]. The alpha diversity estimates
obtained with primers pufMF_Y/pufM_WAW and UniF/
UniR (Fig. S1) surpassed by far the estimates described in
samples from the BBMO [28] and the Malaspina Expedi-
tion [27] with primers pufMF/pufM_WAW. Interestingly,
these previous studies had provided the most comprehensive
datasets for AAP bacteria but were clearly underestimating
AAP diversity.

Overall, our results indicate that the taxonomic com-
position of primers pufMF/pufM_WAW is biased towards
phylogroup K (Pseudomonadales) (Fig. 3C), which is over-
estimated in almost all samples. The same happens with
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Sphingomonadales-like and Rhizobiales representatives and
with a small cluster of other Alphaproteobacteria. Previous
studies reported high abundances of Gammaproteobacte-
ria in the Mediterranean Sea [26, 28, 29], the Baltic Sea
[53], the North Pacific Ocean [60], the Arctic Sea [61], the
east coast of Australia [33], or the tropical and subtropi-
cal global ocean [27]. Since these studies analyzed AAP
communities with the pufMF/pufM_WAW primers, it is
likely that some of these results misrepresented the real
composition of AAP communities, just as we have shown
for samples of the Malaspina Expedition or the BBMO. Yet,
albeit the exposed primer biases, the community structure
of the different approaches was conserved in different ordi-
nation tests and the matrices strongly correlated, so pre-
viously published results (e.g., the adaptation of different
phylogenetic clades [31], their seasonal trends [28], or the
ecological processes operating in the surface global ocean
[27]) should not be discarded.

To conclude, we used an extensive pufM database to
show the limitations of the forward primer pufMF and pro-
pose some alternatives to determine the composition and
diversity of AAP communities in marine environments.
We revised existing primers for the pufM gene in the lit-
erature, designed new ones and selected those with the best
performance that were tested with environmental samples
and benchmarked against metagenomics. We show that
the phylogenetic coverage of primer pufMF is very low
for some taxonomic groups, and, as a result, amplification
with this primer is biased towards phylogroup K (Gam-
maproteobacteria) and some orders of the Alphaproteo-
bacteria class. Although Gammaproteobacteria are relevant
components of AAP communities, several species with no
cultured representatives, like phylogroups A, B, C, and D,
have been entirely underrepresented in the past and are in
fact an important fraction of AAP assemblages. For future
studies analyzing marine AAP bacteria, we recommend
using either primers pufMF_Y/pufM_WAW or UniF/UniR,
to guarantee an unbiased representation of their taxonomic
composition.
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