SCIENTIFIC REPLIRTS

Survey of the bacteriophage phoH
gene in wetland sediments in
northeast China

Received: 18 July 2018 Xiang Li*2, Yan Sun'?, Junijie Liu?, QinYao®! & Guanghua Wang

Accepted: 23 November 2018
Published online: 29 January 2019 PhoH is a host-derived auxiliary metabolic gene that can be used as a new biomarker for surveying

phage diversity in marine and paddy waters. However, the applicability of this gene in other
environments has not been addressed. In this paper, we surveyed the phoH gene in four wetland
sediments in northeast China. DNA was extracted directly from sediments and used for PCR

. amplification with the degenerate primers vPhoHf and vPhoHr. In total, 44 and 58 phoH sequences

: were identified as belonging to bacteria and phages, respectively, suggesting that this primer set is not

. highly specific to the phage phoH gene. A BLASTp search showed that the 58 phage phoH sequences had

. the highest identity to the known viral sequences, ranging from 48% to 100%. Phylogenetic analysis

. showed that all phage sequences from wetlands distributed into the previously designated Groups 2,

. 3, 4and 6. In addition, two new subgroups, Groups 2c and 4¢, which contained sequences exclusively

. from wetlands, were detected in this study. Nonmetric multidimensional scaling analysis showed that

. the phage phoH assemblage from a coastal wetland was similar to that in marine environments, while

. the phage phoH assemblage from a lake wetland was similar to that in paddy waters. These findings

. indicated that different types of wetlands had distinct phage phoH compositions.

1

- Phage auxiliary metabolic genes (AMGs) were originally from the genomes of cellular microorganisms but have
. been detected in several phage genomic sequences’. The sequences of phage AMGs are often homologous to
. their host genes, but phylogenetic analysis can separate AMGs from hosts?. Therefore, several AMGs can be used

as biomarker genes to study phage diversity in natural environments®. These AMGs include the photosynthetic
. genes psbA and psbD, which encode the photosystem D1 and D2 proteins*®; the mazG gene, which encodes
. pyrophosphatase’; and the phoH gene, which is relates to phosphate metabolism?®.

PhoH has some advantages as a biomarker gene over other biomarker genes for studying phage diversity,
© such as g23°, g20'°, DNA pol'! and psbA*, since those genes are restricted to specific morphological phages. The
. phoH gene was detected in various morphological types of phages (including siphophages, myophages and podo-
. phages) and in a wide host range (including autotrophic and heterotrophic bacteria) and even in the viruses of
: autotrophic eukaryotes®. By using this gene, viral phoH sequences in the Sargasso Sea and worldwide oceans were
. clustered into six novel groups (Groups 1~6). In addition, the distribution patterns of viral phoH assemblages in
. the Sargasso Sea differed with water depth and sampling time'>!*. Although the phoH gene was detected in 40%
. of cultured marine phages and in only 4% of cultured nonmarine phages®, it appears that this gene is not suitable
. for assessing the diversity of phages in terrestrial environments. However, more than 400 phage phoH sequences
. were recently obtained from several paddy floodwaters in northeast China, and 4 specific groups and 7 subgroups
. of phage phoH were detected in paddy waters'*. These findings suggest that this biomarker gene can be used to

investigate the diversity of phages in both marine and terrestrial environments.

Wetlands are ecotones between uplands and water bodies characterized by shallow water that is permanently

or periodically close to the soil surface, and they establish specific wetland plant communities'>'¢. Wetlands have
. afunctional role in several key biogeochemical processes, such as pollutant degradation, nitrification, denitrifica-
© tion, methanogenesis, methanotrophy, and iron and sulfate reduction'”!8, Thus, wetlands are usually considered
* the “kidney” of the earth. Since these biogeochemical processes are mostly mediated by microbes'®, wetlands
. are regarded as the hotspots for studying microbial ecology'$; however, assessments of virus or phage diversity
in wetlands are limited?*?!. In this study, by targeting the biomarker gene phoH, we surveyed phage diversity
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Figure 1. Neighbor-joining phylogenetic tree constructed with phoH sequences obtained in wetland sediments
and their closest relatives retrieved from GenBank at the amino acid level. Numbers in parentheses are the
accession numbers of phoH sequences in the NCBI website. The phoH sequences from bacteria and viruses
(phages) are shown in normal gray letters and bold black letters, respectively. The bootstrap support values < 50
are not shown. The scale bar represents a 10% difference in amino acid sequence.

and distribution in several wetland sediments in northeast China using culture-independent PCR, cloning and
Sanger sequencing methods. The objectives were (i) to test whether the phage phoH gene can be obtained from
natural wetlands; (ii) to compare the phage phoH sequence diversity and novelty with known sequences; and (iii)
to compare the difference or similarity of phage phoH assemblages in natural wetlands with that in marine and
paddy fields.

Results

PCR amplification and the closest relatives of phoH clones. Using degenerate primers vPhoHf
and vPhoHr, PCR products were generated from wetland sediments obtained from two coastal wetlands
of Liaohekou (LHK) and Yalujiangkou (YLJK), a lake wetland of Xingkaihu (XKH), and a swamp wetland of
Honghe (HH), respectively. Electrophoresis revealed several faint bands of PCR products were showed on the
gel (Supplementary Fig. S1). Only bands with a target length of approximately 420 bp were excised, purified and
cloned for sequencing.

In total, 219 positive clones were submitted for sequencing, but only 102 clones were confirmed as phoH
sequences. A BLASTp search at the amino acid level indicated that 44 clones had the highest identities rang-
ing from 78% to 96% to bacterial strains and environmental bacterial clones, with exception of the clone
LHK-phoH-7 and clone HH-phoH-3, which had 51% identity to Spirochaetes bacterium GWBI1_48_6** and
Methylobacterium extorquens AM1%, respectively (Supplementary Table S1). The remaining 58 clones had the
highest identities ranging from 48% to 100% to environmental phage clones obtained from paddy water'* and sea
waters®, as well as marine cultured Synechococcus phages®~2° (Supplementary Table S2).

Phylogenetic analysis of phoH sequences. A neighbor-joining phylogenetic tree was constructed from
the phoH sequences isolated in this study and the phoH sequences from the closest relatives identified in Blastp
(Fig. 1). The tree showed that all clones in Supplementary Table S1 formed a large cluster with a 100% bootstrap
support value with bacterial phoH sequences, with the exception of two clones, HH-phoH-3 and LHK-phoH-7.
Thus, these clone sequences were considered phoH sequences obtained from wetland bacteria. The clones in
Supplementary Table S2 formed two clusters with bootstrap support values of 99% and 48% (data not shown in
the Figure), respectively, with environmental viral clones or phages; therefore, those clones were thought to be
obtained from wetland viruses. The two clones HH-phoH-3 and LHK-phoH-7 had 51% identity to the phoH
sequences of bacteria (Supplementary Table S1) but formed several low bootstrap-supported branches with
phoH sequences of bacteria and phages. Thus, the origin of clones HH-phoH-3 and LHK-phoH-7 could not be
determined.
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Figure 2. Neighbor-joining phylogenetic tree constructed with phage phoH sequences obtained in wetland
sediments and the phoH sequences of cultured bacteria, phages and eukaryotic viruses at the amino acid level.
The phoH sequences from cultured phages of Synechococcus, Prochlorococcus and heterotrophic bacteria are
shown in bold black letters, while the phoH sequences from cultured bacteria are shown in normal black letters.
Numbers in parentheses are the accession numbers of phoH sequences in the NCBI website. Bootstrap support
values < 50 are not shown. The scale bar represents a 10% difference in amino acid sequence.

Through the above exclusion analysis, 58 viral phoH sequences were obtained from wetland sediments.
Among them, 41, 2, 1 and 14 sequences were from sediments of YLJK, LHK, HH and XKH, respectively. The
identity among 58 viral phoH sequences at amino acid level ranged from 22% to 99%, which indicates that the
diversity of viral phoH gene in wetland sediments is high. To determine the phylogenetic position of viral phoH
sequences in wetlands, 58 viral phoH sequences obtained in this study were used to build a phylogenetic tree with
phoH sequences from cultured phages of Synechococcus, Prochlorococcus and heterotrophic bacteria, as well as
the phoH sequences from autotrophic and heterotrophic bacteria (Fig. 2). All sequences were divided into three
clusters. Cluster I contained 50 clones obtained in this study with phages of autotrophic bacteria, and Cluster II
included 8 clones obtained in this study with phages of heterotrophic bacteria. None of the phage phoH sequences
in this study fell into Cluster III. Cluster III comprised the viruses infecting eukaryotes, phages infecting several
heterotrophic bacteria, a phage Ma-LMMO1 of Microcystis, and some bacterial phoH sequences. Thus, all 58 viral
phoH sequences obtained in this study were considered to come from phages.

To test whether novel groups of phage phoH sequences exist in wetlands, a phylogenetic tree at the amino acid
level was constructed with the phage phoH sequences obtained in this study, marine waters?, paddy waters', cul-
tured phages of autotrophic and heterotrophic bacteria, and cultured viruses of autotrophic eukaryotes (Fig. 3).
Based on the grouping standard reported previously®!'4, 35, 1, 8 and 14 clones from wetlands fell into Groups 2,
3,4 and 6, respectively. Within Groups 2 and 4, two new subgroups, Group 2c and Group 4c, which contained 21
and 4 clones exclusive to this study, were identified. The proportional distributions of phage phoH clones across
different groups in wetland sediments, marine waters and paddy waters are summarized in Table 1, which indi-
cates that the distribution of this biomarker gene differed among the three environments.

Biogeography of phage phoH sequence assemblage. To characterize the relationships of phage com-
munities in different environments, the phage phoH sequence assemblages from two wetland sediments of this
study, 10 marine waters reported previously®, and four paddy waters of northeast China'* were evaluated with
nonmetric multidimensional scaling (NMDS) analysis (Supplementary Table S3). Of note, since only two phage
phoH clones from LHK and one clone from HH were obtained in this study, these two wetland samples were not
used for NMDS analysis. Overall, the phoH assemblages from different environments can be divided into two
major groups: samples from YLJK and marine waters fell into one group, while samples from XKH and paddy
waters fell into the other group (Fig. 4).
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Figure 3. Unrooted phylogenetic tree showed the relationships of phage phoH amino acid sequences obtained
from environmental clones of wetlands in this study, marine waters (Goldsmith et al. 2011) and paddy waters
(Wang et al. 2016), and cultured phages and cultured eukaryotic viruses. The size of the circles at the end of the
branches is proportional to the number of clones/phages, and the small, medium and large circles represent
one, four and eight clones/phages, respectively. The bootstrap support values < 50 are not shown. The scale bar
represents a 10% difference in amino acid sequence.

Discussion

The degenerate primers vPhoHf and vPhoHr were first designed based on alignment of the full-length phoH
gene from Synechococcus phage S-PM2, Prochlorococcus phages P-SSM2 and P-SSM4, as well as Vibrio phage
KVP408. Using this primer set, Goldsmith et al.%'? successfully obtained many phage phoH sequences from var-
ious marine waters. Following that, our research group further isolated 424 sequences of phage phoH from four
paddy floodwaters in northeast China, indicating that this primer set was applicable for studying phage diversity
in both marine and paddy waters'. It should be noted that the water samples used for the above studies excluded
host DNA using the ultracentrifuge or Millipore filtering method; we do not know whether this primer set can
be applied to studies of nonwater environments. In this study, we extracted microbial DNA directly from wetland
sediments as previously conducted for studying the diversity of the g23 gene of T4-type phage?. The extracted
DNAs were used as a template for PCR amplification, and the results showed that 44 sequences had the highest
identity to bacterial strains (Supplementary Table S1). Phylogenetic analysis also separated these sequences from
phage or virus groups (Fig. 1), suggesting that these sequences originated from bacteria. This finding conflicted
with Goldsmith ef al.'?, whom stated that this primer set does not amplify known bacterial phoH genes. To the
best of our knowledge, this is the first report to reveal that host phoH genes can also be amplified with the primers
vPhoHf and vPhoHr. This finding underscores the importance of excluding host phoH sequences when investi-
gating viral or phage phoH genes in natural environments.

It should be noted that both clones LHK-phoH-7 and HH-phoH-3 had 51% identity to phoH sequences of
known bacterial strains (Supplementary Table S1), and HH-phoH-3 had 53% identity to Yersinia phage phiR1-
37 (YP_004934283) (Supplementary Table S2); however, both clones fell into two branches with bacteria,
although the bootstrap supporting value was lower than 50% (Fig. 1). Based on this finding, the origins of clones
LHK-phoH-7 and HH-phoH-3 remained unclear. The fact that 58 clones of phage phoH genes were obtained in
wetland sediments after excluding potential host phoH sequences indicated that this primer set can be used to
assess phage ecology in soil ecosystems.

Although AMGs of phages were derived from their host counterparts, many of these genes, such as psbA%,
psbD* and mazG’, are evolving differently from their hosts, resulting in phages and hosts residing in differ-
ent phylogenetic branches or clusters. Likewise, Goldsmith et al.® demonstrated that phoH sequences com-
ing from phages could be separated from those coming from hosts by constructing a phylogenetic tree, and
phages of cyanobacteria segregated into different evolutionary branches than phages of heterotrophic bacteria
or viruses of eukaryotes. In this study, we found that the majority (86%) of the phage phoH sequences from wet-
lands formed a high bootstrap supporting (99%) group of Cluster I with several cyanophages of Synechococcus
and Prochlorococcus. None of the phoH sequences from heterotrophic bacterial phages, eukaryotic viruses, or
host-derived phoH gene sequences fell into Cluster I (Fig. 2). Thus, we deduce that the phoH sequences from
this study in Cluster I are likely derived from phages of autotrophic bacteria, i.e., the phage of cyanobacteria.
The remaining 14% of wetland phage phoH clones fell into Cluster IT along with several phoH sequences of the
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Group 3b 8 291

Group 3¢ 2 0.73 48 11.32 1 1.72
Group 3d 14 3.30

Group 3e 7 1.65

Group 4a 4 1.45

Group 4b 24 8.72 11 2.59 4 6.90
Group 4c® 6.90
Group 5 77 28

Group 6a 72 16.98 8 13.79
Group 6b 24 5.66

Group 6¢ 28 6.60 1 1.72
Group 6d 1 0.24

Group 6e 21 7.64 1 0.24 5 8.62
Ungrouped 2 0.73

Table 1. Number and proportional distribution of phage phoH clones in phylogenetic groups obtained from
marine waters, paddy waters and wetland soils. *Marine sources, including the Sargasso Sea and worldwide
oceans (Goldsmith et al., 2001). "Paddy sources, including the four paddy sampling sites obtained from
northeast China (Wang et al., 2016). “Wetland source of this study. “Number in parenthesis is the total number
of clones obtained from each source. °Group in bold is a newly designated subgroup in this study.
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Figure 4. A nonmetric multidimensional scaling plot showing the distribution pattern of the phage phoH
assemblages obtained from different environments. Samples located close to each other on the plot are grouped
by dashed circles.

heterotrophic bacterial phages; thus, the origins of these phoH sequences were considered as coming from phages
of heterotrophic bacteria. Similar to our previous finding'%, the number of clones belonging to cyanophages con-
taining phoH genes was higher than that of heterotrophic bacterial phages in wetlands; thus, the AMG of phoH
was suspected to be mainly carried by cyanophages rather than heterotrophic bacterial phages.

The phage phoH sequences from marine waters were clustered into six groups (Groups 1-6)% however, only
Group 2 contained reference phoH sequences of cyanophages infecting Synechococcus and Prochlorococcus®.
Subsequently, our research group surveyed the genetic diversity of phage phoH in paddy waters in northeast
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Wetland Total C | TotalN | TotalP | TotalK | NH,-N | NO;'N Available P | Available K
Sample | Location Latitude and longitude type | pH | (gkg™) | (gkg™) | (gkg™) | (gkg™) | (mgkg™") | (mgkg™) | (mgkg™) | (mgkg™)
LHK Liaohekou, Liaoning 40°56/52.26"N, 121°47'34.98"E | Coastal | 8.27 | 9.89 0.93 0.53 23.01 5.24 0.94 21.75 648.77
YLJK Yalujiangkou, Liaoning | 39°49'22.50"N, 124°03/32.64"E | Coastal | 7.49 | 10.44 1.05 0.72 26.50 6.73 1.53 49.07 491.22
XKH Xingkaihu, Heilongjiang | 45°21'54.28"N, 132°19/02.47"E | Lake 5.16 | 28.7 2.60 0.90 16.03 117.34 1.06 47.68 189.39
HH Honghe, Heilongjiang 47°34/26.10"N, 133°14/21.24"E | Swamp | 4.77 | 18.54 1.82 0.52 19.64 22.06 1.04 27.10 157.18

Table 2. Locations of wetlands and some sediment soil properties.

China, and we found that the sequences from paddy waters fell into Groups 2, 3, 4, 6 and four newly designed
groups (Groups o, 3, v and 9). In addition, 7 novel subgroups (Groups 2b, 3d, 3e, 6a, 6b, 6¢c and 6d) were estab-
lished within individual groups. In this study, 58 phage phoH clones were obtained from the four wetland sedi-
ments, although the number was not comparable between samples. All sequences were clustered into Groups 2,
3, 4 and 6, and two new subgroups were detected within Groups 2 and 4 (Group 2c and Group 4c) (Fig. 3). None
of the phage phoH sequences from wetland sediments were distributed into Groups a~d and Group 5 (Table 1),
which suggested that the distribution of phage phoH genes in wetlands differed from those in marine waters® and
paddy waters!“.

The compositions of phage phoH sequences were determined to be different among six worldwide oceans?,
among four paddy waters and between ocean and paddy environments'. In this study, we further revealed that
the composition of phage phoH sequences in wetland sediments was distinctly different from that in marine
waters and paddy waters (Table 1). This finding to some extent was in accord with the results of another study
using the biomarker gene g23 of T4-type phages in wetlands®’, which suggested that the distribution of phage
biomarker genes in wetlands differed from that in other environments.

Our previous study revealed that the phage phoH sequence assemblages were grouped into marine water
group and paddy water group, irrespective of where those samples were obtained'*. These two groups were also
confirmed in this study, and the two wetland samples were distributed into the two groups separately, that is the
samples from YLJK and XKH fell into the marine water group and paddy water group, respectively (Fig. 4). This
finding suggested that the phage communities evaluated by phoH sequence assemblage in coastal wetland of
YLJK were similar to those in oceans, while in lake wetland of XKH, the phage communities were similar to those
in paddy waters. This finding was somewhat unsurprising because the coastal wetland of YLJK was frequently
influenced by tidal water of the Bohai Sea, and the lake wetland of XKH was surrounded by paddy fields. This
finding supported the common opinion that “everything is everywhere, but the environment selects™**!, which
suggests that the selection effect is not only reflected in the bacterial community but also reflected in AMGs of
phage genomes?®.

In conclusion, this paper first demonstrated that the primers vPhoHf and vPhoHr were not highly specific to
phage phoH genes. Through the exclusion analysis, 58 phage phoH clones were obtained from wetland sediments.
We found that all clones were clustered into formerly known Groups 2, 3, 4 and 6. The finding of two new sub-
clusters (Group 2c and Group 4c) containing clones exclusively obtained from wetlands in this study suggested
that novel subgroups of phages inhabit wetlands. In addition, the finding that phage phoH assemblages of YLJK
and XKH were similar to those in marine waters and paddy waters, respectively, suggested that the distribution
patterns of phage phoH sequences were distinctly different between coastal wetland and lake wetland.

Materials and Methods

Wetland sediment sampling. Four wetland sediment samples, including two coastal wetlands of
Liaohekou (LHK) and Yalujiangkou (YLJK), a lake wetland of Xingkaihu (XKH) and a swamp wetland of Honghe
(HH) were collected across northeast China during July and August 2016. Briefly, approximately 2 kg of sed-
iments within a soil depth of 0-10 cm were randomly collected from 5 sites in each wetland; the mixed sam-
ples were deposited into a polyethylene bag and transported to the laboratory at 4°C. Then, some samples were
loaded into 50 mL centrifuge tubes and stored at —80 °C for DNA extraction. The remaining sediment samples
were air-dried for determination of physicochemical properties. The locations of sampling sites are shown in
Supplementary Fig. S2 and some soil physiochemical properties of sediments are shown in Table 2.

DNA extraction and PCR amplification. Soil DNA was extracted from 0.5 g of fresh sediment sample
with a Fast DNA SPIN Kit for Soil (MP Biomedicals, Santa Ana, CA, USA) according to the manufacturer’s
instructions. The phoH gene was amplified with the degenerate primers vPhoHf (5-TGC RGG WAC AGG TAA
RAC AT-3') and vPhoHr (5'-TCR CCR CAG AAA AYM ATT TT-3")8. PCR reactions were performed in a 50 pL
mixture volume as reported previously (Wang et al., 2017). The PCR program parameters included initial dena-
turation at 95 °C for 5 min, followed by 35 cycles of 95 °C for 1 min, 53 °C for 1 min (annealing), and 72 °C for
1 min (extension), with a final extension at 72 °C for 10 min®.

Cloning and sequencing. The PCR product with a target length of 420 bp was excised from a 2% agarose gel
and purified using the QIAEXII Gel Extraction Kit (QIAGEN, Shanghai, China). The purified DNA was cloned
into the pMD 18-T vector (TaKaRa, Dalian, China) and transformed into competent cells of Escherichia coli (E.
coli) DH 5a.. White clones were randomly selected, and positive clones were confirmed by PCR amplification.
The plasmid DNA of the positive clone was obtained through overnight culture of E. coli DH 5 and sequenced
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by a commercial company (BGI, Shenzhen, China). The phoH nucleotide sequences obtained in this study were
deposited in GenBank under accession numbers MH479451-MH479530 and MH479532-MH479553.

Sequence analysis. The clone sequences were translated to deduced amino acid sequences using the
EMBOSS Transeq program on the European Bioinformatics Institute (EBI) website (https://www.ebi.ac.uk/
Tools/st/emboss_transeq/). The closest relatives of the respective phoH clones were examined at the amino
acid level by the Basic Local Alignment Search Tool (BLAST) search program within the National Center for
Biotechnology Information (NCBI) website (https://blast.ncbi.nlm.nih.gov/). References of phoH sequences from
cultured viruses and bacteria, as well as environmental viral clones, were retrieved from GenBank. The amino
acid sequences of phoH genes were aligned using ClustalX1.81%, and the neighbor-joining phylogenetic tree was
constructed by MEGA 6.0 with 1000-fold bootstrap support®*. The phage phoH sequences obtained from the
different biomes were defined by the number of operational taxonomic units (OTUs) at sequence divergences of
3%. The NMDS analysis was performed in R-3.4.3 with the ‘vegan’ package. This NMDS analysis employed all
published environmental phage phoH sequences available at present. The sequence information for this analysis
is provided in Supplementary Table S3.

References

1. Breitbart, M., Thompson, L. R, Suttle, C. A. & Sullivan, M. B. Exploring the vast diversity of marine viruses. Oceanography 20,
135-139 (2007).

2. Gasper, R. et al. Distinct features of cyanophage-encoded T-type phycobiliprotein lyase ®CpeT: The Role of Auxiliary Metabolic
Genes. J. Biol. Chem. 292, 3089-3098 (2017).

3. Adriaenssens, E. M. & Cowan, D. A. Using signature genes as tools to assess environmental viral ecology and diversity. Appl.
Environ. Microbiol. 80, 4470-4480 (2014).

4. Zeidner, G. et al. Potential photosynthesis gene recombination between Prochlorococcus and Synechococcus via viral intermediates.
Environ Microbiol. 7,1505-1513 (2005).

5. Sullivan, M. B. et al. Prevalence and evolution of core photosystem II genes in marine cyanobacterial viruses and their hosts. PLoS
Biol. 4, €234 (2006).

6. Sharon, I. et al. Viral photosynthetic reaction center genes and transcripts in the marine environment. ISME J. 1, 492-501 (2007).

7. Bryan, M. ]. et al. Evidence for the intense exchange of MazG in marine cyanophages by horizontal gene transfer. PLoS One 3, €2048
(2008).

8. Goldsmith, D. B. et al. Development of phoH as a novel signature gene for assessing marine phage diversity. Appl. Environ. Microbiol.
77,7730-7739 (2011).

9. Filée, J., Tétart, E, Suttle, C. A. & Krisch, M. Marine T4-type bacteriophages, a ubiquitous component of the dark matter of the
biosphere. P. Natl. Acad. Sci. USA 102, 12471-12476 (2005).

10. Zhong, Y., Chen, E, Wilhelm, S. W, Poorvin, L. & Hodson, R. E. Phylogenetic diversity of marine cyanophage isolates and natural
virus communities as revealed by sequences of viral capsid assembly protein gene. g20. Appl. Environ. Microbiol. 68, 1576-1584
(2002).

11. Chen, E et al. Diverse and dynamic populations of cyanobacterial podoviruses in the Chesapeake Bay unveiled through DNA
polymerase gene sequences. Environ. Microbiol. 11, 2884-2892 (2009).

12. Goldsmith, D. B., Parsons, R. J., Beyene, D., Salamon, P. & Breitbart, M. Deep sequencing of the viral phoH gene reveals temporal
variation, depth-specific composition, and persistent dominance of the same viral phoH genes in the Sargasso Sea. Peer. J. 3, €997
(2015a).

13. Goldsmith, D. B., Brum, J. R, Hopkins, M., Carlson, C. A. & Breitbart, M. Water column stratification structures viral community
composition in the Sargasso Sea. Agyat. Microb. Ecol. 76, 85-94 (2015b).

14. Wang, X. Z. et al. Novel groups and unique distribution of phage phoH genes in paddy waters in northeast China. Sci. Rep. 6, 38428
(2016).

15. Mausbach, M. J. & Parker, W. B. Background and history of the concept of hydric soils. Wetland Soils: Genesis, Hydrology, Landscapes,
and Classification. (eds Vepraskas, M. J. & Richardson, J. L.) Ch. 3, 19-33 (CRC 2001).

16. Mitsch, W. J. & Gosselink, J. G. Wetlands. (ed. Mitsch, W. ].) (Wiley 2007).

17. Davidsson, T. E., Stepanauskas, R. & Leonardson, L. Vertical patterns of nitrogen transformations during infiltration in two wetland
soils. Appl. Environ. Microbiol. 63, 3648-3656 (1997).

18. Gutknecht, J. L. M., Goodman, R. M. & Balser, T. C. Linking soil process and microbial ecology in freshwater wetland ecosystems.
Plant Soil 289, 17-34 (2006).

19. Balasooriya, W. K., Denef, K., Peters, J., Verhoest, N. E. C. & Boeckx, P. Vegetation composition and soil microbial community
structural changes along a wetland hydrological gradient. Hydrol. Earth Syst. Sci. 12,277-291 (2008).

20. Zheng, C. et al. Characterization of the major capsid genes (g23) of T4-type bacteriophages in the wetlands of northeast China.
Microb. Ecol. 65, 616-625 (2013).

21. Ji, X. L. et al. Morphological diversity of cultured cold-active lytic bacteriophages isolated from the Napahai plateau wetland in
China. Virol. Sin. 30, 457-479 (2015).

22. Anantharaman, K. ef al. Thousands of microbial genomes shed light on interconnected biogeochemical processes in an aquifer
system. Nat. Commun. 7, 13219 (2016).

23. Vuilleumier, S. et al. Methylobacterium genome sequences: a reference blueprint to investigate microbial metabolism of C1
compounds from natural and industrial sources. PloS One 4, 5584 (2009).

24. Millard, A. D., Zwirglmaier, K., Downey, M. ]., Mann, N. H. & Scanlan, D. J. Comparative genomics of marine cyanomyoviruses
reveals the widespread occurrence of Synechococcus host genes localized to a hyperplastic region: implications for mechanisms of
cyanophage evolution. Environ. Microbiol. 11,2370-2387 (2009).

25. Sullivan, M. B. et al. Genomic analysis of oceanic cyanobacterial myoviruses compared with T4-like myoviruses from diverse hosts
and environments. Environ. Microbiol. 12, 3035-3056 (2010).

26. Crummett, L. T., Puxty, R. J., Weihe, C., Marston, M. F. & Martiny, J. B. The genomic content and context of auxiliary metabolic
genes in marine cyanomyoviruses. Virology 499, 219-229 (2016).

27. Wang, G. et al. Survey of major capsid genes (g23) of T4-type bacteriophages in Japanese paddy field soils. Soil Biol. Biochem. 41,
13-20 (2009).

28. Chénard, C. & Suttle, C. A. Phylogenetic diversity of sequences of cyanophage photosynthetic gene psbA in marine and freshwaters.
Appl. Environ. Microbiol. 74, 5317-5324 (2008).

29. Lindell, D. et al. Transfer of photosynthesis genes to and from Prochlorococcusviruses. P. Natl. Acad. Sci. USA 101, 11013-11018
(2004).

30. Baas Becking, L. G. M. Geobiologie of inleiding tot de milieukunde. (eds Van Stockum, W. P. & Zoon, N. V.) (The Hague 1934).

SCIENTIFIC REPORTS |

(2019) 9:911 | DOI:10.1038/s41598-018-37508-4 7


https://www.ebi.ac.uk/Tools/st/emboss_transeq/
https://www.ebi.ac.uk/Tools/st/emboss_transeq/
https://blast.ncbi.nlm.nih.gov/

www.nature.com/scientificreports/

31. De, W. R. & Bouvier, T. ‘Everything is everywhere, but the environment selects’; what did Baas Becking and Beijerinck really say?
Environ. Microbiol. 8, 755-758 (2006).

32. Thompson, J. D., Gibson, T. ., Plewniak, E,, Jeanmougin, F. & Higgins, D. G. The CLUSTAL_X windows interface: flexible strategies
for multiple sequence alignment aided by quality analysis tools. Nucleic Acids Res. 25, 4876-4882 (1997).

33. Tamura, K,, Stecher, G., Peterson, D, Filipski, A. & Kumar, S. MEGA6: molecular evolutionary genetics analysis version 6.0. Mol.
Biol. Evol. 30,2725-2729 (2013).

Acknowledgements

This study was financially supported by the National Nature Science Foundation of China (41571246), the
Strategic Priority Research Program of the Chinese Academy of Science (XDB15010103), and the Chinese
Biodiversity Monitoring and Research Network (Sino BON).

Author Contributions
G.H.W. conceived and designed the experiments; X.L. performed the experiments; X.L. analyzed the data; X.L.
and G.H.W. wrote the paper; and Y.S., ].J.L. and Q.Y. collected samples.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-37508-4.

Competing Interests: The authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

¥ License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFIC REPORTS |

(2019) 9:911 | DOI:10.1038/s41598-018-37508-4 8


http://dx.doi.org/10.1038/s41598-018-37508-4
http://creativecommons.org/licenses/by/4.0/

	Survey of the bacteriophage phoH gene in wetland sediments in northeast China

	Results

	PCR amplification and the closest relatives of phoH clones. 
	Phylogenetic analysis of phoH sequences. 
	Biogeography of phage phoH sequence assemblage. 

	Discussion

	Materials and Methods

	Wetland sediment sampling. 
	DNA extraction and PCR amplification. 
	Cloning and sequencing. 
	Sequence analysis. 

	Acknowledgements

	Figure 1 Neighbor-joining phylogenetic tree constructed with phoH sequences obtained in wetland sediments and their closest relatives retrieved from GenBank at the amino acid level.
	Figure 2 Neighbor-joining phylogenetic tree constructed with phage phoH sequences obtained in wetland sediments and the phoH sequences of cultured bacteria, phages and eukaryotic viruses at the amino acid level.
	Figure 3 Unrooted phylogenetic tree showed the relationships of phage phoH amino acid sequences obtained from environmental clones of wetlands in this study, marine waters (Goldsmith et al.
	Figure 4 A nonmetric multidimensional scaling plot showing the distribution pattern of the phage phoH assemblages obtained from different environments.
	Table 1 Number and proportional distribution of phage phoH clones in phylogenetic groups obtained from marine waters, paddy waters and wetland soils.
	Table 2 Locations of wetlands and some sediment soil properties.




