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Abstract
Wetlands,  as  the  "kidneys  of  the  earth,"  play  distinctive  roles  in  environmental  processes.

Located in  the Three Parallel  Rivers  region of  Yunnan Province,  China,  the Napahai  plateau

wetland stands  out  as  a  unique ecosystem.  In  this  study,  we investigated the  diversity  and

phylogenetic  distribution  of  DNA  polymerase  (Pol)  genes,  key  enzymes  in  maintaining

genome  stability,  across  a  range  of  environments  and  host  sources.  In  total,  1,222  DNA

polymerase  gene  sequences  were  selected  for  subsequent  analysis,  of  which  104  were

derived  from  the  Napahai  plateau  wetland,  578  from  other  habitats,  and  540  from  other

sources. Phylogenetic trees were constructed to dissect and elucidate the diversity of genetic

inheritance.  Phylogenetic  analysis  showed  that  PolA,  PolB,  and  PolC  family  genes  each

formed distinct  phylogenetic  clusters.  Notably,  the Napahai  sequences  consistently  formed

cohesive,  unique  subclusters  across  all  families.  Principal  coordinate  analysis  (PCoA)  and

nonmetric multidimensional scaling (NMDS) were applied to explore the distribution of DNA

polymerase genes from different habitats. The PCoA ordination showed that sequences from

the  Napahai  plateau  wetland  formed  a  separate  cluster  from  those  of  other  environments.

This  pattern  was  also  observed  in  the  NMDS  ordination  (stress  =  0.0546, R2 =  0.9739).  The

distinct  ecological  conditions  of  Napahai  distinguish  these  genes  from  other  wetlands  and

marine  environments.  The unique DNA polymerase  gene clusters  identified  in  the  Napahai

wetland  contributed  to  an  expanded  comprehension  of  DNA  polymerase  functionality.  It

underscored  the  significant  genetic  diversity  of  DNA  polymerases  in  the  Napahai  plateau

wetland,  showcasing  both  diversity  and  individuality  within  the  gene  pool.  These  findings

offer novel insights into the spatial distribution and molecular ecology of DNA polymerases

in  the  Napahai  plateau  wetland.  Additionally,  they  provide  valuable  supplementary

information for future investigations into wetland ecology.
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Highlights
•  DNA polymerase genes in the Napahai plateau wetland exhibit distinct spatial and geographical differences compared with other

ecological environments. Their genetic clustering is unique, showing differential distribution across various habitats and sources.

•  Metagenomic  data  analysis  reveals  that  DNA  polymerase  genes  in  the  Napahai  plateau  wetland  possess  abundant  species

resources, high diversity, and a certain degree of uniqueness, thereby expanding our understanding of the molecular ecology of

these genes in wetland ecosystems.

•  Future  investigations  should  aim  to  explore  the  applicability  of  these  marker  genes  in  diverse  wetlands  or  terrestrial

environments.
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Graphical abstract

 
 Introduction

DNA polymerases (Pol) play a vital role in maintaining genome stability
within  living  organisms.  DNA  polymerase  genes  serve  as  essential
molecular  markers  for  examining  the  genetic  diversity  of  viruses  and
microorganisms, alongside other widely used markers such as the viral
capsid  protein  genes g20[1] and g23[2],  as  well  as  the  cyanophage-
carried  photosynthesis  genes psbA and psbD[3].  It  is  noteworthy  that
DNA  polymerase  genes  exhibit  significant  variation  among  viruses,
bacteria,  and  eukaryotes[4].  Through  phylogenetic  analysis  and  the
examination  of  primary  protein  sequences,  these  genes  are  classified
into seven families: A, B, C, D, X, Y, and RT. The structural conservation
of  DNA  polymerases  is  critical  for  essential  cellular  functions  such  as
DNA replication and repair,  and their structural and kinetic properties
have been extensively researched[5].

PolA  family  genes  (polA)  are  gene  markers  for  cyanophage
diversity[6].  PolA  is  one  of  the  DNA  polymerase  families  utilized  by
certain  phages  for  genome replication,  although many phages  use
PolB or phage-specific polymerases.  A study explored the flexibility
of  the  PolA  active  site  in  accommodating  bulky  nucleotide
analogs[7]. The prediction of PolA peptides from the Chesapeake Bay
viral  metagenome suggested that PolA was a molecular  marker for
observing planktonic virus diversity and composition[8].  PolA genes
from phages  have been identified in  various  environments,  includ-
ing  freshwater,  marine  environments,  hot  springs,  and  soils,  span-
ning a diverse range of viral taxonomies[8,9]. PolB family genes play a
crucial  role  in  DNA  replication  and  repair.  Baptiste  et  al.[10] found
that DNA polymerase β exhibits distinct advantages in filling single
nucleotide  gaps  and  performing  helicase-independent  functions.
PolB  demonstrates  remarkable  diversity  and  widespread  distribu-
tion  in  both  cells  and  viruses.  The  diversity  of  PolB  in  Archaea  is
particularly  noteworthy[11].  Kazlauskas  et  al.  identified a  new,  wide-
spread group of bacterial PolB and characterized six new groups of
PolB in Archaea[11]. PolB can be utilized to study the population-level
diversity of Megaviridae in natural environments[12]. PolC is the main
chromosomal replication enzyme in Gram-positive bacteria, where it
collaborates  with  DnaE  to  complete  bidirectional  replication[13,14].
This  evolutionarily  conserved  enzyme  exists  as  a  monomer  with
intrinsic proofreading activity[15]. Restarting replication after replica-
tion–transcription  conflicts  requires  recombination  proteins  and
primosome  assembly[16].  Following  a  successful  restart,  PolC  re-
engages at the fork to resume chromosomal DNA synthesis[17].

Most previous studies have focused on DNA polymerase diversity
in  marine  and freshwater  viral  communities[18,19],  whereas  informa-
tion regarding DNA polymerase diversity in plateau wetland ecosys-
tems remains scarce. Kuznetsova et al.[5] discussed the highlights of
the kinetic and conformational dynamics of DNA polymerases from

all  known  polymerase  families  during  DNA  synthesis.  Wetlands,  as
the  "kidneys  of  the  earth,"  play  a  crucial  role  in  biogeochemical
processes,  including  pollutant  degradation  and  methanogenesis.
They are considered to be hotspots for studying microbial ecology.
However, assessments of DNA polymerase diversity in wetland viral
metagenomes remain limited, despite wetlands being recognized as
hotspots of microbial diversity and ecological processes.

The  Napahai  plateau  wetland,  located  in  the  core  of  the  Trans-
verse  Mountains  and  the  Three  Parallel  Rivers  area,  represents  a
seasonal swamp wetland with low latitude and high altitude in the
Jinsha  River  Basin.  The  absence  of  waterways  between  wetlands
contributes  to  its  unique  biological  characteristics.  Rich  in  species
and featuring diverse habitats,  it  is  recognized as one of the global
hotspots  for  biodiversity  conservation[20],  possessing high scientific
research  value.  Analysis  of  the  diversity  and  distribution  of  DNA
polymerase  genes  in  the  Napahai  wetland  using  viral  metage-
nomics  is  crucial  for  revealing  the  role  of  DNA  polymerase  in  the
biological evolution of wetland ecosystems.

 Materials and methods

 Sample collection
On  May  23,  2019,  water  and  soil  samples  were  gathered  within  the
coordinates  of  27°48'34''–27°53'36''  N,  99°38'24''–99°40'38''  E  in  the
Napahai plateau wetland (Supplementary Fig. S1). Six sampling points
were chosen at a soil depth ranging from 5 to 8 cm, with each yielding
5 kg of soil. This depth was selected because the surface layer (0–5 cm)
was characterized by dense meadow root mats and abundant gravel,
which made it  difficult  to  obtain  intact,  homogeneous soil  cores.  The
5–8-cm  depth  provided  a  more  uniform  soil  matrix  while  remaining
within the biologically active layer, consistent with sampling practices
for  rocky  or  root-dense  wetland  soils.  The  six  soil  samples  were
designated  S1  to  S6,  and  S1–S3  were  homogenized  to  form  Soil  1
(upstream),  whereas S4–S6 were homogenized to form Soil  2  (down-
stream), with each composite sample weighing 400 g. Water samples
(W1–W3)  were  collected  from  three  sampling  points  along  the  lake
of  the  Napahai  plateau  wetland.  Each  sample,  totaling  25  kg,  was
collected  and  subsequently  mixed  to  form  a  single  representative
water  sample.  Before  homogenization,  all  individual  soil  and  water
samples  were  analyzed  for  elemental  content.  After  homogeniza-
tion,  each  composite  sample  was  divided  into  three  aliquots  for
independent DNA extraction. Various parameters, including longitudes,
latitudes,  altitudes,  temperatures,  atmospheric  pressure,  and  pH
values,  were  recorded.  The  elemental  content  of  the  samples  was
analyzed  by  the  Agricultural  Product  Quality  Supervision,  Inspection,
and  Testing  Center  (Kunming)  of  the  Ministry  of  Agriculture  (Supple-
mentary Table S1).
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 DNA extraction and viral metagenomic
sequencing
First, 0.5-g soil samples were mixed with a buffer. The supernatant was
concentrated to 10 mL using a tangential flow filter system. The water
samples were collected and filtered through 4.0-µm and 0.22-µm filter
membranes  and  then  concentrated  using  FeCl3 precipitation.  After
being  shaken  and  settled,  the  samples  were  filtered  through  0.8-µm
filter  membranes  and  then  resuspended  in  fresh  0.1  M  EDTA–0.2  M
MgCl2–0.2  M  buffer  (pH  6.5).  The  concentrated  viruses  were  purified
using  DNase,  which  was  then  inactivated  with  5  mM  ethylenedia-
minetetraacetic  acid  (EDTA)[21].  Next,  viral  genomes  were  extracted
from  the  purified  samples  using  the  QIAamp  MinElute  Virus  Spin  Kit
(USA)  and  further  purified  with  a  MicroEluteTM DNA  Clean-up  Kit
(China).  The  viral  genomes  were  then  amplified  and  quantitatively
analyzed  using  the  GenomiPhi  HY  DNA  Amplification  Kit  (China).
Finally,  the  HiSeq  2500  high-throughput  sequencing  platform  was
used  to  conduct  125-bp  paired-end  sequencing  on  the  sample  DNA,
with  an  insert  length  of  300  bp.  The  sequencing  process  was  per-
formed by Guangdong MAGIGENE Biotechnology Co., Ltd.

The  software  SOAPnuke  was  used  for  quality  control[22].  Clean-
read alignment against a designated host genome and subsequent
removal  of  the  host  sequences  were  performed  using  BWA[23]

(v0.7.17,  default  parameters).  To  extract  viral  component  informa-
tion,  cleaned  reads  after  decontamination  were  aligned  to  virus
reference data (separated from the NCBI Nucleotide database) using
BWA, with a filter length less than 80% of the total length of reads.
Viruses  were  classified  according  to  annotations  from  the  NCBI
Taxonomy  Database.  MEGAHIT[24] v1.0  (default  parameters)  was
utilized  to  assemble  quality-controlled  reads  from  metagenomics,
with  the  exclusion  of  short  contigs  (<  1,000  bp).  The  high-quality
reads  were  aligned  to  the  assembled  sequences,  and  their  utiliza-
tion was calculated using the BWA software[23]. These statistics were
combined  to  evaluate  the  assembly's  impact.  For  predicting  the
genes'  open  reading  frames  (ORFs),  we  used  the  MetaGeneMark
software  tool[25],  and  the  nonredundant  gene  set  sequences  were
aligned with the Kyoto Encyclopedia of Genes and Genomes (KEGG)
database  for  gene  homology  alignment  using  Diamond  software
(e-value ≤ 0.001). We also extracted all DNA polymerase (EC: 2.7.7.7)
nucleotide sequences from metagenomic datasets.

 Phylogenetic analysis of DNA polymerase genes
We  conducted  a  phylogenetic  analysis  to  explore  the  evolutionary
origins  of  the  genes.  First,  we  obtained  the  amino  acid  sequences  of
DNA polymerase from viral metagenomic data in the Napahai plateau
wetland.  We  performed  searches  in  the  NCBI  database  to  retrieve
relevant  reference  amino  acid  sequences  from  diverse  environments,
including marine, lake, hot spring, wetland, and paddy fields, as well as
from  different  sources  such  as  bacteria,  phages,  fungi,  and  Archaea.
Subsequently, we constructed phylogenetic trees based on the amino
acid sequences from the Napahai plateau wetland and other habitats.
We  performed  multiple  sequence  alignment  using  MAFFT  v7.505[26].
We  constructed  phylogenetic  evolutionary  trees  using  the  Linux
IQ-TREE[27], with the evolutionary models selected by IQ-TREE (-m MF -T
AUTO -B 1000). Finally, we visualized the trees using iTOL[28].

 Statistical analysis
The reference sequences of  the DNA polymerase genes were obtained
from  a  variety  of  environments  and  sources,  including  those  from  the
Napahai  plateau  wetland.  Amino  acid  sequences  were  analyzed  using
Mothur[29] software  to  calculate  UniFrac  distances,  perform  operational
taxonomic  unit  (OTU)  typing,  and  assess  the  alpha  genetic  diversity

indices within the community, such as the Chao, Shannon, and Simpson
values,  where  higher  Chao  and  Shannon  values  and  lower  Simpson
values  indicate  greater  diversity.  Following this,  the  R  package ggplot2
was utilized for principal coordinate analysis (PCoA) and visualization.

However,  because  of  the  composite  nature  of  the  soil  samples
(n = 2) and the pooled water sample (n = 1), the ordination analyses
(PCoA,  nonmetric  multidimensional  scaling  [NMDS])  presented  in
this study were used for exploratory data visualization and hypothe-
sis  generation  only.  Formal  statistical  inference  was  not  performed
on these data, as the sample size is insufficient for robust multivari-
ate  hypothesis  testing.  The  physicochemical  properties  of  the  indi-
vidual  field  samples  (S1–S6  and  W1–W3)  were  measured  indepen-
dently to characterize the environmental heterogeneity within each
composite,  but  these  measurements  do  not  constitute  biological
replicates for community-level analyses.

 Results

 Phylogenetic analysis of DNA polymerase genes
in different habitats
To  enhance  the  comprehension  of  the  genetic  diversity  of  DNA
polymerase genes within the Napahai plateau wetland, we constructed
circular  phylogenetic trees using amino acid sequences sourced from
a  spectrum  of  diverse  habitats  (Fig.  1).  PolA  family  genes  were
segregated into a single prominent cluster, encompassing all sequences
originating  from  the  Napahai  plateau  wetland  (Fig.  1a).  PolB  family
genes were clustered separately into two clusters (Fig. 1b). PolC family
genes  exhibited  clustering  into  two  distinct  groups:  One  associated
with hot springs and the other with paddy fields. Remarkably, regard-
less  of  whether  they  were  from  hot  springs  or  paddy  fields,  the
sequences  from  the  Napahai  plateau  wetland  consistently  formed
cohesive clusters  of  their  own (Fig.  1c).  In  conclusion,  compared with
the relevant  sequences from different  habitats,  the individual  cluster-
ing  of  DNA  polymerase  genes  was  more  obvious  in  the  Napahai
plateau wetland.

 Phylogenetic analysis of DNA polymerase genes
from different sources
To  gain  insights  into  the  diverse  origins  of  DNA  polymerase  genes
within  the  Napahai  plateau  wetland,  comprehensive  phylogenetic
trees were constructed using sequences from different sources (Fig. 2).
The  results  showed  that  most  of  the  PolA  genes  clustered,  and  the
sequences from the Napahai plateau wetland were relatively clustered
and  showed  certain  uniqueness  (Fig.  2a).  As  can  be  seen  in Fig.  2b,
PolB  sequences  from the  Napahai  plateau wetland were  divided into
two distinct clusters. One clustered with archaeal sequences; the other
clustered with phage sequences. PolC genes primarily segregated into
two  main  clusters:  One  cluster  associated  with  phage  sequences,
whereas  the  other  cluster  associated  with  the  sequences  from  other
phages and Archaea (Fig. 2c). DNA polymerase genes from the Napahai
plateau  wetland  formed  notably  differentiated  clusters,  co-clustering
with  sequences  from  other  sources  while  retaining  habitat-specific
subclusters.

 Principal coordinate analysis of DNA polymerase
genes from the Napahai plateau wetland
The amino acid sequences of DNA polymerase genes from the Napahai
plateau  wetland  and  other  ecological  environments,  as  well  as
different sources,  were analyzed using PCoA.  The Bray–Curtis  calcula-
tion  was  performed  using  Mothur  software[29],  and  the  distribution
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patterns of DNA polymerase genes were explored and visualized using
the R language. As shown in Fig. 3, the ordination plots illustrated the
compositional  distribution  of  microbial  communities  from  different
environments.  The  PCoA  analysis  showed  that  PolA  sequences  from
the  Napahai  plateau  wetland  formed  a  separate  cluster  from  those
of  other  environments  (Fig.  3a).  The  PolB  gene  sequences  were
predominantly distributed in the fourth quadrant, forming a relatively
aggregated  cluster  (Fig.  3b).  The  PolC  gene  sequences  were  mainly
distributed in the first  and fourth quadrants;  a few formed independ-
ent  clusters,  although  most  clustered  together  with  sequences  from
other  habitats  (Fig.  3c).  PCoA  analysis  of  PolA  genes  from  different
sources showed that Napahai PolA sequences clustered together with
those  from  phages  and  bacteria,  while  also  forming  distinct  clusters
separate from other sources (Fig. 3d). The PolB sequences appeared to
be relatively  dispersed across  the ordination space (Fig.  3e).  The PolC
sequences  were  primarily  divided  into  two  major  clusters,  with  one
group clustering with phage sequences in the fourth quadrant (Fig. 3f).
Overall,  the ordination plots revealed that the distribution patterns of
DNA polymerase genes from the Napahai plateau wetland exhibited a
degree of uniqueness compared with other environments, which was
consistent  with  the  phylogenetic  analysis  results.  These  observations
suggest  that  the  DNA  polymerase  genes  of  the  Napahai  plateau
wetland harbor a distinct diversity profile.

The  results  of  the  alpha  diversity  analysis  of  DNA  polymerase
genes  in  different  habitats  and  host  origins  are  shown  in Supple-
mentary Fig.  S2.  Common mathematical  measures of  species alpha
diversity,  such  as  Chao,  Shannon,  and  Simpson  diversity  indices,
were based on the OTU dataset to characterize genetic diversity[30].
Overall,  the  alpha  diversity  indices  (Chao,  Shannon,  and  Simpson)
revealed  distinct  patterns  among  the  three  DNA  polymerase  gene

families  (PolA,  PolB,  and  PolC)  across  different  habitats  and  host
origins.  These  observed  differences  in  alpha  diversity  among  the
three  gene  families  suggest  that  their  distribution  and  prevalence
may  vary  across  habitats  and  host  sources,  with  the  Napahai
wetland showing a notably distinct diversity pattern.

 Nonmetric multidimensional scaling analysis in
the Napahai plateau wetland
The nucleotide sequences of DNA polymerase genes from the Napahai
plateau  wetland  and  other  eco-environments  (see Supplementary
Table  S2)  were  analyzed  using  NMDS.  The  Bray–Curtis  distance  was
calculated  using  Mothur  software[29],  and  the  distribution  patterns  of
DNA  polymerase  genes  were  explored  using  the  R  language.  As
depicted  in Fig.  4,  the  NMDS  ordination  yielded  a  stress  value  of
0.0545949 and an R2 value of 0.973878. The ordination plot illustrated
that samples from similar environments tended to cluster together in
the  NMDS  space.  The  Napahai  plateau  wetland's  DNA  polymerase
genes formed a separate cluster, distinct from those of other environ-
ments.  Although  positioned  relatively  close  to  the  Northeast  China
wetland,  the  two  groups  still  showed  discernible  differences  in  com-
munity composition in the ordination space.

 Discussion

In  this  study,  DNA  polymerase  genes  were  selected  for  an  in-depth
exploration of diversity and phylogenetic relationships in the Napahai
plateau wetland. Using metagenomic data, we examined the evolution
of  DNA  polymerases  across  diverse  locations  and  observed  distinct
clustering  patterns  specific  to  this  wetland.  PolA  sequences  from  the

 

Fig. 1  Phylogenetic analysis of DNA polymerase (Pol) across diverse habitats. The phylogenetic trees of (a) PolA, (b) PolB, and (c) PolC family genes, with
different colors representing different habitats.
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Napahai  plateau  wetland  clustered  with  those  from  diverse  habitats
while  retaining  distinct  subclusters,  reflecting  the  local  and  regional
biogeography  and  showcasing  the  evident  indigenous  biodiversity
and uniqueness of DNA polymerases in this ecosystem. These charac-
teristics  may  be  intricately  linked  to  the  distinct  geographical  and
environmental  factors  shaping  the  originality  of  the  Napahai  plateau
wetland.

The  Napahai  plateau  wetland,  situated  in  the  Jinsha  River  Basin
of  the  Three  Parallel  Rivers  area  amid  the  extended  mountains  of
the Qinghai–Tibet Plateau, offers a typical environment distinguish-
able  from  other  wetlands.  Chen  et  al.[31] reported  the  diversity,
dynamic population,  and seasonal variations of cyanophages using
the DNA polymerase gene in Chesapeake Bay. The DNA polymerase
sequences  of  cyanopodoviruses  from  global  oceans  and  the  South
China  Sea  were  phylogenetically  categorized  into  Subclusters  II,  III,
VIII,  IX,  and  XI[32],  whereas  sequences  from  the  Chesapeake  Bay
formed  groups  within  Subclusters  I–X[31],  indicating  that  the  distri-
bution  of  DNA  polymerase  genes  in  the  open  oceans  differs  from
that  in  Chesapeake  Bay[32].  Thus,  the  phylogenetic  distribution  of
DNA  polymerase  genes  in  the  Napahai  plateau  wetland  differed
from that in paddy fields and marine environments (Fig. 1).

Phylogenetic  tree  analysis  showed  that  DNA  polymerase  genes
from the Napahai  plateau wetland formed distinct  clades,  suggest-
ing a unique evolutionary lineage associated with this geographical
environment. Consistently, NMDS analysis illustrated that DNA poly-
merase  genes  from  wetland  environments,  including  both  the
Northeast  China  wetland  and  the  Napahai  plateau  wetland,
exhibited both distinctions and connections in the ordination space.
These two wetland habitats formed separate clusters yet were posi-
tioned  relatively  close  to  each  other  compared  with  non-wetland

habitats,  suggesting  a  degree  of  compositional  similarity  that  may
reflect  shared  selective  pressures  associated  with  wetland  ecosys-
tems.  The  clustering  patterns  observed  in  both  phylogenetic  and
ordination  analyses  imply  that  DNA  polymerase  genes  may  distin-
guish  microbial  communities  in  different  locations  and  potentially
serve  as  a  biogeographical  marker  for  specific  habitats,  such  as
wetlands  and  rice  fields  in  Northeast  China[19,33,34].  The  distinct
phylogenetic distribution of DNA polymerase genes in the Napahai
wetland may be related to its  unique environmental  conditions.  As
previously  described,  the Napahai  plateau wetland is  characterized
by  distinct  geographical  and  climatic  conditions  that  set  it  apart
from other wetland ecosystems. This unique climatic regime, shaped
by the uplift  of  the Qinghai–Tibet  Plateau and influenced by warm
and  humid  airflows  from  the  Indian  Ocean,  combined  with  pro-
longed  daylight  duration  and  high  solar  ultraviolet  intensity,  may
contribute to the distinctive composition of DNA polymerase genes
observed  in  the  Napahai  plateau  wetland  samples.  The  observed
differences  in  DNA  polymerase  gene  composition  between  the
Napahai plateau wetland and other habitats suggest that geograph-
ical  and  climatic  factors,  along  with  associated  microbial  commu-
nity  dynamics,  may  play  a  role  in  shaping  the  genetic  diversity  of
microbial communities.

Schmidt et al.[35] discovered that a new type of A-family DNA poly-
merase  was  prevalent  in  marine  planktonic  viruses,  and  similar
sequences  were  found  in  various  remote  geographical  locations,
indicating  widespread  distribution  across  different  environments
and a potential role in the global biogeochemical cycle. This genetic
exchange in aquatic environments is significant in the geochemical
cycle[36].  Nasko et  al.[8] discovered more than 3,000 polA sequences
in  the  global  metagenome  of  aquatic  viruses,  suggesting  that

 

Fig. 2  Phylogenetic analysis of DNA polymerases from different sources. Phylogenetic trees of (a) PolA, (b) PolB, and (c) PolC family genes, with different
colors indicating different sources.
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differences  in  biochemical,  geographical,  and  seasonal  factors
between aquatic  sites  were closely  linked to microbial  biodiversity.
In this  study,  most PolA sequences in the Napahai  plateau wetland
formed  distinct  clusters,  although  a  few  clustered  with  phages
(Fig. 2a).

PolB,  a  widespread  replicative  DNA  polymerase  in  Archaea,
eukaryotes,  and  many  DNA  viruses,  has  been  extensively  studied,
but  its  origin  and evolution remain  unclear[11].  Feng et  al.[37] found
that PolB could not only replicate intact DNA with high fidelity but
also  efficiently  extend  mismatched  and  damaged  DNA  substrates.
Cyanophages can serve as donors for  gene transfer,  permuting the
DNA polymerase gene of  the host cells[38].  In this  paper,  the phylo-
genetic analysis showed that the PolB sequences from the Napahai
plateau  wetland  were  significantly  different  from  those  of  the
marine  environment,  and  the  distribution  pattern  was  likely  to  be
different (Fig. 1b). Across different sources, PolB sequences originat-
ing  from  the  Napahai  plateau  wetland  were  divided  into  two  clus-
ters:  One cluster was close to Archaea, and the other was clustered
with the phages (Fig. 2b).

Huang  et  al.[39] considered  PolC  to  be  an  information  macro-
molecule  that  could  be  used  to  infer  phylogenetic  relationships
among  bacteria  and  could  provide  an  additional  phylogenetic
marker for bacterial phylogeny. The analysis of PolC revealed that in
the Napahai plateau wetland environment, the genetic diversity and
geographical distribution of PolC were distinct (Fig. 1c). In the Napa-
hai  plateau  wetland,  PolC  sequences  formed  distinct  clusters,  with
some co-clustering with phage and archaeal homologs (Fig. 2c). It is
noteworthy that PolC rarely clustered with fungi and bacteria, possi-
bly because of geographical barriers. The flow of PolC genes may be
restricted by physical and chemical factors such as the salinity gradi-
ent, oxygen content, and geographical conditions, as well as ecolog-
ical  barriers  such as  antagonistic  biological  invasion.  These  barriers

 

Fig. 3  Principal coordinate analysis of DNA polymerase genes in the Napahai plateau wetland. Panels (a) and (d) present the PCoA for PolA family genes
from different habitats and different origins. Panels (b) and (e) present the PCoA for PolB family genes from different habitats and different origins. Panels
(c) and (f) present the PCoA for PolC family genes from different habitats and different origins.

 

Fig. 4  NMDS analysis of DNA polymerase genes from different habitats.
The  stress  value  (0.0545949)  and R2 (0.973878)  indicate  a  reliable
ordination configuration.
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may hinder the inter-ecosystem exchange of microbes, leading to a
unique  succession  of  PolC  genes  in  the  Napahai  plateau  wetland
and  significant  differences  between  different  habitats  and  sources.
The  widespread  distribution  of  PolC  genes  and  the  variability  in
their  community  composition  reflect  habitat-specific  separation
in  the  local  environments.  Although  the  PolC  genes in  different
geographical  environments  possesses  the  same  source,  some
become distinct from each other through different living conditions
and evolutionary trends. PolC homologs from diverse environments
exhibit  significant  sequence  divergence  and  functional  differentia-
tion,  reflecting  adaptive  evolution  in  response  to  habitat-specific
selective  pressures.  Different  DNA  polymerase  genes  are  main-
tained in habitats such as oceans, wetlands, and lakes (Fig. 1), which
may  result  from  various  environmental  types  where  they  undergo
several  selection  pressures  and  evolve  to  adapt  to  their  respective
environments.  Genetic  differentiation  of  DNA  polymerase  genes
between wetland and marine habitats may reflect community differ-
ences  among  these  habitats,  as  well  as  variation  in  the  hydrody-
namic  conditions.  This  variance  affects  the  parameters,  including
turbulence, water, light, and nutrient availability.

In  this  study,  we  examined  and  compared  the  biogeographic
distribution of DNA polymerase genes between the Napahai plateau
wetland  and  other  environments.  Our  findings  showed  that  DNA
polymerase genes were clustered differently in various habitats and
sources, possibly caused by differences in gene abundance, biologi-
cal  characteristics,  and  the  biogeographic  environment.  The  Napa-
hai  plateau  wetland,  located  at  the  intersection  of  East  Asia,  South
Asia,  and  the  Qinghai–Tibet  Plateau,  is  renowned  as  the  "World's
biological  gene bank".  The unique DNA polymerase gene cluster  is
influenced  by  the  geographical  isolation  and  alpine  landforms  of
glaciers. However, we are uncertain whether these gene differences
occur  within  individual  genes  or  involve  larger  DNA  fragment
exchanges.  Metagenomic  studies  have  limitations  in  revealing  the
ecological,  physiological,  and  evolutionary  roles  of  wetland  DNA
polymerase  genes,  and  further  experimental  research  on  poly-
merase gene systems is necessary.

Leveraging metagenomic data and incorporating sequences from
various  habitats  and  sources,  this  study  broadens  our  understand-
ing  of  DNA  polymerase  genes,  revealing  their  widespread  distribu-
tion  in  wetlands.  The  NMDS  ordination  suggested  a  relatively  high
genetic  abundance  of  DNA  polymerase  genes  in  the  Napahai
plateau wetland, indicating a degree of diversity and distinctiveness
among the DNA polymerase genes in this habitat.  This observation
is  somewhat  expected,  given  that  the  Napahai  plateau  wetland  is
an enclosed inland wetland. It  is  crucial  to note that the DNA poly-
merase  sequences  were  derived  from  only  nine  wetland  samples
in  this  study.  Thus,  we  cannot  definitively  assert  the  extensive
presence  of  DNA  polymerase  genes  in  other  wetlands.  Future
investigations  should  aim  to  explore  the  applicability  of  these
marker  genes  in  diverse  wetlands  or  terrestrial  environments.  The
genetic diversity of DNA polymerase in the Napahai plateau wetland
is  examined in detail,  providing new insights  into the spatial  distri-
bution  and  molecular  ecology  of  DNA  polymerase  in  this  unique
wetland ecosystem.

 Conclusions

In  summary,  this  study  investigated  the  diversity  and  phylogenetic
distribution  of  DNA  polymerase  genes  (PolA,  PolB,  and  PolC)  in  the
Napahai  plateau  wetland  using  a  metagenomic  approach.  Phylo-
genetic and ordination analyses consistently revealed that the Napahai

sequences  formed  distinct,  cohesive  clusters  separate  from  those  of
other environments, with PolA, PolB, and PolC each exhibiting unique
clustering  patterns.  These  observations  suggest  that  the  distinct
geographical and climatic conditions of the Napahai wetland, shaped
by  uplift  of  the  Qinghai–Tibet  Plateau  and  influenced  by  the  Indian
Ocean's  monsoons,  may  have  driven  the  unique  evolutionary  trajec-
tory of  these genes.  Our findings broaden the understanding of  DNA
polymerase diversity in wetland ecosystems and highlight the poten-
tial  of  these  genes  as  biogeographical  markers.  However,  given  the
limited sample size (n = 2 for soil, n = 1 for water), these results should
be considered preliminary and hypothesis-generating, warranting fur-
ther  validation  with  increased  biological  replication.  This  study  pro-
vides  valuable  baseline  data  and  novel  insights  into  the  spatial
distribution and molecular ecology of DNA polymerases in the Napahai
plateau  wetland,  contributing  to  future  research  on  wetlands'  micro-
bial ecology and functional gene evolution.
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