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Metagenomic insights into nutrient and hypoxic microbial
communities at the macrofouling/steel interface leading to
severe MIC
Zhengquan Wang1,2,3, Xiutong Wang 1,2,3✉, Yanliang Huang 1,2,3 and Baorong Hou1

Adherent macrofouling in marine environments caused complex corrosion of steel surfaces, resulting in localized corrosion at the
oyster/steel interface and uniform corrosion at the ascidian/steel interface. Sulfate-reducing bacteria (SRB) have been implicated in
the microbiologically influenced corrosion (MIC) process at macrofouling-covered interfaces. To better understand the role of
marine biofilms as key mediators in the MIC process, metagenomic techniques were used to study microbial communities and their
response to macrofouling’s coverage. Compared to ascidians, the formed local anaerobic zone at oyster/steel interface stimulated
the growth of SRBs, leading to higher FeS content and severe localized corrosion. SRB Desulfovibrio and Desulfobulbus, along with
the SRB-related functional gene dsr, were found to increase, while oxygen-related function genes coxC, ccoN, ccoO, ccoP, and ccoQ
decreased. In contrast, steel surfaces without macrofouling coverage had the richest microbial communities, yet experienced less
severe MIC, suggesting no direct connection between microbial abundance/diversity and steel corrosion promotion.
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INTRODUCTION
Marine fouling organisms refer to the general term for animals,
plants, and microorganisms attached to the surface of marine
facilities. Based on body size, they are classified into microfouling
organisms (micron-scale) and macrofouling organisms (centimeter-
scale)1–3. Fouling organisms can adversely affect marine infra-
structures such as ships, bridges, oil platforms, and pipelines3–6.
Currently, there are two main research directions regarding the
relationship between biofouling and metal marine corrosion.
First, study the effect of microorganisms on metal marine

corrosion. Microorganisms are believed to contribute significantly
to the process of metal rusting. Biofilm-forming microorganisms
can quickly colonize metal surfaces to form a highly complex,
dynamic three-dimensional (3D) structure that can accelerate or
inhibit MIC7,8. Currently, research on marine corrosive microorgan-
isms mainly focuses on culturable bacteria in the laboratory to
study the effects of mixed or single colonies on metal corrosion
under simulated field environments or controlled experimental
conditions9–11. A considerable number of articles have investi-
gated the effects of sulfate-reducing bacteria (SRB)12–15, nitrate-
reducing bacteria (NRB)16–18, acid-producing bacteria (APB)19, and
iron bacteria (IB)20,21 on metal corrosion in the marine environ-
ment. Under anoxic conditions, SRB are commonly considered the
main culprits of MIC14, which can use sulfate as a terminal electron
acceptor to degrade organic compounds, leading to the produc-
tion of corrosive sulfides12–15. Gu et al.22,23 classified anaerobic
MIC attacks into two different types: extracellular electron transfer
MIC (EET-MIC) caused by the respiration of microbes, and
metabolite MIC (M-MIC) caused by the secretion of corrosive
metabolites. Recently, research on the mechanism of MIC has
become increasingly in-depth. Zhou et al.24 found Shewanella
oneidensis MR-1, an attractive model microbe, can directly
consume electrons from iron-containing metals under aerobic
conditions. The findings demonstrate that corrosion can occur

through a significant pathway of direct electron transfer between
metal and microbe. Anaerobic corrosion via flavins or H2 as
electron shuttles as well as direct electron uptake from Fe0 have all
been proposed as potential mechanisms for corrosion by S.
oneidensis and related species25–28. Tang et al.28 found that
stainless steel corrosion via direct iron-to-microbe electron
transfer by Geobacter sulfurreducens and Geobacter metalliredu-
cens, which are electrotrophs that are known to directly accept
electrons from other microbes or electrodes. Another representa-
tive marine electro-active bacterium, Pseudomonas aeruginosa, a
pervasive bacterium competent for developing biofilms in marine
habitats has been confirmed to cause severe MIC on carbon steel
through extracellular electron transfer (EET)29–31. Zhou et al.31

found that the biocorrosion of stainless steel in marine water was
accelerated via extracellular electron transfer encoding gene phzH
of Pseudomonas aeruginosa. However, since there are 105–106

species of microorganisms in the environment, studying a single
microorganism is limiting. Therefore, analyzing microbial commu-
nities in the corrosive marine environment also makes a significant
contribution to research on marine MIC32,33. High-throughput
sequencing technology provides a good idea. High-throughput
sequencing, which differs from traditional Sanger (dideoxy)
sequencing, is a technique that can parallel sequence a large
number of nucleic acid molecules at once34–38. Typically, a single
sequencing reaction can produce sequencing data of no less than
100Mb. Procopio et al.38 proposed that when combined with
sequencing data from environmental samples, methodologies
such as metagenomics, metatranscriptome, and metabolomics
will open up another horizons in understanding of the role of
corrosive microbial biofilms. The emergence of high-throughput
DNA sequencing techniques has facilitated the identification of
microbial species that are involved in corrosion processes of
alloys, both directly and indirectly38. Huttunen-Saarivirta et al.35

revealed dissimilarities between the stainless steel grades in
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corrosion behavior and biofouling tendency in brackish seawater
using high-throughput sequencing (HTP sequencing). Zhang
et al.32 utilized high-throughput sequencing to investigate the
microbial community in the rust layer on the metal surface after
30 months of immersion in seawater. They proposed that each
metal alloy, including carbon steel, copper alloy, and aluminum
alloy, would lead to the development of a distinct microbial
community. In addition, different corrosion-related microbial
communities formed in the inner, middle, and outer rust layers
of carbon steel.
Second, study the effect of marine macrofouling organisms on

metal corrosion. Macrofouling can be categorized as soft-fouling
(non-calcareous algae, sponges, and ascidians, et al.) and hard-
fouling (barnacles, oysters, et al.), based on the presence or
absence of calcareous shells3,39. It has been observed that the
attachment of macrofouling can significantly damage the integrity
and performance of offshore structures6,40,41. For instance, the
macrofouling of calcareous shells, such as oysters and barnacles,
can lead to severe localized corrosion of marine facilities40. The
most common explanation for this phenomenon is that the
adhesion of macrofouling creates a “biological confinement layer”
on the steel surface. The interior of the layer becomes an oxygen-
deficient environment, while there is sufficient oxygen outside the
layer. The formation of oxygen concentration cells accelerates
crevice corrosion at the interface between the macrofouling and
steel3.
However, the interface between macrofouling and steel forms

an independent ecosystem. The main components of macrofoul-
ing secretions are proteins and polysaccharides, which create a
eutrophic environment that promotes microbial growth42–45.
Perme et al.46 found that severe localized corrosion of underwater
steel bridge piles in Florida was related to corrosion influenced by
macrofouling and microorganisms. They also found that cracks
formed by macrofouling pollutants have a significant impact on
the growth of SRB and the development of MIC. The MIC process
dominated by SRB develops rapidly in enclosed environments
occupied by macrofouling organisms5. Therefore, to study the
corrosion affected by macrofouling coverage, it is necessary to
establish the steel corrosion mechanism under the synergistic
effect of microbial community and macrofouling, by examining
the interface corrosion behavior and the abundance and diversity
of microorganisms.
In this study, we investigated the corrosion behavior of high-

strength low-alloy steel surfaces covered by oysters (representa-
tive of hard-fouling organisms) and ascidians (representative of
soft-fouling organisms) using field immersion experiments and
laboratory characterization. We used high-throughput sequencing
technology to study the microbial community characteristics of
the rust layer at the macrofouling/steel interface, based on the
corrosion types and rust layer composition. In addition, we
examined the microbial communities in oyster secretions and
tissues due to their role in localized corrosion. Our results showed
that the heterogeneous aerobic/anaerobic microenvironment
formed at the interface and the nutrient source provided by
macrofouling secretions lead to the growth of anaerobic bacteria
and accelerate steel corrosion. This study provides insights into
the synergistic effect of macrofouling and microorganisms on
steel corrosion and contributes to the study of the close
relationship between microbial growth and macrofouling.

RESULTS AND DISCUSSION
Structure of the macrofouling/steel interface
Soft-fouling and hard-fouling organisms all could pose potential
threats to marine facilities. Oysters, as representatives of hard-
fouling organisms, are composed of a soft body protected by two
complex shell sections. The oyster shell is primarily made of 97%

calcium carbonate, which provides it with significant flexural
strength and low conductivity. Ascidians, on the other hand, are
representatives of soft-fouling organisms. They are highly
adaptable to the environment and have strong spatial competi-
tiveness, which allows them to quickly occupy steel surfaces and
alter the diversity and structural characteristics of the original
benthic community.
To investigate the corrosion behavior of steel covered by soft-

fouling and hard-fouling, the steel specimens were immersed in
seawater for 9 months. Then, the covered macrofouling were
removed after the fouled steel specimens were collected. Different
corrosion types were observed between the oyster and ascidian-
covered interfaces (Fig. 1). Severe localized corrosion was
observed in areas where the oysters could not fully cover due
to the irregular shape of their shells, while uniform corrosion was
observed on the fouled steel surface covered by ascidians.
Evidence was obtained by the SEM images and the correspond-

ing laser confocal spectroscopy (Fig. 1). Upon removing the
macrofouling, it was observed from the SEM images that for steel
specimen covered by oyster (OY), a large area of peeling occurred
on the outer rust layer and local damage with irregular corrosion
pits were generated on this area. For steel specimen which
covered by ascidians (AS), the rust layer was also dense, but a
flocculent structure appeared on the upper layer of the rust. For
steel specimen which not covered by macrofouling (SW), the outer
rust layer was loose and easily fell off, the typical morphology of
steel immersed in seawater after long-term immersion47. It was
not difficult to find that the secretion of the macrofouling
penetrated into the rust layer and changed the structure of the
rust layer, the coverage of the macrofouling changed the state of
the outer rust layer.
Consistently, the CLSM results showed that after removing the

rust layer, the OY specimen had a significantly destroyed steel
surface, with significant local damage and corrosion gaps, while
the AS specimen had a relatively uniform steel surface without
obvious local damage. Maximum differences in corrosion depth
values were extracted, and the maximum corrosion depth value
for the OY specimen was 721.0 μm, far greater than the values of
AS (453.048 μm) and SW (521.1 μm) specimens. The average
roughness values were also analyzed, which the Sa average values
of the bare steel surface sorted from largest to smallest were:
OY > AS > SW. It was believed that macrofouling coverage affected
the steel surface’s roughness and promoted the initiation of
corrosion pits. However, the gap formed by the covering
environment of the oyster’s calcareous shell further developed
these corrosion pits, leading to severe localized damage and
corrosion. In contrast, the corrosion pits promoted by ascidians
coverage appeared to be connected in sheets, showing uniform
corrosion.

Rust layer at the macrofouling/steel interface
The corrosion products play an important role in explaining the
corrosion evolution. XPS was used to detect the elemental
constituent of the rust layer formed at the macrofouling/steel
interface (Fig. 2). The XPS survey scan of the corrosion products
revealed that the main elements were Fe, C, O, and S. The Fe 2p
high-resolution spectra (Fig. 2a) of the three specimens were
decomposed to peaks at 720.148, 711.849, 725.349,50, 710.751,
and 723.552 eV, related to Fe0, FeOOH 2p3/2, FeOOH 2p1/2, Fe3O4

2p3/2, and Fe3O4 2p3/2, respectively. While a peak at 713.6 eV
(FeS 2p3/2)50 were found from OY-RU and AS-RU specimens,
indicating that FeS was produced at macrofouling/steel interface.
This conclusion could also be confirmed by S 2p high-resolution
spectra (Fig. 2d). The S 2p spectra recorded from the three
specimens were composed of a common peak at 169.6 eV53

corresponding to SO4
2− of GR(SO4

2−). While corrosion products of
OY-RU and AS-RU specimens were decomposed to peaks at 161.0
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(S2− 2p3/2) and 163.0 eV (S2− 2p1/2)54, related to FeS. The O 1s
high-resolution spectra (Fig. 2c) were decomposed to peaks at
530.0 and 531.6 eV, related to OH− and O2−, respectively55. The C
1s high-resolution spectra (Fig. 2e) revealed three peaks:
carboxylate groups (O=C–O) at 289.1 eV, C–C bond at 284.6 eV,
and C–O bond at 286.1 eV. The C–C may result from aliphatic
carbon, and C–C result from carbon single bonded to oxygen from
polysaccharides or peptides/proteins56,57. The carboxylate groups
(O=C–O) may from EPS, was evidence of the accumulation of
organic acids, the common bacterial metabolites entrapped within
the biofilm58. The generated EPS and FeS indicated that sulfate-
reducing bacteria may be involved in the MIC process at the
macrofouling/steel interface.
To further explore FeS was produced at macrofouling/steel

interface, the rust layer was characterized using a Fourier
transform infrared (FT-IR) spectrometer, and the resulting spec-
trum was examined for characteristic vibrational modes corre-
sponding to different corrosion products (Fig. 3a). The results
confirmed the presence of magnetite Fe3O4, GR(SO4

2−), lepido-
crocite γ-FeOOH, akageneite β-FeOOH, goethite α-FeOOH, and
mackinawite FeS. The peak at 1020 cm−1 was identified as the

Fe–O vibrational mode of γ-FeOOH3,59–61, the peaks at 795 and
885 cm−1 were found to be from α-FeOOH3,59–61, while the peaks
at 420, 665, and 840 cm−1 were assigned to β-FeOOH3,47,61–63. The
typical Fe–O bond peaks of Fe3O4 were observed at 463 and
570 cm−1 3,61,64. In addition, peaks at 1021 and 1117 cm−1 were
assigned to FeS3,61,65,66, while the peaks at 660 cm−1 were
attributed to GR(SO4

2−)3,61,67,68. The spectral bands in the range
of 1400–1450 cm−1 corresponded to the symmetric stretching of
C=O and deformation of O–H in COOH from proteins and
polysaccharides, which have been previously reported as the
primary constituents of biofilms involved in MIC65,69. The presence
of FeS and biofilms further supports the growth of SRB at
moacrofouling/steel interface.
XRD spectrum analysis was also performed on the rust layer

(Fig. 3b). The results also showed that Fe3O4 (ICCD file 76-0958),
GR(SO4

2−) (ICCD file 13-0092), γ-FeOOH (ICCD file 74-1877), α-
FeOOH (ICCD file 08-0098), and β-FeOOH (ICCD file 08-0098) were
the major corrosion products in the seawater immersion environ-
ment70,71. However, at the macrofouling-covered interface, the
growth of SRB led to the formation of FeS (ICCD file 37-0477).

Fig. 1 Interface corrosion behavior.Macroscopic morphology analysis of the steel surface for specimens OY, AS, and SW after nine months of
immersion. The SEM images corresponded to the interfacial rust morphology after removing the macrofouling, and the laser confocal
spectroscopy corresponded to the whole bare steel surface morphology after removing the macrofouling and rust. OY, the steel surface
covered by oysters; AS, the steel surface covered by ascidians; SW, the steel surface which not covered by macrofouling.
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Fig. 2 XPS. XPS spectra of the rust layer formed at macrofouling/steel interface after nine months of immersion. a Survey scan, b Fe 2p high-
resolution spectra, c O 1s high-resolution spectra, d S 2p high-resolution spectra, and e C 1s high-resolution spectra of the specimens OY-RU,
AS-RU, and SW-RU. OY-RU, the rust layer or biofilm at the oyster/steel interface; AS-RU, the rust layer or biofilm at the ascidian/steel interface;
SW-RU, the rust layer or biofilm at the steel interface which not covered by macrofouling.
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Microbial communities at the macrofouling/steel interface
Sequence analysis. Amplicon sequencing was conducted to
understand the differences and dynamics of the microbial
communities over time in the rust and biofilms on the steel
surfaces. Using the Illumina NovaSeq sequencing platform, we
obtained a total of 911,800 effective tags and 19,201 operational
taxonomic units (OUTs, 97% similarity) from specimens AS-RU, OY-
RU, OYS, OYT, and SW-RU (Supplementary Table 1), detecting a
total of 934 genera. After analyzing the 19,201 OUTs and taking
the average of parallel specimens, the flower figure and Venn
diagram were obtained (Fig. 4), which showed that there were 159
OUTs shared by the five specimens. The OUTs of SW-RU were the

highest, with value of 4816. Followed by OY-RU and AS-RU, with
values of 1410 and 814, respectively. It meant the rusty
environment was favorable for microbial growth, corresponding
to the higher abundance of microbial communities. In contrast,
the abundance of microbial communities of oyster secretions was
the lowest.

Alpha diversity. The α diversity of the specimens AS-RU, OY-RU,
OYS, OYT, and SW-RU were analyzed to show the microbial
community diversity.
The abundance and diversity index of microbial communities in

biofilms and each environment were obtained (Fig. 5a and

Fig. 3 FT-IR and XRD. a FT-IR spectra and b XRD spectrum of the rust layer formed at macrofouling/steel interface after nine months of
immersion. OY-RU, the rust layer or biofilm at the oyster/steel interface; AS-RU, the rust layer or biofilm at the ascidian/steel interface; SW-RU,
the rust layer or biofilm at the steel interface which not covered by macrofouling.

Z. Wang et al.

5

Published in partnership with CSCP and USTB npj Materials Degradation (2023)    41 



Supplementary Table 1). The values of Chao1, Ace, Shannon
indexes, indices, and OTUs sorted from largest to smallest were:
SW-RU > OY-RU > AS-RU > OYT > OYS. These indexes reflected
information on community abundance and diversity, indicating
that the microbial communities on the steel surface without
macrofouling coverage had the highest abundance and diversity
among the three rust layer specimens (SW-RU, OY-RU, and AS-RU).
Macrofouling coverage indirectly led to a decrease in the
microbial communities’ abundance and diversity in the rust layer.
By comparing the interfacial corrosion states of the three
specimens (Fig. 1), it was believed that only a few corrosive
microorganisms played key roles in the MIC process. Notably, the

OYS specimen had the lowest microbial community abundance
and diversity of the three specimens associated with oysters (OY-
RU, OYS, and OYT). Figure 5b showed the p-values for Shannon
and Chao1 indices obtained using analysis of variance followed by
Tukey-Kramer multiple comparison tests. These differences were
statistically significant (p values < 0.05), indicating that the
microbial communities in the rust specimens (SW-RU, AS-RU,
and OY-RU) were more complex. As the rust layer was covered by
macrofouling, the microbial community in the rust layer changed
differentially with the gradient of oxygen concentration, and such
differences in microbial diversity reflected the ecosystem at the
covered interface.

Fig. 4 Sequence analysis. a Flower figure and b Venn diagram. OY-RU, the rust layer or biofilm at the oyster/steel interface; AS-RU, the rust
layer or biofilm at the ascidian/steel interface; SW-RU, the rust layer or biofilm at the steel interface which not covered by macrofouling; OYS,
the biofilm in oyster’s secretion; OYT, the biofilm in oyster’s tissue.

Fig. 5 α-diversity estimators. Alpha diversities estimators of microbial communities in each environment. a The Chao1 indices, ACE indices,
Shannon indices, and observed OTUs box plots of α-diversity estimators for groups AS-RU, OY-RU, OYS, OYT, and SW-RU. The line in the
middle of the box, top and bottom of the box, and whiskers represent the median, 25 and 75 percentiles, and min-to-max values, respectively.
Error bars represent standard deviations of triplicate samples. b p-values for Shannon and Chao1 indices obtained using analysis of variance
followed by Tukey-Kramer multiple comparison tests. The red backgrounds represent pairs with p-values < 0.05.
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In addition, the rarefaction curve and rank abundance curve of
16S rRNA genes could also be used to describe the diversity of
specimens (Supplementary Fig. 1). For the rarefaction curve, a
flattening curve means that the amount of sequencing data is
gradually reasonable, that is only a small number of new species
will be generated even with more data. Rank abundance
intuitively reflects the richness and evenness of species in the
specimen. In the horizontal direction, the higher the species
richness, the larger the span of the curve on the x-axis; in the
vertical direction, the smoother the curve, the more uniform the
distribution of species. As can be seen from the rarefaction curve
(Supplementary Fig. 1a), the OUT Number of the rarefaction curve
sorted from largest to smallest were: SW-RU > OY-RU > AS-RU >
OYT > OYS, showing the same trend as Fig. 5 and Supplementary
Table 1. But the curve for SW-RU specimen was not stable with
more sequence number, which suggested that the diversity of
bacteria of SW-RU specimen was much greater than expected.
Even though the SW-RU specimens had the highest microbial
abundance and diversity, their species uniformity was lower than
that of the AS-RU and OY-RU specimens, as shown in rank
abundance curve (Supplementary Fig. 1b). The most uneven
species distribution of the OY-RU specimens also reflected that the
special environment covered by the calcareous shell would lead to
large differences in microbial communities.

Beta diversity. The β diversity of the specimens AS-RU, OY-RU,
OYS, OYT, and SW-RU were analyzed to compare and analyze the
microbial community composition between different specimens.
The non-metric multidimensional scaling (NMDS) analysis result

based on the OTUs level was used to reflect the degree of
difference between specimens AS-RU, OY-RU, OYS, OYT, and SW-
RU through the distance between points (Fig. 6a), which can
better reflect the nonlinear structure of ecological data72. From
the NMDS results, it could be seen that the specimens OYT and
OYS had obvious similarities, while specimen OY-RU and AS-RU
had obvious similarities. The specimen SW-RU had a long distance,
which further proved that the coverage of macrofouling leaded to
the change of the microbial communities in the rust layer.
The UPGMA cluster tree which based on Unifrac distance and

Unweighted Unifrac distance showed the same results (Fig. 6b).
Specimen SW-RU contained other microbial communities which
shared by the other four specimens, which meant that the special

environment of the macrofouling/steel covering interface leaded
to the existence of characteristic microbial communities, and
macrofouling secretions also shared a part of the microbial
communities to a certain extent. Moreover, as the transitions in
the macrofouling-covered specimens (OY-RU and AS-RU) were
larger than those in the non-covered specimens (SW-RU), there
was a correlation between the changes in the microbial
community and corrosion progression.

Microbial communities at the phylum and class level. The relative
abundance of 16S rRNA gene sequences of specimens OYT, OYS,
OY-RU, AS-RU, and SW-RU at the phylum level (Fig. 7a), class level
(Fig. 7b), and genus level (Fig. 7c) (relative abundance > 1%) were
obtained to analyze the composition of microbial community. A
total of 82 phyla, 171 classes, and 934 genera were detected.
The major phyla of microbial communities observed in the five

specimens were Proteobacteria (38.6–96.7%), Firmicutes (1.5–96.7%),
Cyanobacteria (−10.2%), Bacteroidota (−10.2%), Campylobacterota
(−5.3%), Desulfobacterota (−5.3%), Actinobacteriota (−2.7%), Actino-
bacteria (−3.0%), Verrucomicrobiota (−1.6%), and their relative
abundances vary from specimen to specimen (Fig. 7a), e.g.,
Proteobacteria and Firmicutes were jointly detected from all the
specimens, Bacteroidetes shared by the specimens OYT, OY-RU, AS-
RU and AS-RU. Except for these three phyla, the rust layer at the
macrofouling/steel interface had richer community distribution,
which Campylobacterota, Actinobacteria, and Verrucomicrobiota
shared by the specimens OY-RU and AS-RU. Notably, OY-RU had
phylum Desulfobacterota and Actinobacteria, the coverage environ-
ment by the calcareous shell of oysters resulted in a decrease in the
relative abundance of Proteobacteria and Bacteroidota in the rust
layer, they were replaced by Desulfobacterota. Such differences may
be influenced by the oxygen concentration and secretions states. As
almost all species of Desulfobacterota are SRBs73,74, proving that the
environment at oyster/steel interface was anaerobic. Desulfobacter-
ota has been proved the main bacteria which accelerated localized
corrosion, which well explained the FeS generated at the oyster/
steel interface, and it was believed that Desulfobacterota is involved
in the formation of corrosion pits at the interface to a certain extent.
Besides Desulfobacterota, Proteobacteria, and Bacteroidetes had been
proved to be the main dominant phyla at the corroded steel surface
in the marine environment8. Most microorganisms related to iron
and sulfur redox cycles belonged to the Proteobacteria75. Some

Fig. 6 β diversity. a Non-metric multidimensional scaling (NMDS) diagram of Bray-Curtis distances and b UPGMA cluster tree based on
Unifrac distance and Unweighted Unifrac distance between specimens AS-RU, OY-RU, OYS, OYT, and SW-RU based on OTUs for bacteria. 1, 2,
and 3 represent the three parallel specimens sampled at different sites along the interface of AS-RU, OY-RU, and SW-RU.
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bacteria in Proteobacteria are very important for the formation of
biofilms76. Bacteroidetes was confirmed the dominant phylum in the
biofilm on steel surface for short-term immersion in seawater77.
Bacteria in Bacteroidetes containes a large number of coding genes,
which are good at using biofilms to degrade complex polymers
(such as POmp and DOM) to create an anaerobic environment78.
Bacteria in Firmicutes and Actinobacteria are mostly found in pipeline
environments, including various Gram-positive bacterias which can
produce spores to resist dehydration and extreme environments79.
Actinobacteria is also one of the important microorganisms in the
energy transmission pathway, which can survive in harsh environ-
ments and cause pitting corrosion79,80.
Among the top 10 classes ranked according to their relative

abundance (Fig. 7b), class Gammaproteobacteri was detected from
all the specimens, classes Bacteroidia, Bacilli, and Clostridia shared by
the specimens OYT, OY-RU, AS-RU, and SW-RU. Notably, class

Alphaproteobacteria shared by rust specimens OY-RU, AS-RU, and
SW-RU. Classes Verrucomicrobiae, Campylobacteria, and Acidimicro-
biia shared by the specimens covered by macrofouling (OY-RU and
AS-RU). Apart from these, OY-RU had classes Cyanobacteriia and
Desulfovibrionia. Among these classes, classes Gammaproteobacteria
and Alphaproteobacteria belonged to phylum Proteobacteria, classes
Bacilli and Clostridia belonged to phylum Firmicutes, class Bacteroidia
belonged to phylum Bacteroidota, class Verrucomicrobiae belonged
to phylum Verrucomicrobiota, class Campylobacteria belonged to
phylum Campylobacterota. According to the statistics, Alphaproteo-
bacteria and Gammaproteobacteria accounted for 75% among the
cultivable corrosive bacteria.

Microbial communities at the genus level. The exposure of steel in
seawater and macrofouling’s coverage resulted in the different
formation of rust layer and biofilm between the steel surface and

Fig. 7 Taxonomic composition. Taxonomic composition of the microbial community. a Phylum level, b class level, and c genus level
composition analysis of top bacterial 16S rRNA gene sequences (relative abundance>1%) obtained from specimens OYT, OYS, OY-RU, AS-RU,
and SW-RU. d The cladogram of discriminatory taxa identified in the rust-related groups (OY-RU, AS-RU, and SW-RU) by LEfSe analysis (Linear
Discriminant Analysis (LDA), log score >3.5, P= 0.05). The relative abundance of each taxonomy was the average value of that in triplicates.
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the macrofouling/steel interface. The results indicated marked
changes in the microbial composition, even at the genus level
(Supplementary Table 2 and Fig. 7c). We focused on the top OTUs
in each specimen with the relative abundance > 1%. This covered
76.5%, 94.3%, 31.1%, 39.1%, and 52.2% in specimens OYT, OYS,
OY-RU, AS-RU, and SW-RU, respectively.
Usually, after microorganisms colonized the steel surface, the

exopolysaccharides secreted by them would react with the
organic and inorganic substances on the metal surface to form
extracellular polymeric substances (EPS). The bacteria then
attached to the metal surface together with EPS to form a biofilm.
A major feature of biofilms is that their internal pH, dissolved
oxygen (DO), ion concentration and organic content are very
different from those of seawater. Generally, most marine bacteria
with corrosion ability are participants in the cycle process of iron,
sulfur, and other elements, and they participate in the corrosion
process by changing the cathodic and anodic reaction processes
on the metal surface. According to bacterial species and metabolic
characteristics, the main corrosive bacteria in the ocean can be
divided into sulfate-reducing bacteria (SRB), iron-oxidizing bac-
teria (IOB), iron-reducing bacteria (IRB), acid-producing bacteria
(APB), and slime-producing bacteria (SPB), etc.
By comparing the rust biofilm specimens (SW-RU, AS-RU, and

OY-RU), we found genera Woeseia, Pseudomonas (SPB), Comamo-
nas, Ruegeria (SPB), Brevundimonas, Desulfovibrio (SRB), Desulfo-
bulbus (SRB), and archaea Candidatus_Nitrosopumilus finally
increased, but genera Pseudoalteromonas, Methyloversatilis (NRB),
and Lactobacillus decreased with the macrofouling’s coverage.
Desulfovibrio and Desulfobulbus are typical SRB81. SRB are

heterotrophic bacteria that can directly obtain electrons from
metal substrates to maintain their own life activities. SO4

2− were
reduced to S2− due to the action of SRB, leaving a typical
corrosion product FeS at macrofouling/steel interface, which was
consistent with the detection of FeS in the rust layer (Fig. 2).
Desulfovibrio belonging to class Deltaproteobacteria was observed
as the predominant genus in the rust layer in the marine corrosion
environment and has been proven to be the main cause of marine
MIC7,13,82. Brevundimonas belonging to class Alphaproteobacteria
was one of the main microorganisms that could cause corrosion to
structural steel80. Woeseia was one of the facultative anaerobic
microbes, which comprised facultative anaerobic, gram-negative,
oxidase-negative, and catalase-positive chemoheterotrophic mar-
ine microbes83. Functional microbial groups with facultative
respiration mode was regarded as typical characteristics of mature
biofilms in marine environments32. Biofilm-forming genera like
Pseudomonas and Ruegeria dominated the surface biofilm were
typical SPB. These organisms can generate an anaerobic and
acidic environment. The extracellular polymer of Lactobacillus
could change of the stability of rust layer by transfering the
crystals of the carbon steel interface, which could decrease the
corrosion rate of carbon steel84. Notably, the abundance of
Pseudoalteromonas decreased substantially with the macrofoul-
ing’s coverage. This corresponded to an increase in the
abundance of Desulfovibrio. Wu et al.85 studied the corrosion of
Desulfovibrio and Pseudoalteromonas on low carbon steel Q235 in
natural seawater, and found that Pseudoalteromonas depleted DO
in seawater, which provided the basic conditions for Desulfovi-
brio’s life activities and caused microbial corrosion. The depletion
of DO changed the dominant bacteria in the rust layer from
aerobic bacteria to anaerobic bacteria, so that the steel surface
began to be affected by MIC. Methyloversatilis was observed as
one of the NRB, was proved to play an important role in MIC
process of the carbon steel in synthetic bentonite pore water86.
Comamonas was found in natural gas pipelines, which was one of
the most frequently encountered bacterialand also involved in
corrosion process87. In the case of archaea, Candidatus_nitrosopu-
milus belonging to class Nitrososphaeria occupied a significant
position at the macrofouling/steel interface. Members of this

genus chemoautotrophically grew nitrite by aerobic oxidation of
ammonia and had a high specific affinity for reduced nitrogen,
which ensured that they successfully compete with heterotrophic
bacterioplankton and phytoplankton. Previous studies have
shown that bacteria primarily contribute to surface colonization,
while archaea are rarely found. However, in the present study,
archaeal members were identified from the macrofouling overlay
interface. Their role in macrofouling-influenced corrosion should
be re-evaluated.
LEfSe was further employed to identify specific taxa that were

enriched in the rust-related specimens (Fig. 7d) and oyster-related
specimens (Supplementary Fig. 2). It could be seen from the
results that family Desulfurivibrionaceae including Desulfovibrio
was enriched in specimen OY-TU among the rust-related speci-
mens, which further proved its important role in oyster/steel
interface microbial community herein.
Taken together, the macrofouling’s coverage on the steel

surface caused different but persistent impacts on the composi-
tion of the original microbial community compared to the rust
biofilm formed by the corrosion process of steel in the seawater
environment. In the otherwise nutrient-poor seawater environ-
ment, the protein and polysaccharide contained in macrofouling
secretions provided the energy required for microbial growth,
which stimulated the growth of microorganisms initially attached
to the steel surface. Afterwards, along with the formation of an
overlying anoxic environment, the abundance of anaerobic
bacteria began to increase (represented by SRB), accompanied
by a shift in the diversity of microbial communities. The secretion
of macrofouling organisms provides carbon source for the growth
of SRB. Carbon source are nutrients used as source of carbon for
the formation of microbial cells and carbon-containing metabo-
lites. It has been demonstrated that carbon sources play a crucial
role in the MIC process promoted by SRB88–94. The study by Liu
et al.89 indicated that SRB can survive and grow well under organic
carbon source starvation. Moreover, the longer the biofilm culture
time, the faster the corrosion rate of the steel. They also studied
the corrosion inhibition of steel caused by imidazoline derivative
in the presence of SRB with organic carbon starvation was
investigated in CO2-saturated seawater, found that the corrosion
was inhibited by SRB with a high initial count in the absence of
organic carbon. However, when the initial count of SRB decreased,
the corrosion rate was accelerated88. Zhao et al.92 investigated the
impact of different carbon sources on sulfidogenic bacterial
communities during the start-up phase of acidogenic sulfate-
reducing bioreactors. They observed that the 16S rRNA gene
diversity of the dominant bacterial communities in each
bioreactor tended to increase when using lactate, acetate/ethanol,
glucose, and molasses as carbon sources.

Potential function genes at the macrofouling/steel interface
To better identify the shift in microbial community function under
macrofouling’s coverage conditions, we analyzed function genes
using PICRUSt prediction (Fig. 8). The effects of oysters on the
interface (Fig. 8a), the effects of ascidians on the interface (Fig. 8b),
and the effects of oyster secretions (Fig. 8c) were considered
separately. It was found that the microbial community at the
macrofouling/steel interface responded differently compared to
steel surfaces without macrofouling’s coverage (Fig. 8a, b). For oyster
covered interface (Fig. 8a), genetic information processing ribosome
biogenesis and membrane transport processing phosphotransferase
system (PTS) were inhibited by covered hypoxic environment,
accompanied by the metabolism oxidative phosphorylation was
strongly stimulated; For ascidian-covered interface (Fig. 8b), amino
acid metabolism (such as valine, leucine and isoleucine degradation,
tryptophan metabolism, phenylalanine metabolism and lysine
degradation), lipid Metabolism fatty acid metabolism, energy
metabolism (such as oxidative phosphorylation, methane
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Fig. 8 Function genes. Potential functions of the microbial communities using PICRUSt prediction. The functional pathways of the microbial
community by compared the groups a with/without oysters’ coverage, b with/without ascidians’ coverage, c and the microbial community
from oyster secretion to the rust. The left column showed the relative abundance of each pathway and the right column showed the
difference between groups. Error bars represent standard deviations of triplicate samples. d The abundance of important function genes
related to terminal electron acceptation of the microbial community, the function of these genes can be found from Supplementary Table 3.
Significant differences (P < 0.05) were analyzed by the T-test.
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metabolism, and carbon fixation pathways in prokaryotes), xeno-
biotics biodegradation and metabolism caprolactam degradation,
metabolism of terpenoids and polyketides geraniol degradation,
and biosynthesis of other secondary metabolites (butirosin and
neomycin biosynthesis and betalain biosynthesis) were strongly
stimulated, accompanied by the Genetic Information Processing
Ribosome Biogenesis and Membrane Transport Processing Phos-
photransferase system (PTS) were also inhibited. It could be seen
that the macrofouling’s coverage had a certain impact on the
functional pathways of the microbial community in the rust biofilm.
In addition, the role of macrofouling’s secretions couled not be
ignored (Fig. 8c). As can be seen, membrane transport (such as
transporters and ABC transporters) was greatly promoted during the
formation of interfacial rust biofilm.
Macrofouling’s coverage changed the functional pathways of

the microbial community in the rust biofilm. Thus, the key
function genes related to terminal electron acceptation were
further identified (Fig. 8d). It was observed that the genes related
to oxygen respiration (coxA-D and ccoN-Q), denitrification (nar and
napF-H), iron (mtr and mtrA-C), sulfate reduction (dsrA,B and cysI,J)
were identified in all the specimens. Not surprisingly, the key gene
dsrA and dsrB related to dissimilatory sulfate-reduction process
were significantly stimulated in oyster covered specimens (OY-RU)
(P < 0.05) compared to specimens AS-RU and SW-RU due to the
covered anoxic environment (especially in the area covered by the
oyster calcareous shell), which was consistent with the taxonomic
analysis (Fig. 7). In contrast, key genes involved in assimilative
sulfate reduction, such as cysI and cysJ, were reduced in specimen
OY-RU (P < 0.5). Since the sulfate consumption of the oyster/steel
interface was greater than that of the ascidian/steel interface, and
greater than that of the non-fouling coverage interface. We
believed that SRB reduction dissimilatory sulfate is one reason
why sulfate consumption is important. Sulfate reduction by
microbial assimilation could greatly facilitate the depletion of
sulfate covering the anoxic interface (oyster/steel interface).
In addition to the function genes related to sulfate, this rule was

also reflected in function genes such as napH, napG, nar, coxC,
ccoN, ccoO, ccoP, and ccoQ. The napH, napG, and nar gene were
significantly enriched (P < 0.05), and gens coxC, ccoN, ccoO, ccoP,
and ccoQ were significantly reduced (P < 0.05) in rust biofilms at
oyster/steel interface (OY-RU). This observation indicated that
oyster covered anoxic interface stimulated the microbial deni-
trification, but weakened the oxygen respiration process of the
microbial communities. The enhancement of the anaerobic
respiration modes on steel surface was because of the formation
of heterogeneous anaerobic microenvironments within the
thickening and complicated rust layer, where the anaerobic areas
existed. The microbial denitrification process could happen under
such anaerobic conditions, which had been observed in anoxic
marine environments7,95,96.

Microbial communities as key mediators in the macrofouling/
steel interface corrosion
In marine environment, macroorganism or microorganisms can
produce localized attack as pitting, crevice corrosion at metal
surface, various antifouling means are used to prevent this from
happening97,98. In this study, large differences in the composition
and diversity of microbial communities were observed in steel
surfae-rust with/without maocrofouling covered when we placed
specimens in seawater at the same location for nine months.
Meanwhile, interface morphology observation results demon-
strated that the adherent oysters and ascidians had caused
complex marine corrosion of fouled steel surface, manifested as
local corrosion at oyster/steel interface, while the uniform
corrosion at ascidian/steel interface. And the rust composition
results showed that in addition to goethite, akageneite, lepidocro-
cite, magnetite, and GR(SO4

2−), mackinawite was only generated at

macrofouling/steel interface. All of these impled that MIC had
occurred at the macrofouling/steel interface, and the SRB were
involved in the accelerated corrosion process. Therefore, we
conducted a comparative study on the composition and potential
functions of the microbial community in the macrofouling-covered
interface-rust. The three sets of specimens SW-RU, OY-RU, and AS-
RU provided data support for the quantitative analysis of the
microbial community in the macrofouling-covered interface rust
layer biofilm and the contribution of the microbial community to
the interface corrosion process.
Our early results showed that for oyster covered interface, due to

the existence of the “shadowing effect”, the tightly adhered oyster
calcareous-shell hindered the diffusion of oxygen and substances at
the tightly-covered-area of the interface, leading to the formation of
an oxygen concentration cell, thereby further accelerating the
corrosion rate at where the crevice has formed3. The most critical of
this process not only determined the cathodic process of metal
corrosion, but also determined the composition of microorganisms
in the rust-biofilm due to the change of oxygen concentration. In
this research, compared to specimen not covered by macrofouling
(SW-RU), different microbial communities and significant localized
corrosion were observed in the rust layer biofilms on the oyster
covered interface (OY-RU) (Fig. 1), strongly suggesting that such
corrosion was related to MICs. With oysters covered the steel
surface, SRB was easily enriched in this environments because of
the high concentrations of sulfate ions82,99, which was proved by
the enchired SRB (Fig. 7) and key corresponding gene dsr (Fig. 8).
The high sulfate consumption and high microbial sulfate-reduction
at oyster/steel interface rust biofilms which meant the anaerobic
environments for SRB was created due to the “shadowing effect” of
the calcareous shell. SRB-induced MIC promoted the formation and
development of corrosion pits, which induced the reduction of
sulfate in seawater, and accompanied by FeS generation. We hence
proposed that in corrosion processes affected by oyster, the SRB
was not the main reason for the occurrence of MIC of steel in
seawater until the oyster larvae began to colonize at the rusted
steel surface. During oyster colonization, biofilm-forming genera
(SPB) Pseudomonas and Ruegeria firstly attached to the steel
surfaces and formed the biofilm. After oysters colonized the steel
surface with the formation of localized anaerobic zones and
heterogeneous microenvironments in the covered area, SRB- and
SPB-associated bacteria proliferated and promoted the transition of
rust biofilms (Fig. 7). These could be explained why anaerobic NO3

−

reduction-related genes were significantly enriched (P < 0.05), and
gens coxC, ccoN, ccoO, ccoP, and ccoQ were significantly reduced
(Fig. 8d), accompanied by SRB enrichment at oyster overlay
interfaces (Fig. 7). These factors accelerated the crevice corrosion
at oyster/steel interface.
Nobly, these phenomena did not lead to the same crevice

corrosion at the ascidian/steel interface. This can be explained by the
abundance of dominant microorganisms and the differences in
oxygen concentration at the ascidian/steel and oyster/steel inter-
faces. Beneath the covered ascidian was still an aerobic environment
due to the conductivity- and ion-diffusivity ability of ascidian’s body.
High concentration of oxygen leaded to the low activity of SRB, so
SRB is rarely involved in the MIC process at the ascidian/steel
interface. Conversely, the existing gaps at the oyster/steel interface
and nutrients provided by secretions resulted in a high activity of
SRBs, which caused the severe MIC at specific sites.
In summary, field experiments, laboratory characterizations, and

high-throughput sequencing technology were utilized to investi-
gate potential microbial communities at the macrofouling/steel
interface, which can lead to severe microbiologically influenced
corrosion (MIC). The study found that the microecological
environment covered by macrofouling, as well as the nutrient
source provided by macrofouling secretions, stimulated the
abundance and diversity of microbial communities at the inter-
face. Specifically, sulfate-reducing bacteria (SRB) were found to be
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involved in the MIC process. MIC processes were found to differ
significantly between hard-fouling and soft-fouling covered
interfaces. In comparison to ascidians, the oyster/steel interface
created a local anaerobic zone due to the low-ionic-diffusivity of
the oyster’s calcareous shell. This anaerobic environment stimu-
lated the growth of SRBs, leading to higher FeS content and
severe localized corrosion. Notably, the SRBs Desulfovibrio and
Desulfobulbus, as well as the SRB-related function gene dsr, were
increased, while the oxygen-related function gene coxC, ccoN,
ccoO, ccoP, and ccoQ were found to decrease.
The paper did not provide data to support the hypothesis that

higher microbial abundance and diversity directly promote steel
corrosion. Surprisingly, the study found that steel surfaces without
macrofouling coverage had the richest microbial communities, yet
experienced less severe MIC. We believed that only a small
fraction of the numerous microbial communities present was
actually involved in the interfacial MIC process, with SRB playing a
key role. The microbial community differences due to changes in
the local microenvironment and the growth of anaerobic bacteria
should be paid attention to during the MIC process. Doing so will
help us better understand the localized corrosion mechanism at
the interface and accurately quantify the specific contribution of
microorganisms in complex corrosion processes.

METHODS
Material and specimen collection
High-strength low-alloy steel (AISI 4135, Shougang New Steel Co.,
Ltd, China) was selected as test steel in this work, which with the
following element composition (in wt%): C 0.399, S 0.0144, P 0.0146,
Si 0.293, Mo 0.204, Mn 0.509, Ni 0.0804, Cr 0.903, and Fe balance.
Cylindrical specimens with a diameter of 1 cm and thickness of 1 cm
were chosen and embedded in resins, exposing a surface area of
0.785 cm2 (Fig. 9a). These specimens were then immersed in the
seawater below the low tide line, where macrofouling was more
likely to adhere. The field exposure site was located off a pier in
Jiaozhou Bay, Qingdao, China (N 120°15′4″, E 35°59′11″)). After nine
months of immersion in seawater from March 1, 2021 to December
1, 2021, the cylindrical specimen which covered by an oyster
(Fig. 9b), covered by ascidians (Fig. 9c), and not covered by
macrofouling (Fig. 9d) were retrieved. Because the attachment of
macrofouling organisms is uncontrollable, the experimental design is
as follows: multiple parallel specimens were hung at the same
location, and the coverage of macrofouling was observed at regular
intervals. After identifying some specimens with oyster and ascidian
attachment, they were selected as target specimen. After a period of
time, the target specimens with oyster and ascidian attachment were
collected separately, and specimens without macrofouling attach-
ment were also chosen and collected as the control group. Then, in-
situ rust layers and biofilms were collected at the macrofouling/steel

interface for further sequencing and rust compositional analysis. After
collecting the specimen, all the rust specimens and biofilm were
transferred to sterile centrifuge tubes100. Three parallel specimens
were collected at different points and were assigned SW-RU (the rust
layer or biofilm at the steel interface which not covered by
macrofouling), AS-RU (the rust layer or biofilm at the ascidian/steel
interface), OY-RU (the rust layer or biofilm at the oyster/steel
interface), OY (the rust layer or biofilm in oyster secretions), and OYT
(the rust layer or biofilm in oyster tissues). For rust specimens (SW-RU,
OY-RU, and AS-RU), first removed the covered macrofouling from the
steel substrate surface, and then collect the rust layer and biofilms
with sterile forceps. For OYS and OYT specimens, first used sterile
forceps to pry open the oyster shell. Then, used a sterile pipette to
collect the oyster secretions (OYS) and used a sterile surgical blade to
cut and collect the oyster tissues (OYT). All collected specimens were
kept in an ice box, transported to the laboratory as soon as possible,
and stored at −20 °C for further analysis.

Interface morphology observation and rust layer analysis
For macrofouling/steel interface morphology observation and rust
layer analysis, the covered macrofouling were removed first and then
the rust composition and morphology characterization of macro-
fouling/steel interface were carried out. The morphology of the rust-
covered steel surface after removing the macrofouling was
investigated by scanning electron microscopy (SEM, Regulus 8100,
Hitachi, Japan). The rust-removed steel surface was observed by a 3D
measuring laser microscope (LSCM, LEXT 3D OLS5000, Olympus,
Japan) after removed the rust layer by using 20 vol% hydrochloric
acid with 1 vol% hexamethylenetetramine. The collected rust layer
was mixed with glycerol and freeze-vacuum dried to avoid oxidation
and kept in vacuum containers. X-ray photoelectron spectroscopy
(XPS, EscaLab 250Xi, Thermo Fisher Scientific, America), X-ray
diffraction (XRD, Ultima IV, Rigaku, Japan), and Fourier transform
infrared spectroscopy (FT-IR, Nicolet iS10, Thermo Fisher Scientific,
USA) techniques was used for rust characterization. For XPS analysis,
the XPS data were collected using a Thermo Fisher ESCALAB 250Xi
spectrometer with monochromatic Al Kα radiation and argon-
assisted charge compensation. A step size of 0.05 eV, dwell time of
100ms, and pass energy of 10 eV were used for the detailed spectra.
Calibration was conducted to eliminate voltage-induced alterations
in electron spectra. The spectra were recorded at a take-off angle of
90° and all binding energies were charge-corrected to the C 1s signal,
which was set at 284.6 eV. For the characterization of the iron oxides,
high-resolution scans of the C 1s, S 1s, O 1s, and Fe 2p peaks were
acquired. For XRD analysis, the rust samples were characterized using
a Rigaku XRD diffractometer with a Cu Kα radiation (λ= 1.5406 Å).
The diffraction data were collected over a 2θ range of 5–90° with a
scanning rate of 5°/min. For FT-IR analysis, the rust sample was
ground into a fine powder and pressed into a disc using

Fig. 9 Specimen collection. a Cylindrical specimen; b–d Cylindrical specimen b covered by an oyster, c covered by ascidians, and d not
covered by macrofouling after nine months of immersion in seawater.
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spectroscopically pure dry KBr under vacuum. Spectra was collected
over a range of wavelengths (400–4000 cm−1) at a resolution of
2 cm−1. Background spectra was collected prior to each individual
sample.

DNA extraction and sequencing
DNA extracted from the specimens by the SDS method was used
for sequencing, then agarose gel electrophoresis was used to
check the purity and concentration of DNA. Specific primers with
Barcode, Phusion® High-Fidelity PCR Master Mix with GC Buffer
(New England Biolabs, England), and high-efficiency high-fidelity
enzymes were used for PCR amplification101. 16S rRNA genes were
amplified using the primer sets 515F/806R. The integrity and
approximate length of the DNA were examined by 2% agarose gel
electrophoresis, and PCR products were purified with a PCR
purification kit (QIAGEN, Hilden, NRW, Germany)102,103. The PCR
libraries were conducted using TruSeq® DNA PCR-Free specimen
Preparation Kit (Illumina, San Diego, CA). After quantification with
Qubit and Q-PCR quantification, the qualified PCR libraries were
sequenced on the Illumina NovaSeq6000 platform.

Sequence data analysis
After truncating the Barcode and primer sequences according to
the Barcode sequence and PCR amplification primer sequence,
FLASH (V1.2.7) was used to splice the reads of each specimen to
obtain raw tags104. The quality control was performed on the raw
tags (sequence length is 200 to 10,000 base pairs, consecutive
identical base pairs N < 6; fuzzy bases N < 1, Q < 25), then the
Fastp software was used to filter the spliced raw tags to obtain
clean tags. After removing chimeric sequences, the fine effective
tags were obtained105. For OTU subsequent diversity index and
abundance information analysis, the Uparse algorithm (Uparse
v7.0.1001)106 was used to cluster all effective tags of all specimens
and the sequences were clustered into OTUs (operational
taxonomic units) with 97% sequence similarity. Species annotation
was performed on OTUs sequences, and species annotation
analysis was performed using the Mothur method and the
SSUrRNA database (SILVA138.1)107,108 to obtain taxonomic infor-
mation and community composition at each taxonomic level:
kingdom, phylum, class, order, family, genus, species.
The alpha diversity index (α diversity) was used to indicate the

microbial community diversity within specimens. QIIME calcula-
tion and R software were used to cover the sequencing depth109.
Observed-otus, Chao1, Shannon, Simpson, and ACE indices were
calculated using QIIME software (Version 1.9.1), and dilution curves
and rank abundance curves were drawn using R software (Version
2.15.3)110. The beta diversity index (β diversity) was used to
analyze the microbial community composition of different speci-
mens. Based on the weighted non-ifrac distance, the Bray-Curtis
distance based on OTU was drawn from the non-metric multi-
dimensional scaling (NMDS)111,112. UPGMA cluster analysis was
performed with weighted unifrac distance matrix and unweighted
unifrac distance matrix. The clustering results were integrated and
displayed with the relative abundance of species at the phylum
level in each specimen113,114. Applied PCA analysis to extract two
axes that best reflect the differences between specimens111. The
unifrac distance was calculated by QIIME software (Version 1.9.1),
and the UPGMA specimen clustering tree was constructed. PCA
and NMDS plots were also drawn using R software (Version 2.15.3).
The potential function genes were annotated against KEGG
database using PICRUSt prediction115,116. The cladogram of
discriminatory taxa was identified in the rust-related groups by
the linear discriminant analysis (LDA) based on Kruskal−Wallis
with log score >3.5 and P= 0.05 using LEfSe software (V1.0)7,117.
The relative abundance of each taxonomy was the average value
of that in triplicates. T-test was used to determine the difference in
individual function genes between different treatments7.

DATA AVAILABILITY
The data that support the findings of this study are available from the corresponding
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30139936–30139950.
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