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Dynamics of microbial communities on the corrosion behavior
of steel in freshwater environment
Satoshi Wakai 1,2,6✉, Nanami Eno3,6, Kazuhiko Miyanaga4, Hirotaka Mizukami3, Toshiyuki Sunaba3 and Yasuyuki Miyano5

In a freshwater environment, accelerated corrosion of carbon and stainless steels is frequently observed. Here, an immersion study
was conducted using nine types of steels in a freshwater pool for 22 mo. Accelerated corrosion was observed in carbon and Cr-
containing steels and cast iron, whereas no visible corrosion was observed in stainless steels, even after 22 mo. Microbial
community analysis showed that, in general corrosion, Fe(II)-oxidizing bacteria were enriched in the early corrosion phase, Fe(III)-
reducing bacteria increased in the corrosion-developing phase, and sulfate-reducing bacteria were enriched in the corrosion
products during the final corrosion phase. In contrast, in the 9% Cr steel with localized corrosion, the family Beggiatocaea bacteria
were particularly enriched. These microbial community compositions also differed from those in the water and sediment samples.
Therefore, microbial communities are drastically altered with the progression of corrosion, and iron-dependent microbial energy
metabolism contributes to an environment that enables the enrichment of other microorganisms.
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INTRODUCTION
Metals deteriorate and corrode owing to various physicochemical
environmental factors, such as pH, temperature, and ion
concentration. Acidic conditions, high temperature, and chloride
concentration, in particular, influence metal corrosion1–3. Micro-
organisms in natural and artificial environments frequently
influence metal deterioration and corrosion—this behavior is
denoted microbiologically influenced corrosion (MIC)4–8. MIC,
which frequently occurs in environments such as pipeline and
tank interiors, metal crevices, and soil, appears suddenly and
proceeds rapidly. Thus, monitoring and early detection of MIC is
very difficult; therefore, analysis of MIC is generally conducted
post-corrosion. Numerous case studies of MIC are reported, with
sulfate-reducing bacteria (SRB) frequently detected in the corro-
sion products9–13. However, whether SRB contribute to initiating
corrosion remains unclear, because their detection is based on
post-corrosion analysis.
Recently, various iron-corrosive microorganisms, such as iron-

corrosive SRB14, methanogens15–17, nitrate-reducing bacteria18,
iron-oxidizing bacteria19, and acetogens20, in addition to iodide-
oxidizing bacteria21, were reported. Most could corrode zero-
valent iron and carbon steel under an- or microaerobic lab-scale
conditions. Furthermore, their corrosion mechanisms revealed
that iron-corrosive methanogens and SRB aided corrosion by up
taking electrons from zero-valent iron using extracellular hydro-
genases and multi-heme cytochromes, respectively22,23. MIC is
divided into two types: (i) chemical MIC (CMIC), which is indirect
corrosion by microbially produced substances, and (ii) electrical
MIC (EMIC), which is direct corrosion via the consumption of
electrons from metals24. The higher focus on EMIC, which is
promoted by extracellular electron transfer (EET), is because
corrosion caused by microorganisms with EET properties is faster
than that caused by non-EET microorganisms. Although the rate-
limiting reaction in CMIC under anaerobic conditions is H2

production via proton (H+) reduction, EMIC proceeds via EET
metabolism, which is independent of H2 production. The
mechanisms of EET in various microorganisms are related to the
performance of microbial cell fuel and electrobiosynthesis25–29.
Whether the observed corrosions by these microorganisms reflect
the corrosions in practice is unclear, as the cultivation conditions
of these corrosive microorganisms differ from those of natural
environments. Therefore, observing the mechanisms of MIC
caused by these corrosive microorganisms in natural environ-
ments is challenging.
Development of DNA sequencing technology facilitates studies

of the details of microbial communities in natural and artificial
environments, e.g., microbial analyses based on 16 S rRNA gene
sequences using next-generation sequencers are used in the field
of microbial ecology30–32. Numerous studies of MIC detailing the
microbial communities in soil and marine environments are
published13,33–36. In addition to SRB, enrichments of Fe(II)-
oxidizing (FeOB) and nitrifying bacteria are reported in corroded
samples, e.g., FeOB, such as the genera Gallionella and Dechlor-
omonas, and nitrifying bacteria, such as the genus Nitrospira, were
detected on carbon and copper-bearing steels in soil environ-
ments33. Similarly, in a marine environment, rapid colonization of
iron-oxidizing bacteria belonging to the classes Zetaproteobacteria
and Betaproteobacteria were observed on carbon steel for several
weeks36. These findings provide evidence of the contributions of
these microorganisms to corrosion. However, durations and
experimental sets are limited in numerous studies, and little is
known regarding the dynamics of microbial communities during
corrosion.
Herein, we studied MICs of carbon, Cr-containing, and stainless

steels and cast iron using an immersion study in an aerobic
freshwater environment with a history of MIC incidents. Samples
were withdrawn at 1, 3, 6, 14, and 22 mo, and the corrosion rate
of each metal and microbial composition was investigated.
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Our findings provide insights into the long-term dynamics of
microbial communities during corrosion.

RESULTS
Corrosion behaviors
As shown in Table 1, nine types of metals were used in this study.
Ten samples of each material were immersed in the freshwater
pool. The industrial water quality was as follows: 30 ppm Cl−,
20 mS m−1, 20 ppm Ca2+, 20 ppm SiO2, 1 ppm turbidity, and pH
7.4. The dissolved oxygen concentration (DO) at the bottom of the
sample ladder was ~8.2 ppm, and the water temperature varied
seasonally from 9–23 °C.
As shown in Fig. 1, brown corrosion products are observed as

general corrosion on the surfaces of the carbon steels ASTM A283,
ASTM A109 Temper No. 4/5, and ASTM A179 and cast iron ASTM
A395 after 1 mo immersion. The weight loss of these samples
increase over time (Supplementary Table 1), and the corrosion
rates are 0.13–0.16 mm y−1 (Fig. 2). Similarly, general corrosion,
with an approximate corrosion rate of 0.13 mm y−1, is observed in
the low-Cr (1 % and 2.25%) steels (Figs. 1 and 2). In contrast, the
9% Cr steel exhibits localized corrosion, which is generated at a
crevice formed by the spacer. The corrosion rate of this sample is
~0.02 mm y−1, which is clearly lower than those of the steels
undergoing general corrosion. In contrast, stainless steels type-304
and -316 display no visible corrosion, with estimated corrosion
rates of <0.001 mm y−1.
Figure 1 also reveals that the corrosion products of the carbon

and low-Cr-content steels and cast iron develop further after 3 mo
immersion. The general corrosion rates gradually decrease to
0.07 ~ 0.08 mm y−1 at 22 mo (Fig. 2). Moreover, the corrosion rates
of the 2.25% Cr steels are slightly lower than those of the other
corroded samples, suggesting that Cr may suppress corrosion. In
addition to general corrosion, localized corrosion is observed in
ASTM A179 after 22 mo, with a depth of corrosion of ~700 μm
(Fig. 3). The localized corrosion rate calculated using the depth of
corrosion and immersion time is 0.38 mm y−1, which is approxi-
mately five-fold faster than that of general corrosion. As the
corrosion products of the ASTM A395 alloy do not completely
descale after 14 or 22 mo immersion, its corrosion rate may be
underestimated. However, the difference should be minor.
Furthermore, numerous small pitting corrosions are observed in
the corroded low-Cr steels.
As shown in Fig. 2, no corrosions are observed in the 9% Cr

steels within 3–14 mo, and the corrosion rates are almost zero.
However, localized corrosion is observed after 22 mo (Fig. 3), and
the corrosion rate calculated using the weight loss is 0.04 mm y−1.
The maximum corrosion depth of the localized corrosion is
1260 μm, and the localized corrosion rate estimated using the

corrosion depth and immersion time (22 mo) is 0.68 mm y−1. As
the precise moment of the initiation of corrosion is unknown, the
corrosion rate is possibly faster than this.
In contrast, no visible corrosion is observed on the stainless

steels, even after immersion for 22 mo. Although several brown
substances are observed on the surfaces before descaling (Fig. 1),
these are loosely attached and are not corrosion products. As the
metallic of the stainless-steel surfaces reappear after descaling, the
corrosion rates are almost zero.

Alpha diversity of microbial communities
Amplicon sequencing was conducted to understand the differ-
ences and dynamics of microbial communities over time in the
corrosion products and biofilms on the metal surfaces, water, and
sediments. In total, 4,160,012 reads were obtained with a range of
31,328–124,183 reads.
The Shannon indices of water samples collected from the water

intake and pool range from 5.47 to 7.45 (Fig. 4a). As the industrial
water used is processed river water, the microbial communities
may change seasonally. In contrast, the Shannon indices of the
sediment samples are ~9, which are clearly higher than those of
the water samples. Similarly, the estimated Chao1 indices and
observed operational taxonomic units (OTUs) of the water samples
are lower than those of the sediment samples (Fig. 4b, c).
These differences are statistically significant (Tukey-Kramer test; p-
values < 0.01, Fig. 4d), indicating that the microbial communities in
the sediment samples are more complex than those in the water
samples. As the overflowing pool water is continuously replaced
and the sediments settle at the bottom of the pool without
mechanical disturbance, such a difference in microbial diversity
should reflect the ecosystem in the pool.
The Shannon indices of the carbon and low-Cr steels and cast

iron are similar to those of the water samples (Fig. 4a). In contrast,
the Shannon indices of the stainless-steel samples are significantly
higher than those of the corroded steels (p-values < 0.05, Fig. 4d)
and similar to those of the sediments. Conversely, the Shannon
indices of the 9% Cr steels vary from 6.95–9.65. These values are
much higher in the non-corroded samples at 1 and 3 mo than
those in the corroded samples at 6, 14, and 22 mo (Fig. 4a).
Furthermore, the Chao1 indices and observed OTUs of the 9% Cr
steels are higher than those of the corroded and water
samples and lower than those of the non-corroded and sediment
samples (Fig. 4b, c), and the differences are statistically significant
(p-values < 0.01, Fig. 4d). These results indicate that microbial
diversity in the corrosion products is lower than that in the
biofilms on the non-corroded metals.

Table 1. Metals used in the immersion study.

Grade Engraving Ca Sia Mna Pa Sa Nia Cra Moa Fea

ASTM A283 S ≤0.27 – ≤0.90 ≤0.03 ≤0.03 – – – Bal.

ASTM A109 Temper No. 4/5 SP ≤0.15 – ≤0.60 ≤0.035 ≤0.040 – – – Bal.

ASTM A179 B 0.06–0.18 – 0.27–0.63 ≤0.035 ≤0.035 – – – Bal.

ASTM A395 FC >3.00 ≤2.50 – ≤0.008 – – – – Bal.

1% Cr steel 1C ≤0.35 – ≤1.21 ≤0.02 ≤0.005 ≤0.99 0.40~1.50 0.25~1.00 Bal.

2.25% Cr steel 3C 0.05~0.15 ≤0.50 0.30~0.60 ≤0.025 ≤0.0025 – 1.90~2.60 0.87~1.13 Bal.

9% Cr steel 9C 0.08~0.12 0.2~0.40 0.3~0.50 ≤0.020 ≤0.05 ≤0.20 8.00~9.50 0.85~1.05 Bal.

Type-316 stainless steel S6 ≤0.08 ≤1.00 ≤2.00 ≤0.045 ≤0.030 10.00~14.00 16.00~18.00 2.00~3.00 Bal.

Type-304 stainless steel S8 ≤0.08 ≤1.00 ≤2.00 ≤0.045 ≤0.030 8.00~10.50 18.00~20.00 − Bal.

aThese values are based on standard chemical compositions.
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Beta diversity of microbial communities
Fig. 5a shows the principal coordinate analysis (PCoA) plot based
on the unweighted UniFrac distances of all samples, with three
major clusters observed. The cluster of microbial communities
from the water samples is distinctly separate from the other
clusters. The cluster of microbial communities from the sediments
also includes those from the stainless steels, whereas the cluster of
microbial communities from the corroded samples exhibits a
broad distribution. In contrast, the plots of the 9% Cr steels are
split into non-corroded and corroded clusters. Therefore, the
microbial communities on the metal surfaces and in the corrosion
products clearly differ from those in the water.
PCoA plots of the water samples exhibit circular arrangements

when ordered chronologically (Fig. 5b). As the water samples were
collected in different seasons (summer (initial and 1 mo), fall (3
and 14 mo), winter (6 mo), and spring (22 mo)), such circular
transitions may reflect seasonal changes.

Furthermore, only two clusters (corroded and non-corroded) are
observed in the PCoA plot of the metal samples wherein (except
for the 9% Cr steel) transitions of microbial communities from 1 to
22 mo are also observed (Fig. 5c). Moreover, as the transitions in
the corroded samples are larger than those in the non-corroded
samples, there is a correlation between the changes in the
microbial community and corrosion progression. Two types of
microbial communities are inferred in the 9% Cr steel sample:
spots at 1 and 6 mo located close to those of the stainless steels,
with the others (3, 14, and 22 mo) located close to those of the
corroded steels. Additionally, the coupons used in DNA extraction
at 1 and 6 mo are not corroded, whereas those at 3, 14, and 22 mo
are corroded (Supplementary Figure 1). Thus, microbial commu-
nities in the corroded samples differ from those in the water,
sediment, and non-corroded samples, and they vary with the
progression of corrosion.
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Fig. 1 Coupons after immersion study. Macroscopic images of each coupon (50 mm high × 20mm wide) are shown before and after
descaling. 1 M, 1 mo; 3 M, 3 mo; 6 M, 6 mo; 14 M, 14 mo; 22 M, 22 mo; S, ASTM A283; SP, ASTM A109 Temper 4/5; FC, ASTM A395; B, ASTM A179;
1 C, 1% Cr steel; 3 C, 2.25% Cr steel; 9 C, 9% Cr steel; S6, type-316 stainless steel; S8, type-304 stainless steel.
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Microbial communities in water and sediment samples
The major phyla of microbial communities observed in the water
samples are Proteobacteria (30.1–73.5%), Bacteroidota (6.3–48.6%),
Planctomycetota (0.4–19.6%), and Actinobacteriota (0–17.7%), and
their relative abundances vary from sample to sample (Fig. 6), e.g.,
the relative abundance of Bacteroidota in the pool water is higher
than that in the intake water. Such differences may be influenced
by the residence time of water in the overflowing pool. These
phyla are also observed in the sediment samples, but their relative
abundances differ significantly from those in the water samples.
Moreover, the relative abundances of Acidobacteriota (8.7–13.0%),
Chloroflexi (8.1–10.2%), Nitrospirota (4.2–4.4%), and Desulfobacter-
ota (1.5–4.4%) are higher than those in the water samples. As
almost all species of Desulfobacterota are SRB37, the environment
in the sediment should be anaerobic. Although Desulfobacterota
possibly influence corrosion, the risk should be extremely low
because their relative abundances in the pool water are <0.04%.
At the genus level, slightly higher proportions (6–19%) of the

unassigned bacteria belonging to the family Comamonadaceae
are observed in all seasons, and the genera Novosphingobium,
Pseudarcicella, and Flavobacterium are observed as secondary
major components with varying ratios (Fig. 7a and b). In the intake
water, the relative abundances of the genera Flavobacterium,
Pseudoarcicella, and Rhodoferax are higher only during winter.
Similarly, higher abundances of Pseudoarcicella and Flavobacter-
ium are observed in the pool water during winter. Hence, the
microbial communities in the water samples change seasonally,
but no drastic changes occur during the study.

Microbial communities at the phylum level in metal samples
Proteobacteria are the major components in all samples, but their
relative abundances in the corroded samples decrease with the
progression of corrosion (Fig. 6). In the ASTM A179, ASTM A109
Temper No. 4/5, ASTM A179, ASTM A395, and 1% and 2.25% Cr
steel samples, the relative abundances of Proteobacteria decrease
from 89.1%, 85.9%, 89.6%, 79.5%, 84.8%, and 83.8% to 43.3%,
52.2%, 50.0%, 41.9%, 33.8%, and 31.3%, respectively. In contrast,
the relative abundances of Desulfobacterota gradually increase
from <0.1% to 12.5–45.9% with the progression of corrosion.
Therefore, Proteobacteira are replaced by Desulfobacterota with
the progression of corrosion.

In contrast, the proportions of various bacteria in the biofilms on
the non-corroded stainless steels are similar. Proteobacteria
(29.4–34.1%), Planctomycetota (11.7–18.8%), Nitrospirota (2.9–20.9%),
Acidobacteriota (8.6–18.8%), Bacteroidota (3.1–9.2%), and Chloroflexi
(2.1–8.8%) are constantly observed, with the proportions of
Nitrospirota in the stainless steel samples gradually increasing
(Fig. 6). These proportions are similar to those in the sediment
samples and correspond to the PCoA plot shown in Fig. 5a.
Two types of microbial communities are observed in the 9% Cr

steel sample: those at 1 and 6 mo are similar to the microbial
communities in the sediment samples, whereas the proportions of
Proteobacteria increase significantly in the corroded samples at 3,
14, and 22 mo. Further, these two types of microbial communities
in the 9% Cr steel sample correspond to the split clusters in the
PCoA plot shown in Fig. 5c.

Changes in microbial communities with the progression of
corrosion
At the genus level, >2000 OTUs containing unassigned bacteria
and archaea were observed. Of these, we focused on 10 high-
abundance OTUs in each sample. This covered 58.7–70.9%,
48.7–63.3%, 50.2–70.7%, 50.8–71.5%, 47.2–62.7%, 38.4–64.7%,
12.8–49.7%, 17.5–46.8%, and 21.8–45.1% in the ASTM A179, ASTM
A109 Temper No. 4/5, ASTM A179, ASTM A395, 1%, 2.25%, and 9%
Cr steels, and type-316 and -304 stainless steels, respectively.
High relative abundances of Dechloromonas, which exhibit Fe

(II)-oxidizing properties, are observed in the corroded samples,
such as ASTM A179, ASTM A109 Temper No. 4/5, ASTM A179,
ASTM A395, and 1% and 2.25% Cr steels, during the early
corrosion phase (1 and 3 mo, Fig. 7c–h). The proportions of
Dechloromonas decrease over time, corresponding to the decrease
in Proteobacteria (Fig. 6). Furthermore, the proportions of
Dechloromonas in the biofilms on the non-corroded samples are
<1%. Thus, in the corrosion products, Dechloromonas are
significantly enriched during the early corrosion phase.
In contrast, the proportion of the genus Desulfovibrio, which are

SRB, finally increase at 14 and 22 mo in ASTM A179, ASTM A109
Temper No. 4/5, ASTM A179, ASTM A395, and 1% and 2.25% Cr
steels (Fig. 7c–h). Desulfovibrio are quite low in abundance or
undetected in the early corrosion phase, water samples (Fig. 7a, b),
and non-corroded biofilms (Fig. 7j, k). This strongly suggests that
Desulfovibrio prefer the environment of the developed corrosion
products, although they do not influence corrosion during the
early corrosion phase.
Fe(III)-reducing bacteria (IRB), such as the genera Geobacter and

Geothrix, are detected in the corrosion products during the mid-
corrosion phase (6 and 14 mo), but their proportions in the early (1
and 3 mo) and late (22 mo) corrosion phases are relatively low
(Fig. 7c, e–h). The genus Sideroxydans, which exhibits Fe(II)-
oxidizing properties, displays similar behavior (Fig. 7f), and thus,
the proportions of FeOB, IRB, and SRB are only higher in the
corroded samples. This strongly suggests that the changes in
these microbial communities relate to the progression of
corrosion.
In the corroded 9% Cr steel at 3, 14, and 22 mo, higher

proportions of the family Beggiatoacea (8.5–19.6%), which may
exhibit sulfur-oxidizing properties, and Sideroxydans (8.4–13.7%)
are observed (Fig. 7i). In addition, the genus Thiomonas, which are
sulfur-oxidizing bacteria (SOB), is detected with higher abun-
dances (3.4% and 8.8%) at 3 and 14 mo. In contrast, Nitrospira
(12.9%), which are nitrate-reducing bacteria, are observed in the
non-corroded samples at 6 mo. Increased proportions of Nitrospira
are also observed in the biofilms on the stainless steels during
later immersion periods (Fig. 7j, k). Therefore, the microbial
communities of the non-corroded 9% Cr steels at 1 and 6 mo are
similar to those in the biofilms on the stainless steels. Additionally,
the microbial communities of the corroded 9% Cr steel at 3, 14,
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Fig. 2 Variation in the corrosion rate of each metal with time. The
corrosion rates are calculated using weight loss and immersion time.
S, ASTM A283; SP, ASTM A109 Temper 4/5; FC, ASTM A395; B, ASTM
A179; 1 C, 1% Cr steel; 3 C, 2.25% Cr steel; 9 C, 9% Cr steel; S6, type-
316 stainless steel; S8, type-304 stainless steel.
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and 22 mo differ from those of the corrosion products of the
carbon and low-Cr-content steels and cast iron.

DISCUSSION
As chloride ion concentration influences metal corrosion, the
progression of corrosion in a freshwater environment is generally
slow compared to those in saltwater environments. However,
several stainless steels may corrode in freshwater environ-
ments38,39. Moreover, MIC was initially suspected because
corroded materials were previously observed in the freshwater
pools used in this study. In the long-term immersion study, we
observed different forms of corrosion, three types of microbial
communities, and changes in the microbial communities in the
corrosion products.
The freshwater environment used in this study is an indoor

storage pool of industrial water sourced from river water, with a
relatively stable chemical composition, and the water temperature
varies seasonally from 9 to 23 °C. Hence, the seasonal changes in
the microbial communities in the water samples may be due to
the temperature variations. Moreover, the microbial communities
in the pool water differ slightly from those in the intake water
(Fig. 5b). Due to overflow, water in the pool is continuously
replaced. Therefore, the DO remains at ~8.2 ppm, even at a depth

halfway between the surface and bottom of the pool. In contrast,
the environment of the sediment should be anaerobic, as it
precipitates and remains at the bottom of pool, and the microbial
communities within it (such as SRB) should also differ from those
in the water (Fig. 6). As the coupons in the pool are farther from
the sediment, they are exposed only to the aerobic freshwater
during the immersion study.
General corrosion is observed in the carbon and low-Cr steels

and cast iron in the freshwater environment (Fig. 1), because these
materials are not corrosion-resistant. However, the corrosion rates
(0.13 mm y−1) are higher than that (0.04 mm y−1) in a previous
study40 under abiotic freshwater conditions and similar to those
(0.02–0.76mm y−1) in the presence of microorganisms under
freshwater conditions40–42. Such an accelerated corrosion rate is a
feature of MIC.
In addition, localized corrosion is observed in several metals

beneath the developed corrosion products after 22 mo immersion
(Fig. 3). The localized corrosion rate observed in ASTM A179, in
particular, is approximately five-fold higher than that of the
general corrosion. Such abnormal forms of corrosion and
accelerated corrosion rates were also observed in the corrosion
that occurred in the same facility. Therefore, the immersion
conducted in this study reflects corrosion in practice.

Fig. 3 Corrosions of (a) ASTM A179 and (b) 9% Cr steel after 22 mo immersion. The full views (scale bars: 10 mm) and localized corrosions
(scale bars: 500 μm) of ASTM A179 and 9% Cr steel with maximal depths were visualized using 3D measuring laser microscopy. The red circles
in the full views indicate the measured localized corrosions. The full view of 9% Cr steel shows the reverse side of that shown in Fig. 1.

S. Wakai et al.

5

Published in partnership with CSCP and USTB npj Materials Degradation (2022)    45 



-0.4

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

-0.4 -0.2 0 0.2 0.4 0.6

PC
oA

2 
(1

1.
8%

)

PCoA1 (21.3%)

S
SP
B
FC
1C
3C
9C
S6
S8

Corroded

Non-corroded 

1M

22M

1M

22M

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

0.4

0.5

-0.4 -0.2 0 0.2 0.4

PC
oA

2 
(1

4.
8%

)

PCoA1 (17.2%)

RW
Air

0M
22M

22M

0M

1M

3M

6M

1M

3M

6M

14M

a b c
Water

Corroded

Sediment
Stainless 

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

0.4

-0.4 -0.2 0 0.2 0.4 0.6

PC
oA

2 
(1

2.
1%

)

PCoA1 (16.2%)

S SP
B FC
1C 3C
9C S6
S8 RW
Air Sediment

Fig. 5 Beta diversities of microbial communities. Principal coordinate analysis (PCoA) plots based on the unweighted UniFrac distances in (a)
all, (b) water, and (c) metal samples. Circles highlight each cluster. Trajectories are represented by lines that sequentially connect sampling
periods. 1 M, 1 mo; 3 M, 3 mo; 6 M, 6 mo; 14 M, 14 mo; 22 M, 22 mo; S, ASTM A283; SP, ASTM A109 Temper 4/5; FC, ASTM A395; B, ASTM A179;
1 C, 1% Cr steel; 3 C, 2.25% Cr steel; 9 C, 9% Cr steel; S6, type-316 stainless steel; S8, type-304 stainless steel.

a b c

d P-values (Chao1)

intake pool Sediment S SP B FC 1C 3C 9C S6 S8

P-
va

lu
es

 (S
ha

nn
on

)

intake 1 0.00174 0.99998 1 1 1 1 0.99649 0.00904 6E-07 3.7E-06
pool 1 0.00109 1 0.99993 0.99998 1 0.99998 0.97326 0.00553 5E-07 2.9E-06

Sediment 3.4E-05 0.0002 0.00059 0.00654 0.0054 0.0024 0.00546 0.03209 0.99391 0.97432 0.99901
S 0.89476 0.73025 6E-07 0.99896 0.99954 1 0.99951 0.92308 0.00281 3E-07 1.4E-06

SP 1 1 5E-05 0.94325 1 1 1 0.99995 0.03659 5.4E-06 2.9E-05
B 0.99711 0.96827 3.7E-06 0.99998 0.99914 1 1 0.99985 0.03004 4.2E-06 2.3E-05

FC 0.9998 0.99309 7.7E-06 0.99941 0.99996 1 1 0.99623 0.01285 1.5E-06 7.9E-06
1C 1 0.99999 3.8E-05 0.96412 1 0.99971 0.99999 0.99986 0.03038 4.3E-06 2.3E-05
3C 0.99998 1 0.00034 0.61187 0.99994 0.92544 0.97713 0.99978 0.17037 5E-05 0.00026
9C 0.00733 0.03617 0.57223 9E-05 0.00962 0.00065 0.0014 0.00726 0.0578 0.22973 0.50846
S6 4.7E-06 4.6E-05 1 1E-07 8.9E-06 4E-07 1E-06 6.4E-06 8.4E-05 0.59892 1
S8 9.8E-06 9.1E-05 1 1E-07 1.8E-05 9E-07 2.1E-06 1.3E-05 0.00017 0.73217 1

12

0

2

4

6

8

10
in

ta
ke S8S69C3C1CFCBSPS

se
di

m
en

t
po

ol

Shannon

in
ta

ke S8S69C3C1CFCBSPS
se

di
m

en
t

po
ol

2000

0

500

1500

1000

observed OTUs
2000

0

500

1500

1000

in
ta

ke S8S69C3C1CFCBSPS
se

di
m

en
t

po
ol

Chao1

Fig. 4 Alpha diversities of microbial communities in each environment and metal. The a Shannon indices, b observed operational
taxonomic units (OTUs), and c Chao1 indices of intake (n= 6) and pool (n= 5) water, sediments (n= 3), ASTM A283 (S: n= 5), ASTM A109
Temper No. 4/5 (SP: n= 5), ASTM A179 (B: n= 5), ASTM A395 (FC: n= 5), 1% (1 C: n= 5), 2.25% (3 C: n= 5), and 9% (9 C: n= 5) Cr steels, and
type-316 (S6: n= 5) and -304 (S8: n= 5) stainless steels are represented as box-and-whisker plots. d 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. 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.

S. Wakai et al.

6

npj Materials Degradation (2022)    45 Published in partnership with CSCP and USTB



Among the studied metals, 9% Cr steel exhibited the most
severe corrosion, with a corrosion depth of >1.2 mm, which is
likely MIC because of the accelerated corrosion and abnormal
form of corrosion. As 9% Cr steel is used in high-temperature
applications, its corrosion behavior is previously studied43,44, but
MIC of this metal is not previously reported. As numerous
microorganisms, except for hyperthermophiles, are inactive in a
high-temperature environment (>100 °C), MIC in 9% Cr steel may
be ignored in such cases. However, several measures should be
required to mitigate MIC of 9% Cr steel when it is used in
moderate-temperature environments.
Compared to those in water, different microbial communities

and their changes, in addition to accelerated corrosion, are
observed in the corrosion products in the sediment and biofilms
on the non-corroded materials (Figs. 5–7), strongly suggesting that
such corrosions are MICs. Ramirez et al.13 report a 3-step transition
(FeOB=> SRB/IRB= > SOB) in a marine microbial ecosystem over
6 mo, wherein hydrogen sulfide produced by secondary enriched
SRB may finally contribute to the enrichment of SOB. Primary
enrichment of FeOB is reported by McBeth and Emerson36.
Similarly, enrichment of FeOB during the early corrosion phase is

observed in this study, but the microbial changes with the
progression of corrosion observed in the carbon and 1% and
2.25% Cr steels and cast iron over 22 mo is FeOB=> IRB= > SRB
(Figs. 7 and 8). SRB may be easily enriched in seawater
environments because of the high concentrations of sulfate ions,
but their enrichment in the freshwater environment is delayed
because of a dilute sulfate-ion concentration. The enrichment of
SRB in seawater environments is frequently reported10,12,45.
With respect to the changes in the microbial community and final

enrichment of SRB, FeOB are critical in the early corrosion stage, and
Dechloromonas may acquire the energy to grow from Fe(II)
oxidation. Microorganisms may survive in environments with trace
nutrients but do not grow exponentially. However, the immersion
pool used in this study is overflow-style, with a 20 m3 h−1 inflow,
and trace nutrients containing inorganic ions are continuously
supplied. In the early corrosion phase, ferrous ions are released from
carbon steels and cast iron, and FeOB (such as Dechloromonas) use
them as energy sources. Trace concentrations of carbon, phosphate,
and nitrogen required for cell growth should be present as organic
and inorganic matters in industrial water. Therefore, in this
freshwater environment, FeOB are initially enriched on the surfaces
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of metals, such as carbon steels and cast iron. Subsequently, IRB may
grow, using organic matter and ferric oxide as an energy source and
terminal electron acceptor, respectively. In the mature corrosion
products, a nitrogen-rich anaerobic condition should be established
by the metabolisms of the FeOB and IRB. Therefore, SRB may grow
rapidly and replace FeOB and IRB (Fig. 8a).
Recently, Tang et al. reported the corrosion of stainless steel by

iron-reducing Geobacter species in a freshwater environment, with
the corrosion occurring via direct iron-to-microbe electron
transfer46. Considering EMIC, the contributions of microorganisms
with EET properties are critical. The SRB, FeOB, and IRB, which are
major microbial species in the corrosion products in this study,
should exhibit EET properties. Therefore, these electrochemically
active microorganisms may contribute to the corrosion via EET
while the compositions of their communities change under the
influences of various ionic species as the corrosion products form.
In contrast, the microbial communities in the 9% Cr steel differ
from others (Fig. 8b). After 14 mo, in addition to the enrichment of
FeOB, such as Sideroxydans, the SOB47 Beggiatoacea and
Thiomonas are enriched (Fig. 7i). Such a change clearly differs
from those in other corroded materials, such as carbon steels, and
is potentially influenced by rich Cr ions dissolved during corrosion.
Remarkably, Thiomonas exhibit not only sulfur-oxidizing but also
Fe(II)-oxidizing properties, EET systems, and heavy metal toler-
ances48,49. They may be enriched by Fe(II)-oxidizing activity and/or
direct consumption of electrons from metals. In a previous
study50, a relatively high abundance of Beggiatoacea is observed
in a biofilm on Cu using a discontinuous biofilm monitoring
system, which suggests that these bacteria may be resistant to
toxic metals, such as Cu and Cr. However, the energy sources
required for the growth of Beggiatoacea in this environment are
unknown.

This study is the report of the changes in microbial communities
during the progression of corrosion in a freshwater environment.
In the same environment, microbial communities varied with the
type of metal. Furthermore, our findings supported the impor-
tance of FeOB during the early corrosion phase because iron-
dependent microbial energy metabolism contributed to the
formation of a nutrient-rich environment that other microorgan-
isms, such as SRB, preferred. To mitigate MIC in a freshwater
environment, enrichment of FeOB and IRB should be restricted.

METHODS
Preparation of sample ladder
Nine types of metals were used in this study, and these metals were
machined into 50 × 20 × 1–5mm blocks (thicknesses of ASTM 395 and 1%,
2.25%, and 9% Cr steels: 5 mm; thicknesses of ASTM A283 and ASTM A179:
3 mm; thicknesses of ASTM A109 Temper 4/5 and type-304 and
‐316 stainless steels: 1 mm) with two 4mm holes. Prior to the immersion
study, the Cr steels were polished with sandpaper, and the other metals
were polished with 600 grit emery paper. All coupons were washed
ultrasonically with 99.5% ethanol, dried, and weighed. Ten samples of each
metal were used in calculating the corrosion rate and microbiome analysis.
Each coupon was immobilized in the form of a ladder with a
polytetrafluoroethylene rod and spacer (ϕ 5 × 30mm, Supplementary
Figure 2).

Immersion study
The volume of the pool was 1100m3, with a depth of ~4m. The water
inflow was 20m3 h−1, with drainage occurring via overflow, and the water
quality did not vary seasonally (Supplementary Figure 3). The sample
ladders were immersed via hanging using a 3m steel wire in the middle of
the pool. Two sets of ladder were withdrawn from the pool after 1, 3, 6, 14,
and 22 mo. The samples from one ladder were used to measure the weight

Initial              Corrosion resistance (9% Cr-steel & stainless steel)                     Corrosion (9% Cr-steel)b

Enrichment of Nitrospira sp. in the biofilm Enrichment of unique microorganisms 
(unknown mechanism)

Initial                          Early corrosion                                                                             Matured corrosiona

Accumulation of organic carbon and nitrogen 
by iron-dependent energy metabolisms

Enrichment of SRB and heterotrophs in the 
anaerobic corrosion products 

Fig. 8 Dynamic models of microbial communities. a During the corrosion of carbon and low-Cr-content steels and cast iron, organic carbon
and nitrogen are accumulated by iron-dependent energy metabolisms of Fe(II)-oxidizing (red [Dechloromonas sp.] and green [Sideroxydans sp.]
cells) and Fe(III)-reducing bacteria (gray cells [Geothrix sp. and Geobacter sp.]) in the early corrosion phase, and anaerobic sulfate-reducing
bacteria (SRB) and heterotrophic microorganisms are then enriched by consuming accumulated organic matter in the mature corrosion
phase. b Variation in microbial communities on the corrosion-resistant metals. Purple, light-blue, yellow, and white cells represent
Comamonadaceae family bacteria, Nitrospira sp., Beggiatoacea family bacteria, and others, respectively.
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loss and calculate the corrosion rates, and the samples from the other
ladder were used in microbiome analysis. The DOs in the immersion pool
were measured at close to the surface and bottom, and at the middle,
using a DO sensor (InPro6860i, Mettler Toledo, Columbus, OH, USA).

Calculation of corrosion rates
The corrosion products and biofilms on the samples were removed via
scratching with a plastic spatula or wiping with a cotton swab and then
washed in 99.5% ethanol using an ultrasonic bath. The samples were then
immersed in Clarke’s solution, according to the ASTM standard G1–0351. All
samples were weighed after drying was complete. The corrosion rate (mm y−1)
of each sample is calculated using the following formula:

Corrosion rate ¼ K ´W
A ´ T ´D

(1)

where K is a constant (8.76 × 104), T is the time of exposure (h), A is the
total surface area (cm2), W is the mass loss (g), and D is the density
(g cm−3).
After weighing the samples, 3D images of several of the coupons were

captured using a 3D measuring laser microscope (LEXT OLS4000, Olympus,
Tokyo, Japan).

DNA extraction
Each sample withdrawn from the pool was transferred to a polyethylene
bag and immediately frozen using dry ice pellets. After transfer back to the
lab, 1.8 mL of DNA/RNA shield solution (Zymo Research, Irvine, CA, USA)
was poured into the bag, and the corrosion products and attached cells
were recovered by washing the bag. The solution was transferred to a
centrifuge tube, centrifuged at 10,000 × g for 5 min, and the supernatant
was discarded. The pellet consisting of corrosion products and microbial
cells was resuspended in fresh DNA/RNA shield solution, and the DNA was
extracted using ZymoBIOMICS DNA/RNA Miniprep Kit (Zymo Research)
according to the manufacturer’s protocol.
Initially and after 1 mo immersion, 500mL water samples were collected

from the pool and inlet and filtered using 0.22 μm cellulose acetate
membranes (ADVANTEC, Tokyo, Japan). The membrane filter was cut into
small pieces using sterilized scissors, and DNA was extracted using the
aforementioned procedure. In addition, after 14 mo, sediment samples
were collected, along with water, from three sites (center, west, and east)
at the bottom of the pool. After centrifugation at 3000 × g for 1 min, the
sediments were collected, and the supernatants were discarded. DNA was
extracted from ~0.5 g of sediment using the aforementioned method. The
concentrations of DNA were measured using a Qubit dsDNA HS assay kit
(Thermo Fisher Scientific, Waltham, MA, USA) and Qubit 4 fluorometer
(Thermo Fisher Scientific).

Amplicon sequencing of 16 S rRNA gene fragments
Partial 16 S rRNA genes (V4–V5 regions) were amplified via the polymerase
chain reaction (PCR) using LA Taq with GC buffer (TaKaRa Bio, Otsu, Japan)
with the primer set 530 F and 907R52, which contains overhung adapters at
the 5ʹ ends. The PCR amplification, enzymatic purification, addition of
multiplexing indices and Illumina sequencing adapters, and purification
with magnetic beads were performed as described in a previous study53.
Amplicon sequencing was performed using an Illumina MiSeq platform
and a MiSeq v3 reagent (Illumina, San Diego, CA, USA) as the 300 bp end,
according to Illumina’s standard protocol.
Raw FASTQ files were demultiplexed based on their unique barcodes

using the QIIME 2 demux plugin54. Demultiplexed sequences from each
sample were treated using the QIIME 2 dada2 plugin to yield the feature
table55. The QIIME 2 feature-classifier plugin was then used to align feature
sequences to a pre-trained SILVA-138 99% database to generate the
taxonomy table56. The data were rarefied prior to alpha and beta diversity
analyses using a depth of 31,284 reads. Diversity metrics were calculated
and plotted using the core-diversity and emperor plugins in QIIME 257.
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