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Abstract

Corrosion of metallic alloys is a concern worldwide, with impacts affecting different production sectors and

consequent economic losses in the order of billions of dollars annually. Biocorrosion is a form of corrosion where

the participation of microorganisms can induce, accelerate, or inhibit corrosive processes. In this study, it was

evaluated that the changes in profile communities, by the sequencing of the 16S ribosomal gene, grown over steel

coupons in a microcosm with no additional oxygen supplementation for 120 days. Analysis of abundance and

diversity indices indicates marked changes in microbial structures throughout the 120-day period. Homology results

of OTUs generated by Illumina sequencing indicated Proteobacteria phylum as the dominant group, comprising

about 85.3% of the total OTUs, followed by Firmicutes and Bacteriodetes, both with 7.35%. Analyses at lower

taxonomic levels suggested the presence of representatives described as corroders, such as Citreicella thiooxidans,

Thalassospira sp., and Limnobacter thiooxidans. In conclusion, the results suggest that no additional oxygen

supplementation profoundly altered the core of microbial communities, with a predominance of facultative

anaerobic species.
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Introduction

Corrosion of metals is a complex process that involves

abiotic factors, such as temperature, physical and chem-

ical stresses, and biotic factors through the direct and in-

direct action of microorganisms. Although in the

scientific literature, the action of eukaryotic microorgan-

isms such as fungi, yeast, and algae are described as cor-

roders, the activity of bacteria and archaea constitutes

the major part of the microbially influenced corrosion

(MIC) (Lugauskas et al. 2009; Li et al. 2018). Nowadays,

the metal deterioration through corrosion is a global

concern, impacting numerous economic sectors, in par-

ticular, offshore structures, as pipeline, navies, and har-

bors, and studies of the economic impacts of corrosion

demonstrate that values can reach US$2.5 trillion per

year, which represents 3% of gross domestic product

(GDP) (Koch et al. 2016). Expensive protective actions

against corrosion processes are currently available, such

as organic and inorganic coatings, plastics covers and

paints, and cathodic protection, which consists in creat-

ing a galvanic cell, and thus, acting with a “sacrifice

metal,” maintenance and inspection costs are also con-

siderable (Baeckmann 1997; Price and Figueira 2017). In

addition to these activities described, protective actions,

such as inspection, maintenance, and training of special-

ized technicians, may add an estimated $121 billion to

the total cost, thus corroborating the high economic im-

pacts of corrosion on industries (Koch et al. 2002;

Thompson et al. 2007).

The presence of microorganisms over metal surfaces

and their consequent attack occurs through bacterial

biofilm structures. Biofilms are a complex formed by

bacteria and extracellular compounds, such as proteins,

DNA, polysaccharides, and metabolites (Procópio 2019).

Biofilm formation is a process widely found on different

inanimate or organic surfaces, under different environ-

mental conditions that influence their presence and per-

sistence. The forces involved in forming these structures

may include nutrient deprivation, continuous water flow,
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extreme or unfavorable temperatures, protection against

harmful chemical compounds, biocides, and antibiotics

(Salta et al. 2013). The formation of the biofilm on the

metals allows the generation of an internal microenvir-

onment, which makes it possible to induce/accelerate

the metallic corrosion. The process of metal deterior-

ation happens when the surface acts with an anodic site,

transferring electrons from the zero-valent metal to a

cathodic site, in this case, the bacterial biofilm

(Hamilton 2003). This redox reaction would also occur

in abiotic corrosion; however, the MIC allows to acceler-

ate the whole process up to 1000× (Melchers and Jeffrey

2013; Marty et al. 2014). Microorganisms can induce

corrosion by altering pH and oxidation-reduction poten-

tial (Eh) in the secretion of corrosive metabolites or even

directly acting in oxidation-reduction reactions through

extracellular enzymes (Little et al. 2007).

Sulfate-reducing bacteria (SRB) was the first bacterial

group to be described as active participants in metal corro-

sion (Tiller and Booth 1962). Previously, SRB received the

most attention in studies on anaerobic MIC, mainly for H2S

production, which exerts a strong corrosive action (Kato

2016). Currently, several other bacterial groups with distinct

metabolisms are known to be involved in corrosion pro-

cesses, either directly or indirectly. Sulfate-oxidizing bacteria

(SOB), iron-reducing bacteria (IRB), acid-producing bacteria

(APB), thiosulfate-reducing bacteria (TRB), Fe-oxidizing

bacteria (FeOB), and sulfate-reducing archaea (SRA) are

commonly described in studies of metal corrosion (Beech

and Sunner 2004; Videla and Herrera 2005; Li et al. 2017).

Progressively, surveys have shown the participation of het-

erotrophic aerobic microorganisms as having a preponder-

ant role in corrosion, either as in maintaining corrosive

biofilm or participating directly in the metal attack. In a

marine environment, the presence of FeOB lithotrophic bac-

teria has been related to iron oxidation under neutral pH

conditions (Emerson 2018). Another heterotrophic group

recently described as involved in corrosion is the APB

group. The production of acid metabolites, such as formic

acid (HCOOH), acetic acid (CH3COOH), and lactic acid

(CH3CHCOOH), allows metal deterioration by shifting the

inner pH of biofilms (Ray et al. 2010; Xu et al. 2016). These

new findings on different microbial metabolic groups in-

volved in corrosion show that corrosion is a multifactorial

complex process where the participation of microorganisms

is not limited to a single group or environmental condition.

This complex system found in the inner corrosive bio-

films, which involves various microorganisms, extracel-

lular material, and different chemical conditions, is a

challenge for biocorrosion studies, especially under in

situ conditions. Nonetheless, establishing the direct rela-

tionship between biofilm and metal corrosion under la-

boratory conditions, employing a single bacterial species,

may not reflect reality, since there is usually the

participation of a complex microbial community. An al-

ternative is the use of microcosm systems, where there is

an effort to design a closed system in the laboratory that

simulates the maximum conditions present in the envir-

onment (Angell et al. 1997; Mumford et al. 2016; Moura

et al. 2018). One methodology that has been widely

employed for the study of biocorrosion under meso- and

microcosm conditions, and also in situ environmental

conditions, is the description of the microbial commu-

nity through sequencing of the 16S ribosomal gene.

The microbial amplicons of the 16S rRNA genes, also

called metagenome, enable the description of the taxo-

nomic profile of complex systems of microbial populations

present in different samples from natural environmental

sites (Rondon et al. 2000; Tyson et al. 2004). Despite the

limitations of metagenome techniques, such as metage-

nomic methods only describe the taxonomic profile of the

biofilm but do not establish a physiological relationship of

microorganisms and the corrosion process, in addition to

metagenomic sequencing identifying species levels, and

many of the characteristics metabolic are found at strain

levels, numerous studies employing high-throughput tech-

niques shed light on the participation of microorganisms

involved in corrosion (Dang et al. 2011; Park et al. 2011;

Rajala et al. 2015; Ramírez et al. 2016; Vigneron et al. 2016;

Bonifay et al. 2017; Moura et al. 2018). In this study, the

analysis of isolated environmental factors can contribute to

the understanding of changes in the microbial community,

and based on this, we use metagenomics to evaluate how

the structure microbial community changes over time in a

system where there is no oxygen entry into the microcosm.

Material and methods

Microcosms design

For the microbiological succession analysis on the coupons,

a microcosm was designed, which consisted of a glass tank

with an approximate capacity of 8 l. The tank was previ-

ously autoclaved, and then seawater was added until it was

filled. The seawater used in this experiment was collected

near the Brazilian Navy Ship Maintenance Area, located in

Cobras Island, Rio de Janeiro, RJ. The microcosm was

maintained at the Microbial Corrosion Laboratory, located

at Estacio University in Rio de Janeiro. The conditions

maintained were water temperature around 23 °C, which

corresponds to the seawater temperature at the collection

site, a period of 12 h of light daily, and after the coupons

had been accommodated, the microcosm was sealed to pre-

vent additional entry atmospheric air.

Coupon preparation

AISI-1020 steel coupons were used with about 1 cm2 of

the total surface. The chemical composition of the cou-

pons consisted of C = 16%, Mn = 0.63%, P = 1.2%, S =

3.1%, Si = 1.2%, Cu = 1%, Cr = 3%, and Ni = 1%. The
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coupons were sanded using metal sandpaper, with pro-

gressive reduction of grain size, for complete cleaning of

the cover material. Then, they were incubated with abso-

lute decreasing ethanol, washed with acetone to remove

organic matter, and oven-dried at 70 °C for 30 min. Sub-

sequently, the coupons were autoclaved, cooled, identi-

fied, and wrapped by nylon strings into the water tank,

which was immediately closed.

Community analysis

All coupons were incubated in the microcosm for a total

of 120 days. Communities grown on coupon surfaces were

analyzed after 5, 30, 60, and 120 days of exposure to sea-

water. At each sampling time, the coupons were removed

and the surface-covered biofilm was scraped off and im-

mediately sent for extraction of the DNA and sequencing

the 16S bacterial DNA gene (Gohl et al. 2016). Each sam-

ple obtained was packed in a sterile 1.5-mL tube and sent

to Neoprospecta Microbiome Technologies (Florianópo-

lis-SC, Brazil). Sample preparation and sequencing were

performed by Neoprospecta Microbiome Technologies. It

consisted of the 16S rRNA V3/V4 region, which was amp-

lified using 341F (5′-CCTACGGGRSGCAGCAG-3′) and

806R (5′-GGACTACHVGGGTWTCTAAT-3′) primers,

which were required for sequencing. Amplification was

performed in 35 cycles at 50 °C annealing temperature,

which was tripled for each sample. Sequencing was per-

formed by Illumina MiSeq using V2 kits with a 300-nt run

(Gohl et al. 2016).

The bioinformatics analyses were performed by Neo-

prospecta Microbiome (Florianopolis, SC, Brazil). The

primer and adapter sequences were trimmed from the

reads and only sequences, with 275 nt or more, were

used in downstream analysis. Then, all reads with one or

more indeterminate “N” bases and truncated sequences

with two or more consecutive bases with quality scores

below Q20 were eliminated. OTU picking was per-

formed using BLASTN 2.2.28 against the GreenGenes

13.8 database. In order to attribute taxonomy, only se-

quences with 99% of identity hits in an alignment cov-

ered over 99% were considered.

Data analysis

Diversity indices were calculated using the Shannon and

Simpson measures, while Chao1 was used to evaluate

non-parametric richness estimators using the software

Past3. Rarefaction curves and dissimilarity index, based on

the four conditions evaluated, were measured using the

iNEXt and the Vegan packages, available in the R Studio

software (Hsieh et al. 2016). Stacked bar charts and bubble

plots were built using the Ggplot2 and Vegan packages,

available for R Studio software (Wickham 2009). Changes

in the structural profile of the temporal conditions were

analyzed for differences between OTU abundances by

calculating the Bray-Cutis index. The graphs used to

present the principal coordinates analysis (PCoA) and

non-metric multidimensional scaling (NMDS) related to

diversity measurement data were constructed using the

Vegan and Ggbiplot packages, specifically using the

metaMDS() and prcomp() functions.

Results

Diversity analyses

The analysis of heterogeneity indices by Shannon and

Simpson measures indicated a gradual decline of the

values over the experimental period and with a visible

drop in the index after 120 days (Fig. 1a, b). The abun-

dance indices analyzed by the Chao1 method showed a

distinct behavior from the heterogeneity analysis, whereas

the results of the samples for 5 and 30 days had similar

values and the 60-day condition displayed a high abun-

dance measures. Conversely, 120 days of incubation in the

microcosm revealed an abrupt decline in the abundance

index (Fig. 1c). The alpha diversity indices for the abun-

dance of Chao1 in all periods were compared between

them and presented in Fig. 1d. The results suggest a vis-

ible dominance among samples for 5, 30, and 60 days in

the alpha diversity indices, with a low and persistent index

value in the 120-day condition (Fig. 1d). The results show-

ing the differences between the community structures of

the analyzed microcosms can also be seen in the rarefac-

tion curve analysis with the same characteristics as those

exhibited in the previous results (Fig. 2).

The microbiome structure exposed in PCA biplot ana-

lysis outlined the distinct profile of all samples analyzed.

The first component explained 45.96% overall variance

among the four conditions, whereas the second compo-

nent explained 41.97% of the total variance and showed

a clear separation of all temporal analyses (Fig. 3a). Non-

metric multidimensional scaling (NMDS) based on Bray-

Curtis distance was performed to compare dissimilarity

between the compositions of the microbial communities.

The results showed in the NMDS plot confirm a clear

separation of the studied communities (Fig. 3b).

Community diversity

The Illumina sequencing results generated a total of 29,

074 good quality OTUs, which were distributed among

the samples as follows: 10,215 OTUs (35.1%) detected at

5 days analysis, 7525 OTUs (25.9%) at 30 days, 11,317

OTUs (38.9%) at 90 days, and only 17 OTUs (0.1%) after

120 days. Distributions of OTU numbers among taxo-

nomic groups show that the highest values were at 60

days, followed by 5 and 30 days, respectively, whereas

OTU numbers in the 120-day sample were persistently

below the values of other analyses (Fig. 4). The total

OTUs were distributed in 82 different taxonomic

groups, with a massive representation of Proteobacteria
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phylum, with 70 representatives (85.3%) out of 82,

followed by Bacteriodetes and Firmicutes, both with 6

representatives (7.35%) each.

In the first 5-day analysis, the sequencing results identified

41 different taxonomic groups. At the class level, the largest

number of representatives was Alphaproteobacteria with 25

Fig. 1 Diversity and abundance indices of the samples after 5, 30, 60, and 120 days in isolated microcosm. Panels a and b show the Shannon

and Simpson diversity indices. c Abundance measurement index calculated by the Chao1 method. d Comparison between diversity indices of

samples 5, 30, 60, and 120 days

Fig. 2 Rarefaction curve analysis of all samples describing the relationship between OTU numbers (x-axis) and taxonomic diversity (y-axis)
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different members, followed by Gammaproteobacteria, and

despite the latter showed a larger number of OTUs, 5433

against 4678 of the Alphaproteobacteria (Fig. 5). Flavobac-

teria and Bacilli classes were also present with two and one

members, respectively (Fig. 5). When data are analyzed at

the order taxonomic level, there was a predominance of

Alteromonadales, with 45% of the OTUs belonging to the

analysis of 5 days of Gammaproteobacteria, follow by Rho-

dobacterales with 40% of the OTUs, belonging to

Alphaproteobacteria class (Fig. 6). The order Rhodobacter-

ales presented 4060 OTUs, distributed among 23 different

members, whereas in Alteromonadales, the 4578 OTUs

were divided into only six different representatives. Really,

Alteromonas macleodii, of the Alteromonadales order, was

the taxonomic representative with the highest OTU

number, 3572, which alone represented 12.3% of all

identified (Fig. 7). Also belonging to the order Alteromona-

dales was detected the hydrocarbon-degrading bacterium

Fig. 3 a Principal component analysis (PCA) calculated using Bray-Curtis measurements. Correlated negative variables are arranged on opposite

sides of the chart. The points referring to the indices of each sample are shown in the form of a diamond. Those highlighted in blue are the

positions of the taxonomic members in concerning to the axes. b Non-metric multidimensional scale (NMDS) showing differences in microbial

communities among the samples of the four analyzes. The distance between the points indicates the degree of difference between the variables.

The ellipses indicate the approximation of the analyzed periods
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Marinobacter hydrocarbonoclasticus (Fig. 7). Among the

major representatives of the Rhodobacterales order that

were identified are the lithoheterotrophic sulfur-oxidizing

Citreicella thiooxidans, the reducing nitrate Oceanicola

nitratireducens, and the Roseovarius and Ruegeria genera

(Fig. 7). The Rhodospirillales order was represented with

only two members, constituting 6% of the 5-day OTUs, both

of the genus Thalassospira (Fig. 7). Finally, Pseudomonas

pseudoalcaligenes (2.5%) of the Pseudomonadales order

(4%) and Oceanobacter kriegii of the Oceanospirillales order

(4%), with 40 detected OTUs, were identified after 5 days of

experiment (Fig. 7).

Fig. 4 Relationship between the number of OTUs and the microbial groups of the four temporal analyzes.

Fig. 5 Bubble plot showing the relative abundance of OTUs among the class-level taxonomy (y-axis) in relation to the temporal analysis (x-axis)
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After 30 days of exposure to seawater in the micro-

cosm, there was a noticeable decrease in the number of

detected OTUs (7525) and taxonomic groups, with 29

different members identified. The dominant class in this

analysis was Alphaproteobacteria, and also with 5807

OTUs distributed among 17 representatives (Fig. 5). The

most emblematic order among the Alphaproteobacteria

class was Rhodobacterales with 14 different members,

which constituted 53.7% of all OTUs (Fig. 6). The genus

Roseovarius was again detected in this analysis, with a

considerable number of OTUs (1523) among all genera,

which alone represented 20.3% (Fig. 7). The genera

Oceanicaulis (11.5%), Hyphomonas (8.2%), Labrenzia

(2.1%), Oceanicola (5.8%), Ponticaulis (7.1%), and Tha-

lassospira (1.5%) were also identified among the Alpha-

proteobacteria class (Fig. 7). Gammaproteobacteria was

the second-largest class in the 30-day analysis, with 1384

OTUs (17.5%), although only eight different representa-

tives were detected. The main representatives of Gam-

maproteobacteria were the genera Aestuariibacter and

Alteromonas, both belonging to the Alteromonadales

order (Fig. 6). Pseudoalteromonas mariniglutinosa and

Pseudomonas pachastrellae were detected after 30 days

of microcosm incubation, as well as Marinobacterium

litorale of the order Oceanospirillales (Figs. 6 and 7). For

the first time, the thiosulfate-oxidizing bacteria Limno-

bacter thiooxidans of the Betaproteobacteria class with

146 OTUs (2%) was identified (Figs. 6 and 7). In

addition, Flavobacteria and Bacilli class members were

detected, although with low numbers of representatives

and OTUs (Figs. 6 and 7).

The results of Illumina sequencing data analysis after

60 days of experiment showed the highest number of

OTUs (11,317), as well as the number of members of

taxonomic groups, with 56 different members. Once

more, the Alphaproteobacteria class was the most repre-

sentative, with 10,246 OTUs, constituting 90.7% alone,

divided into 24 different genera. The most significant

order was Rhodobacterales, which represented 86.6% of

the OTUs detected in this condition. This elevated num-

ber can be exemplified by the representatives Donghicola

eburneus (1838 OTUs), Ponticaulis koreensis (3206

OTUs), and Roseovarius pacificus (2855 OTUs), which

together constituted 69.8% of the detected OTUs (Figs. 6

and 7). The genera Hyphomonas (9.2%), Labrenzia

(0.3%), and Oceanicola (6.7%) continued to be detected,

and Stappia meyerae genus of the Rhodobacterales order

was first identified in this condition (Figs. 6 and 7). The

analysis of Gammaproteobacteria class analysis, despite

presenting OTU numbers well below the other results

with only 1051 (9.2%), allowed identifying 20 different

taxonomic groups. The most representative order among

Gammaproteobacteria was Alteromonadales (960

OTUs), with nine members identified (8.4%), including

Aestuariibacter, Alteromonas, Marinobacter, Pseudoal-

teromonas, and Shewanella genera (Figs. 6 and 7). L.

thiooxidans of Betaproteobacteria was again detected

after 60 days, as well as members of the Flavobacteria

and Bacilli classes.

In the last analysis, corresponding to 120 days of incu-

bation in isolated microcosm, there was a sudden drop

in diversity and abundance. In this period, only five

Fig. 6 Overview of abundance of the OTU referent to Order class exposed in percent values
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different representatives were identified among the 17

OTUs generated. Two genera of the Alphaproteobacteria

class, Ponticaulis koreensis and Stappia meyerae, pre-

sented higher numbers of OTUs, 11 and 2, respectively.

While among the members of Gammaproteobacteria,

only the genera Escherichia and Serratia were identified

(Figs. 6 and 7).

Discussion

Several environmental factors related to microbial me-

tabolism influence the acceleration, induction, and in-

hibition of metal corrosion. Despite the fact, the choice

for simulating natural environments, employing micro-

cosm may seem not to correspond to the ideal processes

that develop in the real environment and conducting

Fig. 7 Heatmap illustrating the bacterial community distributions among the four samples at species levels
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experiments under controlled conditions contribute to

understanding how each abiotic or biotic factor affects

metallic corrosion. Microcosm studies employed in the

microbial community in MIC can be challenging. In-

deed, there are few studies on MIC studies in micro-

cosm conditions. However, such studies have provided

valuable information about the microbial structures in-

volved, directly or indirectly in metal corrosion (Rajala

et al. 2015; Ramírez et al. 2016; Li et al. 2017; Moura

et al. 2018).

With the advent of 16S DNA gene sequencing techniques

from environmental samples, called metagenome, several

studies have shown how the corrosive biofilm on metals is

constituted under different conditions, either in natural or

under micro- and mesocosm conditions, thus allowing a

better understanding of the role of microbial groups that

are exerting direct corrosion of the attacked metal (McBeth

and Emerson 2016; Dang and Lovell 2015; Moura et al.

2018). This study analyzed the microbial succession grown

over steel coupons in a microcosm simulating the marine

environment. A period of 120 days without additional oxy-

gen supplementation was described by metagenomic

methods of the microbial community profiles after 5, 30,

60, and 120 days. The results about abundance and diver-

sity measurements suggested a fundamental alteration in

the biofilm structure throughout the experiment. This

trend was confirmed by the results obtained by Illumina se-

quencing, demonstrating marked changes in the taxonomic

profile, with a prevalence of particular representatives with

facultative metabolism for aerobiose or anaerobiose.

The predominant phylum in all our analyzes was Pro-

teobacteria. The ubiquity of Proteobacteria is widely de-

scribed as the main taxonomic group present in MIC,

especially in marine environments (Lopez et al. 2006; Li

et al. 2017; Salerno et al. 2018; Staniszewska et al. 2019).

Alphaproteobacteria was the largest abundant class in

our analysis over 120 days. The main representatives of

this bacteria group were the genera Ponticaulis, Hypho-

monas, Labrenzia, Oceanicaulis and Oceanicola, and

Citreicella and members of the order Rhodobacterales.

Ponticaulis koreensis was the only bacteria detected

throughout the experiment. This bacterium is described

as necessarily halophilic and with optional anaerobic

metabolism (Kang and Lee 2009). The marine nitrate re-

ducer Oceanicola nitratireducens was present in the first

three analyzes, not being detected after 120 days, al-

though it is described as capable of nitrate reduction in

anaerobic conditions (Zheng et al. 2010). Another genus

of the order Rhodobacterales associated with corrosion

was the sulfur-oxidizing bacterium Citreicella thiooxi-

dans, identified in the first 5-day sample. Only the genus

Thalassospira of the order Rhodospirillales was identi-

fied in samples referring to 5, 30, and 60 days of the ex-

periment. A study on carbon steel corrosive biofilm in

pipeline identified the presence of iron-reducing bacteria

Thalassospira sp. (Lopez et al. 2006). This genus has

been linked to corrosion of carbon steel in marine envi-

ronments, usually alongside other genera such as Mari-

nobacter, a member of the Gammaproteobacteria class

(Chen et al. 2019a and b).

In fact, the Gammaproteobacteria class is constantly re-

lated to the corrosion process in metals, and in our sur-

veys, Gammaproteobacteria also occupied a considerable

proportion in the bacterial community during the 120

days. Alteromonadales was the most frequent order, espe-

cially the Alteromonas, Aestuariibacter, and Pseudoaltero-

monas genera, always in elevated numbers of OTUs.

These genera were previously detected in experiments to

influence microbiological succession in carbon steel corro-

sion (Ramírez et al. 2016; Moura et al. 2018). Also identi-

fied was the Shewanella bacteria, which is a member of

the Alteromonadales order in the 60-day sample. Some

species of this genus are ubiquitous in metal corrosion

studies (Miller et al. 2018; Staniszewska et al. 2019; Suma

et al. 2019). Another order recognized constantly was

Pseudomonadales, which had the Pseudomonas as sole

representative. Several studies on metal corrosion in mar-

ine environments describe the participation of this bacter-

ium, especially in surveys of oil pipeline-associated

microbial community structures or in oil spill-

contaminated marine environments (Ramírez et al. 2016;

Salerno et al. 2018; Staniszewska et al. 2019). In the last

analysis performed after 120 days, E. coli and Serratia sp.,

both members of the Enterobacterales order, were identi-

fied. Both representatives were described in a study on the

biodiversity of marine bacteria involved in corrosion (Bou-

daud et al. 2010). The only member of the Betaproteobac-

teria class was L. thiooxidans, which is belonging to the

order Burkholderiales. Members of this order are de-

scribed as being able to use hydrogen as the sole source of

energy (Stöhr et al. 2001). The presence of L. thiooxidans

can be suggested due to hydrogen release from metallic

surfaces during the corrosion process and studies also

suggest that members of this order are capable of acceler-

ating corrosion of carbon steel through iron oxidation

(Hedrich et al. 2011; Liu et al. 2012). The results and dis-

cussion described above demonstrate the structures of

bacterial communities involved in carbon steel corrosion

and present the presence of members of different classes

of Proteobacteria phylum. A possible explanation would

be the initial role of colonization of the metal surface by

these members and the consequent maintenance of the

biofilm structure, which has important consequences for

the development of the biofilm and the maintenance of fa-

vorable conditions inside it (Dang et al. 2011; Li et al.

2017; Procópio 2019).

The Firmicutes phylum was described in the first three

analyzes of Illumina sequencing, with the predominance
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of the Bacilli class. Representatives of this class were de-

tected sparingly over the period analyzed. Despite the

genus Bacillus has been identified only in the 30- and

60-day samples, it is usually present in studies of carbon

steel corrosion, especially in marine environments (Wan

et al. 2017; Guo et al. 2019). Similar to the results of

Fimicutes, the Bacteroidetes phylum was described in

the samples referring to 5, 30, and 60 days of the experi-

ment, having as main representatives the members of

the Flavobacteria class. Bacteroidetes are dominant in

marine environments and are also widely found in cor-

rosive biofilms (Kirchman 2003; Dang et al. 2011). Rep-

resentatives of Bacteroidetes are described as important

members in the maintenance of biofilm structures, e.g.,

participate in the initial colonization of metal surfaces,

and are responsible for maintaining aerobic environ-

ments and act as predatory bacteria of other microbial

species (Kirchman 2003; Dang and Lovell 2016).

In conclusion, the analysis of the Illumina sequencing

results of biofilm samples maintained in isolated micro-

cosm showed a remarkable change in bacterial commu-

nity structure over 120 days. Abundance and diversity

indices exhibited a distinct behavior among the samples,

whereas DNA 16S gene diversity analysis showed how

representatives of different taxonomic levels respond to

the isolated maintenance of the microcosm environ-

ment, with the change in community profile and the

prevalence of few representatives. These results’ guid-

ance to understand how certain environmental factors,

such as oxygen gradient, can influence the structure of a

corrosive biofilm.
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