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• The majority of methanogens tightly attached on the electrode surface.
• Cyanobacteria dominates the free livings
in cathodic bioﬁlm.
• Microbial interact and motility affect the
physiological transitions of bioﬁlm.
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a b s t r a c t
A mature cathodic bioﬁlm plays the key role in biocathode electron transfer. The physiological transitions of it
were of great interests as the sessile and dispersed (planktonic) work in a balance while it is still lack of understanding. In this study, an improved sampling method was used for detecting sessile, detached, and dispersed microorganisms. The results indicated a certain number of methanogens (82.6%) and its associated phyla (60%–90%)
are immobilized as sessile bioﬁlm. The Tax4Fun predicted a lower abundance of mobility associated genes and a
signiﬁcant enrichment (t-test, P = 0.003) of c-di-GMP in sessile bioﬁlm. Overall, the microbial interaction and
motility were predicted as two factors to affect the physiological transitions of cathodic bioﬁlm. This ﬁnding
could shed a light on the investigation of cathodic bioﬁlm in a dynamic transition rather than a static community,
playing a pivotal role in understanding the relation between speciﬁc property of bioﬁlm.
© 2021 Elsevier B.V. All rights reserved.
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The functions of cathodic bioﬁlm are determined by the microbial
communities (Cai et al., 2019; Cai et al., 2018). Investigations into microbial taxonomy have thoroughly explored different levels of classiﬁcation with the aid of high-throughput sequencing technology. The

W. Cai, B. Wang, W. Liu et al.

Science of the Total Environment 795 (2021) 148724

data were shown in S1. The gas content, residual COD value and current
were determined according to the methodology of Ref. (Cai et al., 2016).

universal primers of the 16S rRNA region identiﬁed the speciﬁc bacterial
or methanogenic group of cathodic bioﬁlms that produce methane
(Siegert et al., 2015). mcrA sequencing also conﬁrmed the presence of basophilic methanogens in cathodic bioﬁlm under extremely alkaline conditions (Cai et al., 2018). Recently, researches have been expanded to a
spatial structure of electroactive bioﬁlm. The electric-ﬁeld gradient caused
by an external voltage was found to clearly inﬂuence linearly the microbial structure from the centre to the edge of the exoelectrogenic bioﬁlm
(Du et al., 2018). In microbial fuel cells, stratiﬁed anodic bioﬁlm has
been veriﬁed in previous studies (Mai et al., 2020a; Sun et al., 2015),
exhibiting a Geobacter-cored anodic community with inner and outer
layers.
The transition between sessile and dispersed should be retained in
the dynamic bioﬁlm, which represents the sessile can disperse into
the bulk solution and new cell should colonize or evolve from sessile
bioﬁlm, summarized as colonisation, local extinction, and speciation
for sustaining bioﬁlm community (Pigot and Etienne, 2015). However,
the bioﬁlm was generally considered as a ﬁxed model to be investigated
in previous study, lacking sufﬁcient methods to study the sessile, detached, or dispersed bioﬁlm. The detached can be deﬁned as a passive
form of “escape” from bioﬁlm to distinguish with dispersed (Berlanga
and Guerrero, 2016). The loners, acted as planktonic cells, within a bioﬁlm was recently paid attention as the presence of them showed a potential capacity to link each other in an aggregate (Rossine et al.,
2020). Although only a relatively small portion of microorganisms
could be varied in differential state, more like to act as the rare species,
it could play an out-of-proportion role in driving microbiome function
have been underestimated as vulnerable components of the microbial
community. In fact, less may be more in bioﬁlm assembly, i.e., the rare
species could regulate the functioning of the bioﬁlm, as they may have
a predominant role in biodiversity and species turnover, as well as
being the basis of the microbial network (Jousset et al., 2017). Overall,
a dedicated study into the dynamic bioﬁlm should be beneﬁt for shedding a light on the cathodic bioﬁlm to demystify the sessile, detached,
and dispersed community. The previous investigations into the cathodic
bioﬁlm generally focused on a static community rather than a result of
multicellular community from a physiology transition from planktonic
to sessile (Berlanga and Guerrero, 2016).
In this study, a method was employed to separate bioﬁlm samples as
either sessile, detached, or dispersed to represent the speciﬁc fraction
with distinct binding afﬁnities. The aims of this study were the following: (i) sample the sessile, detached, and dispersed bioﬁlm with an improved method; (ii) verify the microbial composition of each bioﬁlm
(iii) construct the microbial network and metagenomic pattern to predict the driver of physiological transitions in the cathodic bioﬁlm. This
analysis will deepen our understanding of how the cathodic bioﬁlm is
in support of methane generation.

2.2. Microbial samples and sequencing analysis
All microbial samples that performed well in methane production
were removed from the reactors. The biocathodes were removed from
the reactors and immersed in sterilised water for 10 min to gain the recovery of dispersed samples, as the dispersed was considered as an active
“escape” from bioﬁlm that can be inﬂuenced by diffusion (Berlanga and
Guerrero, 2016). Detached samples were gathered using a commercial
butyl waterproof tape adhered to the surface of the cathode. The detached
sample consisted of the microbes that became attached to the tape,
whereas the residuals on the cathode were regarded as the sessile
samples.
DNA was extracted using the FastDNA SPIN kit (MP Biomedicals,
Solon, OH, USA). The primer pair of 515F and 806R were synthesised to
sequence the taxonomy of microbial samples (Bates et al., 2011). All sequencing data were collected from the MiSeq platform (Illumina, San
Diego, CA, USA) and uploaded to the Galaxy website (http://mem.rcees.
ac.cn:8080/) for subsequent analysis. Unoise was used to generate OTU
(Edgar, 2016). The Unoise OTU was classiﬁed according to the Greengene
library for 16S rRNA classiﬁcation. The key OTUs has been classiﬁed by the
National Center for Biotechnology Information (NCBI) as supplementary
to Greengene via an online NCBI blast. The phylogenetic tree of all OTUs
were completed with MEGA software with N-J method, all trees with
the visualization created online (https://itol.embl.de/;) (Letunic and
Bork, 2016). The quantitative analysis of microbial samples was completed using qPCR technology, because of the different unit for each sample from sessile (solid/g), detached (solid/g) and dispersed (liquid/mL),
the total copies numbers were used to show the difference between all
samples. The primer of qPCR was the same as those used for 16S rRNA sequencing, and the methodology was followed by previous study (Cai
et al., 2016). The Tax4fun was employed to predict the functional capabilities of the community from 16S rRNA gene data (Asshauer et al., 2015).
The quantiﬁcation of microbial taxon was calculated by multiplying the
relative abundance of 16S rRNA gene sequencing and qPCR result. The
distribution was measured by the following equation:
Distribution in each sample ¼

absolute of specific taxon in each sample
total result of qPCR

2.3. Microbial assembly and network analysis
The stochasticity of the bioﬁlm was analysed using the null model
(Chase et al., 2011; Ulrich and Gotelli, 2010) and completed on the Galaxy website (http://mem.rcees.ac.cn:8080/) (Feng et al., 2017). Owing
to the existence of the cathodic bioﬁlm in a highly enriched state,
methanogens were largely distinct compared with other species. To
separate the role of enriched or rare species, we deﬁne methanogens
as enriched species and others as rare species in this paper. The null
model was simulated with abundance and absence/presence data independently. The quantiﬁcation of stochastic versus deterministic processes was determined by the previous study (Zhou et al., 2014). The
microbial OTU-based networks used based on Pearson's correlation
are completed with R shinny program (https://caiweiwei.shinyapps.
io/Cornetwork/). The effective OTUs were screened to retain the OTUs
with greater than 80% samples. The cut-off was deﬁned as p < 0.05.
The networks were visualised and analysed by Cytoscape software.

2. Materials and methods
2.1. Reactor construction and operation
In this study, six replicated bioelectrochemical reactors were operated with a 1.5 g/L acetate solution for biocathode development. The reactors were glassy cylinder with a top and side hole for gas collection.
The carbon brush (2.5 cm length, 2.5 diameter) was employed as
anode for cultivating exoelectrogens, and the carbon cloth (3.5 cm diameter) with Pt/C as the cathode. The effective volume of the reactor
is 150 mL. The system was buffered by a 50 mM phosphate-buffered solution with a pH around 7. All reactors were operated at room temperature (25 ± 2 °C). The inoculum was taken from the efﬂuent of
bioelectrochemical reactors in our lab. An external voltage (0.8 V) was
supplied to enrich the exoelectrogens and methanogens on the electrode surface. The current methane yield was stabilised via batch operation cycles carried out over three months to acclimate the cathodic
bioﬁlm to be mature, preparing it for measurement. The operational

3. Results and discussion
3.1. Distribution of microorganisms according to the absolute quantiﬁcation
The phylogenetic tree showed the variation of phylum in the different samples (Fig. S2). The Euryarchaeota phylum exhibited the highest
2

W. Cai, B. Wang, W. Liu et al.

Science of the Total Environment 795 (2021) 148724

sessile methanogens in the retentive biomass mainly contribute to
methane generation in anaerobic digestion.
Although electrode bioﬁlms have been detected and analysed overall electrode surface, recently it is further discovered that functional microorganisms, especially methanogens on cathode surface, can be
substantially changed inside the bioﬁlm under a limited mass transfer
or hydrogen evolution, which only occur closely on the electrode surface. It is deduced that a mature electrode bioﬁlm will be functioning
along with the distance to work as dispersed, detached, and sessile
state. The tape sampling method is developed to detect their varied
states. Lately, the impact of electrode power to different located communities, from bioﬁlm to suspended solution has been discussed in intermittent electro ﬁeld (Wang et al., 2020a, 2020b), and the regulated
mutualistic interspecies and connections among them were analysed.
It turned out that physiological transition state of different species in
the bioﬁlm may be the most primary to give us a clue.

abundances from the sessile to the dispersed of the bioﬁlm. As shown in
Fig. S3a, the classiﬁcation of all samples at the family level showed that
the Methanobacteriaceae was predominant in different samples with a
relative abundance as high as ~70% or greater in all; however, the values
were found to gradually decrease from the sessile to the dispersed community. The heatmap (Fig. S3a) shows that the sessile and detached
bioﬁlms were clustered together, as compared with the dispersed bioﬁlm. The core family of methanogens was classiﬁed into several genera,
and nearly half were found to be Methanobacterium, as shown in
Fig. S3b and 3c. There remained an unclassiﬁed proportion, Fig. S3c
was constructed with speciﬁc unclassiﬁed OTUs by selecting the closest
genes from the NCBI with the highest score. The results suggest that the
methanogenic matrix comprised the Methanobrevibacter arboriphilus
strain, Methanobacterium alcaliphilum strain, Methanobacterium movens,
Methanobacterium sp. AH1, Methanobacterium palustre strain, and
Methanobacterium sp. Mba6.
The absolute quantiﬁcation of microbial taxon abundances had been
investigated via qPCR technology. According to the Fig. S4, the copies
numbers of sessile reached 1.43 × 1010 magnitude compared lower
value of other samples, implying that most microorganisms have been
tightly attached on the surface of the cathode and few microbes could
be separated from the electrode in the passive form. The dispersed sample contains second-highest number of microorganisms. The sessile bioﬁlm accounted for nearly 82.0% of total biomass, while dispersed
exhibited 18.0% (shown in Fig. 1a). The unevenly proportion demonstrated the presence of physiological transitions in cathodic bioﬁlm.
The dispersed cell could be originated from the death of sessile bioﬁlm
or free livings with support of nutrients in bioﬁlm, staying a low proportion to the total biomass on the electrode. An absolute quantiﬁcation of
microbial taxon was shown in Fig. 1b, the core-OTUs in the cathodic bioﬁlm was adjusted by the qPCR results. The actual densities of four coreOTUs showed a similar trend in the distribution, the sessile cell
accounted from more than 80% of total biomass, while the proportion
of dispersed livings are around 18.0%, 17.2%, 16.5%, 15.7% for OTU10,
OTU3, OTU363, and OTU377, respectively. The cathodic environment
may avail the enrichment of methanogens. According to our previous
studies, the microenvironment of cathode was extremely alkaline
with higher hydrogen concentration, that will rapidly decrease depart
from the cathode surface, indicating that the large methanogens can
only survive in the environment of cathode surface (Cai et al., 2020;
Cai et al., 2018). The biomass retention was perceived as a factor to determine the enhancement of microbial electrolysis on anaerobic digestion, and the region affected by the cathode was limited according to a
lower density in dispersed sample (De Vrieze et al., 2014). Overall, the

3.2. Microbial interaction and motility shifted bioﬁlm assembly in cathodic
bioﬁlm
According to the results of null model (shown in Fig. S5), the determinisms (also termed the selection strength, SS) were disproportionate
to the states of samples. The abundance-based analysis showed that determinism contributed an average of 81.5% to the regulation of the community composition. There was a slight decrease following the gradient
connectivity of the bioﬁlm and electrode, from 83.5% to 79.8%. Clearly,
the role of stochasticity was limited in shifting communities, owing to
the extreme conditions for microbial growth in the cathodic region
(Cai et al., 2018). In contrast, the presence-/absence-based result was
dramatically lower than that of the abundance data. The difference
caused by the format of data highlighted the role of methanogens
with high abundances in the null model analysis, the reduced determinism implied that the enrichment of methanogenic matrix was determined by deterministic theory. The determinism accounted for an
average of 22.0% in the formation of community structure. The most
methanogens will closely stay on the surface of bioﬁlm in the form of
sessile bioﬁlm.
As shown in Fig. 2, there are several phyla exhibited similar trend
with Euryarchaeota, in terms of Bacteroidetes (80.2% of total),
Spirochaetes (71.2%), Synergistetes (94.2%), Verrucomicrobia (75.2%),
and WWE1 (76.7%), Proteobacteria (60.6%), Firmicutes (56.9%), which
performed a higher proportion of cells in sessile sample. The similar distribution of phyla could be ascribed to their mutual interaction with
methanogens in metabolism, such as the Proteobacteria, Bacteroidetes,

Fig. 1. (a) biomass distribution in cathodic bioﬁlm. (b) percentage of speciﬁc OTUs in different states of bioﬁlm.
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have been signiﬁcantly (t-test, P = 0.007 < 0.05) enriched in sessile section of bioﬁlm, which was opposite to the bacterial motility. The rest of
genes encoding ﬂagellum (t-test, P = 0.005 < 0.05), ﬁmbriae (t-test, P
= 0.002 < 0.05), and pili (t-test, P = 0.005 < 0.05) were all signiﬁcantly
enriched in dispersed sample. There is another important gene, c-diGMP, that has been veriﬁed as a determiner in the transition from
planktonic to bioﬁlm growth, a reduction of it could cause bioﬁlm dispersal (Chua et al., 2014). As shown in Fig. S6, the abundance of c-diGMP in sessile sample was signiﬁcantly higher than that of dispersed
community (t-test, P = 0.003 < 0.05).
The bioﬁlm-dispersed also showed a lower abundance in c-di-GMP,
however, the Tax4fun predicted functional genomics of microbial communities based on 16S rRNA datasets, the lower value of c-di-GMP
should be ascribed to lower proportion of free livings. Thereafter, the
free livings in cathodic bioﬁlm was differentiate with sessile bioﬁlm
considering rare species. The microbial mobility should contribute to
this distinction. Herein, we divided the cathodic bioﬁlm into three categories of sessile, detached, and dispersed to understand the presence of
physiological transitions, the dominated methanogens determined the
transition of rare species through a signiﬁcant correlation with them,
while the microbial mobility also contributed to the distribution of
free livings.
An improved sampling method has been employed to investigate
the microbial distribution according to physiological transition
state, this method considered the bioﬁlm in a dynamic balance of
sessile and dispersed microorganism exchange. In comparison with
the general method to detect the stratiﬁed bioﬁlm, the nanoSIMS,
cryosection-ﬂuorescence in situ hybridization only detects speciﬁc
taxa in a 3D scanning image, the improved sampling method was able
to detect almost taxonomy relied on high-through sequencing technology with barely loss of samples (Chadwick et al., 2019; Sun et al., 2014).
Another method relied on physically slicing the freezing sample into
shavings will give precise boundary of each layer (Mai et al., 2020b).
In contrast, the improved method focused on the physiological transition of bioﬁlm rather than the bioﬁlm layer. Therefore, it is difﬁcult to
determine the boundary of each layer. Another limitation of this
method will be the effectiveness of the tape adhesion. Apparently,

Synergistetes, and Spirochaetes could be responsible for fermentation to
cooperate with methanogens to achieve a goal of methane generation.
A further network analysis was shown in Fig. S6. In the three networks,
four typical OTUs with higher relative abundances are involved (as
shown in Fig. S6), which were OTU377, OTU3, OTU10, and OTU363.
The four OTUs are in exact accordance with the speciﬁc OTUs listed in
Fig. S3c, which were almost the main composition of the basophilic methanogenic matrix. The interactions among the four OTUs were vastly
different across the three networks, in accordance with the change in
the determinism of the microbial assembly. The methanogens in the
sessile bioﬁlm were relatively independent to the other bacteria, since
there were few links connected with them (three in total). This could
be ascribed to the fact that the higher deterministic proportion was
made by the simple living mode, without complex organics as the substrate. Methanogen survival tends to rely on the electron supply of the
cathode; hence, the role of interaction between methanogens and fermenters was relatively simpler and less signiﬁcant. The dispersed community exhibited more links with methanogens (eight in total),
implying that the nutrient condition could be more complicated. A
steady-state bioﬁlm was accompanied by a death of cells; thus, cell
lysis could contribute complex organics for living bacteria (Tang et al.,
2012). All OTUs belonged to the phyla of Bacteroidetes, Synergistetes,
Proteobacteria, Firmicutes, which showed similar trend with methanogens
(Fig. 3a). Therefore, the interaction could drive the distribution of microbial community inside bioﬁlm.
3.3. Predicting microbial motility variation in cathodic bioﬁlm
Cyanobacteria that are capable of a peculiar type of motility characterized as gliding is a typical phylum of free livings in the cathodic bioﬁlm, as much as 99.5% Cynaobacteria lived as dispersed style in the
bioﬁlm. The Tax4Fun result also predicted a lower abundance of motility, the categories of pili, ﬁmbriae, and ﬂagellum related genes have
been enriched in sessile samples (as shown in Fig. 3b and Table S2).
The archaeal ﬂagellum encoding genes showed similar value of sessile
and dispersed sample, indicating a consistency with the distribution of
archaea in cathodic bioﬁlm. The genes encoding adhesion proteins

Fig. 2. Phylogenetic tree of cathodic bioﬁlm with bar plots revealed the proportion of phyla for sessile, detached, and dispersed bioﬁlm.
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Fig. 3. (a) Network of sessile, detached, and dispersed bioﬁlm with bar plots indicated the proportion of phyla for differential bioﬁlms, (b) Grouped statistic results of predictive function
related to microbial mobility according to Tx4fun prediction, assigned by KEGG category database.

dispersed exhibited 18.0%. It was found that cathodic methanogens
rely on the electron supply of the cathode, and the interaction between
methanogens and fermenters was relatively simpler and less signiﬁcant.
The dispersed community exhibited more links with methanogens. The
dominated methanogens determined the transition of rare species
through a signiﬁcant correlation, while the microbial mobility also contributed to the distribution of free livings.

there is still some improvements can be applied to this method in terms
of the bioﬁlm thickness, nature of the tape, applied pressure, which will
be further studied.
4. Conclusion
Cathode bioﬁlm was commonly studied as an integral unit for elucidating the role of microorganisms to the performance of reactors, involving in electron transfer and mass transport. Herein, we divided
the cathodic bioﬁlm into three categories of sessile, detached, and dispersed to understand the presence of physiological transitions. The dispersed sample contained second-highest number of microorganisms.
The sessile bioﬁlm accounted for nearly 82.0% of total biomass, while
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