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In this study, complex structured soluble lignin wastewater was treated by electro-microbial system
(EMS) using different direct current (DC) application modes (CR (continuous ON), IR;,;, (12 h-ON/12
h-OFF) and IR, (2 h-ON/2 h-OFF)), and physiological characteristics and microbial communities were
. investigated. Results showed that CR, IR;,, and IR, had higher lignin removals, which were almost two
. times that of the control reactor (Ry’, no current), and IR,, performed best and stably. Furthermore,
. IRy, exhibited the lowest ohmic resistance (Rs) of electrode biofilms, which could be explained by
its higher abundance of electroactive bacteria. In the activated sludge of EMS, the concentration of
dehydrogenase activity (DHA) and electronic transport system (ETS) in IR, were the highest (1.48 and
1.28 times of Ry’), which contributed to its high content of adenosine triphosphate (ATP). The viability
of activated sludge was not affected by different DC application modes. Phospholipid fatty acids (PLFA)
. analysis indicated that IR,, had the maximum content of C15:1 anteiso A, C16:0 and C18:0; CR increased
. the content of C15:0 anteiso and decreased the content of saturated fatty acids. Genus-level results
. revealed that lignin-degrading bacteria, Pseudoxanthomonas and Mycobacterium, could be enriched in
IR, and CR, respectively.

Lignin, a three-dimensional phenylpropanoid polymer!, is primarily responsible for the brown color in paper
* and pulp wastewater?, which is recalcitrant for most anaerobic or aerobic microorganisms during conventional
. biological treatment’. Electro-microbial system (EMS), a system coupling of electrochemical reaction and bio-
. logical metabolism, can enhance the biodegradation efficiency of non-degradable materials such as phenol,
. p-fluoronitrobenzene, cefuroxime, 2,4-dichlorophenol and Alizarin yellow R by microorganisms*-®. However,
few studies on the treatment of lignin wastewater using EMS have been reported.
Dissolved oxygen and current type (Alternating current (AC)/Direct current (DC)) play an important role in
EMS when treating recalcitrant organic compounds. Among these, super high voltage AC can provide a strong
electric field force and low frequency AC may generate disinfectants’. Hence, DC is commonly used in EMS.
. However, the effect of different DC application modes on the performance of EMS is not consistent. For example,
. when using bioelectrochemical reactors to treat phenol-containing synthetic wastewater, the phenol removal
. efficiency in intermittent DC mode (12 h-ON/12 h-OFF) was about 47% higher than that in the continuous one'.
. Bellagamba et al.!! found that intermittent application of electrolysis could keep the same removal rate of total
. petroleum hydrocarbons (TPH) as continuous mode. In contrast, it was found that the enhancement could only
be realized under continuous DC mode, rather than intermittent mode (12 h-ON/12 h-OFF, 4 h-ON/4 h-OFF)
: when reducing nitrite'>. Thus, DC application modes need further optimization for better performance.
: It was shown that continuous and intermittent DC pattern made significant differences in bacterial counts,
growth rates, microbial activity and cell membrane properties at lower current densities'®. Intermittent current
minimized the direct exposure of bacteria to the electric field, thus reducing the negative effect to microbial
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community'®. Longer or more frequent time-OFF was suitable for the microorganisms to preserve their meta-
bolic processes'®. It is reported that applying an external electric field to cells may result in the accumulation of
electrical charge at the cell membrane, which may lead to a change in voltage across the membrane'®. As com-
ponents of microbial cell membranes formed by intact and proliferating cells, PLFAs are frequently utilized to
confirm the presence of active intracellular metabolism'”. However, the above studies mostly focus on municipal
wastewater and pure cultures, the physiological characteristics of microorganisms in EMS fed with recalcitrant
organic wastewater need further research.

It is essential to illuminate the effect of the DC application modes on microbial structure community of acti-
vated sludge and electrode biofilms. There have been studies published relevant to the changes of microbial com-
munities in the wastewater containing phenol, sulfate and nitrite under different DC modes. Zeyoudi et al.!®
found that constantly applied DC pattern had no effect on microbial community structure, but intermittently one
caused a shift in a bioreactor. Ailijiang et al.'® used bioelectrochemical reactors to treat phenol wastewater and
found that genera of Zoogloea and Desulfovibrio had a significant enrichment under an intermittent DC mode.
Wang et al.'® used a Microbial Electrolysis Cell (MEC) reactor to treat sulfate-rich wastewater, and found that
intermittent DC field could maintain higher species diversity and Desulfovibrio enriched on the electrode bio-
films. The above studies showed that functional bacteria could be enriched under different DC patterns. However,
there have been few reports on treating lignin wastewater using EMS. The functional microbes which can degrade
lignin include Clostridium, Pseudomonas, Flavobacterium, Micrococcus, Xanthomonas, Mycobacterium and
Microlunatus, etc'®-%. The succession of microbes mentioned in EMS above needs further study.

In this study, the effect of continuous and intermittent DC application modes on lignin wastewater treatment,
electrochemical characteristics of electrode biofilms, physiological characteristics, electron transfer rate and PLFA
compositions of activated sludge was studied. The differences in microbial communities of electrode biofilms and
activated sludge were also investigated for a full appreciation of the effect of different DC modes on electroactive
bacteria and functional microorganisms enriching.

Results and Discussion
Performances of Reactors. The performances of reactors treating synthetic wastewater containing lignin
were assessed (Fig. 1). During the entire operation, stable COD removal of each reactor was observed and the
average COD removal rates of CR, IR, and IR,;, (79.04% =+ 1.91%, 79.20% =+ 2.58%, 79.21% =+ 1.65%) were 5%
higher than that of Ry (74.26% = 1.37%), indicating that different DC application modes were all able to improve
COD removals under 30 mA.

The results of lignin removals were shown in Fig. 1b. The lignin concentrations in the effluents of the four
reactors first decreased rapidly and then stabilized. The lignin removal rates of the four reactors dropped from
35.02%~54.42% on the 2nd day to 11.77%~30.03% on the 16th day. This means lignin was adsorbed by activated
sludge in the initial period, which reached saturation on day 16, because of the excellent adsorbent properties of
activated sludge and the relatively poor biodegradability of lignin®**. Helmreich et al.?* found that the concentra-
tion of dissolved lignin in the effluent of SBR reached an approximately constant level in the rectors operated at a
sludge of 20 days old and more and the observed removal is due to the adsorption by the activated sludge. It was
also reported that lignin could be adsorbed on the biological flocs in the presence of activated sludge®. Conversely,
during the same period, the removal rate of degradable substrate glucose gradually increased. Ma et al.*
reported that the SBRs fed with glucose synthetic wastewater at different DO levels improved COD removals
from 75% to 90% from days 1 to 15. It can be inferred that there was a reverse removal rate of glucose and lignin
in the four reactors from day 1 to day 16, which was the reason why the COD removals remained stable during
the whole operation.

In the period of 17 to 75 days, the average lignin removals of IR,;, IR,;, and CR (31.75% £ 1.92%,
31.55% £ 2.82%, 30.57% £ 2.99%) were almost two times that of Ry’ (16.34% £ 1.52%). IR, kept more stable
performance, while Ry’, CR, IR,,; had fluctuant lignin removals. Similarly, Ailijiang ef al.'° found that a higher
and more stable phenol removal efficiency could be observed under intermittent DC application mode than a
continuous one with applied current of 2 mA.

The AMW distributions of influent and effluent on day 75 were shown in Fig. 1c. The MW distribution in the
influent exhibited major fractions around peak 1 (1099 Da, 18.51%), peak 2 (412 Da, 12.13%), peak 3 (255 Da,
18.08%) and peak 4 (187 Da, 26.97%). After the treatment by intermittent DC patterns, high percentage of small
molecular weight peak 6 (76 Da, 67.63%) was found in IRy, followed by IR,;, (76 Da, 24.5%). In the effluent of
CR, medium peak 5 (109 Da, 77.25%) was major component. In the effluent of R, the major fractions were peak
1 (1099 Da, 26.18%) and peak 4 (187 Da, 47.51%), indicating the lowest degradation efficiency.

The infrared spectra of both influent and effluent of reactors on day 75 are reported in Fig. 1d. The infrared
spectra of influent showed seven peaks of 3384.6, 2938.4, 1644.8, 1423.6, 1110.3, 1032.8, 900-600 cm ™!, corre-
sponding to aliphatic, polysaccharide, phenyl, and aromatic structures (Table S1). This indicated that lignin struc-
tures in the influent included aromatic and phenolic structures, which were known for their absorption towards
1420, 1230 and 1130 cm™'?’. The effluent of IR,; had the weakest intensity of peak 3384.6 cm ™, which indicated
the highest efficient degradation of phenolic structures. The significant increase in the intensity of the 1423.9cm™!
of the four effluents indicated the occurrence of oxidation reactions® and IR,;, had the strongest peak intensity.
The effluents of all four reactors had a decrease in peaks at 2938.4, 1077.7 and 1032.8 cm ™!, which could be related
to the degradation of aliphatic and polysaccharides structures by the microorganisms during the treatment.

Electrochemical characteristics. The bioelectrochemical behavior of electrode biofilms on day 75 was
analyzed by cyclic voltammograms (CV) shown in Fig. 2a,b. In Ry/, no obvious irreversible oxidation peak was
observed on the anodic biofilm. On the anodic biofilm of CR the position of an oxidation peak appeared at 0.3V
(vs. saturated calomel electrode (SCE)). On the anodic biofilms of IR, and IR,;, peaking at 0.3V and 0.7V,
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Figure 1. Reactor performances under different DC application modes. (a) COD removal rate; (b) Lignin
removal rate; (c) Apparent molecular weight (AMW) distribution; (d) FTIR spectra.

indicated the presence of electron transfer processes®. No significant reduction peak of the four reactors on
cathodic biofilms revealed the lack of reductive compounds.

It is reported that biofilms attached to the electrode can be involved in facilitating the transfer rate of extracel-
lular electron between electrodes and bacteria®. In this study, the effect of DC on the electrochemical property
of electrode biofilms was investigated by electrochemical impedance spectroscopy (EIS). The results were shown
in Fig. 2¢,d. For both cathodic and anodic biofilms, IR, (97 Q2, 94 Q) had the lowest charge transfer resistance.
The Rs of CR (1032, 105 Q) and IR,,;, (101 Q, 103 Q) were all decreased compared to Ry’ (107 Q, 106 Q). It was
reported that MEC reactor with intermittent DC field had a much lower charge transfer resistance than a contin-
uous one due to the destabilization of the biofilm’®.

Physiological characteristics of activated sludge.  Effect of DC modes on Viability. LIVE/DEAD val-
ues were used to evaluate cell integrity of activated sludge after exposure to different DC application modes during
the steady stage (Fig. 3a). It showed that the ratios of live bacteria of IR,;,, CR, Ry’ and IR ,;, were 80.08% = 4.09%,
78.78% 1 1.52%, 77.03% % 3.96% and 75.62% =+ 2.77%, which were almost unchanged (p > 0.05) under different
electrical modes with 30 mA current. In the four reactors, most of the bacterial cell membranes were intact; no
large amounts of bacterial apoptosis occurred in the reactor.

Effect of DC modes on TTC-DHA and INT-ETS. DHA catalyzed the oxidative dehydrogenation of organic
compounds in biological cells and detached electrons which were eventually transferred to the final electron
acceptor (O,, NO;7, SO,*~ etc.) through ETS; this was to convert organic pollutants into inorganic pollutants.
DHA could be increased by hydrogen generated at the cathode®. It was evident from Fig. 3b that there was a sig-
nificant correlation between TTC-DHA and INT-ETS (p < 0.05). Compared to the control: 10.56 £ 0.72 mgTF/
(gSS-h) and 67.63 £0.98 mgINTF/(gSS-h), the average DHA and ETS of IR,;, were 17.50 4 0.63 mgTF/(gSS-h)
and 86.31 £ 2.83 mgINTF/(gSS-h), which were distinctly stimulated. IR,,;, could maintain the bacterial activities,
and the average DHA and ETS of IR, were 11.67 +0.03 mgTF/(gSS-h) and 71.04 + 0.54 mgINTF/(gSS-h). While
continuous DC applied mode could inhibit the DHA and ETS activities, which were 6.77 4= 0.87 mgTF/(gSS-h)
and 43.60 & 1.96 mgINTF/(gSS-h). It was reported that DC field could inactivate microorganisms in the sludge,
while intermittent current was beneficial to maintain high microbial activity'>. However, continuous application
modes inhibited the DHA and ETS activity without affecting degradation performance. This may be due to elec-
trochemical reactions, which made certain contributions to lignin degradation.
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Figure 2. Electrochemical characterizations of the anode and cathode under different DC application modes.
(a) Cyclic voltammograms (cathode); (b) Cyclic voltammograms (anode); (c) Electrochemical impedance
spectroscopy (cathode); (d) Electrochemical impedance spectroscopy (anode).

Effect of DC modes on ATP and SOUR.  Figure 3c described the SOUR and ATP of activated sludge microorgan-
isms in the four reactors during the steady stage. ATP concentration could be considered as an indicator of meta-
bolic activity under DC field®. It is reported that ATP synthase uses the energy created by the electron transport
system to convert ADP to ATP*. Compared to the control (4.41 +0.38 pg/gMLSS) at 75 days, IR,;, had the highest
total ATP content (6.48 £ 0.25 jig/gMLSS), followed by IR,,;, and CR (4.5540.17 and 3.68 +0.16 ug/gMLSS). It
could be concluded that the intermittent DC application mode could not only effectively remove lignin but also
maintain the metabolic activity of microorganism during the operation, and more frequent time-OFF performed
better. Similar conclusion was demonstrated by Wang et al.'® that the MEC reactor using intermittent electric had
the highest ATP content when degrading sulfate-rich wastewater, while continuous mode caused cell rupture and
low metabolic activities.

For aerobic microorganisms, SOUR is considered to be closely related to the substrate consumption because
it quantifies the oxygen needed for its oxidation®*. SOUR is affected by the oxygen produced and consumed
through the electrochemical reactions’®. It can be seen that the three reactors under DC application modes (CR,
IR, IRy,) had higher SOUR than R’ (Fig. 3¢), which were 1.43, 1.71 and 1.82 times that of Ry on day 75. It was
reported that when using low-degradable substrate as carbon source, short exposure at low voltages increased the
oxygen consumption rate of microorganisms*.

Effect of DC modes on LiP activity. Lignin peroxidase (LiP) is one of the most common lignin-degrading
enzymes. This enzyme is extracellular nonspecific and nonstereoselective, which functions together with
H,0,-producing oxidases and secondary metabolites, thus, the extracellular production of H,O, is essen-
tial®>. In the stable stage, average LiP activities of the four reactors were shown in Fig. 3d. LiP activity of CR
(42.76 £3.35U/g protein) and IR,, (38.34 +2.71 U/g protein) was sharply increased, while that of IR,
(9.98 £1.00 U/g protein) was slightly decreased compared to the control (13.55 £ 2.39 U/g protein). Low LiP
activity and the high removal rate of IR ,;, indicated that the contributions of LiP in lignin breakdown were less
under this DC applied mode.

Effect of DC application modes on PLFAs of microbes. PLFAs, which can only be extracted from
a living biomass, were used as chemotaxonomic markers and microbial stress indicators®**. The components
of microbial cell membranes were investigated by PLFA analysis (Fig. 4). On day 32, the total proportions of
unsaturated fatty acids and breached-chain fatty acids in the four reactors were: IR ,;, (36.9%) <R’ (42.53%)
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Figure 3. Physiological characteristics of activated sludge microorganism under different DC application
modes. (a) Viability; (b) TTC-DHA and INT-ETS; (c) SOUR and ATP contents; (d) LiP activity.
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Figure 4. PLFA profiles of the activated sludge in four reactors on day 32 and day 75. (a) By structure; (b)
By the number of carbon atoms. SFA = saturated fatty acids, AFA = anteiso-branched fatty acids, IFA =iso-
branched fatty acids, UFA = unsaturated fatty acids, OFA = other fatty acids.

< CR (53.39%) <IRy, (54.98%). It was reported that branched fatty acids had the same ability as unsaturated
fatty acids to disrupt the close packing of phospholipid acyl chains and lower the phase transition temperature.
When the four reactors ran for 75 days, the total proportions of unsaturated fatty acids and breached-chain fatty
acids in the four reactors were: IRy, (25.54%) <R’ (33.04%) < IR,,;, (38.75%) < CR (46.67%). It can be seen
that IR, decreased the total proportions of unsaturated fatty acid and branched fatty acid, and increased the
proportion of saturated fatty acid. It is reported that cells produce more saturated fatty acids when adapting to an
environment that requires more rigidity in membrane lipids. When more fluidity is needed, more unsaturated or
branched-chain fatty acids are produced®.

On day 32 and day 75, the major branched fatty acids (abundance > 1%) of the four reactors were C15:0
anteiso, C14:0 iso, C15:0 iso, C16:0 iso and C17:0 anteiso (Table S2). Notably, it can be seen that IRy, had the
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Figure 5. Heat map of genera (abundance > 0.20%) of microorganisms in SBRs under different DC application
modes. (a) Activated sludge; (b) Electrode biofilms.

highest content of C16:0 on day 75, which is reported to have a positive correlation between biomass*. In addi-
tion, the proportion of C15:0 anteiso increased significantly in CR (23.58%) in comparison to the other reactors
(11.36%, 15.8%, 15.42%) on day 75. It was found that C15:0 anteiso had the lowest temperature of phase transition
(23°C)**! to maintain better cell membrane fluidity for microbes®. These results showed that with DC appli-
cation modes of continuous ON, microbes could increase cell membranes fluidity to achieve optimal growth by
increasing the content of C15:0 anteiso.

Effect of DC application modes on microbial communities. Activated sludge. The microbial com-
munity structure under different DC application modes on day 32 and day 75 were analyzed (Fig. Sla). It can
be seen that the microbial community at phylum level in R’ dominantly consisted of Proteobacteria (23.78%),
Actinobacteria (33.06%), Bacteroidetes (11.96%) and TM7 (9.05%) on day 32. It is reported that there are many
lignin-degrading aerobic bacteria mainly in Actinobacteria, a-Proteobacteria and ~-Proteobacteria®?. The relative
abundance of Proteobacteria in CR, IR ,;, and IRy, (25.71-27.97%) was slightly higher than that in Ry’ (23.78%),
especially intermittent modes. When the reactors ran for 75 days, the microbial community had changed greatly
(Fig. Sla). The relative abundance of Proteobacteria decreased and the relative abundance of Actinobacteria
increased significantly in the four reactors. Actinobacteria had the ability to degrade solubilize lignin and some
cellulose, and were important agents of lignocellulose degradation®’. The relative abundance of TM7 in CR, IR ,;,
and IRy, (4.14%, 2.62%, 10.07%) were all lower than R’ (21.02%), suggesting that the electricity environment was
not suitable for the growth of TM7. A similar phenomenon was found by Yu et al.*%. The relative abundance of
Bacteroidetes decreased, and there was little difference between the four reactors (3.14%, 3.94%, 5.85%, 4.68%),
indicating that Bacteroidetes was not affected by the DC field. It was reported that Bacteroidetes exerted an
enormous function on the use of protein and chitin, and degraded some high molecular weight of the dissolved
organic matter (DOM) proficiently?.

Figure 5a is the heat map of microbial community at the genus level (>>0.2%). The relative abundance
at the genus level changed greatly in the four reactors from the 32nd day to 75th day. Figure 5a showed that
Nakamurella, TM7_genera_incertae_sedis and Micropruina were consistently abundant in the sludge of four
reactors on the 32nd day. On day 75, the microbial communities had a great change and the dominant genus in
Ry, CR, IR}y, and IR,, was Nakamurella, which had a significant increase. In CR, IR ,;, and IR,;, (4.76%, 3.05%,
6.05%), the relative abundance of Micropruina were all higher than that in Ry’ (1.00%). It has been reported that
Nakamurella and Micropruina were able to accumulate energy-storage chemicals in response to harsh condi-
tions*. In CR, IR, and IR,;, the content of TM7_genera_incertae_sedis all had a slight decrease (4.14%, 2.62%,
10.07%) but it increased distinctly in Ry’ (21.02%) on the 75th day, which has been reported commonly present in
activated sludge®. Compared to Ry, lignin-degrading bacteria, Mycobacterium and Microlunatus®, were enriched
in sludge under continuous and intermittent modes, respectively.

Electrode biofilms. Microbial communities on electrode biofilms under different DC application modes were
analyzed. Figure S1b shows the relative abundance at the phylum level. The microbial community structure
of electrode biofilms of Ry’ can be seen as a parallel control group without the DC field. Actinobacteria were
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Figure 6. RDA analysis of microbial community in relation to phospholipid, effluent quality and physiological
characteristics of activated sludge microorganism.

the predominant phylum with relative abundance ranging from 69.43% to 76.16%. TM7, Proteobacteria and
Bacteroidetes were the subdominant groups, comprising 9.44% to 12.23%, 7.63% to 10.51%, and 1.06% to 1.26%
of the detections, respectively. In cathodic biofilm, the abundance of Proteobacteria in CR, IR, and IR,;, (57.19-
73.32%) increased obviously compared to Ry’ (7.63-10.51%). Many studies have demonstrated that electrogenic
bacteria were widely distributed in Proteobacteria***’. The abundance of Actinobacteria and TM7 in CR, IR,
and IR, (22.58-36.73%, 0.37-1.65%) decreased obviously compared to Ry’ (69.43-76.16%, 9.44-12.23%), respec-
tively. In anodic biofilm, the abundance of Proteobacteria of IRy, (16.63%) was the highest, which could transfer
electron between bacteria and electrode®®. The abundance of Actinobacteria in CR (89.22%) increased obvi-
ously compared to R (69.43-76.16%), and a similar phenomenon was found by Wang et al.*° that the phylum
Actinobacteria was enriched in the electrode biofilms of MEC reactor under continuous mode. In both cathodic
and anodic biofilms, the abundance of Bacteroidetes in CR, IR, and IR,;, (0.65-3.27%) was almost unchanged
in comparison with R/ (1.06-1.26%), which was similar to the phenomenon in activated sludge. These results
showed that electrode biofilms exposed to different DC application modes differed in abundance of microbial
community at the phylum level.

Figure 5b is the heat map of microbial community including 63 most abundant genera at the genus level. Four
genera were abundant (>1%) in electrodes of Ry, including Nakamurella (54.84-60.79%), TM7_genera_incer-
tae_sedis (9.44-12.23%), Micropruina (2.08-2.17%) and Microlunatus (1.44-1.66%). The relative abundance
of Pseudoxanthomonas in anodic biofilms of IR,;, (1.08%) and IR,;, (0.78%) was obviously higher than that in
other samples (0.01%-0.27%); this was considered as a lignin-degrading bacteria and was commonly present in
lignocellulose degradation®. The relative abundance of Micropruina of IR,;, (11.39-12.95%) was obviously higher
than that in other samples (2.08-2.17%, 2.69-4.02%, 1.47-4.57%, respectively), which could tolerate some toxic-
ity*>>!. It was reported that Micropruina was positively correlated with effluent qualities and microbial activity2.
However, the relative abundance of Nakamurella in the cathodic biofilms of CR, IR, and IR, (9.92-25.27%)
was lower than that in Ry’ (54.84-60.79%). The relative abundance of TM7_genera_incertae_sedis was obviously
lower in biofilms of CR, IR ,;, and IR, (0.37-4.80%) than that in Ry’ (9.44-12.23%). While the role of TM7_gen-
era_incertae_sedis might play in the aerobic wastewater treatment was unclear®. Moreover, the highest relative
abundance of Aeromonas detected in anodic biofilm of IR,;, (0.43%), which was reported to be an electroactive
microorganism®, may result in the lowest ochmic resistance (Rs) of electrode biofilm.

RDA analysis of microbial community with effluent qualities, physiological characteris-
tics and PLFA composition. RDA Analysis was shown in Fig. 6, with RDA1 explained 50.3%, and
RDA2 explained 33.0% of the total variance, respectively. Effluent qualities and physiological characteristics
were positively correlated with Methylibium, Thiobacillus, Bradyrhizobium, Hyphomicrobium, Nakamurella,
Micropruina, Microlunatus, Mycobacterium, Gp16, Gp4 and Gemmatimonas. Bacteria mentioned above belong
to Proteobacteria, Actinobacteria, Acidobacteria and Gemmatimonadetes and the abundances of Proteobacteria
and Actinobacteria were relatively high. According to Pearson correlation analysis, it was found that Micropruina
showed high positive correlation with COD removals (p < 0.05) and Gemmatimonas showed high positive cor-
relation with LiP (p < 0.05). However, there was no microbial population significantly correlated to saturated
fatty acids (SFA), unsaturated fatty acids (UFA) and iso-fatty acids (IFA) (p > 0.05). Hyphomicrobium and
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Mycobacterium were positively correlated with anteiso-fatty acids (AFA) (p < 0.05). Furthermore, IRy, had pos-
itive correlation with viability, and negative correlation with IFA and UFA, which was significantly distinct with
IR ;. This means current modes lead to the difference of physiological characteristics and microbial structure. CR
was negatively correlated with ETS and DHA, which means continuous DC mode might deter electron transfer.
The above results revealed that different DC application modes promoted the physiological characteristics of
activated sludge, the changes of PLFA compositions and the shifts of microbial community, which influenced the
effluent quality.

Conclusion

This study demonstrated that both intermittent and continuous DC application modes could obviously increase
lignin removal efficiency and intermittent application modes were prior to the continuous one, especially 2
h-ON/2 h-OFF mode. Smallest molecules in effluent, best sludge activity and fastest extracellular electron trans-
fer rate could be achieved under 2 h-ON/2 h-OFF mode. Furthermore, IR, exhibited the lowest ohmic resistance
(Rs) of electrode biofilms (97 ), 94 Q) due to its highest abundance of electroactive bacteria. Microbial commu-
nity analysis revealed that functional microbes for lignin degrading were enriched under different DC application
modes.

These conclusions reveal that low intermittent electrical current coupling to activated sludge process pro-
moted the treatment of recalcitrant wastewater with higher electron transfer rate and lower resistance and energy
consumption. EMS provides an attractive alternative to industries for wastewater treatment, such as paper and
pulp wastewater, phenol-containing wastewater and dye-containing wastewater. Moreover, in addition to waste-
water treatment, EMS has a potential utilization in other fields, such as metal recovery and functional material
synthesis based on microbial-electrochemical metabolism®*. In the future, more efforts will be needed to make
on high-efficiency anti-corrosion electrode materials and the electron transfer mechanisms of intermittent DC
applied mode, especially microbial nanowires and electron transfer mediators in the biofilm of electrodes.

Materials and Methods

Experimental start-up. Four parallel SBRs (Ry/, CR, IRy, IRy,) were established in the laboratory scale;
the total and effective volume was 2.5 and 2L, respectively. Each reactor was installed with a pair of graphite
electrodes which had an effective area of 60 cm? (20 cm x 5cm x 6 mm) and were inserted with a distance of
7 cm between the electrodes. The electrodes in CR (continuous ON), IR;,; (12h-ON/12 h-OFF), IRy, (2 h-ON/2
h-OFF) were supplied with a regulated DC power source (PS-305DF, China) with a constant current of 30 mA,
and R,/ was a control with no electric field applied.

The reactors were inoculated with seed sludge collected from Dachang Sewage Plant in Nanjing, China. The
MLSS concentrations in the four reactors were about 3000 mg/L. One liter of synthetic wastewater contained
300 mg of glucose, 200 mg of sodium lignosulfonate, 117.2 mg of NH,Cl, 26.9 mg of KH,PO,, yielding an influ-
ent chemical oxygen demand (COD) of 530 + 10 mg/L. The synthetic wastewater also contained: MgSO,-7H,0
0.055g-L~", CaCl,-2H,0 0.025g-L~!, FeCl,-6H,0 1.5g-L", KI 0.18 g-L !, ZnSO,-7H,0 0.12g-L"", H,BO,
0.15g-L~1, MnCl,-4H,0 0.12g-L~}, CoCL-6H,0 0.15g-L"!, CuSO,-5H,0 0.03 gL', Na,M00,2H,0 0.06 g-L ",
and EDTA-4Na 10 g-L~! as trace nutrients. The reactors were operated following a 24 h cycle. The time of feeding,
aeration, settling and withdrawing was 30, 1320, 60, and 30 minutes, respectively. The reactors were operated
at room temperature (25 £ 2 °C) and the initial pH was adjusted to 7.6 0.1 (FE20, METTLER TOLEDO Inc.,
USA).

Electrochemical characterizations. To evaluate the performance of oxygen reduction reaction of elec-
trodes, the cyclic voltammograms (CV) were systematically performed by a potentiostat (CHI660E, Chenhua
Instruments Co. Ltd., Shanghai, China) at a scan rate of 20mV/s between —1.0V and 1.0V in the 10 mM phos-
phoric acid buffer solution (pH =7.4). The electrochemical system was a three-electrode system. Hg/HgCl, (sat-
urated KCI) was used as a reference electrode and a platinum sheet (1 cm?) was used as a counter electrode. The
working electrodes were the electrodes of the reactors. The voltages in the text were measured with Hg/HgCl, as
a reference electrode. Electrochemical impedance spectroscopy (EIS) was measured over the frequency range of
0.01 Hz-100 kHz and the amplitude was 10 mV. Tests of electrodes were kept under the same conditions™®.

Physiological characteristics. Lignin peroxidase (LiP) activity in activated sludge was determined accord-
ing to Rajwar et al.>. The viability and changes of bacterial cellular permeability in activated sludge were ana-
lyzed by fluorescent staining using a LIVE/DEAD BacLight Bacterial Viability Kit (Invitrogen Molecular Probes,
USA)°. The method of determining ATP content was described by Ailijiang et al.’°. Specific oxygen uptake rate
(SOUR) was measured by the method according to Hao et al.””. The effects of DC application modes on the DHA
and ETS activity of sludge microorganisms were determined by the method according to Feng et al.*®.

PLFA analysis. The method of extract PLFA was described by Niu et al.*®. After a series of pretreatments,
such as extraction, separation, saponification, methylation, extraction and lavation, the extracted PLFA was
determined using Agilent 7890 GC?.

Microbial analysis. Sixteen samples were collected during the experiment. DNA of these samples
was extracted using a FastDNA Spin Kit for Soil (MP Biomedicals, Santa Ana, CA). The V1V2 hyper-
variable region of the 16 S rRNA gene was amplified using twenty-four different pairs of bacterial prim-
ers with different 8-base barcodes and a Guanine: 8 F (5'-AGAGTTTGATYMTGGCTCAG-3’) and 338R
(5'-TGCTGCCTCCCGTAGGAGT-3'), which were linked to the 5" end of each primer®. The acquired data was
processed according to the method described by Ma et al.*
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Analytical methods. COD was measured according to standard methods®. For determining sodium ligno-
sulfonate in wastewater, influent and effluent samples were collected from each reactor and filtered through a 0.45
pm pore-size filter (Xinya, Shanghai, China). Contents of sodium lignosulfonate were measured at 276 nm by UV
spectrophotometer (UV-2450)°". Infrared spectrum was determined using Fourier infrared spectrometer. The
apparent molecular weight (AMW) distribution of flax wastewater was determined using the method established
by Fan et al.®%.

Data analysis. The results were expressed as means = standard deviation (SD). RDA based on the com-
munity composition, PLFA compositions, physiological characteristics and effluent quality were performed
using CANOCO 4.5 software. One-way analysis of variance (AVONA) was performed with SPSS statistics 22.0.0
to evaluate whether different species had significant differences for various environmental factors. A p value
of <0.05 was accepted as indicating significance.

References
1. Ugurlu, M. & Karaoglu, M. H. TiO, supported on sepiolite: Preparation, structural and thermal characterization and catalytic
behaviour in photocatalytic treatment of phenol and lignin from olive mill wastewater. Chem. Eng. J. 166, 859-867 (2011).
2. Krishna, K. V,, Sarkar, O. & Venkata Mohan, S. Bioelectrochemical treatment of paper and pulp wastewater in comparison with
anaerobic process: integrating chemical coagulation with simultaneous power production. Bioresour. Technol. 174, 142-151 (2014).
3. Dashtban, M., Schraft, H. & Qin, W. Fungal Bioconversion of lignocellulosic residues; opportunities & perspectives. Int. J. Biol. Sci.
5,578-595 (2009).
4. Hassan, H. et al. Microbial community and bioelectrochemical activities in MFC for degrading phenol and producing electricity:
Microbial consortia could make differences. Chem. Eng. J. 332, 647-657 (2018).
5. Feng, H. et al. Degradation of p-fluoronitrobenzene in biological and bioelectrochemical systems: Differences in kinetics, pathways,
and microbial community evolutions. Chem. Eng. J. 314, 232-239 (2017).
6. Cheng, Z., Hu, X. & Sun, Z. Microbial community distribution and dominant bacterial species analysis in the bio-electrochemical
system treating low concentration cefuroxime. Chem. Eng. J. 303, 137-144 (2016).
7. Cao, Z., Zhang, M., Zhang, J. & Zhang, H. Impact of continuous and intermittent supply of electric assistance on high-strength
2,4-dichlorophenol (2,4-DCP) degradation in electro-microbial system. Bioresour. Technol. 212, 138-143 (2016).
8. Cui, M. H. et al. Effect of electrode position on azo dye removal in an up-flow hybrid anaerobic digestion reactor with built-in
bioelectrochemical system. Sci. Rep. 6, 25223 (2016).
9. Wang, X. et al. Alternating current influences anaerobic electroactive biofilm activity. Environ. Sci. Technol. 50, 9169-9176 (2016).
10. Ailijiang, N. et al. Electrical stimulation on biodegradation of phenol and responses of microbial communities in conductive carriers
supported biofilms of the bioelectrochemical reactor. Bioresour. Technol. 201, 1-7 (2016).
11. Bellagamba, M., Viggi, C. C., Ademollo, N., Rossetti, S. & Aulenta, E. Electrolysis-driven bioremediation of crude oil-contaminated
marine sediments. New Biotechnol. 38, 84-90 (2017).
12. Wu, Q. et al. Electrical stimulation enhanced denitrification of nitrite-dependent anaerobic methane-oxidizing bacteria. Biochem.
Eng. ]. 106, 125-128 (2016).
13. Zeyoudi, M. et al. Impact of continuous and intermittent supply of electric field on the function and microbial community of
wastewater treatment electro-bioreactors. Electrochim. Acta 181, 271-279 (2015).
14. Ensano, B. M. B. et al. Combination of electrochemical processes with membrane bioreactors for wastewater treatment and fouling
control: A review. Front. Env. Sci. 4 (2016).
15. Ibeid, S., Elektorowicz, M. & Oleszkiewicz, J. A. Modification of activated sludge properties caused by application of continuous and
intermittent current. Water Res. 47, 903-910 (2013).
16. Wick, L. Y. et al. Responses of soil microbial communities to weak electric fields. Sci. Total Environ. 408, 4886-4893 (2010).
17. Bore, E. K., Apostel, C., Halicki, S., Kuzyakov, Y. & Dippold, M. A. Soil microorganisms can overcome respiration inhibition by
coupling intra- and extracellular metabolism: C-13 metabolic tracing reveals the mechanisms. Isme J. 11, 1423-1433 (2017).
18. Wang, K., Sheng, Y., Cao, H., Yan, K. & Zhang, Y. A novel microbial electrolysis cell (MEC) reactor for biological sulfate-rich
wastewater treatment using intermittent supply of electric field. Biochem. Eng. J. 125, 10-17 (2017).
19. Azawy, N. A. & Khadom, A. A. A. & Sattar Abdul Jabbar, A. Efficiency of some types of bacteria on producing biofuels from wastes
of writing paper. J. Environ. Chem. Eng. 4,2816-2819 (2016).
20. Song, N, Jiang, H.-L., Cai, H.-Y,, Yan, Z.-S. & Zhou, Y.-L. Beyond enhancement of macrophyte litter decomposition in sediments
from a terrestrializated shallow lake through bioanode employment. Chem. Eng. J. 279, 433-441 (2015).
21. Shankar, R., Varma, A. K., Mondal, P. & Chand, S. Simultaneous treatment and energy production from PIW using electro
coagulation & microbial fuel cell. J. Environ. Chem. Eng. 4, 4612-4618 (2016).
22. Neoh, C. H. et al. Correlation between microbial community structure and performances of membrane bioreactor for treatment of
palm oil mill effluent. Chem. Eng. J. 308, 656-663 (2017).
23. Tian, J. H., Pourcher, A. M., Bouchez, T., Gelhaye, E. & Peu, P. Occurrence of lignin degradation genotypes and phenotypes among
prokaryotes. Appl. Microbiol. Biot. 98, 9527-9544 (2014).
24. Helmreich, B., Schiegl, C. & Wilderer, P. A. Fate of lignin in the process of aerobic biological treatment of paper mill wastewater. Acta
Hydrochim. Hydrobiol. 29, 296-300 (2002).
25. Larrea, L., Forster, C. E & Melé, D. Changes in lignin during diffused air activated sludge treatment of kraft effluents. Water Res. 23,
1073-1080 (1989).
26. Ma, S. J. et al. Effects of DO levels on surface force, cell membrane properties and microbial community dynamics of activated
sludge. Bioresour. Technol. 214, 645-652 (2016).
27. El Ouaqoudi, E. Z. et al. Study of humic acids during composting of ligno-cellulose waste by infra-red spectroscopic and
thermogravimetric/thermal differential analysis. Compost Sci. Util. 22, 188-198 (2014).
28. Hachicha, S. et al. Biological activity during co-composting of sludge issued from the OMW evaporation ponds with poultry
manure-physico-chemical characterization of the processed organic matter. J. Hazard. Mater. 162, 402-409 (2009).
29. Liu, Q,, Lu, X,, Li, J., Yao, X. & Li, J. Direct electrochemistry of glucose oxidase and electrochemical biosensing of glucose on
quantum dots/carbon nanotubes electrodes. Biosens. Bioelectron. 22,3203-3209 (2007).
30. Wang, K., Sheng, Y., Cao, H., Yan, K. & Zhang, Y. Impact of applied current on sulfate-rich wastewater treatment and microbial
biodiversity in the cathode chamber of microbial electrolysis cell (MEC)reactor. Chem. Eng. J. 307, 150-158 (2017).
31. She, P, Song, B., Xing, X.-H., Loosdrecht, M. V. & Liu, Z. Electrolytic stimulation of bacteria Enterobacter dissolvens by a direct
current. Biochem. Eng. J. 28, 23-29 (2006).
32. Velasco-Alvarez, N., Gonzalez, I., Damian-Matsumura, P. & Gutierrez-Rojas, M. Enhanced hexadecane degradation and low
biomass production by Aspergillus niger exposed to an electric current in a model system. Bioresour. Technol. 102, 1509-1515 (2011).
33. Desbois, A. P. & Smith, V. J. Antibacterial free fatty acids: activities, mechanisms of action and biotechnological potential. Appl.
Microbiol. Biot. 85, 1629-1642 (2010).

SCIENTIFIC REPORTS | (2019) 9:805 | DOI:10.1038/s41598-018-34379-7 9



www.nature.com/scientificreports/

34. Mena, E,, Villasenor, J., Cadizares, P. & Rodrigo, M. A. Effect of a direct electric current on the activity of a hydrocarbon-degrading
microorganism culture used as the flushing liquid in soil remediation processes. Sep. Purif. Technol. 124, 217-223 (2014).

35. Levin, L., Forchiassin, . & Viale, A. Ligninolytic enzyme production and dye decolorization by Trametes trogii: Application of the
Plackett-Burman experimental design to evaluate nutritional requirements. Process Biochem. 40, 1381-1387 (2005).

36. Taube, R., Ganzert, L., Grossart, H. P, Gleixner, G. & Premke, K. Organic matter quality structures benthic fatty acid patterns and
the abundance of fungi and bacteria in temperate lakes. Sci. Total Environ. 610, 469-481 (2018).

37. Steele, J. A., Ozis, F, Fuhrman, J. A. & Devinny, J. S. Structure of microbial communities in ethanol biofilters. Chem. Eng. J. 113,
135-143 (2005).

38. Fang, . S., Lyon, D. Y., Wiesner, M. R,, Dong, J. P. & Alvarez, P. ]. ]. Effect of a fullerene water suspension on bacterial phospholipids
and membrane phase behavior. Environ. Sci. Technol. 41, 2636-2642 (2007).

39. Zhuy, K., Choi, K. H., Schweizer, H. P, Rock, C. O. & Zhang, Y. M. Two aerobic pathways for the formation of unsaturated fatty acids
in Pseudomonas aeruginosa. Mol. Microbiol. 60, 260-273 (2006).

40. Zelles, L., Bai, Q. Y., Beck, T. & Beese, F. Signature fatty acids in phospholipids and lipopolysaccharides as indicators of microbial
biomass and community structure in agricultural soils. Soil Biol. Biochem. 24, 317-323 (1992).

41. Kaneda, T. Iso- and anteiso-fatty acids in bacteria: biosynthesis, function, and taxonomic significance. Microbiol. Rev. 55, 288-302
(1991).

42. Bugg, T. D., Ahmad, M., Hardiman, E. M. & Singh, R. The emerging role for bacteria in lignin degradation and bio-product
formation. Curr. Opin. Biotechnol. 22, 394-400 (2011).

43. Tuomela, M., Vikman, M., Hatakka, A. & Itavaara, M. Biodegradation of lignin in a compost environment: a review. Bioresour.
Technol. 72, 169-183 (2000).

44. Yu, B, Tian, J. & Feng, L. Remediation of PAH polluted soils using a soil microbial fuel cell: Influence of electrode interval and role
of microbial community. J. Hazard. Mater. 336, 110-118 (2017).

45. Tian, H. L. et al. Bacterial community shift along with the changes in operational conditions in a membrane-aerated biofilm reactor.
Appl. Microbiol. Biot. 99 (2015).

46. Fu, Z. & Zhao, ]. Impact of quinoline on activity and microbial culture of partial nitrification process. Bioresour. Technol. 197,
113-119 (2015).

47. Kiely, P. D., Regan, J. M. & Logan, B. E. The electric picnic: synergistic requirements for exoelectrogenic microbial communities.
Curr. Opin. Biotechnol. 22, 378-385 (2011).

48. Zhen, G., Lu, X,, Kobayashi, T., Kumar, G. & Xu, K. Promoted electromethanosynthesis in a two-chamber microbial electrolysis cells
(MECs) containing a hybrid biocathode covered with graphite felt (GF). Chem. Eng. ]. 284, 1146-1155 (2016).

49. Zainudin, M. H., Hassan, M. A., Tokura, M. & Shirai, Y. Indigenous cellulolytic and hemicellulolytic bacteria enhanced rapid co-
composting of lignocellulose oil palm empty fruit bunch with palm oil mill effluent anaerobic sludge. Bioresour. Technol. 147,
632-635 (2013).

50. Zhang, Y. et al. Characterization of microbial community and antibiotic resistance genes in activated sludge under tetracycline and
sulfamethoxazole selection pressure. Sci. Total Environ. 571, 479-486 (2016).

51. Wang, Z. et al. Effects of hexavalent chromium on performance and microbial community of an aerobic granular sequencing batch
reactor. Environ. Sci. Pollut. R. 22, 4575-4586 (2015).

52. Huang, H. et al. Towards physicochemical and biological effects on detachment and activity recovery of aging biofilm by enzyme and
surfactant treatments. Bioresour. Technol. 247 (2018).

53. Yuan, Y., Ahmed, J., Zhou, L., Zhao, B. & Kim, S. Carbon nanoparticles-assisted mediator-less microbial fuel cells using Proteus
vulgaris. Biosens. Bioelectron. 27,106-112 (2011).

54. Dominguez-Benetton, X. et al. Metal recovery by microbial electro-metallurgy. Prog. Mater. Sci. 94, 435-461 (2018).

55. Chen, Z., Li, K. & Pu, L. The performance of phosphorus (P)-doped activated carbon as a catalyst in air-cathode microbial fuel cells.
Bioresour. Technol. 170, 379-384 (2014).

56. Rajwar, D., Paliwal, R. & Rai, J. P. N. Biodegradation of pulp and papermill effluent by co-culturing ascomycetous fungi in repeated
batch process. Environ. Monit. Assess. 189, 16 (2017).

57. Hao, X., Wang, Q.,, Zhang, X. & Cao, Y. & van Mark Loosdrecht, C. M. Experimental evaluation of decrease in bacterial activity due
to cell death and activity decay in activated sludge. Water Res. 43, 3604-3612 (2009).

58. Feng, X. C. et al. Possible causes of excess sludge reduction adding metabolic uncoupler, 3,3',4',5-tetrachlorosalicylanilide (TCS), in
sequence batch reactors. Bioresour. Technol. 173, 96-103 (2014).

59. Niu, C,, Geng, J. ], Ren, H. Q, Ding, L. L. & Xu, K. The cold adaptability of microorganisms with different carbon source in activated
sludge treating synthetical wastewater. Bioresour. Technol. 123, 66-71 (2012).

60. Federation, W. E. & Association, A. P. H. Standard methods for theexamination of water and wastewater. (American Public Health
Association (APHA): Washington, DC, USA, 2005).

61. Liu, Z., Liang, J., Du, W,, Wang, D. & He, Y. Study on the aerobic biodegradation of lignin by activated sludge reactor. International
Symposium on Water Resource and Environmental Protection, IEEE: Xi’an, China 1999-2002 (2011).

62. Fan, D, Ding, L., Huang, H., Chen, M. & Ren, H. Fluidized-bed Fenton coupled with ceramic membrane separation for advanced
treatment of flax wastewater. J. Hazard. Mater. 340, 390-398 (2017).

Acknowledgements

The authors are thankful to Zhihao Chen, Ph.D., School of the Environment, Nanjing University (China) for his
help in electrochemical analysis. This work was financially supported by the National Science and Technology
Major Project (No. 2017ZX07202003).

Author Contributions

The study was designed by L.L.Z. and L.L.D. L.L.Z. performed the experiments, wrote the manuscript and
researched data. L.L.D. reviewed/edited manuscript. X.M.H., H.J.M., HM.E, and J.EW. contributed to the
experiments. H.Q.R. reviewed manuscript. All authors reviewed the paper.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-34379-7.

Competing Interests: The authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

SCIENTIFIC REPORTS | (2019) 9:805 | DOI:10.1038/s41598-018-34379-7 10


http://dx.doi.org/10.1038/s41598-018-34379-7

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
CE | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFIC REPORTS |

(2019) 9:805 | DOI:10.1038/s41598-018-34379-7 11


http://creativecommons.org/licenses/by/4.0/

	Effect of continuous and intermittent electric current on lignin wastewater treatment and microbial community structure in  ...
	Results and Discussion

	Performances of Reactors. 
	Electrochemical characteristics. 
	Physiological characteristics of activated sludge. 
	Effect of DC modes on Viability. 
	Effect of DC modes on TTC-DHA and INT-ETS. 
	Effect of DC modes on ATP and SOUR. 
	Effect of DC modes on LiP activity. 

	Effect of DC application modes on PLFAs of microbes. 
	Effect of DC application modes on microbial communities. 
	Activated sludge. 
	Electrode biofilms. 

	RDA analysis of microbial community with effluent qualities, physiological characteristics and PLFA composition. 

	Conclusion

	Materials and Methods

	Experimental start-up. 
	Electrochemical characterizations. 
	Physiological characteristics. 
	PLFA analysis. 
	Microbial analysis. 
	Analytical methods. 
	Data analysis. 

	Acknowledgements

	Figure 1 Reactor performances under different DC application modes.
	Figure 2 Electrochemical characterizations of the anode and cathode under different DC application modes.
	Figure 3 Physiological characteristics of activated sludge microorganism under different DC application modes.
	Figure 4 PLFA profiles of the activated sludge in four reactors on day 32 and day 75.
	Figure 5 Heat map of genera (abundance > 0.
	Figure 6 RDA analysis of microbial community in relation to phospholipid, effluent quality and physiological characteristics of activated sludge microorganism.




