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Abstract: Sludge morphology considerably affects the mechanism underlying microbial anaerobic
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degradation of phenol. Here, we assessed the phenol degradation rate, specific methanogenic activity,
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electron transport activity, coenzyme F4y0 concentration, and microbial community structure of five
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phenol-degrading sludge of varying particle sizes (i.e., <20, 20-50, 50-100, 100-200, and >200 pm).
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The results indicated an increase in phenol degradation rate and microbial community structure that
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distinctly correlated with an increase in sludge particle size. Although the sludge with the smallest
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particle size (<20 pm) showed the lowest phenol degradation rate (9.3 mg COD-gVSS' d), its

Ul
O O @

methanogenic activity with propionic acid, butyric acid, and H»/CO, as substrates, was the best, and the
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concentration of coenzyme Fi was the highest. The small particle size sludge did not contain
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abundant syntrophic bacteria or hydrogenotrophic methanogens, but contained abundant acetoclastic
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methanogens. Moreover, the floc sizes of the different sludge varied in important phenol-degrading
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bacteria and archaea, which may dominate the synergistic mechanism. This study provides a new

perspective on the role of sludge floc size on the anaerobic digestion of phenol.

Keywords: anaerobic digestion; phenol degradation; particle size distribution; phenol-degrading

sludge; methanogenic activity; microbial community structure

Acknowledgments

This study was funded by the National Natural Science Foundation of China (51878232) and CAS

Key Laboratory of Urban Pollutant Conversion, University of Science and Technology of China

(KF201702).

1. Introduction

Phenolic compounds, naturally or artificially produced, have been identified as a major cause of

performance failure in anaerobic digesters (Rosenkranz et al. 2013). The concentration of phenol in the

effluents of coal gasification, coking, petrochemical manufacturing, and paper industries, was often as

high as 10-17x10° mg/L (Veeresh et al. 2005). Phenol has a toxic effect on all living organisms and

leads to protein denaturation and coagulation (Hou et al. 2018; Shi et al. 2018). Therefore, the removal

of phenol is essential for the protection of environment and human health. Currently, biodegradation of

phenol is generally preferred to physico-chemical methods of removal because of lower treatment costs

and a higher probability of complete mineralization. Phenol can be converted into methane under

anaerobic conditions making anaerobic degradation of phenol one of the most attractive and

cost-effective treatment methods (Ju et al. 2018; Ramakrishnan and Gupta 2006). For instance, the

concentration of phenol in coal gasification wastewater generally ranges from 500-3000 mg/L, and the



O Joy U WN R

OO O OO U U U0 BB DSBS DNWWWWWWWWWWNDNNDNDNDNDNDNNDNNNMNNNNRERRRRRRERERRE
G wWNhHFHROoOwWwWOJdJoOUudWNRFOOWOJIOUDdWNDRPRPROOWOJOOUPdWNDNREPOOWOJoYYOUd WDNE OWOWJoUd WwNEFE O

removal rate of phenol can reach 50-60% after anaerobic treatment (Wang et al. 2011b). Using upflow

anaerobic sludge blanket (UASB) treatment, the concentration of phenol was reduced to 110-250 mg/L,

with a hydraulic retention time (HRT) of 24 h (Wang et al. 2010, 2011a, b). Using anaerobic

sequencing batch reactor (ASBR) and anaerobic expanded granule sludge bed (EGSB) operations, with

a HRT of 48 h, the phenol concentration reduced to 110 and 140-160 mg/L, respectively (Li et al. 2014;

Zhao et al. 2013). However, high concentration of phenol frequently threatened the physical

morphology and microbial community structure of phenol-degrading bacteria and even led to

performance failure (Li et al. 2019).

In recent years, the granulation of sludge has successfully accelerated the start-up of anaerobic

reactors treating phenolic wastewater. Anaerobic granular sludge has high mass transfer resistance,

reducing the toxicity of phenol to microorganisms (Mufioz Sierra et al. 2017); however, some issues

with anaerobic granular sludge need to be overcome, such as long formation periods when the proper

seed is not available and strict operational parameter controls (Chen et al. 2018). Consequently,

anaerobic membrane bioreactors were employed to treat phenol-containing wastewater (Mufioz Sierra

et al. 2018; Wang et al. 2017b). It has previously been reported that the particle size of

phenol-degrading sludge shows a descending trend in anaerobic membrane bioreactors with excellent

performance (Muifioz Sierra et al. 2017). Li et al. (2018b) showed that with an increase in phenol

concentration in the anaerobic biofilter reactor, the removal rate of phenol reached a maximum value,

while the proportion of small particle size sludge gradually increased. It was also found that with a

decrease in particle size in the UASB reactor, phenol utilization rate increased (Sierra et al. 2019).

Interestingly, both the granular and small-flocculent sludge could achieve excellcent removal of phenol

under optimum operational conditions. Although the composition of the microbial communities were
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different under various phenolic wastewater treatment conditions, the phyla Chloroflexi, Thermotogae,

Cloacimonetes, Firmicutes, Proteobacteria, Synergistetes, and Euryarchaeaota were identified in every

phenol-degrading sludge (Wang et al. 2017¢). Compared to the change in the abundance of other

bacteria, the abundance of the phylum Proteobacteria increased along with the size of sludge particles

(Chen et al. 2018), while the abundance of the genus Methanosaeta (belonging to the phylum

Euryarchaeaota) increased when the particle size decreased (Sierra et al. 2019). The morphology of the

sludge was clearly related to the metabolic characteristics and community structure of the

microorganisms (Huang et al. 2018); however, to the best of our knowledge, the mechanism underlying

phenol degradation in size-distributed phenol-degrading sludge has not been elucidated to date.

A summary of the information on anaerobic phenol-degrading sludge reported in the literature to

date is presented in Table 1. The variation in sludge morphology was observed in many studies on

anaerobic phenol-degrading reactors, but only a few of them examined the relationship between sludge

particle size and phenol degradation. In this study, phenol degradation rate and methanogenic activity

of size-distributed phenol-degrading sludge (i.e., <20, 20-50, 50-100, 100-200, and >200 pm) were

evaluated. Additionally, a comprehensive analysis of the microbial community structure of the

size-distributed phenol-degrading sludge was performed.

Table 1

2 Materials and methods

2.1 Inoculums and experimental design

The inoculum was obtained from a laboratory-scale UASB reactor treating synthetic phenolic

wastewater. The sludge was then sieved in 20, 50, 100, and 200 um mesh to divide the samples into

five subsamples with different particle size ranges, namely, <20 pm, 20-50 pm, 50-100 pm, 100-200
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pum, and >200 pm. The volatile suspended solids (VSS) of the five tested sized sludges were 0.20, 8.48,

15.96, 23.71 and 29.41 g/L, respectively. The total suspended solid (TSS) of each sludge was 3.01,

17.72, 26.47, 35.16, and 40.61 g/L, respectively. The experiment consisted of the following four parts:

(a) to determine the phenol degradation rate of each sludge; (b) to identify the methanogenic activity of

each sludge with different substrates, including acetate, propionate, butyric acid, and H»/CO»; (c) to

determine the potential electron transfer in each sludge based on coenzyme Fiy and electron transport

system activity; (d) to gain insight into the microbial community structure of the diferrent sized

sludges.

2.2 Substrate utilization rate (SUR) and specific methanogenic activity (SMA) of sludge

To evaluate the activity of phenol degraders in each size-distributed sludge, the phenol utilization

rate was assessed. Batch tests were carried out in 250 mL serum bottles (with a working volume of

100 mL) and bottles were inoculated with different sized phenol-degrading sludge, 20 mg/L of phenol

and nutrient medium. The ratio of sludge mass (gVSS) to phenol COD (g) was 40:1 (Wang et al.

2017¢). The volume of each sludge used per set of experiments was 50, 9.43, 5.01, 3.37, and 2.72 mL,

respectively (considering the low VSS concentration of the smallest particle size sludge, it was added

after concentration). The composition of the nutrient solution was as follows (in mg/L):

NaH,PO4-2H>0, 62.40; KoHPO4-3H2O, 136.95; NH4Cl, 680; MgSO4-7H20, 36; CaCly:2H,0, 32;

FeCl3-6H,0, 0.8; MnCl-4H>0, 0.2; CoCl'6H20, 0.8; CuCl>-2H20, 0.012; ZnCl,, 0.02; Na;WOs,

0.032; HBO3, 0.02; Na;SeOs-5H,0, 0.04; (NH4)sM0702:4H,0, 0.036; NiCl,-6H»0, 0.02. The bottles

were purged with N, for 1-2 min to create anaerobic conditions, then sealed with rubber stoppers and

cultivated at 35°C in a shaker at 140 rpm. Liquid samples were collected every 4 h with a syringe and

filtered through a 0.45 mm filter prior to liquid chromatography (LC) analysis. The phenol
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concentration of the liquid samples was determined using high-performance liquid chromatography

(HPLC, 1260 Infinity, Agilent Inc., USA) with a C18 column (4.6 X 250 mm). The SUR of the sludge

was determined by calculating the slope of phenol reduction over time as mgCOD-gVSS™! d-!. The

specific methanogenic activity (SMA) of each sludge was determined using the following four

substrates: acetate, propionate, butyric acid, and H2/CO» (80/20 v/v), and samples were collected every

2 h. The procedure was repeated for phenol utilization rate batch tests. Methane content of biogas was

analyzed using a gas chromatograph (GC, SP-6890, Shandong Ruihong Ltd., China). The SMA of each

sludge was determined by calculating the slope of methane production and expressed as

gCOD-CH4-gVSS™! d!. The tests were carried out in triplicate and the standard deviation of three sets

of parallel sample data was set as error bars. Data on the SMA of propionic and butyric acid in the seed

sludge are calculated based on mass distribution. Data analysis was performed using Origin Pro 8.5.

2.3 Coenzyme Faiy and electron transport system (ETS) activity tests

Sludge samples were collected after centrifugation at 16000 x g for 30 min at 4°C and being

washed twice with saline solution (0.9% NaCl) at 4°C. Samples were then immersed in a saline

solution for 30 min and centrifuged to remove the supernatant. Distilled water was added to each

centrifuge tube to a volume of 30 mL and heated in a water bath at 95-100°C for 30 min. Samples were

stirred every 10 min using a glass rod. Cooled samples were then centrifuged at 10000 % g for 15 min

and 10 mL supernatant was added to 20 mL isopropyl alcohol, following which they were left to

precipitate in the dark for 2 h. Samples were centrifuged again (10000 x g, 10 min) to obtain a

supernatant, which was divided in half. One portion was adjusted to pH 1.0 with 6 mol/L HCI1 and was

used as a blank group, while the second portion was adjusted to pH 13.5 with 6 mol/L NaOH as the test

group. A spectrophotometer, under 420 nm extraction wavelength, was used to analyze the coenzyme
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F40 assay (Heine-Dobbernack et al. 1988).

Electron transport system activity was determined using 2-para
(iodo-phenyl)-3(nitrophenyl)-5(phenyl) tetrazolium chloride (INT) (Wang et al. 2016). For each
size-distributed sludge, 0.3 mL homogenized sludge sample was added to a 10 mL centrifuge tube and
treated as per the protocol devised by Wang et al. (2016). Data on Fiy and ETS of seed sludge are

calculated based on mass distribution. The electron transport activity was calculated as follows:

U=21053*=2 (1)

Where U is the electron transfer system activity, Dags is the absorbance at 485 nm, and W is the dry
weight of the sludge.
2.4 Analysis of microbial community structure

Samples were collected from each size-distributed sludge to analyze the bacterial and archaeal
community structure. Samples were analyzed by 16S rRNA gene high-throughput sequencing. The 16s
rRNA gene was amplified wusing the V3-V4 region universal primers 341F
(5-CCTACGGGNGGCWGCAG-3) and 805R (5-GACTACHVGGGTATCTAATCC-3). Samples were
subjected to high throughput sequencing using the Illumina Miseq platform (Illumina, Inc., San Diego,
CA, USA). The extraction and sequencing were then performed using Shanghai Sangon
Bioengineering Technology Service Co., Ltd pipeline. The read numbers of the five samples were
41685, 47076, 44998, 51827, and 46198, respectively, with the average read length being 416.20,
414.14, 417.34, 422.74, and 422.05, respectively. Coverage of all samples was 0.97. The measurement
could only be made after the quality met the requirements. Based on weighted UniFrac, principal
coordinate analysis (PCoA) was used to compare the similarity of different samples.

3 Results and discussion
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3.1 Substrate utilization rates (SUR) of size-distributed phenol-degrading sludge

Fig.1

The substrate utilization rates (SUR) for each size-distributed sludge are shown in Fig.l1 and

Fig.S1. The results indicated that the smallest particle size sludge (<20 um) had the slowest phenol

degradation rate (9.30 mgCOD-gVSS™! d!), while the largest particle size sludge (>200 um) had the

highest phenol degradation rate (21.30 mgCOD-gVSS™! d!). The SUR of the sludges of other particle

sizes, namely 20-50 pm, 50-100 um, and 100-200 um, were 11.30, 17.30, and 17.80 mgCOD-gVSS™!

d!, respectively. The SUR of the seed sludge was 28.60 mgCOD-gVSS™ d''. It has previously been

shown that bigger particle size sludges have higher organic or phenolic degradation rates (Chen et al.

2018; Tay et al. 2001), so it was expected that as the sludge particle size increased, the phenol

degradation rate of the sludge gradually increased was well. Floc and granule sludge differed in

structure and physiology, thus differed in their microbial interaction (Wu et al. 2016). Similarly, Luo et

al. (2017) found that ammonia-oxidizing sludge with different particle sizes had different microbial

community structures, and that the inner and outer layers of granular sludge could cooperate to

accomplish better autotrophic nitrogen removal.

Different particle size anaerobic sludge differed in microbial structure and characteristics. It has

been shown previously that small and medium-size anaerobic granular sludge had similar pore

structure but were significantly different from large granule sludge (Wu et al. 2016). Anaerobic

degradation of phenol requires the cooperation of functional microorganisms, so the compactness of

microbes may further accelerate substrate transfer. Sludge particle size and compactness play an

important role in anaerobic reactors, and it has been shown that larger sized sludge flocs have a higher

mass transfer rate than smaller particle sludge (Afridi et al. 2018). Sludge cultured with phenol was
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shown to have a variety of dense bacteria throughout the sludge fractions, and the VFAs formed in the

sludge could easily be converted into methane by the surrounded methanogens (Chou and Huang 2005).

The internal arrangement of large particle size sludge may be beneficial for the conversion of substrates

and intermediates, and could create the best metabolic conditions for all its constituents (Subramanyam

et al. 2013). The >200 pum sludge contributed about fivefold more to the SUR of seed sludge than the

<20 pm sludge did, therefore, the structure of larger particle size phenol-degrading sludge accelerated

substrate uptake and resulted in a higher phenol degradation rate, as shown in Fig.1.

3.2 Specific methanogenic activity of size-distributed phenol-degrading sludge

Fig.2

The SMA of each phenol-degrading sludge with acetate, propionate, butyrate, and H»/CO, as a

substrate, is shown in Fig. 2. The SMA-acetate value of sludge was enhanced with the increase of

sludge particle size, with the highest SMA-acetate value of 2.06+0.10 gCOD-CH4'gVSS™! d! in the

largest particle size sludge (>200 pm) (Fig 2a). Interestingly, the highest SMA-propionate,

SMA-butyrate, and SMA-H,/CO, values, 0.72, 0.91, and 1.71 gCOD-CH4gVSS™ d! respectively,

were obtained in the smallest particle size sludge (<20 um). The SMA value of the seed sludge with

acetate, propionic acid, butyric acid, and Hy/CO,, was 1.72, 0.07, 0.51, and 0.38 gCOD-CH4-gVSS™! d*,

respectively. The >200 um sludge contributed about fourfold more to the SMA-acetate value of seed

sludge than the <20 um sludge, while the <20 pum sludge contributed about 18 times more to the

SMA-propionic value of the seed sludge than the >200um sludge. The contribution of the <20 um

and >200 um sludge to the seed sludge SMA-butyric values were similar.

The reaction to convert butyric acid and propionic acid to acetate is energy consuming and cannot

be carried out under high hydrogen partial pressure conditions (Viggi et al. 2014; Zhang et al. 2018a).
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The conversion rate of hydrogen to methane in the smallest particle size sludge (<20 um) was, however,

very high, with the <20 pum sludge contributing about fivefold more to the SMA-H»/CO, value of seed

sludge than the >200 um sludge, indicating high hydrogen uptake and electronic uptake ability which

indirectly promoted the degradation rate of propionic and butyric acid. The SMA-H,/CO; value of

large particle size sludge was relatively low. Ho/CO, was easily utilized by the methanogens in the

smallest particle size sludge, suggesting the likelihood of multiple degradation pathways for

accelerating the utilization rate of propionic, butyric acid, and H»/CO,, such as directly utilizing

hydrogen (Wang et al. 2017c¢), transforming hydrogen into acetic acid by homoacetogens (Wang et al.

2013a), or by syntrophic interactions (Zhao et al. 2016).

3.3 Potential electron transfer and coenzyme Fiy concentration of size-distributed phenol-degrading

sludge

Fig.3

The electron transfer system activity and Faxo concentration of size-distributed phenol-degrading

sludge are presented in Fig. 3. Coenzyme Fiy presented a useful method to assess potential

methanogenic capacity, especially the Hp-utilizing capacity of the sludge (Yin et al. 2018). Although

the Fapo value of the seed sludge was only 0.28 pg-gVSS™, the concentration of Fay in the smallest

particle size sludge (<20 pm) reached 2.51 ug-gVSS™!, which was much higher than that of the large

particle size sludge. The 20-50 pm sludge had the highest electron transfer system activity value (12.17

ug-mg'-d!). In previous studies, coenzyme Faz had only been found under methanogenic condition

and was used to reflect the activity of methane-producing microorganisms (Dolfing and Mulder 1985).

As an electron carrier, it played a key metabolic role in both anabolic and catabolic redox reactions in

methanogenic bacteria (Dolfing and Mulder 1985). The F42 concentration tended to increase with the

10
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sludge particle size, except at <20 pm, which was consistent with the tendency of SMA-acetate. The

F420 concentration in the smallest particle size sludge (<20 um) was comparable to SMA-H,/CO,,

implying that coenzyme Fay was closely correlated to hydrogenotrophic activity. Liu et al. (2017) also

indicated that coenzyme Fi played an important role in the hydrogenotrophic pathway and was

required for the final reaction steps of the methanogenic pathway. In addition, the high Faxo

concentration in the smallest particle size sludge correlated strongly the high utilization rate of

hydrogen and degradation rate of propionic and butyrate acid.

The highest ETS value (12.17+1.00 pg-mg'-d') was observed in the 50-100 pm particle size

sludge (Fig. 3b), while the lowest ETS value (2.99+0.17 ug-mg'-d!) was found in the smallest particle

size sludge (<20 um). ETS activity can be used to estimate the biological respiratory activity and

bioactivity of sludge (Yin et al. 2018; Zhang et al. 2018b). Syntrophic bacteria and methanogens can

achieve methanogenesis of phenol by extracellular electron transfer (Yan et al. 2018), however, the

electron transport system activity of the small particle size sludge was weak.

3.4 Microbial community structure of size-distributed phenol-degrading sludge

3.4.1 Bacteria

Fig.4

The results of principal coordinate analysis (PCoA) based on weighted unifrac distance of

bacterial communities in each of the five samples are shown in Fig. 4a. The smallest particle size

sludge (<20 pum) located far away from the other samples, indicating a significant difference in

bacterial community structure compared to the other particle size sludges. Similar bacterial community

structure was observed between the 100-200 um and >200 um particle size sludge, indicated by the

short unifrac distance between the two. Based on the PCoA results, we further identified the microbial

11
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community structure at the phylum and genus levels, which are shown in Fig. 4b and c.

At the phylum level (Fig. 4b), Bacteroidetes (24.91%), Proteobacteria (17.32%), Thermotogae

(10.26%), Synergistetes (11.75%), Firmicutes (11%), Euryarchaeaota (9.1%), and Chloroflexi (8.44%)

were dominant in the smallest particle size sludge. The relative abundance of the phyla Cloacimonetes

(3.8-15.37%) and Proteobacteria (19-34.29%) in larger particle size sludge was greater than that of the

smallest particle size sludge. The relative abundance of the phyla Bacteroidetes (24.91-5.47%) and

Euryarchaeaota (9.1-0.27%) decreased with an increase in sludge particle size.

At the genus level (Fig. 4c), the relative abundances of the functional syntrophic phenol degraders

Syntrophus (2.27% to 29.12%), Candidatus Cloacamonas (1.49%-15.37%), and Pelotomaculum

(1.49% to 15.37%) increased along with particle size. The relative abundance of the syntrophic bacteria

Mesotoga, Thermovirga, and Levilinea, in all five particle sizes of sludge, was relatively high with no

significant difference between particle sizes. It has previously been reported that Thermovirga

(belonging to the phylum Synergistetes) has strong hydrolytic ability (Wang et al. 2017a). The role of

Mesotoga in anaerobic digestion has mainly been reported as a lactic acid utilizer (Goux et al. 2015),

but the exact role of Mesotoga in phenol degradation requires further exploration. Levilinea (belonging

to the phylum Chloroflexi) has often been found in phenolic treatment reactors. It is not only an

important hydrolytic fermentative bacterium (Antwi et al. 2017), but it is also a primary

acidogenic/acetogenic bacteria in anaerobic digesters (Zhang et al. 2017). The microbial phyla

Bacteroidetes, Firmicutes, Proteobacteria, and Chloroflexi have widely been reported in the anaerobic

treatment of phenolic wastewater (Li et al. 2016; Na et al. 2016). The phylum Proteobacteria plays an

important role in the key anaerobic digestion steps of hydrolysis and acetogenesis (Qian et al. 2019;

Wu et al. 2019). It has been reported that Syntrophus (belonging to the phylum Proteobacteria)

12
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intracellularly degrades benzoate into acetate and shows higher substrate affinity to benzoate or higher

growth rate (Chen et al. 2008). Since the conversion of phenol to benzoate is a rate-limiting step, the

rapid consumption of benzoate promoted the forward reaction of phenol conversion. The sludge with

the smaller particle sizes of <20 um and 20-50 pm had a relatively low abundance of Syntrophus,

indicating that the larger particle size sludges more than likely had the ability to convert phenol to

benzoate. It has been shown that Syntrophus establishes syntrophic interactions with hydrogenotrophic

methanogens through the H,-producing fermentation of various organic matter (Mclnerney et al. 2007).

Candidatus Cloacamonas, belonging to the phylum Cloacimonetes, plays a putative role in the

metabolism of fatty acids and amino acids (Ju and Zhang 2014; Svensson et al. 2018). Similar to

Syntrophus, Candidatus Cloacamonas is also an important syntrophic bacterium, explaining why the

larger particle size sludge had the better phenol degradation rate. Pelofomaculum, belonging to the

phylum Firmicutes, has been often detected in reactors treating wastewater containing aromatics (Nobu

et al. 2017). Species belonging to the phylum Firmicutes are acidogens or hydrolytic bacteria, which

are conducive to the conversion of phenol to benzoate. Previously, a high phenol conversion rate has

been shown to correlate with a relatively high abundance of Pelotomaculum (Muiioz Sierra et al. 2018).

Chen et al. (2008) reported that Desulfotomaculum subcluster Ih contained Pelotomaculum spp., which

could convert phenol to benzoate at 30-37°C under anaerobic conditions. Our experimental data

showed the largest particle size sludge exhibited the highest phenol degradation rate, which correlated

to the highest relative abundance of Pelotomaculum. Furthermore, Na et al. (2016) stated that phenol

was degraded by Syntrophus and Pelotomaculum, both of which were dominant in the largest particle

size sludge and the high phenol degradation rate and SMA -acetate values could be attributed to their

presence.
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Interestingly, only the smallest particle size sludge contained the bacteria Rhizobium, some strains

of which are known to efficiently recycle H» as an electron donor (Bretschger et al. 2015; Nguyen et al.

2017). Wei et al. (2008) and Gomez-Acata et al. (2017) reported that Rhizobium could utilize phenol as

a carbon source. Lai et al. (2016) found RhAizobium to be the predominant genus in H,/CO,-utilizing

experiments. Likewise, Leandro et al. (2018) found elevated Rhizobium in Ho/CO»-fed cultures. It is,

therefore, obvious that only the smallest particle size sludge, with its relatively high abundance of

Rhizobium showed a high H,/CO»-utilizing rate, but the exact pathway through which Rhizobium

utilizes H» remains unclear and requires further investigations. As the degradation of butyric and

propionic acids is thermodynamically favorable under low partial hydrogen pressure (Xu et al. 2016),

the smallest particle size sludge might be efficient for utilizing butyric and propionic acid, as indicated

earlier. The genera Chryseobacterium (20.38%) and Rhizobium (2.85%) were only found in the

smallest particle size sludge (<20 um). The genus Chryseobacterium has shown tolerance to a toxic

environment (Loveland-Curtze et al. 2010); thus, the smallest particle size sludge may play an

important role in resisting harsh conditions.

3.4.2 Archaea

Fig.5

The principal coordinate analysis (PCoA) based on weighted unifrac distance of archaea

communities in the five size samples is shown in Fig. 5a. Results show that the 50-100 pm, 100-200pm

and >200 pm particle size sludge have similar community structures. The seed sludge showed less

similarity in community structure compared to the other samples. Analysis of the archaeal microbial

community structure at the phylum and genus levels, based on the PCoA results, was conducted and is

shown in Fig. 5b and 5c. The main archaea from the five samples were found to consist of four genera,
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of which three were hydrogenotrophic methanogens (Methanofollis, Methanolinea, and

Methanosphaera) and one was a acetoclastic methanogen (Methanosaeta). Most archaea in the smallest

particle size sludge (<20 pm) were principally acetoclastic methanogens with Methanosaeta (belonging

to the phylum Euryarchaeaota) accounting for 92.6% of the relative abundance. With an increase in

sludge particle size, the relative abundance of acetoclastic methanogens gradually decreased, and the

types of methanogens tended to vary. Methanosaeta plays a significant role in granule formation by

forming a skeleton within the granule to which other bacteria are able to attach (Sutton et al. 2013;

Thauer et al. 2008). Previous studies have shown that Methanosaeta conducts direct interspecies

electron transfer with other bacterial species, accelerating the symbiotic degradation of propionate and

butyrate (Holmes et al. 2017; Zhao et al. 2016). Methanosaeta has been noted for its electron

consumption capacity as an acetoclastic methanogen, especially the consumption of electrons released

from the oxidation of butyrate or propionate to acetate (Wang and Li 2016), which could explain why

the smallest particle size sludge had the highest SMA- butyrate and propionate values. In previously

described anaerobic digesters, members of the phyla Synergistetes (represented by Syntrophus) and

Firmicutes (represented by Pelotomaculum) were able to provide H, and short-chain acids through the

degradation of organic acids, which helped to establish syntrophic relationships with hydrogenotrophic

and aceticlastic methanogens (especially Methanosaeta) (Riviere et al. 2009; Zhang et al. 2005). As

mentioned in section 3.4.1 of this paper, Candidatus Cloacimonas could establish syntrophic

relationships with hydrogenotrophic methanogens. According to Fig.4b and Fig.5b, the smallest

particle size sludge showed less relative abundance of these syntrophic bacteria. Although the smallest

particle size sludge had high H»-utilizing potential, according to the F420 and SMA-H> values, it lacked

an effective syntrophic relationship. The smallest particle size sludge contained only a low abundance
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of hydrogenotrophic methanogens and abundant acetoclastic methanogens; however, this sludge type

exhibited a strong ability to convert H»/CO, to methane. Combined with the Rhizobium distribution, we

speculate that the smallest particle size sludge can convert hydrogen to acetic acid through hydrogen

utilizers such as Rhizobium bacteria, and then convert the acetic acid to methane through acetoclastic

methanogens. Methanosaeta, which belongs to the order Methanosarcinales (Veeresh et al. 2005), was

the predominant acetoclastic methanogen among all samples. As previously discussed, Methanosaeta

sp. highly express genes that encode enzymes involved in the reduction of acetate to methane (Town et

al. 2014), cooperating with hydrogenotrophic methanogens. In our study, the abundance of

Methanofollis increased with an increase in sludge particle size. Satoru et al. (2011) stated that the

genus Methanofollis is always found in acetate-rich wastewaters. The role of Methanolinea in phenol

degradation is not clear, except as H, scavengers (Li et al. 2018a). Methanofollis and Methanolinea

belong to the order Methanomicrobiales, which is associated with fatty acid syntrophic degradation in

large particle size sludge.

The type of methanogen in the smallest particle size sludge was almost exclusively acetoclastic, so

its syntrophic degradation ability was not better than that of the large particle size sludge. Madigou et al.

(2016) indicated that hydrogenotrophic methanogenesis was preferred at high concentrations of phenol.

The large particle size sludge had reasonable proportions of acetoclastic and hydrogenotrophic

methanogens, leading to a high phenol degradation rate with excellent syntrophic association.

Fig.6

Table 2

Based on the bacteria and archaea community analysis, we propose a phenol degradation network

as shown in Fig. 6, indicating the suggested relevant players in each step. The relative abundance of
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each of those bacteria and archaea are reflected in Table 2. Fig.6 highlights some important bacteria

and archaea involved in anaerobic phenol degradation, especially syntrophic bacteria and methanogens.

All bacteria and archaea in Table 2 have been discussed in detail in the previous sections. In general,

compared to large granular sludge, especially the largest particle size sludge (>200 um), the smallest

particle size sludge showed a poor variety of syntrophic bacteria, and lacked strong syntrophic

cooperation with methanogens.

Conclusion

Generally, in the sludge flocs, the smallest size part showed a higher rate in utilizing hydrogen and

propionic acid, compared to the larger size part, while the larger particle part exhibited a higher

utilization of acetate and phenol degradation. The larger particle size sludge also had abundant

syntrophic bacteria and the dominant genera in the smallest particle size sludge were mostly related to

hydrogen utilization and environment adaption. Phenol degradation is clearly a process of syntrophic

cooperation, substantiated by the sludge flocs showing the better phenol utilization ability than any of

the different sized sludge. Whatever the size of sludge flocs, the smallest size sludge is a beneficial

supplement to establish a strong syntrophic cooperation in the sludge flocs. This study has been

instrumental in elucidating the underlying microbial synergistic mechanisms in the sludge flocs and

their alterations related to the changes in sludge morphology.
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Figure captions

Fig.1 Substrate utilization rate (SUR) of size-distributed phenol-degrading sludge

Fig.2 Specific methanogenic activity (SMA) of size-distributed phenol-degrading sludge

Fig.3 Fax (a) and ETS activity (b) of size-distributed phenol-degrading sludge

Fig.4 (a) PCoA based on weighted unifrac distance of bacterial communities in size-distributed

phenol-degrading sludge; Relative abundances of the bacteria in the at the (b) phylum level, (c) genus

level

Fig.5 (a) PCoA based on weighted unifrac distance of archaea communities in size-distributed

phenol-degrading sludge; Relative abundances of the archaea in the at the (b) phylum level, (c) genus

level that relative abundance below 1%.

Fig.6 Phenol degradation pathway with related bacteria and archaea

Table captions

Table 1 Information of anaerobic phenol-degrading sludge reported in the literatures
Table 2 The related bacteria and archaea and their relative abundance

Supplementary material

Fig. S1 Phenol concentration change of size-distributed phenol-degrading sludge in substrate utilization

rate (SUR) experiment.
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Figure 4
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Fig.4 (a) PCoA based on weighted unifrac distance of bacterial communities in size-distributed

phenol-degrading sludge; Relative abundances of the bacteria in the at the (b) phylum level, (c) genus

level (“Other” represents all classified taxa that were <1% in all samples. PCoA represents Principal

coordinates analysis. The symbols 20, 50, 50 100, 100_200, 200 and seed in (a)-(c) represent the

sludge samples with particle size ranges of <20um, 20-50pm, 50-100 pm, 100-200 pm, >200 pm

and the seed sludge without any size segregation, respectively)



Figure 5

H100_200 @ P100_200
0.2 e 230 ® P200
3 Psufmo e
& 0.1e ©® P50_100
g ® P20_50
g Seed © Seed
< .00 °
b @)
P50
024 °®
P20
03] °
02 0.0 02 04 06 0.8
PG1(80.17%)

100

80
60 -
B others
[ Crenarchaeota
40 Woesearchaeota
[ Euryarchaeota
20
oL

<20 20-50  50-100  100-200  >200 seed

Relative Abundance(%)

Sludge size (um)

80 F (©

60
[ Others
I Methanosphaera
| Methanolinea

4 Methanofollis
[ Methanosaeta

2

[UR

20-50  50-100  100-200  >200 seed

100 -

Relative Abundance(%)
(=}

=3

Sludge size (um)
Fig.5 (a) PCoA based on weighted unifrac distance of archaeca communities in size-distributed
phenol-degrading sludge; Relative abundances of the archaea in the at the (b) phylum level, (c) genus
level (“Other” represents all classified taxa that were <1% in all samples. PCoA represents Principal
coordinates analysis. The symbols 20, 50, 50 100, 100_200, 200 and seed in (a)-(c) represent the

sludge samples with particle size ranges of <20pum, 20-50pum, 50-100 pm, 100-200 pwm, >200 um
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Figure 6
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Fig.6 Phenol degradation pathway with related bacteria and archaea
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