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Abstract A two-phase integrated sludge thickening and
digestion (TISTD) reactor composed of an inner and an outer
reactor was developed. Acidification of natural organic
material was the primary process in the outer reactor, whilst
methane production was the dominant bioreaction occurring
in the inner one. The special structure of TISTD thus enables
the effective separation of the acid production phase and
methane production phase during sludge processing.
Molecular biological technology, including 16S rRNA gene
and PCR-TGGE, was utilized to investigate the overall
microbial community structure and diversity, as well as the
processes of dynamic change. Analysis was also conducted
on succinate dehydrogenase and coenzyme F,,, change
trends at each dosing ratio. The microbial community
structure of the system exhibited disorder gradually and led
to collapse when the dosing ratio increased above 30 %.

Keywords Excess sludge - TISTD reactor - Microbial
diversity - Microbial community structure - 16S rRNA
gene - TGGE

Introduction

The sludge processing industry has experienced rapid
development recently in China, with the growth in sludge
processing capabilities and processing rate. The processed
sludge in China by 2012 had reached 42.28 x 10° m®, with
dewatered sludge annual production volume approximately
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22 x 10° tons. Environmental issues caused by sludge
from sewage works has been highlighted. It has been
revealed that 80 % of the sludge produced by China’s
sewage treatment works (STWs) is not appropriately dis-
posed of and this has led to secondary contamination
attracting severe environmental health concerns.

China currently has 20,000 small cities and towns, 70 %
of which are located in the Western mountainous regions.
The production capacity of the STWs in these small cities
and towns is low, characterized by tight facility footprint,
and a dearth of general operations technology, manage-
ment, and funding. In addition, as a result of the overly
complex processes of traditional sludge processing, and the
issue of the high cost of construction and operations,
sewage plants in these small cities and towns produce
lower sludge processing rates, severely influencing the
ecological environment of rural regions in China.

The TISTD reactor was developed to deal with sludge
processing by STWs of small cities and towns in the Three
Gorges Reservoir Regions on Yangtze River. The sludge is
handled by this reactor through the integration of a gravita-
tional sludge thickener, a rapid digester, and a rapid anaerobic
reactor IC, UASB, and EGSB, among other technologies. It not
only allows for a simplified sludge handling process, but also
solves high cost and technical issues involved in sludge pro-
cessing, thus achieving sludge reduction and stability. Labo-
ratory-scale researches reveal that the TISTD reactor sludge
thickening digestion is more effective than regular thickeners
and digesters (He et al. 2012). Although the optimum design
and operational parameters of the reactors were obtained, the
operational microbial mechanisms also needed to be known in
order to further optimize reactor design and application.

The TISTD reactor moves the anaerobic digestion process
production of acid and methane into separate inner and outer
chambers of the reactor, respectively. The objective is to
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permit optimal development conditions for bacterial cultures
that produce acid and methane, respectively, and to allow
freedom of activity to each and, thus, improve sludge anaer-
obic digestion efficiency (Pahl et al. 2008). The bacterial
cultures for acid and methane production are hardly separated
according to the three-phase theory of anaerobic digestion,
and a dynamic equilibrium state can be obtained through
mutual constraint, mutual influence and coordinative effects.
This is the microbial foundation of the TISTD reactor’s stable
operation (Wen-Tso et al. 2002; Ji et al. 2009). From the
perspective of microbial ecology, even though the acid-pro-
ducing stage primarily consists of acid-producing fermenta-
tive bacteria, and the methane-producing stage consists of
methane-producing bacteria, the overall system nonetheless
includes various other community (Yoshida et al. 2009; Song
et al. 2010). The reactor’s operational stability and efficiency
depends to a large degree on the microbial diversity and
activity of dominant types. Different conditions of the reac-
tor’s operational stability and efficiency are necessarily rela-
ted to system community structure succession (Liu et al. 2010;
Shin et al. 2010). Traditional microbial isolation and culti-
vation techniques can isolate a portion of functional bacterial
strains; however, it is unable to fully reflect environmental
microbial diversity in terms of abundance and scope. Fortu-
nately, modern molecular biology technology offers new
routes through research into uncultivatable microbes (Gomez-
Villalba et al. 2006; Ivnitsky et al. 2007). Temperature Gra-
dient Gel Electrophoresis(TGGE) is used to investigate
microbial communities through detecting the information of
nucleic acid, and can allow the observation of uncultivatable
bacteria and their functional genes (Muyzer et al. 1998;
Riesner et al. 1989). TGGE is widely utilized in active sludge,
biological membranes, biological reactors, and other envi-
ronmental sample microbe diversity testing and species suc-
cession research (Calderon et al. 2012; Molina-Muifioz et al.
2009; Wan et al. 2011).

This research, through the use of molecular biology tech-
niques, including 16S rRNA gene sequencing and PCR-TGGE,
investigated complete TISTD reactor cycles from initiation to
failure in terms of microbial diversity and successful microbial
community structure dynamic processes. The objective of the
research is to promote reactor applications, as well as to further
optimize reactor system structure and operational parameters,
thereby improving the sludge-processing efficiency and the
theoretical basis for microbiology.

Materials and methods
TISTD reactor structure and principles

The TISTD reactor is composed of five components: an
outer reactor, an inner reactor, a precipitate liquid outlet
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area, a sludge compression area, and a gas collection
chamber (see Fig. 1 for structure and operation principles).
The design of the reactor aims to utilize the outer reactor
area to conduct sludge thickening and hydrolysis-acidifi-
cation once thickened. The goal of oxygen exhausting
within the sludge is also achieved, together with the
hydrolysis-acidification in the outer chamber. The sludge
drops from the outer reactor portion through holes and into
the inner reactor after hydrolysis-acidification. Anaerobic
digestion occurs in the inner reactor, with third-stage sep-
aration of gas, water, and mud completed in the third step.
Digested sludge is expelled from the reactor’s base sludge-
thickening area. The gas is separated by a gas—liquid sep-
arator, from whose top portion the gas is exhausted after
passing through gas-washing bottles and a wet-type gas
flow meter. Based on the principle that sludge acid pro-
duction rates are higher than methane production rates, the
ratio of volume between outer and inner reactors is 1:3.
Inoculation of sludge was brought to the preliminary
sedimentation tank, with a sludge inoculation amount of
50 1. On the same day, the remaining 20 1 of sludge was
added to initiate inoculated sludge domestication. The
temperature of the inner reactor was gradually raised to
approximately 35° and then maintained at 35° + 2°. The
sludge were taken from the same wastewater treatment
plant and the parameters of the entry sludge and the
excreted sludge such as pH, VFA, water content were
detected everyday during each dosing ratios so the range of
values of each parameters were obtained. The sludge was
stirred for 30 min each time and 4 times per day at the
steady temperature. Stable operating status was achieved at
dosing ratios of 20, 30, 40, and 50 %. Stable gas produc-
tion, expelled sludge water content, and relatively balanced
VS/TS are the references of stable operation. One month
after each stage was stabilized in effect, the dosing ratio
was raised to the next stage conduct culturing. The con-
struction parameters of the reactor are shown in Table 1.

Strain separation and identification

At the same time and under the same conditions, we con-
sulted Hungate et al. (1980) for culture medium prepara-
tion. Microbe calculation utilized the MPN method (Lu
Fudi et al. 1996). Anaerobic bacterial strain identification
used the 16S rDNA series analysis method. The expanded
PCR reaction primer employed in 16S rDNA was a general
primer. Forward primer 8F: AGAGTTTGATCCTG GCT-
CAG:; and reverse primer 1495R: CTACGGCTACCT TG
TTACGA. The PCR method was utilized as the reference
described (Molina et al. 2014). PCR products were tested
by agarose electrophoresis, and underwent extraction of
DNA from agarose gel, PCR amplification, and TGGE
identification prior to sequencing.
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Fig. 1 Cutaway view and
treatment principle of the
TISTD

&

suvernatant+

——

2as storage box«

Q

gas pump-

gas effluence+

biogas+

L]

sludge «
Q inflow+

ST e e

lo.zo 1

Table 1 Construction parameters of TISTD reactor

Available Water passing
volume (1) area (mz)
Total volume 129 0.10
Outer reactor 25 0.07
Inner reactor 75 0.03
The sludge compress region 6 0.03
Drainage region 20 0.09
Gas collected region 3

Sludge total DNA extraction and purification

The phenol—chloroform protocol was employed in sludge
total DNA extraction. In a 10-ml sterilized centrifuge tube,
8 ml of sludge liquid mixture was added, centrifuged at
8000 rev min~! at 4 °C for 10 min, and the supernatant
removed. 8 ml of sterile double-distilled water was added
into the centrifuge tube, oscillating the suspended sludge,
and finally centrifuged for another 10 min with
8000 rev min~"' speed and at 4 °C, removing the super-
natant. These steps were repeated 3 times. After the sludge
was cleaned, 2 ml DNA extraction buffer liquid was added
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to the centrifuge tube (STE buffer liquid: 20 ml 5 M NaCl,
10ml 1M TrissHCl pH=8.0; 2ml 05M EDTA
pH = 8.0), as well as 40 pl of protease (10 mg ml™"). The
sludge was uniformly mixed with the solution and, at
37 °C, placed it on a horizontal oscillator to oscillate for
30 min at a speed of 225 rev min~'. Once completed, 2 ml
10 % SDS was added, mixed until uniform, and the mix-
ture placed in a 65 °C bath for 2 h. During this time, it was
lightly shaken once every 10 min. Finally 10 min centri-
fugation of the sample at a speed of 8000 rev min~' was
followed by removal of the supernatant and it was put on
ice for future use.

An equal amount of phenol-chloroform was added to
the DNA serum (1:1), with light mixing to make the
solution become a milky-white color. We centrifuged the
milky-white liquid at room temperature at a speed of
8000 rev min~' for 5 min, transferring the supernatant to
another sterile centrifuge tube. This step was repeated 3
times. Finally, an equal amount of chloroform was added to
the water, and mixed evenly until it became a milky-opa-
que color. It was then centrifuged on the at room temper-
ature at a speed of 8000 rev min~' for 5 min, transferring
the supernatant to another sterile centrifugal tube. 40 pl of
2 M ammonium acetate and 4 ml of anhydrous ethanol
precipitated DNA were utilized, and allowed to stand for
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30 min at —20 °C; and then centrifuged for 20 min at a
speed of 10,000 rev-min~"'. 2 ml of 70 % ethanol cleaning
precipitate was employed, and centrifuged for 10 min at a
speed of 10,000 rev min~'. We carefully removed the
supernatant, and all of the remaining liquid was allowed to
evaporate at room temperature until dry. The DNA pre-
cipitate was then dissolved into 100 pl of sterile double-
distilled water. The DNA solution was stored at —20 °C.

The rough DNA utilized a DNA-purifying test kit
(Shanghai Sangon Biotech) for purification, and DNA
samples were stored at —20 °C.

16S rDNA V3 area amplification

The primers which were produced by Invitrogen Biotech-
nology Co., Ltd (Shanghai) were utilized in this paper.
Primer P1 sequence was: 5'-ATTACCGCGGCTGCTGG-
3/, and primer P2 sequence was: 5'-CGCCCGCCGCGCGC
GGCGGGCGGGGCGGGGGCACGGGGGGCCTACGG
GAGGCAGCAG-3'. The PCR reactor system composition
and reactor conditions were as follows: total reaction vol-
ume of 25 pl, of which 16 pl of double-distilled water was
included, 2.5 ul buffer (including Mg*"), primer was
diluted to 10 pmol ul_l, P1 and P2 each of 1 ul, DNA
template 2 pl, and 2U Taq polymerase (Dingguo Bio-
technology Co., Ltd, Shanghai). The TE buffer solution
(100 mM  Tris-HCl (pH = 8.0) and 10 mM EDTA
(pH = 8.0) were mixed together and then autoclaved) was
chosen to substitute template DNA to act as a blank con-
trol. The temperature setting: initial denaturation for 5 min
at 94 °C;denaturation for 45 s at 94°; annealing for 1 min
at 55°;extension for 45 s at 72°. There were a total of 30
cycles; finally, completing the reaction with extension for
10 min at 72 °C.

PCR product analysis: the 1.5 % agarose gel was used to
conduct electrophoresis with PCR product (25 pl). The
electrophoresis liquid was TBE buffer liquid(0.M Tris—
HCL,0.1 M boric acid, 0.002 M EDTA,pH = 8.0). The
voltage was 4 V cmfl, the electrophoresis time was 1 h,
and 1 Kb gradient DNA was utilized as standard for
molecular weight. The results of electrophoresis were
observed in the GEL imaging system.

TGGE analysis

PCR amplification product used 1 % agarose to conduct
gel electrophoresis qualitative analysis. A 42-60 °C tem-
perature gradient for the 16S rDNA fragment was used to
conduct analysis, with a voltage of 155 V, and a time of
18 h. Silver staining was employed to conduct staining of
the TGGE gel, including using 400 ml of stabilizing liquid
(30 % EtOH 10 % glacial acid), stabilized for 30 min,
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400 mL 30 % ethanol enhancer was utilized for 30 min,
and this process was then repeated 2 times. The 400 ml
staining liquid (0.1 % AgNO;, 0.1 % formaldehyde)
staining was completed for 30 min and developing solution
(2.5 % Na2COs;, 0.1 % formaldehyde, 0.02 % Na2COs3)
was used to reveal color. Once the required bands
appeared, 400 ml 10 % glacial acetic acid was utilized to
cease development.

Gel bands and system phylogeny analysis

Return and analysis of cut gel bands was conducted on
sludge sample TGGE patterns. The returned cut gel bands
were transferred to 1.5 ml centrifugal tubes, and an
appropriate amount of TE buffer liquid was added, cru-
shed, and left overnight at 4 °C. PCR amplification was
again conducted after the gel DNA precipitate obtained
1 pl as a template. The TGGE technology was used to
inspect the purity of the returned band and condition of
separation. The above steps were repeated until there were
no longer any nonspecific amplifications.

The final PCR product was brought to a company for
gene sequencing. Organization of the sequences was
completed using DNAMAN software. Non-chimera
sequence data from GenBank (http://www.ncbi.nlm.nih.
gov/BLAST/) was obtained for homologue-related classic
bacterial strain 16S rDNA sequences. Relevant character-
istic sequences were chosen from GenBank, with multiple
sequence comparisons conducted according to the largest
homologue principle together with sequencing results in
this paper using Clustal W (www.ebi.ac.uk/clustalw/).
Comparison results were transmitted into the MEGA 4
(Molecular Evolutionary Genetics Analysis, MEGA) soft-
ware package, and a phylogenetic tree was built using the
Neighbour-Joining method. The bootstrap appraisal value
was set to 1,000.

Enzymatic activity testing
SDH activity testing method

A 50 ml amount of anaerobic sludge was obtained from the
reactor and placed into a 250-ml Erlenmeyer flask. Rig-
orous shaking with glass beads was applied to break apart
and shatter the sludge; once centrifugal force was applied,
the supernatant was removed. A saline solution (0.9 %
concentration NaCl) was then employed to shake and
clean, and this was repeated 3 times. Finally, we used the
saline solution to dilute the original volume, and agitated
until the sludge floated; it was then placed to one side. The
standard arc of the SDH was drawn out according to
standard methods, with active sludge liquid of 2 ml placed
in a capped tube. 2 ml of Tris—HCI buffer liquid, 0.1 M
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glucose liquid, and 0.5 % TTC (2,3,5-triphenyltetrazolium
chloride), respectively, were then added. This was left at
37 £ 1 °C in an incubator to grow for 4 h. Upon extrac-
tion, 2 drops of concentrated sulfuric acid were added to
stop the reaction, and 5 ml of methylbenzene was added.
The mixture was centrifuged at 4,000 rev min~! for 5 min.
The organic solution color layers were compared. Under
the above-described conditions, 1 h of produced 1 pg
(Triphenylformazan, TF) per unit volume is one unit of
enzyme activity.

Coenzyme F420 activity confirmation method

10 ml of reaction liquid was taken and added to the saline
solution, and mixed and diluted. The liquor was then
centrifuged for 15 min under the conditions of
6,000 rev min~'. The precipitate was extracted and, after
using the saline solution for dilution, it was heated at 95 °C
for 30 min. Once cooled, ethanol solution was added [V
(ethanol):V  (substrate) = 2.5:1, and centrifuged at
6,000 rev min~—" for 15 min], and the top layer of serum
was collected. 4 M NaOH solution was utilized to adjust
the top serum, so that pH = 13.5. After 15 min centrifu-
gation at 8,000 rev min~!, the supernatant was extracted;
this was then separated evenly into two halves. 6 M HCl
was utilized to maintain a pH of just below 3 for one half,
and HCI usage amount was recorded. Distilled water in a
similar volume to that of the HCI was added to the second
half to be used as a reference sample. The two above-
mentioned solutions underwent colorimetric estimation at
wavelength 420 nm, with coenzyme F,,, activity calcu-
lated. The coenzyme F,,( calculation formula is C = Af/
sL. Where, C is the coenzyme F,, concentration,
pmol 17'; A represents the value which use pH < 3 sample
solution as reference, pH = 13.5 sample solution at
420 nm extinction value, g/(cm-mol); f is the dilution
factor; L is the cuvette thickness, cm; and s is the milli-
molar extinction coefficient of F4y at pH = 13.6,
s = 54.3.

Results and discussion
TISTD reactor operation results

The pH value and VFA are important influencing factors
for the process of anaerobic digestion. In addition, VFA
was an important intermediate product during the process
of anaerobic digestion. Based on the three-phase theory of
methane fermentation, 72 % of methane came from acetic
acid splitting, and only 28 % came from H, oxidation and
CO; restoration (Wen-Tso et al. 2002; Ivnitsky et al. 2007).
The majority of the acetic acid, moreover, was produced

from acetogenic bacteria oxidizing propionic acid, butyric
acid, and valeric acid, among other VFA. The anaerobic
digestion reactor in good operation had a VFA concentra-
tion <500 mg/l, with the ideal being 300 mg/l (Medina-
Pons et al. 2008).

In order to observe the reactor’s ideal processing capa-
bilities, sludge dosing ratios of 20, 30, 40, and 50 % were
selected for operating loads, with sludge and water added
and removed in batches. The results of the experiments are
displayed in Table 2. The reactor’s sludge entry VS/TS
was between 0.53 and 0.77, with expelled sludge VS/TS
between 0.21 and 0.28 when the dosing ratio is <30 %.
Gas production was between 18.72 and 48.38 1 day™'. This
demonstrates that sludge organic matter in the reactor
received relatively effective anaerobic digestion. The
organic matter decomposition ratio reached between 60
and 65 %. When the dosing ratio was 40 %, the reactor’s
sludge entry VS/TS was between 0.58 and 0.78, with the
expelled sludge VS/TS between 0.38 and 0.44. Experi-
mental results indicated that the 30 % dosing ratio was the
critical value for sludge digestion efficiency and the reac-
tor’s optimal operating load thus was set as 30 %.

30 % dosing rate microbial diversity and distribution
characteristics

Operating results revealed that the TISTD reactor was able
to achieve sludge thickening and digestion simultaneously
within a single reactor at a fair efficacy. From a microbi-
ological perspective, the acid production stage occurs pri-
marily through the existence of acid fermentative bacteria,
and the methane stage occurs primarily through methano-
genic bacteria, the entire system thus includes various
bacterial species. The reactor’s operational stability and
efficiency largely depend on the microbial diversity and
activity of dominant types. Observation was conducted of
the microbial diversity of the reactor’s inner and outer
compartments and distributions at a dosing ratio of 30 % in
order to observe the microbial conditions under various
dosing ratios and to better understand reactor operating
performance. An S3400 scanning electron microscope was
firstly applied to observe the reactor’s inner and outer
reactor microbes. Results are presented in Fig. 2 (a is the
inner reactor top section; b is the inner reactor mid-section;
and c is the outer reactor).

Some bacteria found in the inner reactor upper portion
were similar to methanogenic species. They were numer-
ous (Fig. 2a), including Methanosaeta, Methanobacteri-
ales, and Methanococcus. Of these, those similar in
structure to Methanosaeta strains were relatively numer-
ous. Methanosaeta existed in large numbers within the
anaerobic digestion reactor, and its growth environment
requires a relatively low concentration of methane. The
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Table 2 Reactor operating results at different dosing rates

Index Value Dosing ratio
20 % 30 % 40 % 50 %
Temperature Range 33-37 °C
Average 35 °C
Entry sludge pH Range 6.92-7.45 6.96-7.44 7.03-7.52 7.18-7.53
Average 7.25 7.25 7.25 7.32
Entry sludge alkalinity (mg/l) Range 180400 400-270 180-630 210-360
Average 315 317 336 300
Entry sludge water content (%) Range 99.52-99.91 % 99.43-99.69 % 99.25-99.81 % 99.60-99.76 %
Average 99.73 % 99.59 % 99.60 % 99.67
Entry sludge VS/TS Range 0.53-0.72 0.62-0.77 0.58-0.78 0.51-0.70
Average 0.64 0.68 0.66 0.64
Exit water SS (g/1) Range 0.20-1.02 0.15-0.60 0.43-0.70 0.46-0.99
Average 0.34 0.42 0.52 0.65
Excreted sludge VS/TS Range 0.22-0.27 0.21-0.28 0.28-0.45 0.38-0.44
Average 0.24 0.24 0.36 0.42
Excreted sludge water content Range 85.78-90.71 % 89.52-93.51 % 92.95-96.71 % 95.72-97.15 %
(%) Average 89.29 % 92.09 % 95.51 % 96.23 %
Gas production (I/day) Range 18.72-23.76 27.27-48.38 35.26-45.53 39.28-46.36
Average 22.86 40.35 44.57 43.62
VFA concentration (mg/l) VFA volume in inner chamber range  198-285 202-287 310-398 440-512
Inner chamber average 223 233 367 477
VFA volume in outer chamber range = 348-402 377-410 412-523 476-535
Outer chamber average 356 389 476 498

Fig. 2 Photo of upside in TISTD reactor

inner reactor mid-portion scanning electron microscopic
image is as seen in Image b.

Some strains were similar to Methanosaeta and Met-
hanosarcina were relatively numerous within the inner
reactor, with also many cells resembling zoogloea, with
relatively large shaped volumes, and dominant colonies
were relatively marked. Methanosarcina is a bacterium that
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converts acetic acid to methane, and its growth environ-
ment requires relatively high concentrations of acetic acid.
The outer reactor’s lower portion scanning electron
microscope image is as seen in Fig. 2c. The outer reactor
lower portion has numerous types of bacteria, and the
microbes have various types which were similar to cocci,
long and short bacilli, filamentous bacteria, and
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Table 3 Counting results of each strains in the reactor (c.f.u./g)

Colony code Calculation Colony code Calculation
results results
N1 0.8 x 10° w1 6.5 x 10°
N2 1.2 x 10° w2 0.9 x 10°
N3 0.9 x 10° W3 43 x 10*
N4 1.4 x 10* W4 13 x 10°
N5 1.5 x 10* W5 1.1 x 10°
N6 2.4 x 10° W6 6.5 x 10°
N7 0.6 x 10° w7 5.4 x 10°
N8 1.1 x 10° w38 0.7 x 10°
N9 04 x 10 W9 1.2 x 10°
N10 0.2 x 10° W10 0.8 x 10°

Acetobacter. These bacterial colonies existed in groups, or
were distributed sporadically. The outer reactor lower
portion thickening sludge content was especially complex.
A diversity of bacterial strains is beneficial to the acidic
decomposition of the sludge.

Through separated, purified and cultured using the
method as showed above, 10 strains of bacteria were
selected from the system’s inner and outer reactor sludge by
separation and purification. Their respective labels were
inner reactor: N1-N10; and outer reactor: WI1-W10.
Through colony counts, there were 6 strains with higher
count: N4, N5, N6, W3, W4, and W9. Results were compiled
as shown in Table 3. Of these, N4, W4, and W9 strain cell
shapes were as seen in Fig. 3a. From the image, the shape of
the separated culture anaerobic strains also showed diver-
sified distribution, and the strain shapes obtained were rel-
atively uniform, with good purification results. This
indicates that the anaerobic work station provided good
conditions for the anaerobic microbial culturing, and it was
possible to conduct anaerobic bacteria calculation analysis.
The reactor at its optimal dosing ratio (30 %) stage was able
to separate and culture the highest number of dominant
strains, with the possibility of relatively numerous non-
cultured bacteria strains still existing to maintain the reactor
operating functionality. The TISTD reactor microbes that
could be cultured were primarily anaerobic and facultative
anaerobic functional types, offering primary support to its
good processing performance.

Six strains of dominant bacteria were subjected to
extraction of DNA from agarose gel, PCR amplification,
TGGE identification, and gene sequencing and finally three
of these strains’ 163 rDNA sequences (W4, W9, N4) were
obtained. Using the MEGA 4 software package, system
growth analysis was conducted on the obtained 3 dominant
strain sequences to establish a phylogenetic tree (Fig. 3b).
The results show that the W4 and W9 strains, and bacillus
homologies are relatively good, and are above 98 %. The

N4 strain and Methanospirillum homologies were rela-
tively good, at more than 97 %. It was possible to pre-
liminarily identify W4 and W9 as bacillus; N4 was
Methanospirillum hungatei. Of these, the W4 and W9
strains were obtained from the outer reactor. Based on the
results presented in Table 2, these two strains were the
most prevalent two strains in the outer reactor. Their
quantities were 1.3 x 10° and 1.2 x 10°, respectively.
This shows that W4 and W9 were the primary movers in
terms of functional strains in the outer reactor. Summa-
rizing Figs. 2 and 3 analyses, it is clear that the outer
reactor is the primary location for hydrolysis acidification.
In the same manner, the N4 strain was obtained from the
inner reactor, proving that the inner reactor facilitates the
growth of methanogenic bacteria and was the primary
location for production of gas and anaerobic digestion.
Therefore, the reactor can culture anaerobic methane-pro-
ducing bacteria and effectively achieve sludge anaerobic
digestion biological stage separation processes.

Reactor microbial community structure succession
process

Remarkable drops in operating efficiency were observed
when the dosing rate was increased from recommended 30
to 40 % or even 50 %, and this may lead to system failure. In
order to explain this, research was conducted on TISTD
reactor processes in terms of microbial community structure
characteristics and microorganism activity succession rules.
TGGE technology has its advantages in researching the
inheritance diversity and type difference of the microor-
ganisms. However, this technology is unable to offer
information regarding microbiological colony metabolic
activity, microorganism quantity, and gene expression (Gi-
nige et al. 2004). Biological and enzymological analysis can
provide colony metabolic activity characteristics (Yun et al.
2010). The energy necessary for microorganisms in anaer-
obic digestion sludge to maintain activity comes from cell
component material oxidized decomposition, or endogenous
metabolism. Succinate dehydrogenase is a microbial cell
internal enzyme catalysing dehydrogenation, and electrons
are transmitted to the final electron acceptor oxidoreductase.
To a great extent, this reflects active microorganism quantity
and its endogenous metabolism, in regards to organic matter.
SDH activity is often ascertained through adding artificial
hydrogen acceptors, or TTC. Coenzyme F,, itself is a kind
of coenzyme that produces methane, and is utilized as a
vehicle for low potential electricity; it plays an important
role in the formation of methane. Therefore, this paper
explains microorganism characteristic change rules in the
TISTD reactor at various dosing ratios through results ana-
lysis from SDH and coenzyme F,,o in summary together
with TGGE illustrations.
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Fig. 4 Variation of F,5( from different sampling spots and relationship between sludge feeding rate and dehydrogenation enzyme activity

Under various dosing ratios, the tested reactor inner
chamber coenzyme F,,, change trends and SDH of the
inner and outer reactors change trends are seen in Fig. 4.

Quantity one software was utilized to conduct band
analysis and cluster analysis of inner and outer reactor
TGGE illustrations at various dosing ratios; the results are
presented in Table 4 and Fig. 5.

From the Table 4 we can see the similarity between
every two dosing, for example, the similarity between
20 % dosing and 30 % dosing in the inner reactor was
64.3 %, it got the relative higher similarity than others.
When the dosing raised from 30 to 40 %, the similarity was
dropped to 36.5 % in inner reactor and 31.0 % when raised
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from 30 to 50 %. This is probably because when the dosing
ratio was raised to 50 % the inner reactor lost its function
of anaerobic digestion, as its microbial construction was
changed significantly. From the results, it can be predicated
that the construction of the microbial population was
changed when the dosing ratio was above 30 %.

Results from Fig. 5 show that the system’s microor-
ganism strain similarity was highest under conditions of 20
and 30 % dosing ratio in the inner reactor, whilst the type
structure similarity differences were marginal in the outer
reactor. At the dosing ratio 10, 20, and 30 %, similarity
was high. In the inner reactor, each of the bands 2, 3, 8, 9,
10, 12, 15, 21, 24, 28, and 33 were markedly dominant.
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Table 4 Similarity matrix of TGGE patterns

Lane 10 % 20 % 30 % 40 % 50 %
(a) Inner reactor
10 % 100.0 40.3 32.7 342 33.0
20 % 40.3 100.0 64.3 39.3 57.7
30 % 32.7 64.3 100.0 36.5 69.0
40 % 342 39.3 36.5 100.0 36.6
50 % 33.0 57.7 31.0 36.6 100.0
(b) Outer reactor
10 % 100.0 62.1 63.6 59.6 60.8
20 % 62.1 100.0 60.9 53.3 60.6
30 % 63.6 60.9 100.0 58.1 59.7
40 % 59.6 53.3 58.1 100.0 65.9
50 % 60.8 60.6 59.7 65.9 100.0

Their proportional changes were not significant in relation
to reactor load changes. Of these, bands 9, 21, and 33
lacked or had weak strains at dosing ratios of 10 and 50 %,
which were likely to be methanogenic bacteria. The outer

Fig. 5 Sludge TGGE bands
recognition and similarity ratio
map of the TISTD reactor.
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reactor bands 3, 6, 7, 8, 11, 15, 16, 17, 26, 34, and 35 were
dominant. Of these, bands 6, 8, and 34 became weak or
even lost at dosing ratios of 10 and 50 %, and these were
likely characteristic spectral band strains maintaining outer
reactor hydrolysis acidification, key strains that support
reactor sludge digestion stabile operation. In addition, the
outer reactor’s 2, 7, and 34 bands did not appear in the
inner reactor, and became weak at 50 % dosing rate, which
showed that this strain can only have an effect in the
hydrolysis acidification stage, and its ability to resist load
pressure is not strong. The inner reactor 26, and strains
between the outer reactor 8 and 10, 23 and 25, and 28-29
all had system failure periods. For this period’s special
strains, they were likely primarily dominant bacteria that
led to the system failure. Inner reactor band 9 strain basi-
cally vanished during the system failure period. This also
shows that this bacterium cannot suit itself to growth
conditions during the failure period; rather, it is a sup-
porting strain for normal operations.

According to Table 1, the reactor’s processing effi-
ciency was further improved and reached an optimal

1 ] 0
2 == 12
1o L I I
== = == Ig 3 3
= = — 16
77 4 4
== 18 81 —— o B
—_ == == I 1g 74 7
10 T
= 111 1§:: o gU
112 114 111
1 12+ 112
— H 131 == 113
=l i
== — 112 181 == 18
== == B == = £
=0 == 133 T —_ == 1
S == 1
— 124 25 == 125
— ::ag 2%+ 1T 1%
—— 127 274+ 27
= F =% 3 = &
I -/ 1% P —— i
2 == 1%
3 341 —— 134
34 354 35
135 3B+ —— +36
2 3 5 1 4 1 3 2 5 4
100.0% 64.3% 57.7% 40.3% 39.3% 100.0% 636% 621% 60.8% 59.6%
(a) (b)

@ Springer



3146

World J Microbiol Biotechnol (2014) 30:3137-3147

processing performance, when the dosing ratio was raised
from 20 to 30 %. Also from Table 3 and Fig. 5, the inner
reactor strain quantity basically remained unchanged, with
strain structure similarity relatively high at 64.3 %. The
outer reactor strain quantity also remained basically
unchanged, with strain structure similarity of 60.9 %,
slightly lower than the inner reactor. This shows that the
overall reactor system microorganism strain structure and
quantities did not change significantly and were relatively
stable at this stage with the increase of dosing ratio. This
shows the efficacy of the reactor in dealing with load
pressure. However, it is difficult to completely understand
the reactor’s marked improvements in performance at this
stage by simply looking at microbial community structure
information. It is also necessary to analyse a summation of
enzyme activity changes. According to the results from
Fig. 4, the SDH activity and F4, were both increasing with
the increasing of dosing ratio during this period, showing
that the reactor’s system microorganism strain metabolic
activity was rising and that the reactor’s processing per-
formance was rising accordingly.

When the dosing ratio was raised from 30 to 40 %, the
inner reactor band quantity was reduced from 48 to 35,
strain structure similarity dropped to 36.5 % and, observed
from Table 3, the inner reactor SDH and coenzyme Fj
contents both dropped. Of these, SDH dropped from 80.1
to 79.3 ug 1I"' h™', while coenzyme F,,, dropped from
0.184 to 0.171 pmol g~'. The outer reactor band quantity
rose from 36 to 43, and the SDH rose from 97.7 to
101.3 ug 17" h™'. The above results reveal that as the
dosing ratio is raised, bacteria involved in hydrolysis
acidification in the outer reactor increase, leading to an
increase in organic acid entering the inner reactor. This
agrees with the VFA determinations in Table 2. With the
excessive organic acid entering the inner reactor, a portion
of Methanosaeta is subjected to suppression, which influ-
ences the final digestion rate.

When the dosing ratio was raised from 40 to 50 %, the
outer reactor band quantity dropped from 43 to 42, basi-
cally remaining unchanged. SDH also dropped slightly, to
95.5 ug 17" h™', which reveals that an increase in dosing
ratio did not result in changes to outer reactor dominant
strain quantity changes, and that strain structure was rela-
tively stable. The inner reactor band quantity rose steeply
from 35 to 44, but SDH and coenzyme F,,, contents both
dropped. Of these, coenzyme F,,, content lowered from
0.171 t0 0.129 pmol g™, marking a drop of 24.6 %. Based
on reactor-processing performance, it is possible to deter-
mine that when the dosing ratio reaches 50 %, a portion of
sludge directly enters the inner reactor from the outer
reactor, with a large buildup of volatile organic acid.
Methane-producing bacteria activity is arrested; whereas,
at the same time, entry sludge microorganisms also form a
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certain amount of competitive restriction on the inner
reactor microorganism strains, resulting in a disordered
inner reactor microorganism metabolism. The balance of
microorganism strain structure is lost, sludge anaerobic
digestion trends toward stagnation, and the reactor’s pro-
cessing performance drops up to and including collapse.

Conclusions

Based on principles of sludge anaerobic digestion, and with
the goal of effectively achieving the separation of acid and
gas production during anaerobic digestion processes, the
TISTD was developed targeting China’s small cities and
towns experiencing underdeveloped economies and techni-
cal shortcomings. Operational results reveal that this reactor
operates at an optimal performance at a 30 % dosing ratio,
with expelled sludge average water content reduced to
92.09 %, and with expelled sludge VS/TS lowered from
entry sludge 0.68 to 0.24. PCR, TGGE, enzyme activity
testing, and other molecular biology technology were uti-
lized for analysis of reactor microorganism physical princi-
ples. Results indicate that the reactor can effectively achieve
the separation of sludge hydrolysis acidification and methane
production. The microorganism strain structure is stable,
diverse, based on testing of the conditions inside the reactor’s
inner and outer reactors under each dosing ratio. Microor-
ganism and enzyme content testing results support that 30 %
is the optimal dosing ratio for TISTD reactor.
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