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a b s t r a c t
In this study, a dense and stable aerobic granular sludge with excellent settling properties (with sludge 
volume index after 5 min of settling (SVI5) decreased to 19.46 mL/g and SVI30/SVI5 = 1) and diameter 
size of approximately 10 mm was successfully cultivated in a sequencing batch reactor system fed 
with synthetic tomato paste to process wastewater. Concurrently, average removal rate of chemical 
oxygen demand of 95.53% was achieved at different organic loads in the system during the operation 
for 185 d. The combination of the bioanalytical techniques of confocal laser scanning microscopy, 
live/dead staining, and high-throughput sequencing were used to characterize the granulation pro-
cess of activated sludge. The results showed that protein and α-d-glucopyranose polysaccharide were 
widely distributed throughout the granules and formed a framework of the granules. The pores in 
the granules provided the pathways for the nutrients and dissolved oxygen transport, and thus, live 
bacteria were located outside of the granule and around the internal pores. The community diversity 
and richness varied during the sludge granulation process. The dominant degradation bacteria at 
class level were shifted from the Betaproteobacteria and Alphaproteobacteria to Gammaproteobacteria and 
Betaproteobacteria after the granule sludge was formed. The succession of microbial communities 
showed cooperative effects of different bacterial communities, which may play a significant role in 
the degradation of tomato paste processing wastewater and stability of the system.
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1. Introduction

Tomato production is one of the main agricultural food 
processing industry sectors, which plays an important role in 
the economy of Xinjiang, China. Presently, Xinjiang, whose 
annual export volume of tomato paste accounts for approx-
imately 30% of the global trade volume of tomato paste, is 
one of the three major tomato- producing areas in the world 
[1]. However, the thriving tomato paste processing industry 

has resulted in a significant environmental issue―for each 
ton of tomato paste produced, 15–50 m3 of wastewater is dis-
charged with chemical oxygen demand (COD) in the range 
from 400 to 2,000 mg/L during processing, which should not 
be disregarded [2,3]. Tomato paste processing wastewater is 
characterized by high organic sugars and organic acids with 
an offensive smell, for which the most common treatment is 
a combined activated sludge process and physicochemical 
process [2,4,5]. However, owing to the seasonal nature of 
tomato paste processing wastewater production in Xinjiang 
(the tomato harvesting takes 60–90 d/y), the treatment 
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effect is not ensured unless the well-performing sludge is 
re-domesticated and aggregated by using a strong microor-
ganism in a short period each year.

Compared with conventional activated sludge systems, 
aerobic granules have unique superiority. For instance, they 
have high biomass retention, excellent settling properties, 
and anti-shock loading capability [6,7], and they have been 
broadly developed to treat different types of wastewater. 
However, to date, treatment of tomato processing waste-
water with this technology has been scarcely reported.

Indeed, several studies have shown that aerobic granule 
technology is reasonable for the treatment of food processing 
industry wastewater. For example, Corsino et al. [8] reported 
that when using this technology to treat the wastewater pro-
duced by fish-canning processing industries, the COD and 
biochemical oxygen demand removal efficiencies were over 
90% and more than 95% of the particulate organic matter was 
removed. Dobbeleers et al. [9] cultivated aerobic nitrite gran-
ules from potato industrial wastewater feed and achieved 
simultaneous nitrification/denitrification. Lilmaz et al. [10] 
found that the removal efficiencies of soluble COD, soluble 
phosphorus, and soluble nitrogen were 85%, 89%, and 93%, 
respectively, by using a granular sludge in the treatment 
of meat processing industry wastewater. Su et al. [11] used 
aerobic granules to treat the soybean processing wastewater 
in a sequencing batch reactor (SBR), and the results showed 
that the loading rate was increased from 1.5 to 6.0 kg  COD/
(m3 d), and the COD removal efficiency was maintained 
between 98%% and 99%. Therefore, there is reason to believe 
that aerobic granular sludge could be feasible for its applica-
tion in the treatment of tomato processing wastewater.

Nevertheless, the granulation process is still the key 
factor affecting the practical engineering application of an 
aerobic granular sludge. If the granular process could be sys-
tematically described, it would become possible to provide a 
scientific basis for accelerating the start-up process of the aer-
obic granular sludge system and further solve the problem 
of the short seasonal production cycle of tomato wastewater 
and long microbial start-up period.

Therefore, this study investigates the development of 
aerobic granules starting from a flocculent sludge during 
the treatment of tomato processing wastewater as well as 
the organic and nutrient removal performance. More pre-
cisely, confocal laser scanning microscope (CLSM) and 
high-throughput sequencing techniques are used to charac-
terize the granular features of the granulation process. This 
can be useful for further understanding the aerobic granula-
tion mechanism and optimizing the operating conditions for 
the treatment of tomato processing wastewater.

2. Materials and methods

2.1. Reactor setup and operational strategies

The schematic of the laboratory-scale reactor is pre-
sented in Fig. 1. An SBR with a working volume of 4 L 
and height (1 m) to internal diameter (0.08 m) ratio (H/D) 
of 12.5 was used for the cultivation of aerobic granules. 
Furthermore, the SBR reactor was automatically controlled 
with a time controller (Influent pump (Lead Fluid, China), 
Aeration pump (SunSun Incorporated, China), Effluent valve 

(Fangwei Incorporated, China), Air flow controller (Dongxing 
Incorporated, China), and Time controller (Kerde, China)). 
The reactor was operated with cycles of 4 h, including 10 min 
of feeding, 198–227.5 min of aeration, 0.5–30 min of settling, 
and 2 min of effluent discharging. The hydraulic retention 
time (HRT) was 8 h, and volumetric exchange ratio was 50%.

During the experiment, the SBR operation of 185 d was 
divided into six periods characterized by increasing the 
influent COD concentrations from 400 to 2,000 mg/L grad-
ually; correspondingly, the organic load was increased from 
1.25 to 6 kg  COD/(m3 d). The specific operating parameters 
are listed in Table 1.

2.2. Seed sludge

Conventional activated sludge (1.5 L) taken from an aera-
tion tank of a tomato processing wastewater treatment plant 
in Xinjiang, China, was used as the seed with mixed liquor 
suspended solids (MLSS) of 5.61 g/L and sludge volume 
index after 5 min of settling (SVI5) of 146.3 mL/g.

2.3. Synthetic tomato paste processing wastewater

The synthetic tomato paste processing wastewater used 
as the feed solution was made by squeezing fresh tomato juice 
as the sole carbon source and adding NH4CL and Na2HPO4 as 
the nitrogen and phosphorus sources, respectively. The char-
acteristics of the synthetic wastewater are listed in Table 1. 
The composition of the microelement solution was based on 
the results of previous reports [12]. The pH was adjusted to 
7.5–8.5 using Na2CO3.

2.4. Analytical methods

2.4.1. Conventional index analysis

The SVI5, SVI30, MLSS, mixed liquor volatile suspended 
solids (MLVSS), and COD were measured according to 

 

Fig. 1. SBR schematic.
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standard methods [13]. The morphology of the sludge during 
the granulation stages was observed via digital microscopy 
(Motic, China), a digital camera (Nikon, Japan), and stereo-
microscope (ZEISS, Germany). The granular sludge size 
distribution was measured by the sieving method [14], and 
four different sieves with the opening sizes of 0.45, 1, 1.6, and 
2 mm were used.

2.4.2. Extracellular polymeric substance staining and CLSM 
image analysis

The localization and distribution of extracellular poly-
meric substances (EPS) were observed via fluorescent 
staining coupled with CLSM. In this study, fluorescein 
isothiocyanate (FITC), concanavalin A (Con A), calco-
fluor white, and SYTO 63 (a cell-permeative nucleic acid 
stain) were used as fluorescent probes to stain proteins, 
α- polysaccharides, β-polysaccharides, and the total cells, 
respectively. The staining method as described previously 
[15,16] was used. The detailed procedure was as follows: 
A freshly sampled granule was washed thrice with phos-
phate-buffered saline (PBS) buffer and then stained with 
SYTO 63 (20 μM), FITC (10 g/L), Con A (0.25 g/L), and finally 
with calcofluor white (0.3 g/L) sequentially for 30 min each. 
After each staining, the sample was washed with PBS buf-
fer thrice to remove the excess staining solution. The stained 
granular sludge was embedded for cryosectioning and frozen 
at −20°C. Subsequently, a 60 -μm section was cut on a cryo-
genic microtome and mounted on the CSLM (CLSM, ZEISS 
LSM710, Germany) slides for observation. The microscopic 
images were analyzed using ZEN 2009 software (ZEISS).

2.4.3. Live/dead bacteria staining

In this experiment, the staining of the live/dead bacteria 
in aerobic granular sludge was based on previous studies 
[17,18]. LIVE/DEAD BacLight Bacterial Viability Kit, L-7012, 
a fluorescent bacterial stain, contains two components: 
propidium iodide (PI, 20 mM) and SYTO 9 (3.34 mM). During 
staining, first PI (2 μL) and SYTO 9 (2 μL) were mixed evenly 
and then 400 μL of deionized water was added to dilute the 
stain. Subsequently, the aerobic granular sludge removed 

from the SBR reactor was washed thrice with PBS buffer 
and then placed in a well-diluted staining solution for 2 h. 
Then, the stained granular sludge was taken out and washed 
thrice with PBS buffer to remove the excess staining solution. 
Next, the granular sludge was embedded in an optimal cut-
ting temperature compound embedding agent and frozen at 
−20°C to be sectioned into 60-μm sections in a cryomicrotome 
(Leica, Germany). Finally, the observations were made by a 
fluorescence microscope (Olympus, Japan), and the images 
were obtained by Cellsens software (Olympus, Japan).

2.4.4. Microbial diversity and community succession analysis 
during granulation

In this study, high-throughput sequencing techniques 
offered powerful tools to obtain a deeper insight into the 
microbial diversity and community succession in the process 
of degrading the synthesized tomato processing wastewater 
with granule formation. Four representative sludge samples 
were taken from different periods of 1, 15, 35, and 60 d and 
numbered as W1, W2, W3, and W4, respectively. The sludge–
water mixture in each sample was packaged in sterile 50-mL 
centrifuge tubes and stored at −10°C. Deoxyribonucleic acid 
(DNA) extraction and polymerase chain reaction primer 
synthesis were completed by Sangon Biotech (Shanghai, 
China) Co., Ltd. Genomic DNA of the four sludge samples 
was extracted using the E.Z.N.ATM Mag-Bind Soil DNA Kit 
(OMEGA, USA), and the extracted DNA was amplified by 
using universal primers of V3–V4 region of 16 S recombinant 
DNA with 341 F primer (CCTACACGACGCTCTTCCGA 
TCTNCCTACGGGNGGCWGCAG) and 805 R primer 
(GACTGGAGTTCCTTGGCACCCGAGAATTCCAGACTAC 
HVGGGTATCTAATCC).

3. Results and discussion

3.1. Variation in physical characteristics of sludge during 
granulation

The sludge morphology is shown in Fig. 2. The inocu-
lation flocculent sludge structure is loose and brown and 
the equivalent diameter of the sludge area is approximately 

Table 1
Operation parameters and synthetic influent characteristics of the SBR

Parameter/component Stage I Stage II Stage III Stage IV Stage V Stage VI

Operating day 1–22 23–65 67–123 124–143 144–167 168–185
Influent feeding (min) 10 10 10 10 10 10
Aeration (min) 198–201 211–223 223–227 227 227.5 227.5
Settling (min) 30–17 17–5 5–1 1 0.5 0.5
Effluent discharging (min) 2 2 2 2 2 2
COD (mg/L) 400 ± 18 800 ± 24 1,300 ± 23 1,700 ± 28 2,000 ± 26 1,400 ± 22
NH4

+–-N (mg/L) 55.47 58.49 67.4 66.45 61.11 51.53
PO4

3–-–P (mg/L) 10 ± 2.5 10 ± 2.5 10 ± 2.5 10 ± 2.5 10 ± 2.5 10 ± 2.5
pH 7.5–8.5 7.5–8.5 7.5–8.5 7.5–8.5 7.5–8.5 7.5–8.5
OLR (kg COD/(m3 d)) 1.25 2.47 3.98 5.02 6 4.13
HRT (h) 8 8 8 8 8 8
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15 μm, as shown in Figs. 2(a) and (e). After 38 d, the floccu-
lent sludge gradually tends to yellow millet granules with the 
diameter increasing to 502 μm and structure becoming dense 
(Figs. 2(b) and (f)). To constantly reduce the settling time, 
more slow settling sludge was washed out from the reactor, 
leading to the accumulation of the aerobic granules with a 
high settling velocity. As shown in Figs. 2(c) and (g), after 
90 d, the granules change to a more regular shape with the 
diameter increased to approximately 2 mm. A clear outline, 
compact structure, and smooth surface are observed clearly 
by the stereomicroscope. After 185 d, the granules reach a 
diameter of 10 mm with an average of approximately 5 mm, 
where some of the granules appear hollow on the surface 
(Figs. 2(d) and (h)). The surface hollowness may be related 
to the apoptosis of the bacteria, and its existence provides 
the pathway for internal material transport. In this study, 
the granule size of the culture was significantly higher than 
in the previous studies [19–21]. This might be owing to the 
synthetic wastewater and twisting of the long filament struc-
tures occurring in the larger granules, which is similar to that 
observed by Moghaddam et al. [22], who cultivated granules 
as large as 16 mm during a purely aerobic SBR operation.

From Fig. 3, it is clear that the particle size gradually 
increases during the entire time of operation. The average 
particle size of the inoculated sludge is below 20 μm. After 
40 d of adaptation, although there are no granules formed 
with a size above 2 mm, the size of the granules based on 
the weight percentage is mainly concentrated in the range 
of 0.45–1 mm, accounting for nearly 52.5%. After 180 d, the 
granule diameter of 1.6–2 mm and above 2 mm increases 
from 3% and 0% to 19% and 57%, respectively, and eventu-
ally attains an advantageous range.

The physical characteristics of the sludge in terms of 
MLSS, MLVSS, and SVI are presented in Fig. 4. One week 
after inoculation, the MLSS decreases from 5.61 to 3.2 g/L 

owing to the reduction in the settling time and exclusion of 
the sludge with low settleability from the reactor. This is fol-
lowed by a gradual increase in the MLSS to 12.5 g/L at 68 d. 
It can be concluded that the microbes grow rapidly under 
suitable environmental conditions. Concurrently, MLVSS/
MLSS increases from 42.78% to 95.45%, indicating that the 
biological activity gradually increases with the reactor oper-
ation. As the organic loading rate (OLR) increases, MLSS 
reaches 11.3 g/L on day 142nd ay. Therefore, sludge discharge 
is performed until MLSS drops to 4.5 g/L. Based on the SVI5 
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Fig. 2. Images of sludge morphology during different periods: (a) seed sludge, (b) granular sludge at 38 d of operation, (c) granular 
sludge at 90 d of operation, (d) granular sludge at 185 d of operation, (e, f) the microscopic image corresponding to (a) and (b) periods, 
respectively, and (g, h) the stereomicroscopic images corresponding to (a) and (b) periods, respectively.

40 60 80 100 120 150 180
0

10

20

30

40

50

60

70

80

90

100

 

 

w
ei

gh
t (

%
)

Time (days)

  mm
 1.6-2 mm
 1-1.6 mm
 0.45-1 mm
  mm

Fig. 3. Particle size distribution of the granules.
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analyses, the low settling floc concentration decreases from 
200 mL/g on day 2 to 65 mL/g on day 40 and to 19.46 mL/g 
on day 142. The ratio values of SVI30/SVI5 is 100%. This result 
is quite similar to that of Caluwé [23], where the reactor 
reached an SVI30/SVI10 ratio equal to 1 during the treatment 
of petrochemical wastewater. This implies that an excellent 
settleability is obtained with the granule formation in the 
treatment of the synthetic tomato processing wastewater.

3.2. Organics and nutrient removal efficiency during granulation

The result of the SBR effluent quality in terms of the COD 
concentration is exhibited in Fig. 5. In this study, during the 
first stage, when the influent COD is 400 mg/L at 1.25 kg  
COD/(m3 d), the COD in the effluent is not stable, with a 
maximum of 138 mg/L. During the II–IV stages of opera-
tion, the COD concentrations in the influent of the reactor 
is increased from 800 to 1,700 mg/L with a corresponding 
OLR increase from 2.47 to 5.02 kg  COD/(m3 d); correspond-
ingly, the removal efficiency is improved to 97.7% and aver-
age removal efficiency of 95.53% is achieved. This efficiency 
is higher than that reported by Wang et al. [24], who in 
the treatment of industrial effluents applied OLR ranging 
between 0.7 and 5 g  COD/(L d) to obtain removal efficien-
cies of 60%–95%. In our work, as the COD is increased to 
2,000 mg/L with a corresponding OLR increase to 6 kg COD/
(m3 d), the removal efficiency begins to decline. Subsequently, 
even if the COD is reduced to 1,400 mg/L, the removal effi-
ciency did not improve and average removal rate was main-
tained at 90.18%. This could be owing to the excessive sludge 
discharge on day 150 of the reaction which resulted in a sig-
nificant decrease in the MLSS from 9.3 to 4.5 g/L, causing a 
loss of a numerous dominant bacteria. However, in general, 
the organic substrates in the synthetic tomato processing 
wastewater can be removed successfully.

3.3. Distribution of stained EPS in granule

Figs. 6(a)–(f) presented the appearance of the outer sur-
face and fluorescent staining results from the 65th  day of 
tomato juice-fed granules. In this study, β-d-glucopyranose 

polysaccharides are mainly distributed on the outer edge of 
the granules (Fig. 6(c)). The protein and α-d-glucopyranose 
polysaccharide are widely distributed throughout the gran-
ules, which are the main components of granules and con-
stitute the skeleton of the granules (Figs. 6(d)–(f)). The cells 
accumulate primarily on the outer region of the granules 
(Fig. 6(f)). These results are not in agreement with those of 
Chen et al. [15] and Adav et al. [25]. The former reported that 
β-d-polysaccharide was distributed throughout the interior 
of their acetate-fed granules and α-d-glucopyranose poly-
saccharide accumulated in the outer layer. The latter con-
sidered that β-d-polysaccharide was distributed both inside 
and outside of their phenol-fed granules. It is possible that 
the differences in the distribution of EPS owe to the different 
wastewater feed and operating conditions under which the 
granules are developed.

3.4. Distribution of live and dead bacteria in granules

The staining data of the particles according to the 65th  day 
are presented in Figs. 7(a)–(c), the granular sludge cultured 
with the tomato juice feed has fewer live bacteria (green) in 
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the granular cross section than the dead bacteria (red). The 
dead bacteria are located relative to the granule interior, 
whereas the live bacteria are more concentrated on the outer 
region of the granules and around the internal pores, which is 
similar to previous reports [25,26]. This is primarily because 
the granule size gradually increases and the mass transfer 
limitations cause the death of the bacteria in the interior of 
the granules, whereas on the outer layer, the delivery of the 

dissolved oxygen and nutrients sustains the growth of the 
microorganisms.

3.5. Microbial diversity and community succession analysis 
during granule formation

As can be seen from Table 2, the high-throughput sequenc-
ing yields 63,228, 58,968, 72,102, and 71,276 high-quality reads 

a b c 

d e f 

Fig. 6. CLSM images of the aerobic granules: (a) phase contrast photograph, (b) combined images of (c)–(f), (c) CLSM image of 
β-d-glucopyranose polysaccharides (calcofluor white), (d) CLSM image of protein (FITC), (e) CLSM image of α-d-glucopyranose 
polysaccharides (Con A), and (f) CLSM image of the cells (SYTO 63).

a b c 

Fig. 7. Live and dead images of aerobic granules: (a) live bacteria, (b) dead bacteria, and (c) combined image of (a) and (b).
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after filtering the low-quality and irrelevant sequences for 
samples W1–W4, respectively, all with >94% coverage. The 
community richness index of Chao 1 and ACE reveals the 
same trend. The sequence of the richness indices in W1–W4 
is W4 > W3 > W2 > W1. The results verify that the inoculated 
sludge has a low richness and that the microbial community 
richness of the granules gradually increases during the sludge 
granulation process. Shannon indices of the community range 
from 3.67 to 4.69, showing an alpha diversity higher than that 
of numerous industrial wastewater types, such as acrylic poly-
mer wastewater, textile dyeing wastewater, and petroleum 
refinery but lower than that of municipal wastewater [27].

Fig. 8 displays that in W1–W4 communities, the number 
of bacterial phylum is 15, 12, 11, and 12, respectively, giving a 
total of 19 phyla. The diversity of the bacteria first decreases 
and then increases in the four samples. The community 

structure in W1 is even more diversified than in the other 
samples. Such changes could be related to the shortening of 
the sludge settling time, resulting in a poor settling perfor-
mance of the sludge excluded from the reactor and signif-
icant decrease in the sludge concentration which decrease 
the bacterial diversity. In addition, the OLR is increased from 
1.25 to 2.47 kg COD/(m3 d) on day 22, which also has a sig-
nificant impact on the species selection during the aerobic 
granulation; similar conclusion was reported by Li et al. [28].

The Proteobacteria, Bacteroidetes, and Firmicutes phyla 
were the predominant bacteria in all the samples and could 
adapt best in response to the changes in the external envi-
ronment. Proteobacteria is also reported as the prominent 
phylum in various bio-treatment systems such as coking 
wastewater, pet food industrial wastewater, and pharmaceu-
tical and petroleum refinery wastewater treatment systems 

Table 2
Community richness and diversity indices inferred by the microbial community

Sample ID Sequence number OTU number Shannon index ACE index Chao1 index Coverage

W1 63,288 4,408 4.69 88,850.37 32,467.74 0.94
W2 58,968 3,499 4.16 103,576.57 33,271.78 0.95
W3 72,102 4,087 3.67 119,758.64 40,066.93 0.95
W4 71,276 3,982 3.85 121,611.41 41,595.51 0.95

W1

 Proteobacteria
 Bacteroidetes
 Firmicutes
 Actinobacteria
 Gemmatimonadetes
 Candidatus Saccharibacteria
 Euryarchaeota
 Planctomycetes
 Lentisphaerae
 Chloroflexi
 unclassified
 Spirochaetes
 Fibrobcteres
 Verrucomicrobia
 Acidobacteria

W3

 Proteobacteria
 Bacteroidetes
 Firmicutes
 Actinobacteria
 Verrucomicrobia
 Candidatus Saccharibacteria
 Planctomycetes
 Chloroflexi
 unclassified
 Spirochaetes
 Acidobacteria

W4

 Proteobacteria
 Bacteroidetes
 Firmicutes
 Actinobacteria
 Verrucomicrobia
 Lentisphaerae
 Planctomycetes
 Chloroflexi
 unclassified
 Spirochaetes
 Acidobacteria
 Armatimonadetes

 Proteobacteria
 Bacteroidetes
 Firmicutes
 Actinobacteria
 Verrucomicrobia
 Candidatus Saccharibacteria
 Planctomycetes
 Lentisphaerae
 Chloroflexi
 unclassified
 Spirochaetes
 Fibrobcteres

W2

Fig. 8. Phyla classification level distribution of the bacteria from different periods.
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[27,29] owing to the rich strains as well as the diversity of 
the metabolic pathways. With the granulation process, new 
types of microbial communities emerge in sample W4, such 
as Armatimonadetes and Acidobacteria.

Conversely, the initial proportion of Proteobacteria and 
Firmicutes is 66% and 7.95%, respectively, which increase to 
70.93% and 11.48% in sample W4, respectively. According 
to the reports by Sun et al. [30] and Cao et al. [31], tomato 
processing wastewater degrades by screening with a strain 
of seven high-efficient dominant microorganisms, of which 
Bacillus cereus belongs to Firmicutes and Pseudomonas putida 
and Pantoea agglomerans belong to Proteobacteria. We can con-
clude that Proteobacteria and Firmicutes play a crucial role in 
the efficient degradation of tomato paste processing waste-
water. In addition, compared with other competitive bacte-
ria, Firmicutes can better protect themselves from the impact 
of the organic load owing to their thick cytoderm. Therefore, 
the abundance of Firmicutes increases with the influent COD 
enhancement to 800 from 400 mg L−1. From the above, it can 
be deduced that the change in the number and type of micro-
bial communities in samples W1–W4 facilitates the formation 
of aerobic granules and causes the degradation of the tomato 
processing wastewater.

The distribution of the microbial class classification lev-
els in the different periods is shown in Fig. 9. The results 
exhibit more significant differences in the bacterial com-
munity structure in the samples at the class classification 
level than the phylum. In sample W1, Alphaproteobacteria 
and Betaproteobacteria, two classes of Proteobacteria, account 
for 14.5% and 42.99% of the sequences, respectively, attain-
ing a predominant position in the total microbial profile. 
Clostridia, a class of Firmicutes, only accounts for 4.27%. In 
sample W2, the number of sequences of Betaproteobacteria 
decreases to 25.55%, whereas an opposite tendency occurs for 
Bacteroidia, Epsilonproteobacteria, Flavobacteriia, and Clostridia, 
whose abundance increases to 17.52%, 10.14%, 8.25%, and 
5.89% from 6.58%, 1.87%, 3.84%, and 4.27%, respectively. 
However, Betaproteobacteria and Alphaproteobacteria are still 
the predominant population, and they are also observed in 
domestic wastewater, phenol-containing wastewater, and 
coking wastewater treatment systems. Thus, we consider 

that they are highly versatile in their ability to degrade 
contaminants, which is in agreement with Wang et al. [32] 
and Figuerola et al. [33].

When the influent OLR is increased to 2.47 from 1.25 kg  
COD/m3 d, the microbial community structure displays obvi-
ous changes and Gammaproteobacteria is replaced as the most  
dominant population (22.6%), followed by Bacteroidia (16.8%), 
Alphaproteobacteria (16.34%), and Clostridia (15.74%) in sam-
ple W3. Ibarbalz et al. [27] also observed Gammaproteobacteria 
in polymer industry plant wastewater as the dominant 
population, whereas in the textile and pharmaceutical 
plant wastewater, they had low abundance. In sample W4, 
Betaproteobacteria once again is the dominant bacteria with 
48.07%, followed by Gammaproteobacteria with 13.08% and 
Clostridia with 10.05%. Furthermore, the study results also 
show that some bacterial communities in sample W1 disappear 
in samples W3 and W4, including Fibrobacteria and Caldilineae. 
It can be inferred that Betaproteobacteria, Gammaproteobacteria, 
and Clostridia, which well adapt to high-carbon sources and 
growth environment, are the main functional bacteria for the 
degradation of the tomato processing wastewater. In addi-
tion, there is a certain succession change between bacteria, 
some bacteria are decreased much from W3 to W4, such as 
Bacteridia and Alphaproteobacteria, and some bacteria are grad-
ually enriched, such as Betaproteobacteria and Flavobacteria, 
the specific mechanism needs further research in the future. 
From the above, we can conclude that the changing microbial 
populations during the degradation of the pollutants might 
be caused by the synergistic effect of the coexistence of the 
different bacterial communities and their competition with 
each other to become the dominant degrading bacteria.

4. Conclusions

In this work, aerobic granules with highly efficient per-
formance were successfully cultivated during the treatment 
of tomato paste processing wastewater using the SBR sys-
tem mode with a complete cycle time of 4 h. The COD was 
efficiently removed in the reactor at different organic loads 
(1.25, 2.47, 3.98, 5.02, and 6 kg  COD/(m3 d)), and the average 
removal rate of COD of 95.53% wasere achievedat . The pres-
ent study investigated the formation, characteristics, removal 
of COD, and succession of microbial community structure 
of the granular sludge, which demonstrated the feasibil-
ity of the cultured aerobic granules for the treatment of the 
seasonal nature of tomato paste processing wastewater and 
showed that the aerobic granular sludge technology was the 
preferable reference for engineering applications.
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