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                    Abstract
Periphyton is a valuable, environmentally benign resource widely used in environmental remediation. A protocol for reusing agro-wastes to improve the metabolic activity and versatility of periphyton was tested in this study. Peanut shell (PS), decomposed peanut shell (DPS), acidified peanut shell (APS), rice husks (RHs), acidified rice husks (ARHs), and a commonly used synthetic carrier, ceramsite (C), were used to support periphyton attachment and growth. The results show that the modified carriers have more hydrophilic groups, higher periphyton biomass, and autotrophic indices than the unmodified carriers. As a consequence, they promote the metabolic versatility of periphyton microbial communities. Thus, the periphyton attached to modified agro-wastes (DPS, APS, and ARH) grew in a stable and sustainable manner. This study suggests that modified PS and RH are effective and environmentally benign carriers that enhance periphyton activity and functionality. Development of periphytic carriers using agro-wastes is also a sustainable method of reusing these materials.
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                                    Introduction
Periphyton, as a valuable green resource, has been widely used in aquaculture and environmental remediation. It consists of an aggregate of microbial autotrophic and heterotrophic communities and plays important roles in aquatic ecosystems (Shangguan et al. 2015; Gil-Allué et al. 2015; Martinez-Cordova et al. 2015). Its major functions may be summarized as follows: (i) it plays an important role in the food web of invertebrates, which in turn become part of the diet for shrimp and/or small fish (Gil-Allué et al. 2015; Martinez-Cordova et al. 2015; Anand et al. 2013), (ii) it is an indicator of environmental changes and stress (Wingard and Lorenz 2014), e.g., as an indicator of toxicity (Arrhenius et al. 2014), as an indicator of water quality (Xu et al. 2014a, 2015), and (iii) it is intimately involved in the remediation of contaminated waters and soils (Gil-Allué et al. 2015; Wu et al. 2014; Prosser et al. 2015).
Our focus is on the use of periphyton in bioremediation, and therefore, we are looking at means of establishing stable, robust, and sustainable sources. To support periphyton growth in a stable and sustainable way, the habitat conditions for early-stage periphytic formation have been investigated (Khatoon et al. 2007). For example, substrate, carrier surface roughness, and carrier surface charge are important factors directly affecting periphyton formation and growth (Xu et al. 2012; Wood et al. 2012; Azim 2009). Spatial and temporal shifts of carriers, such as suspended solid surfaces in water, can change periphyton development speed and direction (Renner and Weibel 2011). Therefore, it is important to explore and identify new carriers (both artificial and natural) to optimize periphyton properties.
To date, many materials have been used as periphyton carriers, which can be divided into three main groups: (i) the surface of natural materials in water, such as sediment (epipelon), rocks (epilithon) (Graba et al. 2013), wood (epixylon) (Vadeboncoeur 2009), macrophytes (epiphyton), sand (epipsammon), and animal bodies (epizoon) (Azim 2009); (ii) the surface of artificially placed materials, such as quartz sand, anthracite, shale, and ceramsite, which are often used in water/wastewater treatment such as constructed wetlands and aerated filters (Felföldi et al. 2015; Armon et al. 1998); and (iii) the surface of synthetic materials, such as glass (Moschini-Carlos et al. 2000), plastic, PVC (Janjaroen et al. 2013; Keshavanath et al. 2001), and fiber (Felföldi et al. 2015).
Among the periphyton carriers summarized above, plastic, fiber, and ceramsite have often been employed in water/wastewater treatment systems because they are easily obtained. The employment of plastic and PVC pipes in water/wastewater treatment systems, however, might produce secondary contamination from plasticizers during long-term contact between the plastic and PVC (Briassoulis et al. 2013). Plastic, fiber, and ceramsite also only provide a physical surface for periphyton growth, without providing a supplementary carbon source and other nutrients (Abdul Khalil et al. 2012; Zhang and Mei 2013). In addition, the smooth surfaces of ceramsite, plastic, and fiber might cause the growing periphyton to be easily dislodged. Most importantly, it is difficult to dispose of these artificial periphyton carriers (ceramsite, plastic, and fiber) once the attached periphyton is aging and causing fouling (Ivar do Sul et al. 2014; Wu et al. 2014). The development of carriers with rough surfaces and the ability to provide nutrients and carbon sources offer alternative solutions for better periphyton formation and growth.
Peanut shell and rice husk are agro-wastes often used to support periphytic growth in water/wastewater treatment systems (Graba et al. 2013; Yang et al. 2015) because they are easily obtainable and biodegradable (Abdul Khalil et al. 2012; Zhang and Mei 2013). The application of other types of agro-wastes such as leaves, stems, bamboo, wood, and bagasse in water/wastewater treatment systems, however, may result in carrier decayed and leaching of colored substances such as humic acids (Chorus and Bartram 1999). Therefore, it is necessary to modify the raw agro-waste before it is used as a periphyton carrier to protect water quality and extend the lifetime of the carrier.
The primary objectives of this study were to investigate the surface characteristics of modified agro-wastes, viz., peanut shell (PS) and rice husk (RH). The study also aimed to compare the properties of periphyton attached to modified PS and RH. The findings of this study will provide (i) easily-deployed measures to modify the raw agro-wastes (PS and RH) to develop efficient carriers for periphytic formation and growth and (ii) an insight into the relationship between the periphyton habitat conditions and their properties. This will permit the optimization of periphyton composition, structure, and function via the adjustment of habitat conditions.


Materials and methods
Modified agro-wastes
The raw materials, peanut shell (PS), rice husks (RH), and ceramsite (C) collected from Lianyungang City, Jiangsu Province, were washed with distilled water until the water ran clear, dried in an oven at 105 °C for 2 h, then at 85 °C for 24 h. The raw materials were cut into pieces of 1.5 × 0.4 × 0.15 cm.
To reduce the production of colored substances and nutrient loss, one of the materials (PS) was treated by fermentation using the following protocol. Five kilograms of PS was put into a glass tank. Some distilled water was sprayed onto the shells, and humidity was maintained at 86–88 % in the tank. The PS was fermented at 35 ± 1 °C for 1 year. The decomposed peanut shell (DPS) was collected for experiments after being air-dried at 15–25 °C for 6 days.
The RH and PS (5 kg) in a tank were treated with sulfuric acid (18.4 mol/L) directly added to agro-wastes until completely covered and left for 24 h. The acidified rice husk (ARH) and the acidified peanut shell (APS) were then washed six times using distilled water. The ceramsite, bought from a market in Yixing, Jiangsu Province, China, was not treated and used as the control.
Periphyton culture on modified agro-wastes
The formula of the periphyton cultivating medium was NaNO3 (85.1 mg/L), CaCl2·2H2O (36.76 mg/L), MgSO4·7H2O (36.97 mg/L), NaHCO3 (12.6 mg/L), Na2SiO3·9H2O (28.42 mg/L), K2HPO4 (8.71 mg/L), H3BO3 (24 mg/L), Trace Element Solution (Na2EDTA·2H2O (4.36 mg/L), FeCl3·6H2O (3.15 mg/L), CuSO4·5H2O (2.5 μg/L), ZnSO4·7H2O (22 μg/L), CoCl2·6H2O (10 μg/L), MnCl2·4H2O (180 μg/L), Na2MoO4·2H2O (6.3 μg/L), Na3VO4 (18 μg/L), vitamin B12 (0.135 mg/L), thiamine (0.335 mg/L), and biotin (0.025 g/L). One milliliter of each of these ingredients was added to 1000 mL of water collected from a eutrophic lake, Lake Xuanwu, Nanjing City, eastern China. This was defined as the mixed liquid. The water had a pH of 8.02, total nitrogen (TN) = 1.9 mg/L, NO3−-N = 0.43 mg/L, NH4
                           +-N = 0.07 mg/L, total phosphorus (TP) = 0.1 mg/L, and dissolved phosphorus (DP) = 0.035 mg/L.
The mixed liquid was used for the culture of periphyton using the following process. Firstly, ∼600 g of each of the agro-wastes (PS and RH), modified agro-wastes (DPS, APS, and ARH), and C was added to separate tanks (15 × 15 × 10 cm). The mixed liquid was added to each tank until the liquid/solid volume ratio (the ratio of the volume of the mixed liquid to the volume of the modified agro-waste) was 7:3. The tanks were then placed into an incubator with illumination of 2500–2800 lux and air temperature 28 ± 1 °C. The microorganisms in the mixed liquid attached to the surfaces of the PS, RH, DPS, APS, ARH, and C, forming periphyton. On day 60, the periphyton became brown-colored with a thickness between 0.2 and 0.3 cm. The periphyton attached to the different carriers was peeled off using a knife sterilized in 0.1-M HCl solution.
Methods and analyses
The amended carriers were collected and dried in an oven at 105 °C for 2 h, then at 85 °C for 24 h. They were sent for Fourier transform infrared (FTIR) spectroscopy (KBr pellet) using a Nicolet IS10 (Thermo Electron Co, USA) with spectra recorded in the range 4000–450 cm−1, at a resolution of 4 cm−1 (Zhao et al. 2014). The periphytic assemblage grown on the modified carriers after 60-day cultivation was collected and dried in an oven at 105 °C for 2 h, then at 85 °C for 24 h, before the determination of nutrients.
For the determination of TP and TN concentrated in periphyton and its carriers, the samples were immersed in 10 mL concentrated sulfuric acid for 24 h then digested at 160 °C until the sample turned into a brownish black color. The samples were then cooled, and eight drops of hydrogen peroxide were added. This was repeated three to five times until the sample became transparent at 360 °C digestion. Digested samples were cooled, had 25 mL of water added, were vortexed to dissolve precipitated salts, and diluted to 250 mL for the analysis (Maher et al. 2002). TP was measured colorimetrically by Auto Analyzer 3 (SEALAA3, Holland). TN was measured by a Kjeldahl machine (KjeltecTM8400, Denmark). The nutrient capture ability was defined as the nitrogen and phosphorus removed from water by the periphyton.
Biolog analysis was used to investigate the functional potential of periphyton. The Biolog EcoPlates™ (Biolog, Hayward, USA) composed of three replicate wells of 31 single carbon substrates, including amino acids (n = 6), carbohydrates (n = 10), carboxylic acids (n = 7), polymers (n = 4), amine polymers (n = 4), phenolic compounds (n = 2), and a water blank. Temporal changes in physiological characteristics to distinguish microbial communities were described according to changes in microbial metabolic capacity (Choi et al. 1999; Preston-Mafham et al. 2002).
Fresh periphyton (0.5 g), with constant moisture, was placed into a conical flask filled with 50-mL sterile buffer solution and some glass beads under sterile conditions. The suspended periphyton was serially diluted to 1:1000 with sterile inoculating solution (0.85 % NaCl) for periphyton incubation. After shaking for 30 min, 150 μL of the bacterial inoculation was added to each of the 96 wells in each Biolog EcoPlate™ using a pipette. The plates were incubated in the dark at 25 °C, and the absorbance was measured every 24 h at 590 nm for 7 days (Zhang et al. 2013; Li et al. 2012).
The color development in each plate is expressed as average well color development (AWCD) which indicates the overall microbial metabolic capacity based on the redox dye (tetrazolium violet) color change. The following equation is used to calculate AWCD:
$$ \mathrm{AWCD}={\displaystyle \sum \frac{\left({C}_i-R\right)}{n}} $$

where C
                           
                    i
                   is the absorbance value of each well and R is the optical density value of the blank (Garland 1996).
Shannon, Simpson, and McIntosh indices were used to determine the metabolic versatility (also called functional diversity), based on AWCD values. The Shannon index was used to assess the microbial species richness. The Simpson index (D) was used to describe the dominant metabolic versatility response. The McIntosh index (U) described the evenness of the response and reflects similarities in microbial activity (Li et al. 2012; Zhang et al. 2014).
After approximately 60 days, the periphyton became stable and was collected for dry mass measurement (DM drying at 70 °C, 8 h), ash-free dry mass (AFDM at 445 °C, 1 h), and chlorophyll a (Chl-a) determination (Gilcreas 1966). The autotrophic index (AI), the ratio of AFDM with respect to the Chl-a concentration (Anand et al. 2013), was used to classify the successional phases of periphytic communities (Zhou et al. 2015).
All experiments were performed in triplicate. The results are presented as means ± SD. All the data were analyzed using Excel (Microsoft). The figures were drawn using Origin 8.5 (OriginLab Company), and the principal component analysis (PCA) was performed using SPSS Version 19.0 (IBM, SPSS).


Results and discussion
The N and P contents in agro-wastes and periphyton carriers
TN and TP concentrations in the modified agro-wastes (DPS, APS, and ARH) were generally lower than in the non-modified agro-wastes but higher than those of ceramsite (Table 1), thus, implying that DPS, APS, and ARH may supply nutrients in the early stages of periphyton growth. This is important, given that the formation of periphyton in the early stages depends primarily on nutrient supplements from microenvironments such as the surfaces of habitats or the interfaces of solid-liquid particles (Xu et al. 2012, 2014b; Tan et al. 2013; Salta et al. 2013).
Table 1 Mean (± SD) TN and TP in the agro-wastes (PS and RH), the modified agro-wastes (DPS, APS, and ARH), and ceramsite (C)Full size table


                        Amended carriers with more hydrophilic groups
The FTIR spectra of the modified agro-wastes (DPS, APS, and ARH) were different from the controls (PS and RH) (Fig. 1). DPS, APS, and ARH have fewer peaks in the 4000–450 cm−1 range. The band representing the signals for C=O of COOH and aromatic stretching vibrations (1700∼1500 cm−1) implied that the surfaces of DPS, APS, and ARH have more functional groups than the controls. The peaks around 1450 cm−1 were mainly due to –CH3 and –CH2− shearing and bending. The absorbance bands in the region from 1200 to 1000 cm−1 were attributed to C–O–C deformation vibrations of cellulosic compounds. In the agro-wastes (PS and RH), the peak around 3200 cm−1 was assigned to O–H stretching. There was no obvious difference between the frequency values of the C–H stretching vibration about CH3 and CH2 asymmetric around 2910 cm−1 on the surfaces of the modified and non-modified agro-wastes (Dick et al. 2003; Ge et al. 2014).
Fig. 1
FTIR spectra of amended agricultural carriers (DPS decomposed peanut shell, APS acidified peanut shell, ARH acidified rice husks) of periphytic communities and the agro-wastes (peanut shell and rice husk)


Full size image


                        Hydrophobic rough mutant bacterial cells were found to adhere more readily onto carrier surfaces possessing more hydrophilic groups than hydrophobic carriers with smooth surfaces (Bernstein et al. 2011; Gomez-Suarez et al. 2002). The results of FTIR revealed that the amended carriers (DPS, APS, and ARH), especially DPS, possess more hydrophilic groups than the controls.
The AI of periphyton
The biomass of periphyton decreased as follows: DPS > APS > ARH > C (Fig. 2a). DPS supported a significantly higher biomass (136.00 ± 28.20 mg/cm2) than the other carriers and appeared to have more hydrophilic sites on its surface. The changes in the hydrophilicity of the DPS surface and the biomass of the periphyton attached to DPS were similar, suggesting that the high periphyton biomass was associated with DPS hydrophilicity.
Fig. 2

                                       a Periphyton biomass and autotrophic index of periphyton attached to different carriers (DPS decomposed peanut shell, APS acidified peanut shell, ARH acidified rice husks, C ceramsite). b Variations in average well color development over time in Biolog EcoPlates™
                                    


Full size image


                        The ratios of species of heterotrophs and autotrophs differed between carriers, which corresponds with functionality. The AI increased as follows: DPS < APS < ARH < C (Fig. 2a). Based on the AI classification method (APHA 2005), the periphytons attached to DPS, APS, and ARH are heterotrophic. This implies that amended carriers are beneficial to the organization of a heterogeneous but stable microecosystem in the periphyton (Mohammed 2015).
Metabolic activity of periphyton on different carriers
Average well color development (AWCD) is an important index of carbon source utilization by microorganisms, reflecting metabolic activity (Li et al. 2012). The type of carrier affected the metabolic activity of periphyton, as revealed by the differential metabolism of substrates on the EcoPlates™ (Fig. 2b). After 7 days, the AWCD for DPS was highest, followed by the artificial carrier C, APS, and ARH. This is because the release of P and N by the modified agro-wastes provided extra nutrient sources for the periphyton community. Moreover, the high surface area of the modified agro-wastes offered more suitable habitats for the periphyton microorganisms (Yang et al. 2015). Under stable environmental conditions, the metabolic versatility of periphyton provides great potential for nutrient removal (Ricardo et al. 2012; Gaiser et al. 2004).
In the control (C), the lack of nutrients may result in a shortage of energy required for the periphyton growth in the first 72 h. After 72 h, the AWCD of the periphyton attached to C was higher than that of the APS and ARH treatments, due to the modification process of PSs and RHs (using sulfuric acid) accelerating the conversion of available organic carbon to unavailable carbon (Singh et al. 2008).
The metabolic versatility of periphyton
Calculated Shannon, Simpson, and McIntosh indices, based on the AWCD values, reflect the metabolic versatility (also called functional diversity) in species richness, common species, and homogeneity of microbial communities, respectively (Li et al. 2012). This study used the 96th-hour data of Biolog to analyze the microbial metabolic versatility in periphyton attached to different carriers.
The Shannon, Simpson, and McIntosh indices of the microorganisms in periphyton attached to DPS, APS, and ARH were significantly higher than those in the control (C) (p < 0.05) and higher than those attached to the “raw” agro-wastes (PS and RH) (Table 2). This indicates that the metabolic versatility of periphyton was improved by the use of DPS, APS, and ARH.
Table 2 Mean (± SD) metabolic versatility (also called functional diversity, represented by Shannon, McIntosh, and Simpson indices) of periphyton grown on agro-wastes (PS and RH), modified agro-wastes (DPS, APS, and ARH), and the control (C)Full size table


                        The metabolic capability according to different types of carbon sources
The Biolog EcoPlates™ system is designed to detect microorganism metabolism using a range of carbon sources. This permits an indication of the carbon utilization of periphyton communities (Li et al. 2012; Giaramida et al. 2013). In this study, carbohydrate, carboxylic acids, and polymers were the main carbon sources utilized (Table 3).
Table 3 The contribution rate to the accumulated total of the principal components of the main carbon source groupsFull size table


                        The multidimensional data was reduced to fewer dimensions by using PCA; the new variables were uncorrelated and retained most of the original variance (Lou et al. 2015). Two-dimensional PCA was calculated from the optical density data, while the difference between PC1 and PC2 reflect metabolic diversity based on the utilization of carbon sources. Different community structures or activities in the periphyton are identified by the utilization of different carbon sources. PS was different to all the other carriers in relation to the use of all four main carbon sources (Fig. 3). RH was also generally different to the other carriers. APS, ARH, and DPS usually clustered together, suggesting that their periphyton communities are using similar carbon sources and therefore consist of similar species groups. Ceramsite clustered with the other carriers in several cases. This result is consistent with previous studies (Liu et al. 2010; Luo et al. 2014) and implies that the substrates in DPS and APS are favorable to the development and growth of periphyton.
Fig. 3
PCA of normalized optical density data at AWCD with different carbon source groups at 96 h: a all carbon sources, b carbohydrates, c carboxylic acids, and d polymers
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                        A sustainable way to use agro-wastes
Periphyton is a complex community of considerable diversity with a prevalence of microorganisms which have a net negative surface charge (Kroll et al. 2014; Wu et al. 2014). Thus, hydrophilic surface would affect the microorganism cells’ recognition of initial attachment to the carrier surface (Lower et al. 2001). The surface charges and roughness of carriers are the factors usually limiting periphyton attachment (Lakshmi et al. 2012). The conventional artificial carrier (ceramsite) used in our study lacks surface charge which is vital for periphyton development (Lakshmi et al. 2012). Using modified PSs and RHs as carriers, with surface charges, leads to increased periphytic biomass and higher metabolic versatility compared to ceramsite. The results also reveal that modified carriers with more hydrophilic surface “radicals” and nutrients promote the attachment of bacteria and will increase the metabolic versatility of the periphyton. Using sulfuric acid to modify the agro-waste not only permits carbonization, which is rich in micropores (Song et al. 2014), but also permits the retention of the original inorganic nutrients such as nitrogen and phosphorus. The successful modification of agro-wastes in this study demonstrates economic and environmental benefits for periphyton cultivation.
Global crop residue production is expected to grow from 700 million to 2.3 billion tons per year (Bentsen et al. 2014). Most by-products are discarded and burned in the field causing soil, air, and water pollution and exacerbating energy and natural resource shortages (Abdul Khalil et al. 2012). Renewable and environmentally benign measures to recycle agro-wastes are needed to address this issue.
The benefits of reusing agro-wastes in the system are twofold. Firstly, by recycling/reusing agro-wastes in periphyton, production reduces the quantity of agro-wastes destroyed using unsustainable and non-environmentally friendly methods. Second, water/wastewater treatment systems based on microbial aggregates such as periphyton have low efficiency in purifying non-point source wastewater, such as the removal of nutrients, due to low periphyton biomass and activity (Wu et al. 2011a). The application of the modified agro-waste by-products (DPS, APS, and ARH) improves periphyton biomass and activity, thereby improving contaminant removal due to the increased removal efficiency associated with the increased biomass and activity of the microorganisms (Wu et al. 2011b) (Fig. 4).
Fig. 4
Comparison between conventional and novel agro-waste disposal protocols


Full size image


                        

Conclusions
Our results demonstrate that using modified agro-wastes [DPS, acidified peanut shell (APS), and acidified rice husks (ARHs)] as carriers, with more hydrophilic groups, increases the metabolic activity, carbon source utilization, and metabolic versatility of periphyton. The easy modification of agro-wastes to periphyton carriers, especially the DPS, is a sustainable way to reuse agro-wastes and paves the way for further use of agro-wastes in environmentally benign ways.
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Highlights
• Modified agro-wastes were used to cultivate periphyton.
• Hydrophilic groups on the modified agro-wastes improved periphyton growth.
• Modified agro-wastes improved the metabolic versatility of the periphyton.
• Employment as periphyton carriers is a novel use of agro-wastes.
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