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Abstract 
Consolidated bioprocessing (CBP) has been widely adopted as a cost-effective strategy for the bioconversion of lignocellulosic biomass into bio-chemicals. Microbial consortium can complete the complex CBP processes through the cooperation of different microorganisms. In this study, a synthetic microbial consortium was designed, which is composed of a hemicellulase-producing bacterium Thermoanaerobacterium thermosaccharolyticum and succinic acid production specialist Actinobacillus succinogenes 130Z. The simultaneous conversion of xylose hydrolyzed by T. thermosaccharolyticum could maintain a high hydrolyzing rate, which would facilitate succinic acid production by A. succinogenes 130Z. After process optimization, 32.50 g/L of succinic acid with yield of 0.41 g/g was obtained from 80 g/L xylan through CBP, representing the highest succinic acid production directly from hemicellulose materials. In addition, 12.51 g/L of succinic acid was directly produced from 80 g/L of corn cob. The above results demonstrated that this CBP based microbial co-cultivation system had great potential to convert lignocellulosic biomass into various bio-chemicals.
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1 INTRODUCTION
[bookmark: OLE_LINK2][bookmark: OLE_LINK35][bookmark: OLE_LINK36][bookmark: OLE_LINK38][bookmark: OLE_LINK3][bookmark: OLE_LINK5][bookmark: OLE_LINK44][bookmark: OLE_LINK50][bookmark: OLE_LINK52][bookmark: OLE_LINK54][bookmark: OLE_LINK64][bookmark: OLE_LINK65][bookmark: OLE_LINK57][bookmark: OLE_LINK61][bookmark: OLE_LINK62][bookmark: OLE_LINK63][bookmark: OLE_LINK6][bookmark: OLE_LINK66][bookmark: OLE_LINK67]Succinic acid, a four-carbon organic acid is one of the most important platform chemicals (Q. Li et al., 2010; Short, Nguyen, Scheurle, & Miller, 2018), which shows wide application in food, medicine, chemicals and other fields(Hu et al., 2019; Kim, You, & Kang, 2017). It is expected that by 2020, the scale of the succinic acid market will reach 710 kilo tons, and the corresponding global revenue will reach $ 1.1 billion. (C. Li, Yang, Gao, Wang, & Lin, 2017). Currently, succinic acid is mainly synthesized from non-renewable petrochemical resources through chemical methods (Liu et al., 2013), which would cause serious environmental issues. Compared with chemical synthesis, biological production of succinic acid shows great potential, such as the utilization of renewable biomass, mild fermentation conditions, and fixation of CO2 et al (Dessie et al., 2018; Wu et al., 2017). During various succinic acid producers, Actinobacillus succinogenes is one of the most intensively investigated one, which has the advantages of wide substrate utilization spectrum including both pentose and hexose, high yield of succinic acid and high tolerance to succinic acid et al. (Longanesi, Frascari, Spagni, DeWever, & Pinelli, 2018; Pereira et al., 2018). 
Substrate cost is one of key factors for the economics of large scaling bio-succinic acid production. It is well known that lignocellulose is one of ideal substrates for biochemicals production owning to its renewability and low cost (Pandey, Tiwari, Tiwari, & Jadhav, 2013). However, the traditional utilization of lignocellulosic biomass to produce succinic acid is usually accompanied by costly pretreatment processes., which can be divided into biological, chemical, physical or physicochemical methods (Hassan, Williams, & Jaiswal, 2018; Kumar & Sharma, 2017). The cost of the pretreatment process may exceed 40% of the total processing cost and is the most energy intensive aspect of biomass conversion to value added products (Sindhu, Binod, & Pandey, 2015). As A. succinogenes cannot directly utilize lignocellulose, costly pretreatment and hydrolysis steps are still needed when lignocellulose was used as substrate, hindering its further application for large scaling succinic acid production. 
[bookmark: OLE_LINK15][bookmark: OLE_LINK33][bookmark: OLE_LINK29]Recently, consolidated bioprocessing (CBP) has been widely adopted as a cost effective strategy to improve the efficiency of lignocellulosic biomass conversion to bio-chemicals (Akinosho, Dumitrache, Natzke, Muchero, & Ragauskas, 2017; Scholz, Graves, Minty, & Lin, 2017). In CBP, enzymes production, lignocellulose hydrolysis and microbial fermentation occur simultaneously in a single reactor by using one single microorganism or microbial consortium (Maas et al., 2008). Although studies had attempted to produce succinic acid from lignocellulose through CBP using single microorganism (Zheng, Chen, Zhao, Wang, & Zhao, 2012), the complex genetic engineering and relatively low yields of succinic acid were remaining problems. Hence, scientists have shifted to design microbial co-cultivation systems to achieve this goal, as they can complete complicated tasks through labor of division, such as bio-chemicals production from lignocellulose (Padmaperuma, Kapoore, Gilmour, & Vaidyanathan, 2018). Especially, a synthetic fungal-bacterial consortium including Trichoderma reesei and Lactobacilli pentosus has been designed, which could produce 34.7 g/L of lactic acid from 5% (w/w) microcrystalline cellulose (MCC) through consortium-based CBP (Shahab, Luterbacher, Brethauer, & Studer, 2018). Moreover, another synthetic fungal consortium of T. reesei and Rhizopus delemar could produce 6.87 g/L of fumaric acid from 40 g/L of MCC through CBP (Scholz et al., 2017). In these co-cultivation systems, lignocellulose hydrolysis and organic acid production were completed by different strains, which would reduce the metabolic burden when both enzymatic hydrolysis and chemical production pathways were constructed in one single strain. The success of these examples would pave the way for construction of microbial consortium to achieve succinic acid production from lignocellulose through CBP.
In this study, a bacterial consortium containing hemicellulosic Thermoanaerobacterium thermosaccharolyticum M5 and A. succinogenes was designed to directly produce succinic acid from lignocellulosic biomass (Fig 1). The mutualism interaction between these two strains was further analyzed. Statistical design was lastly carried out to improve the final succinic acid titer and yield from hemicellulose and untreated corn cob.

2 MATERIALS AND METHODS
2.1 Strain and media
[bookmark: OLE_LINK79]T. thermosaccharolyticum M5 and A. succinogenes 130Z were isolated and stored by our lab (Chen, Han, Miao, Min, & Chen, 2010; Jiang et al., 2018). The fermentation medium contains 0.75 g/L of KH2PO4, 0.75 g/L of K2HPO4, 4.585 g/L of N-[Tris (hydroxymethyl) metyl]-2-aminopropanesulfonic acid (TES), 5 g/L of yeast extract and 2.5 g/L of corn steep powder. Besides, the addition amounts of Na2SeO3-Na2WO4 solution, trace element solution, salt solution and resazurin (oxygen indicator) in 1 L of the medium were 1 mL, 1 mL, 10 mL and 10 mg, respectively (Jiang et al., 2018; Xin et al., 2017). In addition, 0.2 mM of Na2S, 0.2 mM of L-cysteine and 0.5 mM of DL-Dithiothreitol were added as reductants under N2. The 50 mL medium was dispensed into 100 mL serum bottle with N2 (nitrogen) purged, then autoclaved at 121 ° C for 15 minutes and cool down to room temperature.
2.2 Serum bottle fermentation using single culture and microbial consortium
[bookmark: OLE_LINK13][bookmark: OLE_LINK9]For single cultivation of T. thermosaccharolyticum M5, 2 mL of inoculum was added into the 50 mL medium with different concentration of xylan and xylose. The fermentation batches were incubated at 55 °C with 120 rpm. In the fermentation process, pH was adjusted to 7.5 by using 3 M NaOH solution, and xylose concentration in the sample was determined every 24 h. Each experiment was performed in triplicates. 
[bookmark: OLE_LINK11]For single cultivation of A. succinogenes 130Z, 2 mL of inoculum was added into 50 mL medium with different concentration of xylan and xylose. Besides, MgCO3 was added as pH buffer agents before sterilization. The fermentation batches were incubated at 37 °C with 200 rpm. In the fermentation process, xylose and organic acids concentration in the sample was determined every 12 h. Each experiment was carried out in triplicate. 
[bookmark: OLE_LINK14]For the microbial consortium, T. thermosaccharolyticum M5 was first inoculated using xylan as substrate at 55 °C for 24 h, then centrifugal precipitation of A. succinogenes 130Z seed solution and MgCO3 were added. The fermentation temperature was then decreased to 37 °C. In the fermentation process, xylose and organic acids concentration in the sample was determined every12 h. 
2.3 Optimization of microbial co-cultivation conditions 
The influence of several single factors, such as mixed time (inoculation time of A. succinogenes), initial xylan concentration, initial yeast extract concentration, pH, MgCO3 concentration on the production of succinic acid was explored. Eventually, three factors including mixed time, initial xylan concentration, and MgCO3 concentration were found to have great influence on succinic acid production. Response surface methodology (RSM) was further used for process optimization. Mixed time, initial xylan concentration, and MgCO3 concentration were independent variables, while succinic acid concentration was the dependent variable. The statistical software package Design-Expert 10 (Stat Ease Inc., Minneapolis, USA) generated a set of 17 experimental designs (Prajapati, Trivedi, & Patel, 2015). Each experiment was carried out in triplicate. The relationship between dependent and independent variables is explained by the following second-order polynomial equation: 
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where Y is the dependent variable (succinic acid concentration); X1, X2 and X3 are independent variables (mixed time, initial xylan concentration, and MgCO3 concentration);  is an intercept term; ,  and  are linear
coefficients; ,  and  are the interaction coefficients; ,  and  are the quadratic coefficients. Analysis of variance (ANOVA) in a statistical software package was used to perform statistical analysis of the model (Zhang, Li, Zhang, Wang, & Xing, 2012). Subsequently, the optimized conditions of microbial co-cultivation obtained from RSM were applied for succinic acid production from xylan and untreated corn cob through CBP.
2.4 [bookmark: OLE_LINK8]Determination of xylanase and β-xylosidase activities 
[bookmark: OLE_LINK12]Xylanase activity was determined using dinitrosalicylic acid (DNS) method (Cui et al., 2009). The fermentation liquid (1 mL) was added in 1 mL PBS buffer (50 mM pH 6.5) containing 1% (w/v) xylan and incubated for 10 min at 55 °C. The reaction was stopped by the addition of 2 mL of DNS. Finally, the absorbance of the mixture was measured at 540 nm according to the xylose standard curve. One unit of xylanase activity was defined as the amount of enzyme that released 1 μmol of xylose equivalent per minute under the assay conditions. 
[bookmark: OLE_LINK18]β-xylosidase activity was determined by the amount of p-nitrophenyl (pNP) released from p-nitrophenyl-β-d-xylopyranoside (pNPX) (Jiang et al., 2018). 1mL of 8 mM pNPX dissolved in 50 Mm, pH 6.5 phosphate buffer solution was preheated at 55 ° C for 3 minutes, then 1 mL of enzyme solution was added and the reaction was performed for 10 minutes. The reaction was stopped by the addition of 1 mL of 1M sodium carbonate solution and the increasing absorbance at 405 nm measured after cooling. The enzyme activity was calculated using pNP as the standard. One unit of enzyme activity was defined as the amount of enzyme required to produce 1 μmol of pNP per minute from pNPX under the above conditions.
[bookmark: OLE_LINK58]2.5 Analytical methods
[bookmark: OLE_LINK10][bookmark: OLE_LINK43]Concentrations of xylose, glucose and organic acids were quantified by high performance liquid chromatography (HPLC) (UitiMate 3000 HPLC system, Dionex, USA) using a UVD 170U ultraviolet detector at a wavelength of 215 nm, and an ion exchange chromatographic column (Bio Rad Aminex HPX-87H column, USA). The products were eluted at 55 °C with 5 mM H2SO4 as the mobile phase at a
flow rate of 0.6 mL/min (Dai et al., 2017). 
3 RESULTS AND DISCUSSION
[bookmark: OLE_LINK39]3.1 Efficient degradation of xylan by T. thermosaccharolyticum M5
[bookmark: OLE_LINK80][bookmark: OLE_LINK76]Hemicellulose is one of main constituents in lignocellulose, while xylan is the major portion of hemicellulose in plant cell wall (Borchardt, 2013). Previous studies have shown that the newly isolated T. thermosaccharolyticum M5 exhibited relatively high capacity of xylan degradation owing to its efficient expression xylan degrading enzymes, including xylanase and β-xylosidase, indicating that it would be a good partner with succinic acid producer to achieve succinic acid production from lignocellulose rich in hemicellulose (Jiang et al., 2018). Hence, the degradation capability of strain M5 for different concentrations of xylan was first investigated. 
[bookmark: OLE_LINK4][bookmark: OLE_LINK81][bookmark: OLE_LINK83][bookmark: OLE_LINK31]As seen in Fig. 2A, strain M5 was capable of degrading up to 100 g/L of xylan. With the increase of xylan concentration, higher xylose concentration was accumulated, which reached the highest level of 11.23 g/L when 80 g/L of xylan was used as the substrate. However, when xylan concentration was further increased above 100 g/L, xylose accumulation was decreased. This phenonium may be attributed to the product feedback inhibition to xylanase and β-xylosidase caused by the high concentration of xylose. Indeed, when additional 5 and 10 g/L of xylose were initially added to xylanase reaction systems, xylanase activity was decreased by 18% and 53%, respectively, while β-xylosidase activity was decreased by 22% and 61%, respectively when compared to the control with no addition of xylose (data not shown). These results suggested that the simultaneous removal or utilization of reducing sugars may help maintain high hemicellulose degrading enzymes activities. 
[bookmark: OLE_LINK42][bookmark: OLE_LINK90]In addition, pH also affects the activities of xylanase and β-xylosidase (Fig 2B). With initial xylan concentration of 80 g/L, different pH values ranging from 5.5 to 8.0 was maintained. Under pH of 6.5, strain M5 showed the most efficient xylan degradation. Although the optimum pH for the growth of strain M5 was alkaline, however, it has been proved that xylan degradation ability was better under acidic conditions (Xiaojing et al., 2014). What’s more, strain M5 could hardly utilize xylose when growing at 37℃ (Fig 2C), which meant that strain M5 would not compete with succinic acid producer for xylose within co-cultivation system.
3.2 Efficient bioconversion of xylose into succinic acid by A. succinogenes 130Z
[bookmark: OLE_LINK78][bookmark: OLE_LINK75][bookmark: OLE_LINK22][bookmark: OLE_LINK21][bookmark: OLE_LINK19]Previous studies have shown that A. succinogenes 130Z could consume a broad range of substrates including C6 (e.g., glucose) and C5 sugars (e.g., xylose) (Salvachúa et al., 2016). Especially, A. succinogenes 130Z showed comparable xylose utilization efficiency as glucose. However, A. succinogenes 130Z could not directly utilize xylan due to the lack of related hydrolases. As seen in Fig 3A, A. succinogenes 130Z could generate approximately 45.56 g/L of succinic acid from 80 g/L xylose with yield and productivity of 0.57 g/g and 0.63 g/L/h, respectively. The highest xylose utilization rate reached 1.93 g/L/h, which is comparable to that using glucose as the substrate (data not shown). When xylose concentration was further increased to 100 g/L, succinic acid production was also decreased. It should be noticed that succinic aid yield was decreased when xylose concentration exceeded 40 g/L. 
[bookmark: OLE_LINK24][bookmark: OLE_LINK32][bookmark: OLE_LINK34][bookmark: OLE_LINK23][bookmark: OLE_LINK49][bookmark: OLE_LINK26][bookmark: OLE_LINK25]As mentioned, T. thermosaccharolyticum M5 would be a good partner to achieve succinic acid production from hemicellulosic materials owning to its efficient xylan degradation capability. The xylose production rate of T. thermosaccharolyticum M5 and xylose consumption rate of A. succinogenes 130Z were accordingly compared. As shown in Fig 3B, the xylose consumption rate of A. succinogenes 130Z reached the highest 1.93 g/L/h during the first 24 h and tends to be stabilized after 72 h. While the xylose production rate of T. thermosaccharolyticum M5 was basically stable at 0.60 g/L/h, suggesting that xylose was continuously secreted. Therefore, the higher xylose consumption rate of A. succinogenes 130Z would eliminate enzymes activities inhibition of T. thermosaccharolyticum M5, as xylose could be simultaneously consumed when A. succinogenes 130Z and T. thermosaccharolyticum M5 were co-cultivated together. Indeed, xylanase and β-xylosidase activities could maintain at 0.38-0.43 U/mL and 6.02-7.34 U/mL during the fermentation period.
3.3 Determination of influencing factors for succinic acid production from xylan using microbial consortium containing strain M5 and 130Z
[bookmark: OLE_LINK56][bookmark: OLE_LINK53][bookmark: OLE_LINK51][bookmark: OLE_LINK93][bookmark: OLE_LINK55]The influence of single factors, such as mixed time (inoculation time of A. succinogenes to T. thermosaccharolyticum M5), initial xylan concentration, initial yeast extract concentration, pH, and MgCO3 concentration on succinic acid production was explored. During these variables, mixed time, initial xylan concentration and MgCO3 concentration were found to have greater impacts on succinic acid production. As shown in Fig 4A, the optimal inoculation time of strain A. succinogenes 130Z to T. thermosaccharolyticum M5 was 72 h. The possible reason could be that when the inoculation time was too early, xylanase and β-xylosidase activities secreted by strain M5 was relatively low (Fig 4B), which was not conducive to the subsequent xylan degradation. However, if the inoculation time was too late, strain M5 was in the decline period, and xylanase and β-xylosidase secretion efficiency would be reduced. When strain 130Z was inoculated at 72 h, strain M5 was in the exponential growth period, and a large amount of xylanase and β-xylosidase was secreted. In this microbial co-cultivation system, xylanase activity was relatively stable with 0.41 U/mL when temperature was shifted to 37℃, indicating that xylan could still be continuously degraded.
[bookmark: OLE_LINK74]Generally, higher xylan concentration would lead to higher xylose production in the microbial co-cultivation system. However, when xylan concentration was increased to a certain extent, the growth of strain M5 would be inhibited, namely the substrate inhibition occurred. Moreover, a product feedback inhibition of xylanase and β-xylosidase caused by xylose also existed, which has been mentioned above (Fig 4C). Hence, when xylan concentration was at 80 g/L, the highest succinic acid concentration of 22.07 g/L was obtained (Fig 4D). Further increase of xylan would reduce succinic acid production, as only 21.81 g/L of succinic aicd was produced from 100 g/L of xylan. 
[bookmark: OLE_LINK88]Organic acids produced in the fermentation process could significantly reduce the pH value. MgCO3 was usually added as an acid neutralizer to maintain the pH values in the fermentation medium. During the reaction, MgCO3 can also release CO2 to maintain the CO2 environment needed for succinic acid fermentation (Hyohak et al., 2010). In addition, MgCO3 can provide magnesium ions for phosphoenolpyruvate carboxykinase, which is a key enzyme in succinic acid production (Zou, Zhu, Li, & Tang, 2011). As reflected in Fig 4E, when MgCO3 concentration was 60 g/L, the highest succinic acid titer was up to 28.97 g/L. When MgCO3 concentration was increased from 40 g/L to 60 g/L, succinic acid concentration was also increased simultaneously. However, further increase in MgCO3 concentration reduced succinic acid production. For instance, when MgCO3 concentration was increased to 80 g/L, succinic acid titer was just 17.30 g/L.
[bookmark: OLE_LINK16]3.4 Optimization of fermentation conditions for enhanced succinic acid
production from xylan using microbial co-cultivation system containing strain M5 and 130Z
Based on the one-factor-at-a-time (OFAT) experiments, the optimal conditions for three important factors (mixed time, initial xylan concentration, and MgCO3 concentration) were determined using response surface methodology (RSM). For the response surface analysis, 17 experiments with triplicates were conducted according to RSM design as shown in Table 1, where X1 denotes initial xylan concentration (g/L), X2 denotes mixed time, X3 denotes MgCO3 concentration, and Y is succinic acid production (g/L). According to multiple regression analysis of experimental data, second-order polynomial equation of empirical relationship between response and screening variables was obtained as follows:

[bookmark: OLE_LINK45]  (2)
[bookmark: OLE_LINK70][bookmark: OLE_LINK71][bookmark: OLE_LINK72][bookmark: OLE_LINK73][bookmark: OLE_LINK28][bookmark: OLE_LINK68][bookmark: OLE_LINK69][bookmark: OLE_LINK37][bookmark: OLE_LINK20][bookmark: OLE_LINK84]The adequacy of this model was further verified using analysis of variance (ANOVA), which was tested using Fisher’s statistical analysis (Table 2) (Isar, Agarwal, Saran, Kaushik, & Saxena, 2007). Value of "Prob > F" was less than 0.0500, indicating that model terms were significant (Bezerra, Santelli, Oliveira, Villar, & Escaleira, 2008). The lack of fit F-value of 1.71 implied that the lack of fit was not significant. The non-significant lack of fit suggested that obtained experimental responses sufficiently fit with the model (Ganjali Dashti, Abdeshahian, Wan Yusoff, Kalil, & Abdul Hamid, 2014). The response surface is a three-dimensional spatial surface map, which can visually reflect the interaction between various factors and response values, and show the relationship between the observed response value and test parameter level (Cui et al., 2009). The above multiple regression equation was used to make the response surface curve. As shown in Fig 5A-C, there was interaction between each pair of variables, and significant interaction between the three selected variables. The optimal succinic acid production value predicted from the response surface model was 32.39 g/L under the optimal conditions, in which xylan concentrations was 84.05 g/L, mixed time was 67 h and MgCO3 concentration was 62.35 g/L, respectively. To verify the accuracy of model prediction, three sets of parallel experiments were carried out under the optimal conditions. As seen in Fig 5D, succinic acid production could reach 32.50 g/L with yield of 0.41 g/g, which was basically consistent with the model prediction value. In this microbial co-cultivation system, strain M5 was able to constantly hydrolyze xylan to xylose during first 67 h, and approximately 12.23 g/L of xylose occurred in the fermentation broth before strain 130Z was inoculated. After dosage of strain 130Z, xylose could be immediately consumed, and succinic acid was accumulated. Owning to the constant hydrolysis of xylanase and β-xylosidase, xylose concentration in the fermentation broth was maintained at 6-7 g/L. In addition, the activities of xylanase and β-xylosidase were always maintained at 0.38-0.43 U/mL and 6.02-7.34 U/mL, respectively during the co-cultivation process. Before 96 h, succinic acid production increased exponentially, and the highest succinic acid titer of 32.50 g/L was obtained at 240 h. Taken together, this microbial co-cultivation system could not only reduce feedback inhibition of enzymes, but also make it possible to produce succinic acid directly from xylan through CBP.
3.5 Succinic acid production from corn cob using co-cultivation system
[bookmark: OLE_LINK82][bookmark: OLE_LINK7]Corn cob was considered to be rich in hemicellulose (Ma et al., 2016), hence, direct conversion of corn cob through CBP was investigated for succinic acid production. In this study, corn cob containing approximately 33% of hemicellulose was directly used as substrate for succinic acid fermentation with only mechanic crush. As shown in Fig. 6A, the highest succinic acid concentration of 12.51 g/L was obtained from 80 g/L of corn cob after 8 days, representing the yield of 0.16 g/g. Before the dosage of strain 130Z, xylose continued to be accumulated and finally reached up to 8.68 g/L. In addition, xylose concentration was maintained at 7-8 g/L during co-cultivation process, while xylanase and β-xylosidase activities were maintained at 0.37-0.42 and 5.98-7.21 U/mL, respectively (Fig 6B). 
[bookmark: OLE_LINK85][bookmark: OLE_LINK86]Results showed that strain M5 and 130Z could be good partners to achieve succinic acid directly from hemicellulosic materials through CBP. The stable co-existence of these two strains was mainly based on competitive cheater and cooperator interactions (Shahab et al., 2018). When cooperative individuals benefit more from cooperative behavior than on-cooperators (cheaters), they can generally maintain cooperative phenotypes, referred to as assortment (Hol et al., 2013). In this study, strain M5 continuously secreted xylanase and β-xylosidase, which was a cooperative feature because xylose obtained by enzymatic hydrolysis was available as public goods for both strains. Strain 130Z may act as a cheater, because strain 130Z only utilized xylose for succinic acid production without contributing energy to the secretion of enzymes. However, strain M5 also benefited from the presence of strain 130Z, mainly reflected by the continuous consumption of xylose by strain 130Z, which could relieve product feedback inhibition to xylanase and β-xylosidase caused by high concentration of xylose (Hol et al., 2013).
[bookmark: OLE_LINK60][bookmark: OLE_LINK47][bookmark: OLE_LINK59]3.6 Comparison of succinic production from lignocellulosic biomass with other studies 
[bookmark: OLE_LINK89][bookmark: OLE_LINK92]So far, researchers have done series of work to realize the conversion of lignocellulosic biomass to succinic acid (Table 3). However, majority work involved complex pretreatment processes, such as biological, chemical, physical or physicochemical methods etc. For example, corn fiber could be pretreated with aqueous ammonia (SAA), dilute sulfuric acid and lignocellulosic enzymes into fermentable monomeric sugars for succinic acid production (Yoo, Nghiem, & Kim, 2016). 26.3 g/L of succinic acid with yield of 0.53 g/g could be produced from corn fiber hydrolysate by Escherichia coli AFP184. In addition, 30.00 g/L succinic acid with yield of 0.69 g/g was also obtained from dilute-acid pretreated corn stover hydrolysate  by using Basfia succiniciproducens (Salvachua et al., 2016). Similarly, a maximum succinic acid titer and yield of 39.60 g/L and 0.78 g/g were achieved from deacetylated and dilute-acid pretreated corn stover hydrolysate by A. succinogenes (Bradfield et al., 2015). Recently, the enzymatic extracellular mixtures of two new isolates were shown to hydrolyze both cellulose and xylan into monosaccharides. The produced monosaccharides were converted into succinic acid ranging from 15 to 18 g/L by B. succiniciproducens BPP7, with an average yield 0.75 g/g (Pennacchio et al., 2018). All above examples were accompanied by complex and expensive pretreatment steps. Particularly, efforts have also been made to use genetic engineering to transform single bacterium with capabilities of lignocellulose degradation and succinic acid production. For example, an E. coli was engineered to secrete hemicellulases for succinate acid production from beechwood xylan through CBP (Zheng et al., 2012). 14.44 g/L of succinic acid with yield of 0.37 g/g was finally produced from 1% xylose and 3% xylan. This represents the first example CBP strain for succinic acid production from xylan without using externally supplied hydrolases. In this study, the designed synthetic microbial co-cultivation system can achieve higher succinic acid production without the need for complex genetic engineering and pretreatment process. The application of co-cultivation-based CBP may pave the way for direct lignocellulosic biomass conversion into biochemicals and bioenergy.

4 CONCLUSIONS
In this study, a synthetic microbial co-cultivation system was designed to convert lignocellulosic biomass to succinic acid through CBP. Response surface methodology (RSM) was used to improve succinic acid titer. After process optimization, T. thermosaccharolyticum M5 and A. succinogenes 130Z produced up to 32.50 g/L of succinic acid with yield of 0.41 g/g from 80 g/L xylan w. In addition, 12.51 g/L succinic acid was also obtained from 80 g/L of corn cob, representing the first successful example for succinic acid production from lignocellulose by using microbial consortium. Future work was still needed to improve the hydrolytic rate to match the reducing sugar releasing and take up rates.  
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Figure legends:
Figure 1. Construction diagram of co-cultivation system for succinic acid production from hemicellulosic biomass through CBP.

Figure 2. The xylose production ability of T. thermosaccharolyticum M5 and the succinic acid production ability of A. succinogenes 130Z from xylose and xylan
The production ability of different concentrations of xylan 55 °C by T. thermosaccharolyticum M5, (B) The effect of pH on xylose production at 55 °C by T. thermosaccharolyticum M5 from 80 g/L xylan, (C) The xylose consumption ability of  T. thermosaccharolyticum M5 at 37 °C

Figure 3. The succinic acid production ability of A. succinogenes 130Z from xylose and xylan
 (A) The succinic aicd production ability of A. succinogenes 130Z from xylose and xylan, (B) The xylose production rate of T. thermosaccharolyticum M5 and the xylose consumption rate of A. succinogenes 130Z.

Figure 4. The influence of single factors on the production of succinic.
[bookmark: OLE_LINK48][bookmark: OLE_LINK46](A) The influence of mixed time on the production of succinic with 60 g/L xylan and 50 g/L MgCO3, (B) Xylanase and β-xylosidase activities of strain M5 at different growth period, (C) Relative activities of xylanase and β-xylosidase when adding with 5 and 10 g/L xylose, (D) The influence of xylan concentration on the production of succinic with mixed time of 72 h and 50 g/L MgCO3, (E) The influence of MgCO3 concentration on the production of succinic with 80 g/L xylan and mixed time of 72 h. 

Figure 5. The 3D response surface curves of the combined effects of initial xylan concentration, mixed time and MgCO3 concentration on succinic acid production and fermentation profiles under optimal conditions. 
(A) initial xylan concentration and mixed time at fixed level of MgCO3 concentration, (B) initial xylan concentration and MgCO3 concentration at fixed level of mixed time, (C) mixed time and MgCO3 concentration at fixed level of initial xylan concentration, (D) fermentation profiles of T. thermosaccharolyticum M5 and A. succinogenes 130Z under optimal conditions. 

Figure 6. Fermentation profiles and enzyme activities of T. thermosaccharolyticum M5 and A. succinogenes 130Z with corn cob.
(A) Fermentation profiles of T. thermosaccharolyticum M5 and A. succinogenes 130Z with corn cob. 
(B) Enzyme activities of T. thermosaccharolyticum M5 and A. succinogenes 130Z with corn cob.






Table 1. RSM experimental design for succinic acid production and corresponding results 
	Run
	X1
Xylan
(g/L)
	X2
Mixed Time
(Day)
	X3
MgCO3
(g/L)
	Y
Succnic acid
(g/L)

	1
	80
	3
	60
	31.97

	2
	100
	3
	40
	17.30

	3
	80
	3
	60
	31.89

	4
	80
	3
	60
	31.96

	5
	80
	3
	60
	32.12

	6
	60
	3
	40
	15.30

	7
	80
	1
	80
	20.23

	8
	60
	1
	60
	20.11

	9
	100
	3
	80
	22.91

	10
	80
	5
	40
	13.73

	11
	80
	5
	80
	15.52

	12
	80
	1
	40
	14.79

	13
	80
	3
	60
	32.10

	14
	100
	5
	60
	20.93

	15
	60
	5
	60
	16.14

	16
	100
	1
	60
	22.85

	17
	60
	3
	80
	16.79










Table 2. Analysis of variance of quadratic model for succinic acid production 
	
	Sum of squares
	Degree of freedom
	Mean square
	Value F
	Value P

	Model
	800.52
	9
	88.95
	7108.43
	< 0.0001

	X1-Xylan
	30.56
	1
	30.56
	2442.46
	< 0.0001

	X2-Mixed Tmie
	16.99
	1
	16.99
	1357.69
	< 0.0001

	X3-MgCO3
	25.69
	1
	25.69
	2053.01
	< 0.0001

	X1X2
	1.05
	1
	1.05
	84.25
	< 0.0001

	X1X2
	4.24
	1
	4.24
	338.46
	< 0.0001

	X2X3
	3.32
	1
	3.32
	265.26
	< 0.0001

	[bookmark: OLE_LINK27]X12
	105.20
	1
	105.20
	8407.34
	< 0.0001

	X22
	206.45
	1
	206.45
	16498.99
	< 0.0001

	X32
	336.27
	1
	336.27
	26874.10
	< 0.0001

	Residue
	0.088
	7
	0.013
	
	

	Lack of fit
	0.049
	3
	0.016
	1.71
	0.3021

	Pure error
	0.038
	4
	9.594E-003
	
	

	Sum
	800.61
	16
	
	
	



[bookmark: OLE_LINK30]Coefficient of determination (R2) = 0.9999; Adjusted R2 = 0.9997; Coefficient of variation (CV) = 0.50%; Adequate precision  = 213.038.







Table 3. Comparision of succinic acid production from lignocellulosic biomass with other studies 
	Strain
	Strategy
	Substrate
	Succinic acid (g/L)
	Yield (g/g)
	Reference

	E. coli Z6373

	CBP (with three hemicellulases and a pyruvate carboxylase co-expressed)
	xylose+ xylan
	14.44

	0.37

	18

	A. succinogenes 130Z
	Deacetylated, dilute-acid pretreated hydrolysate (DDAPH) 
	Corn stover 
	39.60
	0.78
	40


	Basfia
succiniciproducens 
	Deacetylated, dilute-acid pretreated hydrolysate (DDAPH) 
	Corn stover 
	30.00
	0.69
	39

	E. coli AFP184 
	Aqueous ammonia, enzymatic hydrolysis and dilute sulfuric acid pretreated
	Corn fiber 
	26.30
	0.53
	38

	B. succiniciproducens BPP7
	Enzymatic hydrolysis by Streptomyces flavogriseus AE64X and AE63X 
	Populus nigra
	15-18
	0.75
	41

	T. thermosaccharolyticum M5 and A. succinogenes 130Z
	CBP (Co-cultivation)

	xylan
	32.50
	0.41
	This study

	T. thermosaccharolyticum M5 and A. succinogenes 130Z
	CBP (Co-cultivation)
	corn cob
	12.51
	0.16
	This study
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