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Abstract  

Consolidated bioprocessing (CBP) of lignocellulosic biomass (LCB) using microbes simplifies 

the process, eliminates enzyme cost and reduces the overall processing expenses. In this regard, 

termite gut, a potent reservoir of microbial symbionts produces various lignocellulolytic 

enzymes which acts synergistically to degrade LCB. However, the effectiveness of adapting 

the microbes with LCB for improved lignocellulolytic enzyme secretion and substrate 

degradation has been overlooked. Hence, in this study adaptive laboratory (ALE) of termite 

gut isolates was performed with various substrates such as saw dust (SD) and Aloe vera leaf 

rind (AVLR) under different conditions. Among the consortia, enriched termite consortium 

(ETC-3) showed the highest degradation of lignin (51.86 ± 2.03%, w/w), hemicellulose (29.27 

± 1.29%, w/w) and cellulose (41.97 ± 2.99%, w/w) with maximum specific enzyme activities. 

High throughput sequencing revealed the significant enrichment of Proteobacteria (88.95%) 

and Ascomycota (99.94%) groups in ETC-3. Further, the efficiency of ETC-3 in consolidated 

pretreatment and bioprocessing (CPBP) and CBP of AVLR towards acetone, butanol and 

ethanol (ABE) production was studied. Compared to the CPBP, CBP resulted in 1.6-fold higher 

glucose yield which subsequently enhanced the butanol yield (7.97 ± 0.40 g/L). Finally, cost 

benefit analysis ensured the economic feasibility of process strategies for AVLR valorization.  
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1. Introduction  

Bio-valorization of lignocellulosic biomass (LCB) by the synergistic action of complex 

lignocellulolytic enzymes (ligninase, hemicellulase and cellulase) is a promising alternative to 

the conventional pretreatment and saccharification (harsh chemicals and physical treatments) 

process. To date, several studies have focused on utilizing various lignocellulolytic enzymes 

for the degradation of lignin and polysaccharides in LCB owing to the high substrate 

specificity, absence of fermentative inhibitors and mild operating conditions [1-3]. However, 

multistep processing and high cost associated with the enzyme purification limits the techno-

economic feasibility of LCB bio-valorization [4,5]. To circumvent these bottlenecks, 

consolidated bioprocessing (CBP), an ideal conversion strategy integrating the enzyme 

production, substrate hydrolysis and fermentation of sugars in a single stage (one reactor 

model) by microbes is progressively recognized as a suitable approach for bio-based products. 

The use of microbial systems in CBP for in-situ enzyme production can substitute the need for 

expensive enzymes, reduces the complexity, capital and operational cost of the process. 

Though recent studies have shown the feasibility of CBP, still it remained as a proof of concept 

owing to its major bottleneck such as development of an industrially viable microbial candidate 

(either single organism through strain engineering or consortium) that are effectively involved 

in the enzyme production, hydrolysis and fermentation in a single reactor. Other challenges 

include slow reaction rate, low product yield, incompatibility of optimal reaction conditions, 

limited control of the process and the need for an additional lignin removal step in LCB based 

biorefinery [https://www.celignis.com/bioprocess-cbp.php, 6, 7]. Therefore, CBP necessitates 

employing a robust microbial consortium which could mimic the degradation of plant biomass 

by synergistic action of microbial symbionts harboring sub-surface soils, compost, ruminants 

and termite guts [8-10].  
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Among the natural habitats, termite gut harbor ubiquitous syntrophic microbial communities 

that have evolved millennial years to tackle the recalcitrance of plant biomass. Termites, a 

eusocial insect can effectively digest upto 87% of hemicellulose and 99% of cellulose from a 

highly lignified hardwood [11,12]. In a termite colony, workers are the most abundant caste 

which are predominantly involved in foraging the wood as compared to the other castes such 

as reproductives (King and Queen) and soldiers. In addition, diverse microbial symbionts in 

the termite gut are possessed with a vast repertoire of ligninolytic and Carbohydrate active 

enzyme (CAZyme) [9, 13-15]. Hence, most of the studies are focused on culture dependent 

approach for the isolation of microbes from worker caste termite guts that are characterized 

with hemicellulolytic (xylanase) and cellulolytic (endoglucanase) activities [15-17]. This 

indicates that a group of microbial symbionts are synergistically involved in the degradation of 

lignocellulose. Lazuka et al. [18] employed 16S rRNA analysis of termite gut derived microbial 

consortium in order to reveal the wide spectrum of bacteria involved in carboxylates production 

from wheat straw. Compartmentalization of vital metabolic function through division of labor 

between symbionts and the prevalence of complex CAZymes profile could pave a way for 

bioprospecting to valorize LCB. Further, adaptive laboratory evolution (ALE) could be opted 

to enrich the microbial consortium with LCB to attain the intended functional characteristics 

[19,20]. ALE is widely used to evolve the microbes for enhancing the substrate utilization, 

enzyme secretion and tolerance to fermentative inhibitors [21,22].  

Aloe vera leaf rind (AVLR), an agro-industrial waste constitutes a significant amount of lignin 

(19.12%, w/w), hemicellulose (15.57%, w/w) and cellulose (38.39%, w/w) which has been 

explored as a second generation feedstock for the production of ethanol [23,24], lactic acid and 

butanol [25]. Though proven to be effective in lab scale, employing conventional multi-step 

strategy (pretreatment, saccharification and fermentation) could be cost intensive. Production 
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of multiple products like acetone, butanol and ethanol (ABE) from AVLR by consolidating the 

process steps could fetch an economic feasibility in industrial scale.  

Therefore, this study is focused on establishing an advanced lignocellulose bioprocessing for 

AVLR through microbial consortium for consolidated pretreatment and bio-saccharification 

(CPBS) by integrating lignocellulolytic enzymes production, pretreatment and hydrolysis in a 

single stage to improve the economic feasibility. To the best of authors’ knowledge, this is the 

first study to inculcate ALE of termite gut derived microbial community using lignocellulosic 

substrates for improving the lignocellulolytic enzymes secretion and degradation. Followed by 

characterizing the vital symbionts and the microbial dynamics in native termite gut and 

enriched microbial consortium through high-throughput sequencing. The efficacy of potent 

microbial consortium in processing AVLR biomass was elucidated for ABE production by 

opting different process strategies: 

Strategy I (Consolidated pretreatment and bioprocessing (CPBP)): Untreated AVLR biomass 

+ Termite gut consortium + Fermentative strain (Clostridium acetobutylicum MTCC 11274) 

Strategy II (CBP): Deep eutectic solvent (DES) pretreated AVLR biomass + Termite gut 

consortium + Fermentative strain (C. acetobutylicum MTCC 11274). 

Finally, the cost-benefit analysis was performed to ensure the commercial feasibility of the 

opted strategies for the establishment of AVLR based biorefinery framework.  

2. Materials and Methods  

2.1. Lignocellulosic substrate  

Saw dust (SD), a LCB generated during the wood processing was collected from the local 

sawmill situated in Chennai, Tamil Nadu, India. Aloe vera leaf rind (AVLR), a processing 

waste from aloe gel extraction was procured from the local unit located in Chennai, Tamil 
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Nadu, India. Then the fresh AVLR was solar dried, powdered, followed by sieving through a 

mesh to obtain 2 mm particle size and stored for further studies.  

2.2. Termite collection and gut dissection  

Termites from a single colony were collected from an old decaying wooden arboreal nest found 

in the province of Meenambakkam, Chennai, Tamil Nadu. A mixture of active termite caste 

along with the wooden pieces were randomly retrieved in dark and immediately transported to 

the laboratory. As the worker caste of termites are predominantly responsible for foraging, only 

the matured workers were chosen for the study and segregated from the soldiers and 

reproductives (King and Queen) based on the morphology (Fig. 1a). Then the workers were 

cold-immobilized, surface sterilized with 70% (v/v) ethanol, decapitated and the whole gut 

were dissected using a sterile fine tipped forceps under stereomicroscope [26]. The whole gut 

comprises foregut, midgut and hindgut (Fig. 1b and c). Each individual gut (n~100) were 

immediately pooled into an 8 mL cold phosphate buffer containing L-cystine hydrochloride 

(1%, w/v). The whole guts were then gently vortexed and the homogenates was used for further 

studies. In addition, to elucidate the native microbial symbionts of worker termites, the whole 

gut isolates (n~ 25) were immediately subjected to the DNA isolation as detailed in the section 

2.5. A flow chart illustrating the standard operating procedure for termite collection and gut 

dissection is provided as supplementary Figure (Fig. S1). The termite was identified as 

Odontotermes sp. (belonging to Macrotermitinae subfamily) based on the morphology of the 

solider caste of termite. The head capsule is yellowish brown in colour, elongated and oval 

shaped (wider in the middle and converges anteriorly). Mandibles are slender, longer and black, 

whereas antennae found on the sides are brownish (Fig. 1a) [27,28]. 
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Fig. 1. Morphology of different castes of termites (a), isolation of termite gut (b) and the 

various segments of the isolated gut (c) sample

2.2.1. Termite gut inoculum (TGI)  

The whole gut homogenate (8 mL) of workers was added in a serum vial containing minimal 

salt medium (MSM) (KCl - 0.5 g/L, NaNO3 - 2.0 g/L, KH2PO4 - 1.0 g/L and MgCl2 - 0.5 g/L) 

with 1% (w/w) of glucose as sole carbon source. The media is supplemented with trace 

elements (TE) (1 mL) and syringe filtered vitamin solution (1mL). The TE solution comprises 

the following constituents (g/L): MnCl2- 0.05; H3BO3- 0.3; CuCl2- 0.002; ZnCl2- 0.042; 

FeSO4.7H2O- 0.1; NiCl2- 0.024; CoCl2.6H2O- 0.19 and Na2MnO4- 0.018. The microbial 

culture was maintained at pH 7 with varied temperature i.e., mesophilic (37 ± 2 ˚C) and 

thermophilic (45 ± 2 ˚C) for 72 h under anaerobic condition. The anaerobic chamber was 

purged with inter gas (nitrogen) to remove the oxygen and the serum vials are sealed with 

rubber caps and aluminium crimp. The microbial culture is labelled as termite gut inoculum-

mesophile (TGI-M) and termite gut inoculum- thermophile (TGI-T) and used for further 

adaptive laboratory evolution (ALE) studies.  
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2.3. ALE strategy for enrichment of microbes 

ALE aids in the adaptation of isolated microbial consortia to the chosen LCB substrates such 

as SD and AVLR that constitutes a high and moderate amount of lignin and polysaccharides 

respectively. To obtain a stable microbial consortium with high lignocellulose degradation 

efficiency, sequential enrichment was performed in serum vials containing SD and AVLR as a 

sole carbon source at five different concentrations (0.5% (w/v), 1% (w/v), 1.5% (w/v); 2% 

(w/v) and 2.5% (w/v)) over 5 cycles with a regular incubation for 96 h. The gradual increment 

in the substrate concentration during ALE is to exert a selection pressure of heterogenous 

nature of LCB on the microbial communities during serial batch cultivations. This facilitates 

the gradual adaptation of microbes through metabolic rewiring to the complex substrate thereby 

enabling the evolution of microbial consortium with efficient substrate degradation 

capabilities. The enrichment medium constitutes MSM, TE and vitamin solution as mentioned 

in section 2.2.1. The adaptation of microbial symbionts was performed with 10% (v/v) of seed 

inoculum (TGI-M and TGI-T) under aseptic conditions. Additionally, a pure cellulosic 

substrate, such as commercial filter paper (FP) is used for the sequential enrichment of 

microbes to study the cellulolytic potential of different TGI in consolidated bio-saccharification 

(integrated cocktail hydrolytic enzymes production and saccharification using microbes). After 

5 cycles of enrichment, the enriched microbial consortia were labelled as enriched termite 

consortium (ETC-1 to ETC-6) and the comprehensive experimental design for sequential 

enrichment are represented in the Fig. 2.   
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Fig. 2. A schematic representation of ALE strategy for enriching the microbial consortia 

derived from termite gut 

2.4. Screening of enriched microbial consortia 

Screening of potent microbial consortia was done based on the degradation potential using the 

chosen substrates (SD, AVLR and FP) with 10% (v/v) of ETC (1-6) as inoculum. All the 

experiments were performed in serum vials containing MSM, TE and vitamin solution as 

mentioned in section 2.2.1, followed by incubation for 7 days under different conditions (Table 

S1). The microbial culture obtained after the 5th enrichment cycle of ALE was used for the 

screening studies with the same substrate and enrichment conditions. After 7 days of microbial 

treatment, the samples were centrifuged at 8000 rpm, 4 °C for 10 mins. Then the solid residue 

and supernatant were used for the estimation of substrate degradation percentage, specific 

enzymes activities and sugar monomers respectively.  

2.5. Genomic DNA extraction 

The genomic DNA (gDNA) from the termite gut and the ETC-3 were extracted using the 

Nucleospin tissue (Macherey-Nagel, Germany) gDNA extraction kit according to the 

manufacturer protocol. The purity (A260/280) and the concentration of the gDNA was checked 

using Nanodrop spectrophotometer (Thermo Scientific, USA). An agarose gel (0.8%, w/v) 

electrophoresis was used to evaluate the gDNA integrity (Fig. S1 and Fig. S2).  
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2.6. Polymerase chain reaction (PCR) of 16S rRNA and Internal transcribed spacer (ITS) 

region  

A specific primer targeting 16S rRNA (V3-V4 hypervariable region) and ITS regions were 

used for the PCR amplification of the eluted gDNA. The sequence of forward (F) and reverse 

(R) primers are as follows:  variable region (V) V34F:- 5’ 

AGAGTTTGATGMTGGCTCAG 3’, V34R:- 5’ TTACCGCGGCMGCSGGCAC 3’ and 

ITSF:- 5’ TTGGTCATTTAGAGGAAGTAA 3’, ITSR:- 5’ GCTGCGTTCTTCATCGATGC 

3’. The reaction mixture (20 µL) consists of High-Fidelity DNA Polymerase enzyme with PCR 

reaction buffer, 10 pM primers and 40 ng gDNA. The PCR cycle conditions were set as follows: 

94 °C for 2 min (initial denaturation), followed by 25 cycles at 95 °C for 15 s (denaturation), 

56 °C for 15 s (annealing), and 72 °C for 2 min (elongation) with a final extension for 10 min 

at 72 °C. The resultant PCR product was purified using Gel/PCR purification kit (Qiagen, 

USA) and electrophoresed on an agarose gel (2.0%, w/v). Simultaneously the purity of 

amplicons was estimated using a Nanodrop spectrophotometer (Thermo Scientific, USA) [29].  

2.7. Metagenomic library preparation and sequencing 

The purification of the PCR amplicons was performed with AMPure XP (Beckman Coulter 

Inc., USA) to remove unused primers. In addition, index PCR (8 cycles) using Nextera XT 

Index Kit (Illumina, USA) was done to amplify the purified PCR products with Illumina 

barcoded adapters and dual indices. The metagenomic libraries were further purified using 

AMPure XP kit, and the concentration was estimated using Qubit dsDNA High Sensitivity 

assay kit (Thermo scientific, USA). The purified metagenomic libraries were normalized, 

pooled (4 nM concentration) and subjected to paired-end sequencing in Illumina Miseq using 

2x300PE v3-v4/ITS sequencing kit [29]. 
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2.8. Analysis of sequence data  

The sequence analysis for 16S rRNA and ITS region was performed using Quantitative Insights 

Into Microbial Ecology (QIIME2-2021.4) software. After Illumina sequencing, the bcl data 

obtained was de-multiplexed and denoised followed by quality filtering. The ‘Vsearch’ plugin 

was used for joining the quality filtered reads, de-replicate sequence and clustering the features 

against the reference database (Greengenes (bacteria) and UNITE (fungi)). The identify 

threshold for the sequence was set at 97% and the taxonomy was assigned to the query 

sequences [30,31].  

2.9. Process strategies for AVLR biomass valorization 

To elucidate the efficiency of enriched microbial consortium (ETC-3) in processing AVLR 

biomass, two different strategies (strategy I: Consolidated pretreatment and bioprocessing 

(CPBP) and strategy II: Consolidated bioprocessing (CBP)) has been opted. CPBP integrates 

the various lignocellulolytic enzyme production, pretreatment, hydrolysis and ABE 

fermentation in a single reactor. Whereas in CBP strategy, AVLR is initially subjected to the 

DES pretreatment to partially removal the lignin and then the DES-pretreated AVLR is used 

as a carbon source in CBP strategy. For the DES pretreatment, most widely used Type-III DES 

composed of Choline chloride and Glycerol was synthesized and used for the pretreatment 

[32]. The DES pretreatment has selectively removed around 56% (w/w) of AVLR lignin, as 

reported in a previous study by author [25], leaving behind a solid residue rich in hemicellulose 

(14.50%, w/w) and cellulose (43.13%, w/w). Thus, enhancing the polysaccharide accessibility 

for microbial hydrolysis and increase the fermentable sugar yield.  

In both CPBP and CBP, about 5 g of untreated or DES pretreated AVLR biomass was 

inoculated with 10% (v/v) of consortia (ETC-3) in a serum vial containing MSM, TE and 

vitamin solution as mentioned in section 2.2.1.  The experiment sets were maintained under 

anaerobic condition at 37 °C for 96 h - 72 h based on the optimal sugar yield obtained from the 
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preliminary experiments. Followed by the inoculation of serum vial with 10% (v/v) of C. 

acetobutylicum MTCC 11274 for ABE production and the experiment sets were maintained at 

37 °C for another 72 h under anaerobic condition. The chamber was purged with nitrogen gas 

and the serum vials are tightly sealed using rubber stopper and aluminium crimp. The 

intermittent sample was collected for every 24 h, followed by centrifugation (5000 rpm, 4 °C, 

and 20 mins) to separate the supernatant, which was used for the estimation of sugar monomers 

and ABE. The solid residue was oven-dried at 60 °C and stored in a zip lock cover for further 

characterization studies. 

2.10. Analysis of substrate degradation  

The structural cell wall components such as lignin, hemicellulose and cellulose for untreated 

and treated substrates were estimated using the standard protocol of National Renewable 

Energy Laboratory (NREL) and Anthrone method respectively [33-35].  

2.11. Estimation of lignocellulose degrading enzymes  

The activity of various enzymes such as laccase, manganese peroxidase (MnP), lignin 

peroxidase (LiP), xylanase, endoglucanase and total cellulase involved in lignin, hemicellulose 

and cellulose degradation are determined from the supernatant recovered after microbial 

treatment. For ligninolytic enzymes, various substrates such as veratryl alcohol, phenol red and 

2,2´ - azino-bis(3-ethyl-benzothiazoline- 6-sulfonic acid) (ABTS) were used for estimating the 

LiP, MnP and laccase activity respectively [36-38]. Whereas total cellulase, xylanase and 

endoglucanase activity were measured using the respective substrates such as FP, xylan and 

carboxymethyl cellulose (CMC) [39,40]. The total protein content was determined by Bradford 

method and the specific enzyme activity is expressed as IU/mg (units of enzyme required to 

catalyse 1 µmole of substrates into product per min per mg of total protein) [41].  

The enzyme activity is calculated based on the formula (Eq. 1 and Eq. 2) given below, 

������������ �������� �
��

��
� =  

�× ������

�×�× ������� ×�
                                                                (1) 
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Where, 

A = Absorbance of the product formed during the reaction at a specific wavelength (436 nm 

for laccase, 610 nm for MnP and 310 nm for LiP).  

Vtotal = Total volume of the assay (mL) 

Molar extinction coefficient (ε) = 22000 M-1cm-1 (MnP), ε =36000 M-1cm-1 (Laccase) and ε = 

9300 M-1cm-1 (LiP) 

T = Time (min)

Vsample = Volume of the sample (mL) 

Pathlength (�) = 1 cm 

���������������� ��� ������������ �������� �
��

��
� =

�������� ����� �
��

��
� × ����� ������ (��)

��������� ������ ��
������

�������
�

�

����
�× ���� (���)× ������ �� ������ (��) 

  (2)

The glucose or xylose concentration was calculated using the standard slope of pure glucose 

or xylose using dinitro salicylic acid (DNS) method [42].  

The specific activity of enzymes was calculated using the Eq. (3) given below,  

�������� ������ �������� �
��

��
� =  

����� ������ �������� (
��

��
)

����� ������� �� ��� ����������� (
��

��
)
                                (3) 

Further, the presence of various extracellular enzymes in the supernatant were qualitatively 

determined using reverse phase-high performance liquid chromatography (RP-HPLC) 

(LC10ADVP, Shimadzu, Japan). All the samples were run under the condition as reported by 

Rajeswari et al. [43].  

2.12. Estimation of fermentable sugar monomers  

The liquid hydrolysate collected during the microbial treatment was subjected to the 

centrifugation (8000 rpm, 4 °C, 20 mins) to separate it from the solid biomass. Then the 

fermentable sugars (xylose, arabinose and glucose) in the liquid hydrolysate were determined 

using orcinol and DNS method respectively [42,44].  
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2.13. Estimation of ABE  

Gas chromatography coupled with flame ionization detector (Agilent Technologies, USA) was 

used for determining the concentration of metabolites (ABE). Nitrogen was used as a carrier 

gas in the analysis. About 1 µL of sample was injected into the glass column operated at 220 

°C, while the detector temperature was maintained at 300 °C. The concentration of the 

metabolites was calculated using the slope obtained from the standard graph (Fig. S3-S7) of 

acetone, butanol and ethanol (99.9% pure, Sigma-Aldrich, USA). Additionally, the 

productivity, yield coefficient and fermentation efficiency for acetone, butanol and ethanol 

were calculated using the formula as given in Eq. 4-6. 

������� ������������ (
�

�.�
) =  

������� ������������� �� ��� ������� (
�

�
)

������������ ���� (�)
(4) 

������� ����� ����������� ���
��
� =  

∆�

∆�
=  

����

�� ��
 (� �⁄ )                                          (5)  

ΔP = Change in concentration of the product (g/L) 

ΔS = Change in concentration of the substrate (g/L) 

������������ ����������� (%) =  
�������� ����� �� ��� ������� (

�
�� )

����������� ����� �� ��� ������� (
�
�� )

 × 100                   (6) 

Theoretical yield of acetone - 0.32 (g/g of glucose), butanol - 0.41 (g /g of glucose) and ethanol- 

0.51 (g /g of glucose) 

2.14. Structural and morphological characterization of AVLR biomass 

2.14.1. Fourier transform infrared (FTIR) analysis  

To determine the variation in the functional group of untreated and treated AVLR biomass, 

FTIR analysis was performed (Agilent Technologies, Cary 600 Series, USA). The samples 

mounted by KBr pelleting method were scanned from 400-4000 cm-1 with 0.5 cm-1 spectral 

resolution [45].  
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2.14.2. X-ray diffraction (XRD) analysis  

Crystalline nature of the AVLR biomass before and after treatment were analyzed using high 

resolution bench top XRD system (Malvern Panalytical, AERIS, UK) using CuKα radiation (α 

= 1.54 Å). The samples were scanned (2θ = 10 to 90°) with 3°/min speed and the diffraction 

profile was detected at 40 kV. Crystallinity index (CrI) percentage was calculated using the 

empirical formula (Eq. 7) for native cellulose as reported by Segal et al. [46] 

��� (%) =
����� ���

����
× 100                                                                                     (7) 

Where, I002 and Iam are the maximum (2θ- 22 and 23°) and minimum (2θ- 18 and 19°) intensity 

peak of crystalline cellulose respectively. 

2.14.3. Scanning electron microscopy (SEM) analysis  

The modification in the AVLR surface morphology during treatment was studied by SEM 

analysis (Model-FEI Quanta 200, USA). The dried samples were mounted on the stub and 

observed at 5 kV using SEM [47].  

2.15. Cost-benefit analysis  

The cost-benefit analysis was performed in accordance with Ozturk et al. [48] to determine the 

economic and industrial feasibility of various strategies (CPBP and CBP) opted for butanol 

production and lignin fractionation from AVLR. The plant capacity was assumed to process 1 

Metric ton per hour (MTPH) of AVLR biomass and operates for 24 h a day over a span of 346 

days in a year.  

The direct fixed cost (DFC) of the plant are primarily comprised of total plant direct cost 

(TPDC), total plant indirect cost (TPIC) and contractor's fee and contingency (CFC) were 

calculated based on the Eq. 8-11. 

��� = ���� + ���� + ���                      (8) 

���� = ��� + ��� + ��� + ��� + ��� + ���+ �� + ��� + ���                              (9) 
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���� = ��� + ���                      (10) 

��� =  ��� +  ��                      (11) 

Where, CIT - capital cost for instrumentation, CPP - capital cost for process piping, CPC - capital 

cost for equipment purchase, CIN - capital cost for installation, CEL - capital cost for electrical, 

CIL - capital cost for insulation, CB - capital cost for buildings, ��� – capital cost of auxiliary 

facilities, CYI - capital cost for yard improvement, CCO - capital cost for construction, CEN - 

capital cost for engineering, CCF - capital cost for contractor's fee, CC - capital cost for 

contingency. 

On the other hand, the cost of raw materials, maintenance, utilities, labor, laboratory and other 

miscellaneous are included in calculating the annual operational expenses of the plant. The 

significant commercial economic notions such as net present value (NPV), payback period and 

internal rate of return (IRR) (Eq. 12-14) were used to determine the probability of products.  

NPV = − DFC +  ∑
���� ���� (��)

(���)�
��
���                       (12) 

0 = ��� =  ∑
��

(�����)�
��
��� − ���                       (13) 

���back period =  
���

��
                      (14) 

Where,  

� - discount rate,  

� - project time 

Further, sensitivity analysis of NPV was carried out to avoid any financial risk and to resolve 

the uncertainty in plant feasibility. For this analysis, varied market conditions such as discount 

rate (2-8%), project lifetime (15-25 years) and income tax (15-25%) were considered as a 

parameter.  

2.16. Statistical analysis   

All the experiments were done in triplicates and the results are represented as the average of 

the three independent trails. The standard deviation denoted as (±) was calculated from the 

mean of these trials. 
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3. Results and discussion 

Recently, microbial consortium based valorization of LCB serves as a promising avenue for 

integrating the multiple steps including secretion of various ligninase and CAZymes involved 

in lignocellulose breakdown, pretreatment and hydrolysis of polysaccharides into fermentable 

sugar monomers [49]. In this regard, among the ecological niches, the ubiquitous microbial 

symbionts of termite guts are possessed with a vast repertoire of ligninolytic and CAZymes 

which are responsible for the complete degradation of lignocellulose [9]. For this reason, 

termites are considered as a desired model for industrial bioprospection of LCB. Further, 

performing ALE over a defined period under various conditions could aid in acclimatizing the 

microbes to effectively degrade LCB [50]. Nevertheless, studies have never explored the 

effectiveness of ALE for enriching the termite gut derived microbial communities using woody 

biomass (SD) and agro-industrial waste (AVLR) to develop a robust microbial consortium for 

consolidating the multi-step treatment strategies of LCB into a single process.  

Therefore, this is the first study to focus on establishing a microbial consortium for CPBS using 

ALE strategy with the chosen model substrates (SD and AVLR). Followed by probing the vital 

key players in native termite gut microbiome and enriched microbial consortium (ETC-3) 

through high-throughput sequencing. In addition, the study also aims to establish different 

process strategies (CPBP and CBP) for AVLR valorization using ETC-3 for ABE production 

along with a cost-benefit analysis for the industrial and economic feasibility.  

3.1. Taxonomic annotation of microbial community in native termite gut microbiome 

To annotate the bacterial and fungal diversity in the termite gut, a pair-end amplicon (16S 

rRNA and ITS) sequencing was performed using Illumina MiSeq platform. A total of 34 and 

18 million base pair was generated in 16S rRNA and ITS sequencing with a GC content of 

53% and 51.5% respectively. The bacterial and fungal communities were taxonomically 
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annotated and the relative abundance was represented at the top 10 phylum, family, and genus 

levels (Fig. 3 a and b). 

3.1.1. Bacterial population in the termite gut  

Based on the 16S rRNA sequencing analysis (Fig. 3a), Bacteroidetes (38.24%) were the most 

dominant phylum colonizing the termite gut followed by Firmicutes, Synergistetes, 

Proteobacteria, Planctomycetes, Planctomycetes, Spirochaetes and Actinobacteria with a 

relative abundance of 22.19%, 11.31%, 9.82%, 8.25%, 6.79% and 2.24% respectively. 

Moreover, Rikenellaceae (36.98%), Lachnospiraceae (17.90%) and Dethiosulfovibrionaceae

(12.27%) were the significant family taxon identified in the termite gut. At the genus level, 

only TG5, Treponema, Dysgonomas and HA73 were classified with a relative abundance of 

10.10%, 7.84%, 2.66% and 2.80% respectively. However, a significant proportion of the 

bacterial genera in termite gut remained unclassified across various OTUs as shown in the Fig. 

3(a), suggesting the microbiome complexity. These unclassified genera were associated with 

the bacteria from different phyla, classes, orders, or families found in the termite gut. Several 

studies have reported that Bacteroidetes in termite gut are involved in the polysaccharide 

breakdown by the prevalence of CAZyme encoding gene of Glycoside hydrolase (GH) family 

(xylanase and endoglucanase) [51-56]. While, Auxiliary activities (AA) enzyme genes 

associated with the lignin degradation are predominant in Proteobacteria phylum [57]. The 

members of the Actinobacteria phylum, predominant in the termite foregut and midgut are 

possessed with the diverse ability of metabolizing lignin and cellulose by secreting 

extracellular peroxidase and cellulase [29, 52, 58, 59]. Kohler et al. [60] investigated that many 

species from Firmicutes (Lachnospiraceae family) in Nasutitermes corniger showed high 

xylanolytic activity indicating its ability in hemicellulose degradation. Spirochetes are one 

among the phyla present in both the lower (Tsaitermes ampliceps, Reticulitermes flaviceps and

R. speratus) and higher wood-feeding termites (Microcerotermes parvus and N. corniger) 
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which are associated with the high abundance of putative GH genes involved in the degradation 

of cellulose [12, 61-63]. The genus Treponema belonging to the phylum Spirochaetes are 

possessed with numerous Fe-hydrogenases that produce molecular H2 as by-product during the 

anaerobic fermentation of carbohydrates [60, 64].  

3.1.2. Fungal population in termite gut 

In termite gut, Ascomycota was the most predominant phylum with 66% of the sequence reads 

followed by Basidiomycota with 34%. A distinct profile of fungal families has been identified 

in the termite gut (Fig. 3b), where Vuilleminiaceae (27.53%) belonging to the order Helotiales 

was the most abundant family. This is followed by Trichomonascaceae and 

Mycosphaerellaceae families each representing 16.10% of the total population. Meanwhile, a 

diverse range of significant genera such as Vuilleminia (27.89%), Phialotubus (18.01%), 

Termitomyces (13.02%) and Aspergillus (11.42%) were identified in the fungal community. 

Earlier studies have revealed that Termitomyces and Vuilleminia are possessed with the AA1 

laccase, AA2 versatile peroxidase and AA9 lytic polysaccharide monooxygenase genes that 

are involved in metabolizing LCB [65-68]. Whereas, various species of Aspergillus genus are 

reported to produce a cocktail of xylanase (carbohydrate esterase (CE) and GH families) and 

cellulase (GH family) signifying the polysaccharides degradation capability [69,70]. 

Therefore, the metagenomic analysis of termite gut revealed that phyla Bacteroidetes, 

Firmicutes, Actinobacteria, Proteobacteria, Ascomycota and Basidiomycota are possessed with 

CAZymes (Families of GH and CE), cellulosome and AA enzymes namely AA2 versatile 

peroxidase and AA1 laccase which are involved in the degradation of polysaccharides and 

lignin respectively [67, 70-73]. Further, ALE of termite gut derived microbes with LCB could 

enable the development of microbial consortium suitable for CPBS.  
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3.2. Selective enrichment of microbial community through ALE with diverse 

lignocellulosic substrates  

The adaptation of the termite isolates (TGI-M and TGI-T) was performed with different 

substrates namely SD, AVLR and FP as a sole carbon source. The substrate concentration was 

varied incremental from 0.5 to 2.5% (w/v) in the 5 sequential cycles of ALE. At the end of 

sequential cycles, the screening of potent LCB degraders was done based on the specific 

enzyme activity and the subsequent degradation potential of the enriched consortium (ETC- 1 

to 6) in the respective substrates and the conditions opted (mesophilic/thermophilic) for 

enrichment strategy.  

3.2.1. Screening of termite gut-derived enriched microbial consortium 

For the screening of potent consortia, the degradation percentage of structural components of 

substrate (lignin, hemicellulose and cellulose) and the specific enzyme activity of various 

extracellular lignocellulolytic enzymes (laccase, LiP, MnP, xylanase, endoglucanase and total 

cellulase) were determined for different ETC (1 to 6) under different treatment conditions as 

shown in Table S1. From the Fig. 4(a), it has been observed that among the treatment sets 

utilizing lignocellulose, ETC-3 treatment showed  higher degradation of lignin (51.86 ± 2.03%, 

w/w), hemicellulose (29.27 ± 1.29%, w/w) and cellulose (41.97 ± 2.99%, w/w) of AVLR 

biomass with higher specific enzyme activities (laccase- 33.23 ± 1.39 IU/mg, Mnp-7.52 ± 0.76 

IU/mg, LiP- 7.95 ± 0.62 IU/mg, total cellulase- 1.94 ± 0.26 IU/mg, endoglucanase- 15.30 ± 

0.77 IU/mg and xylanase- 1.52 ± 0.26 IU/mg (Table 1). However, ETC-5 and ETC-6 showed 

a higher cellulose degradation of about 57.06 ± 3.28% (w/w) and 43.54 ± 2.58% (w/w) 

respectively owing to the substrate (FP) with pure cellulose content. Additionally, the secretion 

of MnP, LiP, xylanase and cellulase by various enriched consortium (ETC) were analyzed by 

HPLC. The retention time of pure enzyme standards were determined in a previous study by 

author [43] and correlated with the retention time obtained from the chromatogram profile of 
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various enzymes secreted by the enriched microbial consortium (Fig. S8). A summary table 

correlating the retention time of enzyme standards and samples are provided in the Table S2.  

On the other hand, different ETC treatment have resulted in the yield of various sugar 

monomers such as arabinose, xylose and glucose (Fig. 4b-d). A maximum sugar yield of about 

104.49 ± 4.72 mg/g (xylose), 28.40 ± 2.65 mg/g (arabinose) and 150.83 ± 6.21 mg/g (glucose) 

was obtained upon ETC-3 treatment of AVLR biomass. Whereas, FP treatment with ETC-5 

has resulted in a maximum of 167.38 ± 5.59 mg/g of glucose. Thus, the yield of sugar 

monomers obtained after ETC treatment was correlated with the specific activity of various 

lignocellulolytic enzymes involved in the substrate degradation.  

In a nut shell, ETC-3 was found to be a potent consortium with the highest degradation 

percentage of AVLR biomass resulting in the maximum sugar yield when compared to the 

different ETC’s treatment sets with LCB. The efficiency of the ETC-3 in degradation of AVLR 

cell wall components was compared with the other reported studies [8, 74-77] as provided in 

the Table S3.  

3.3. Elucidation of potent microbial consortium based on enzymatic degradation potential 

through Principle component analysis (PCA) and Spearman correlation analysis  

3.3.1. PCA 

In order to evaluate the correlations and similarities among enriched microbial consortia (ETC) 

in degrading various substrates, a multivariate PCA was performed (Fig. 4e). The 

multidimensional scaling of datasets in PCA assists in identifying the significant patterns of 

microbial consortia based treatments. The ordinations of variables such as specific enzyme 

activities and the structural components degradation percentage of substrates are considered 

for PCA.  

Clustering of ETC accounted for 97.3% of observed variability with principle component (PC) 

1 and PC2 contributing 73.2% and 24.1% respectively as shown in Fig. 4(e). In the PCA biplot, 
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1 out of 6 ETC samples (i.e., ETC-3) revealed a strong positive correlation for the estimated 

MnP, LiP and xylanase specific activities along with the degradation of AVLR lignin and 

hemicellulose. While, ETC-5 are highly active for endoglucanase and total cellulase specific 

activities which in turn resulted in the 57.06 ± 3.28% (w/w) of FP degradation. Hence the 

cellulose degradation was higher for FP substrate as compared to other ETC treatment with 

LCB. Notably, AVLR treatment with ETC-3 has resulted in 41.97 ± 2.99% (w/w) of cellulose 

degradation which was found to be higher than the other treatment sets with LCB. 

Overall, a significant positive correlation (cos2>0.95) was observed for ETC-3 treatment based 

on the secretion of cocktail enzymes that effectively degraded the AVLR biomass. Similarly, 

the effectiveness of bacterial consortia in LCB degradation was assessed by Sadalage et al. [78] 

among the 10 synthetic consortia, CM10 was determined to be the most promising consortium 

in grass straw degradation based on the PCA biplot analysis.  

3.3.2. Spearman correlation analysis for enriched microbial consortia 

To identify the most potent consortium, Spearman correlation heat map was plotted to evaluate 

the relationship between the various enriched microbial consortia, substrate degradation and 

the sugars yield.  In the correlation Figure 4 (f and g), various ETC represents the total of the 

respective specific lignocellulolytic enzyme activities determined after treatment. Similarly, 

the degradation percentage of structural components and the sugars yield were combined to 

represent the substrate degradation percentage and sugars yield respectively.  

From the correlation analysis, the experimental set ETC-3 and ETC-5 carried out using AVLR 

and FP as a substrate showed a significant positive correlation with both the chosen variables 

(i.e., substrate degradation and sugars yield) as compared to the other counter parts (Fig. 4f and 

g). Among the positively correlated consortia, ETC-3 showed a higher level of significance 

with both substrate degradation (r = 0.8 and p < 0.01), and sugars yield (r = 0.8 and p < 0.001).  



23 

Together PCA and correlation analysis clearly revealed that ETC-3 from termite gut was the 

most promising consortium for the LCB degradation and was chosen for further studies.  

3.4. Comparative analysis of native termite gut and AVLR-enriched microbial 

communities through high throughput sequencing

The diversity and the relative abundance of bacterial and fungal population in AVLR-

enriched termite gut microbial consortium (ETC-3) were assessed by 16S rRNA and ITS 

region amplicon sequencing respectively. Then the comparative analysis of bacterial and 

fungal population in native termite gut microbiome and the ETC-3 were represented at the 

phylum and order level (Fig. 5a-d).  

3.4.1. Bacterial and fungal taxonomic diversity profile  

The relative abundance of the bacterial population in native termite gut and ETC-3 were 

taxonomically annotated at the phylum and the order level. From the Fig.5 (a and b), it was 

observed that upon sequential adaptation of microbial consortium with AVLR biomass, the 

bacterial population was remarkably altered in ETC-3 which is largely dominated by the 

Proteobacteria (88.95%) and Firmicutes (10.97%). Meanwhile, Enterobacteriales (88.64%), 

Bacillales (10.60%) and Lactobacillales (0.31%) are significantly enriched in ETC-3 among 

the other orders (Clostridiales, Rhizobiales, Sphingomonadales, Caulobacterales, 

Xanthomonadales, Pseudomonadales and Burkholderiales) found in native termite gut. 

Similarly, the fungal community has become radically distinct in ETC-3 with Ascomycota 

comprising 62,477 OTUs as the highly prevalent phylum (Fig. 5c and d). Saccharomycetales, 

Eurotiales, Agaricostilbales, Hypocreales and Trichosphaeriales are the common orders 

identified in both the native termite gut and ETC-3. Among these taxon members, 

Saccharomycetales (99.65%) which belongs to the class Saccharomycetes was vastly enriched 

in the ETC-3 sample.  
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3.5. Core microbes in enriched termite gut consortium 

The taxonomic annotation of core microbes in ETC-3 were illustrated as an alluvial diagram 

(Fig. S9). In bacterial community, the most abundant phyla Firmicutes and Proteobacteria are 

majorly classified under Alphaproteobacteria, Betaproteobacteria, Gammaproteobacteria, 

Bacilli and Clostridia respectively. These classes of bacteria are known to possess a large 

repertoire of CAZymes, cellulosome system and extracellular peroxidase for metabolizing 

LCB [79-81]. Notably, the enriched families upon AVLR sequential adaptation includes 

Enterobacteriaceae, Bacillaceae, Streptococcaceae, Clostridiaceae, Bacteroidaceae and 

Sphingomonadaceae. The identified genera in ETC-3 namely Bacillus and Bacteroides are 

widely reported for its lignin degrading abilities [82-84]. Whereas, Clostridium species are 

well-known for its cellulosome system comprising a wide variety of saccharolytic enzymes 

(hemicellulase and cellulase) for consolidated bio-saccharification of LCB [81]. Among fungi, 

Candida genera is highly prevalent and has been reported as an opportunistic yeast in 

metabolizing the lignin and xylose [16,85]. Other taxon members including Penicillium, 

Sterigmatomyces and Xeromyces are found to aid in the LCB degradation through the 

production of ligninase, hemicellulase and glucosidases [86].  

The enrichment of Proteobacteria and Ascomycota population in ETC-3 might be attributed to 

the potential synergism in AVLR degradation. For example, Pseudomonadaceae are known to 

secrete an array of diverse ligninolytic enzyme such as laccase, LiP and MnP that aids in the 

lignin degradation, thereby enhancing the accessibility of polysaccharides [Xu et al., 2022; 

Zhou et al., 2025; Grgas et al., 2023]. Then the lignin-derived aromatic compounds are 

efficiently metabolized by another group of bacteria such as Burkholderiaceae and 

Caulobacteraceae through the cleavage of aromatic rings, in turn facilitates the other bacteria 

or fungal growth and enzyme activities [Wilhelm et al., 2019; Morya et al., 2021]. Similarly, 

the members of the bacterial (Enterobacteriaceae) and fungal (Aspergillaceae and 
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Trichocomaceae) communities secretes a cocktail of hemicellulase and cellulase that act in 

concomitant during the polysaccharide breakdown [Luo et al., 2024; Sahu et al., 2025; 

Boondaeng et al., 2024; Devi et al., 2024; Chen et al., 2024]. Further, Fusarium belonging to 

Nectriaceae family enhances the saccharification of cellulose by secreting β-glucosidase that 

are involved in the hydrolyses of cellobiose into glucose [Bertonha et al., 2018]. The synergistic 

mechanism between the bacterial and fungal population might be owing to the (i) enzyme 

synergy (several microbes contributes to the diverse enzymes secretion for complete substrate 

degradation) and (ii) growth synergy (interactions of signalling molecules or secondary 

metabolites between microbial groups) [Taha et al., 2015, Ren et al., 2015; Detain et al., 2024]. 

Therefore, the enrichment of Proteobacteria and Ascomycota in ETC-3 are found to be 

associated with the cooperative enzyme production by diverse group of bacteria and fungi, 

ensuring concerted AVLR lignocellulose degradation.   

3.6. Correlation between AVLR structural components degradation, fermentable sugars 

yield and enriched microbial consortium (ETC-3)  

Pearson correlation and Mantel test coefficients were used for analyzing the relationship 

between the AVLR structural components degradation, fermentable sugar monomers yield and 

the relative abundance of the ETC-3 (order level) respectively (Fig. 6a and b). As a result of 

microbial consortium treatment, a positive correlation was observed between the breakdown 

of AVLR structural components and the release of sugar monomers. The AVLR lignin 

breakdown showed a positive correlation coefficient (r) of about 0.99 and 0.38 for pentose 

sugars (xylose and arabinose) and glucose respectively, indicating that the lignin removal 

improves the polysaccharide accessibility. Consequently, the breakdown of hemicellulose and 

cellulose to pentose sugars (0.98) and glucose (0.97) showed a very strong positive correlation.  

Then, for the Mantel ‘r’ test, a singular value for the relative abundance of the microbes was 

considered (a limitation of the study) and the test was performed to evaluate the correlation 
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between the relative abundance of the microbial consortium and AVLR degradation, along 

with the sugars yield. In the enriched bacterial community (Fig. 6a), the relative abundance of 

the Enterobacterales was positively correlated with degradation of AVLR structural 

components and sugars yield with ‘r’ values ranging from 0.25 to 0.5. Notably, 

Enterobacterales harbours a diverse CAZymes profile signifying the vital role of ETC-3 in 

efficient AVLR degradation [87]. Xanthomonadales and Actinobacteria are positively 

correlated with the AVLR lignin and hemicellulose degradation along with the pentose sugars 

yield, whereas glucose yield correlates with the Bacteroidales. Other bacterial lineages in ETC-

3 either had no or minimal effect on the degradation of AVLR biomass and the sugar yield, 

where the ‘r’ values were less than 0.25.  

Similarly, in the fungal population (Fig. 6b), Saccharomycetales exhibited a positive 

correlation which clearly emphasized that yeast perhaps aid in the AVLR degradation by the 

secretion of potential cocktail enzymes such as ligninase and cellulase [88,89]. While, other 

fungi including Eurotiales, Agaricostillbales, Hypocreales and Trichospaeriales had no or 

minimal effect on these variables. Therefore, the complexity of symbionts interaction within 

the ETC-3 is characterized by the distinct relationship between certain microbial populations 

and the AVLR biomass.  

3.7. Different process strategies for AVLR biomass valorization  

As ETC-3 are possessed with a diverse group of microbes with a concoction of various 

lignocellulolytic enzymes, the microbial consortium efficiency in valorizing AVLR biomass 

for ABE production was studied by opting different process strategies such as CPBP and CBP. 

CPBP integrates the enzyme production, pretreatment, saccharification and subsequent ABE 

fermentation in a single bioreactor which simplifies the overall process, enhances the 

conversion efficiency and reduces the processing time and costs [6]. Further to enhance the 

commercial feasibility of microbial consortium-based AVLR valorization and to provide a 
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balance between the process efficiency and cost economics, a subtle and green chemical like 

DES was chosen as a pretreatment agent. The DES synthesized using choline chloride and 

glycerol has selectively removed around 56% (w/w) of AVLR lignin as reported in a previous 

paper by author [25]. This selective fractionation of AVLR lignin would intensifies the 

polysaccharides availability for subsequent saccharification and fermentation mediated by 

microbial consortium in a single pot.  Thus, the untreated and DES treated AVLR biomass 

were used a sole carbon source in CPBP and CBP strategies respectively.   

Preliminary experiments were performed to determine the optimal time in attaining the 

maximum enzyme activity and sugar yield by analyzing the dynamic profile of various 

lignocellulolytic enzymes and the sugar monomers at a regular time intervals (every 24 h) in 

ETC-3 mediated valorization of untreated and DES- treated AVLR biomass. This would aid in 

the subsequent addition of fermentative strain (C. acetobutylicum MTCC 11274) into the CPBP 

and CBP set for ABE production. Based on the preliminary results (Fig. S10 and Fig. S11), 

maximum specific activity of various enzymes and the sugar yield was observed at the 96 h 

and 72 h of ETC-3 mediated CPBP and CBP strategies respectively. Therefore, CPBP and CBP 

was carried out for 168 h and 144 h respectively: first 96 h (CPBP) and 72 h (CBP) involve the 

pretreatment and hydrolysis of biomass using ETC-3 to achieve the maximum sugar yield 

followed by the addition of C. acetobutylicum MTCC 11274 to convert the sugar monomers 

into ABE in next 72 h.   

3.7.1. Effect of microbial consortium mediated CPBP and CBP on AVLR degradation 

and sugars yield

The influence of ETC-3 on lignin, hemicellulose and cellulose degradation in untreated and 

DES treated AVLR biomass and the production of various sugar monomers (xylose, arabinose 

and glucose) was studied. From the Fig. 7(a), it was observed that a significant percentage of 

lignin (52.93 ± 1.08%, w/w), hemicellulose (29.60 ± 0.98%, w/w) and cellulose (43.00 ± 
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1.90%, w/w) was removed from AVLR biomass after ETC-3 mediated CPBP. This result 

highlights the synergistic action of various lignocellulolytic enzymes secreted by ETC-3 in the 

efficient breakdown of cell wall components of the AVLR biomass. Similar to this study, 

simultaneous pretreatment and hydrolysis of wheat straw using termite gut derived microbial 

consortium (Bacillus sp. BMP01 and Ochrobactrum oryzae BMP03) has resulted in 44.47% 

and 49.58% of delignification and saccharification respectively [90]. However, microbial 

consortium derived from Nasutitermes lujae species of termites has degraded 37.27% (w/w) of 

lignin and 55.48% (w/w) of cellulose in wheat straw [77]. 

Whereas, in CBP of DES pretreated AVLR a maximum delignification of about 60.94 ± 1.87% 

(w/w) was obtained with 33.20 mg/g of residual lignin. Among the process strategies (Fig. 7b), 

the degradation percentage of hemicellulose (48.62 ± 2.33%, w/w) and cellulose (82.14 ± 

3.13%, w/w) was significantly higher in CBP of AVLR biomass.  Thus, the DES pretreatment 

has selectively fractionated the AVLR lignin (86.20 ± 2.45 mg/g) thereby enhancing the 

polysaccharides availability for microbial hydrolysis which resulted in enhanced removal of 

hemicellulose and cellulose.  

On the other hand, the hydrolytic potential of ETC-3 in producing fermentable sugar monomers 

from untreated and DES treated AVLR biomass revealed that glucose yield was higher as 

compared to xylose and arabinose at the optimal time of CPBP (96 h) and CBP (72 h) (Table 

2). Moreover, a 1.27-fold increase in the saccharification percentage was obtained in the CBP 

of DES pretreated AVLR (63.75 ± 2.54%, w/w) compared to the CPBP of AVLR biomass 

(49.82 ± 1.77%, w/w). Similarly, separate pretreatment and hydrolysis of rice straw using 

termite gut-derived microbial consortium has resulted in enhanced saccharification of about 

69.96% (w/w) with 440 mg/g of reducing sugar [91].   
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3.7.2. ABE production  

During ETC-3 mediated CPBP and CBP, C. acetobutylicum MTCC 11274 was added to the 

serum vial at the optimal time of maximum sugar release (CPBP- 96 h and CBP-72 h) to utilize 

the AVLR derived sugar monomers for ABE production. From the Fig. 7(c and d), it was 

observed that a decrease in the concentration of sugars has resulted in the maximum yield of 

acetone, butanol and ethanol at 72 h of fermentation in both CPBP and CBP strategy. During 

ABE fermentation, butanol titer was found to be significantly increased and higher as compared 

to the other products in the mixture. In CPBP strategy, a maximum yield of about 5.45 ± 0.37 

g/L of butanol was achieved with a productivity and yield coefficient of around 0.07 ± N.D 

g/L.h and 0.29 ± 0.02 g/g of glucose respectively (Fig. 7c and Table 3). However, in CBP set, 

the yield (7.97 ± 0.40 g/L), productivity (0.11 ± N.D g/L.h), yield coefficient (0.32 ± 0.02 g/g 

of glucose), and fermentation efficiency (77.56%) of butanol were observed to be higher as 

compared to the CPBP of AVLR biomass (Fig. 7d and Table 3). The results obtained in this 

study was found to be slightly higher than the other reported study where batch fermentation 

of de-oiled rice bran derived glucose has resulted in 7.53 g/L of butanol with 0.25 g/g and 0.105 

g/L.h of yield coefficient and productivity respectively [92]. At the commercial scale, an 

optimal total ABE concentration of about 20 g/L was reported to be typically produced from 

55 to 60 g/L of sugar upon traditional ABE fermentation using industrial Clostridium strains 

[Jones and Keis, 1995; Green, 2011]. A full-scale industrial ABE fermentation using C. 

acetobutylicum has resulted in an optimal butanol yield (12 g/L) with 20 g/L of total solvent 

yield using maize as a carbon source [Gabriel and Crawford, 1930; Jones, 2024]. Similarly, 

several C. saccharobutylicum strains has attained a butanol yield ranging from 12 to 13.2 g/L 

as reported by various companies such as National Chemical Products (South Africa), 

Commercial Solvents Corporation (US), Commercial Solvents Ltd. (UK) and Green Biologics 

Ltd. (US). However, various factors including the specific strain (C. acetobutylicum, C. 
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beijerinckii, C. saccharoperbutylacetonicum and C. saccharobutylicum), type of substrate 

(sugar (molasses) or starch (maize, cassava, corn and sweet potato)) and fermentation condition 

could significantly vary the product yield [McCutchan and Hickey, 1954; Walton and Martin, 

1979; Ross, 1961; Ryden, 1958; Jones, 2024]. The maximum butanol yield (CPBP- 5.45 g/L 

and CBP- 7.97 g/L) obtained in this study was comparatively less than the optimal industrial 

yields. Nevertheless, the butanol yields were within the standard tolerance limit (~13 g/L) for 

C. acetobutylicum under batch fermentation [Ryden, 1958]. 

3.8. SEM, XRD and FTIR analysis of untreated and treated AVLR biomass 

To study the extent of structural and functional group modification in AVLR biomass before 

and after various treatment strategies (CPBP and CBP), SEM XRD and FTIR analysis was 

performed (Fig. 8a-c). 

From the SEM analysis (Fig. 8a), the cell wall surface of untreated AVLR biomass was 

observed to be smooth, highly intact and well structured, whereas CPBP and CBP of AVLR 

biomass has resulted in the surface irregularity and roughness indicating the disintegration of 

cell wall components.  

Cellulose crystallinity, a key structural characteristic signifying the effect of microbial 

consortium in AVLR degradation was determined by calculating the CrI percentage from the 

XRD spectra. From the Fig. 8(b), a reduction in the CrI value to 23.89% and 18.29% was 

observed after CPBP and CBP of AVLR respectively, as compared to the untreated biomass 

(CrI - 25.44%). This might be due to the concerted action of lignocellulolytic enzymes involved 

in degrading the crystalline and amorphous region of AVLR biomass. Similarly, a decrease in 

the crystallinity index of Kans grass and Miscanthus sinensis after enzyme treatment was 

reported in previous studies [93,94].    

The modification in the functional group of AVLR biomass in response to the various process 

strategies was determined by FTIR analysis (Fig. 8c). The spectra observed around 3300 cm-1, 
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2912-2902 cm-1 and 1149 cm-1 are attributing to the O-H, C-H, C-O-C and C-C bonds 

stretching vibration respectively [95]. The characteristic peaks of lignin, hemicellulose and 

cellulose were evident in the untreated AVLR biomass by the bands around the region 1411 

cm-1, 2920 cm-1 and 1111 cm-1 respectively. However, decrease in the intensity or elimination 

of the spectral bands (1400 cm-1, 1298 cm-1 and 2902 cm-1) upon CPBP and CBP of AVLR 

biomass are corresponding to the lignin monomeric units (syringyl and guaiacyl) stretching 

vibrations, C-C stretching and C-H deformation in cellulose unit [96,97].  

3.9. Cost-benefit analysis of process strategies opted for AVLR valorization 

To study the industrial and economic feasibility of various strategies (CPBP and CBP) opted 

for AVLR valorization, a cost-benefit analysis was performed for a plant capacity processing 

1 MTPH. A process flow diagrams for CPBP (butanol production) and CBP (lignin 

fractionation and butanol production) strategy at an industrial scale are shown in supplementary 

Figures (Fig. S12 and Fig. S13). 

3.9.1. Cash flow and profitability assessment 

The cost-benefit analysis of CPBP and CBP has revealed a distinct capital, operational and 

economic profile as summarized in Table 4. The detailed breakdown of DFC (TPDC, TPIC 

and CFC) and operational cost (raw materials, utilities, maintenance, labor, laboratory and 

other miscellaneous cost) involved in the CPBP and CBP are provided in the Table S4 and S5 

respectively. Among the two different strategies opted for AVLR valorization, the CPBP for 

butanol production has demonstrated a lesser DFC ($1,212,325) and operational cost ($370,720 

per year) than CBP (DFC- $2,203,127) and operational cost- $1,213,320 per year). The cost 

effectiveness of this CPBP strategy might be attributed by the integration of multiple steps 

(pretreatment, saccharification and fermentation) in a single reactor. For the economic 

modelling, the contributions of equity and loan were assumed to be 15% and 85% of the DFC 

with 5% interest rate. A straight-line depreciation was applied for a project life of 20 years with 
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5% discount rate and 20% tax on profits. The annual product capacity (CPBP- 338,803 kg and 

CBP- 1,212,176 kg) was calculated based on the product yield, assuming the plant process 1 

MTPH of AVLR biomass and operates for 24 h a day over a span of 346 days in a year. The 

revenue estimated based on the unit price of butanol- $1.73 per kg and lignin- $1.0 per kg 

[Haigh et al., 2018; Industry ARC, 2025] revealed that CBP strategy generated a higher revenue 

($1,574,528 per year) owing to the dual products i.e., lignin and butanol indicating the market 

stability as compared to CPBP strategy. After deducting the annual operational expenses from 

revenue, the EBITDA was estimated as $215,409 per year (CPBP) and $361,208 per year 

(CBP). About 5% interest were computed on the loan and the profit before tax was determined 

by deducting the depreciation, amortization and interest from EBITDA. The annual net profit 

in CPBP ($143,231) and CBP ($236,091) strategy was assessed by deducting the interest 

charges and taxes from EBITDA. Based on the annual operational expenses and product 

capacity, the unit production cost of butanol in CPBP ($1.09 per kg) and CBP ($2.44 per kg) 

strategy were comparable with the other reported studies using corn stover ($2.77 per kg), 

Japanese cooked rice ($1.24 per kg) and de-oiled rice bran ($ 1.43 per kg) as feedstock 

[48,92,98]. Then, the financial metrics such as NPV, IRR and payback period was estimated to 

determine the economic feasibility of the plant. The NPV in CPBP ($572,650) and CBP 

($739,089) strategy was found to be greater than zero indicating the financial worth of the 

project. And the economic feasibility was assessed by IRR (CPBP- ~10% and CBP- ~9%) and 

PBP (CPBP- 8.46 years and CBP- 9.33 years) for a project life of 20 years. Similarly, Ozturk 

et al. [48] investigated the cost-benefit analysis of butanol production from cooked rice using 

two-step fermentation, where the IRR and pay back period was estimated to be around 13% 

and 8 years.  

Overall, CPBP strategy was found to be suitable for the plant setup preferring low capital and 

operational cost with simple unit operations. While, the CBP strategy with dual products has a 
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higher revenue and net profit. Therefore, strategy for AVLR valorization might be chosen 

based on the market demand of the product, availability of the capital cost, operational capacity, 

and desired PBP. Further, optimization of the production and use of comprehensive 

experimental dataset could refine the cost benefit analysis.  

3.9.2. Sensitivity analysis 

In order to avoid the financial risk and resolve the uncertainty in plant feasibility, sensitivity 

analysis of NPV against the various market conditions such as discount rate (2 to 8%), project 

life (15 to 25 years) and income tax (15 to 25%) was performed. From the Fig. 9(a and b), it 

was evident that the NPV for the base scenario (5% discount rate, 20 years of project life and 

20% income tax) was estimated at 0.57 million dollars and 0.73 million dollars for CPBP and 

CBP strategy respectively. An increase in the project life has significantly increased the NPV 

for CPBP and CBP by 1.40-fold and 1.53-fold respectively. Whereas, a reverse trend (decrease 

in NPV) was observed when the discount rate was increased to 8% from the base scenario. The 

fluctuations in the income tax have a slight fold change in NPV, indicating its negligible role 

in influencing the process economics. Therefore, the sensitivity analysis implies that the project 

life (operational) and discount rate (market factor) are critical parameters in assessing the 

economic performance of these two different strategies.   

4. Conclusion  

This study offers insights into the adaption of ALE strategy for enriching the microbial 

symbionts from termite gut using various LCB for the establishment of microbial 

consortium.  Upon screening the consortia, ETC-3 was found to be potent consortium with 

highest substrate degradation percentage and specific enzyme activities. In addition, the 

enrichment has significantly altered the microbial population in ETC-3 as compared to the 

native gut microbiome. A concoction of microbes with diverse lignocellulolytic enzyme 

production and hydrolysis potential are identified in different taxa of ETC-3. Further, 
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microbial consortium (ETC-3) mediated CPBP and CBP are identified as an economically 

feasible strategies for the valorization of AVLR biomass into butanol and value-added 

compound (lignin) as determined by cost-benefit analysis. Therefore, ETC-3 constitutes a 

pool of several lignocellulose degraders that are developed by the utmost adaptability of 

termite gut microbes upon sequential enrichment with AVLR could serve as potent 

microbial consortium for the integrating the unit operations in LCB-based biorefinery.  
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Table 1 Specific activity of extracellular lignocellulolytic enzymes determined in various consortia (ETC-1 to ETC-6) 

Lignocellulolytic enzymes
Specific enzyme activity (IU/mg of protein)

ETC-1 ETC-2 ETC-3 ETC-4 ETC-5 ETC-6

Ligninolytic enzyme

Laccase 29.78 ± 1.78 23.25 ± 0.70 33.23 ± 1.39 26.13 ± 1.41 N.D 

LiP 2.42 ± 0.26 3.29 ± 0.20 7.95 ± 0.62 3.52 ± 0.62 N.D 

MnP 5.37 ± 0.33 1.99 ± 0.14 7.52 ± 0.76 4.16 ± 0.73 N.D 

Hemicellulolytic enzyme Xylanase 0.53 ± 0.02 0.28 ± 0.11 1.52 ± 0.26 0.77 ± 0.37 N.D 

Cellulolytic enzyme
Endoglucanase 6.67 ± 0.16 4.49 ± 0.90 15.30 ± 0.77 8.61 ± 0.40 24.19 ± 1.47 17.08 ± 1.38 

Total cellulase 1.32 ± 0.07 1.04 ± 0.17 1.94 ± 0.26 1.45 ± 0.35 3.20 ± 0.55 2.34 ± 0.32 

N.D-Negligible deviation   
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Table 2 Fermentable sugar monomers yield after CPBP and CBP of AVLR biomass  

Process strategies CPBP CBP 

Xylose yield (mg/g) 121.65 ± 5.54 148.71 ± 6.28 

Arabinose yield (mg/g) 36.74 ± 4.67 44.96 ± 11.98 

Glucose yield (mg/g) 212.77 ± 5.70 305.55 ± 16.54 

Saccharification 

percentage (%, w/w) 

(based on glucose yield)  

49.82 ± 1.77 63.75 ± 2.54 
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Table 3 Yield and productivity of ABE obtained after CPBP and CBP of AVLR biomass

Process 

strategies 
CPBP 

CBP 

Parameters Acetone Butanol Ethanol 
Total 

ABE 
Acetone Butanol Ethanol 

Total 

ABE 

Product yield 

(g/L) 
0.97 ± 0.15 5.45 ± 0.37 0.35 ± 0.03 6.77 ± 0.55 2.18 ± 0.08 7.97 ± 0.40 0.36 ± 0.02 10.51 ± 0.50

Product yield 

coefficient 

Yp/s 

(g/g of glucose) 

0.05 ± N.D 0.29 ± 0.02 0.02 ± N.D 0.36 ± 0.03 0.09 ± 0.01 0.32 ± 0.02 0.01 ± N.D 0.42 ± 0.03 

Product 

productivity 

(g/L.h) 

0.01 ± N.D 0.07 ± N.D 0.004 ± N.D 0.08 ± N.D 0.02 ± N.D 0.11 ± N.D 0.005 ± N.D 0.13 ± N.D 

Fermentation 

efficiency (%) 
16.03 ± 1.50 70.57 ± 5.80 3.63 ± 0.25 28.96 ± 7.55 27.08 ± 1.80 77.56 ± 3.00 2.85 ± 0.15 33.81 ± 4.95

N.D- negligible deviation
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Table 4 Cash flow and profitability assessment of CPBP and CBP strategy 

 Process strategies CPBP CBP 

DFC ($) 1,212,324.76 2,203,127.02

Equity ($) 181,848.72 330,469.05

Loan ($) 1,030,476.05 1,872,657.95

Discount rate (%) 5 5

Interest rate (%) 5 5

Operating cost ($ per year) 370,720.49 1,213,320.06

Product capacity 

(kg per year) 338,803.20 1,212,176.00

Revenue ($ per year) 586,129.54 1,574,528.00

EBITDA ($ per year) 215,409.00 361,208.00

Depreciation and amortization ($ per year) 60,616.24 110,156.35

Interest charges ($ per year) 51,524.00 93,633.00

Profit before tax ($ per year) 103,269.00 157,418.00

Income tax (20%) ($ per year) 20,653.80 31,483.67

Net profit ($ per year) 143,231.00 236,091.00

Project life (year) 20 20

NPV ($) 572,650.00 739,089.00

IRR (%) ~10 ~8.69

PBP (year) 8.46 9.33

Unit production cost of butanol ($/kg) 1.09 2.44

Unit production cost of lignin ($/kg) N.A 1.70

N.A. – Not applicable  
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Figure captions  

Fig. 1. Morphology of different castes of termites (a), isolation of termite gut (b) and the 

various segments of the isolated gut (c) sample

Fig. 2. A schematic representation of ALE strategy for enriching the microbial consortia 

derived from termite gut 

Fig. 3. Relative abundance of bacterial (a) and fungal (b) population in native termite gut 

microbiome at phylum, family and genus level 

Fig. 4. Screening of enriched microbial consortia based on degradation of structural 

components (a); fermentable xylose (b), arabinose (c) and glucose (d) yield; PCA (e) and 

spearman correlation heat map (f and g) derived from termite gut. (NA- Not applicable) 

Fig. 5. Chord diagram representing the comparison of relative abundance of microbial 

communities in native termite gut and ETC-3: (a) and (b) represents the bacterial population at 

phylum and order level and (c) and (d) represents the fungal population at phylum and order 

level respectively.   

Fig. 6. Pearson correlation matrix representing the influence of ETC-3 on AVLR cell wall 

components degradation, sugar yield and abundance of bacterial (a) and fungal (b) community. 

(C5 represents- Pentose sugar (Arabinose and xylose) and C6 sugar- Hexose sugar (Glucose) 

Fig. 7. Degradation of structural cell wall components and fermentation profile of ABE 

production during CPBP (a and c) and CBP (b and d) of AVLR biomass respectively  

Fig. 8. SEM (a), XRD (b) and FTIR (c) analysis of untreated and treated AVLR biomass under 

different process strategies 

Fig. 9. Sensitivity analysis of NPV for different process strategies (a) CPBP and (b) CBP  
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Fig. 3. Relative abundance of bacterial (a) and fungal (b) population in native termite gut 

microbiome at phylum, family and genus level
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Fig. 4. Screening of enriched microbial consortia based on degradation of structural 

components (a); fermentable xylose (b), arabinose (c) and glucose (d) yield; PCA (e) and 

spearman correlation heat map (f and g) derived from termite gut. (NA- Not applicable) 
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Fig. 5. Chord diagram representing the comparison of relative abundance of microbial 

communities in native termite gut and ETC-3: (a) and (b) represents the bacterial population 

at phylum and order level and (c) and (d) represents the fungal population at phylum and 

order level respectively.   
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Fig. 6. Pearson correlation matrix representing the influence of ETC-3 on AVLR cell wall 

components degradation, sugar yield and abundance of bacterial (a) and fungal (b) community. 

(C5 represents- Pentose sugar (Arabinose and xylose) and C6 sugar- Hexose sugar (Glucose) 
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Fig. 7. Degradation of structural cell wall components and fermentation profile of ABE 

production during CPBP (a and c) and CBP (b and d) of AVLR biomass respectively 
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Fig. 8. SEM (a), XRD (b) and FTIR (c) analysis of untreated and treated AVLR biomass 

under different process strategies
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Fig. 9. Sensitivity analysis of NPV for different process strategies (a) CPBP and (b) CBP  
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