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                     Abstract 
 Biomass pretreatment is essential for enzymatic depolymerization of cellulose and hemi cellulose to generate mono sugars 
required for ethanol fermentation by yeast. While several environmental friendly and carbon…neutral pretreatment methods 
have been under development, they are yet to achieve commercial viability. The major limitation is the restricted access 
and binding of enzymes to cellulose and hemicellulose “ bres. Accessory proteins such as expansins, swollenins and lytic 
polysaccharide mono oxygenases (LPMO) are known for loosening the cellulose and hemicellulose “ bres facilitating higher 
binding of cellulases. Herein, we present the production of expansins, swollenins, and lytic polysaccharide monooxygenases 
in a recombinant host,  Pichia pastoris , and investigate their synergistic e� ects with cellulase enzymes. Out of four swol-
lenins, two expansins and two LPMOs, we achieved high expression titers (~ 2.0„5.0 g/L) for an expansin and one LPMO. 
These two auxiliary proteins were tested along with cellulases for improved cellulose to glucose conversion e�  ciencies in 
presence and absence of lignin modifying enzymes (LME) from fungal cultures. LME independent biomass pretreatment 
is evaluated for cost e�  cient sacchari“ cation aided by auxiliary proteins (Scheme� 1 ). Our “ ndings underscore the potential 
utility of these auxiliary proteins for scaling up biomass pretreatment and commercial ethanol production trials.         

   Keywords     Swollenin   �·  Expansin   �·  LPMO (Tr-AA9)   �·  Lignin modifying enzymes (LME)   �·  Cellulase and ethanol 
fermentation  

      Introduction 

 Over the past two decades, the imperative for sustainable 
and carbon…neutral fuel and chemical production has been 
intensi“ ed. Biore“ nery is a popular concept to advance goals 
of biobased fuels and chemicals that includes e�  cient uti-
lization of lignocellulosic biomass (Dixit et�al.  2019 ). For 
bioethanol production, although the abundant and inedible 
cellulose is the most promising feedstock, the high crystal-
linity of cellulose is the bottleneck of bioethanol production 
(Chundawat et�al.  2011 ). Most of the energy is stored in 
the form of C5 and C6 sugar polymers also known as hemi 

cellulose (xylan) and cellulose polymers respectively. These 
polymers are e� ectively shielded by aromatic heteropolymer 
lignin, which also serves as a source of renewable carbon 
materials. Enzymatic pretreatment unlocks the energy poten-
tial of cellulose and hemi cellulose when depolymerized 
by cellulases and hemi cellulases. The primary obstacle to 
cost-e� ective processing of lignocellulose is the high cost 
of cellulase enzymes, which are required in large quantities 
for biomass hydrolysis. According to Novozymes, 40 to 100 
fold more enzyme mass is required to produce an equiva-
lent amount of ethanol from lignocellulose than from starch 
(Merino and Cherry  2007 ). This is because cellulase degrad-
ing enzymes must overcome several obstacles for successful 
catalysis. Speci“ cally, they must access the insoluble sub-
strate, disrupt the packaging of the highly ordered polymer, 
and direct a single polymer chain into the active site cleft 
of the enzyme. As a result, concerted attacks by multiple 
enzymes are critical in the hydrolysis of cellulose. Although 
several enzymatic depolymerization processes have been 
developed, there is still a need for enhancing the e�  ciencies 
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to make the process commercially feasible. Significant 
improvements have been made to enhance the e�  ciency of 
cellulolytic enzymes by including auxiliary enzymes such 
as esterases, arabinofuranosidases, xylosidases, mannanases, 
and pectinases in the core enzyme cocktails (Ekwe et�al. 
 2013 ; Meyer et�al.  2009 ; Song et�al.  2018 ). A high-level 
synergism between these cellulolytic enzymes and auxil-
iary proteins is essential for e�  cient depolymerization of 
lignocellulosic biomass. A class of non-hydrolytic cellulose 
active proteins including expansins, swollenins and lytic 
polysaccharide mono oxygenases have been shown to act 
synergistically with cellulases in lignocellulose hydrolysis 
((((Kim et�al.  2009 ; Wang et�al.  2014 ; Lo Leggio et�al.  2015 ; 
Harris et�al.  2010 )))). The catalytic improvements are very 
sensitive to the ratio of cellulolytic enzymes and the auxil-
iary proteins as they may need to act di� erently on highly 
ordered polymeric regions of cellulose and hemi cellulose. 
These studies are not carried out extensively and a scale that 
provide conclusive evidence of their application at a com-
mercial scale. This article presents results of production of 
the two important auxiliary proteins expansin and LPMO in 
recombinant  Pichia pastoris  and their application in ethanol 
fermentation process using rice straw as feed stock. 

   Expansins 

 Expansins are cell wall proteins that enable the local 
sliding of wall polymers in plants by reducing adhesion 
between adjacent wall polysaccharides. These are required 
in almost all plant physiological development aspects from 
germination to fruiting (Marowa et�al.  2016 ). Although 
they are known for loosening cell walls non enzymati-
cally the process is interestingly pH dependent indicating 

their mode of action is physicochemical in nature. The 
interactions broken and then reformed between “ bres by 
expansins are non-covalent. They do not exert cellulose 
hydrolytic activity independently but by loosening the cel-
lulose “ bres, they enhance cellulase activity if used in syn-
ergy (McQueen-Mason et�al.  1992 ). Expansins and expan-
sin-like proteins are classi“ ed into “ ve families using 
the systematic nomenclature (Kende et�al.  2004 ). The 
four main plant expansin families are designated EXPA 
(a-expansins), EXPB (b-expansins), EXLA (Expansin- like 
A) and EXLB (Expansin-like B). In this classi“ cation, 
expansin-like family X (EXLX) is the “ fth and newest 
expansin family and represents the sub-family of expansin 
comprising non-plant proteins with distant homology to 
EXPAs and EXPBs. Expansins are more active at acidic 
pH (pH 4.5) which is facilitated by cell membrane bound 
H + ATPase releasing protons into the cell wall. The two 
expansins initially discovered have a molecular weight of 
have 29�kDa and 30�kDa (McQueen-Mason et�al.  1992 ). 
The protein sequence of an expansin consists of a signal 
peptide of around 20…30 amino acids at the N-terminal 
end, the putative catalytic domain, a His-Phe-Asp (HFD) 
motif in central region, and the C-terminal putative cel-
lulose-binding domain with conserved Trp (tryptophan) 
residues (Li et�al.  2002 ). Using the �-expansin-like pro-
tein from  Bacillus subtilis  (BsEXLX1) several studies of 
cellulase activity enhancement were carried out. The “ rst 
report using a plant expansin to reduce doses of  T. reesei  
cellulase in the hydrolysis of microcrystalline cellulose 
was carried out in 1998 (Kim et�al.  2009 ). They reported 
a degree of synergism of 5.7 with low cellulase loadings 
(< 0.6 FPU/g cellulose) on “ lter paper, but no improve-
ment was observed at higher cellulase loading (Kim et�al. 
 2009 ). 

  Scheme 1       Auxiliary protein assisted sacchari“ cation of biomass for ethanol fermentation  
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    Swollenins 

 Swollenins are “ rst isolated from the “ lamentous fungus 
 Trichoderma reesei  and classi“ ed as members of the EXLX 
family (Saloheimo et�al.  2002 ). Like expansins, swollenins 
also have a catalytic domain I and an additional cellulose-
binding domain interconnected by a linker region. Markku 
et�al. have reported the discovery of a novel fungal protein 
having signi“ cant sequence identity to plant expansins. 
Unlike plant expansins, this protein has a modular struc-
ture with an N-terminal CBD. However, a single domain 
EXLX (loosenin) from the white-rot basidiomycete  Bjer-
kandera adusta , BaLOOS1, lacks the carbohydrate-binding 
C-terminal domain II present in plant expansins. However 
both cell-disrupting and polysaccharide-binding activities 
bundled in domain I (Kende et�al.  2004 ). Markku et�al. in 
2002 reported the discovery of a novel fungal protein hav-
ing signi“ cant sequence identity to plant expansins. Unlike 
plant expansins, this protein has a modular structure with an 
N-terminal CBD. The protein was named swollenin due to 
its ability to swell cotton “ bres without producing detectable 
amounts of reducing sugars. The sequence motif HFD form-
ing a part of the active site of the family 45 hydrolases is 
conserved in the expansins, but it is replaced by HLD motif 
in Swollenin. They also puri“ ed this swollenin from  Asper-
igillus niger  culture supernatants and demonstrated disrup-
tion of cell wall of Vaonia “ brers (Saloheimo et�al.  2002 ). 

    Lytic polysaccharide monooxygenases (LPMOs) 

 Polysaccharide monooxygenases (PMO) constitute a group 
of small (22…45 kDa) proteins previously classi“ ed as family 
61 glycosyl hydrolases (GH61). It was recently shown that 
PMOs are Copper-dependent metalloenzymes that oxida-
tively depolymerize crystalline cellulose in the presence of 
small molecule redox active agents such as gallate and ascor-
bate or the enzyme cellobiose dehydrogenase (Harris et�al. 
 2010 ; Phillips et�al.  2011 ; Westereng et�al.  2011 ; Quinlan 
et�al.  2011 ). These proteins are structurally similar to chitin-
binding proteins, such as CBP21 from  Serratia marcescens  
and CelS2 from  Streptomyces coelicolor , belonging to the 
carbohydrate-binding module family 33 (CBM33), and 
which can oxidatively cleave polysaccharides. Lytic poly-
saccharide monooxygenases (LPMOs) are a recently discov-
ered class of enzymes that stimulate biomass hydrolysis and 
hence improve the e�  ciency of biomass conversion (Harris 
et�al.  2010 ; Hu et�al.  2014 ; Phillips et�al.  2011 ). LPMOs 
(AA9 and AA10) have conserved active sites (two histidines 
and one tyrosine) that are associated with divalent metal 
ions, speci“ cally copper (Cu2) (Harris et�al.  2010 ; Quinlan 
et�al.  2011 ; Wu et�al.  2013 ). The copper binding to AA9 was 
shown to be highly selective and strong, playing a critical 
role in oxidative cleavage (Quinlan et�al.  2011 ) that required 

an external electron donor such as ascorbic acid (Phillips 
et�al.  2011 ) (Westereng et�al.  2011 ) or naturally occurring 
electron donors such as lignin (Dimarogona et�al.  2012 ). In 
a recent study, Adnan et�al. have reported heterologously 
expressed cellobiose dehydrogenase acted as an e�  cient 
electron-donor of lytic polysaccharide monooxygenase for 
cellulose degradation in  Trichoderma reesei  (Adnan et�al. 
 2023  ).  LPMOs were reported to enhance cellulase activity 
resulting enhanced hydrolysis of pretreated biomass (Harris 
et�al.  2010 ) (Hu et�al.  2014 ). One mechanism supported by 
real time imaging is LPMOs increase the accessible sur-
face area by separating large cellulose ribbons, and thereby 
enhancing cellulose hydrolysis yield (Song et�al.  2018 ). 

     Materials and�methods 

   Molecular cloning of accessory proteins 

 Synthetic genes of  Trichoderma reesei  swollenin (Tr SWO), 
 Trichoderma hazarium  swollenin (Th SWO),  Penicillium 
oxalicum  (Po SWO)  Talaromyces pinophilus  (Tp SWO), 
 Lycopersicum esculentum  expansin (LeEXP2),  Basillus 
subtilis  expansin (Bs EXLX1) and  Trichoderma reesei  (Tr-
AA9/LPMO) were codon optimised for expression in  Pichia 
pastoris . These genes were cloned into  E.coR I and  Not I sites 
of pPICZ� (Invitrogen Life technologies).  Pichia pastoris  
GS115 strain was grown from a single colony in 5.0 ml of 
YPD medium (1% dextrose, 1% yeast extract and 2% pep-
tone) in a 50 ml falcon tube in a 30 °C shaker overnight. 
This culture was used as an inoculum for 125 ml of YPD 
medium such that the initial O.D. reached approximately 0.9. 
The culture was incubated at 30 °C and allowed to reach an 
absorbance of 1.5 at 600 nm. The cells were centrifuged at 
1,500 rcf for 5 min and the pellet was resuspended in 125 ml 
of ice-cold water. This step was repeated, and the cells were 
resuspended in 62.5 ml of ice-cold water. These cells were 
collected by centrifugation and resuspended in 20 ml of ice-
cold 1.0 M sorbitol. Finally, the cells were centrifuged, and 
the pellet was suspended in water to a “ nal volume of 1.5 ml. 
For transformation, 15…20 µg of linearized DNA (in 5…10 �l 
sterile water) was added to 80 �l of the cells in a pre-chilled 
0.2 cm electroporation cuvette. The cuvette containing the 
cells and DNA was placed on ice for 5 min. The cells were 
pulsed according to the manufacturer•s instructions for yeast. 
1.0 ml of ice-cold 1.0 M sorbitol was immediately added 
after the pulse and the contents were transferred to a sterile 
15 ml tube and incubated at 30 °C without shaking for 1 to 
2 h. The cells were further recovered in YPDS medium with 
“ nal antibiotic concentrations ranging from 100 mg/L to 
2000 mg/L for overnight. Later, the cells were incubated on 
YPDS plates containing various zeocin concentrations (100 
and 2000 mg/L) at 30 °C in an incubator for 2…10 days until 
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reaction contained 25�mg of Whatman “ lter paper discs, 
accessory proteins (0, 0.5, 1.0, 1.5 µg) and Ctec3HS (0.2, 
2.0, 20�mg) in 50�mM citrate bu� er pH 5.0 at 50�°C. For 
checking the synergistic e� ect of these proteins with cel-
lulases, the reducing sugars were estimated by HPLC at 0, 
24�h and 48�h incubation periods.  Note: As Ctec3HS is a 
very viscous solution, we have measured the mass of the 
solution added to the reactions. In this reaction, 0.2, 2.0 and 
20 mg refer to the mass of Ctec3HS stock but not the protein 
concentrations.  

    Pre-treatment of rice straw 

 Lignin modifying enzymes from  Pleurotus ostreatus  fun-
gal culture were used for biomass pretreatment as described 
earlier (Ambatkar et�al.  2021 ,  2022 ). Brie” y, the cell free 
broth was obtained from shake ” ask cultures after “ ltration 
of fungal mycelia using a Mira cloth (Sigma). Shredded rice 
straw (10 mm size) was added in a 100 ml cell free broth 
(7% by w/v). In control experiments, the same biomass was 
incubated in water (untreated control) for 24 h at 45 °C. 
This pretreated biomass was washed in 10…15% NaOH and 
0.5%  H 2 O 2  twice to remove the unbound lignin modifying 
enzymes (LME) and phenolic inhibitors of cellulases. 

    Saccharifi cation of pretreated rice straw 

 Pretreated biomass prepared in presence and absence of 
LMEs was either washed in water or by using alkaline per-
oxide solution (15 -20% NaOH and 0.5%  H 2 O 2 ) and solids 
were collected by “ ltration. These solids were treated with 
Ctec3HS at 100 mg/g of cellulose dose and incubated at 50 
°C for three days and the released sugars were estimated by 
HPLC. Released sugars, glucose and xylose were estimated 
by HPLC at 0, 24, 48 and 72�h incubation times. Cellulose 
to glucose conversion e�  ciencies were used to measure 
the synergy between the accessory proteins and Ctec3HS 
cellulase. 

     Results 

   Cloning of accessory proteins 

 Synthetic genes of selected accessory proteins except 
TrAA9 (Table� 2 ) were codon optimized for  Pichia pastoris  
and cloned between  E.co RI and  Not I of pPicZ�A vector in 
frame with alpha signal sequence to enable protein secretion 
into the culture medium (Fig.� 1 A and B). Protein sequence 
of TrAA9 already has a native signal sequence and hence 
was cloned into pPicZA vector.„GS115 strains were trans-
formed using the linearized plasmids as per the manufac-
turer•s instructions (Invitrogen) and the recombinants were 

selected on YPD agar plates containing 100-2000 µg/ml 
zeocin. Recombinants resistant to highest zeocin antibiotic 
were con“ rmed by PCR (Figure� S1 ) and used for expression 
check in shake ” asks.          

    Recombinant expression of accessory proteins 

 Expression of recombinant accessory proteins was checked 
in shake ” asks. Cell free culture supernatants were ana-
lysed on 12% SDS PAGE as well as western blotting using 
anti-His antibodies (Fig.� 1 C). Results indicated clear induc-
tion of Bs EXLX1 and TrAA9. High expression titers were 
observed in 4…5 days for both Bs EXLX1 and TrAA9. We 
did not observe signi“ cant secretion of swollenins on SDS 
PAGE. However, they were detected by western blotting 
indicating poor their expression and secretion (Fig.� 1 C). Bs 
EXLX1 and Tr-AA9 were taken forward for scaling up and 
production in bio reactor as reported in the following sec-
tion. Swollenins have 3…4 N-glycosylation sites and hence 
showed higher molecular bands than the expected size of 50 
kDa. Some low molecular size bands were also observed in 
Po-Swo, Tp-Swo and Tr-Swo apparently due to proteolysis. 

    Fermentation (Bs EXLX1 and Tr-AA9) 

 Select clones of  Pichia pastoris  showing higher expression 
in shake ” ask studies were taken forward for scaling up 
in a 5.0 L bioreactor. Typically, from a single colony two 
stage seed cultures (50�ml and 500�ml) were prepared and 
10% inoculum was used to start a 3.0 L batch in the main 
fermenter as described in the methods section. Culture 
OD reached to ~ 250 in 120�h. Cells were harvested by 
centrifugation and the cell free supernatants were analysed 
on SDS PAGE. Secreted TrAA9 and Bs EXLX1 were seen 
as prominent bands at expected molecular sizes (Fig.� 2 A 
and B). Because of the post translational glycosylation, 

  Table 2       PTM1 trace metal solution  

  Reagent    Concen-
tration, 
g/L  

  Cupric sulfate-5H 2 O    6.0  

  Sodium iodide    0.08  

  Manganese sulfate-H2O    3.0  

  Sodium molybdate-2H2O    0.2  

  Boric Acid    0.02  

  Cobalt chloride    0.5  

  Zinc chloride    20.0  

  Ferrous sulfate-7H 2 O    65.0  

  Biotin    0.2  

  Sulfuric Acid    5.0  
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the secreted proteins have higher molecular sizes than 
the expected size estimated from the protein primary 
sequence. Western blotting using anti-His tag antibod-
ies con“ rmed the production of recombinant proteins in 
the 120�h samples (Fig.�  2 C). Protein estimation of the 
secreted proteins indicated that Tr-AA9 and Bs-Expansin 
were secreted at 2.0�g/L and 0.5�g/L respectively.         

    Purifi cation of recombinant Bs-expansin 

 Unlike Tr-AA9, BS-Expansin appeared to be less homog-
enous and hence puri“ ed by Ni…NTA a�  nity chromatogra-
phy. Final puri“ ed sample was analysed on SDS PAGE and 
western blotting. Results indicated that the recombinant pro-
tein has two major isoforms running between 25 and 35�kDa. 
Wang et�al. also have reported similar chromatographic 

  Fig. 1       Schemes of integration plasmids for secretion of Tr-AA9, 
Swollenin and expansins in  Pichia pastoris.,  A. Tr-AA9 along with 
the native signal sequence was cloned into intracellular expression 
plasmid pPicZ-A., B. Swollenins and expansins were cloned after 
alpha secretory signal sequence into pPicZ�-A. Both constructs were 
cloned into  Not  I and  E.coR  I restriction sites., C. Con“ rmation of 

expression and secretion of recombinant swollenin, expansin and 
Tr-AA9 by western blotting using anti-His tag antibodies. Samples 
from cell free supernatants of 3�days old induced cultures were used 
for analysis. Gray and black arrowheads indicate the protein molecu-
lar size without and with glycosylation, respectively  
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 Results indicated that the conversion e�  ciencies in the 

batches supplemented with Swollenins have reached up to 
80% whereas the control batches showed a maximum of 50% 
indicating the synergistic e� ect of swollenins during the sac-
chari“ cation (Fig.� 4 A). For these experiments cell free cul-
ture supernatants were concentrated by tenfold using 30�kDa 
cut of “ lters and used as the expression levels of swollenins 

Theoretical glucos e = (% cellulose in biomass× total solids
100 × 1.11 × % cellulose

34.5%w∕w for rice straw

are low compared to Bs Expansin and Tr-AA9. Xylan to 
xylose conversion e�  ciency was also measured using swol-
lenins. A signi“ cant improvement was observed in xylan to 
xylose conversion e�  ciency when swollenins were supple-
mented during the sacchari“ cation process (Fig.� 4 B) when 
compared with the control samples including ALP and LME 
alone. In general, it was observed that above 70%, the con-
version e�  ciency values have saturated. This was due to 
the presence of NaOH during the sacchari“ cation. When 
glucose samples were incubated in with NaOH and  H 2 O 2  
and NaOH +  H 2 O 2  combinations, browning of glucose solu-
tion was observed where NaOH was present (Figure. S2). 

  Fig. 3       A. Functional assay of Bs-expansin and Tr-AA9 using “ lter 
paper as substrate. Accessory proteins were added to the “ lter paper 
discs as at 0.1, 1.0 and 1.5�mg/g of substrate as indicated. When test-
ing two proteins together in a reaction, each protein is present at the 
same concentration as when tested individually. For studying the 

synergistic e� ect, cellulase (Ctec3HS) was added to these mixtures 
as indicate. Images were taken after 48�h incubation. B. Synergistic 
e� ect of accessory proteins and cellulases was measured in terms of 
glucose released after 48�h incubation. The dotted line indicates the 
glucose released by C-tec3HS alone (control)  
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Hence, there was some loss of glucose after 48�h incubation 
with Ctec3HS.         

    Optimization of dosing of Bs-Expansin 
for saccharifi cation 

 Expression levels of Tr-AA9 and Bs expansin were consider-
ably higher (2…5�g/L). Bs-Expansin showed multiple bands 
and hence decided to purify the protein by Ni…NTA puri“ ca-
tion before use. Pretreated biomass was used for optimizing 
the amount of cellulase required for e�  cient sacchari“ cation 
in presence of expansin. Cellulase (Ctec3-HS) was used at 
20, 50, 100, 200 and 500�mg/g of cellulose during sacchari“ -
cation. Expansin was supplemented at 0.5�mg/g of cellulose 

in all the samples. A dose dependent increase of sacchari“ -
cation was observed up to 100�mg/g and saturated at 200 and 
500�g/mg dose of cellulase (Fig.� 5 ). So, it was decided to use 
100�mg/g of cellulase in further experiments.         

    Bs-Expansin and Tr-AA9 assisted saccharifi cation 
of rice straw 

 Both Tr-AA9 and BS-expansin showed synergistic e� ect 
with cellulase when used at a dose of 0.5�mg/g of cellu-
lose. Interestingly batches with and without LME pretreat-
ment showed similar conversion e�  ciencies indicating 
Bs-expansin or Tr-AA9 alone are su�  cient for achieving 
the desired conversion e�  ciencies over 90%. Untreated, 

  Fig. 4       Swollenin assisted sacchari“ cation of bio pretreated rice straw. 
Water treated, Ligin modifying enzyme (LME) treated, and alkaline 
peroxide (ALP) treated control batches were compared along with 
swollenins (Swo) from the recombinant  Pichia pastoris  cultures. A. 
Sacchari“ cation was initiated by adding Ctec3HS at 100�mg/g cellu-

lose and glucose concentrations were measured at 1, 24, 48, 72, and 
96�h incubation times (Lighter to dark shade of colour). B. Xylan to 
xylose conversion e�  ciencies. TP:  Trichoderma pinophilus;  TH : 
Trichoderma hazarium;  TR : Trichoderma reesei    
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collected at various time points and analysed for released 
glucose in HPLC. Up to 70% cellulose to glucose con-
version e�  ciency was observed in presence of Tr-AA9 
whereas a meagre 30% in the absence of Tr-AA9. LME 
treated biomass yielded up to 50% cellulose to glucose 
conversion e�  ciency (Fig.� 7 ).         

     Discussion 

 There is a growing demand for carbon neutral bioprocesses 
for converting biomass to useful chemicals and fuels. Reduc-
tion of chemical usage for biomass pretreatment will greatly 
reduce the associated risk and capital investment for pilot 
scale production and commercialization of the process. Bio-
process includes use of enzymes in place of harsh chemi-
cals for pretreatment of biomass to release the mono sugars 
which can be used as feedstock by the yeast for ethanol pro-
duction or any other industrially important biochemicals. 
This requires deconstruction of lignin to access the underly-
ing cellulose and hemicellulose. Lignin modifying enzymes 
produced by submerged fermentation of edible mushroom 
fungi  Pleurotus ostreatus  and  Trametes versicolor  were 
reported earlier for biomass pretreatment(Ambatkar et�al. 
 2021 ). This process has limitations in terms of low cellulose 
to glucose conversion e�  ciencies possibly due the cellulase 
enzyme inhibition by the LME by-products such as pheno-
lics. It required solid liquid separation and washing steps to 
remove the interfering agents and LMEs before sacchari“ ca-
tion (Ambatkar et�al.  2021 ,  2022 ). Further process improve-
ment was required for improved cellulose to glucose conver-
sion e�  ciency. Auxiliary proteins and their application in 
biore“ nery industry have been reported earlier to enhance 
the cellulase activity. There is a lot of fundamental research 
data available of auxiliary proteins but very limited applica-
tion studies. In this study we have selected seven auxiliary 
proteins and attempted to evaluate their synergistic e� ect 

with cellulases. Recombinant swollenins, expansins and 
LPMOs were produced in  Pichia pastoris . Signi“ cant titers 
(2.0 -5.0 g/L) were achieved for Bs-expansin and Tr-AA9. 
Using similar expression host, Sun et�al. and Thaghe et�al. 
have reported AA9 expression titers of 300 mg/L and 400 
mg/L respectively during the fermentation (Sun et�al.  2016 ) 
about tenfold less than what we are reporting in this study. 
Synergistic e� ect of auxillary proteins (Expansins and AA9) 
has been emphasized for enhanced hydrolysis of cellulose 
(over 90%) to meet the critical parameters required for com-
mercial applications (Kim et�al.  2014 ). These two auxiliary 
proteins were used to study the synergistic e� ect with cel-
lulases during sacchari“ cation. Results indicated that they 
are able to improve the cellulose to glucose conversion 
e�  ciencies from 40% to 80…90% when introduced during 
the sacchari“ cation process. Interestingly LME independ-
ent process which includes only alkaline peroxide washing 
of biomass and sacchari“ cation in presence of Bs-expansin 
and Tr-AA9 has resulted in similar conversion e�  ciencies. 
This helps in reduction of cost of LME production which is 
a major expense in the overall variable cost of production. 
In our cost estimations, about 30% of total cost was spent 
on production of LME by fungal fermentations. Supplemen-
tation of sacchari“ cation enzyme cocktails with the auxil-
iary proteins can increase the e�  ciency of these cellulase 
mixtures for biomass conversion. Further improvements can 
be made by introducing the genes encoding these auxiliary 
proteins into the cellulase production host. 

    Conclusions 

 Synergistic proteins can enhance the enzymatic break-
down of lignocellulose by modifying its structure. There-
fore, using synergistic proteins is a promising strategy to 
improve the enzymatic hydrolysis process. This approach 
can reduce costs associated with cellulase usage and increase 

  Fig. 7       Tr-AA9 assisted sac-
chari“ cation of ALP treated 
biomass. About 1.0 kg each of 
milled rice straw was subjected 
to pretreatment either by ALP 
(Blue) or LME + ALP (orange) 
and hydrolysed by cellulases 
(Ctec3-HS at 100 mg/g cel-
lulose). ALP treated biomass 
was also subjected to hydrolysis 
in presence of AA9 (green bar). 
ALP: alkaline peroxide; LME: 
ligin modifying enzymes; AA9: 
 Trichoderma reesei  AA9  
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the e�  ciency of lignocellulosic sacchari“ cation. Moreover, 
these proteins have the ability to target and modify the inac-
cessible regions of cellulose following chemical pretreat-
ment. They can thus serve as e� ective biological pretreat-
ment agents in secondary pretreatment steps or as part of 
the conditioning process before main sacchari“ cation. For 
commercial applications these synergetic proteins should 
meet several requirements: 1. They should be produced at 
very high titers with minimize their cost in use during sac-
chari“ cation. 2. These proteins should have the ability to 
target and modify the inaccessible regions of cellulose fol-
lowing chemical pretreatment. 3. To be economically viable 
in industrial applications, they must demonstrate e� ective 
synergism with cellulase, achieving high cellulose conver-
sion rates (e.g., 70…90%) to minimize residual cellulose 
in biomass. 4. They should be able to have robustness to 
retain their functionality in unfavourable conditions such as 
presence of inhibitors, non-speci“ c binging to lignin etc. 
5. These synergistic proteins should be amicable to fungal 
expression so that they can be a part of the commercial cel-
lulase cocktails ( e.g.  Ctec3HS). 

 To our knowledge, this study reported highest recom-
binant production titers of expansin and LPMO of 2.0 to 
5.0�g/L surpassing the earlier highest titers of 0.2 to 0.4�g/L 
by Sun et�al. (Sun et�al.  2016 ). Careful selection of high copy 
number gene integration  Pichia  recombinants and design-
ing of secretory plasmid constructs as well as an e�  cient 
fermentation process development resulted in such high 
expression titers. After evaluating various reaction condi-
tions with varying doses of synergistic proteins, we dem-
onstrated that even in the absence of LMEs, the cellulose to 
glucose conversion e�  ciencies have reached 70…80%. This 
improvement was 20…30% over the LME mediated process 
reducing the overall cost of pretreatment and sacchari“ cation 
process. Removal of LME and improvement due to syner-
gistic proteins has conserved at least on third of total cost of 
ethanol production. Detailed techno-economic evaluation is 
currently in progress. 

                  Supplementary Information     The online version contains supplemen-
tary material available at   https:// doi. org/ 10. 1007/ s43538- 024- 00373-z    .  
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