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A B S T R A C T  

The se lec tion of a suit able agri cul tural residue, its avail abil ity and the cost are crit i cal fac tors to be con sid ered 
while se lect ing a raw ma te r ial in solid - state fer men ta tion (SSF). In the case of SSF pa ra me ters like tem per a - 
ture, mois ture con tent and spore con cen tra tion also play a sig nif i cant role in en zyme pro duc tion. In this study, 
en do phytic fungi were iso lated and screened for their pul lu lanase ac tiv ity. The most promis ing iso late iden ti - 
fied as As pergillus sp. was eval u ated for the pul lu lanase pro duc tion us ing agri cul tural resid ual sub strates like 
wheat bran, rice bran, sug ar cane bagasse, or ange peel, mosambi peel, and ba nana peel. Among all the sub - 
strates tested by the clas si cal ap proach, the wheat bran was found to be the most ef fec tive sub strate. The high - 
est yield was 65.33  ±  2.08U/ gds, while in case of rice bran the max i mum yield was 44.66  ±  1.527U/ gds. The 
com par a tively lower yield was ob tained in sug ar cane bagasse, or ange peel, mosambi peel, and ba nana peel. 
Max i mum Pul lu lanase ac tiv ity (67.00  ±  01.00 U/ gds) was reached on 3rd day; there after the en zyme ac tiv ity 
de clined. Ex per i ments con ducted at the op ti mum phys i cal con di tions (tem per a ture 28.62  °C; mois ture 69.92%; 
in ocu lum size 6.42 log) demon strated that the pul lu lanase yield (396.2  ±  1.33U/ gds) was closer to the pre - 
dicted value (394.5U/ gds). There was an im prove ment of yield by 6.064 fold rel a tive to that ob tained from 
un - optimized phys i cal pa ra me ters. The good cor re la tion be tween pre dicted and ex per i men tal val ues af ter op ti - 
miza tion jus ti fied the va lid ity of the re sponse model and the ex is tence of an op ti mum point. This is the first re - 
port of pul lu lanase pro duc tion from As pergillus species in solid - state fer men ta tion. 

1 . Introduction 

Pul lu lanases con sti tutes an im por tant group of in dus trial en zyme 
which be longs to a fam ily of gly co syl hy dro lases 13, also called as the 
α - amylase fam ily ( Henrissat, 1991 ). They hy drolyze the gly co sidic 
bonds in the starch dur ing the sac cha r i fi ca tion process which leads to 
the pro duc tion of glu cose, mal tose, and mal totriose syrups. These 
prod ucts are widely used in the food and other re lated in dus tries. 
Among the starch hy drolyz ing en zymes, pul lu lanase pos sess both 
α - 1,6 and/ or α - 1,4 hy drol y sis ac tiv ity on pul lu lan as well as other car - 
bo hy drates such as starch, amy lopectin, and glyco gen ( Domań Pytka 
and Bardowski, 2004 ; Hii et al., 2009 ). The en zyme in com bi na tion 
with α - glucosidases give a bet ter re sult and en hance the rate of starch 
sac cha r i fi ca tion in creas ing the re duc ing sug ars yield. This unique fea - 

ture makes it more im por tant for in dus trial ap pli ca tions than the 
other hy dro lases. Only a lim ited study has been re ported on the pro - 
duc tion of pul lu lanase with na tive strains of fungi be cause its pro duc - 
tiv ity is too low. In line with the in creas ing de mands for pul lu lanase, 
it has be come im por tant to search for novel pul lu lanase - producing mi - 
croor gan isms with high yields. More over, high pro duc tion cost and 
low yield are ma jor lim i ta tions in the in dus trial pro duc tion of pul lu - 
lanase en zyme. The pro duc tion cost of pul lu lanase can be min i mized 
by se lect ing agro - industrial waste as the sub strate for the en zyme pro - 
duc tion un der solid - state fer men ta tion (SSF) processes. A num ber of 
such agro - industrial wastes are sugar cane bagasse, wheat bran, rice 
bran, maize bran, green gram husk, wheat straw, rice straw, rice husk, 
soy hull, sago ham pas, grapevine trim mings dust, saw dust, corn cobs, 
co conut coir pith, ba nana waste, tea waste, cas sava waste, palm oil 
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mill waste, as pen pulp, sugar beet pulp, sweet sorghum pulp, ap ple 
po mace, peanut meal, rape seed cake, co conut oil cake, mus tard oil 
cake, cas sava flour, wheat flour, corn flour, steamed rice, steam pre - 
treated wil low, starch, etc. Wheat bran, how ever, holds the key, and 
has most com monly been used, in var i ous processes ( Pandey et al., 
1999 ; Rosalese et al., 2002 ). The use of these agri cul tural wastes in 
bio processes may pro vide al ter na tive sub strates and fur ther more, 
helps to solve en vi ron men tal prob lems as well as re duce the pro duc - 
tion cost of en zymes. So, in this study, this lim i ta tion will be try ing to 
over come in or der to find po ten tial pul lu lanase pro duc ing mi croor - 
gan isms and cheap sub strates which will be suit able for the pro duc - 
tion and in creased yield of pul lu lanase. As well as there are a very 
few re ports on pul lu lanase from fun gal sources. Af ter hav ing good in - 
dus trial ap pli ca tions, only due to high cost pul lu lanase lack its in dus - 
trial uses. On the ba sis of the above re search, the pre sent study was 
per formed on Screen ing of the po ten tial low cost agro - waste for the 
pro duc tion of pul lu lanase in SSF and to op ti mize the phys i cal pa ra me - 
ters for the op ti mum pro duc tion of the en zyme. Be cause these phys i - 
cal pa ra me ters are very im por tant to en hance, pro mote and stim u late 
the op ti mum pro duc tion of en zymes ( Rahman et al., 2005 ). Also, the 
fac tors like time, mois ture, tem per a ture and spores (in ocu lum) op ti - 
miza tion is very im por tant for the suc cess ful pro duc tion of en zymes 
( Lonsane et al., 1985 ; Lakshmi et al., 2009 ). 

2 . Materials and methods 

2. 1 . Isolation and screening of endophytic fungi producing pullulanase 

The fun gal en do phytes were iso lated from the or na men tal plant 
( Trades cantia pal l ida) col lected from BHU Cam pus, Lanka, Varanasi, 
In dia. The iso la tion of en do phytes was per formed ac cord ing to the 
method de scribed pre vi ously ( Bezerra et al., 2013 ). The iso lates were 
screened for their abil ity to hy drolyze the pul lu lan by agar plate 
method (25  °C for 72  h). Af ter 72  h of in cu ba tion at 25  °C, the Petri 
dishes were flooded with Gram's io dine and ob served for the clear 
zone around the fun gal colonies. In the sec ondary screen ing (Smf 
with out agro - waste) the fun gal strains were in oc u lated on Pul lu lan 
broth medium (1% pul lu lan, 0.5% (NH 4 ) 2 SO 4, 0.5% KH 2 PO 4 , 0.2% 
NaCl, and 0.2% MgSO 4 ) and in cu bated at 25  °C for 72  h. The cul ture 
fil trate was used as an en zyme. The 1.5% agar was sup ple mented with 
1% pul lu lan, au to claved and poured into petri dishes (25  ml). Agar 
wells were made in pul lu lan agar and poured 50  μl of cul ture fil trate 
and in cu bate at 25  °C for 12  h. Its pul lu lanase ac tiv ity was fur ther 
con firmed by the thin layer chro matog ra phy (TLC) of the hy drol ysed 
prod ucts. The sol vent sys tem con sists of a mix ture of chlo ro form, 
acetic acid, and wa ter (3:3.5:0.5). The most promis ing iso late BHU - 46 
was iden ti fied ac cord ing to the method de scribed by Naik et al. 
(2017) . The schematic rep re sen ta tion of the study has been given in 
Fig. 1 . 

2. 2 . Culture conditions 

The promis ing iso late BHU - 46 was grown on Potato dex trose agar 
medium at 27  °C for 72  h for proper sporu la tion. Spore sus pen sions of 
fungi were used as the in ocu lum by adding 10  ml ster ile dis tilled wa - 
ter and scrap ing an agar slant with the help of a loop. A stan dard in - 
ocu lum of 1  ml in which the spore num bers were 1.2  ×  10 4  CFU per 
mL, was re ceived by each flask. 

2. 3 . Substrate 

For the solid - state fer men ta tion (SSF) var i ous agro - industrial 
residues such as Wheat bran (WB), rice bran (RB), sug ar cane bagasse 
(SB), or ange peel (OP) mousambi peel (MP), and ba nana peel (BP) 

Fig. 1 . The schematic rep re sen ta tion of the study. 

were screened for their po ten tial as a sub strate for the pro duc tion of 
Pul lu lanase. 

2. 4 . Preparation of inoculum and solid - state cultivation 

Spore sus pen sions of fungi was used as the in ocu lum by adding 
10  ml ster ile dis tilled wa ter and scrap ing an agar slant with the help 
of a loop. A stan dard in ocu lum of 1  ml in which the spore num bers 
were 1.2  ×  10 4  CFU per ml, was re ceived by each flask. In cu ba tion of 
the cul ture flasks were done at 27  °C for 48  h. 

2. 5 . Selection of suitable agro - waste by using classical approach in Smf 
and SSF 

The SSF fer men ta tion was car ried in 250  ml flask con tain ing 05  g 
(dry weight) pow dered solid sub strate sup ple mented with nu tri ent 
salts - 1% (NH 4 ) 2 SO 4 , 1% KH 2 PO 4 , 0.2% NaCl, and 0.2% MgSO 4 . The 
flasks were ster il ized at 121  °C for 20  min and, af ter cool ing, in oc u - 
lated with 1  mL of spore sus pen sion fol lowed by in cu ba tion at 27  °C 
for the 5 days. The ini tial mois ture con tent was ad justed to 60%. All 
liq uid added to the flask was taken into con sid er a tion in cal cu lat ing 
the mois ture con tent. En zyme was ex tracted ac cord ing to the method 
de scribed pre vi ously sec tions. 

Sub merged fer men ta tion (SmF) was car ried out by tak ing 40  mL of 
the pro duc tion medium con tain ing nu tri ent salt as men tioned in SSF 
in 250  ml Er len meyer flasks. This was sup ple mented with var i ous 
agro - industrial residues at 2% con cen tra tion. All the flasks were au to - 
claved at 121  °C for1 20  min and af ter cool ing were in oc u lated with 
1  ml of spore sus pen sion and in cu bated on a ro tary shaker at 
180  rpm  at 27  °C for the de sired pe riod. Af ter fer men ta tion, the su per - 
natant was har vested by cen trifu ga tion at 10,000  g for 10  min (4  °C) 
and was used as crude en zyme ex tract. 

2. 6 . Crude enzyme extraction 

The crude en zyme was ex tracted by flood ing the flasks with 50  mL 
of 1  mM of phos phate buffer (pH 6.5). This ex trac tion step was for 1  h 
and at room tem per a ture (35  °C), and then fil tered by us ing a muslin 
cloth and fun nel. The fil tered ex tract was cen trifuged in a cool ing cen - 
trifuge at 4  °C for 15  min  at 10,000  rpm so that all the cells and de - 
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bris could be re moved ( Shamala and Sreekantiah, 1986 ). The su per - 
natant was col lected as the crude en zyme and pel lets were dis carded. 

2. 7 . Enzyme activity and protein estimation 

Pul lu lanase ac tiv ity was as sayed by the DNSA method ( Miller, 
1959 ). 0.1  ml of the ex tracted crude en zyme sam ple and 0.4  ml phos - 
phate buffer (pH 6.5) were added to 0.5  ml of 1% (w/ v) so lu tion of 
starch. This mix ture was in cu bated at 40  °C for 30  min 1  ml of DNS 
reagent was added and in cu ba tion of test tubes was done in a boil ing 
wa ter bath for 5 – 10  min. Then, af ter cool ing down, 0.5  ml of 1% (w/ 
v) Sodium Potas sium Tar trate so lu tion was also added. The fi nal vol - 
ume was ad justed to 5  ml by adding 2.5  ml of ster ile dis tilled wa ter. 
Af ter this, the ab sorbance was mea sured at 570  nm. The pro tein es ti - 
ma tion was per formed ac cord ing to the pro ce dure of Lowry et al. 
(1951) . One unit of a - amylase ac tiv ity was de fined as the amount of 
en zyme that pro duced re duc ing sugar equiv a lent to 1 μmole of glu - 
cose per min at 40 ○ C tem per a ture and at pH 6.5. 

2. 8 . Selection of critical physical factors using classical approach 

The ef fect of in cu ba tion time on en zyme pro duc tion by the fungi 
was stud ied by in cu bat ing the in oc u lated flasks for a to tal pe riod of 
216  h and es ti mat ing the en zyme pro duc tion at reg u lar in ter vals of 
24  h 5  g of wheat bran pow der sup ple mented with nu tri ent salts - 1% 
(NH 4 ) 2 SO 4 , 1% KH 2 PO 4 , 0.2% NaCl, and 0.2% MgSO 4 was used in 
SSF. Other fer men ta tion con di tions were the same as men tioned 
above. The ef fect of mois ture con tent was de ter mined in range of 50 – 
80% af ter 72  h. The ef fect of tem per a ture on the pro duc tion of en - 
zyme was de ter mined in the tem per a ture range be tween 25  °C and 
75  °C at 70% mois ture af ter 72  h of in cu ba tion. Ef fect of spore con - 
cen tra tion (1  ×  10 4 to 1  ×  10 9 spores/ gds) on en zyme pro duc tion 
was de ter mined at 35  °C at 70% mois ture, for 72  h. The ef fect of ini - 
tial pH on en zyme yield by As pergillus sp. BHU - 46 dur ing solid - state 
fer men ta tion was stud ied by ad just ing the pH of the min eral salt so lu - 
tion used to moisten the sub strate to var i ous pH lev els (pH 5.0 – 7.5) 
us ing cit rate phos phate buffer and fer men ta tion was car ried at 35  °C, 
spore con cen tra tion of 1  ×  10 7 spores/ gds. 

2. 9 . Optimization of physical parameters using Box - Behnken design 

The crit i cal phys i cal fac tors such as tem per a ture, mois ture and 
spore con cen tra tion sig nif i cantly af fected the pro duc tion of Pul lu - 
lanase (clas si cal ap proach) was fur ther op ti mized for three fac tors at 
three lev els by Box - Behnken de sign ( 1960 ) us ing De sign ex pert Soft - 
ware 10 as the method de scribed pre vi ously by Francis et al. (2003) . 

3 . Results and discussion 

3. 1 . Isolation and screening of endophytic isolates producing pullulanase 

A to tal of 51 en do phytic fungi were re cov ered from Trades cantia 
pal l ida, out of which only one was found to pro duce the en zyme pul - 
lu lanase. It was named as BHU - 46 and was iden ti fied as As pergillus sp. 
( Fig. 1 S). Fur ther the pul lu lanase ac tiv ity was con firmed by TLC. It in - 
di cates that the en zyme is pul lu lanase ( Fig. 2 ) be cause it hy drolyzes 
starch to give mal totriose, mal tose and glu cose whereas amy lase af ter 
hy drol y sis of starch gives lim its dex trins, glu cose and mal tose, and 
glu coamy lases give only glu cose ( Bertoldo and Antranikian, 2002 ; 
Doman - Pytka and Bardowski, 2004 ). 

3. 2 . Screening of agro - waste 

Agro - based in dus tries ex pe ri ence a ma jor prob lem of waste man - 
age ment. Based on their dis posal meth ods, they are re spon si ble for 
the pol lu tion of air, wa ter qual ity, and bad im pacts on pub lic health. 
Chem i cal meth ods are gen er ally used for the man age ment of solid 
waste. Nowa days em pha sis has been on bi o log i cal con ver sion of plant 
prod ucts. The uti liza tion of or ganic solid wastes (such as bio mass and 
food waste) for bio fu els pro duc tion is also a promis ing way to han dle 
the prob lem of wastes treat ment. How ever, the nu tri ents are stored in 
the form of macro mol e cules (such as cel lu lose and starch) and should 
be con verted into mi nor mol e c u lar. Han et al. (2017 , 2019) de vel oped 
a novel com bined bio process based on en zy matic hy drol y sis and dark 
fer men ta tion for hy dro gen pro duc tion (and ethanol pro duc tion) from 
food waste (and bak ery waste) which could ef fec tively ac cel er ate the 
hy drol y sis speed, im prove nu tri ent con ver sion ef fi ciency. Fur ther - 
more, the techno - economic fea si bil ity should also be eval u ated for in - 

Fig. 2 . A - Crude en zyme (50  µl per well) were poured in well and in cu bated for 12  h and flood with io dine; a, c - clear zone due to hy drol y sis of pul lu lan by the 
en zyme; con trol - fermentation me dia con tain ing pul lu lan with out in ocu lum; b - fermentation me dia with out pul lu lan and in ocu lum; B - TLC pro file of hy drol ysed 
prod ucts by the en zyme pro duced by the iso late As pergillus sp. BHU - 46, MT - maltotriose; G - glucose; M - maltose; 4, starch with out en zyme; 5: starch with en zyme. 
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dus trial ap pli ca tions ( Han et al., 2017 ). Re ports in di cate that fungi 
have the ca pa bil ity of hy drolyz ing com plex or ganic com pounds for 
their en ergy. Agro - industrial wastes such as Wheat bran, rice bran, ba - 
nana peel, sug ar cane bagasse, mosambi peel, or ange peel, legume 
husks, etc. have been used as the sub strates for the pro duc tion of var i - 
ous en zymes ( Gawande and Kamat, 1999 ; Essien et al., 2005 ; Abdel - 
Sater and El - Said, 2001 ). There fore the Agro - industrial wastes were 
screened in this study for the op ti mum pro duc tion of pul lu lanase. The 
wheat bran was found to be the most ef fec tive sub strate in both SSF 
and SmF and the most promis ing iso late As pergillus sp. BHU - 46 ( Fig. 
3 ). The high est yield for the iso late As pergillus sp. BHU - 46 dur ing 
solid - state fer men ta tion and sub merged fer men ta tion was 
65.33  ±  2.08U/ gds (pro tein, 5.23  ±  0.46 mg/ gds) and 
39.33  ±  0.571 U/ mL (3.01  ±  0.84  mg/ mL) re spec tively when wheat 
bran was used as sub strate. While in the case of rice bran the max i - 
mum yield was 44.66  ±  1.527U/ gds (pro tein, 4.03  ±  0.41 mg/ gds) 
and 41.33  ±  1.154 U/ ml (pro tein, 3.63  ±  0.31  mg/ mL). The com par - 
a tively lower yield was ob tained in sug ar cane bag gase, or ange peel, 
mausami peel and ba nana peel by the iso late BHU - 46 both in SSF and 
SmF. As clear from Fig. 3 that the solid - state fer men ta tion gave the 
com par a tively high yield, there fore, SSF was se lected for the iso late 
As pergillus sp. BHU - 46. 

Fig. 3 . Ef fect of dif fer ent agro in dus trial sub strates and SSF (bar graph) and 
Smf (line graph) fer men ta tion process on pro duc tion of pul lu lanase en zyme; 
WB - wheat bran; RB - rice bran; SB - sugarcane bag gase; OP - orange peel; MP - 
mosambi peel; BP - ba nana peel. (For in ter pre ta tion of the ref er ences to colour 
in this fig ure leg end, the reader is re ferred to the Web ver sion of this ar ti cle.) 

Fig. 4 . Time Pro file of Pul lu lanase ac tiv ity on solid state fer men ta tion and 
sub merged fer men ta tion process. 

3. 3 . Effect of cultivation time 

The time course pul lu lanase pro duc tion by As pergillus sp. BHU - 46 
in a medium con tain ing 5  g wheat bran un der SSF is dis played in Fig. 
4 . Max i mum Pul lu lanase ac tiv ity (67.00  ±  01.00 U/ gds) was reached 
on 3rd day; there after the en zyme ac tiv ity de clined. The same pat tern 
was ob served in the case of sub merged fer men ta tion but the yield was 
com par a tively low (46.33  ±  1.15 U/ mL). These find ings are sim i lar 
to re sults of pre vi ous stud ies on fungi in SSF ( Sakano et al., 1972 ) 
while oth ers re ported af ter 24  h of in cu ba tion ( Orhan et al., 2014 ). 

3. 4 . Effect of moisture and temperature 

Low mois ture con tent is known to de crease the meta bolic and en - 
zy matic ac tiv ity prob a bly due to re duced sol u bil ity of nu tri ents from 
the solid sub strate, low sub strate swelling and higher wa ter ten sion 
( Ramesh and Lonsane, 1990 ). There fore, to study the ef fect of mois - 
ture level, the sub strate was moist ened with dif fer ent vol umes of nu - 
tri ent so lu tion. It was taken into con sid er a tion that the con cen tra tion 
of medium in gre di ents was not changed. Fig. 5 a showed the ef fect of 
en zyme pro duc tion in the medium with 50 – 80% ini tial mois ture in 
SSF. Max i mal ac tiv ity (98.66  ±  1.15 U/ gds) was at tained in the 
medium with 70% ini tial mois ture con tent. This could be at trib uted to 
the faster growth of the or gan ism at higher mois ture con tent and the 
sub se quent early ini ti a tion of the en zyme pro duc tion. Singhania et al. 

Fig. 5 . Ef fect of ini tial mois ture con tent (a) and tem per a ture (b) on Pul lu lanase pro duc tion by As pergillus sp. BHU - 46. 
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(2007) , who found that higher ini tial mois ture con tent, had a neg a tive 
ef fect on cel lu lase pro duc tion by T. ree sei grew on wheat bran un der 
SSF. The max i mal cel lu lase yield was ob tained at ini tial mois ture con - 
tent be tween 37 and 38%. On the other hand, Farinas et al. (2011) 
found that the ini tial sub strate mois ture con tent had a pos i tive ef fect 
on en doglu canase pro duc tion by A. niger also grown on wheat bran 
un der SSF. 

The ef fect of pul lu lanase shown in Fig. 5 b. The high est pro duc tion 
was achieved at 30  °C 127.33  ±  2.51 U/ gds and low est at 45  °C 
(11.00  ±  1.73U/ gds). Orhan et al. (2014) also re ported the max i mum 
pro duc tion of pul lu lanase fron fungi Hypocrea jeco rina . While Sakano 
et al. (1972) re ported Pul lu lan 4 - glucanohydrolase, a novel pul lu lan - 
hydrolyzing en zyme from As pergillus niger at 40 ° C. 

3. 5 . Effect of pH and inoculum size 

The ef fect of pH on the ac tiv ity is shown in Fig. 6 a. The op ti mum 
pH for the pro duc tion of pul lu lanase was ob served at pH 6.0 
(69.33  ±  1.15U/ gds) fol lowed by 6.5 (68.50  ±  1.00U/ gds). The pul - 
lu lanase ac tiv ity was also the same over the acidic ranges. How ever, 
there was a very slight de crease in pul lu lanase pro duc tion was ob - 
served above 7 pH, hence this fac tor was not taken for fur ther op ti - 
miza tion us ing Box - Behnken De sign. 

In ocu lum den sity is an im por tant con sid er a tion for SSF process 
since over crowd ing of spores can in hibit ger mi na tion and de vel op - 
ment. In the pre sent study max i mal Pul lu lanase ac tiv ity was achieved 
upon us ing an in ocu lum of 1  ×  10 7 spores/ gds ( Fig. 6 b). Sim i lar ob - 
ser va tions were ob tained by Shamala and Sreekantiah (1986) . 

3. 6 . Optimization of physical parameters using Box - Behnken Design 

At tempts have been made to op ti mize three dif fer ent phys i cal pa - 
ra me ters (in cu ba tion tem per a ture, and ini tial sub strate mois ture and 
in ocu lum size) in SSF by us ing Re sponse sur face method ol ogy (Box – 
Behnken de sign) to achieve the op ti mum pro duc tion of pul lu lanase by 
As pergillus sp. BHU - 46. The above three phys i cal pa ra me ters played a 
crit i cal role in the pro duc tion of pul lu lanase in the wheat bran 
medium. Box – Behnken de sign rep re sents the in ter ac tive ef fect of 
these pa ra me ters and to ob tain at an op ti mum level. One vari able at a 
time gave the base points for the se lected de sign. The de tails of the 
vari ables and their vari a tion lev els are given in Table S1 . The out put 
of the de sign and re sults of ex per i ments car ried out are given in Table 
S2 . The sig nif i cant pa ra me ters were de ter mined by analy sis of vari - 
ance (ANOVA). ANOVA con sists of clas si fy ing and cross - classifying 
sta tis ti cal re sults and test ing whether the means of a spec i fied clas si fi - 
ca tion are sig nif i cantly dif fer ent which was car ried by Fish er's sta tis ti - 

cal test. The F - value is used to de ter mine whether the test car ried out 
is sta tis ti cally sig nif i cant or not. The model equa tion fit ted by re gres - 
sion analy sis is given by 

where PA is the Pul lu lanase ac tiv ity (U/ g dry sub strate), X the tem per - 
a ture (°C), Y is the mois ture con tent (% (w/ w)) and Z is the log10 
(spores/ g dry sub strate). The Model F - value of 426.07 im plied that 
the model was sig nif i cant. There was only a 0.01% chance that a 
“Model F - value” this large could oc cur due to noise. Val ues of “Prob a - 
bil ity  >  F ″ less than 0.0500 in di cated that model terms were sig nif i - 
cant, how ever, val ues greater than 0.1000 in di cate the model terms 
are not sig nif i cant. In this case, the model terms X, Y, Z, XY, XZ, YX, 
X 2 , Y 2 , and Z 2 were found to have sig nif i cant ef fect on pul lu lanase 
yield. The “Lack of Fit F - value” of 0.52 im plies the Lack of Fit is not 
sig nif i cant rel a tive to the pure er ror. There is a 74.03% chance that a 
“Lack of Fit F - value” this large could oc cur due to noise. The model 
de ter mi na tion co ef fi cient R 2 (0.9990) sug gested that the fit ted model 
could ex plain 99% of the to tal vari a tion. This im plies a good rep re - 
sen ta tion of the process by the model. The value of the ad justed de ter - 
mi na tion co ef fi cient (Adj - R 2  =  0 . 9966) was also very high, in di cat ing 
a high sig nif i cance of the model ( Table S3 ). The fit ted re sponse sur - 
face for the pro duc tion of Pul lu lanase by the above model was gen er - 
ated us ing De sign ex pert and is given in Figs. S2 – 4 . Three - dimensional 
graphs were pro duced for pair wise com bi na tions of the three vari - 
ables, with the third vari able in each case set tled at its ideal level for 
pul lu lanase yield. The graphs are ap peared here to high light the parts 
played by the dif fer ent vari ables ad di tion ally to stress the parts played 
by the phys i cal vari ables as well as the biosyn thetic as pects within the 
fi nal yield of pul lu lanase. Gen er ally, cir cu lar 3 D plots in di cate that 
the in ter ac tions be tween pa ra me ters are neg li gi ble. On the other 
hand, el lip ti cal ones in di cate the ev i dence of the in ter ac tions 
( Muralidhar et al., 2001 ). Fig. S2 shows the in ter ac tion ef fect of in cu - 
ba tion tem per a ture and ini tial mois ture con tent of the sub strate on 
Pul lu lanase yield. The re sponse sur face graph sug gested well - defined 
op ti mum vari ables. There is a sig nif i cant (p  <  0.01) pos i tive ef fect on 
Pul lu lalanase yield while in creas ing the tem per a ture and ini tial mois - 
ture con tent of the sub strate. Af ter the op ti mum value of tem per a ture 
(28.6  °C) and mois ture (69.9%) fur ther in crease in these fac tors there 
is a de crease in the pro duc tion of pul lu lanase. This is in good agree - 
ment with the fact that As pergillus species be longed to mesophilic 
group. Sim i larly, above 70% mois ture con tent en zyme ac tiv ity was 
de creased which has been sup ported by the other stud ies on As - 
pergillus spp. for the pro duc tion of hy drolytic en zymes ( Chimata et al., 

Fig. 6 . Ef fect of pH (a) and in ocu lum (b) on Pul lu lanase pro duc tion by iso late As pergillus sp. BHU46. 
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2010 ; Imran et al., 2012 ). This in ter ac tion of the tem per a ture and 
mois ture con tent was ob vi ous be cause the tem per a ture is di rectly re - 
lated with hu mid ity and wa ter ac tiv ity, which in turn was a ma jor in - 
trin sic fac tor gov ern ing trans port mech a nism in mi crobes ( Pandey et 
al., 2001 ). In SSF, dur ing fer men ta tion, there is a gen eral in crease in 
the tem per a ture of the fer ment ing sub strate due to res pi ra tion 
( Pandey, 1992 ; Pandey and Radhakrishnan, 1992 ). Fig. S3 shows the 
in ter ac tion ef fect of in cu ba tion tem per a ture and in ocu lum size on pro - 
duc tion of pul lu lanase by As pergillus sp. BHU - 46 on WBM. There is 
also a sig nif i cant (p  <  0.01) pos i tive in ter ac tion be tween the tem per - 
a ture and in ocu lum size. Af ter the op ti mum value (Tem per a ture 28.6 
° C; in ocu lum size, 6.42 log) value, there is de crease in pul lu lanase 
pro duc tion. The shape of the re sponse sur face curves showed a high 
in ter ac tion be tween these tested vari ables. This in ter ac tion is due to 
the res pi ra tory prop er ties of spores at op ti mum tem per a ture. At an 
op ti mum tem per a ture and min i mum in ocu lum size of spores of fungi 
high est res pi ra tion has been re ported ( Marakis et al., 1997 ). Sim i larly, 
Fig. S4 Ef fect of mois ture and in ocu lum size of As pergillus sp. BHU - 46 
on Pul lu lanase pro duc tion. In this case, also there is a sig nif i cant in - 
ter ac tion be tween these two fac tors. Lower and higher lev els of both 
the mois ture and in ocu lum size did not re sult in higher en zyme yields. 
The shape of the re sponse sur face curves showed a sig nif i cant in ter ac - 
tion be tween these tested vari ables. It has been re ported that in SSF, 
the quan tity of wa ter pre sent in the me dia is func tion of the sub strate 
wa ter re ten tion ca pac ity, this quan tity should be suf fi cient for the 
growth of mi croor gan isms with out de struc t ing the solid struc ture or 
re duce the poros ity of sub strate or sup port ( Gervais and Molin, 2003 ) 
More over, wa ter has a crit i cal im pact on physic o chem i cal prop er ties 
of the sub strate, which in turn af fect en zyme pro duc tion ( Pandey et 
al., 1999 ). Too much wa ter, how ever, ad versely af fects oxy gen dif fu - 
sion in the sub strate ( Kashyap et al., 2003 ). More over, the lower num - 
ber of cells grows in the pro duc tion medium at lower in ocu lum size, 
due to which the in cu ba tion time re quired to form the de sired prod uct 
in creases ( Chisti, 2009 ). 

3. 7 . Validation of the model 

To con firm the va lid ity of the sta tis ti cal ex per i men tal strate gies 
and gain a bet ter un der stand ing of pul lu lanase pro duc tion, a con fir - 
ma tion ex per i ment with the trip li cate set was per formed at the spec i - 
fied op ti mum con di tion rep re sent ing the max i mum pro duc tion of pul - 
lu lanase. Ex per i ments con ducted at the op ti mum con di tion (tem per a - 
ture 28.62  °C; mois ture 69.92%; in ocu lum size 6.42 log) demon strated 
that the Pul lu lanase yield (396.2  ±  1.33U/ gds) was closer to the pre - 
dicted value (394.5U/ gds). The pro tein con cen tra tion of 
30.11  ±  0.441 mg/ gds was recorded in the fi nal set of ex per i ments. 
This is an im prove ment of yield by 6.062 fold in crease in yield rel a - 
tive to that ob tained from un - optimized phys i cal pa ra me ters. The 
good cor re la tion be tween pre dicted and ex per i men tal val ues af ter op - 
ti miza tion jus ti fied the va lid ity of the re sponse model and the ex is - 
tence of an op ti mum point. This showed that the model was use ful to 
pre dict the pul lu lanase pro duc tion as well as op ti mize the ex per i men - 
tal con di tions. 

4 . Conclusion 

Pul lu lanase pro duc tion can be achieved by us ing low cost agri cul - 
tural resid ual sub strates wheat bran. Us ing this sub strate less pro duc - 
tion time with high en zyme ac tiv ity of 65.33 U/ gds have been 
achieved. Spore con cen tra tion, mois ture con tent of fer men ta tion 
medium, and tem per a ture was found to have marked ef fect on the 
pro duc tion of Pul lu lanase from As pergillus sp. BHU - 46. By us ing Box 
Behnken de sign there was an im prove ment of yield by 6.064 fold rel a - 
tive to that ob tained from un - optimized phys i cal pa ra me ters. As per 

our knowl edge this is first re port of pul lu lanase from As pergillus 
species pro duced in solid state fer men ta tion. 
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