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Abstract. The anaerobic fungulsleocallimastixsp. strain L2, isolated from the feces of a llama, was
tested for growth on a range of soluble and insoluble carbohydrate substrates. The fungus was able to
ferment glucose, cellobiose, fructose, lactose, maltose, sucrose, soluble starch, inulin, filter paper
cellulose, and Avicel. No growth was observed on arabinose, galactose, mannose, ribose, xylose, sorbitol,
pectin, xylan, glycerol, citrate, soya, and wheat bran. The fermentation products after growth were
hydrogen, formate, acetate, ethanol, and lactate. The fermentation pattern was dependent on the carbon
source. In general, higher hydrogen production resulted in decreased formation of lactate and ethanol.
Recovery of the fermented carbon in products at the end of growth ranged from 50% to 80%.
(Hemi)cellulolytic enzyme activities were affected by the carbon source. Highest activities were found in
filtrates from cultures grown on cellulose. Growing the fungus on inulin and lactose yielded the lowest
cellulolytic activities. Highest specific activities for avicelase, endoglucafiagkicosidase, and xylanase

were obtained with Avicel as the substrate for growth (0.29, 5.9, 0.57, and 13 U pngtein,
respectively). Endoglucanase activity banding patterns after SDS-PAGE were very similar for all
substrates. Minor differences indicated that enzyme activities may in part be the result of secretion of
different sets of isoenzymes.

Anaerobic fungi isolated from the digestive tract or fecestion of (hemi)cellulolytic enzymes from anaerobic fungi, it is
of herbivorous mammals, both ruminant and nonrumi-desirable to use substrates that enhance enzyme yield.
nant, produce and secrete a broad range of polysaccharide- To date the fungudNeocallimastixsp. strain L2,
degrading enzymes during growth on various soluble andsolated from a llama, has been studied in detail mainly in
insoluble carbon sources [32]. These enzymes provideelation to its (intracellular) metabolic pathways with
these fungi with the potential to effectively degrade theemphasis on the role of the hydrogenosomes [15, 16]. No
major structural compounds in plant cell walls in vivo information was found in the literature with respect to the
[1, 8] as well as in vitro [23, 28, 34, 35, 37]. Among the production of extracellular (hemi)cellulolytic enzymes
secreted proteins, the cellulolytic and hemicellulolytic by this organism. This study describes the growth charac-
enzymes are studied most extensively. The specifiteristics ofNeocallimastixsp. strain L2 grown on various
activities of the cellulases from anaerobic fungi are highcarbon sources. In addition, their impact on the produc-
compared with those of aerobic fungal strainsTa€ho-  tion of (hemi)cellulolytic enzymes by the fungus was
derma reeseiand T. viride [28]. The latter fungi are studied. This information is required for possible future
known to be the most powerful in cellulose-degradingcommercial utilization of these enzymes.

activity [5, 10] and are the subject of worldwide studies

for their possible industrial use in converting cellulose topaterials and Methods

glucose. From the economic viewpoint regarding produc- ) . o ) ]
Organism and growth conditions.Neocallimastisp. strain L2 was isolated
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[14], and stock cultures were maintained on medium M2 containing 0.5%

wheat straw [28]. Cultures were subcultured every 3—4 days [27]. 70k @
Carbohydrate utilization. Substrates (mono-, oligo- and polysaccharides)

were tested in quadruplicate. Cellobiose, fructose, galactose, pectin, and oat 80| o 'Y P
spelt xylan were purchased from Sigma (St. Louis, Missouri, USA); ) : 0. .

arabinose, glucose, inulin, lactose, maltose, mannose, ribose, sucrose, xylose,  gg | .

glycerol, sorbitol, citrate, and soluble starch from Merck (Darmstadt,
Germany); filter paper cellulose (FPC) from Whatman (No. 1; Whatman
Ltd., Maidstone, UK) and Avicel (type PH 105) from Serva (Heidelberg,
Germany). Experiments for carbohydrate utilization with monomeric sub-
strates, sucrose, and cellobiose were conducted with 38frmentable
carbon in 20 ml medium M2 [30]. Soluble substrates were sterilized
separately before adding to the medium. The growth experiments with wheat 20
bran, soya, pectin, oat spelt xylan, inulin, FPC, and Avicel were carried out at
5 g - L1 Experimental cultures were obtained after subculturing the fungus
thrice on each substrate. Lack of growth of the fungus on a particular
substrate was based on four individual experiments, with incubation times of
up to 10 days.

Sample collection Fungal growth was monitored by hydrogen produc-
tion. After growth ceased, four parallel cultures were harvested by

% of total fermentation products
o

filtration through glass-fiber filters (Whatman, grade C). Samples of the 18}
culture filtrates were stored at20°C until used for determination of o
enzyme activities and analysis of water-soluble fermentation products 161 o
and reducing sugar content. The remaining filtrates were combined for 1k 2 I 0o
SDS-PAGE analysis. Concentration and collection of the protein was 8 -
performed as described [30]. 12F
Analytical procedures. Enzyme assays were performed in duplicate at 10f a*"
optimum pH and temperature as described previously [28]. All enzyme sl [ ]
reactions were linear over the period of the assays. Enzyme and
substrate controls were included in all assays. 6
The fermentation products—Ilactate, ethanol, and acetate—were s} o
determined as described previously [26]. Hydrogen in head space
samples was quantified by gas chromatography [27]. Formic acid was 2k
determined by the colorimetric method of Sleat and Mah [25]. For Fig. 0 N \ , N
1, calculations were made as follows: for each growth substrate the total 10 15 20 26 30

molar amount of fermentation products was defined as the sum of the
hydrogen, acetate, formate, ethanol, and lactate produced. Relative

amounts were expressed as the molar ratio (%) of specific products arfiid- 1. Relative formation of fermentation products Mgocallimastix
the total amount of fermentation products. sp. strain L2 grown on various carbohydrate substrates as a function of

Protein concentrations in the enzyme preparations were deterthe relative hydrogen production. (a) acetatéormate; (b) ethanolll)
mined with Bio-Rad protein reagent (Bio-Rad Laboratories, Richmond,and lactatel(d). Calculations were performed as described in Materials
Virginia, USA) with boviney-globulin as a standard. Reducing sugar and Methods.
contents were determined according to the method of Miller [17]. Residual
polysaccharide was determined as described by Updegraff [33].

SDS-PAGE was performed in 10% polyacrylamide slab gelsintheexhibited growth on glucose, fructose, cellobiose, malt-
presence of SDS (0.1%, wt/vol) as described by Laemmli [12]. Enzyme L .
samples were pretreated with sample buffer for 18 h at 20°C [30].Ose’ lactose, sucrose, inulin, soluble StE_iI’Ch, Avicel, and
SDS-PAGE molecular weight standards (High Molecular Weight Cali- FPC, but was not able to grow on arabinose, galactose,
bration Kits) were obtained from Bio-Rad Laboratories. Electrophoresismannose, ribose, xylose, sorbitol, pectin, xylan, glycerol,
was conducted at 15°C with a constant current of 40 mA until thecitrate, soya, and wheat bran. The time period within
tracking dye reached the anode end of the slab gels. Gels were Stain%hiCh growth occurred, as measured by Moduction,

for protein with Coomassie Brilliant Blue G-250 (Serva, Heidelberg, .
Germany). Zymogram analysis for the detection of endoglucanase wa‘évas dependent on the substrate tested and varied from 60

performed as described [30], with the substrate carboxymethylcellulos& for fructose to 228 h for maltose. Reducing sugar
(CMC) added before polymerization of the gel. measurements revealed nearly complete utilization of

mono- and disaccharides by the fungus, except for
lactose. The high amount of sugar present in culture
filtrates after growth on this substrate is due to galactose
Growth of Neocallimastix sp. strain L2 on various  accumulation, since no growth was obtained on this
substrates.Neocallimastixsp. strain L2 was tested for its carbon source. Avicel, FPC, and soluble starch were
ability to grow on various carbon sources. The funguscompletely digested, as almost no sugars (less than 2%)

Hydrogen (% of total fermentation products)

Results
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Table 1. Fermentation products after growti\N&focallimastixsp. strain L2 on various carbohydrate substrates

Fermentation product (i)

Carbon

source Hydrogen Formate Acetate Ethanol Lactate
Glucose 8.8 1.3 23.8+ 2.0 225+ 1.7 11.1+ 0.2 134+ 1.4
Cellobiose 14.0- 0.5 18.0= 5.0 154+ 25 6.2+ 1.3 9.1+ 17
Fructose 12.3- 0.4 242+ 15 21.0+ 0.7 10.2+ 0.6 10.5+ 0.6
Lactose 13.9- 1.7 14.3+ 0.7 143+ 1.4 4.1+ 0.3 2.3+ 0.6
Maltose 16.1+ 1.7 235+ 1.9 214+ 2.6 7.8+ 10 7.3+ 05
Sucrose 12.8 0.8 18.4+2.4 21.0+ 1.7 9.2+ 0.9 9.4+ 17
Inulin 139+ 19 18.6+ 4.7 219+ 1.7 10.1+ 1.3 11.6+ 3.1
Starch 13. 7+ 1.2 10.0= 1.2 21.5+ 0.8 8.3+ 23 9.1+ 1.1
Avicel 107+ 1.1 26.7+ 3.9 22.0+1.2 12.6+ 0.6 172+ 1.6
Filter paper 12.3£ 0.7 222+ 25 219+ 15 116+ 14 10.7= 3.4

Each value represents the mearsD (n= 4).

Table 2. Enzyme production byeocallimastixsp. strain L2 after growth on various substrates

Enzyme activity (IU - mi?)

Substrate Avicelase B-Glucosidase Endoglucanase Xylanase Proteirt

Glucose 0.008t 0.001 0.034+ 0.002 0.27+ 0.06 1.13+0.13 0.235+ 0.023
Cellobiose 0.008: 0.001 0.038+ 0.008 0.24+ 0.02 0.75+ 0.10 0.156+ 0.019
Fructose 0.007= 0.002 0.036+ 0.009 0.26+ 0.08 1.49+ 0.51 0.180+ 0.043
Lactose 0.004= 0.001 0.017+ 0.006 0.15+ 0.04 0.92+ 0.07 0.079+ 0.007
Maltose 0.010* 0.003 0.068+ 0.002 0.37+ 0.19 1.98+ 0.21 0.149+ 0.038
Sucrose 0.00& 0.002 0.052+ 0.001 0.21+ 0.05 1.71+ 0.05 0.197+ 0.033
Inulin 0.005+ 0.003 0.021+ 0.007 0.016+ 0.03 1.31+ 0.22 0.123+ 0.019
Starch 0.01%t= 0.001 0.058+ 0.009 0.39+ 0.07 1.79+ 0.12 0.160+ 0.039
Avicel 0.055+ 0.006 0.109+ 0.027 1.13+0.13 2,49+ 0.18 0.192+ 0.059
Filter paper 0.051= 0.005 0.150+ 0.010 1.29+ 0.21 2.10+ 0.17 0.175+ 0.026

Each value represents the mearsD (n= 4).
aProtein secreted is expressed as mg='ml

could be detected upon hydrolysis with sulfuric acid. sulted in lower relative levels of both ethanol and lactate
Moreover, reducing sugars were hardly detectable in{Fig. 1b).

culture filtrates after growth on these substrates. Production of (hemi)cellulolytic enzymes. During

Fermentation products. End products from the fermen- growth of the fungus, cellulolytic and xylanolytic en-
tation of the tested substrates were hydrogen, formateymes were secreted into the surrounding medium (Table
lactate, ethanol, and acetate (Table 1). Malate and succ®). Enzyme activities were observed to be dependent on
nate were not determined because of the small amountbe substrates tested. In general, highest activities were
produced by anaerobic fungi [6, 28]. The major fermenta-found in filtrates from cultures grown on the insoluble
tion products—formate and acetate—were formed insubstrates Avicel and FPC. Growing the fungus on inulin
nearly equal amounts with the exception of culturesand lactose yielded the lowest cellulolytic activity. Avice-
grown on starch. Lactate and ethanol formation showedase activities varied from 0.004 to 0.055 IU -thiVery
strong variation by the cultures on different substrateshigh production was observed when Avicel was the
Hydrogen production varied from 8.8urto 16.1 nm for ~ substrate for growth. On the other hand, inulin and
glucose- and maltose-grown cultures, respectively. Théactose were found to be rather poor inducers of avicelase
amount of carbon recovered in fermentation productsactivity. Activities towards CMC, used to estimate endo-
varied from 50% to 80%. When the relative production of glucanase activity, ranged from 0.15 to 1.29 U ~hfbr
acetate plus formate was plotted against the relativéactose- and FPC-grown cultures, respectively. A similar
hydrogen production (Fig. 1a), no interdependence wagrofile was obtained fo-glucosidase activities (0.017—
observed. However, increased hydrogen production re9.150 IU - mi1). In contrast to the findings for cellulo-
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o i & L ’ Fig. 2. Enzyme activity and protein banding patterns of
e . B i extracellular protein fronfNeocallimastixsp. strain L2
: ! grown on several carbon sources. After SDS-PAGE,
45- gels were stained for endoglucanase activity (a) or
protein (b). Lanes from left to right: (1) inulin, (2) Avi-
cel, (3) sucrose, (4) fructose, (5) soluble starch, (6)
glucose, (7) filter paper cellulose, (8) cellobiose, (9)
_ ~ maltose, and (10) lactose. The amounts of protein ap-
31 - plied to the gels are (lanes 1, 3, 4, 5, 6, 8, 9, 10) 20 pg
st for endoglucanase and protein staining; (lanes 2 and 7)
5 ug and 15 pg for endoglucanase and protein staining,
respectively. Activity and protein bands discussed in
the text are marked with arrows.

AN

Iytic activities, the differences between xylanase activi-Enzyme activity and protein patterns after SDS-
ties for FPC- or Avicel-grown cultures and cultures on PAGE. The carbon sources on whitteocallimastixsp.
soluble substrates were not dramatic. strain L2 was grown had an effect on the type and amount
The amount of protein secreted was relatively con-of isozymes with endoglucanase activity (Fig. 2). The
stant (Table 2). However, relatively low values were most distinct endoglucanase banding patterns were ob-
found for cultures on lactose. The highest specificserved for cultures grown on cellulose (Fig. 2a, lanes 2
activities of avicelase, endoglucanase, inglucosidase and 7). In all cases an activity band was observed at a
were obtained with Avicel as growth substrate and weremolecular mass of over 300 kDa (arrow 1). Growth on all
0.29, 5.9, and 0.57 IU - md protein respectively. Malt- substrates yielded two major endoglucanase activity
ose- and starch-grown cultures also showed high valuesands at molecular weights of 105 and 77 kDa (arrows 4
Specific xylanase activities were highest for maltose- andnd 5). An activity band at a molecular mass of 151 kDa
Avicel-grown cultures (13 IU - mg protein). Glucose (arrow 2) was present in all cases, except when inulin or
and cellobiose gave rise to relatively low specific xylanasdactose was used as the substrate. The presence of this
activities. activity band was most obvious for Avicel- and FPC-
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grown cultures. An activity band at a molecular weight of carbon flow through the hydrogenosome. Similar shifts
126 kDa (arrow 3) was found for cultures on sucrose,were observed when anaerobic fungi were co-cultivated with
fructose, starch, cellobiose, and maltose. hydrogen-consuming microorganisms [4, 11, 14, 18, 29].

The influence of the carbon source on the synthesis  As for other anaerobic fungi[31, 34, 35], the produc-
of individual proteins is visualized in Fig. 2b. The tion of cellulolytic enzymes byNeocallimastixsp. strain
banding pattern for the lactose-grown culture was verny 2 was substrate dependent. Specific enzyme activities
faint, despite the fact that the amount of protein applied tdfell in the range reported in the literature for anaerobic
the gel was almost the same. The most obvious differencfingi [20]. Highest production was observed when the
in the banding patterns is the fact that two proteins offungus was grown on cellulose (Avicel or FPC). Soluble
respectively 75 and 61 kDa (arrows 1 and 4) were foundsubstrates generally yielded lower enzyme production.
only for Avicel- and FPC-grown cultures. Furthermore, a Similar results were obtained witK. frontalis [19, 22]
protein of 72 kDa (arrow 2) was observed only for and N. patriciarum[21, 23, 31]. The effect of cellulose
cultures grown on sucrose, fructose, starch, glucoseyas most pronounced for avicelase activity, which was 5-
cellobiose, and maltose. A protein of 63 kDa (arrow 3)to 10-fold higher compared with soluble substrates. In
was present in all cases, except when Avicel or FPC werghjs study, cellobiose was shown to be not so effective an
the growth substrate. In general, banding patterns wergqucer of cellulases as reported forfrontalis[19].
quite similar and differed mainly in intensity. Xylanase production was observed to be more or less
constitutive. For other anaerobic fungi, xylanase produc-
Di . tion was reported to be lower on soluble sugars than on

ISCUssion insoluble substrates [9, 13, 31, 34].

Neocallimastixsp. strain L2 was able to utilize arange of ~ SDS-PAGE analysis revealed that growth on differ-
carbon sources for growth. No growth occurred on xyloseent substrates gave similar patterns for endoglucanase
or xylan. This is contradictory to previous observationsactivity. However, as foN. frontalis[3] andNeocallimas-
[15] and also in conflict with the finding that this fungus, tix strains N1 and N2 [31], some influence by the
grown on various carbon sources, secreted enzymes witgubstrate was observed. The main differences were due to
xylanolytic activity. Furthermore, aMeocallimastixspe-  the nature of the substrate, i.e., soluble or insoluble.
cies studied thus far are able to utilize these carbor$imilar observations have been describedNofrontalis
sources [2, 24, 31, 34, 36], with the exception @f [3]. Differences in enzyme production on various carbon
patriciarumstrain N2 [31]. A possible explanation could sources might in part be caused by secretion of different
be the poor adaptational capacity of this organism tamixtures of isoenzymes. As for activity patterns, protein
changes in the medium. After transfer from one carborbanding was substrate dependent to a limited extent.
source to another, we observed a long lag phase. In In conclusion, Neocallimastixsp. strain L2, like
contrast to previous findings [15], we observed growth ofother anaerobic fungi, is able to grow on various carbon
Neocallimastix sp. strain L2 on inulin, and culture sources. The yields of cellulolytic and xylanolytic en-
filtrates from inulin-grown fungus contained inulinase zymes were shown to be dependent on the growth
activity (1.1 IU - mg! protein at 50°C). The only excep- substrate. Production was constitutive, but Avicel and
tion for utilization of inulin byNeocallimastixspeciesto FPC gave rise to higher enzyme yields. To explore
date has been reported fok. frontalis strain N1 [31].  potential application, the effectiveness of solubilization
Lactose could serve as a source of carbomNeocallimas-  of (hemi)cellulose polymers by the enzymes produced by
tix sp. strain L2, but only the glucose part of this the fungus has to be assessed. For several anaerobic
disaccharide is fermented by the fungus. Galactoséungi, (hemi)cellulolytic enzymes were in part found to
accumulates in the medium, since it is not a growthbe associated in a multiprotein complex [7, 20]. Whether
substrate. The same results were reported for otheXeocallimastixsp. strain L2 also produces complex
anaerobic fungi [24, 31]. Only a few examples exist of bound cellulases remains to be elucidated.
utilization of galactose [2, 22].

The fermentation pattern dfeocallimastixsp. strain ) _
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