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Abstract
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As a strategy to find efficient lignocellulose degrading enzymes/microorganisms for sugarcane biomass pretreatment
purposes, 118 culturable bacterial strains were isolated from intestines of sugarcane-fed larvae of the moth Diatraea
saccharalis. All strains were tested for cellulolytic activity using soluble carboxymethyl cellulose (CMC) degrading assays
or by growing bacteria on sugarcane biomass as sole carbon sources. Out of the 118 strains isolated thirty eight were
found to possess cellulose degrading activity and phylogenetic studies of the 165 rDNA sequence revealed that all
cellulolytic strains belonged to the phyla y-Proteobacteria, Actinobacteria and Firmicutes. Within the three phyla,
species belonging to five different genera were identified (Klebsiella, Stenotrophomonas, Microbacterium, Bacillus
and Enterococcus). Bacterial growth on sugarcane biomass as well as extracellular endo-glucanase activity induced
on soluble cellulose was found to be highest in species belonging to genera Bacillus and Klebsiella. Good cellulolytic
activity correlated with high extracellular protein concentrations. In addition, scanning microscopy studies revealed
attachment of cellulolytic strains to different sugarcane substrates. The results of this study indicate the possibility to
find efficient cellulose degrading enzymes and microorganisms from intestines of insect larvae feeding on sugarcane
and their possible application in industrial processing of sugarcane biomass such as second generation biofuel production.
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Introduction

The imminent need to replace fossil-based transport fuels
with more environment-friendly renewable alternatives,
has sparked an increasing interest in finding abundant
and cheap resources for biofuel production. One of the
most interesting and promising alternatives, in the short-
and medium-term perspective, is the second generation
bioethanol (B2G) produced from lignocellulosic bypro-
ducts of agricultural, forestry and industrial activities or
from urban waste residues. Natural occurring lignocellu-
lose material, especially in the form of plant cell wall
material, is a renewable, abundant and relatively cheap mix-
ture of organic materials, principally containing polysac-
charides (~75% dry weight) and lignin (~25% dry weight).
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The carbohydrates consist mainly of fibers of cellulose
(glucose units) and hemicellulose (composed of various
5- and 6-carbon sugars), which give strength to plant
structures. Lignin on the other hand, is formed by a non-
carbohydrate complex structure built from phenylpropanoid
units. This phenolic polymer sticks to the polysaccharide
components, strengthening the whole structure which
renders it extremely resistant to biological degradation
(Cheng and Wang 2013).

Although much effort and resources have been di-
rected to develop industrial scale bioethanol production
from lignocellulose, there is still no economically viable
industrial production system available for any type of
biomass (Limayem and Ricke 2012; Morone and Pandey
2014). One of the main reasons for the high production
cost of B2G is the recalcitrance of the lignocellulose to en-
zymatic hydrolysis, which requires a pre-treatment step
before an efficient enzyme-based degradation of the com-
plex polysaccharides (cellulose or hemicellulose) into its
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fermentable monosaccharide components can be carried
out (Canilha et al. 2012; Cardoso et al. 2012). Currently
available pretreatment methods are biological, chemical
(cellulose solvents, acids, or bases), or physical (mechanical
size reduction, comminution, steam explosion, vibratory
ball milling, compression milling, and hydrothermolysis)
(Taherzadeh and Karimi 2007; Sierra et al. 2011). Even
though applying a pretreatment of the plant biomass large
amounts of enzymes are still needed to obtain a rapid and
efficient cellulose and hemicelluloses degradation, and
therefore new and more efficient enzyme cocktails are
needed in order to generate a more economic degradation
process rendering a cheaper total bioethanol production.

Natural lignocellulose degradation, an essential part
of the carbon cycle, is carried out by highly specialized
wood-degrading microorganisms (fungi and bacteria) and
symbiotic microbes found in the intestines of many plant
feeding animals (Watanabe and Tokuda, 2010; Cardoso
et al. 2012; Gupta et al. 2012; He et al. 2013). Hydrolysis
of cellulose is a multi-enzymatic process involving at least
three different types of enzymatic activities in order to
liberate the smallest basic unit, a glucose molecule. First,
endo-P-glucanases (E.C. 3.2.1.4) cleave the cellulose back-
bone at internal amorphous sites, reducing the chain length
while creating numerous ends where exo-B-glucanases
(E.C.3.2.1.91) attack to release short-chain glucose oligo-
mers (cellodextrins and cellobiose). There are two forms
of exo-glucanases, the first attacking the reducing end of a
cellulose chain while the second attacks the non-reducing
ends. Finally, the short glucose chains released after exo-
glucanase attacks are hydrolyzed to single glucose units by
a P-glucosidase (E.C. 3.2.1.21) (Singh and Hayashi 1995;
Teeri 1997).

It is thought that the highly effective plant biomass de-
grading capacity found in intestines of many insect her-
bivores constitutes one of the most efficient naturally
occurring bioreactors and could provide an important
and interesting biotechnology source of microorganisms
and enzymes for cellulose degradation (Sun and Scharf
2010). The sugarcane stalks borer Diatraea saccharalis
is the major sugarcane pest in Argentina causing consider-
able damage to infested plants, which facilitates secondary
fungal and/or bacterial infections, resulting in important
economic losses to producers. Due to the high and rapid
sugarcane feeding capacity of larvae of this species, we hy-
pothesized that larvae only fed on sugarcane, could have
developed a consortium community of symbiotic-bacteria
possessing an enzyme arsenal which efficiently degrade
sugarcane plant tissue. Supporting this theory are recently
published studies where a comparison among gut micro-
biota from Coleoptera, Lepidoptera and Orthoptera spe-
cies, show correlation between the cellulolytic enzyme
activities in the insect gut with the lignocellulosic biomass
composition in the food consumed by the insect (Shi et al.
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2011; Cardoso et al. 2012). These results suggest that lar-
vae fed on a specific plant species develops or carries sym-
biotic bacteria possessing a highly efficient enzyme arsenal
that allows the insect to rapidly process a specific plant
biomass. Thus, we wanted to isolate cellulolytic bacteria
from larvae feeding on sugarcane in order to explore their
potential as a source of enzymes for efficient sugar-
cane biomass degradation that could be employed in sec-
ond generation bioethanol production or other biomass
treatments.

Materials and methods

Isolation of cellulolytic bacteria from the gut of Diatraea
saccharalis

Fifth instar larvae of D. saccharalis were collected from sug-
arcane fields at the “Estacion Experimental Agroindustrial
Obispo Colombres (EEAOC)”, Tucumén, Argentina and
surface sterilized with 70% ethanol before guts were asep-
tically dissected from replicates of ten larvae. Isolated in-
testines were cut into small pieces, homogenized in an
isotonic saline solution before plated on a minimal saline
agar medium (Na,HPO,4 1 g; KH,PO,4 1 g; MgSO, 0.05 g;
NaCl 3 g; CaCl, 0.05 g, (NH4),SO4 2 g and agar 20 g in
1 L of H,O) containing 0.5% of glucose, finely milled sug-
arcane bagasse or harvest trash (HT) were added as sole
carbon sources. Cultures were incubated for 3 days at
37°C and bacterial colonies able of grow on cellulose as
sole carbon source were isolated and cellulose-degrading
ability was confirmed by streaking the bacteria on the
same minimal saline agar supplemented with 0.5% carbox-
ymethyl cellulose (CMC). After 4 days of incubation at
30°C, the medium was treated with 0.1% (w/v) aqueous
Congo red, a specific indicator for cellulose hydrolysis
leaving a distained halo where CMC has been degraded
(Teather and Wood 1982).

Identification of bacterial isolates and sequence
homology analysis of the 16SrDNA gene

DNA extraction was performed using the PureLink
Genomic DNA Kit (Invitrogen, USA) according to the
manufacturer’s instructions. Bacterial universal primers
fD1 (5-CCGAATTCGTCGACAACAGAGTTTGATCCT
GGCTCAG-3’) and rP1 (5-CCCGGGATCCAAGCTTAC
GGTTACCTTGTTACGACTT-3’) were used to amplify
the 16S rDNA gene from genomic DNA (Weisburg et al.
1991). Polymerase chain reaction (PCR) was performed in
a Bio-Rad Mycycler Thermalcycler (Hercules, USA). Each
reaction mixture (50 pl) contained 1X reaction buffer,
2 mM MgCl,, 0.2uM of each primer, 0.2 mM of dNTPs,
2U of Taq DNA polymerase (Invitrogen, USA) and 40 ng
of genomic DNA. PCR cycling parameters were 1 cycle at
95°C (2 min); 35 cycles at 95°C (30 sec), 54°C (30 sec), and
72°C (3 min); and a final cycle at 72°C for 10 min. All amp-
lified DNA products were checked by gel electrophoresis
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in 1% (w/v) agarose gels stained with GelRed (Biotium,
USA). The 1.5Kb amplification products were directly
purified from the PCR reaction using the PureLink Quick
PCR purification kit (Invitrogen, Germany) according to
the manufacturer’s instructions. Purified reactions were
sequenced by the Biotechnology Institute Sequencing
Service, INTA Castelar using an ABI 3130 Capillary DNA
analyzer (Applied Biosystems, USA). All sequences were
aligned against the NCBI database and in the RDP II data-
base (Cole et al. 2009) using the BLAST (Basic Local
Alignment and Search Tool) algorithm (Altschul et al.
1997). The aligned 16S rDNA sequences were analyzed
based on their homologous characteristics and a phylo-
genetic tree was constructed using the software MAFFT 7
online version (Katoh 2013) using the neighbor-joining
option with a bootstrap analysis of 1,000 random replica-
tions. A sequence from a Chlamydia pneumoniae strain
CHT16SR (L06108) was used to root the tree. The result-
ing 16S rDNA gene sequences for the isolates Klebsiella
oxytoca Kd70 TUC-EEAOC, K. pneumoniae KdB5 TUC-
EEAOC, K variicola KdB1 TUC-EEAOC, Stenotrophomo-
nas maltophilia Kd3 TUC-EEAOC, S. rhizophila Kd46
TUC-EEAOC, Bacillus pumilus Kd109 TUC-EEAOC,
Enterococcus casseliflavus Kd7 TUC-EEAOC, Microbac-
terium hominis KdL49 TUC-EEAOC, M. schleiferi KdL45
TUC-EEAOC were submitted to GenBank under the
accession numbers of KM096608, KM096599, KM096598,
KMO096600, KM096602, KM096605, KM096606, KM096603,
KMO096601 respectively.

Klebsiella oxytoca Kd70 TUC-EEAOC, Bacillus pumi-
lus Kd109 TUC-EEAQOC, Stenotrophomonas maltophilia
Kd3 TUC-EEAOC, Enterococcus casseliflavus Kd7 TUC-
EEAOC have been deposited at the German Collection of
Microorganisms and Cell Cultures (DSMZ, http://www.
dsmz.de) as accession DSM 27019, DSM 27021, DSM
27017 and DSM 27018 respectively.

Determination of total cellulase activity

Bacteria were grown overnight in Luria-Bertani Broth
(LB) and 20 pl of a bacterial suspension adjusted to an
O.D. of 0.2 was thereafter applied as a drop on solid agar
plates containing the previously described saline minimal
medium supplemented with 0.5% (w/v) finely milled ba-
gasse or sugarcane harvest trash residues. Bacteria were
grown for a fortnight at 30°C and plates were thereafter
colored with Congo red to determine possible cellulose
degradation. The diameter of the clear zone around the
bacterial drop is indicative of the magnitude of cellulolytic
activity.

Extracellular CMCase activity assay

Twenty (20) micro liters of a bacterial growth suspension
were adjusted to an O.D. of 0.2 and applied, as a drop, on
solid minimal medium containing 0.1% glucose and 0.5%
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(w/v) CMC. Plates were thereafter incubated at 30°C dur-
ing 10 days before plates were photographed to monitor
bacterial growth and subsequently colored with Congo
red to visualize extracellular endo-glucanase activity. The
enzymatic activity index (EIA) was calculated as the diam-
eter of the clear halo plus the colony diameter/diameter of
the colony (Hankin and Anagnostakis 1977; Huang et al.
2012). A bacterium with an EIA above of 2.5 is considered
as a producer of cellulolytic enzymes (Anagnostakis and
Hankin 1975).

For testing extracellular endo-glucanase activity in liquid
medium bacterial cells grown in a rich medium were inoc-
ulated in a saline minimal media (described previously)
supplemented with 0.2% glucose, 0.2% tryptone and 0.5%
(w/v) CMC (adaptation medium) and incubated for 24 h
at 37°C. Adapted bacterial cells were inoculated in min-
imal media with different carbon sources as mentioned
above and incubated during 14 days in a shaker incubator
at 150 rpm at 30°C. Samples were taken at different time
(5, 10, 14 days after inoculation) and centrifuged, first
at 5,000 rpm for 15 min and thereafter 20 min at
13,000 rpm. Total protein concentration was quantified by
the method of Bradford with the Bio-Rad protein assay
kit (Bio-Rad Laboratories, Richmond, CA) using bovine
serum albumin as protein standard (Bradford 1976). Two
hundred microliter (200 pl) containing 10 ug of total pro-
tein were applied in small wells in agar plates containing
minimal medium supplemented with 0.5% (w/v) CMC.
Plates were thereafter incubated for 10 days at 30°C before
overlaid with Congo red. A clear halo around a well indi-
cates extracellular cellulolytic activity.

Endo-cellulolytic enzyme activity was measured using
the 3,5-dinitrosalicylic acid (DNS) reagent (Miller 1959).
The reaction mixture consisted of 100 pl of 2% (w/v)
CMC in 100 mM sodium acetate buffer (pH 5.0), to which
100 pl of the obtained supernatants were added before in-
cubation at 40°C for different time points. To stop the re-
action, 200 pl of DNS reagent was added and the reaction
mixture was heated at 100°C for 10 min. Next, the mix-
ture was left to cool to room temperature, centrifuged and
then the absorbance at 540 nm was measured using a
spectrophotometer. One unit of enzymatic activity is de-
fined as the amount of enzyme needed to release 1 umol
of reducing sugars (measured as glucose) per ml/min dur-
ing the reaction.

Scanning electron microscopy

The scanning electron microscopy (SEM) was used follow-
ing the protocol described by Karnovsky (1965). Briefly,
7 days bacterial cultures were harvested from minimal
media with 0.5% bagasse or HT and fixed overnight at 4°C
in 8% paraformaldehyde, 0.1 M sodium phosphate buffer
at pH 74 and 25% glutaraldehyde. The suspension was
washed in sodium phosphate buffer 3 times for 10 min
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each and post-fixed in a solution of a 2% osmium tetrox-
ide in sodium phosphate buffer. After fixation samples
were stepwise dehydrated with 30%, 50%, 70%, 80%, 90%
and 100% concentrations of ethanol, followed by a final
treatment using 100% acetone. To preserve the surface
structure of the specimen and to avoid damaging due to
surface tension during microscopic observation, critical
point procedure was used. The sample was then mounted
in an aluminum sample holder and covered with a layer of
gold and observed under high vacuum on a Zeiss Supra 55
VP (Carl Zeiss, Oberkochen, Germany) scanning electron
microscope at the CIME (Centro Integral de Microscopia
Electrénica, INSIBIO, Tucumadn, Argentina).

Results

Isolation of cellulolytic bacteria from the intestine of
Diatraea saccharalis

In order to isolate bacterial symbionts of the intestine of
sugarcane-fed D. saccharalis, fifth instar larvae were col-
lected in sugarcane production fields in the Province of
Tucumén in the Northwest of Argentina. Intestines of
larvae were immediately dissected and plated on agar
plates containing a bacterial minimal growth medium
supplemented either with glucose or sugarcane biomass in
the form of bagasse or harvest trash (HT), as sole carbon
source. From these initial plates 118 bacterial colonies
were isolated showing preliminary cellulose degrading ac-
tivity as deduced from halo formation around the bacterial
colony when treated with Congo red (Figure 1A), eighty
from glucose plates (1.2 x 10® colony forming units.ml™)
and thirty eight from the two lignocellulose substrate
plates (2.0 x 10° colony forming units.ml™).

After a round of colony purification all bacterial col-
onies indicated to possess cellulase activity were re-tested
for cellulose degrading capacity using minimal growth
medium supplemented with CMC. Thirty eight of the 118
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originally isolated bacterial colonies, nineteen from glu-
cose plates and nineteen from sugarcane biomass plates,
showed variable zones of clearance surrounding the bac-
terial colony after incubation with Congo red (Figure 1B)
and were selected for further studies.

Bacterial taxonomy and sequencing analysis of the 16S
rDNA gene

In vitro DNA amplification by the polymerase chain re-
action (PCR) of the entire 16S rDNA gene sequence was
performed using genomic DNA isolated from the 38
bacterial strains showing cellulolytic activity as a tem-
plate. Amplified DNA fragments of correct size were se-
quenced and compared to known 16S rDNA sequences in
the GenBank DNA database and the Ribosomal Database
Project. Sequence alignment allowed us to identify iso-
lates at the genus level and, in some cases at the species
level (Table 1).

The corresponding phylogenetic analysis based on
the 16S rDNA gene sequences obtained is presented in
Figure 2 where the homology tree shows two main groups,
Gram-negative and Gram-positive bacteria. The former
group contained isolates belonging to the phylum Proteo-
bacteria, which included species from genera Stenotropho-
monas (5.2%) and Klebsiella (47.4%). The Gram-positive
group included bacteria belonging to the phyla Actinobac-
teria, represented by species of the genus Microbacterium
(13.2%), and Firmicutes represented by species of the two
genera, Enterococcus (23.7%) and Bacillus (10.5%).

The 16S rDNA gene sequences of the isolated strains
showed nucleotide homology ranging from 97.0 to
99.8% with bacterial strains published in the data base.
The Gram-negative bacteria Klebsiella oxytoca Kd70
TUC-EEAOQOC isolate was phylogenetically most closely
related to the K. oxytoca KCTC1686 strain (99.0% se-
quence homology). The Klebsiella pneumoniae isolate

indicates total cellulolytic activity of the bacterial isolate.

Figure 1 Screening for sugarcane biomass degrading bacteria. A) Bacteria from the intestine of D. saccharalis were grown for 3 days on
Petri dishes containing minimal medium supplemented with 0.5% (w/v) sugarcane bagasse as sole carbon source. After colonies had developed,
plates were stained using Congo red dye to indicate cellulolytic activity of the colony. B) Bacterial strains showing cellulolytic activity on plates
in A were purified and grown on Petri dishes containing CMC, which were later coloured with Congo red. The halo around bacterial colonies
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Table 1 Identification and characterization of bacterial isolates based on 16S rDNA homology analysis and cellulolytic

activity
Strain GenBank/DSMZ Bacteria Closest relative 16S rDNA  Cellulolytic activity

accession no.* identity (%) Bagasse HT CMC (EIA)
Kd70 TUC-EEAOC  KM096608/DSM 27019  Klebsiella oxytoca K. oxytoca KCTC1686 99.0 + + + (5.0
KdB5 TUC-EEAOC ~ KM096599 Klebsiella. pneumoniae K. pneumoniae MGH78578 99.0 + + + (5.5)
KdB1 TUC-EEAOC ~ KM096598/DSM 27017  Klebsiella variicola K variicola At-22 99.7 + + + (5.0)
Kd3 TUC-EEAOC KM096600 Stenotrophomonas S. maltophilia R551-3 98.3 - - +(2.5)

maltophilia

Kd46 TUC-EEAOC  KM096602 Stenotrophomonas rhizophila S. rhizophila ep-10 99.0 - - + (2.5)
Kd109 TUC-EEAOC  KM096605/DSM 27021  Bacillus pumilus B. pumilus SAFR032 99.5 + + + (7.0)
Kd7 TUC-EEAOC KM096606/DSM 27018  Enterococcus casseliflavus E. casseliflavus EC-20 99.0 + weak + weak + (2.5)
KdL49 TUC-EEAOC KM096603 Microbacterium hominis M. hominis DSM12509 99.8 - - + (1.5) weak
KdL45 TUC-EEAOC KM096601 Microbacterium schleiferi M. schleiferi DSM20489 97.0 - - + (1.5) weak

Numbers in parenthesis in the column of cellulolytic activity on CMC indicate diameter of halo in centimeters.

KdB1 TUC-EEAOC showed a 99.0% sequence similarity
with K. pneumoniae strain MGH78578 whereas Klebsiella
variicola KdB5 TUC-EEAOC was very closely related to
K variicola strain At-22 (99.7% sequence similarity). The
Stenotrophomonas maltophilia Kd3 TUC-EEAOC isolate
shared a 98.3% sequence identity with S. maltophilia strain
R551-3 and S. rhizophila Kd46 TUC-EEAOC showed
99,0% homology with the S. rhizophila ep-10 strain.

In the case of the Gram-positive isolates, the Kd109
TUC-EEAOC isolate identified as Bacillus pumilus showed
a 99.5% of 16S rDNA sequence homology with the B.
pumilus strain SAFR-032. Isolate KdL49 TUC-EEAOC
(Microbacterium hominis) is very closely related to strain
M. hominis DSM-12509 with a 99.8% sequence homology

while KdL45 TUC-EEAOC (M. schleiferi) is phylogenet-
ically most closely related with the M. schleiferi strain
DSM-20489 (97.0% of identity). Finally the Kd7 TUC-
EEAOC isolate (Enterococcus casseliflavus) showed a 99.0%
homology with the E. casseliflavus strain EC-20.

Total cellulase activity assay

Endo-glucanases cleave amorphous regions of the cellu-
lose microfibril producing termini of cellulose chains
whereas exo-glucanases act on these termini to loosen the
crystalline structure of the microfibril. Endo- and exo-
glucanase activities are measured using soluble substrates
(CMC) and crystalline forms of cellulose (alpha-cellulose
or Avicel), respectively. Exo- and endo-glucanase activity
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Figure 2 Neighbour-joining phylogenetic tree using the 716S rDNA gene for sequence homology studies. A phylogenetic relationship
from the 38 isolates showing growth and cellulolytic activity on biomass from sugarcane and CMC. Sequences of reference strains obtained from
DNA databases are indicated in bold and accession numbers are given in parenthesis. Bacterial isolates outlined in top, middle and bottom
groups belong to the phylum Proteobacteria, Firmicutes and Actinobacteria respectively. The scale represents 0.01 substitutions per nucleotide

HT16SR (L06108)
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was analyzed for the thirty-eight (38) bacterial isolates se-
lected using agar plates containing either bagasse, HT or
CMC as carbon sources. After 10 days of growth at 30°C,
bacterial plates were stained with Congo red and scored
for presence of a clearing zone (halo) around each colony,
indicating cellulose degradation. Among the isolates tested,
only strains belonging to species of the genera Klebsiella
and Bacillus demonstrated clear total cellulase and endo-
glucanase activities (Figure 3A, 3B, 3C and Table 1). Bac-
teria belonging to species of the genera Enterococcus and
Stenotrophomonas showed marked endo-glucanase activity
on CMC plates (Figures 3C and 4A) but despite that they
were able to grow on lignocellulose substrates did not
show any noticeable clearing zones of hydrolysis on sugar-
cane biomass substrates (Figures 3A, 3B and 4A). Bacterial
strains of species belonging to the genus Microbacterium
displayed a very low cellulolytic activity when grown on
CMC plates and were unable to grow on any of the two
lignocellulose substrates from sugarcane tested (Figure 3A
and Figure 3B).

As shown in Figure 3C and Table 1 bacterial isolates
of Klebsiella, Bacillus, Enterococcus, Stenotrophomonas
and Microbacterium produced cleared zones of variable
size on CMC plates. After 4 days of incubation, the strain
of B. pumilus generated the largest halo indicating the high-
est cellulase activity of all the isolated strains tested. The
B. pumilus strain produced a halo with a 7 cm diameter,
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while strains belonging to the genera Klebsiella produced
halos of 5.5, and 5.0 cm in diameter. Finally, strains be-
longing to species of the genera Enterococcus, Stenotro-
phomonas and Microbacterium showed much smaller
areas of discoloration with diameters ranging from 2.5 to
1.5 cm (Table 1).

To investigate whether isolates of Klebsiella oxytoca,
K. pneumoniae, K. variicola and Bacillus pumilus, which
showed the highest cellulolytic activity, were constituted
by different genotypes, the repetitive extragenic palin-
dromic elements-PCR fingerprinting technique (rep-PCR)
was performed based on cluster analysis combining the
ERIC, BOX and REP markers. Genetic diversity studies of
the eighteen (18) Klebsiella isolates revealed 3 clusters
separating the three aforementioned species, but in only
one of the species, Klebsiella oxytoca, genetic difference
among strains were detected where strain Kd-70 TUC-
EEAOC was found to be genetically distinct to the other
isolates (data not shown). The four isolates of Bacillus
pumilus were found to consist of two different genotypes
which grouped into two clusters each formed by two
members (data not shown).

Extracellular CMCase activity assay

Total endo-glucanase activity produced by the isolated
strains was tested in both solid and liquid medium, while
extracellular endo-glucanase activity was evaluated using

Bagasse

Figure 3 Qualitative cellulolytic assay of bacterial isolates. Solid agar plates containing a saline minimal medium supplemented with
(A) bagasse, (B) harvest trash (HT) and (C) carboxymethyl cellulose (CMC) as sole carbon sources. Bacteria were let to grow for 15 days
at 30°C before treatment with Congo red. Halos around bacterial colonies are indicative of cellulose degradation. Bacteria abbreviations:
E = Enterococcus casseliflavus strain Kd7 TUC-EEAOC, K = Klebsiella oxytoca strain Kd70 TUC-EEAOC and B = Bacillus pumilus strain Kd109 TUC-EEAOC,

S = Stenotrophomonas maltophilia Kd3 TUC-EEAOC, M = Microbacterium hominis KdL49 TUC-EEAOC and Ec = Escherichia coli DH5a as a negative control.
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CMC

Bagasse

Figure 4 Measurement of extracellular endo-glucanase activity. A) Enzyme activity tested through hydrolysis of CMC by supernatants of
bacteria grown on CMC and bagasse. Cell and fiber-free supernatants were incubated for 10 days at 30°C before staining with Congo red. Halos
around wells indicate extracellular endo-glucanase activity. B) Total extracellular protein concentration as measured by the method of Bradford of
bacterial cultures incubated in medium containing sugarcane residues or CMC. C) CMCase activity in supernatants of bacterial strain selected for
high cellulolytic activity grown on CMC and bagasse expressed in units.ml”. Bacterial abbreviations: E = Enterococcus casseliflavus Kd7 TUC-EEAOC,
K= Klebsiella oxytoca Kd70 TUC-EEAOC and B = Bacillus pumilus Kd109 TUC-EEAQC, S = Stenotrophomonas maltophilia Kd3 TUC-EEAOC.
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agar plates containing CMC, where 200 pL aliquots of
cell and fiber free supernatants obtained from bacterial
cultures supplemented with CMC or sugarcane biomass
were applied. After incubation at 30°C for 10 days and sub-
sequent staining with Congo red, halo formation around
inoculated wells showed extracellular cellulase activity. It is
interesting to note that the largest halo diameter, indicating
a higher activity (ratio > 5.0), was seen for species of Klebsi-
ella and Bacillus when cultures were incubated in the
presence of either insoluble or soluble cellulosic substrates
(Figure 4A), corroborating our results from total cellulase
activity measurements (Figure 3A, 3B and 3C).

In contrast, species belonging to the genera Stenotro-
phomonas and Enterococcus only showed a moderate
extracellular activity when incubated in medium supple-
mented with CMC and did not show any measureable
activity when cultured in insoluble cellulosic substrates
(Figure 4A). These results are consistent with the growth
and halo profiles obtained on CMC and sugarcane bio-
mass plates in Figure 3A, 3B and 3C. No detectable extra-
cellular cellulase activity was found for species belonging
to Microbacterium grown in medium containing CMC or
sugarcane biomass (data not shown).

When analyzing total protein concentration in the
extracellular medium during growth on CMC, highest
protein accumulation were found for Klebsiella oxytoca
Kd70 TUC-EEAOC (46.6 ug/ml) and Bacillus pumilus
Kd109 TUC-EEAOC (28.3 pg/ml) followed by Stenotro-
phomonas maltophilia Kd3 TUC-EEAOC and Entero-
coccus casseliflavus Kd7 TUC-EEAOC with 5.5 pg/ml and
7.8 pg/ml, respectively (Table 2). When growth was per-
formed in media supplemented with sugarcane bagasse,

the same tendency as with CMC was observed. In this
case, similar amounts of extracellular protein was se-
creted by K. oxytoca (21.08 pug/ml) and B. pumilus (17.47 pg/
ml) while in the case of E. casseliflavus and S. maltophilia
very little or no protein was detected in the supernatant
(Table 2).

When quantifying CMCase activity, highest enzymatic
activities were observed for B. pumilus (0.32 U/ml) and
K. oxytoca (0.22 U/ml), while much lower activities were
obtained for strains belonging to E. casseliflavus and S.
maltophilia. The same pattern of enzymatic activity was
observed for strains grown on sugarcane biomass with
highest values scored for B. pumilus (0.23 U/ml) and K
oxytoca (0.13 U/ml) whereas E. casseliflavus and S. malto-
philia showed much lower or no detectable CMCase
activity (Table 2). Similar values as determined for K. oxy-
toca and S. maltophilia were obtained when the other spe-
cies of Klebsiella and S. rhizophila were assayed (data not
shown).

Bacterial cells adherence to insoluble cellulosic material

An important step for efficient bacterial hydrolysis of
cellulose and hemicellulose is the adhesion of the bacteria
to the substrate fiber. To verify that bacterial isolates from
the intestine of D. saccharalis can attach to sugarcane bio-
mass material, scanning electron microscopy studies were
performed on bagasse and HT incubated with one Gram-
positive (Enterococcus) and one Gram-negative bacterium
(Klebsiella), respectively. As can be seen in Figure 5 both
strains attach firmly to both sugarcane bagasse (left) and
HT fibers (right). The Klebsiella oxytoca strain Kd70
TUC-EEAOQOC attaches as single rod-shaped bacterial cells
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Table 2 Total protein concentrations and CMCase activity determined in the extracellular medium of bacteria isolates

Bacteria

Total secreted protein (ug.ml-1) £ SD

CMCase activity (U.ml™") +SD

CMC supernatant

Bagasse supernatant

CMC supernatant Bagasse supernatant

Klebsiella oxytoca Kd70 TUC-EEAOC 46.65 £ 0.04
Bacillus pumilus Kd101 TUC-EEAOC 2831005
Stenotrophomonas maltophilia Kd3 TUC-EEAOC 548+ 001
Enterococcus casseliflavus Kd7 TUC-EEAOC 7.79£0.01

21.08+£0.04 0.22 £0.001 0.13+£0.001
1747 £0.02 0.32+0.002 0.23+£0.001
ND 0.0010 +0.0002 ND
ND ND ND

ND: No detected under the assay conditions used.

while Enterococcus casseliflavus strain Kd7 TUC-EEAOC
is characteristically found attached in cell-pairs.

Discussion

Out of a total number of 118 cultivable bacterial isolates
obtained from intestines of sugarcane-fed D. saccharalis,
one third (38) were found to possess cellulolytic activity as
determined by degradation of CMC. Homology sequence
studies of 165 rDNA from the 38 samples revealed that all
cellulolytic strains belonged to the 3 phyla y-Proteobacteria,
Actinobacteria and Firmicutes, which were represented by
species belonging to five different genera: Klebsiella, Steno-
trophomonas, Microbacterium, Bacillus and Enterococcus.
Members of these genera are wide-spread in nature and all
of them have previously been isolated from insect guts
(Cardoso et al. 2012; Huang et al. 2012; Shao et al. 2014),
shown to possess cellulolytic activity (Teather and Wood
1982; Ohkuma et al. 1995; Charrier et al. 1998; Dillon and
Dillon 2004; Prem Anand and Sripathi 2004; Ariffin et al.
2006; Charrier et al. 2006; Mohamed and Huang 2007;
Anand et al. 2010; Suen et al. 2010; Okeke and Lu 2011;
Ko et al. 2011; Huang et al. 2012) and all except species
belonging to the genus Enterococcus have been reported
as plant endophytes (Zinniel et al. 2002; Asis and Adachi
2004; Dillon and Dillon 2004; Velazquez et al. 2008;
Malfanova et al. 2011; Huang et al. 2012; Mingyue et al.
2013; Murugappan et al. 2013; Ren et al. 2013; Chun-Yan
et al. 2014; Soni et al. 2014). Taken into account the exten-
sive literature information it seems plausible to conclude
that the majority of the cellulolytic bacteria isolated in this
study exist in the plant and is colonizing the intestine

upon larval feeding of plant tissue. The only genus of
bacteria isolated from the D. saccharalis gut that has
not been reported in plants is Enterococcus, which would
suggest a colonization of the larval gut from the adult
insect via the egg, as has been shown for Enterococci in
other Lepidoptera larvae (Brinkmann et al. 2008).

It is interesting to notice that many studies of gut micro-
biota of herbivorous insects are dominated by members of
the phyla Actinobacteria, y-Proteobacteria and Firmicutes,
in which the main symbiotic function suggested involve ni-
trogen fixation, denitrification, carbohydrate degradation,
detoxification, and diverse defensive roles against patho-
gens (Schloss et al. 2006; Pittman et al. 2008; Hernandez
et al. 2013; Shao et al. 2014). A similar, predominantly nu-
tritive and defense function for the bacteria isolated from
the intestine of D. saccharalis is highly probable as the im-
mature sugarcane stalks, from where larvae were collected,
have a very low nutritional value containing low amounts
of nitrogen, proteins, vitamins, sugars and minerals.

To further study and characterize the cellulolytic activity
of the CMC-degrading strains isolated from the intestine
of D. saccharalis, experiments were performed using non-
pretreated sugarcane agricultural residues as a substrate in
order to reproduce the natural feeding of larvae. These
studies revealed that of all the species of the five bacterial
genera isolated; only species from Bacillus and Klebsiella
were found to possess a relatively high cellulolytic ability
when grown on sugarcane plant biomass indicating that
these genera are able to efficiently metabolize both in-
soluble and soluble cellulose, a prerequisite for complete
digestion of lignocellulose biomass. Another interesting

Figure 5 Bacterial adhesion to sugarcane harvest residues. Scanning electron microscopy (SEM) images showing bacterial adherence to
plant fibers originating from sugarcane HT. Left image, rod-shaped Klebsiella oxytoca strain Kd70 TUC-EEAOC. Right image, diplococci of the
Enterococcus casseliflavus strain Kd7 TUC-EEAOC. White bars shown in the left bottom corners of both figures indicate 2 um.
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observation from the cellulolytic studies of strains belong-
ing to species of these two genera was that sugarcane bio-
mass seemed to induce a higher extracellular enzymatic
activity, as deduced by larger halos seen on bagasse and
sugarcane HT plates stained with Congo red (cph), com-
pared to CMC and other carbon sources. This observation
indicates that there could be a higher specificity and/or ef-
ficiency in degrading sugarcane biomass for these bacteria
which would support our initial hypothesis. Supporting
this observation are studies showing a clear correlation
between changes in bacterial gut symbionts with different
biomass feed. As an example, larvae of the Lepidoptera
Spodoptera littoralis fed on artificial feed, lima bean and
barley showed a very different composition of bacterial in-
testinal species in a metagenomic study (Tang et al. 2012).
Interestingly, numerous bacteria belonging to the genera
Klebsiella were found when larvae were fed on barley but
were absent in larvae from the artificial feed or only found
in very low representation in lima bean-fed insects, which
could indicate an important role for species of this genera
in larva feeding on grass species, as was seen in our study
on sugarcane. However, more studies are needed to eluci-
date if these bacteria are indeed more efficient in degrad-
ing cellulose from a specific biomass by cloning individual
cellulase genes and perform in vitro studies on enzymatic
degradation capacity of individual proteins using dif-
ferent carbohydrate substrates, before any direct con-
clusion should be drawn. Nevertheless, these results are
encouraging and merits further investigation of the effi-
ciency and cellulolytic activity of cellulases and hemicellu-
lases from strains belonging to Klebsiella and Bacillus
species isolated in this study in order to evaluate their effi-
ciency and possible application in sugarcane biomass deg-
radation for 2nd generation bioetanol production or other
applications.

The low cellulolytic activity found for bacterial species
belonging to species of Microbacterium, Stenotrophomo-
nas and Enterococcus genera suggest primary roles other
than carbohydrate degradation in the larval intestine. As
mentioned earlier, the importance of Enterococcus as an
important colonizer of the insect gut is indicated by the
early colonization and that Enterococcus is categorized
as a lactic acid bacterium (LAB), which are known bene-
ficial organisms of the gut microbiota of animals, includ-
ing insects (Vasquez et al. 2012; Shao et al. 2014). If
Enterococcus is already existing in the egg of D. sacchar-
alis it is probable that this genera plays a very important
symbiotic role similar to the one proposed in the meta-
genomic study of the intestine of the cotton leaf worm,
where Enterococcus were found to be the most predomin-
ant and metabolic active bacteria throughout the entire
larval life-cycle indicating the importance of this genus
as gut colonizers of larva from members of Lepidoptera
(Shao et al. 2014). As one of the likely founder species of
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the gut microbiota it is interesting to speculate of a
possible control role for members of this genus in the
establishment of other bacteria in the gut. It is well-
known that several members of Enterococci attach to the
mucus layer of gut epithelium to form a biofilm-like struc-
ture (Mohamed and Huang 2007), which could protect
and prevent the larval gut from being colonized by patho-
genic microbes. As members of Enterococcus are also
known to produce bacteriocins it is possible that a com-
bined action of biofilm formation and production of anti-
microbial compounds helps preventing the entrance and
establishing of harmful microorganisms in the larval gut
(Ennahar et al. 1998; Ruiz-Rodriguez et al. 2012).

Members of the genus Microbacterium have been iso-
lated from air, soil, water, humans and plants (Zinniel
et al. 2002; Velazquez et al. 2008; Soni et al. 2014). Strains
of M. testaceum, isolated from the leaf surface of potato
plants were shown to produce N-acylhomoserine lactone
(AHL)-degrading enzymes (Morohoshi et al. 2011), indi-
cating a protective role against plant pathogens, which
frequently uses quorum sensing strategies when coloniz-
ing plant tissue. Another interesting feature reported for
Microbacterium spp. is the chromium detoxification of
plants by reducing the bioavailability of toxic chrome IV
from soil irrigated with tannery effluent (Soni et al. 2014).
Another member, M. arborescens, found in the guts of
herbivorous caterpillars produces a powerful iron-binding
dps (DNA protection during starvation) protein with per-
oxidase activity, that has been suggested to prevent the
formation of cell-damaging oxygen radicals (Pesek et al.
2011). In addition, the same Dps protein can synthesize
and hydrolyze amino acid conjugates (N-acyl-glutamines),
which have been shown to trigger the plant defense
against insect herbivores (Alborn 1997; Baldwin et al.
2001). This latter characteristic could help the larva to
escape plant defense actions by evading the detection
signaling.

The genus Stenotrophomonas, occur ubiquitously in na-
ture and species like S. maltophilia and S. rhizophila are
often found in the rhizosphere and inside many different
plant species where they have been associated with benefi-
cial plant interactions. In contrast to the phylogenetically
very closely related genera Xanthomonas and Xylella, no
Stenotrophomonas species are known to be phytopatho-
genic, which make Stenotrophomonas spp. excellent candi-
dates for biotechnological applications in agriculture.
Furthermore, species of the genus Stenotrophomonas play
an important ecological role in the nitrogen and sulphur
cycles and several species of this genus have a high cap-
acity to metabolize a large range of organic compounds
which make them ideal candidates for bio- and phytore-
mediation. Another important feature of which could be
beneficial for the larva is the anti fungal activity described
for S. rhizophila (Wolf et al. 2002).
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In accordance with many recent studies (Watanabe
and Tokuda, 2010; Cardoso et al, 2012; Gupta et al,
2012; He et al., 2013; Brune, 2014) our results indicate a
very complex interaction between bacteria-insect where
the bacterial colonizing of the insect gut seem to help
the larva in carbohydrate degradation, nutritional access
and uptake, protection against pathogens, evasion of plant
defense and possible detoxification of chemical compounds.
Our understanding of these interactions are only beginning
to unfold and many more studies are needed on individual
species together with genetic and chemical manipulations
of the insect and bacteria in order to advance our know-
ledge on the role of the larval gut microbiota in herbivor-
ous insects. It is important not to forget the impact of the
plant as most of the bacteria isolated from the larva in this
study seem to originate from plant endophytes. If this is
the case these bacteria show an interesting and highly
adoptive life ecology changing a mutual beneficial inter-
action with its host to a direct antagonistic role protecting
and helping an invasive organism. Further understand-
ing of this tri-trophic plant-insect-bacterial interaction
should provide valuable information and discoveries that
could be employed in novel and more efficient biotechno-
logical solutions for carbohydrate degradation, pest and
disease management and phyto- and bio-remediation for
example.
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