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Abstract b-1,3 glucanase (E.C.3.2.1.39) is the key

enzyme involved in the hydrolytic cleavage of 1,3 b-D

glucosidic linkages in b-1,3 glucans. This work describes a

comparative analysis of expression patterns of b-1,3 glu-

canase gene in relation to changes in fruit pulp softening

rates in three banana cultivars, Rasthali (AAB), Kanthali

(AB), and Monthan (ABB). Analysis of transcript and

protein levels of b-1,3 glucanase gene during ripening

revealed differential timing in expression of the gene which

correlated well with the variation in enzymatic activity of

glucanase and fruit pulp softening rates in the three culti-

vars. Exogenously applied ethylene strongly induced b-1,3

glucanase expression during the early ripening days in

Rasthali, while the expression of the gene was marginally

stimulated following ethylene treatment in preclimacteric

Kanthali fruit. Conversely, in Monthan, b-1,3 glucanase

expression was very low throughout the ripening stages,

and ethylene treatment did not induce the expression of the

gene in this cultivar. Analysis of glucanase activity using

protein extracts from unripe and ripe fruit of Monthan with

crude cell wall polysaccharide fractions (used as substrate)

indicated that the natural substrate for glucanase remained

almost unutilized in this cultivar due to low in vivo

glucanase activity. Furthermore, the recombinant b-1,3

glucanase protein, overexpressed in E. coli, showed

requirement for substrates with contiguous b-1,3 linkages

for optimal activity. Overall, our results provide new

information on the expression profile of b-1,3 glucanase

gene in connection with the pattern of changes in fruit

firmness at the physiological and molecular levels during

ripening in three banana cultivars.
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Introduction

Softening of fruit is one of the major factors controlling

fruit quality and postharvest life. Several theories have

been offered to explain the mechanisms by which softening

occurs during fruit ripening; this aspect of ripening remains

poorly understood (Ali et al. 1998; Cosgrove 2001; Rose

and Bennett 1999). Loss of turgor pressure and subsequent

degradation and decrease in starch content during ripening

have been shown to play an important role in fruit soft-

ening. However, changes in the wall structures and com-

positions catalyzed by the action of expansins and

hydrolases are considered as the key factors for softening

of fruit flesh (Brady 1987; Brummell et al. 2004; Fischer

and Bennett 1991; Trivedi and Nath 2004).

Tropical fruits like banana (Musa paradiciaca, L.),

mango (Mangifera indica, L.), papaya (Carica papaya, L.),

and guava (Psidium guajava, L.) contain distinct levels of
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structural and non-structural carbohydrates, despite of the

fact that these fruits displayed considerable difference in

their softening rates during ripening and postharvest stor-

age (Chin et al. 1999; Kojima et al. 1994). Regarding non-

structural carbohydrates, mature fruits of banana and

mango contain about 20–25% of fresh weight of starch,

while papaya and guava contain only negligible amounts of

starch. However, these differences in starch content have

not always been related with the firmness level or softening

rates of fruit during ripening (Hall 1987). It has been

suggested that difference in the architecture of the primary

walls of fruit may also contribute to the differences in their

softening rates (Cosgrove 2001). However, several lines of

evidences have indicated that the enzyme-catalyzed mod-

ifications of cell wall structures and components like

hemicelluloses, xyloglucans etc. contribute significantly to

the softening of fruits (Ali et al. 1998; Giovannoni et al.

1992; Micheli 2001).

In plants, b-1,3 glucanases (b-1,3 glucs) are widely

distributed family of evolutionary related protein with the

ability to hydrolyze b-1,3 glucosidic linkages in b-1,3

glucans. While the major biological functions of b-1,3

glucanases have been shown to be associated with plant

reproductive biology and defense in response to pathogenic

infection. Significant evidences have accumulated in recent

years to indicate the functional importance of this enzyme

in non-defense pathways like cell-division, seed germina-

tion, microsporogenesis, fertilization and embryogenesis,

fruit ripening, wound, and abiotic stress responses (Bewley

and Black 1994; Dong and Dunstan 1997; Hird et al. 1993;

Leubner-Metzger and Meins 1999).

Earlier studies have reported b-1,3 gluc as a prominent

ripening upregulated gene in Cavendish banana

(Clendennen and May 1997; Kesari et al. 2007). Catalyti-

cally active form of b-1,3 glucanase had been purified and

characterized at biochemical level from Cavendish banana

(Peumans et al. 2000). However, corresponding knowledge

about the expression profile of b-1,3 gluc gene during fruit

ripening is not yet available in various other cultivars of

banana which display distinct ripening behaviur (Roy

Choudhury et al. 2008a). In addition, previous studies did

not report the precise physiological function of the gene

during banana fruit ripening. Therefore, the major objec-

tives of the present study were to investigate the expression

profile of b-1,3 gluc gene and changes in the enzymatic

activity of b-1,3 glucanase in association with the pattern

of changes in fruit firmness during ethylene-mediated post

harvest ripening in the three banana cultivars Rasthali,

Kanthali, and Monthan. To further understand the relative

abundance of the catalytically active form of b-1,3

glucanase in the fruit pulp of the banana cultivars, we have

studied the changes in glucanase activity using both

recombinant b-1,3 glucanase protein and fruit protein

extracts with the crude polysaccharide fractions of fruit

(used as substrate for b-1,3 glucanase) from three banana

cultivars and correlated these observations with the fruit

softening pattern in the selected cultivars.

Materials and methods

Plant materials and ethylene treatment

The banana cultivars Rasthali (Musa sp., AAB group),

Kanthali (AB group) and Monthan (ABB group) were

obtained from West Bengal State Council of Science and

Technology, India). Plants were grown in soil from August

to April at the Bose Institute Experimental field. The

average temperature was *32 and *18�C during the light

and dark periods, respectively. The relative humidity ran-

ged between 70–97%.

To study the b-1,3 gluc expression pattern and fruit pulp

softening rates during ex-planta ripening, unripe green

bananas (pre climacteric stage) were harvested from three

different cultivars. The hands were cut from a bunch of

80 days post anthesis (DAP) for each cultivar to avoid

heterogeneity due to differences during development.

Banana hand from each cultivar was separated into indi-

vidual fruits and kept at room temperature (25�C) until the

fruit were fully ripe (15 days after harvest). Different rip-

ening stages of the cultivars were previously studied by

day-wise measurement of ethylene biosynthesis and ACC

oxidase activity to characterize the climacteric ethylene

production time of the selected cultivars (9, 10, and

12 days after harvest for Rasthali, Kanthali and Monthan,

respectively) as well as to identify the preclimacteric,

climacteric, and postclimacteric ripening stages (Roy

Choudhury et al. 2008a). To avoid differences in ripening

behavior of fruit among different hands of the same culti-

var, fruit from the same hand were used as a sample group

in each experiment for each cultivar. Again, for each cul-

tivar, pulp tissues were collected from the various stages of

ripening, tissues frozen in liquid N2, and stored at -80�C

for isolation of RNA, protein extracts and polysaccharide

fractions. All experiments were repeated at least three

times with five replicates in each case.

Ethylene treatment to the preclimacteric bananas (day 0

after harvest, 80 days post anthesis) from each cultivar was

given by following the protocol described by Roy

Choudhury et al. (2008a). Fruit were treated with 100 ll/l

ethylene for 24 h at 25�C in the dark and then allowed to

ripen in air until fully ripe.

Potassium permanganate (KMnO4) was used as an eth-

ylene absorbent for an ethylene inhibition treatment (Scott

et al. 1970). Ethylene-treated banana fruit were placed in a

sealed airtight container along with 15 g of potassium
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permanganate enclosed in a paper bag for 16 h at 25�C in

the dark. Fruit were then ripened in air at 25�C until fully

ripe. Samples were harvested every 24 h after ethylene

treatment or both ethylene and potassium permanganate

treatments. Representative samples from the respective

preclimacteric, climacteric, and postclimacteric stages of

the cultivars were stored at -80�C for the extraction of

total RNA and proteins.

Detection of glucanase activity

Glucanase activity was determined by using laminarin

(Sigma) as a substrate (Abeles et al. 1970). One gram of

pulp tissue was extracted with 3 ml of 50 mM K-acetate

buffer (pH 4.8) in a mortar and pestle and then homogenate

was centrifuged at 10,0009g at 4�C for 10 min. Superna-

tant fraction (*25 lg of proteins) was added to 0.1 ml of

2% laminarin and incubated for 1 h at 50�C. The reaction

was terminated by addition of 3 ml of DNS reagent

(Dinitro salicylic acid) and then heating the tubes for 5 min

in boiling water bath. Glucanase activity was measured

spectrophotometrically at 510 nm.

Measurement of fruit firmness

Five fruits from control and each treatment were used to

measure fruit firmness. To estimate fruit firmness, peel

from one side of the banana finger was removed and

measurement was carried out at three different places using

Penetrometer and recorded as force in Newton (N). Aver-

age of five readings was taken as measure of firmness of

individual fruit.

RNA isolation, RT-PCR and molecular cloning

of banana b-1,3 gluc

Total RNA was isolated from pulp tissues of banana fruits by

the modification of SDS–Phenol method as described earlier

(Roy Choudhury et al. 2008a). First strand cDNA was syn-

thesized from 5 lg of total RNA using Thermoscript reverse

transcriptase (Life Technologies Inc.) following the manu-

facturer’s instructions. The cDNA clones for b-1,3 glucan-

ase were isolated from ripe pulp tissue of the three banana

cultivars by RT-PCR with the gene-specific oligos, Glu5:

50-GTACGAGCTCATGGCAACAAAAGCTTC-30 and

Glu3: 50-GTACGAGCTCCTAAAAGCTTATTTGGTA-30

made from the banana b-1,3 glucanase gene sequence

(EU014210). The reaction for RT-PCR comprised 30 cycles

of 94�C for 1 min, 43�C for 1 min and 72�C for 2 min. The

amplified cDNAs were cloned in pBluescript cloning vector

(Stratagene) for sequence verification. For semi quantitative

RT-PCR analysis, a first cycle of 5 min at 94�C, 45 s at

43�C, and 1 min at 72�C was followed by 45 s at 94�C, 45 s

at 43�C, and 1 min at 72�C for 24 cycles. The conditions

were chosen so that none of the RNAs analyzed reached a

plateau at the end of the amplification protocol. We also

performed a negative control containing RNA instead of

cDNA to rule out genomic DNA contamination in each set

of reactions. Equal amounts of PCR products were loaded on

1% agarose gel for transcript profile analysis.

Preparation of protein extracts and Western blotting

Protein extracts were prepared by homogenizing 5 g of

pulp tissues by following the protocol described previously

(Roy Choudhury et al. 2008b). *25 lg of protein samples

were electroblotted on to PVDF membrane and immu-

noprobed with anti-tobacco class I b-1,3 glucanase

(1:1,000 dilution) polyclonal antibody by following the

method described previously (Roy Choudhury et al.

2008b).

Expression and purification of recombinant b-1,3

glucanase

The full-length cDNA of banana b-1,3 gluc was subcloned

into pQE30:UA (Qiagen) bacterial expression vector.

pQE30:UA-b-1,3 gluc recombinant plasmid encoding the

N-terminal 69His-tagged b-1,3 gluc was expressed in

E. coli M15 host strain carrying the pREP4 repressor

(Qiagen). Cells were cultured at 37�C with a rotary shaker

until OD600 reached 0.6. His-tagged protein was induced

with the addition of 1 mM IPTG followed by further

incubation for 5 h at 37�C. After centrifugation, the har-

vested bacterial cell pellet was resuspended in lysis buffer

containing 50 mM NaH2PO4, 300 mM NaCl, 10 lg/ml

leupeptin, 1 mM PMSF, and 10 mM imidazole. Lysozyme

was added at final concentration of 1 mg/ml and incubated

on ice for 4 h. Cells were then sonicated on ice for 10 s, six

times with 20 s interval. After centrifugation soluble

fraction was purified by Ni-NTA resin (Qiagen) by fol-

lowing the manufacturer’s instructions. 10 lg of affinity

resin purified recombinant protein was used for glucanase

activity assay against laminarin, AZCL-Pachyman, AZCL-

He Cellulose, and AZCL-barley glucan.

Preparation of crude polysaccharide fractions

The banana pulp tissues from unripe (0-day after harvest or

80 days after post anthesis) and fully ripe (15 day after

harvest or 95 days after post anthesis) fruit were homo-

genized in 0.1% solution (w/v) of ascorbic acid. The starch

granules were allowed to settle and the supernatant col-

lected for dialysis against distilled H2O to remove low

molecular mass compounds. The dialyzed fraction was

incubated for 30 min at room temperature with 50 mM
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NaOH to inactivate the enzymes present in the crude

extract.

Results

Differential pattern of glucanase activity during

ripening in banana cultivars

Earlier studies have predicted the possible function of b-1,3

glucanase in fruit pulp softening during banana ripening

(Peumans et al. 2000). Therefore, to study the fruit soft-

ening pattern during ripening in the three banana cultivars

during ripening, we first analyzed the changes in the

enzymatic activity of b-1,3 glucanase in the pulp tissues of

banana on a daily basis starting from green unripe stage

(preclimacteric) to fully ripe stage (postclimacteric). Low

glucanase activity was detected during the early stages of

ripening (days 1–5 after harvest) in the banana cultivars

ripened naturally (Fig. 1a–c). Glucanase activity was

gradually increased as ripening progressed towards the

climacteric for the respective cultivars like Rasthali

(*9.6 nmol glucose equivalent min-1 mg protein-1) and

Kanthali (*6.21 nmol glucose equivalent min-1 mg pro-

tein-1). In Monthan fruit, glucanase activity was very low

during ripening days and increased only marginally at the

later stages of ripening. In Rasthali, Kanthali, and Monthan

glucanase activity levels were found to be *15.4, *11.1,

and *5.2 nmol glucose equivalent min-1 mg protein-1,

respectively, in the ripe postclimacteric fruit (day 15 after

harvest). These values were *2.4, *1.9 and *1.2-fold

higher as compared to those obtained in the preclimacteric

fruit of the corresponding cultivars (day 1 after harvest).

Glucanase activity was prominently enhanced during the

early stages (days 3–5 after harvest) of ripening following

ethylene treatment, particularly in Rasthali (Fig. 1a). In

this cultivar, glucanase activity increased steadily during

the subsequent stages of ripening and then gradually

declined towards the full-ripe stage (days 11–15 after

harvest). The effect of ethylene on glucanase activity was

less pronounced in Kanthali during the early days of

ripening (Fig. 1b). In this cultivar, glucanase activity

increased only marginally in the later stages (days 7–9) and

then remained almost unchanged in the fully ripe fruit

(days 11–15 after harvest). Conversely, no appreciable

effect of ethylene was noticed on glucanase activity in

Monthan (Fig. 1c).

To further substantiate the above results, ethylene-trea-

ted banana fruit were subjected to treatment with KMnO4

to reduce the immediate effect of ripening ethylene

Fig. 1 Analysis of glucanase

activity in banana pulps of three

cultivars Rasthali (R), Kanthali

(K), and Monthan (M) ripened

naturally (a). Changes in

glucanase activity in banana

fruit after exogenous application

of ethylene (b) or ethylene

followed by KMnO4 treatment

(c). Data points are mean of five

replications, ±1 SE
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produced after exogenous ethylene treatment. In Rasthali,

KMnO4 treatment sharply inhibited the ethylene-induced

glucanase activity (*1.8-fold) in preclimacteric fruit (days

1–7 post ethylene treatment) (Fig. 1a). In Kanthali, where

ethylene treatment only marginally stimulated glucanase

activity during early ripening, KMnO4 treatment caused

*1.3-fold inhibition of glucanase activity in preclimac-

teric fruit (days 1–7 post ethylene treatment) Fig. 1b).

Interestingly, in Monthan, potassium permanganate treat-

ment of ethylene-treated fruit had a negligible inhibitory

effect on glucanase activity (*1.02-fold) (Fig. 1c) during

similar ripening stages.

Fruit pulp softening rates correlate well

with the glucanase activity levels

To further evaluate the possible physiological functional of

b-1,3 glucanase in ripening and fruit softening process, we

next carried out a daily basis measurement of the changes

in fruit firmness during ripening days in three banana

cultivars. In Rasthali, fruit firmness decreased sharply with

the onset of climacteric period (day 9 after harvest)

(Fig. 2a). On the other hand, in Kanthali, fruit firmness

decreased slowly with the ripening and then decreased

further as the fruit ripened towards the postclimacteric

period (days 11–15 after harvest) (Fig. 2b). Conversely, in

Monthan, the fruit remained considerably hard throughout

the ripening stages and only marginal pulp softening was

detected in the postclimacteric fruit (Fig. 2c). Whereas

approximately 80 and 50% decrease in fruit firmness were

observed during days 9–15 after harvest in Rasthali and

Kanthali, respectively, *13% loss in fruit firmness was

detected in Monthan during similar ripening days.

In Rasthali, which showed distinct stimulation of glu-

canase activity in the early days of ripening after ethylene

treatment, fruit firmness declined sharply within 3–4 days

post ethylene treatment and then decreased further in the

later stages of ripening as compared to fruit ripened natu-

rally (Fig. 2a). In Kanthali, the response was not as pro-

nounced as in Rasthali. In this cultivar, fruit softening was

initiated on day 7 after ethylene treatment after which fruit

firmness decreased marginally in the later stages of ripen-

ing (day 10 onwards, Fig. 2b). In Monthan fruit, only

negligible decrease in fruit firmness was detected in the

later stages of ripening (day 11 onwards) after ethylene

treatment (Fig. 2c).

To further verify the differential responsiveness of the

cultivars towards ethylene in relation to fruit softening,

ethylene-treated banana fruits were subjected to treatment

with KMnO4. In Rasthali, this treatment sharply inhibited

the ethylene-mediated decline in fruit firmness (*1.9-fold)

during early ripening days (days 1–7 post ethylene

Fig. 2 Changes in fruit

firmness during ripening in

three banana cultivars Rasthali

(R), Kanthali (K), and Monthan

(M). Fruit ripened naturally (a)
or by ethylene treatment (b) or

ethylene followed by KMnO4

treatment (c). Data points are

mean of five replications,

±1 SE
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treatment) (Fig. 2a). In Kanthali, where exogenous ethyl-

ene treatment only moderately induced fruit softening

during early ripening stages, fruit softening rate was *1.3-

fold inhibited after KMnO4 treatment during days 1–7 post

ethylene treatment (Fig. 2b). In Monthan, KMnO4 treat-

ment of ethylene-treated fruit had negligible inhibitory

effect on fruit-softening rates (*1.1-fold inhibition in

contrast to ethylene treated fruit) during similar ripening

stages (Fig. 2c). Overall, the differential fruit softening

rates observed during the ripening stages (both natural and

after ethylene treatment) were consistent with the changes

in glucanase activity levels in the banana cultivars.

Isolation and identification of cDNAs for b-1,3 gluc

from three banana cultivars

To investigate the fruit softening patterns in the three

cultivars at the molecular level and to study the expression

profile of b-1,3 gluc during ripening, we cloned the cDNA

for b-1,3 gluc from three banana cultivars by using gene-

specific primers. The cDNA sequence of b-1,3 gluc from

Rasthali showed high degree of sequence similarity (*97–

98%) with the b-1,3 gluc cDNAs isolated from Kanthali

and Monthan fruit both at the nucleotide and amino acid

level, respectively. Existence of marginal dissimilarity in

the sequence may indicate to cultivar difference. The

coding sequence of b-1,3 gluc isolated from Rasthali

appeared to be a full-length cDNA of 1026 bp encoding a

protein of 341 amino acid sequences with the predicted

molecular mass of 37.5-kDa. However, existence of a

putative cleavage site for a signal peptidase was found to

be located between Ser-28 and Ile-29 (SignalP-NN pro-

gram-http://www.us.expasy.org) (Von Heijne 1986) resi-

dues resulting in mature protein of *34-kDa instead of

37-kDa.

Phylogenetic analysis based on the deduced amino acid

sequences of Musa balbisiana b-1,3 glucanase (Accession

No. AAS48700) and other fruit-specific b-1,3 glucanase

sequences from Citrus sinensis (Accession No.

CAA03908), Prunus persica (Accession No. AAL30426),

Vitis vinifera (Accession No. AAF44667), Mangifera

indica (Accession No. ABD16200), Ziziphus jujuba

(Accession No. AAY25165) and Capsicum annuum

(Accession No. AAF34761) have revealed that Musa

acuminata b-1,3 glucanase (cultivar Rasthali) was closely

related to the b-1,3 glucanase of Vitis vinifera and also

indicated the existence of common ancestor of fruit-specific

b-1,3 glucanases (Supplementary Fig. 1). Phylogenetic

analysis of the b-1,3 glucanase amino acid sequences was

performed using MEGA version 4.1 (Tamura et al. 2007).

Neighbor-joining method was used for phylogenetic tree

searching and inference. The phylogenetic tree was tested

by bootstrap analysis with 1,000 replications.

Changes in b-1,3 gluc gene expression during ripening

in three banana cultivars

We next analyzed the expression of b-1,3 gluc gene in the

fruit pulp of three banana cultivars during the ripening

days by RT-PCR (Fig. 3). As shown in Fig. 3a, in

Rasthali, b-1,3 gluc mRNA level was relatively low at the

preclimacteric stages (1–3 days after harvest). It was

gradually increased at the onset of climacteric period (day

9) and reached a maximum level at the postclimacteric

stage (days 10–15 after harvest). In Kanthali, b-1,3 gluc

transcript level was fairly low during the early stages of

ripening (days 1–7 after harvest) and at the onset of cli-

macteric (day 10). However, in this cultivar, the abun-

dance of b-1,3 gluc mRNA was marginally increased

during the postclimacteric stages (days 11–15) (Fig. 3b).

Conversely, in Monthan, b-1,3 gluc mRNA level was

almost undetectable during ripening days and very low

expression level of the gene was detected at the post cli-

macteric stage (days 13–15 after harvest (Fig. 3c). b-1,3

gluc transcript accumulation patterns in the pulp tissues of

the banana cultivars were consistent with the differential

glucanase activity levels in the three cultivars. The chan-

ges in b-1,3 glucanase protein levels in the fruit pulp

tissues, as observed by Western blotting using anti-

tobacco b-1,3 glucanase antibody correlated well with the

b-1,3 gluc mRNA levels during the ripening days in the

three cultivars (Fig. 3d–f).

Ethylene treatment differentially stimulates b-1,3

glucanase expression in the three banana cultivars

To study the effect of exogenously applied ethylene on the

expression of b-1,3 gluc gene, b-1,3 gluc transcript accu-

mulation pattern was studied from the preclimacteric, cli-

macteric, and postclimacteric stages (as characterized from

the naturally ripening fruit) of the cultivars following

exogenous application of ethylene. In contrast to the low

b-1,3 gluc mRNA levels in the early natural ripening,

ethylene treatment caused a considerable increase in b-1,3

gluc transcript level at the preclimacteric stage in Rasthali

(Fig. 3g). In this cultivar, the abundance of b-1,3 gluc

mRNA was further increased in the later stages of ripening

but declined thereafter almost to the preclimacteric level in

the fully ripe fruit. In Kanthali, b-1,3 gluc transcript level

also increased in preclimacteric fruit after ethylene treat-

ment in contrast to fruit ripened naturally but did not

increase further as observed in Rasthali (Fig. 3i). In

Monthan, ethylene treatment did not induce b-1,3 gluc

expression during the early ripening stages and negligible

increase was detected at the climacteric and postclimac-

teric stages (days 13–15 after harvest) (Fig. 3k). The

changes in protein levels of b-1,3 glucanase in the

1646 Plant Cell Rep (2009) 28:1641–1653
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ethylene-treated fruit pulp tissues were mostly in agree-

ment with the transcript levels of b-1,3 gluc during

ripening (Fig. 3h, j and l).

Ethylene-mediated induction of b-1,3 gluc gene

expression both at transcript and protein levels at the pre-

climacteric stages in Rasthali and Kanthali was distinctly

β
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Fig. 3 Changes in b-1,3 glucanase mRNA abundance level during

ripening in three different cultivars [Rasthali (R), Kanthali (K), and

Monthan (M)] of banana ripened naturally at 25�C (upper panel; a, c,

e). Transcript accumulation level of b-1,3 glucanase was analyzed by

RT-PCR with gene-specific primers. *5 lg total RNA was taken

from each cultivar and from each stage for RT-PCR analysis and then

equal amount of amplified product was used for analysis. Represen-

tative gel images from at least three independent experiments are

shown in a–c. Transcript profile of MA-actin was used as internal

control (lower panel; a, b, c). Protein gel blot analysis with total

protein extracts prepared from the respective preclimacteric, climac-

teric, and postclimacteric stages of ripening from three different

cultivars of banana and immunodetection of b-1,3 glucanase protein

by using b-1,3 glucanase antibody (upper panel; d, e, f). Molecular

weight of the immunoreactive band is indicated. Steady state protein

level of Actin at the indicated conditions was measured by

immunoblot as internal control (lower panel; d, e, f). RT-PCR

analysis of the b-1,3 glucanase expression pattern during the various

stages of ripening in three cultivars [Rasthali (C), Kanthali (K), and

Monthan (M)] following ethylene treatment (upper panel; g, i, k).

Steady state mRNA level of MA-actin at the indicated conditions was

measured by RT-PCR as internal control (lower panel, g, i and k).

Immunoblot analysis with total protein extracts prepared from

different stages of ripening following ethylene treatment from three

different cultivars of banana and immunodetection of b-1,3 glucanase

protein by using b-1,3 glucanase antibody (upper panel, h, j and l).
Steady state protein level of Actin at the indicated conditions was

measured by immunoblot as internal control (lower panel, h, j and l)
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inhibited by potassium permanganate treatment of the

ethylene-treated fruits (Fig. 4a–d). However, in contrast to

Kanthali, in ethylene-treated Rasthali fruit, ethylene-

induced expression of b-1,3 gluc was considerably

increased both at transcript and protein levels at postcli-

macteric stage after KMnO4 treatment (Fig. 4a–d). In

ethylene-treated Monthan fruit, no noticeable effect of

potassium permanganate treatment on the expression of

b-1,3 gluc was observed during ripening (Fig. 4e, f).

Activity and substrate specificity of banana

recombinant b-1,3 glucanase

To further analyze the biochemical properties of banana

fruit-specific b-1,3 glucanase, the full length cDNA for

b-1,3 gluc (cv Rasthali) was cloned into pQ30:UA

expression vector and the His-tagged recombinant protein

was overexpressed in E. coli M15 (pREP-4) host strain.

The overexpression of b-1,3 gluc cDNA in E. coli pro-

duced considerable amount of the recombinant protein in

soluble fraction and showed glucanase activity on lami-

narin (with contiguous b-1,3 linkages) as substrate. The

purified recombinant b-1,3 gluc protein was clearly rec-

ognized by anti-tobacco b-1,3 glucanase antibody in

immunoblotting experiment (Fig. 5b), while no cross-

reacting band could be detected with rabbit pre-immune

serum, indicating the specificity of recognition of the

antibody (data not shown). Using laminarin as a substrate,

the recombinant enzyme showed a pH optimum of around

4.8 and was consistent with the native enzyme reported

from Cavendish banana (Peumans et al. 2000) (Fig. 5c).

The thermal stability of recombinant b-1,3 glucanase was

analyzed by measuring glucanase activity after incubating

the E. coli lysate (overexpressing b-1,3 gluc) supernatant

or Ni-NTA column purified enzyme at temperature ranging

from 50–70�C for 10–30 min. b-1,3 glucanase activity was

almost unaffected by incubation at 50 or 60�C for 20 to

30 min, respectively. The recombinant enzyme was found

to be heat stable up to 65�C for 30 min. However, longer

incubation period beyond 65�C distinctly reduced the

enzyme activity even after 10 min of incubation (Table 1).

To understand the nature of in vivo substrate for b-1,3

glucanase, the substrate specificity of the recombinant

enzyme was also analyzed by using other substrates besides

laminarin. The catalytic activity of the enzyme was com-

pared by using AZCL-Pachyman (with contiguous b-1,3

linkages), AZCL-HE-Cellulose (a b-1,4 glucan substrate)

and AZCL-barley b-glucan (a b-1,3: b-1,4-glucan sub-

strate). As shown in Table 2, negligible activity could be

detected with AZCL-HE-Cellulose, while the activity of the

recombinant enzyme was *10 times higher with AZCL-

Pachyman as compared to AZCL-barley b-glucan (Table 2).

Together, these results may suggest that the recombinant

enzyme cannot utilize b-1,4-glucan as substrate and may not

efficiently utilize with b-1,3: b-1,4 linkages. The optimum

activity of the enzyme could be detected only with substrate

having consecutive b-1,3 linkages (as observed with lami-

narin and AZCL-Pachyman).

Fig. 4 Detection of b-1,3 glucanase mRNA abundance during the

various stages of ripening in three cultivars, namely Rasthali (R),

Kanthali (K), and Monthan (M) following ethylene and KMnO4

treatment as revealed by RT-PCR analysis (upper panel, a, c and e).

Steady state mRNA level of MA-actin at the indicated conditions was

measured by RT-PCR as internal control (lower panel, a, c and e).

Immunoblot analysis with total protein extracts prepared from

different stages of ripening following ethylene and KMnO4 treatment

from three different cultivars of banana and immunodetection of b-1,3

glucanase protein by using b-1,3 glucanase antibody (upper panel, b,

d and f). Steady state protein level of Actin at the indicated conditions

was measured by immunoblot as internal control (lower panel, b, d
and f)

1648 Plant Cell Rep (2009) 28:1641–1653

123



97

68

1        2      3       4      5      6

97

68

1        2      3

uc
os

e
n-1

)

43

29

20
14(a) (b)

His-tagged banana 
~ 37-kDa ββ-1,3 
glucanase

43

29

20
14

~37-kDa purified 
recombinant β-1,3 
glucanase

0

1
2

3

4
5

6

2 3 4 5 6 7 8an
as

e 
ac

tiv
ity

 (
nm

ol
 g

lu
iv

al
en

t m
in

-1
m

g 
pr

ot
ei

n

2 3 4 5 6 7 8
pH

G
lu

ca
eq

ui

10

15

20

i ty
 (

nm
ol

 g
lu

co
se

 
n-1

m
g 

pr
ot

ei
n-1

)

10

15

20

0

5

UR    R          UR   R           UR    R

G
lu

ca
na

se
 a

ct
iv

i
eq

ui
va

le
nt

 m
in

0

5

UR    R          UR   R           UR    R

(Cell-wall polysaccharide extracts from naturally 
ripened fruit. Input recombinant β-1,3 glucanase)

15

20

(n
m

ol
 g

lu
co

se
 

m
g 

pr
ot

ei
n-1

)

(Cell-wall polysaccharide extracts from ethylene 
treated fruit. Input recombinant β-1,3 glucanase)

15

20

0

5

10

UR    R          UR   R           UR    R

G
lu

ca
na

se
 a

ct
iv

ity
 

eq
ui

va
le

nt
 m

in
-1

m

0

5

10

UR       R                 UR       R

(Cell-wall polysaccharide extracts from naturally 
ripened fruit. Input protein extracts from ripe fruit)

(Cell-wall polysaccharide extracts from naturally ripened fruit. 
Input protein extracts from ripe fruit of Rasthali and Monthan)

(c)

(d) (e)

(f) (g)

Fig. 5 a Overexpression and purification of recombinant banana b-

1,3 glucanase in E.coli. Separation of noninduced control (lane 2) and

IPTG induced (lane 3) total protein extracts, obtained from M15

(Prep4) E.coli cells (harboring pQE30: banana b-1,3 glucanase

recombinant plasmid) by 10% SDS-PAGE and stained with

coomassie blue. After cell lysis considerable amount of recombinant

protein remained in soluble fraction (lane 4), while small amount of

recombinant protein remained insoluble fraction (lane 5). The soluble

fraction was further purified by Ni-NTA chromatography (lane 6).

Arrow indicating the position of recombinant b-1,3 glucanase on gel.

b Immunodetection of recombinant b-1,3 glucanase with anti-tobacco

class I b-1,3 glucanase antibody (1:1,000 dilution) using noninduced

E.coli lysate (lane 1), IPTG induced E.coli lysate (Overexpressing the

recombinant his-tagged b-1,3 glucanase) (lane 2) and Ni-NTA resin

purified protein fraction (lane 3). Molecular mass markers are shown

on the left of figures. c pH dependence of the banana recombinant

b-1,3 glucanase. d Detection of glucanase activity by using 10 lg of

purified recombinant protein and equal amounts (*15 lg) of

polysaccharide fractions from unripe (UR, day 1 after harvest) and

ripe pulp (R, day 15 after harvest) of three banana cultivars where

fruit were ripened naturally. e Glucanase activity was studied using

10 lg of recombinant protein and equal amounts of polysaccharide

fractions (*15 lg) from ethylene-treated unripe (UR, day 1 after

harvest) and ripe pulp (R, day 15 after harvest) of the three cultivars.

f Equal amounts of protein extracts (*25 lg) from ripe fruit of

Rasthali, Kanthali, and Monthan were incubated with the polysac-

charide fractions from unripe (UR, day 1 after harvest) and ripe fruits

(R, day 15 after harvest) of the respective cultivars for detection of

glucanase activity, where fruit ripened naturally. g Analysis of

glucanase activity by using *25 lg of ripe fruit (R, day 15 after

harvest) protein extracts from Rasthali with the cell wall polysac-

charide fractions (utilized as substrate) from unripe (UR, day 1 after

harvest) and ripe (R, day 15 after harvest) fruit of Monthan and vice

versa. Equal amount of polysaccharide fractions (*15 lg) were used

from unripe (UR) and ripe (R) fruit of Monthan and Rasthali ripened

naturally
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Low glucanase activity in Monthan results in inefficient

utilization substrate for b-1,3 glucanase in the fruit pulp

To further investigate the differential glucanase activity

and softening rates in the banana cultivars, the activity of

purified recombinant banana b-1,3 glucanase enzyme was

assayed against the crude polysaccharide fractions (utilized

as substrate) prepared from unripe and ripe fruit (day 1 and

day 15 after harvest) of Rasthali, Kanthali, and Monthan,

respectively. The recombinant enzyme typically showed

considerably higher activity with polysaccharide fractions

from unripe fruit as compared to ripe fruit pulp in Rasthali

and Kanthali (Fig. 5d). These results indicate that the

substrate for b-1,3 glucanase mostly exists in the unripe

banana and along with the climacteric ethylene production

and induction of catalytic activity of b-1,3 glucanase, the

substrate disappears in the ripe fruit. In contrast to this, in

Monthan, recombinant enzyme showed high glucanase

activity against both unripe and ripe polysaccharide frac-

tions (Fig. 5d). These results may indicate that in Monthan

the in vivo substrate for b-1,3 glucanase undergo least

degradation along with the ripening. In addition, the

recombinant enzyme showed low activity with polysac-

charide fractions isolated from ethylene-treated unripe fruit

of Rasthali and Kanthali (Fig. 5e) as compared to fruit

ripened naturally (Fig. 5d). Glucanase activity was further

decreased when ethylene-treated ripe fruit polysaccharide

fraction from Rasthali and Kanthali were used as substrate.

On the other hand, the recombinant enzyme showed con-

siderable glucanase activity against the unripe and ripe

polysaccharide fractions isolated from ethylene-treated

Monthan fruit (Fig. 5e). Together, these results may sug-

gest ethylene-induced glucanase activity and degradation

of its substrate during early ripening periods in Rasthali

and Kanthali, while in Monthan, ethylene treatment did not

induce glucanase activity. Thus, in this cultivar, the sub-

strate for b-1,3 glucanase remained mostly unaffected even

after ethylene treatment in unripe and ripe fruit, allowing

the recombinant enzyme to access considerable amount of

substrate.

In another set of experiments, equal amounts of protein

extracts (*25 lg, as used for glucanase activity assay)

from ripe fruit of Rasthali, Kanthali, and Monthan were

added to the polysaccharide fraction from unripe and ripe

fruit of the respective cultivars. In Rasthali and Kanthali,

glucanase activity was high with unripe polysaccharide

fractions and reduced when ripe polysaccharide fractions

was used as substrate. Conversely, in Monthan fruit protein

extract, very low glucanase activity was detected against

both unripe and ripe fruit polysaccharide fractions

(Fig. 5f). Furthermore, when ripe fruit protein extract from

Rasthali was incubated with unripe and ripe polysaccharide

fractions from Monthan fruit, higher glucanase activity was

detected in unripe polysaccharide fraction and a slightly

low activity with ripe polysaccharide fractions (Fig. 5g).

On the other hand, similar experiments with ripe fruit

protein extract from Monthan and polysaccharide fraction

from unripe and ripe fruit of Rasthali yielded low glucan-

ase activity with both unripe and ripe polysaccharide

fractions (Fig. 5g). Taken together, these results may

indicate that wall polysaccharide fractions (may include the

natural substrate of banana b-1,3 glucanase) may not vary

Table 1 Measurement of glucanase activity in different temperatures

using recombinant b-1,3 glucanase protein (10 lg) extracts from

E. coli cells

Incubation b-1,3 glucanase activity

(nmol glucose equivalent

min-1 mg protein-1)Temperature (�C) Time (min)

50 10 4.60 ± 0.24

20 4.85 ± 0.32

30 5.03 ± 0.38

60 10 4.75 ± 0.72

20 4.92 ± 0.61

30 5.15 ± 0.32

65 10 4.48 ± 0.45

20 4.43 ± 0.41

30 4.25 ± 0.67

70 10 3.05 ± 0.11

20 2.01 ± 0.68

30 0.82 ± 0.71

Table 2 Measurement of glucanase activity using recombinant b-1,3 glucanase and protein extracts from E. coli cells

Enzyme source b-1,3 glucanase activity (nmol glucose equivalent min-1 mg protein-1)

Laminarin AZCL-Pachyman AZCL-HE-cellulose AZCL-barley-b-glucan

E. coli extract (500 ll) 0.23 ± 0.11 0.21 ± 0.33 0.19 ± 0.42 0.25 ± 0.19

Crude bacterial lysate

overexpresing b-1,3

glucanase (500 ll)

5.45 ± 0.67 4.34 ± 0.75 0.22 ± 0.62 0.45 ± 0.64

Purified recombinant b-1,3

glucanase (10 lg)

5.15 ± 0.64 4.45 ± 0.86 0.27 ± 0.29 0.65 ± 0.45
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considerably among the three cultivars. However, in

Monthan the natural substrate for b-1,3 glucanase may not

be fully utilized due to low glucanase activity level in vivo

and ethylene did not stimulate the endogenous glucanase

activity in this cultivar, resulting in considerably high

glucanase activity against polysaccharide preparations

from both unripe and ripe fruits after ethylene treatment

when either recombinant enzyme or protein extract from

Rasthali were used as enzyme source. In control experi-

ment, crude polysaccharide fraction was incubated on the

absence of recombinant b-1,3 glucanase or fruit protein

extracts for the detection of glucanase activity and gener-

ation of ethanol-soluble sugar fractions.

Discussion

The b-1,3 glucanases appear to have a broad range of

functions in plant tissues including both defense and non-

defense related activities. Antimicrobial activity has been

reported in a number of specific plant tissues such as seed

(Bewley and Black 1994), bud (Krabel et al. 1993), style of

flower (Ori et al. 1990), anther (Hird et al. 1993), and fruit

(Dong and Dunstan 1997). Differential screening of cDNA

library in banana has revealed increased transcript abun-

dance of gene encoding b-1,3 gluc during ripening period

in banana fruit pulp (Clendennen and May 1997). Peumans

et al. (2000) have reported the purification and biochemical

characterization of an abundant class of enzymatically

active form of fruit-specific b-1,3 glucanase from Caven-

dish banana and also predicted the possible physiological

function of this protein in softening during banana fruit

ripening. Kesari et al. (2007) have recently shown that a

number of stress/defense related genes like osmotin, PR1

and b-1,3 gluc are induced in response to ethylene in

banana. Therefore, it can be argued that in addition to the

usual function, these defense, and/or stress-related genes

like b-1,3 gluc or osmotin or PR1 encoding enzymes,

which may have alternative functional task during ethyl-

ene-mediated ripening process in banana. In non-climac-

teric fruit such as strawberry, a higher b-xylosidase activity

(responsible for degradation of cell wall xylan) together

with higher mRNA and protein levels of the enzyme has

been reported in softest strawberry cultivar (Bustamante

et al. 2006), indicating the function of the enzyme in fruit

softening. Previous research has also reported considerable

expression level of two b-1,3 glucanase genes in straw-

berry fruit during ripening (Shi et al. 2006). On the other

hand, since the anti-fungal property of banana b-1,3 gluc is

still not well established and the fruit pulp tissue remains

well protected from invading fungal pathogen, the function

of this enzyme in defense is questionable. Based on these

observations, we readdressed the issue of potential role of

this enzyme in fruit pulp softening during ripening in

banana fruit.

Although it is possible that various fruit contain similar

enzymes for the modification of cell walls, the complexity

of this mechanism and its regulation to control the overall

process of cell wall modification and fruit softening is not

yet fully understood (Ali et al. 1998; Hadfield et al. 1998;

Smith and Gross 2000). However the timing, rate and

magnitude of enzyme catalyzed modifications vary

remarkably with the fruit type (McCollum et al. 1989;

Mitcham and McDonald 1992; Muda et al. 1995; Redgwell

et al. 1992). In this work, we have studied the fruit pulp

softening rates in the three banana cultivars along with the

changes in expression profile and enzymatic activity of

b-1,3 gluc gene during ripening to understand the possible

involvement of the enzyme in softening in the banana

cultivars.

Daily estimation of glucanase activity and changes in

fruit firmness during ripening has revealed an interesting

and distinct pattern of fruit pulp softening in the three

cultivars. A notable difference in the expression profile of

b-1,3 gluc gene during the ripening days was also evident

in the three cultivars. The expression profiles of b-1,3 gluc

showed appreciable correlation with the differential pattern

of glucanase activity and fruit pulp softening rates in

Rasthali, Kanthali, and Monthan. Maximum expression of

b-1,3 gluc and glucanase activity was detected in Rasthali,

the softest cultivar, while Monthan, the hardest cultivar,

showed highly reduced expression of the gene as well as

glucanase activity.

In Rasthali, fruit firmness decreased noticeably at the

onset of climacteric stages. Conversely, in Kanthali, fruit

pulp softening was initiated slowly at postclimacteric

stages. Postclimacteric Monthan (day 15 after harvest) fruit

showed *3.4, and 2.2-times less glucanase activity, while

*10 times firmer fruit at the similar stage of ripening as

compared to Rasthali (AAB) and Kanthali (AB), respec-

tively. On the other hand, in Monthan (ABB), consistent

with the highly reduced b-1,3 gluc transcript level, glu-

canase activity remained very low throughout the ripening

stages and only negligible pulp softening was observed in

mature fruit in Monthan even after ethylene treatment. It

was interesting to observe that the expression level of b-1,3

gluc, glucanase activity and fruit softening rates changed

considerably as a consequence of incorporation of B

complement in the triploid banana genome. b-1,3 gluc

expression and glucanase activity was fairly high in the

most popular cultivar Cavendish with autotriploid genome

(AAA) (data not shown). The expression and activity of the

gene decreased slightly in Rasthali (AAB), while in Mon-

than (ABB) b-1,3 gluc expression and softening rate

decreased appreciably. Kanthali (AB) displayed an inter-

mediate trait in between Rasthali and Monthan in relation
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to b-1,3 gluc expression, glucanase activity, and fruit

softening rates. As like Rasthali, we have also found

somewhat similar kind of expression of b-1,3 gluc, glu-

canase activity and fruit softening pattern in other banana

cultivars bearing AAB genome. On the other hand, similar

to Monthan, cultivars with ABB genome showed highly

reduced expression of b-1,3 gluc and softening rates during

ripening days (data not shown). Together, these compara-

tive observations may suggest the possible physiological

function of b-1,3 glucanase in fruit pulp softening during

ripening in banana fruits and differential stimulation of

glucanase activity during ripening in these cultivars.

It was also interesting to note that although the mRNA

level of b-1,3 gluc reached the maximum level during the

early ripening following exogenous application of ethylene

(as clearly observed in Rasthali) and then gradually

declined at the later stages, the glucanase activity was still

high at the later stages of ripening. Protein gel blot analysis

also revealed considerable accumulation of b-1,3 glucanase

protein even in the mature ethylene-treated fruits. One of

the possible explanations for this discrepancy between the

activity and mRNA level may be due to the faster degra-

dation of b-1,3 gluc mRNA than the protein and/or due to

the activity of other proteins which might have protected

the rapid loss of activity of glucanase at the post phase of

ripening.

The study with recombinant protein and polysaccharide

fractions provided interesting clue for the differential uti-

lization of the natural substrate for b-1,3 glucanase during

ripening in the three cultivars. Study of glucanase activity

using purified recombinant enzyme and fruit protein

extracts from unripe and ripe fruit with wall polysaccharide

fractions as substrate have demonstrated that under natural

conditions there was clear difference in the activity level of

glucanase in the banana cultivars. In Monthan, higher

glucanase activity of the recombinant protein against both

unripe and ripe fruit wall polysaccharide fractions (natu-

rally ripened or ethylene treated fruit) have indicated that

in this cultivar, the substrate for glucanase remain mostly

unutilized possibly due to low glucanase activity in vivo

and even ethylene treatment did not induce the endogenous

glucanase activity during ripening days in this cultivar.

These observations also reflect the difference in the

expression level of the gene and abundance of catalytically

active b-1,3 glucanase protein, resulting in distinct glu-

canase activity and pulp softening rates in the cultivars.

Our studies in relation to b-1,3 gluc expression have

demonstrated that the gene is induced at the onset of cli-

macteric ethylene production during fruit ripening. How-

ever, analysis of b-1,3 gluc mRNA accumulation pattern

during ripening days in the three cultivars has indicated

differential expression profile of the gene and correlated

well with the pattern of ripening ethylene production rates

in the cultivars as observed previously (Roy Choudhury

et al. 2008a). Induction of b-1,3 gluc expression shortly

after ethylene treatment (as in Rasthali) and inhibition of

expression after KMnO4 treatment clearly suggested that

b-1,3 gluc gene is regulated by ethylene. However, dif-

ferential transcriptional stimulation of b-1,3 gluc during

ripening in Rasthali and Kanthali may indicate distinct

regulation pattern of the gene in the two cultivars. In

contrast, very low expression of the gene during natural or

ethylene-mediated ripening in Monthan together with

remarkably reduced glucanase activity and fruit softening

rate may indicate ethylene insensitive nature of this culti-

var. Taken together, it may be suggested that b-1,3 gluc is

ripening-regulated while differentially regulated in the

three banana cultivars, leading to distinct fruit softening

pattern in these cultivars. Although we were unable to

specifically identify the natural substrate for banana b-1,3

glucanase in the wall polysaccharide fractions, our results

have provided interesting information about the difference

on the availability of catalytically active form of b-1,3

glucanase particularly in Rasthali and Monthan fruit.

We have shown contrasting pattern of transcriptional

stimulation of b-1,3 gluc gene in the cultivars, especially in

Rasthali and Monthan in response to ethylene. This has

raised a more important question whether there are dif-

ferences in the promoters of b-1,3 gluc gene in the culti-

vars, particularly in relation to ethylene-mediated

transcriptional induction of the respective promoters.

Therefore, further research is needed on the transcriptional

apparatus of b-1,3 gluc gene to gain insight into the

mechanism of ethylene-mediated regulation of this gene in

different banana cultivars.
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