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Abstract
Bacterial endophytes are thought to enter plants either through pre-existing openings in plant tissues
or by creating openings by hydrolyzing major plant cell wall components. A lodgepole endophyte,
Paenibacillus polymyxa P2b-2R, consistently formed endophytic colonies when inoculated in diverse
plant hosts, viz., lodgepole pine, western red cedar, corn, canola, and tomato. We were interested to
know, whether or not this bacterial strain possesses enzymes that can hydrolyze three major plant cell
wall components namely cellulose, xylan, and pectin to facilitate entrance into the host plants. Using a
BIOLOG assay, we also tested this bacterial strain’s ability to utilize carbon sources that might facili-
tate its entrance and hence its survival inside host plants. Paenibacillus polymyxa P2b-2R hydrolyzed
sodium carboxymethylcellulose, beechwood xylan, and sodium polypectate and utilized 39 of the 95
carbon sources (41%) tested. Of the 39 carbon substrates oxidized by P2b-2R, the “carbohydrates”
group represents the largest source of utilizable carbon (23 out of 39). Thus, it can be concluded that
P. polymyxa P2b-2R is able to degrade major cell wall components (cellulose, xylan, and pectin) and
utilize some of the available carbon substrates, possibly to gain entry and survive inside the plant
and form endophytic colonies thereafter.

Key words: endophyte, Paenibacillus polymyxa, colonization, carbon substrate, plant cell wall
degradation

Introduction
The term “bacterial endophyte” is used to describe a bacterium that colonizes internal plant tissues
without inducing disease symptoms (Hallmann et al. 1997; Azevedo et al. 2000). Endophytic bacte-
ria are thought to enter plants through pre-existing openings such as emergence sites of lateral roots
or wounds to external plant tissues (James et al. 1994). Alternatively, it is possible that bacterial
endophytes may create openings by hydrolyzing major plant cell wall components such as cellulose,
hemicellulose, or pectin (Compant et al. 2005; Reinhold-Hurek et al. 2006). The ability of bacterial
endophytes to evade plant defenses is thought to involve the production of enzymes that degrade
elicitors of plant immune responses (Fouts et al. 2008) and to be essential for successful endophytic
colonization (Bulgarelli et al. 2013). By occupying the plant interior, bacterial endophytes may have
a comparative advantage over rhizosphere-colonizing bacteria due to ready access to continuous
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supplies of nutrients and an additional degree of protection from competition and predation that
likely occur outside plant roots (Hallmann et al. 1997). Certain bacterial endophytes may, in turn,
enhance the fitness of their plant hosts by inducing systemic defense (Kavino et al. 2007) or provid-
ing essential growth-limiting compounds such as nitrogen (N; Dong et al. 1994). Gluconacetobacter
diazotrophicus was found to possess cellulolytic enzymes (Mateos et al. 1992; Adriano-Anaya et al.
2005) and was able to grow on media supplemented with 10% sucrose and tolerate low pH (Boddey
et al. 1991). These characteristics were thought to facilitate endophytic colonization of sugarcane
tissues by G. diazotrophicus, which was confirmed in studies where it reached high population
densities (Döbereiner et al. 1988; Munoz-Rojas and Caballero-Mellado 2003).

Paenibacillus polymyxa is an endospore-forming, non-pathogenic bacterium readily found in
environments such as plant roots, soil, and marine sediments (Timmusk et al. 2005; Ravi et al.
2007). Bal et al. (2012) successfully isolated several Paenibacillus strains that possess significant
acetylene-reduction activity (N-fixing capacity) from the extracts of surface-sterilized lodgepole pine
seedling and tree tissues. When one of the strains, P. polymyxa P2b-2R, was re-inoculated in lodgepole
pine and grown in an N-limited soil for 13 months, the bacterial strain successfully colonized internal
stem and root tissues of lodgepole pine seedlings, fixed a significant amount of N from the atmos-
phere (79%), and promoted the overall growth of seedlings (Anand et al. 2013; Yang et al. 2016).
Furthermore, a green fluorescent protein-labeled derivative of P2b-2R was shown to colonize internal
tissues of lodgepole pine seedlings (Anand and Chanway 2013a). The ability of P. polymyxa P2b-2R to
promote growth and to consistently form endophytic colonies inside a broad range of hosts was also
confirmed in western red cedar (Anand and Chanway 2013b), corn (Puri et al. 2015, 2016b), canola
(Padda et al. 2016b; Puri et al. 2016a), and tomato (Padda et al. 2016a). However, the question arises,
how does P. polymyxa P2b-2R enter the host plant to form endophytic micro-colonies? In this study,
we tested the working hypothesis that P. polymyxa P2b-2R possesses enzymes that can hydrolyze
major plant cell wall components, like carboxymethylcellulose (CMC), xylan, and sodium polypec-
tate, which then facilitates its entrance into the host plant.

Materials and methods
Paenibacillus polymyxa strain P2b was isolated from surface-sterilized stem tissue of a lodgepole
pine seedling that was naturally regenerating near Williams Lake, British Columbia, Canada
(latitude: 52°05″N; longitude: 122°54″W; elevation: 1300 m; Sub-Boreal Pine Spruce (SBPSdc)
Zone; Bal et al. 2012). Paenibacillus polymyxa P2b-2R is a spontaneous antibiotic-resistant mutant
that was derived from strain P2b (Bal et al. 2012). Paenibacillus polymyxa P2b-2R is resistant to
200 mg/L rifamycin and was stored at −80 °C on combined carbon medium (CCM; Rennie 1981)
amended with 20% glycerol (Bal et al. 2012). To evaluate the ability of P2b-2R to degrade plant cell
wall components, 50 μL of P2b-2R (∼107 cfu/mL) was spot-inoculated on Luria-Bertani (LB) agar
amended with one of the following substrates (5 g/L): sodium CMC, beechwood xylan, or sodium
polypectate, and incubated for two days at 30 °C. To visualize substrate utilization, plates with
sodium CMC or xylan were flooded with 0.5% (w/v) Congo red for 30 min, drained, and then rinsed
with 1 mol/L NaCl (Cho et al. 2007). To visualize pectate lyase activity, sodium polypectate plates
were flooded with 10% (w/v) copper acetate for 30 min, drained, and rinsed with distilled water
(Cho et al. 2007). Clear zones around the bacterial colonies on plates indicated enzyme activity.
Carbon substrate utilization of strain P2b-2R was determined using the BIOLOG system
(Bochner 1989) according to the protocol recommended by the manufacturer (BIOLOG,
Hayward, California, USA). A frozen P2b-2R culture was thawed and subcultured, and a single
colony was used to inoculate sterile tryptic soy broth. After 24 h, bacteria were harvested by cen-
trifugation (5000g for 10 min), washed with 0.1 mol/L phosphate-buffered saline (PBS), and resus-
pended in the same buffer to achieve 28% transmittance at optical density (OD) 640. Aliquots of
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P2b-2R-PBS suspension (150 μL) were pipetted into each microwell of a GP2 plate, incubated
at 30 °C for 24 h, and read at OD595 using a plate reader (Spectra Max 340, Sunnyvale,
California, USA). Readings above 0.1 at OD595 were considered positive, indicating strong
substrate utilization, whereas readings below 0.05 were considered negative, indicating no substrate
utilization. Values between 0.05 and 0.1 were considered weakly positive, indicating weak substrate
utilization.

Results
All of the plates containing CMC, xylan, or pectin showed visible zones of hydrolysis around
colonies after incubating for two days (Fig. 1). Paenibacillus polymyxa P2b-2R was able to use
41% of the carbon sources on BIOLOG GP2 plates (i.e., 39 of the possible 95 sources; Table 1).
The bacterial strain readily metabolized arabinose, xylose, mannose, glucose, galactose, and
pyruvic acid—biochemicals that constitute major components of plant cell walls. However, it
was unable to use other plant cell wall-related compounds such as galacturonic acid, rhamnose,
glucuronic acid, and mannan. Carbon sources from the amines/amides, amino acids, polysor-
bates, nucleotides, or glycerol derivative group were not metabolized by the bacterial strain under
these conditions.

Discussion
Bacteria that are capable of endophytic colonization may enter roots passively via existing cracks such
as emergence sites of lateral roots (James et al. 1994) or, more actively, by using hydrolytic enzymes to
break down plant cell wall components and metabolize organic compounds in the apoplast (Hurek
et al. 1994). The latter mode of entry has been reported for plant–microbe interactions ranging from
the highly specific symbiosis between Rhizobium leguminosarum biovar trifolii and white clover
(Mateos et al. 1992) to more casual associations such as those between Azoarcus sp. and grasses
(Hurek et al. 1994). We examined the capability of P. polymyxa P2b-2R to hydrolyze major plant cell
wall components like carboxymethylcellulose (CMC), xylan, and sodium polypectate (Fig. 1) and to
utilize carbon substrates known to comprise typical plant cell walls using in vitro plate assays
(Table 1). Of the 39 carbon substrates oxidized by P2b-2R, the “carbohydrates” group represented
the largest source of utilizable carbon, i.e., 23 of the 39 substrates oxidized (59%; Table 1). These
carbon sources are found naturally in plants as freely available stored forms such as sucrose, raffinose,

Fig. 1. Major plant cell wall components hydrolyzed by Paenibacillus polymyxa P2b-2R. Hydrolysis of (a) cellu-
lose by P2b-2R on Luria-Bertani (LB) agar plates amended with 5 g/L sodium carboxymethylcellulose, followed
by flooding with 0.5% (w/v) Congo red; (b) xylan by P2b-2R on LB agar plates amended with 5 g/L beechwood
xylan, followed by flooding with 0.5% (w/v) Congo red; and (c) pectin by P2b-2R on LB agar plates amended with
5 g/L sodium polypectate, followed by flooding with 10% (w/v) copper acetate.
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Table 1. Carbon substrate utilization profile of Paenibacillus polymyxa P2b-2R as indicated on BIOLOG plates
for Gram-positive microorganisms (n = 5).

Substrate group

Test reactiona

Positive Weakly positive Negative

Carbohydrates

L-Arabinose Palatinose D-Tagatose

α-D-Lactose Turanose L-Rhamnose

Lactulose D-Melezitose Mannan

D-Trehalose — Gentiobiose

Maltose — Sedoheptulosan

D-Cellobiose — N-Acetyl-D-glucosamine

Maltotriose — N-Acetyl-D-mannosamine

D-Psicose — m-Inositol

D-Fructose — α-Cyclodextrin

D-Raffinose — Glycogen

D-Xylose — —

D-Mannose — —

D-Galactose — —

D-Ribose — —

D-Melibiose — —

α-D-Glucose — —

Stachyose — —

Sucrose — —

β-Cyclodextrin — —

Dextrin — —

Carbohydrate derivatives

β-Methyl-D-glucoside D-Mannitol L-Fucose

Arbutin 3-Methyl glucose α-Methyl-D-glucoside

Salicin — α-Methyl-D-mannoside

α-Methyl-D-galactoside — Inulin

β-Methyl-D-galactoside — Amygdalin

— — D-Arabitol

— — Xylitol

— — D-Sorbitol

— — D-Fructose-6-phosphate

— — α-Glucose-1-phosphate

— — D-Glucose-6-phosphate

(continued )
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Table 1. (continued )

Substrate group

Test reactiona

Positive Weakly positive Negative

Carboxylic acids

Pyruvic acid
methyl ester

L-Malic acid L-Lactic acid

Pyruvic acid Succinic acid
mono-methyl ester

D-Malic acid

— — Acetic acid

— — α-Hydroxybutyric acid

— — D-Galacturonic acid

— — β-Hydroxybutyric acid

— — Propionic acid

— — γ-Hydroxybutyric acid

— — D-Gluconic acid

— — p-Hydroxyphenylacetic acid

— — α-Ketoglutaric acid

— — Succinic acid

— — α-Ketovaleric acid

— — N-Acetyl-L-glutamic acid

— — D-Lactic acid methyl ester

Amines/amides

— — Lactamide

— — L-Alaninamide

— — Succinamic acid

— — Putrescine

Amino acids

— — D-Alanine

— — L-Alanine

— — L-Alanyl-glycine

— — L-Asparagine

— — L-Glutamic acid

— — Glycyl-L-glutamic acid

— — L-Pyroglutamic acid

— — L-Serine

Polysorbates

— — Tween 40

— — Tween 80

(continued )
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and maltose, whereas sugars including arabinose, xylose, mannose, glucose, and galactose exist in
association with major components of plant cell walls. Conclusions regarding the relationship
between in vitro substrate utilization and the ability to colonize internal tissues of plants cannot be
made with certainty; however, our data suggest that P2b-2R could theoretically utilize the aforemen-
tioned sugars as well as organic acids such as pyruvic acid for energy generation during endophytic
colonization.

It is also interesting to note that P2b-2R was able to hydrolyze sodium polypectate (Fig. 1), the main
component of pectin, but was unable to metabolize its main hydrolysis product, D-galacturonic acid.
The bacterial strain was unable to use other pectin-related carbon sources as well, including rhamnose
and D-glucuronic acid. It is possible that the partial degradation of pectin, known to generate oligoga-
lacturonides (Nothnagel et al. 1983; Aziz et al. 2004), might have triggered a plant innate immune
response (Galletti et al. 2009) that eventually limited the endophytic population size of P2b-2R.
Alternatively, pectinolytic enzymes may provide enough destabilization of plant cell walls to allow
endophytic colonization. By degrading part of the middle lamella, P2b-2R may have better access to
organic compounds associated with cellulose and hemicellulose. However, the defense signal path-
ways in lodgepole pine, as well as the actual products of partial pectin degradation by P2b-2R, need
to be identified to evaluate these possibilities.

As the rhizosphere and plant interior represent two vastly different environments (Gottel et al.
2011), it is tempting to speculate that bacteria adapted to different habitats will exhibit distinctly
different metabolic profiles. The link between the metabolism of specific carbon substrates and
the ability of rhizosphere bacteria to colonize the interior of lodgepole pine seedlings has been
reported previously using two strains of Bacillus polymyxa, L6-16R and Pw-2R (Shishido et al.
1995). Strain Pw-2R is a root endophyte of lodgepole pine (Shishido et al. 1995) and is capable of
metabolizing sorbitol and D-melezitose, a carbohydrate commonly found in conifer sap
(Lehninger 1975). As both P. polymyxa P2b-2R and B. polymyxa Pw-2R are lodgepole pine endo-
phytes, we expected that they would have similar carbon source utilization capabilities, reflecting

Table 1. (concluded )

Substrate group

Test reactiona

Positive Weakly positive Negative

Nucleosides

Thymidine Inosine Adenosine

— Uridine 2′-Deoxyadenosine

Nucleotides

— — Adenosine-5′-monophosphate

— — Thymidine-5′-monophosphate

— — Uridine-5′-monophosphate

Alcohols

2,3-Butanediol — —

Glycerol — —

Glycerol derivative — — D-L-α-Glycerol phosphate

aOD595 > 0.1 = positive; OD595 < 0.05 = negative; OD595 between 0.05 and 0.1 = weakly positive.
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their adaptation to colonizing internal tissues of lodgepole pine. However, we found that the use of
only eight carbon substrates was common between Pw-2R and P2b-2R when their carbon
substrate utilization profiles were compared (Table 2). In addition, D-melezitose and sorbitol,
which were readily used by other lodgepole pine endophytes (Shishido et al. 1995, 1999), were not
metabolized by P2b-2R. In light of the diversity of available nutrients produced by plants, this small
overlap in carbon substrate utilization profiles of P2b-2R and Pw-2R suggests that these two pre-
sumably closely related endophytic strains might occupy two distinct nutritional niches of internal
tissues of lodgepole pine.

Table 2. Comparison of carbon substrate utilization profiles of Bacillus polymyxa Pw-2R and Paenibacillus
polymyxa P2b-2R.

Carbon substrate

BIOLOG test reaction

Pw-2Ra P2b-2R

β-Cyclodextrin ± ±

Mannan ± −

Amygdalin + −

L-Fucose ± −

D-Galacturonic acid + −

Lactulose ± +

D-Melezitose + ±

α-Methyl-D-galactoside + +

3-Methylglucose + ±

Palatinose + ±

D-Psicose + +

D-Ribose ± +

D-Sorbitol + −

D-Tagatose + −

Turanose + ±

Acetic acid ± −

α-Ketovaleric acid + −

D-Lactic acid methyl ester ± −

L-Lactic acid ± −

L-Malic acid − −

Methyl pyruvate + +

Propionic acid ± −

Pyruvic acid + +

Succinic acid ± −

L-Asparagine ± −

2,3-Butanediol ± +

(continued )
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To summarize, we found that P2b-2R was able to degrade cellulose, xylan, and sodium polypec-
tate (Fig. 1), the main constituents of plant cell walls (Compant et al. 2005; Reinhold-Hurek
et al. 2006), which suggests that hydrolytic enzymes are important facilitators of endophytic
colonization. However, it is difficult to interpret in vitro substrate hydrolysis without evidence
of in situ enzyme activities as plate assays only demonstrate the potential enzyme activities a
microbe possesses, which may or may not be expressed in nature. Future experiments involving
microscopy and the use of bacterial mutants that lack cellulolytic or pectinolytic enzymes are
required to ascertain the importance of in vitro enzyme activities in endophytic colonization by
P. polymyxa P2b-2R, a microbe which consistently formed endophytic colonies when inoculated
in lodgepole pine (Anand et al. 2013; Yang et al. 2016), western red cedar (Anand and Chanway
2013b), corn (Puri et al. 2015, 2016b), canola (Padda et al. 2016b; Puri et al. 2016a), and tomato
(Padda et al. 2016a).
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Table 2. (concluded )

Carbon substrate

BIOLOG test reaction

Pw-2Ra P2b-2R

Glycerol + +

Adenosine + −

2′-Deoxyadenosine ± −

Inosine − ±

Thymidine ± +

Uridine ± ±

D-Fructose-6-phosphate + −

α-Glucose-1-phosphate ± −

D-Glucose-6-phosphate + −

Note: “+” positive; “±” weakly positive; “−” negative.
aAdapted from Shishido et al. (1995).
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