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Abstract A plant growth promoting endophyte,
Paenibacillus polymyxa P2b-2R, originally isolated form
a lodgepole pine seedling and its green fluorescent pro-
tein (GFP) derivative, P2b-2Rgfp, were evaluated for
their ability to survive, fix atmospheric nitrogen (N)
and promote plant growth when inoculated into corn
(Zea Mays L.) in a long-term trial. We were also inter-
ested to see the effects of GFP-tagging of P2b-2R on its
ability to promote growth of corn seedlings in a long-
term study. Corn seedlings were inoculated with either
strain P2b-2R or P2b-2Rgfp and non-inoculated seed-
lings were treated as controls. Seedlings were harvested
after 3 months and evaluated for plant growth promo-
tion (length and biomass) and N fixation ('°N foliar
dilution assay). Colonization and survival of P2b-2R
and P2b-2Rgfp outside (rhizosphere) and inside (internal
tissues) the inoculated seedlings were also determined.
Both strains survived inside and outside corn seedlings
forming rhizospheric and endophytic colonies in stem
and root tissues. Inoculation by P2b-2R strain promoted
corn plant growth via enhancing seedling length and
biomass by 52 % and 53 %, respectively. Similarly,
P2b-2Rgfp inoculation enhanced seedling length by
68 % and biomass by 67 %. Corn seedlings inoculated
with strain P2b-2R derived 30 % of foliar N from the
atmosphere and seedlings inoculated with P2b-2Rgfp
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derived 32 % of foliar N from the atmosphere. But
there was no statistically significant difference between
P2b-2R and P2b-2Rgfp treated seedlings in terms of
overall seedling length, biomass and amount of N fixed
in this long-term trial. These results combined with the
results from an earlier study suggest that P. polymyxa
P2b-2R and its GFP-tagged derivative is capable of en-
hancing overall plant growth throughout the life cycle
of corn plant.
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endophytes - Plant growth promoting bacteria - Nitrogen
fixation - Plant growth promotion

1 Introduction

The use of microorganisms with the aim of improving nutrient
availability for plants is an important practice and in some
parts of the world necessary for agriculture (Freitas et al.
2007). During the past couple of decades, the use of plant
growth promoting bacteria (PGPB) for sustainable agriculture
has increased tremendously in various parts of the world.
PGPB include those that are free-living, those that form spe-
cific symbiotic relationships with plants (e.g., Rhizobia spp.
and Frankia spp.), bacterial endophytes that can colonize
some or a portion of a plant’s interior tissues, and
cyanobacteria (Glick 2012). Endophytic bacteria have been
defined as ‘bacteria that live within living plant tissues without
doing substantive harm or gaining benefit other than securing
residency’ (Bressan and Borges 2004). Nutrient acquisition by
endophytes from host plants also occurs. In contrast to free-
living or rhizosphere microorganisms, bacterial endophytes
are better protected from abiotic stresses such as extreme var-
iations in temperature, pH, nutrient, and water availability as
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well as biotic stresses such as competition (Chanway et al.
2014). Endophytic bacteria enhance host plant growth and
health via various direct and indirect mechanisms. The most
important direct growth promotion mechanism is nitrogen (N)
fixation (Puri et al. 2015). Dobereiner (1992) introduced the
term “endophytic diazotrophic bacteria” to designate all N
fixing endophytes that survive poorly in soil but colonize the
interior tissues of roots of graminaceous plants, and fix N in
association with them (Baldani et al. 1998).

Bal et al. (2012) isolated a potential endophytic
diazotrophic bacterium, Paenibacillus polymyxa P2b-2R,
from surface-sterilized tissues of lodgepole pine seedlings nat-
urally regenerating at a nutrient-poor site near Williams Lake,
BC, Canada (52°05'N latitude, 122°54'W longitude, elevation
1300 m, Sub-Boreal Pine Spruce, SBPSxc Zone). P. polymyxa
P2b-2R was capable of growing on N-free medium, demon-
strated significant acetylene reduction activity (Bal et al.
2012) and possessed the nifH gene that encodes nitrogenase
(Anand and Chanway 2013c). These results provide strong
evidence that P2b-2R is capable of fixing atmospheric N,
which was confirmed in subsequent reports where this bacte-
rial strain was inoculated into lodgepole pine (Bal and
Chanway 2012a; Anand et al. 2013), western red cedar (Bal
and Chanway 2012b; Anand and Chanway 2013b), corn (Puri
et al. 2015), canola (Puri et al. 2016) and tomato (Padda et al.
2015). Significant plant growth promotion was also observed
in these reports when seedlings were inoculated with P2b-2R.
Strain P2b-2R significantly promoted plant growth and fixed
N from the atmosphere in earlier stages of corn plant growth
(10-30 days after sowing) (Puri et al. 2015), but can this
bacterial strain keep on doing the same throughout its life,
especially during its maturity stage?

A green fluorescent protein (GFP)-tagged derivative of
P2b-2R, P2b-2Rgfp, was generated to observe the endophytic
colonization sites of this bacterial strain inside lodgepole pine
seedlings (Anand and Chanway 2013a). Although GFP is the
most popular autofluorescent protein system used for locali-
zation of endophytic bacteria (Chalfie et al. 1994; Zimmer
2002), very few studies have highlighted the effects of tagging
GFP to an endophyte. Weyens et al. (2012) reported that GFP-
labeling negatively affects the growth-promoting ability and
colonization capacity of an endophyte, Pseudomonas putida
W619, when inoculated into hybrid poplar. Other studies con-
trasting the plant growth-promoting capacity of wild-type and
GFP-tagged endophytes in Jerusalem artichoke (Meng et al.
2014) and Vitis vinifera (Compant et al. 2005) found that there
was no effect of GFP tagging on the performance of endo-
phyte. Whereas a decade ago, Rodriguez et al. (2006) found
that GFP-tagged Azospirillum brasilense 8-1 strain showed
increased N,-fixation by approximately threefold, up to a two-
fold increase in exopolysaccharide production, and a signifi-
cant decrease in indole-3-acetic acid and poly-f3-
hydroxybutyrate production over the parental strain. Similar
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findings were reported by Padda et al. (2015), where GFP
tagged P. polymyxa strain P2b-2R outperformed the parental
strain in terms of seedling growth promotion and nitrogen
fixation in earlier stages of plant growth of canola (20-40 days
after sowing). But, is this positive effect of GFP tagging per-
sistent for longer durations of plant growth?

Thus, our main objectives were (i) to quantify plant growth
promotion and N fixation by P. polymyxa P2b-2R and its GFP
tagged derivative, P2b-2Rgfp, and (ii) to test the effect of GFP
tagging of P2b-2R on its efficacy to promote plant growth and
fix N in corn grown for 3 months.

2 Materials and methods
2.1 Seed and bacterial strain

Corn seeds (var. Golden Bantam) were obtained from West
Coast Seeds (Delta, BC, Canada). P. polymyxa strain P2b-2R
and its GFP-tagged derivative, P2b-2Rgfp, were used in this
study. Details about the bacterial strain P polymyxa P2b-2R
have been described elsewhere (Bal et al. 2012).
Transformation of P. polymyxa strain P2b-2R with GFP has
also been described elsewhere (Anand and Chanway 2013a).
Strain P2b-2R is resistant to rifamycin while P2b-2Rgfp strain
is resistant to rifamycin, tetracyline and chloramphenicol.
Both strains, P2b-2R and P2b-2Rgfp, were stored at —80 °C
in combined carbon medium (CCM) (Rennie 1981) amended
with 20 % (v/v) glycerol.

2.2 Seedling growth and inoculation

Seedling growth assays were performed in small pots
(12emx8cmx4cm) filled to 67 % capacity with a sterile
sand-Turface mixture (69 % w/w silica sand; 29 % w/w
Turface; 2 % w/w CaCOs). Each pot was fertilized with
50 mL of a nutrient solution (Chanway et al. 1988)
modified by replacing KNO; and Ca(NO;)-4H,O with
Ca('°NO3) » (5 % '°N label) (0.0576 g/L) and
Sequestrene 330 Fe with Na,FeEDTA (0.02 g/L).
Other nutrients in the nutrient solution included (in g/
L): KH,POy4, 0.14; MgSOy4, 0.49; H3BO;, 0.001;
MnClI,-4H,0, 0.001; ZnSO4-7H,0, 0.001; CuSO,-
5H,0, 0.0001; and NaMoO4-2H,0O, 0.001. Corn seeds
were surface-sterilized by immersion in 30 % H,O, for
90s, followed by three 30s rinses in sterile distilled wa-
ter. To confirm the effectiveness of surface sterilization,
seeds were imprinted on tryptic soy agar (TSA) and
checked for contamination 24 h later. Two surface ster-
ilized seeds were aseptically sown in each pot. Corn
seeds were inoculated with P. polymyxa strain P2b-2R
and its GFP-tagged derivative; P2b-2Rgfp. Non-
inoculated seeds were treated with sterile phosphate
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buffered saline (PBS) and were used as controls. This
resulted in three treatment levels — P2b-2R, P2b-2Rgfp
and control, each replicated 15 times. Bacterial inocu-
lums were prepared by thawing and streaking frozen
cultures of strains P2b-2R and P2b-2Rgfp onto CCM
plates amended with 200 mg/L rifamycin and 200 mg/
L rifamycin plus 5 mg/L chloramphenicol, respectively,
and incubating at 30 °C for 2 days. After the colonies
grew, a loopful of each strain was inoculated into 1 L
flasks containing 500 mL of fresh CCM broth amended
with rifamycin or rifamycin plus chloramphenicol as
described previously. Flasks were then secured on a
rotary shaker (150 rpm) and agitated for 48 h at room
temperature. Bacterial cells were harvested by centrifu-
gation (3000x g, 30 min), washed twice in sterile PBS
(pH 7.4) and resuspended in the same buffer to a den-
sity of ca. 10° cfu/mL. Immediately after sowing the
seed, 5 mL of the P2b-2R—PBS suspension or 5 mL
of the P2b-2Rgfp — PBS suspension was pipetted direct-
ly into each replicate pot designated for P2b-2R and
P2b-2Rgfp, respectively. Non-inoculated control seeds
received 5 mL of sterile PBS. Pots were placed in a
growth chamber (Conviron CMP3244, Conviron
Products Company, Winnipeg, MB, Canada) under an
18 h photoperiod with an intensity of at least
300 pmol s ' m? and a 25/18 °C day/night temperature
cycle. Seedlings were thinned to contain the single larg-
est germinant per pot once emergence was complete.
Seedlings received modified nutrient solution without
Ca(">NO;), every 10 days and were watered with sterile
distilled water as required. Corn seedlings were grown
for 3 months before being harvested for analyses

2.3 Quantification of rhizospheric and endophytic
population

For evaluation of thizosphere populations, 3 randomly chosen
seedlings of each treatment were harvested destructively
3 months after inoculation. Seedlings were removed from pots
and loosely adhering soil particles were removed from roots
with gentle shaking. Roots were then separated from shoots,
placed in sterile Falcon tubes (50 mL; BD Biosciences, CA,
USA) filled with 10 mL of sterile PBS and shaken on a vortex
mixer at 1000 rpm for 1 minute. Serial dilutions were per-
formed, and 0.1 mL aliquots were plated on CCM amended
with rifamycin (200 mg/L) for P2b-2R inoculated and control
seedlings, and on CCM plates amended with 200 mg/L
rifamycin plus 5 mg/L chloramphenicol for P2b-2Rgfp inoc-
ulated seedlings. Plates were incubated at room temperature
for 7 days after which colonies were counted. Roots were
oven-dried at 65 °C for 48 h before weighing. Rhizospheric
bacterial populations were then calculated as colony forming
units (cfu) per gram of dry root tissue.

Two randomly selected corn seedlings from each treatment
were harvested destructively 3 months after inoculation to
evaluate endophytic colonization. Seedlings were rinsed in a
2 L flask containing 1 L sterile distilled water for removal of
loosely adhering growth media. Seedlings were then surface-
sterilized in 0.6 % (w/v) NaClO for 2 min, rinsed three times
with sterile distilled water and imprinted on TSA plates for
24 h to check for surface contamination. Samples of root, stem
and leaf tissues were triturated separately in 1 mL of sterile
PBS using a mortar-pestle. Triturated tissue suspensions of
control and P2b-2R inoculated seedlings were diluted serially
and 0.1 mL of each dilution was plated onto CCM supple-
mented with 200 mg/L rifamycin. Similarly, tissue suspen-
sions of P2b-2Rgfp inoculated seedlings were plated onto
CCM supplemented with 200 mg/L rifamycin and 5 mg/L
chloramphenicol. Plates were incubated at room temperature
for 7 days and the number of cfu was evaluated. Data from
seedlings that showed contamination after surface sterilization
were excluded from further analysis.

2.4 "N foliar dilution analysis and seedling growth
response

For '°N foliar dilution analysis, 5 corn seedlings of each treat-
ment were harvested destructively 3 months after inoculation.
Oven dried foliage of each seedling from each treatment was
ground to a particle size <2 mm using a mortar-pestle, mixed
thoroughly and a 1 mg sample was sent to the Stable Isotope
Facility in the Department of Forest and Conservation
Sciences, Faculty of Forestry, University of British
Columbia for determination of foliar N content and atom %
>N excess. The amount of fixed N in foliage was estimated by
calculating the percent N derived from the atmosphere
(%Ndfa) (Rennie et al. 1978):

% Ndfa = [1 - {atom %N excess (inoculated plant) /

atom %'°N excess (control plant)}] x 100

To evaluate seedling growth response, 5 corn seedlings from
each treatment were harvested destructively 3 months after inoc-
ulation, and separated into roots and shoots. Shoot and root length
of each seedling was then measured. Stem, leaves and roots of
each seedling were then oven dried at 65 °C for 48 h before being
weighed to evaluate dry weight of plant material.

2.5 Statistical analysis

A completely randomized experimental design with 15
replicates per treatment was used to assess the treatment
effects of bacteria on growth of corn seedlings. Analysis
of variance (ANOVA) was performed to determine treat-
ment effects on atom % '°N excess, foliar N content,
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shoot, root and seedling dry weight, and shoot, root and
seedling length. To test whether there are differences
among the three treatments, F-test was performed and
to check for difference between pairs of treatments we
used r-test. The statistical package, SAS v9.4 (Copyright
© 2013, SAS Institute Inc., Cary, NC, USA), was used
to perform statistical analyses. The confidence level, «,
was set to 0.05 to determine the significance of the
model and treatment effects.

3 Results
3.1 Endophytic and rhizospheric colonization

P polymyxa strain P2b-2R and P2b-2Rgfp colonized in-
ternal tissues of corn roots with population densities of
2.11x10° cfu/g fresh weight and 7.52x 10° cfu/g fresh
weight, respectively. Endophytic colonization of stem
tissues by P2b-2R and P2b-2Rgfp was also observed
with population densities of 2.34x10° cfu/g fresh
weight and 5.67x 10% cfu/g fresh weight. P2b-2R and
P2b-2Rgfp colonized the corn rhizosphere with popula-
tion densities of 3.20x10° cfu/g dry root and
9.31x10° cfu/g dry root, respectively. No evidence of
rhizospheric or endophytic colonization was found in
control plants.

3.2 Seedling growth response and N-fixation

Seedling growth (length and biomass) was promoted
significantly by inoculation with P2b-2Rgfp or P2b-2R
in comparison to control plants. Seedlings inoculated
with P2b-2Rgfp were 68 % longer than controls
3 months after inoculation (Fig. 1; Table 2). Similarly,
P2b-2R inoculation led to the enhancement of seedling
length by 52 % (Fig. 1; Table 2). P2b-2Rgfp inoculation
promoted seedling dry weight (biomass) by 67 % as
compared to the controls after 3 months of inoculation
(Fig. 2; Table 2). P2b-2R inoculation also increased the
seedling biomass by 53 % as compared to the controls
(Fig. 2; Table 2). It is important to mention that root
dry weight of P2b-2Rgfp inoculated seedlings was near-
ly 90 % greater than the controls and 24 % greater than
P2b-2R inoculated seedlings (statistically significant).
Although there was an 11 % difference in seedling
length and 9 % difference in seedling biomass between
P2b-2Rgfp and P2b-2R inoculated seedlings, these were
not statistically significant (Table 2).

Based on percent foliar '°N atom excess data, corn seed-
lings inoculated with P2b-2Rgfp were found to derive 32 % of
foliar N from the atmosphere after 3 months of inoculation
(Table 1). Similarly, P2b-2R inoculated seedlings derived
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Fig. 1 Root length, shoot length and seedling length (means and
standard errors; n=35 seedlings per treatment) of corn seedlings
inoculated with either P. polymyxa P2b-2R or its GFP-tagged
derivative, P2b-2Rgfp, harvested 3 months after inoculation. Seedling
length was the sum of shoot length and root length measurements.
2P <0.05 (significantly different from control)

30 % of foliar N from the atmosphere (Table 1). Foliar N
content of seedlings inoculated with P2b-2Rgfp was 31 %
higher than the control after 3 months of inoculation
(Table 1; Table 2). In a similar way, P2b-2R inoculated seed-
lings had 27 % higher foliar N than the control (Table 1;
Table 2). There was no statistically significant difference in
foliar N content and atom %'°N excess in foliage values be-
tween P2b-2Rgfp inoculated seedlings and P2b-2R inoculated
seedlings.

4 Discussion
Since, corn tissues produced high autofluorescence when

viewed under confocal laser microscope and the emissivity
of GFP was low, we were not able to detect endophytic
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Fig. 2 Root dry weight, shoot dry weight and seedling dry weight
(means and standard errors; n=35 seedlings per treatment) of corn
seedlings inoculated with either P. polymyxa P2b-2R or its GFP-tagged
derivative, P2b-2Rgfp, harvested 3 months after inoculation. Seedling dry
weight was the sum of shoot dry weight and root dry weight
measurements. °P<0.05 (significantly different from control); P <0.05
(significantly different from P2b-2R)



Growth promotion and N-fixation in corn

Table 1  Atom percent '°N excess in foliage, percent foliar N and
percent N derived from the atmosphere (%Ndfa), developed from corn
seeds inoculated with P. polymyxa strain P2b-2R and its GFP-tagged
derivative, P2b-2Rgfp, measured 3 months after inoculation

Treatment Atom %'°N excess in foliage ~ %Foliar N %Ndfa
P2b-2Rgfp  0.43*+0.01* 0.58*+0.04  32.19
P2b-2R 0.44*£0.01 0.56¥+0.02  30.19
Control 0.64+0.01 0.44+0.02 -

*P<0.05 (significantly different from control)
Mean + standard error; n=35 for atom %> N excess and %Foliar N

colonies of GFP tagged P. polymyxa P2b-2R by confocal laser
microscope. So, we used direct plating technique of surface-
sterilized tissue extracts on CCM, which is a selective growth
medium. P. polymyxa P2b-2R and its GFP tagged derivative,
P2b-2Rgfp, formed consistent endophytic populations in corn
roots and stem confirming that the growth promotion detected
in the inoculated seedlings was bacteria driven. The endophyt-
ic population size of P2b-2R and P2b-2Rgfp in corn roots was
comparable to those in some previous reports (Puri et al. 2015,
2016; Padda et al. 2015). Puri et al. (2015) reported that P,
polymyxa P2b-2R is not able to form endophytic colonies
inside stem tissues of corn in earlier stages of plant develop-
ment (10-30 days after sowing). But, after 3 months of sow-
ing and inoculation, we were able to detect endophytic

Table 2 Percent differences of various growth parameters between
different treatment combinations, developed from corn seeds inoculated
with P. polymyxa strain P2b-2R and its GFP-tagged derivative P2b-2Rgfp
measured 3 months after inoculation

% Difference % Difference % Difference

between between between
P2b-2Rgfp P2b-2R and P2b-2Rgfp
and control” control® and P2b-2R°®
Root length 66.86 51.63 10.04
Shoot length 70.57 52.42 11.91
Seedling length 68.35 51.94 10.80
Root dry weight 89.07 52.76 23.77
Shoot dry weight 59.73 52.70 4.60
Seedling dry weight ~ 66.90 52.72 9.29
Foliar N 31.82 2727 3.57

# Percent difference = {(growth parameter of P2b-2Rgfp treated seedlings
— growth parameter of control seedlings) / growth parameter of control
seedlings} x 100 %

® Percent difference = {(growth parameter of P2b-2R treated seedlings —
growth parameter of control seedlings) / growth parameter of control
seedlings} x 100 %

¢ Percent difference = {(growth parameter of P2b-2Rgfp treated seedlings
— growth parameter of P2b-2R treated seedlings) / growth parameter of
P2b-2R treated seedlings} x 100 %

colonies of both P2b-2R and P2b-2Rgfp in stem tissues of
corn. This clearly indicates that these bacterial strains might
take some time to colonize and form a detectable population
size inside stem tissues, which means that the growth promo-
tion and N-fixation achieved in the earlier stages of plant
growth is mainly due to the action of rhizospheric P2b-2R
and endophytic P2b-2R in root tissues. Strains P2b-2R and
P2b-2Rgfp were also present in the rhizosphere of corn seed-
lings 3 months after inoculation and the population size was
comparable to other studies reported about this bacterial strain
(Anand et al. 2013; Puri et al. 2015, 2016). Thus, it can be
concluded that P. polymyxa P2b-2R and its GFP-tagged deriv-
ative are able to survive inside and outside the corn plant
throughout its life cycle.

Based on the differences in seedling length and biomass,
we found that our endophyte P. polymyxa P2b-2R and its
GFP-tagged derivative promote the overall growth of corn
plant. P. polymyxa is well known for its plant growth promot-
ing characteristics, viz., producing hydrolytic enzymes
(Nielsen and Serensen 1997) and bio-films (Timmusk et al.
2005; Haggag and Timmusk 2008) to antagonize pathogenic
soil organisms; producing phytohormones like cytokinins
(Timmusk et al. 1999), gibberlins (Lal and Tabacchioni
2009) and auxin-related compounds such as indole-3-acetic
acid (IAA) (Lebuhn et al. 1997); fixing atmospheric N
(Anand et al. 2013; Puri et al. 2015, 2016); solubilizing phos-
phorous in soil (Cakmakgi et al. 2006); mitigating negative
effects of drought stress in plants (Figueiredo et al. 2008);
increasing soil porosity (Gouzou et al. 1993). As opposed to
the concerns reported by Weyens et al. (2012) that GFP-
tagging of an endophyte could reduce its ability to promote
plant growth by suppressing the colonization capacity and
growth promoting traits, we didn’t observe any reduction in
growth promoting ability of P. polymyxa P2b-2R after tagging
it with GFP. Padda (2015) reported that GFP tagging of
P. polymyxa P2b-2R increased its ability to promote corn plant
growth at earlier stages of plant development, but our results
suggest that such enhancement is short term and would dimin-
ish as the plant grows and progresses in its life cycle.

Although P. polymyxa possess several traits that can result
in plant growth promotion, results from our foliar '°N dilution
assay suggest that this growth promotion might have been
caused by an increase in the amount of N derived from the
atmosphere. As corn is an N demanding crop, reliability on
biological N-fixation increases when it is grown under N-
limited conditions. Significant foliar '°N dilution has been
observed previously and is thought to be due to a compensa-
tory mechanism where less N is taken up from soil when fixed
N is accumulated by the plant due to the N-fixing bacterial
colonization (Anand et al. 2013; Anand and Chanway 2013b;
Bal and Chanway 2012a, b). Since it has been reported that
P. polymyxa P2b-2R and its GFP-tagged derivative can fix N
when inoculated into corn during earlier stages (10—40 days
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after sowing) of plant growth (Padda 2015; Puri et al. 2015),
our results indicate that these bacterial strains keep on fulfill-
ing the plant N requirements through biological N-fixation till
the later stages of corn plant’s life cycle. Increasing reliance
on biological N-fixation with seedling age and concom-
itant decreasing dependence on soil N has been ob-
served previously in sugarcane, where %Ndfa rose from
6 to 55 % during the interval of 100-250 days after
emergence (Urquiaga et al. 1992).

To conclude, our results demonstrate that growth promo-
tion and N-fixation characteristics of P. polymyxa P2b-2R and
its GFP-tagged derivative benefit the corn plant throughout its
life. More than 50 % increase in seedling length and biomass
after 3 months of inoculation is considerable and shows that
growth promotion is not limited to the earlier stages of plant
development (Puri et al. 2015). In hopes to limit the detrimen-
tal effects of chemical fertilizers, the use of this plant growth
promoting endophyte could pose a better option to act as
biofertilizer, thus aiding sustainable agriculture with minimum
impacts on the environment. Another main conclusion from
this study is that the positive effect of GFP-tagging of
P. polymyxa P2b-2R reported (Padda 2015) is only limited
to earlier stages of corn plant growth and diminishes near
the end of its life cycle.
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