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Abstract

Aims The Sub-Boreal Pine-Spruce xeric-cold (SBPSxc)
biogeoclimatic region in British Columbia, Canada is
characterized by weakly-developed soils, thin organic
forest floor and limited plant-available nitrogen. Yet,
lodgepole pine trees are thriving in this region unaffect-
ed by these nitrogen-limitations, which led us to hypoth-
esize that endophytic nitrogen-fixing bacteria could be
playing a potential role in sustaining pine tree growth.
Methods We evaluated these endophytes in a yearlong
greenhouse experiment with their native host (lodgepole
pine) for in planta nitrogen-fixation ("°N isotope dilu-
tion assay) and growth-promotion (length and biomass).
These endophytes were also evaluated with a foreign
host native to the SBPSxc region (hybrid white spruce)
in another yearlong greenhouse trial.

Results Each bacterial strain considerably enhanced
seedling length and biomass of pine and spruce along
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with fixing significant amount of nitrogen from atmo-
sphere (15-50%). Notably, Caballeronia sordidicola
HP-S1r strain fixed 49-50% of the host nitrogen from
atmosphere and enhanced seedling length and biomass
by up to 1.5-fold and 4-fold, respectively.

Conclusions Endophytic bacteria could be playing a
crucial role in the survival of lodgepole pine trees in
the SBPSxc region by providing them with significant
amounts of fixed nitrogen. Their effectiveness with a
foreign host (hybrid white spruce) shows the lack of
plant x microbe specificity, indicating their potential
role in supporting the growth of multiple boreal forest
trees.

Keywords Lodgepole pine - Endophyte - Diazotroph -
Pinus - Picea - Biological nitrogen fixation

Introduction

Lodgepole pine (Pinus contorta var. latifolia) is
regarded as a ubiquitous species in Western North
America with an extensive ecological amplitude. It has
one of the widest ranges of environmental tolerance
among any coniferous species in North America since
it thrives on an array of soil, moisture and topographical
conditions (Lotan and Critchfield 1996). It is unique
among conifer species in its ability to thrive on
nutrient-poor and fire-affected sites that are severely
limited in nitrogen (N) (Weetman et al. 1988).
Lodgepole pine stands can be found on rough and rocky
terrain as well as steep slopes and ridges, including bare
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gravel that contain very minimal amounts of plant-
essential nutrients, particularly N (Chapman and Paul
2012).

British Columbia (BC), Canada has some of the most
diverse terrestrial ecosystems in North America and is
divided into 14 biogeoclimatic zones (Pojar and
Meidinger 1991). The Sub-Boreal Pine-Spruce (SBPS)
biogeoclimatic zone is a montane region that lies in the
central interior of BC. One of the subzones of SPBS —
xeric cold (xc) — is an extremely cold and dry region
because of its position in the rain-shadow of the Coast
Mountains, which has resulted in thin and weakly de-
veloped soils comprised of mostly sand or sandy loam
texture (Puri et al. 2018a). The organic forest floor is
either very thin or completely absent on these soils due
to frequent wildfire activity (Steen and Coupé 1997). In
addition, analyses of various physico-chemical soil
properties such as pH, C:N ratio, cation exchange ca-
pacity, base saturation, organic matter, texture and bulk
density have revealed that soil health at various sites in
this subzone is relatively poor (Puri et al. 2018a). These
soils lack several essential macro- and micro-nutrients
and, most importantly, they are poor in available as well
as mineralizable N. Lodgepole pine are the most com-
mon forest stands in this region, which aligns with the
ability of this tree species to grow on highly disturbed
sites. But the fundamental question is, how can
lodgepole pine thrive on such nutrient-poor, N-limited
soils of this region?

Since soil N is scarce in the SBPSxc subzone, N-
fixing bacteria (diazotrophs) can be viewed as an im-
portant pathway by which lodgepole pine trees could be
fulfilling their N-requirements. Although associative N-
fixation in the rhizosphere is widely recognized for
plants, rhizospheric N-fixation in lodgepole pine has
been reported to be insignificant (Chanway and Holl
1991). In addition, the harsh environmental and soil
conditions in this region may not be suitable for
rhizospheric diazotrophs (Chapman and Paul 2012).
Interestingly, potential diazotrophs have been observed
inside the tubercles of a tuberculate ectomycorrhizae
species (Suillus tomentosus), but neither their N-
fixation marker gene (nifH) was successfully identified
nor their ecological role was demonstrated in planta
(Paul et al. 2007, 2013). Endophytic diazotrophs (N-
fixing bacteria living inside the plant tissues) could
provide a crucial source of N for lodgepole pine trees
in this region since they are thought to be better
protected from abiotic and biotic stresses inside the
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tissues (Chanway et al. 2014). In growth chamber ex-
periments, an endophytic diazotrophic strain,
Paenibacillus polymyxa P2b-2R, isolated from SBPSdc
subzone showed significant potential in promoting
growth and fulfilling the N-requirements of lodgepole
pine seedlings (Anand et al. 2013; Padda et al. 2017b).
In addition, endophytic diazotrophs have been speculat-
ed to provide significant amounts of fixed N to limber
pine (Pinus flexilis) and Engelmann spruce (Picea
engelmannii) trees growing in a subalpine forest in
Colorado, USA (Carrell and Frank 2014; Moyes et al.
2016). These studies led us to hypothesize that
lodgepole pine trees growing in this SBPSxc subzone
harbour endophytic diazotrophs in their internal tissues,
which have the potential to provide pine trees with
significant amounts of fixed N from the atmosphere.

We previously isolated endophytic bacteria from
lodgepole pine trees growing at two different sites in
the SBPSxc subzone (52°00'04.2" N, 124°59'44.7" W
and 52°00'09.1” N, 124°59'25.2" W) and tested their
ability to fix N by using an acetylene reduction assay
(ARA) (Puri et al. 2018a). We isolated 48 endophytic
bacteria on N-free culture media, of which 23 bacteria
showed positive nitrogenase activity in an ARA (Puri
etal. 2018a). In an effort to understand the potential role
of these endophytic diazotrophs in fulfilling the N-
requirements of lodgepole pine trees and sustaining their
growth on N-limited soils, we selected six endophytic
diazotrophic strains for this study (Table 1) that showed
the best performance in ARA, i.e. they converted
highest amounts of acetylene to ethylene (Puri et al.
2018a). In this study, we examined these strains in a
yearlong greenhouse experiment by inoculating each
strain into lodgepole pine. In an additional greenhouse
experiment, we tested each of these strains with another
tree species native to the SBPSxc subzone — hybrid
white spruce (Picea glauca x engelmannii). The motive
behind testing these strains with another host was to
observe their plant x microbe specificity and ecological
functioning in a different plant niche.

This study is part of an ongoing research into explor-
ing the natural ecological association and plant x mi-
crobe specificity of endophytes to support tree
(lodgepole pine and hybrid white spruce) growth at
highly disturbed and nutrient-poor sites. In other studies,
endophytic N-fixing bacteria have been isolated from
hybrid white spruce trees growing in this SBPSxc region
and evaluated for their ability to fix N and promote the
growth of spruce and pine trees (Puri et al. 2018a,
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2020a). In contrast to previous suggestions regarding
how specific the endophyte x tree species association
could be (O’Neill et al. 1992; James and Olivares 1998;
Shishido et al. 1995; Chanway et al. 2000), no evidence
of such plant x microbe specificity was observed in
these studies.

In this study, our primary objective was to evaluate
pine endophytes for their potential to form beneficial
associations with lodgepole pine and hybrid white
spruce trees and support their growth under extremely
N-poor conditions by supplementing their N-
requirements through biological N-fixation. The specif-
ic objectives of this study were: (i) to evaluate if each of
the selected endophytic diazotrophic strains can colo-
nize the internal tissues of lodgepole pine (native host)
and hybrid white spruce (foreign host) following inoc-
ulation; (ii) to quantify the proportion of N-requirements
of pine and spruce fulfilled by each strain; and (iii) to
determine the potential of each strain to enhance pine
and spruce seedling growth (biomass and length) upon
in planta inoculation.

Materials and methods
Antibiotic-resistant derivative strains

Six strains originating from internal root, stem and
needle tissues of lodgepole pine trees growing at high-
ly-disturbed, nutrient-poor sites of the West Chilcotin
region in BC were used in this study. These strains
reduced the highest amounts of acetylene to ethylene
in an ARA (Puri et al. 2018a), indicating the possibility
of high in planta nitrogenase enzyme activity. We de-
rived antibiotic-resistant mutants of these strains so that
endophytic colonies formed by each strain after inocu-
lation into lodgepole pine and hybrid white spruce seed-
lings could be quantified in the greenhouse experiments.
The antibiotic-resistant derivative of each strain was
raised (Table 1) by streaking multiple times on N-free
combined carbon medium (CCM) agar amended with
the antibiotic rifamycin (200 mg/L) (Bal and Chanway
2012). The antibiotic-resistant strains were stored in
CCM amended with 200 mg/L rifamycin and 20% (v/
v) glycerol at =80 °C until further evaluation. To con-
firm the N-fixing ability of the antibiotic-resistant deriv-
ative strains, we analyzed their nitrogenase enzyme
activity using ARA as outlined by Puri et al. (2018a).

Greenhouse trials

We conducted two separate yearlong greenhouse
growth trials — the first involving the inoculation
of each selected strain into lodgepole pine (native
host) and the second involving the inoculation into
hybrid white spruce (foreign host). Therefore, six
bacteria-inoculated and one non-inoculated control
treatments were evaluated in each growth trial. Ac-
quisition, pre-treatment and inoculation of seeds and
greenhouse growth conditions have been described
elsewhere (Puri et al. 2020a). Briefly, lodgepole
pine and hybrid white spruce seeds were acquired
from the BC Ministry of Forests Tree Seed Centre,
Surrey, BC. Seeds were surface sterilized and stored
at 4 °C for 28 days for stratification. Seed stratifi-
cation is done to simulate the natural environmental
conditions (cold temperature and high moisture) that
seeds must experience for several weeks to break
dormancy. The combination of cold and moist con-
ditions triggers biochemical changes which trans-
form complex food substances into simpler forms
that are utilized by the embryo when it germinates
(Willan 1986; Kolotelo et al. 2001). The absence of
internal seed contamination by any of the selected
bacterial strains prior to inoculation was confirmed
after the stratification period as previously described
(Puri et al. 2020a). It was assumed that all seeds
used in this study harbour similar communities of
endophytic bacteria, therefore any effects would be
similar in all treatments. Seedlings were grown in
Ray Leach Cone-tainers (height: 210 mm; diameter:
38 mm) filled to two-third capacity with an
autoclaved soil media (69% w/w silica sand; 29%
w/w Turface; 2% w/w CaCQOj3) and fertilized with
20 mL of a nutrient solution (Puri et al. 2015). Three
surface-sterilized seeds were sown aseptically into
each Cone-tainer. A bacterial suspension (5 mL) of
each strain (10° cfu/mL) was pipetted directly over
the seeds in each Cone-tainer designated for that
strain. Non-inoculated control seeds received 5 mL
of sterile PBS without any bacteria in each trial.
Seventy replicate seedlings were used per treatment
per tree species for various analyses. The Cone-
tainers were placed in the University of British Co-
lumbia Plant Care Services’ greenhouse with photo-
synthetically active radiation at the canopy level of
at least 300 pumol/m?/s during a 16 h photoperiod
(6 am to 10 pm). Two weeks after sowing, seedlings
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Table 1 Nitrogen-fixing endophytic bacterial strains selected
from Puri et al. (2018a) and their antibiotic-resistant derivatives
along with the assessment of their nitrogen-fixing ability

demonstrated via acetylene reduction activity. Acetylene reduction
activity has been expressed as nanomoles of ethylene produced per
mL of culture tube headspace (mean + standard error; n = 3)

Bacterial species Strain Antibiotic-resistant strain Acetylene reduction activity (nmol C,H,/mL)
Caballeronia sordidicola HP-S1 HP-SIr 2.7 +£0.10
Pseudomonas frederiksbergensis HP-N1 HP-N1r 1.5+0.21
Phyllobacterium myrsinacearum HP-R1 HP-RIr 14 +0.14
Pseudomonas mandelii LP-S1 LP-SIr 1.0 £ 0.09
Paraburkholderia phytofirmans LP-R1 LP-R1r 22+0.25
Caballeronia udeis LP-R2 LP-R2r 1.9 +0.03

were thinned to the largest single germinant per
Cone-tainer. Seedlings received 20 mL of the nutri-
ent solution without Ca('>°NO;), once per month and
were watered as required.

Evaluation of endophytic and rhizospheric coloniza-
tion by each bacterial strain, seedling length and bio-
mass and foliar '°N analysis was performed for
lodgepole pine and hybrid white spruce seedlings ac-
cording to Puri et al. (2020a). Five seedlings per treat-
ment were harvested each to evaluate internal tissue
colonization and rhizospheric colonization 4, 8 and
12 months after sowing. For internal tissue colonization,
seedlings were surface sterilized and a sample each of
root, stem and needle tissue was triturated separately.
Subsequently, serial dilutions were performed and plat-
ed onto CCM agar amended with cycloheximide
(100 mg/L) to inhibit fungal growth and rifamycin
(200 mg/L) to select for inoculum bacteria. The number
of colonies formed by each strain (cfu) was evaluated a
week after incubation at 30 °C. For rhizospheric coloni-
zation, roots were separated from shoots and gently
shaken to remove loosely adhering soil media. Roots
were then placed in sterile Falcon tubes (50 mL; BD
Bioscience, CA) containing 10 mL of sterile PBS and
vortexed for 1 min at 1000 rpm. Serial dilutions were
performed, and 0.1 mL of each dilution was plated on
CCM amended with cycloheximide (100 mg/L) and
rifamycin (200 mg/L). Root dry weight was measured
after oven-drying at 65 °C for 2 days. The number of
colonies formed by each strain was evaluated a week
after incubation at 30 °C. Rhizospheric populations
were calculated as cfu/g of dry root tissue. Ten
lodgepole pine and 10 hybrid white spruce seedlings
per treatment were harvested destructively 4, 8 and
12 months after sowing to evaluate seedling growth
(length and biomass). For foliar '°N analysis, 10 pine
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and 10 spruce seedlings were randomly selected from
each treatment 12 months after sowing. Needles of each
selected seedling were oven-dried and ground to a par-
ticle size <2 mm and a 2.5 mg sample of ground foliage
of each seedling was sent to the Stable Isotope Facility
in the Faculty of Forestry, University of British Colum-
bia, Vancouver, Canada to determine the % foliar N
content and atom % '°N excess in foliage. The amount
of fixed N accumulated in the foliage of each bacteria-
inoculated seedling was estimated (Rennie et al. 1978)
by calculating the percent N derived from the atmo-
sphere (%Ndfa)= {atom % '°N excess (control plant)
—atom % "°N excess (inoculated plant)} + atom % '°N
excess (control plant).

Statistical analyses

Statistical analysis of each greenhouse growth trial was
performed separately. To evaluate the treatment effects
of each bacterial strain on the growth of seedlings in
each growth trial, a completely randomized experimen-
tal design with 70 replicates per treatment was used. The
statistical package, SAS University Edition (SAS Insti-
tute Inc., Cary, NC, USA), was used to perform statis-
tical analyses. Analysis of variance (ANOVA) was done
(F-test and Student’s t test) to determine significant
differences between treatment means for seedling
length, seedling biomass, atom % '°N excess in foliage
and % foliar N. The confidence level, «, was set to 0.05.

Results

All antibiotic-resistant derivative strains successfully
reduced acetylene to ethylene in ARA, producing 1.0
to 2.7 nmol of ethylene per mL capacity of the vial
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(Table 1). When each strain was inoculated into their
native host (lodgepole pine) and foreign host (hybrid
white spruce) in the yearlong greenhouse trial, it was
observed that all strains were able to derive significant
amounts of N from the atmosphere and provide it to
their host. This was evident from the considerably lower
atom % '°N excess values for inoculated seedlings as
compared to the controls (Tables 2). In particular, seed-
lings inoculated with strains HP-S1r and LP-R2r had
significantly lower atom % '°N excess in foliage than
other bacterial treatments. These strains fulfilled 46—
50% of the N requirement of both pine and spruce
seedlings from the atmosphere (Table 2). The N content
(%) 1n foliar tissues of pine and spruce seedlings inoc-
ulated with these strains was also significantly higher
than controls and other bacterial treatments (Table 2).
Notably, HP-S1r-inoculated pine and spruce seedlings
had accumulated 73% and 56% higher N in their fo-
liage, respectively, as compared to the control seedlings.

Apart from fixing N, all six bacterial strains success-
fully promoted seedling length and biomass of
lodgepole pine and hybrid white spruce seedlings
(Supplementary Figs. 1 and 2). At the 4-month harvest,
pine seedling length of HP-S1r, LP-S1r, LP-R1r and
LP-R2r treatments was significantly greater than con-
trol, HP-N1r and HP-R1r treatments (Fig. 1a). However,
at the 8- and 12-month harvest, all six bacterial treat-
ments were significantly better than the control treat-
ment in terms of pine seedling length (Fig. 1a). For all
treatments, the increase in pine seedling length through-
out the growth trial, i.e. from 4- to 12- month harvest,

Table 2 Percent foliar N (mean + standard error), atom percent
5N excess in foliage (mean + standard error), and percent N
derived from the atmosphere (% Ndfa) of lodgepole pine and
hybrid white spruce seedlings treated with six endophytic
diazotrophic strains and a non-inoculated control, measured

was similar (1.2—1.4 fold increase). With regard to pine
seedling biomass, strains HP-S1r, LP-S1r and LP-R2r
very effectively increased the biomass as compared to
the control and all other bacterial treatments at the 4- and
8-month harvests (Fig. 1b). Similar to seedling length,
all bacteria-inoculated pine seedlings had accumulated
significantly higher biomass (> 100%) than controls at
the end of the growth trial (12 months) (Fig. 1b). The
seedling biomass of all bacteria-inoculated pine seed-
lings increased during the growth trial, with more than
2-fold increase observed for HP-S1r, LP-R1r and LP-
R2r treatments. Notably, inoculation with strain HP-S1r
increased pine seedling length by 53% and biomass by
278% as compared to the control. Additionally, strain
LP-R2r also performed considerably well by increasing
length and biomass of pine seedlings by 40% and 200%,
respectively, in comparison to the control. The ratio of
root to shoot length was similar for all treatments (~3:1)
at each harvest (Fig. 2a). In addition, no considerable
variations were observed between treatments for root to
shoot biomass ratio (~1:1) at all harvest intervals (Fig.
2a).

In the case of spruce seedlings, all bacterial treat-
ments except LP-S1r significantly increased the seed-
ling length as compared to the control (> 30%) at the
4-month harvest (Fig. 3a). Later in the growth trial,
all bacteria-inoculated spruce seedlings were signifi-
cantly longer than the controls at the 8- and 12-month
harvests (Fig. 3a). Particularly, strain LP-R2r had
increased seedling length by nearly 50% in compar-
ison to the control at the end of the growth trial.

12 months after sowing. Percent foliar N and atom percent '°N
excess in foliage values are mean + standard error (n=10 seed-
lings per treatment). Values followed by different letters are sig-
nificantly different at P < 0.05

Treatment Lodgepole Pine Hybrid White Spruce
% Foliar N Atom % °N % Ndfa % Foliar N Atom % °N % Ndfa
excess in foliage excess in foliage

C. sordidicola HP-S1r 1.09 £ 0.05° 0.39 + 0.03¢ 50 0.98 + 0.04° 0.35 + 0.03¢ 49
P. frederiksbergensis HP-N1r ~ 0.62 + 0.02° 0.64 + 0.02° 18 0.60 + 0.03" 0.58 + 0.02° 15
P. myrsinacearum HP-R1r 0.65 + 0.04° 0.52 +0.01* 34 0.61 + 0.04° 0.53 £ 0.01* 23
P. mandelii LP-S1r 0.71 £0.02®*  0.54+0.01° 31 0.72 £ 002 047 £0.02° 32
P. phytofirmans LP-R1r 0.62 = 0.01° 0.58 + 0.02° 26 0.72 £ 0.03®  0.50 + 0.02™ 27
C. udeis LP-R2r 0.82 + 0.04° 0.42 + 0.03¢ 46 0.80 + 0.03° 0.36 = 0.02¢ 48
Control 0.63 + 0.03* 0.78 + 0.03* - 0.59 + 0.02° 0.69 + 0.01° -
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Fig. 1 (a) Length and (b) biomass of lodgepole pine seedlings
subjected to six bacterial treatments and a non-inoculated control
treatment, determined 4, 8§ and 12 months after sowing and

Similar to pine, the increase in spruce seedling length
was fairly alike for all treatments (1.2—1.4 fold) be-
tween 4- and 12-month growth period. All bacterial
treatments accumulated significantly greater biomass
(nearly 100%) than control in spruce seedlings at the
4-month harvest (Fig. 3b). Whereas at the 8-month
harvest, only HP-S1r, LP-S1r and LP-R1r and LP-
R2r treatments had significantly higher biomass than
control (Fig. 3b), with LP-R2r-inoculated spruce
seedlings acquiring 175% more biomass than con-
trols. At the last harvest, all bacteria-inoculated
spruce seedlings were significantly greater than con-
trols in terms of biomass (Fig. 3b). Spruce seedling
biomass increased by 1.6-2.7 fold during the growth
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inoculation (means and standard errors; n = 10 seedlings per treat-
ment). Error bars with different letters are significantly different
(P<0.05)

trial (from 4- and 12-month harvest), with largest
growth observed for HP-S1r and LP-R2r treated
seedlings. Notably, strains HP-S1r, LP-R1r and LP-
R2r increased spruce seedling biomass by >200% as
compared to the controls. For root to shoot biomass
ratio in spruce seedlings, a slight increase was ob-
served between harvest intervals for all treatments,
starting from ~0.8:1 and reaching ~1.2:1 by the end
(Fig. 2b). However, substantially higher root to shoot
length ratio was observed (~4:1) during the 4-month,
which further increased to ~6:1 by the end of the
growth trial for all treatments (Fig. 2b).

The significant plant-growth-promotion and N-
fixation observed for bacteria-inoculated pine and
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Fig. 2 Root to shoot ratio of length and biomass variables for (a)
lodgepole pine and (b) hybrid white spruce seedlings subjected to
six bacterial treatments and a non-inoculated control treatment,

spruce seedlings could be related to the colonization of
internal tissues by these bacterial strains. Although nee-
dle colonization was not observed by any of the six
strains for pine and spruce seedlings initially at the 4-
month harvest, colonization was observed for strains
HP-S1r and LP-R2r in both pine and spruce needle
tissues (pine — 10° to 10° cfu/g fresh tissue & spruce —
10% to 10° cfu/g fresh tissue) at the 8- and 12-month
harvests (Tables 3 and 4). Colonies of strain LP-RIr
were also observed in both pine and spruce needles at
the 12-month harvest, whereas strain HP-R1r was only
observed in pine needles at this harvest. All strains
successfully colonized the stem tissues of pine and
spruce seedlings at the 8- and 12-month harvests with
population densities ranging from 107 to 10° cfu/g fresh
tissue (Tables 3 and 4). Initially, at the 4-month harvest,
only three strains (HP-S1r, LP-S1r and LP-R2r) were

Lodgepole pine

= Harvest 1
= Harvest 2
® Harvest 3

HP-S1r HP-N1r HP-R1r LP-S1r LP-R1r LP-R2r Control [HP-S1r HP-N1r HP-R1r LP-S1r LP-R1r LP-R2r Control

Biomass

Hybrid white spruce

® Harvest 1
w Harvest 2
® Harvest 3

HP-S1r HP-N1r HP-R1r LP-S1r LP-R1r LP-R2r Control|[HP-S1r HP-N1r HP-R1r LP-S1r LP-R1r LP-R2r Control

Biomass

determined at three harvest intervals (4, 8 and 12 months after
sowing)

able to colonize pine stem tissues and two strains (HP-
Slr and LP-R2r) were able to colonize spruce stem
tissues. In the case of root tissues, endophytic coloniza-
tion was observed for each bacterial strain at all harvest
intervals in both pine and spruce seedlings with the
population densities ranging between 10* and 10° cfu/
g fresh tissue (Tables 3 and 4). Along with colonizing
the root tissues, each bacterial strain successfully colo-
nized the rhizosphere of pine and spruce seedlings at all
harvests, with population sizes of 10*°-10° cfu/g dry root
for pine and 10°~10° cfu/g dry root for spruce (Tables 3
and 4). Strains HP-S1r, LP-R1r and LP-R2r had colo-
nized the pine and spruce rhizosphere with highest
population densities (10° and 10° cfu/g dry root, respec-
tively) by the end of the growth trials. No evidence of
endophytic and rhizospheric colonization was observed
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Fig. 3 (a) Length and (b) biomass of hybrid white spruce
seedlings subjected to six bacterial treatments and a non-
inoculated control treatment, determined 4, 8 and 12 months after

in control seedlings of pine and spruce at any harvest
interval.

The endophytic colonization density (aggregated for
all tissue types) in pine seedlings during the growth trial
(from 4 to 12 months) increased for all bacterial treat-
ments (Table 3). The most prominent increase was
observed for strains HP-S1r and LP-R1r (78 and 40-
fold increase, respectively), whereas minimal increase
was observed for strains HP-N1r and HP-R1r. Similar
trends were observed for rhizospheric colonization in-
crease in pine seedlings (Table 3). For spruce seedlings,
endophytic and rhizospheric population densities in-
creased by 73 and 112 fold for strain HP-S1r and by
55 and 80 fold for strain LP-R2r, respectively, between
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sowing and inoculation (means and standard errors; n= 10 seed-
lings per treatment). Error bars with different letters are signifi-
cantly different (P < 0.05)

4- and 12-month harvests (Table 4). Comparatively,
slower population growth was observed for strains HP-
N1lr, HP-R1r and LP-S1r.

Discussion

Notwithstanding the poorly developed, nutrient poor
soils that characterize the SBPSxc biogeoclimatic region
in BC (Steen and Demarchi 1991; Puri et al. 2018a),
lodgepole pine forest stands thrive in this region. We
suspected that N-fixation by endophytic diazotrophs
could be one of the possible ways through which pine
trees are fulfilling their N-requirements (Puri et al.
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2018a). However, the crucial questions were: (i) how
much N can these endophytic diazotrophs provide to
lodgepole pine trees via biological N-fixation, and (ii) is
there a plant x microbe specificity in this association?

We selected six top-performing endophytic
diazotrophs — originally isolated from the internal tis-
sues of lodgepole pine trees growing in the SBPSxc
region — based on their nitrogenase enzyme activity
(Puri et al. 2018a). Antibiotic-resistant mutants of each
strain were derived in order to quantify the population
sizes of these endophytes in plant tissues and rhizo-
sphere (Table 1). Although previous reports suggest that
the spontaneous antibiotic-resistance mutation to
rifamycin has no effect on the nitrogenase activity of
endophytic bacteria (Shishido et al. 1995; Bal et al.
2012; Padda et al. 2018), to be sure, we evaluated the
antibiotic-resistant strains for nitrogenase enzyme activ-
ity using ARA (Table 1). Our results support the previ-
ous findings regarding the spontaneous mutation to
rifamycin resistance since the amount of ethylene pro-
duced in ARA by antibiotic-resistant strains was similar
to the wild-type strain reported previously by Puri et al.
(2018a).

Looking for further evidence to determine the pro-
portion of the N-requirement of plants fulfilled by these
strains via N-fixation, we used the '°N isotope dilution
method. The results of this assay revealed that each
endophytic diazotrophic strain fixed significant amounts
of N from the atmosphere to supplement the N-
requirements of pine and spruce seedlings (Table 2).
This method works on the principle that bacteria-
inoculated seedlings obtain fixed "*N from the atmo-
sphere, thereby resulting in diluted '°N levels in their
tissues as compared to the control seedlings (Hardarson
and Danso 1993; Puri et al. 2018b). This is clear from
the atom % '°N excess values observed for bacteria-
inoculated and control seedlings of pine and spruce
(Table 2). Irrespective of the plant host, Caballeronia
sordidicola HP-S1r and Caballeronia udeis LP-R2r
emerged as potent N-fixing bacteria as they fulfilled
46-50% of the N-requirements of pine and spruce seed-
lings through biological N-fixation. Certain tree endo-
phytes have shown similar abilities to fulfill such a
considerable proportion of N-requirements of their host
via N-fixation (Anand et al. 2013; Knoth et al. 2014;
Moyes et al. 2016). However, more rigorous testing
using "°N incorporation assay and non-nitrogenase mu-
tant strains should be conducted to confirm this ob-
served N-fixation by these strains. In addition, the nif

operon of these bacterial strains should be sequenced to
further verify their nitrogen-fixation ability. The con-
centration of N in the foliage of pine and spruce seed-
lings inoculated with these two strains was also signif-
icantly higher than the control seedlings (Table 2). Since
the seedling growth media was fertilized with a very
limited amount of N at the onset of the experiment, it is
reasonable to conclude that higher N concentration in
seedlings inoculated with strains HP-S1r and LP-R2r
was due to the accumulation of fixed N in their foliage
from endophytic diazotrophs. However, it is still unclear
how such endophytic diazotrophs provide fixed N to the
plant. Two possibilities are that (i) there could be an
active transfer of fixed N compounds from the bacteria
to the host plant, similar to the rhizobium-legume mod-
el, or (ii) bacteria fix N in planta for their own metabo-
lism and provide fixed N indirectly to the plant after they
die and decompose in the plant (Doty 2017; Puri et al.
2017a). If N-fixation is calculated on a per year basis,
C. sordidicola HP-S1r fixed 5.5 g of N per kg pine
tissues and 4.8 g of N per kg of spruce tissues while
C. udeis LP-R2r fixed 3.8 g of N per kg tissue for both
pine and spruce. If similar rates of N-fixation occur
under field conditions, fixed N from these bacteria could
constitute 50-60% of the total N uptake by lodgepole
pine trees in a fully stocked forest in the SBPS region of
BC (Kimmins et al. 1999; Anand 2010). This estimate is
reasonably close to the total N uptake reported for
lodgepole pine forests in south-eastern Wyoming,
USA (Fahey et al. 1985). Although these N-fixation
rates are generally lower than those fixed in the nodules
of leguminous plants, this N-accumulation pathway
could still be biologically significant for pine trees grow-
ing in the SBPSxc region due to the severely limited soil
N (Steen and Coupé 1997; Puri et al. 2018a). However,
complete accounting of the N cycle in these forest stands
should be performed to further explore the importance
of this endophytic N-fixation pathway.

The seedling length and biomass of lodgepole pine
and hybrid white spruce were evaluated thrice during
the greenhouse trials in order to track the growth of
inoculated and non-inoculated seedlings. Length and
biomass of pine and spruce seedlings increased with
time during the growth trial for all bacterial treatments
compared to the slower growing control seedlings, thus
indicating the growth promoting effects of bacterial
inoculation (Figs. 1 and 3). This could be attributed to
the limited N-source for control seedlings (i.e. soil N),
which likely depleted after the single small N
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application at the beginning of the growth trial. Howev-
er, bacteria-inoculated seedlings had access to an addi-
tional N-source (atmospheric N) as evidenced by the
results of the '°N isotope dilution assay. The length and
biomass of all bacteria-inoculated pine and spruce seed-
lings was significantly higher than control seedlings at
the end of the growth study (Figs. 1a and 3a). It is
notable to see that inoculation with each of the six
endophytic diazotrophic strains increased biomass accu-
mulation by >2-fold in both pine and spruce seedlings
(Figs. 1b and 3b). Such an increase in biomass accumu-
lation could be ascribed to the increased accessibility of
inoculated seedlings to fixed N from the atmosphere as
postulated in previous studies (Bal and Chanway 2012;
Knoth et al. 2014). However, endophytic diazotrophs
are also known for their ability to promote plant growth
through other mechanisms such as phytohormone mod-
ulation, phosphate solubilization, and increased access
to certain micronutrients like iron (Kandel et al. 2017,
Padda et al. 2017a; Yang et al. 2017). Therefore, it is
certainly important to study such mechanisms in the
future to further explain the growth promotion observed
for bacteria-inoculated pine and spruce seedlings. Re-
gardless of the mechanism(s) at work, our results, in-
cluding those of a previous study (Puri et al. 2020a),
clearly indicate that plant x microbe specificity is unim-
portant in endophytic diazotroph x tree species
interactions.

Depending on the physiology of a plant, the growth of
certain tissues could be more pronounced particularly at
different life stages. Comparing the growth of above-
ground and belowground tissues of pine and spruce seed-
lings, the ratio of root to shoot length was found to be
similar for all treatments (around 3:1) in pine seedlings for
the entire growth trial, but for spruce seedlings this ratio
increased from 4:1 to 6:1 during the growth trial for all
treatments (Fig. 2). Greater elongation of roots in compar-
ison to shoots in the early stages of growth and develop-
ment is a basic phenotypic trait of plants as they search for
nutrients and water supply in the soil media. Spruce is a
shade-tolerant species and invests more resources in ex-
tending its root network in the early stages of its life cycle
so that it can have an adequate supply of nutrients and
water for further growth (Valladares and Niinemets 2008;
Perry et al. 2008), which is consistent with the increasing
trend of root to shoot ratio observed between harvest
intervals in our study. In contrast, lodgepole pine is a
shade-intolerant species, with the inherent physiology to
ascend above the crown cover in order to get adequate
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light for growth (Lotan and Critchfield 1996; Perry et al.
2008; Axelson et al. 2010), which explains the greater rate
of stem elongation in comparison to spruce. In the case of
root to shoot biomass ratio, a constant trend (1:1) was
observed for all treatments throughout the growth trial for
both pine and spruce. This indicates that both tree species
accumulated similar biomass in their roots and shoots,
regardless of their lengths. Since stem tissues are primarily
composed of woody cells and the majority of nutrients are
stored in the needle tissues of conifers (Perry et al. 2008),
having greater biomass in a shorter shoot is logical. Over-
all, considering that no differences in root to shoot growth
were observed between bacteria-inoculated and non-
inoculated control seedlings, it can be suggested that bac-
terial inoculation might not cause any changes to the
fundamental phenotypic characteristics of pine and spruce
trees.

Among all bacterial treatments, C. sordidicola HP-
Slr, C. udeis LP-R2r and Paraburkholderia
phytofirmans LP-R1r enhanced the seedling length of
pine and spruce the most (35-53%) by the end of the
growth trials. Pine seedlings inoculated with
C. sordidicola HP-S1r accumulated 278% more bio-
mass than control at the end of the growth trial, which
was significantly higher than all other bacterial treat-
ments. This strain performed equally well in spruce by
accumulating 243% more biomass than the control by
the end of the growth trial. This strain increased the
biomass of both pine and spruce seedlings by more than
2.5-fold between 4- and 12-month harvests. Such con-
siderable increase in biomass accumulation could be
crucial to sustain tree growth, especially under adverse
conditions such as those found in the SBPSxc region.
Previous studies have suggested that C. sordidicola
strains possess multifarious plant-growth-promoting
traits such as phosphate solubilization, 1-
aminocyclopropane-1-carboxylate (ACC) deaminase
activity, siderophore production and N-fixation
(Palaniappan et al. 2010; Llado et al. 2014; Puri et al.
2020a, 2020b). Similarly, C. udeis LP-R2r increased the
biomass of pine and spruce seedlings by double or more
between the first and last harvest, leading to the accu-
mulation of 200% and 295% more biomass than control
in pine and spruce seedlings, respectively, by end of the
growth trial. Another noteworthy strain was
P. phytofirmans LP-R1r which increased the biomass
of pine and spruce by nearly 2-fold during the growth
study. P. phytofirmans species is widely-known, mainly
due to the endophytic strain PsJn, which was initially
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isolated from onion roots and later reported in numerous
studies to endophytically colonize and promote the
growth of diverse host species ranging from monocots
to dicots (reviewed by Puri et al. 2017b). It is important
to mention that both Caballeronia and
Paraburkholderia genera were previously part of the
plant-beneficial-environmental group of the
Burkholderia genus (Dobritsa and Samadpour 2016;
Sawana et al. 2014), which is rich in symbiotic and
associative N-fixing as well as plant-growth-promoting
bacteria (Estrada-De Los Santos et al. 2001).

Each of the six endophytic strains colonized one or
more internal tissues and the rhizosphere of pine and
spruce seedlings during the growth trial (Tables 3 and
4), indicating that survival and multiplication in biolog-
ically significant numbers is likely necessary for these
bacteria to perform N-fixation and provide growth-
promoting benefits to the host (Chanway et al. 2000;
Germaine et al. 2004; Padda et al. 2016a, 2016b). The
rhizospheric and endophytic bacterial populations ob-
served in pine and spruce for our strains are comparable
to previous studies where coniferous trees were artifi-
cially inoculated with endophytic bacteria (Shishido
etal. 1999; Tang et al. 2017; Yang et al. 2016). Though
all strains were able to colonize the internal root and
stem tissues of pine and spruce seedlings, needle colo-
nization was observed for certain strains only. This may
be explained by the following postulations — either the
plant drives the selection process regarding where cer-
tain endophytic bacteria would be harboured, or the
endophytic bacteria have a preference for certain plant
tissues types. However, neither of these hypotheses has
been proven, so it is not possible to conclude how and
why endophytic bacteria harbour certain plant tissues.
The endophytic and rhizospheric populations of all
strains in pine and spruce seedlings increased with time
during the greenhouse trials, with the largest increase
observed for C. sordidicola HP-S1r in both tree species
(~75-fold increase in endophytic and 52 to 112-fold
increase in rhizospheric), followed by P. phytofirmans
LP-R1r and C. udeis LP-R2r (Tables 3 and 4). The
increase in endophytic colonization was substantially
greater than the increase in rhizospheric colonization
for C. sordidicola HP-S1r and C. udeis LP-R2r in pine
seedlings, however, the opposite trend was observed in
spruce seedlings. This could be explained by the fact
that certain endophytic bacteria are niche-specific, pro-
liferating in niches more favourable to their growth.
Since these bacteria live naturally in association with

pine trees, their internal tissues may be a more condu-
cive niche for these bacteria to re-colonize (Shishido and
Chanway 2000; Chanway et al. 2000; Bal and Chanway
2012; Anand and Chanway 2013). Whether the strains
were slow or fast to colonize the internal tissues, the
total endophytic population of all strains in both pine
and spruce seedlings was greater than rhizospheric pop-
ulation at the end of the growth trial, clearly highlighting
their inherent endophytic nature. In addition, the N-
fixation and plant-growth-promotion effects of our
strains were similar in both tree species, indicating their
non-specific nature when it comes to providing benefits
to their host. Although it is tempting to speculate that
endophytic populations of our strains might be primarily
responsible for providing fixed N to pine and spruce
along with enhancing their overall growth in this study,
the role played by the rhizospheric populations cannot
be underestimated, particularly because of the fact that
rhizospheric N-fixation and plant-growth-promotion
have been reported more widely in the literature. There-
fore, future studies must be designed to determine
whether the plant-beneficial effect of these strains is
due to: (i) the rhizospheric population, (ii) the endophyt-
ic population, or (iii) a synergistic effect of both popu-
lations. In addition, endophytic and rhizospheric colo-
nization should also be ascertained through molecular
means including real-time qRT-PCR and 16S rRNA
gene sequencing to further confirm that the inoculated
strains were able to colonize pine and spruce seedlings.

Comparing the total population size (endophytic +
rhizospheric) of each bacterial strain with N-fixation and
plant-growth variables of pine and spruce at the end of the
greenhouse study, a very strong correlation (R*=0.92—
0.99) was observed with seedling biomass, a strong corre-
lation (R? = 0.82-0.88) was observed with seedling length
and a moderately-strong correlation (R? = 0.63-0.65) was
observed with %Ndfa (Fig. 4). These observations suggest
that plant colonization size of these bacterial strains may
have a direct role in the N-fixation and growth enhance-
ment of pine and spruce seedlings. Similar observations
have been reported in inoculation studies with interior
spruce, lodgepole pine and poplar (Shishido et al. 1995;
Germaine et al. 2004; Yang et al. 2016; Padda et al. 2019).
It should also be noted that the most aggressive plant
colonizers of pine and spruce — C. sordidicola HP-S1r,
P. phytofirmans LP-R1r and C. udeis LP-R2r — were also
the best N-fixers and plant-growth-promoters in the green-
house study (Fig. 4).
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Fig. 4 Correlation of total colonization (endophytic + rhizospheric) with length, biomass and nitrogen derived from atmosphere (%Ndfa)
for lodgepole pine and hybrid white spruce seedlings inoculated with six bacterial strains, one year after inoculation

In addition to lodgepole pine, Caballeronia
strains with potential N-fixing ability were also iso-
lated from stem and root tissues of hybrid white
spruce trees growing in the SBPSxc region (Puri
et al. 2018a), which suggests the possibility of the
widespread presence of the genus Caballeronia in
this region. In a similar study, a C. udeis strain
provided 36-39% of host nitrogen and a
C. sordidicola strain provided 52-56% of host ni-
trogen from atmosphere in spruce and pine while
significantly enhancing their length and biomass
(Puri et al. 2020a). The N-fixation and plant-
growth-promotion observed for C. sordidicola HP-
S1r and C. udeis LP-R2r inoculated pine and spruce
seedlings in this study provides further evidence that
the genus Caballeronia may play a significant role
in supporting the growth of lodgepole pine and
hybrid white spruce trees in the SBPSxc region.
Interestingly, the non-specific nature of
C. sordidicola and C. udeis strains observed in this
study and Puri et al. (2020a) has also been observed
in other endophytic diazotrophic strains isolated
from poplar, willow, lodgepole pine and western
red cedar trees (Doty et al. 2009; Bal et al. 2012),
as those strains have shown N-fixing capabilities not
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only in deciduous and coniferous trees but also in
agricultural crops (Knoth et al. 2014; Khan et al.
2015; Kandel et al. 2015; Puri et al. 2016a, 2016b).
This study as well as that of Puri et al. (2020a)
describe a series of experiments conducted by our
lab group to explore the ecological associations of
pine and spruce endophytes with their natural hosts
in the extremely N-poor SBPSxc region. From these
studies, we can conclude that N-fixation and plant-
growth-promotion by bacterial endophytes may play
a crucial role in sustaining the growth of trees in this
region. The lack of plant x microbe specificity ob-
served in this study and by Puri et al. (2020a)
suggests that plant growth promoting endophytic
diazotrophs could be generalists, which are able to
enhance the N content and growth of gymnosperms
naturally regenerating on nutrient poor soils in the
boreal forests of BC.
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