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Summary

! Coniferous forest nitrogen (N) budgets indicate unknown sources of N. A consistent associ-
ation between limber pine (Pinus flexilis) and potential N2-fixing acetic acid bacteria (AAB)
indicates that native foliar endophytes may supply subalpine forests with N.
! To assess whether the P. flexilis–AAB association is consistent across years, we re-sampled
P. flexilis twigs at Niwot Ridge, CO and characterized needle endophyte communities via 16S
rRNA Illumina sequencing. To investigate whether endophytes have access to foliar N2, we
incubated twigs with 13N2-enriched air and imaged radioisotope distribution in needles, the
first experiment of its kind using 13N. We used the acetylene reduction assay to test for nitro-
genase activity within P. flexilis twigs four times from June to September.
! We found evidence for N2 fixation in P. flexilis foliage. N2 diffused readily into needles and
nitrogenase activity was positive across sampling dates. We estimate that this association
could provide 6.8–13.6 lg Nm"2 d"1 to P. flexilis stands. AAB dominated the P. flexilis

needle endophyte community.
! We propose that foliar endophytes represent a low-cost, evolutionarily stable N2-fixing
strategy for long-lived conifers. This novel source of biological N2 fixation has fundamental
implications for understanding forest N budgets.

Introduction

Old-growth temperate and boreal coniferous forests accumulate
more nitrogen (N) in soil and vegetation than can be explained
by known sources of N, limiting our ability to understand and
predict carbon (C) and N cycling across 15% (Wade et al., 2003)
of Earth’s land surface (Dickson & Crocker, 1953; Richards &
Bevege, 1967; Son & Gover, 1992; Bormann et al., 1993, 2002;
Yang et al., 2011). While recently identified N input pathways
may contribute N to some high-latitude forests (e.g. N2 fixation
by cyanobacteria in feather moss (DeLuca et al., 2002) and
canopy lichens (Antoine, 2004), and weathering of N-rich
bedrock (Morford et al., 2011)), these sources are not universally
present. Woody actinorhizal species in the genus Alnus are
widespread in cool climates, but are usually restricted to early
succession in relatively wet habitats (Walker, 1993). Nodulated
shrubs – both actinorhizal and legumes – represent other poten-
tial sources of N within temperate zones; however, actinorhizal
genera such as Ceanothus, Shepherdia and Cercocarpus, as well as
the majority of herbaceous legumes, are primarily found in open

or recently disturbed areas (Schwintzer & Tjepkema, 1990; Ker-
shaw et al., 1998).

A resource-based evolutionary model predicts that N2-fixing
symbioses should evolve readily in old-growth temperate and
boreal forest trees, which have a long leaf lifespan, high N use
efficiency, and high litter recalcitrance (Menge et al., 2008).
However, beyond early forest succession, trees with N2-fixing
root nodules are rare or absent in these ecosystems (Vitousek
et al., 2002). This calls into question whether the traditional view
– that N2 fixation in association with plants depends on nodulat-
ing symbioses – captures the existing biodiversity of N2-fixing
mutualisms between bacteria and trees.

Awareness of the ubiquity and diversity of known N2-fixing
organisms has increased drastically in recent years, expanding the
recognized pathways for ecosystem acquisition of new N (Reed
et al., 2011; Vitousek et al., 2013). A relatively unexplored source
of N in natural ecosystems is N2 fixation by bacterial associates
colonizing the interior of plants or their ectomycorrhizal fungi.
N2 fixation by endophytic bacteria has been studied in crop
species (James, 2000; Reinhold-Hurek & Hurek, 2011), but
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beyond invasive grasses (Rout et al., 2013), dune grasses (Dalton
et al., 2004), and Populus growing under nutrient-poor condi-
tions (Knoth et al., 2014), endophytic N2 fixation is not typically
considered a major N2 fixation strategy or source of N in natural
ecosystems. However, both endophytic N2 fixation and N2 fixa-
tion associated with tuberculate ectomycorrhizae have been
reported in association with conifer trees. Significant nitrogenase
activity was demonstrated in Pinus contorta (lodgepole pine)
tuberculate ectomycorrhizas, especially in young stands (Paul
et al., 2007), and another study demonstrated the presence and
expression of nifH, the gene encoding the dinitrogen reductase
subunit of nitrogenase, within ectomycorrhizas of Pinus nigra
(Corsican pine) (Izumi et al., 2006). Chanway and colleagues iso-
lated diazotrophs from P. contorta seedling stems and needles,
and demonstrated N2 fixation in re-inoculated conifer seedlings
(Bal & Chanway, 2012; Anand & Chanway, 2013; Anand et al.,
2013).

Many coniferous species grow in low-nutrient environments
or where low temperatures limit soil N turnover (Miller et al.,
1979; Weetman et al., 1988), and have consequently evolved spe-
cial strategies to cope with N limitation, including maximization
of nutrient use efficiency (McGroddy et al., 2004), and uptake of
organic N from soil, both directly (N€asholm et al., 2009) and
through mycorrhizal fungi (Govindarajulu et al., 2005; Albar-
rac"ın et al., 2013). Endophytic N2 fixation may be an additional
strategy that could enable conifers to thrive across broad gradients
in N availability, including in very low fertility sites. However, it
is not clear if native foliar endophytic bacteria fix N2 in natural
conifer stands, or whether the isolated bacteria used in
re-inoculation experiments (Anand & Chanway, 2013; Anand
et al., 2013) are those most abundant or active in nature.

In a previous study, conducted in September 2009, we sur-
veyed the endophytic communities in needles of adult Pinus
flexilis (limber pine) and Picea engelmannii (Engelmann spruce),
long-lived subalpine conifers widely distributed in western United
States (US) mountains. Observations of 16S rRNA pyrosequences
from needle samples taken in September 2009 at Niwot Ridge,
CO demonstrated that a few taxa in the acetic acid bacteria (AAB)
(Acetobacteraceae, a family in the Alphaproteobacteria) consis-
tently made up 20–50% of the needle endophyte community
(Carrell & Frank, 2014). By contrast, consistent associations with
specific bacterial taxa or a high relative abundance of AAB has not
been demonstrated in other plants and tissues, including rice
(Oryza sativa) roots (Edwards et al., 2015), Arabidopsis leaves and
roots (Bulgarelli et al., 2012; Lundberg et al., 2013; Bodenhausen
et al., 2013), poplar roots (Gottel et al., 2011; Shakya et al.,
2013), roots of the subalpine meadow plants Pilosella aurantiaca,
Leucanthemum vulgare and Trifolium hybridum (Aleklett et al.,
2015), and needles of giant sequoia (Sequoiadendron giganteum)
and coast redwood (Sequoia sempervirens) (Carrell & Frank,
2015). Given that the AAB have documented N2-fixing functions
as endophytes of crop plants (Gillis et al., 1989; Fuentes-Ramirez
et al., 2001; Saravanan et al., 2008), and consistently occur at high
relative sequence abundance in the endophyte communities of
high-elevation pines, we hypothesized an N2-fixing role in sub-
alpine conifer foliage (Carrell & Frank, 2014).

There is some prior evidence for in situ N2 fixation in associa-
tion with conifer foliage. Coniferous forest studies found nitroge-
nase activity in the canopy of Pseudotsuga menziesii and Pinus
nigra (Jones, 1970; Jones et al., 1974; Favilli & Messini, 1990).
Observations of 15N natural abundance in foliage are lower than
expected in some pines, raising the possibility of an atmospheric
source of N (Virginia & Delwiche, 1982). In Bormann et al.’s
(1993) ‘sandbox’ mesocosm study of Pinus rigida and Pinus
resinosa, they sought to identify unknown sources of N. Their
study detected substantial N accumulation in vegetation that was
not explained by nodulating plants, N deposition, or rhizosphere
N2 fixation, raising the possibility that the trees hosted N2-fixing
bacteria (Bormann et al., 1993). N2 fixation activity was detected
in pine roots with soil attached (Bormann et al., 1993), but an
additional unidentified N source was required to explain
observed N accumulation (Barkmann & Schwintzer, 1998).

In this study, we explored the possibility that native endo-
phytic bacteria inside conifer foliage represent an important
source of N for subalpine forests. Specifically, we investigated
whether native endophytes have access to N2 inside P. flexilis
foliage; whether nitrogenase, the enzyme responsible for N2 fixa-
tion, is active within P. flexilis foliage; and whether the previously
observed association between P. flexilis and AAB endophytes is
still prevalent, with AAB sequences abundant in P. flexilis foliage
at Niwot Ridge 5 yr after initial surveys. Previously, we detected
differences in the relative abundance of specific AAB phylotypes
between trees growing at the treeline and trees growing in the
subalpine forest (Carrell & Frank, 2014). We hypothesized that
these differences could reflect differences in plant available soil N
between the cooler treeline and warmer forest sites; a plant
response to low soil N could be recruitment or retention of endo-
phytic microbes that have N-fixing capabilities. To investigate
whether N2 fixation activity in the foliage is sensitive to plant
available soil N, as is common in legumes (Pearson & Vitousek,
2001; Fujikake et al., 2002), or insensitive to plant available soil
N, as is suspected for alders (Menge & Hedin, 2009; Menge
et al., 2009), we measured nitrogenase activity in twigs collected
from treeline and forest sites, and measured concurrent plant
available N in surface soil.

Materials and Methods

Experimental sites and sampling

All plant material was collected in 2014 from limber pine (Pinus
flexilis James) at Niwot Ridge, in the Colorado Front Range,
CO, USA. Limber pine, which can live to > 1000 yr, is widely
distributed in western US mountain ranges and is dominant on
dry, rocky, windswept sites, where birds preferentially cache its
seeds (Schoettle & Rochelle, 2000). We chose two stands: a
‘forest’ site (3022 m) surrounded by mixed forest composed of
P. flexilis, lodgepole pine (Pinus contorta), subalpine fir (Abies
lasiocarpa), Engelmann spruce (Picea engelmannii), and aspen
(Populus tremuloides); and a ‘treeline’ site within the alpine tree-
line ecotone (3430 m) with adjacent stands of mixed P. flexilis,
A. lasiocarpa, and P. engelmannii.
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Radioisotope labeling and imaging

To investigate whether native endophytes have access to and
potentially fix N2 in the foliage of P. flexilis, we exposed fresh and
surface-sterilized twigs to air enriched in radioisotope-labeled
[13N]N2, and analyzed needles by radioisotope counting and
phosphor imaging methods. We sampled twigs of 10–15 cm by
cutting branches with a sterile razor blade just below the terminal
cluster of needles, where the branch diameter was c. 0.5 cm,
packed them on ice and shipped them overnight for laboratory
processing on the following day. We used three twigs per tree col-
lected from six trees, nine collected in each of June and July
(n = 18) for radioisotope counting, and three twigs per tree col-
lected from two trees in September (n = 6) for phosphor imaging.
For all time-points, we autoclaved (20 min at 12 psi/122°C) one
twig per tree, surface-sterilized (30% hydrogen peroxide)
another, and left the third fresh. We re-cut all twigs under water,
set them in a 14-cm-diameter labeling chamber in c. 1 cm of
water and exposed them three at a time to 13N2-labeled air for
16 min.

We produced 13N as [13N]NH4
+ in-target on the LBNL

Biomedical Isotope Facility CTI RDS-111 cyclotron (Siemens
Healthcare, Knoxville, TN, USA) by irradiating 5 mM ethanol.
Following 30 min of irradiation, we transferred the [13N]NH4

+

solution by high-performance liquid chromatography (HPLC)
pump to a lead-shielded hot-cell, equipped with radiation detec-
tors (Powell & O’Neil, 2012) for monitoring radiochemistry
processes. To maximize the radioactive concentration, we
directed the nonlabeled prefraction to waste before the radioac-
tive fraction was collected in a 20-ml crimp-top glass vial. To oxi-
dize the [13N]NH4

+ to the desired [13N]N2 radiotracer, 3 min
before collection we added 200 ll of fresh 1.5M NaOBr (6 N
NaOH and 1.0 ml Br2 to 7 ml H2O (Vaalburg et al., 1981)) to
the vial. We began purging the vial with a 25 ml min"1 stream of
air as soon as [13N]NH4

+ arrived, displacing any [13N]N2 gener-
ated. The estimated radiochemical yield of [13N]N2 was c. 80%.

We transferred the [13N]N2 from the headspace of the reac-
tion vial to a cylindrical 2-l exposure chamber through 50 cm of
1/16-inch tubing equipped with an in-line boric acid trap (for
trapping unreacted [13N]NH3 gas). Delivery of [13N]N2 contin-
ued for 5 min to allow maximum [13N]N2 to build up in the
exposure chamber. We allowed the [13N]N2 to incubate with the
twigs for 14–20 min before flushing the chamber with [13N]N2-
free air for 4 min. During the incubation period, we collected a
20-ml sample from the exposure chamber and determined the
activity-volume concentration. We used this concentration to
determine the total radioactivity in the chamber, and estimated
the specific activity of the radiotracer. Separate analyses by gas
chromatography of [13N]N2–air mixtures eluted from the reac-
tion vial and measurement of the boric acid trap indicated 100%
radiochemical purity for the [13N]N2. Half-life analyses showed
100% radionuclidic purity of 13N.

We placed the exposure chamber under a 1000-W metal
halide lamp (Digilux 1000 MH; Hydrofarm Inc., Petaluma, CA,
USA) at a distance of 1.0 m and a 12° zenith angle to achieve a
photon flux density of c. 300 lmol of photons m"2 s"1 to the

top surface of the exposure chamber. Following the exposure
period and flushing, we removed the twigs from the exposure
chamber and measured June and July twigs for total radioactivity
using a dose calibrator (CRC-15; Capintec Inc., Ramsey, NJ,
USA). Based on a specific activity value (lCi 13N/mol 13/14N2)
calculated from the activity-volume concentration of [13N]N2

gas in the exposure chamber, radioactivity measures were con-
verted to moles of uptake of N2. We normalized this uptake value
to exposure time, and converted to a rate of uptake in lmol
N2 min"1. We performed analysis of variance (ANOVA) to com-
pare total lmol 13N inside autoclaved, surface-sterilized, and
unsterilized twigs after incubation with 13N.

In September, following exposure to [13N]N2, we removed a
subsample of needles from the base, mid-section, and tip of each
twig. We fixed needles to paper, covered them in cellophane and
placed them in contact with a phosphor screen (Knol et al.,
2008) for > 30 min to image the relative distribution of radioac-
tivity among and within the needles.

Acetylene reduction assay

To determine whether the nitrogenase enzyme, responsible for
breaking the N–N triple bond and reducing N2 to NH3, is active
in P. flexilis foliage, we selected 15 healthy, mature trees from the
forest and treeline, within an area of c. 1 ha, and sampled twigs as
described for the radioisotope labeling. Up to three twigs from
each tree were sampled each month between June and September
for acetylene reduction assays (ARAs) (Hardy et al., 1968) on the
day following collection.

In the laboratory, we recut branch tips under water, 1–2 cm
above the field-cut ends. To test for potentially confounding
epiphytic (leaf surface) N2 fixation, we surface-sterilized two
branch tips from each of five randomly selected trees per site by
immersing twigs in a 30% H2O2 solution for 2 min before rins-
ing three times with deionized water. We placed the surface-
sterilized branch tips, plus two untreated branch tips from all 15
trees (80 samples in total), into separate 473-ml mason jars, with
stems immersed in 20 ml of deionized water. We sealed jars with
lids containing septa.

We assigned half of the samples to acetylene exposure and half
to controls, and injected 50 ml of acetylene gas at ambient pres-
sure into acetylene jars, and 50 ml of ambient air into control jars
with a 60-ml syringe. We then immediately inserted a 25-ml gas-
tight syringe, mixed headspace gas by pumping the plunger to
15 ml three times, and then removed a 15-ml sample (t0) and
placed it in an evacuated 12-ml vial (exetainer; Labco, Lampeter,
UK). After 2 h of incubation, we mixed headspace gas with the
syringe as above, and removed a second 15-ml sample (t2 h) from
each jar. Headspace samples were analyzed on a gas chro-
matograph (6890; Hewlett Packard, Palo Alto, CA USA)
equipped with a flame ionization detector using helium as the
carrier gas.

We estimated conversion rates of acetylene to ethylene in each
jar as the change in headspace moles of ethylene from t0 to t2 h

per unit needle dry mass, using no-acetylene controls to correct
for endogenous ethylene production and no-twig controls to
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correct for any ethylene in the acetylene. We used a one-tailed t-
test, pooling all acetylene samples (combining sampling date, ele-
vation, and surface-sterilized and unsterilized samples) to test for
significant ethylene production. We then tested for differences
between surface-sterilized and untreated branch tips using a two-
tailed t-test. We used ANOVA to evaluate sampling date and ele-
vation effects on ethylene production, pooling surface-sterilized
and untreated samples (the groups did not differ (P = 0.39)).
Inclusion of tree as a random effect did not improve the model
(using the Aikake information criterion), and therefore source
tree was omitted from the ANOVA.

Endophyte community 16S rRNA sequencing

To investigate if AAB were still present in high relative abun-
dance in Niwot Ridge P. flexilis foliage in 2014, 5 yr after our ini-
tial study (Carrell & Frank, 2014), we used needles collected
from three trees at each of the forest and treeline sites in June and
September 2014 (12 samples in total). We sterilized the surface
of needles by submersion in 30% hydrogen peroxide for 3 min,
rinsed three times by shaking with sterile deionized water for
1 min (Izumi et al., 2008), and stored them at "20°C. Sterility
was confirmed by negative PCR amplification of the 16S rRNA
gene from a DNA extraction performed on the final rinse.

We ground the needles to a fine powder in a sterile mortar in
the presence of liquid N. We extracted DNA using a cetyl
trimethylammonium bromide (CTAB) extraction method (Car-
rell & Frank, 2014). Briefly, we added 800 ll of CTAB solution
(1 ml of CTAB buffer, 0.04 g of polyvinylpyrollidone and 5 ll of
2-mercaptoethanol) to 0.6 g of tissue, incubated for 2 h at 60°C,
and homogenized with glass beads for 3 min. We removed pro-
teins with the addition of an equal volume of chloroform, cen-
trifuged for 10 min at 16 000 g, and placed the top aqueous
phase in a sterile tube. We precipitated nucleic acids with the
addition of 1/10 volume of cold 3M sodium acetate and 1/2 vol-
ume cold isopropanol, froze them at "20°C for 12 h, and cen-
trifuged for 30 min at 16 000 g. We removed the supernatant,
added 700 ll of 70% ethanol, and centrifuged for 10 min. We
resuspended the air-dried pellet with 30 ll of DNA resuspension
fluid (1.0 M Tris-HCL and 0.1M EDTA) and stored it at
"20°C.

We amplified community 16S rRNA using nested PCR to
reduce the occurrence of plastid sequences and improve consis-
tency. To suppress plant DNA amplification, we used the primer
pair 16S 799f (AACMGGATTAGATACCCKG) and 16S 1492r
(TACGGHTACCTTGTTACGACT) in the first PCR reaction
(PCR1). Amplification with 16S 799f and 16S 1492r results in
mitochondrial amplicon of c. 1000 bp and a bacterial amplicon
of c. 750 bp (Chelius & Triplett, 2001). In the second round of
PCR (PCR2), PCR1 amplicons were used as a template to
amplify the bacterial fragment with the Illumina adapted, Golay-
barcoded primer pair 799f and 1115r (AGGGTTGCGCTCG
TTG) (Redford et al., 2010). We decreased the number of cycles
to reduce primer bias (Jiao et al., 2006), with the following ther-
mocycle profile used for PCR1 and PCR2: one cycle of 3 min at
95°C; 20 cycles of 40 s at 95°C, 40 s at 50°C and 1.5 min at

72°C; and a final 10 min of elongation at 72°C. The 50-ll PCR1
reaction contained 5 ll of DNA extract, 20 ll of 5 Prime Hot
Master Mix (5 Prime, Inc., Hilden, Germany), 0.5 lg ll"1

bovine serum albumin (Thermo Fisher Scientific, Waltham, MA,
USA), 21.5 ll of PCR-grade water (Fisher Bioreagents,
Waltham, MA, USA), and 0.2 lM of forward and reverse
primers. The 25-ll PCR2 reaction contained 3 ll of PCR1 pro-
duct, 10 ll of 5 Prime Hot Master Mix, 0.5 lg ll"1 bovine
serum albumin (Thermo Scientific), 8.75 ll of PCR-grade water
(Fischer BioReagents), and 0.2 lM forward and reverse primers.
We cleaned and pooled the barcoded PCR2 products, and
extracted the bacterial band to the exclusion of the plant mito-
chondrial band (QIAquick Gel Extraction Kit, Qiagen Inc.,
Valencia, CA, USA). Pooled samples were sequenced on an Illu-
mina MiSeq platform at the University of California, Davis
Genome Center. The sequence data have been submitted to
GenBank and can be accessed under project accession no.
SRP058776.

We processed and analyzed the sequences using the QIIME

(1.8.0) package (Caporaso et al., 2010b), with the UPARSE
method for clustering operational taxonomic units (OTUs)
(Edgar, 2013). Briefly, we joined forward and reverse paired-end
reads using fastq-join, with the barcode filtered from the data set
if the forward and reverse reads did not overlap (Aronesty, 2011).
We quality filtered joined paired-end reads with QIIME default
settings (maximum number of consecutive low-quality base calls
of three bases; minimum number of consecutive high-quality
base calls as a fraction of the input read length of 0.5 total read
length; maximum unacceptable Phred quality score of 3; no N
characters) which have been found sufficient for community anal-
ysis (Bokulich et al., 2012). We clustered the remaining
sequences into OTUs at the 97% level using UPARSE (Edgar,
2013). We aligned representative sequences using PYNAST (Capo-
raso et al., 2010a) against the Greengenes core set (DeSantis
et al., 2006). We assigned OTUs to taxonomic groups using
UCLUST (Edgar, 2010) with the Greengenes representative set of
sequences as reference. We removed sequences classified as
‘Chloroplast’ or ‘Mitochondria’, and ‘Unassigned’. We con-
structed a maximum-likelihood tree from the aligned representa-
tive sequences using FASTTREE (Price et al., 2009). To calculate
the significance of clustering of samples by elevation and time-
point, we used analysis of similarity (ANOSIM) and permuta-
tional multivariate analysis of variance (PERMANOVA), each
with 999 permutations. For the phylogenetic analysis, we used
sequences identified as Alphaproteobacteria and observed > 100
times in our data set and inferred a maximum likelihood tree
using RAXML (Stamatakis, 2006). We used Perl Tk to plot the
heatmaps of top OTUs from the OTU tables.

Soil nitrogen availability

We measured relative differences in plant-available inorganic soil
nitrogen in our forest and treeline sites and across dates using
Plant Root Simulator probes (Western Ag, Saskatoon, SK,
Canada). We inserted two cation and two anion probes within
2 m of the base of 12 trees at each sample date with reactive

New Phytologist (2016) ! 2016 The Authors
New Phytologist! 2016 New Phytologist Trustwww.newphytologist.com

Research
New
Phytologist4



membranes exposed to the top 5 cm of mineral soil. We left
probes in place for 8–10 d before collecting them and rinsing
with distilled water. Ammonium and nitrate accumulated on
probes were detected colorimetrically by the manufacturer and
provide an index of integrated nutrient supply to plant roots
(Qian & Schoenau, 2002; Harrison & Maynard, 2014). We used
ANOVA to evaluate sampling date and elevation effects on
ammonium, nitrate and total inorganic nitrogen (ammo-
nium + nitrate) availability. To identify statistically significant
differences (P < 0.05) between dates, we conducted Tukey honest
significant difference pairwise comparisons, with Bonferroni cor-
rections.

Results

Accumulation of 13N2 in P. flexilis needles
13N accumulated in the interior of surface-sterilized P. flexilis
needles (Fig. 1), indicating ready diffusion of N2 into needles,
with significantly less accumulation in an autoclaved control
(P = 0.0007). Fresh and surface-sterilized twigs accumulated 1.58
and 1.45 lmol N2 min"1 per twig, respectively, while autoclaved
twigs accumulated 0.37 lmol N2 min"1 twig"1. Radioisotope
analysis of six whole twigs indicated no significant difference in
13N accumulation between surface-sterilized and fresh twigs
(P = 0.705). Phosphor imaging also showed greater 13N accumu-
lation in green relative to brown needles, and in the tips of some
green needles.

Nitrogenase activity

The ARA indicated nitrogenase activity (ethylene production) in
P. flexilis twigs exposed to acetylene and no ethylene production
in controls without acetylene (Fig. 2a). We found significant

nitrogenase activity across all sample dates and both elevations
(P < 0.0001), with no significant difference between surface-
sterilized and fresh samples (P = 0.39), indicating that activity
occurred within dry needle tissue, not on the surface. Average
ethylene production rates (nmol ethylene g"1 needle h"1) were
0.22# 0.02 SEM (n = 64) in the forest, 0.19# 0.04 (n = 50) at
the treeline, and 0.21# 0.02 (n = 114) combined. Large varia-
tion across individual samples resulted in no net effects of eleva-
tion (P = 0.28), month (P = 0.28), or their interaction (P = 0.54)
on nitrogenase activity. If we extrapolate an average ARA-derived
estimate of 0.21 nmol ethylene g"1 needle h"1 using a theoretical
ratio of 3 : 1, acetylene : N2 (Hardy et al., 1968; Bellenger et al.,
2014), P. flexilis specific leaf area of 143.96 cm2 g"1 (Schoettle &
Rochelle, 2000), and subalpine forest leaf area index of
4.2 m2 m"2 at Niwot Ridge (Monson et al., 2002), we estimate
potential rates of N2 fixation in needles of 6.8–
13.6 lg Nm"2 d"1 or 1–2 mg m"2 yr"1 in P. flexilis stands (Sup-
porting Information Methods S1).

Endophyte community analysis

We found that OTUs belonging to the AAB family were domi-
nant members of the endophyte community in the P. flexilis

(a)

(b)

Fig. 1 Merged photograph and phosphor image of Pinus flexilis needles
exposed to the radioisotope [13N]N2. Needles from three autoclaved twigs
(a) and from three surface-sterilized twigs (b) are shown for comparison.
Brighter (whiter) colors indicate greater uptake of radioactive N2.
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Fig. 2 (a) Rates of acetylene conversion to ethylene (mean# SEM),
indicating activity of the nitrogenase enzyme, from incubations of Pinus
flexilis branch tips harvested from trees at alpine treeline and subalpine
forest sites. Controls for endogenous ethylene production are shown with
triangles. Sample sizes ranged from six to 19, after quality control. There
were no significant differences between sites or among months. (b)
Mean# SEM of total plant available nitrogen (N) (ammonium + nitrate) as
measured by PRS probes at the base of trees at treeline and forest sites.
August total N availability was greater than that in other months
(P < 0.0001), and total N availability at the treeline was greater than in the
forest site (P = 0.05).
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needles, with three AAB OTUs consistently present at high rela-
tive sequence abundance (Fig. 3). On average, 29% of the com-
munity belonged to these three OTUs, although the percentage
ranged widely from 6.1% to 62.2%. The most dominant AAB
OTUs were similar to those identified in trees sampled in 2009
(Carrell & Frank, 2014). For example, OTU 3 from this study
shares 99% identity to OTU 1045 from the previous study, and
OTU 5 from this study is identical to OTU 1516 from the previ-
ous study (Table 1). Among the top OTUs that do not belong to
the AAB, only one (most similar to Pandorea pnomenusa) was
common between the previous and current studies, suggesting
high turnover of vagrant (outside of their normal range) or tran-
sient (temporary) endophytes in P. flexilis needles, or batch effects
associated with sample processing, PCR, or sequencing (Leek
et al., 2010). In particular, an OTU with 100% identity to
Stenotrophomonas maltophila (phylum Proteobacteria), a species
that is often found in association with plants (Ryan et al., 2009),
was found in the highest relative sequence abundance in several
samples, despite not having been a prominent community mem-
ber in P. flexilis needles sampled in September 2009 (Carrell &
Frank, 2014). In several samples, higher abundance of this OTU
correlated with lower abundance in AAB OTU 3 and vice versa,
potentially suggesting a negative or competitive interaction
between the two taxa. Likewise, an OTU 100% identical to
Chitinophaga pinensis (phylum Bacteroidetes), which was origi-
nally isolated from pine litter (Sangkhobol & Skerman, 1981),
was found in all of the 2014 samples, sometimes at high relative
sequence abundance (Fig. 3), but also was not observed in 2009.

AAB was the most diverse family in our samples (23 OTUs in
total), and the most dominant AAB OTUs were distinct from
one another (Fig. 4) (e.g. OTUs 5 and 3 shared only 93% iden-
tity over the sequenced region), suggesting that P. flexilis supports
multiple dominant and distinct members of the AAB as foliar
endophytes. The Rhizobiales, an order that also contains
N2-fixing bacteria, was as diverse as the Rhodospirillales in our
samples (Fig. 4), but did not contain a single dominating family,
and no OTU that was present at high relative abundance in all
samples. The three most prominent OTUs in the Rhizobiales
were OTU 7 (Agrobacterium sp.), 8 (Methylobacterium sp.), and
12 (Rhizobium sp.) (Fig. 4). These three OTUs made up on aver-
age 2.2%, 1.4%, and 0.8% of the sequences in our samples,
respectively.

The endophyte community was not structured by elevation
(PERMANOVA: pseudo-F statistic = 0.6567; P = 0.835;
ANOSIM: R ="0.1204; P = 0.879) and did not differ between
samples taken in June and September (PERMANOVA: pseudo-F
statistic = 1.1207; P = 0.330; ANOSIM: R = 0.0593; P = 0.263).

Plant-available soil nitrogen

Plant-available soil N as estimated by inorganic N accumulation
on PRS probes averaged 8.64# 0.63 (SEM) lg N probe"1 wk"1

across the two elevations and 4 months (Fig. 2b). Nitrate and
ammonium constituted 39 and 61# 4% of available inorganic
N. Nitrogen accumulation by the probes was highest in August
(P < 0.0001 for ammonium, nitrate, and total N) and
ammonium accumulation was lowest in September (P < 0.0001).
Contrary to expectations based on temperature differences, the
high-elevation treeline site had greater ammonium (P = 0.019)
and total inorganic N (P = 0.05) availability than the lower
elevation forest, but nitrate availability was more similar between
the two sites (P = 0.093), and there were no date by elevation
interactions (P > 0.388). Ethylene production was not correlated
with total plant-available soil N across months and sites
(R2 = 0.344; P = 0.126; n = 8).

Discussion

Our results provide the first evidence for endophytic N2 fixation
in P. flexilis foliage. N2 diffused readily into needles and

Fig. 3 Heatmap showing the ten most
common operational taxonomic units (OTUs)
in the Pinus flexilis endophyte community
data set and their relative abundances in
each sample as the percentage of all
sequences in that sample. GenBank
identifiers (nonredundant and 16S rRNA
databases), per cent identity, and names of
the most similar database sequences are
shown along with each OTU. OTUs
belonging to the acetic acid bacteria (AAB)
are indicated with an asterisk. The total
percentage of sequences in each sample that
belong to the top three AAB OTUs (3, 5 and
147) are shown below the heatmap.

Table 1 Pairwise per cent identity between top acetic acid bacteria (AAB)
operational taxonomic units (OTUs) in the Pinus flexilis foliar endophyte
community from the current study and the top AAB OTUs identified in the
same host in our previous study (Carrell & Frank, 2014)

2014 top OTUs

2009 top OTUs

OTU 1644OTU 1045 OTU 1516

OTU 3 99 93 97
OTU 5 93 100 95
OTU 147 97 92 94
OTU 13 96 92 94
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nitrogenase activity was positive across sampling dates. This evi-
dence challenges the widely held notion that conifers do not har-
bor N2-fixing symbionts. Even though an N2-fixing strategy
should be favored in N-limited temperate and boreal coniferous
forests, previous studies have reasoned that the costs of N2 fixa-
tion by nodulating symbioses, which tend to have low C : N
ratios and relatively high rates of mortality, are too high for these
species to persist past early succession (Menge et al., 2008). We
propose that foliar endophytes represent a lower cost for the
plant, and may be a more competitive and evolutionarily stable

N2-fixing strategy in established temperate and boreal forests. We
found that AAB dominated the P. flexilis needle endophyte com-
munity in all samples and suggest that members of this group
could be responsible for the N2-fixing activity. Further,
P. engelmannii, a dominant conifer in the subalpine forest at
Niwot Ridge, hosts a high relative abundance of the same endo-
phytic taxa as hosted by P. flexilis (Carrell & Frank, 2014), indi-
cating that endophytic N2 fixation may occur in other pine
family species. Thus, we propose that endophytic N2 fixation is a
potentially widespread source of N for temperate and boreal

Fig. 4 Maximum likelihood phylogeny of the Alphaproteobacterial operational taxonomic units (OTUs) that occurred > 100 times in our sequences, along
with a heatmap that shows the relative abundance of each OTU as the percentage of Alphaproteobacterial sequences belonging to that OTU in each
sample (from forest (F) and treeline (T) locations). Dominant acetic acid bacteria (AAB) OTUs are distinct from each other, and AAB is the most diverse
Alphaproteobacterial family represented in our samples.
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forests that could partly explain the gap in N sources observed in
these ecosystems.

Using the well-established ARA, we found ethylene build-up
comparable to what was observed in the P. resinosa rhizosphere in
Bormann et al.’s sandbox experiment (1993), and in rhizomes of
Sorghum halpense, an invasive grass shown to alter soil N content
via endophytic N2 fixation (Rout et al., 2013). Acetylene reduc-
tion rates did not vary between surface-sterilized and fresh tissue,
suggesting that nitrogenase is active in the endosphere (interior)
rather than in the phyllosphere (leaf surface), which is a site of
N2 fixation in some tropical plants. Thus, our results support the
hypothesis that endophytic bacteria fix N2 inside P. flexilis
foliage. Substantial between-sample and month-to-month vari-
ability in nitrogenase activity could be attributable in part to
measurement ‘noise’ resulting from the multi-step technique, or
to real variability between samples, or both.

While our method cannot rule out the possibility of acetylene
inhibiting bacterial oxidation of endogenous ethylene that might
have been produced by the plant (Debont, 1976), ARA has been
successfully used as an indicator of nitrogenase activity in many
studies of both above- and belowground tissues and in bacterial
isolates from plant tissues (DeLuca et al., 2002; Doty et al., 2009;
Bal & Chanway, 2012; Jean et al., 2012; Rout et al., 2013).
Endogenous ethylene oxidation, which could potentially be
inhibited by acetylene, and therefore confound ARA, has been
demonstrated in soil, but only after 8 d of incubation (Debont,
1976), and in wheat (Triticum aestivum) roots, but only in sam-
ples with soil attached, not in surface-sterilized roots (Sloger &
van Berkum, 1988). Given the short incubation time used here
(2 h), the lack of soil in our samples, and the complimentary
sequencing data, we think that there is strong evidence for the
presence of N2-fixing endophytes in P. flexilis. However, more
work – in particular tissue incubation with 15N2 free of 15NH3

contamination (Dabundo et al., 2014) – is needed to quantify
in situ rates of N2 fixation.

Using radioisotope labeling, we showed that N2 readily dif-
fuses into fresh and surface-sterilized needles on short timescales
(minutes). Because the half-life of 13N2 is short (c. 10 min), mea-
surements of radioactivity occurred quickly. Our technique could
not distinguish 13N2 within needle air-space from that fixed by
bacteria, but confirms that N2 readily diffuses into needles, where
it could potentially be fixed, and that accumulation (and thus
potential fixation) is higher in fresh green needles than in brown
needles and stems. There was significantly less accumulation of
13N in autoclaved tissue; however, this could be a consequence of
greater resistance to diffusion in autoclaved needles resulting
from stomatal closure, cell/tissue damage or saturation with
steam water. Radioisotopes have been used as a tool to study N2

fixation in bacterial isolates and root nodules for decades, and
more recently for root endophytic bacteria (Campbell et al.,
1967; Ishii et al., 2009; Pankievicz et al., 2015), but to our
knowledge this is the first application of [13N]N2 in aboveground
(foliar) tissue studies. While limited in its utility in situ, radioiso-
tope labeling offers the potential for rapid and sensitive measure-
ment of N2 fixation rates in the laboratory. To realize this
potential requires further development of the technique to

distinguish biological N2 fixation from accumulation of 13N2 in
needle air-space.

Our 16S rRNA community analysis points to AAB as the bac-
terial group responsible for endophytic N2 fixation in P. flexilis
twigs, as no other N2-fixing bacterial lineage was consistently
found in comparable relative abundance within and across years.
We found that AAB were dominant endophyte community
members from samples taken in both 2009 (Carrell & Frank,
2014) and in this study, suggesting that the association is not
only consistent across individuals and species, but also over time.
If AAB are responsible for N2 fixation, the variation in their rela-
tive abundance (6.1–62% in the current study) could potentially
explain some of between-sample and month-to-month variability
in nitrogenase activity; however we cannot make direct compar-
isons because bacterial sequences and nitrogenase activity were
characterized on different twigs.

The tendency for AAB taxa to recur in endophyte communi-
ties probably reflects selective uptake on the part of the host, bac-
teria, or both, potentially reflecting mutualism. However, it is
important to point out that the link between specific bacteria and
nitrogenase activity still needs to be made using methods suitable
for a low-abundance, uncultured community, such as sequencing
of the nifH gene after enrichment of bacteria from plant tissue
(Bragina et al., 2011, 2013) combined with single-cell genome
sequencing (Clingenpeel et al., 2015), and fluorescence in situ
hybridization (FISH).

Other potential N2-fixing bacteria (in the Rhizobiales order of
the Alphaproteobacteria) were present at substantially lower rela-
tive abundance; however, these taxa could still contribute to or be
fully responsible for the observed nitrogenase activity. The
remaining dominant OTUs (those not belonging to the AAB)
were largely different between 2009 and 2014, suggesting that,
despite being present at high relative abundance within a year,
they are vagrant or temporary community members. Two new
OTUs not belonging to the AAB were found in high relative
abundance in the current study; one identical to S. maltophila
and another identical to C. pinensis. Stenotrophomonas maltophila
is commonly associated with plants, including as an endophyte,
and has been isolated from the genera Populus and Salix, from
rice, and maize (Zea mays) among others (Chelius & Triplett,
2000; Sturz et al., 2001; Taghavi et al., 2009; Hardoim et al.,
2012; Zhu et al., 2012). N2 fixation has been demonstrated for
the genus Stenotrophomonas (Ramos et al., 2011); thus, we cannot
exclude the possibility that this taxon is responsible for or at least
contributes to the nitrogenase activity observed in this study. The
genus Chitinophaga was first discovered when C. pinensis was iso-
lated from pine litter (Sangkhobol & Skerman, 1981); another
species, Chitinophaga costaii, has been isolated from the trunk of
Pinus pinaster (Proenc!a et al., 2014). This taxon may also con-
tribute the observed nitrogenase activity; Chitinophaga spp. have
been found to be the most active diazotrophs in carnivorous
plants of the genus Utricularia (Sirov"a et al., 2014).

Interestingly, while there was no significant seasonal pattern or
elevation difference in nitrogenase activity, soil N availability did
vary between elevations and months (Fig. 2), resulting in no sig-
nificant correlation between nitrogenase activity and plant-
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available soil N. This runs counter to what has been observed in
association with most legumes, where N2 fixation rates are often
inversely correlated with soil N availability (Andrews et al., 2011;
Barron et al., 2011), but is consistent with studies on alder and
some invasive legumes, which have found little relationship
between N availability and N2 fixation rates (Menge et al., 2008;
Andrews et al., 2011; Drake, 2011). The PRS probes record inor-
ganic N present in soil solution over the time of deployment,
reflecting integrated effects of soil moisture, soil temperature, and
organic substrate availability. While bacterial nitrogenase activity
could respond to the same factors, it also could be mediated by
variation in plant metabolic activity and plant N demand, which
would decouple it from plant-available soil N in any given place
and time. Additional, in situ measurements and controlled exper-
iments are required to fully understand environmental and host-
plant controls on nitrogenase activity.

The amount of N2 fixed via aboveground endophytes per unit
of plant biomass is probably smaller than for root nodulated
plants, which host an abundance of microbes in specific symbi-
otic organs. Based on the ARA rates we measured and the calcula-
tions reported above (6.8–13.6 lg Nm"2 d"1), we estimate an
annual N input of 1.02–2.04 mg Nm"2 yr"1 (or 10.2–
20.4 g N ha"1 yr"1) to a P. flexilis stand (assuming a 150-d grow-
ing season; Methods S1). Numerous assumptions, including the
ratio of acetylene reduction to N2 fixation, lend considerable
uncertainty to these estimates, but this amounts to < 0.1% of
annual root-zone N mineralization in subalpine forests in this
region (2.7 g m"2 yr"1; Arthur & Fahey, 1992). Despite rela-
tively low rates of N2 fixation compared with nodulated plants,
this pathway for N accumulation may still be biologically impor-
tant. First, the low turnover of conifer foliage – up to 10 yr for
individual needles – and high leaf C : N ratios (e.g. 48 : 1 in
needles from our 30 trees; A. B. Moyes & L. M. Kueppers,
unpublished data) suggest a modest annual need for N to support
conifer biomass. Published estimates of aboveground net primary
productivity (ANPP) per unit N absorbed in subalpine forests in
the Colorado Rocky Mountains showed c. 250 g ANPP g"1 N
(Arthur & Fahey, 1992; Binkley et al., 2003). This means that N
uptake via N2 fixation could add 2.6–5.1 kg ANPP ha"1 yr"1 to
a limber pine stand’s productivity, based on our estimated rates.
Second, sources of soil N are limited in this high-elevation
ecosystem, with a short growing season, acidic soils and lack of
nodulating N2 fixers in the mature forest. A full accounting of
the importance of this pathway, including rigorous calibration of
the relationship between nitrogenase activity and N2 fixation, for
the N economy of the plant and subalpine forests more generally
awaits more extensive measurements of N cycling.

Our results indicate that a pine that is widely distributed in the
western USA can acquire N through associations with native N2-
fixing bacteria. We have identified a bacterial group that may be
responsible: taxa in the family Acetobacteraceae consistently domi-
nate the endophyte community in P. flexilis needles, and the asso-
ciation appears to be stable across time. However, to determine
the significance of this association and its ubiquity across conifer
species and ecosystems, it will be important to link the N2-fixing
activity to specific bacterial strains, to understand how the

symbiosis is established, and to identify the factors that regulate
its presence and activity.

Acknowledgements

The University of Colorado Mountain Research Station provided
logistical support. Funding was provided by NSF awards IOS-
1321807 and DEB-1442348 to A.C.F., L.M.K. and J.P.R. This
material is based in part on work supported by the Laboratory
Directed Research and Development program at Lawrence Berke-
ley National Laboratory and the Radiochemistry and Instrumen-
tation Scientific focus Area as funded by the US Department of
Energy, Office of Science, Office of Biological and Environmental
Research and performed by employees of Lawrence Berkeley
National Laboratory under Contract DE-AC02-05CH11231
with the US Department of Energy. J.P-R. contributed under the
auspices of the US Department of Energy by LLNL under Con-
tract DE-AC52-07NA27344. Field and lab assistance was pro-
vided by Andrea Campanella, Cristina Castanha, Tyner Pesch,
Rick Thomas, Mustafa Janabi, and Alyssa Bruno. We thank four
anonymous reviewers for helpful comments.

Author contributions

A.B.M., L.M.K., J.P-R., and A.C.F. designed the research.
A.B.M., L.M.K., D.L.C., N.V., J.O. and A.C.F. performed
experiments and analyzed the data. A.B.M., L.M.K., J.P-R.,
D.L.C., N.V., J.O. and A.C.F. interpreted the results and wrote
the paper.

References

Albarrac"ın MV, Six J, Houlton BZ, Bledsoe CS. 2013. A nitrogen fertilization
field study of carbon-13 and nitrogen-15 transfers in ectomycorrhizas of Pinus
sabiniana. Oecologia 173: 1439–1450.

Aleklett K, Leff JW, Fierer N, Hart M. 2015.Wild plant species growing closely
connected in a subalpine meadow host distinct root-associated bacterial
communities. PeerJ 26: e804.

Anand R, Chanway C. 2013. N2-fixation and growth promotion in cedar
colonized by an endophytic strain of Paenibacillus polymyxa. Biology and Fertilty
of Soils 49: 235–239.

Anand R, Grayston S, Chanway C. 2013. N2-fixation and seedling growth
promotion of lodgepole pine by endophytic Paenibacillus polymyxa.Microbial
Ecology 66: 369–374.

Andrews M, James EK, Sprent JI, Boddey RM, Gross E, dos Reis FB. 2011.
Nitrogen fixation in legumes and actinorhizal plants in natural ecosystems: values
obtained using 15N natural abundance. Plant Ecology & Diversity 4: 131–140.

Antoine ME. 2004. An ecophysiological approach to quantifying nitrogen
fixation by Lobaria oregana. The Bryologist 107: 82–87.

Aronesty E. 2011. ea-utils: Command-line tools for processing biological sequencing
data. [WWW document] URL http://code.google.com/p/ea-utils [accessed 1
July 2015].

Arthur MA, Fahey TJ. 1992. Biomass and nutrients in an Engelmann spruce–
subalpine fir forest in north central colorado: pools, annual production, and
internal cycling. Canadian Journal of Forest Research 22: 315–325.

Bal A, Chanway CP. 2012. Evidence of nitrogen fixation in lodgepole pine
inoculated with diazotrophic Paenibacillus polymyxa. Botany-Botanique 90:
891–896.

Barkmann J, Schwintzer CR. 1998. Rapid N2 fixation in pines? Results of a
Maine field study. Ecology 74: 1453–1457.

! 2016 The Authors
New Phytologist! 2016 New Phytologist Trust

New Phytologist (2016)
www.newphytologist.com

New
Phytologist Research 9



Barron AR, Purves DW, Hedin LO. 2011. Facultative nitrogen fixation by
canopy legumes in a lowland tropical forest. Oecologia 165: 511–520.

Bellenger JP, Xu Y, Zhang X, Morel FMM, Kraepiel AML. 2014. Possible
contribution of alternative nitrogenases to nitrogen fixation by asymbiotic N2-
fixing bacteria in soils. Soil Biology and Biochemistry 69: 413–420.

Binkley D, Olsson U, Rochelle R, Stohlgren T, Nikolov N. 2003. Structure,
production and resource use in some old-growth spruce/fir forests in the front
range of the Rocky Mountains, USA. Forest Ecology and Management 172:
271–279.

Bodenhausen N, Horton MW, Bergelson J. 2013. Bacterial communities
associated with the leaves and the roots of Arabidopsis thaliana. PLoS ONE 8:
e56329.

Bokulich NA, Subramanian S, Faith JJ, Gevers D, Gordon JI, Knight R, Mills
DA, Caporaso JG. 2012.Quality-filtering vastly improves diversity estimates
from Illumina amplicon sequencing. Nature Methods 10: 57–59.

Bormann BT, Bormann H, Bowden WB, Piece RS, Hamburg SP, Wang D,
Snyder MC, Li C, Ingersoll RC. 1993. Rapid N2 fixation in pines, alder, and
locust: evidence from the sandbox ecosystems study. Ecosystems 74: 583–598.

Bormann BT, Keller CK, Wang D, Bormann H. 2002. Lessons from the
sandbox: is unexplained nitrogen real? Ecosystems 5: 727–733.

Bragina A, Maier S, Berg C, M€uller H, Chobot V, Hadacek F, Berg G. 2011.
Similar diversity of alphaproteobacteria and nitrogenase gene amplicons on two
related sphagnum mosses. Frontiers in Microbiology 2: 275.

Bragina A, Berg C, M€uller H, Moser D, Berg G. 2013. Insights into functional
bacterial diversity and its effects on Alpine bog ecosystem functioning. Scientific
Reports 3: art. no. 1955.

Bulgarelli D, Rott M, Schlaeppi K, Loren Ver van Themaat E, Ahmadinejad N,
Assenza F, Rauf P, Huettel B, Reinhardt R et al. 2012. Revealing structure
and assembly cues for Arabidopsis root-inhabiting bacterial microbiota. Nature
488: 91–95.

Campbell NER, Dular R, Lees H, Standing KG. 1967. The production of 13N2

by 50-MeV protons for use in biological nitrogen fixation. Canadian Journal of
Microbiology 13: 587–599.

Caporaso JG, Bittinger K, Bushman FD, DeSantis TZ, Andersen GL, Knight R.
2010a. PyNAST: a flexible tool for aligning sequences to a template alignment.
Bioinformatics 26: 266–267.

Caporaso JG, Kuczynski J, Stombaugh J, Bittinger K, Bushman FD, Costello
EK, Fierer N, Pena AG, Goodrich JK, Gordon JI et al. 2010b.QIIME allows
analysis of high-throughput community sequencing data. Nature Methods 7:
335–336.

Carrell AA, Frank AC. 2014. Pinus flexilis and Picea engelmannii share a simple
and consistent needle endophyte microbiota with a potential role in nitrogen
fixation. Frontiers in Microbiology 5: 333.

Carrell AA, Frank AC. 2015. Bacterial endophyte communities in the foliage of
coast redwood and giant sequoia. Frontiers in Microbiology 6: 1008.

Chelius MK, Triplett EW. 2000. Immunolocalization of dinitrogenase reductase
produced by Klebsiella pneumoniae in association with Zea mays L. Applied and
Environmental Microbiology 66: 783–787.

Chelius MK, Triplett EW. 2001. The diversity of archaea and bacteria in
association with the roots of Zea mays L.Microbial Ecology 41: 252–263.

Clingenpeel S, Clum A, Schwientek P, Rinke C, Woyke T. 2015.
Reconstructing each cell’s genome within complex microbial communities—
dream or reality? Frontiers in Microbiology 5: 771.

Dabundo R, Lehmann MF, Treibergs L, Tobias CR, Altabet MA, Moisander
PH, Granger J. 2014. The contamination of commercial 15N2 gas stocks with
15N–labeled nitrate and ammonium and consequences for nitrogen fixation
measurements. PLoS ONE 9: e110335.

Dalton DA, Kramer S, Azios N, Fusaro S, Cahill E, Kennedy C. 2004.
Endophytic nitrogen fixation in dune grasses (Ammophila arenaria and Elymus
mollis) from Oregon. FEMS Microbiology Ecology 49: 469–479.

Debont JAM. 1976. Bacterial degradation of ethylene and the acetylene
reduction test. Canadian Journal of Microbiology 22: 1060–1062.

DeLuca TH, Zackrisson O, Nilsson MC, Sellstedt A. 2002.Quantifying
nitrogen-fixation in feather moss carpets of boreal forests. Nature 419: 917–
920.

DeSantis TZ, Hugenholtz P, Larsen N, Rojas M, Brodie EL, Keller K, Huber
T, Dalevi D, Hu P, Andersen GL. 2006. Greengenes, a chimera-checked 16S

rRNA gene database and workbench compatible with ARB. Applied and
Environmental Microbiology 72: 5069–5072.

Dickson BA, Crocker RL. 1953. A chronosequence of soils and vegetation near
Mt. Shasta. California. Journal of Soil Science 5: 173–191.

Doty SL, Oakley B, Xin G. 2009. Diazotrophic endophytes of native cottonwood
and willow. Symbiosis 47: 23–33.

Drake DC. 2011. Invasive legumes fix N2 at high rates in riparian areas of an N-
saturated, agricultural catchment: N pollution and N2 fixation. Journal of
Ecology 99: 515–523.

Edgar RC. 2010. Search and clustering orders of magnitude faster than BLAST.
Bioinformatics 26: 2460–2461.

Edgar RC. 2013. UPARSE: highly accurate OTU sequences from microbial
amplicon reads. Nature Methods 10: 996–998.

Edwards J, Johnson C, Santos-Medell"ın C, Lurie E, Podishetty NK, Bhatnagar
S, Eisen JA, Sundaresan V. 2015. Structure, variation, and assembly of the
root-associated microbiomes of rice. Proceedings of the National Academy of
Sciences, USA 112: E911–E920.

Favilli F, Messini A. 1990.Nitrogen fixation at phyllospheric level in coniferous
plants in Italy. Plant and Soil 128: 91–95.

Fuentes-Ramirez LE, Bustillos-Cristales R, Tapia-Hernandez A, Jimenez-
Salgado T, Wang ET, Martinez-Romero E, Caballero-Mellado J. 2001. Novel
nitrogen-fixing acetic acid bacteria, Gluconacetobacter johannae sp. nov. and
Gluconacetobacter azotocaptans sp. nov., associated with coffee plants.
International Journal of Systematics and Evolutionary Microbiology 51: 1305–
1314.

Fujikake H, Yashima H, Sato T, Ohtake N, Sueyoshi K, Ohyama T. 2002.
Rapid and reversible nitrate inhibition of nodule growth and N2 fixation
activity in soybean (Glycine max (L.) Merr.). Soil Science and Plant Nutrition
48: 211–217.

Gillis M, Kersters K, Hoste B, Janssens D, Kroppenstedt RM, Stephan MP,
Teixeira KRS, Dobereiner J, De Ley J. 1989. Acetobacter diazotrophicus sp.
nov., a nitrogen-fixing acetic acid bacterium associated with sugarcane.
International Journal of Systematic Bacteriology 39: 361–364.

Gottel NR, Castro HF, Kerley M, Yang Z, Pelletier DA, Podar M, Karpinets T,
Uberbacher E, Tuskan GA, Vilgalys R et al. 2011. Distinct microbial
communities within the endosphere and rhizosphere of Populus deltoides roots
across contrasting soil types. Applied and Environmental Microbiology 77: 5934–
5944.

Govindarajulu M, Pfeffer PE, Jin H, Abubaker J, Douds DD, Allen JW,
B€ucking H, Lammers PJ, Shachar-Hill Y. 2005. Nitrogen transfer in the
arbuscular mycorrhizal symbiosis. Nature 435: 819–823.

Hardoim PR, Hardoim CC, van Overbeek LS, van Elsas JD. 2012.
Dynamics of seed-borne rice endophytes on early plant growth stages.
PLoS ONE 7: e30438.

Hardy RW, Holsten RD, Jackson EK, Burns RC. 1968. The acetylene-ethylene
assay for N2 fixation: laboratory and field evaluation. Plant Physiology 43:
1185–1207.

Harrison DJ, Maynard DG. 2014. Nitrogen mineralization assessment using
PRSTM probes (ion-exchange membranes) and soil extractions in fertilized and
unfertilized pine and spruce soils. Canadian Journal of Soil Science 94: 21–34.

Ishii S, Suzui N, Ito S, Ishioka NS, Kawachi N, Ohtake N, Ohyama T,
Fujimaki S. 2009. Real-time imaging of nitrogen fixation in an intact soybean
plant with nodules using 13N-labeled nitrogen gas. Soil Science and Plant
Nutrition 55: 660–666.

Izumi H, Anderson IC, Alexander IJ, Killham K, Moore ER. 2006. Diversity
and expression of nitrogenase genes (nifH ) from ectomycorrhizas of Corsican
pine (Pinus nigra). Environmental Microbiology 8: 2224–2230.

Izumi H, Anderson IC, Killham K, Moore ER. 2008. Diversity of predominant
endophytic bacteria in European deciduous and coniferous trees. Canadian
Journal of Microbiology 54: 173–179.

James EK. 2000. Nitrogen fixation in endophytic and associative symbiosis. Field
Crops Research 65: 197–209.

Jean M-E, Cassar N, Setzer C, Bellenger J-P. 2012. Short-term N2 fixation
kinetics in a moss-associated cyanobacteria. Environmental Science & Technology
46: 8667–8671.

Jiao JY, Wang HX, Zeng Y, Shen YM. 2006. Enrichment for microbes living in
association with plant tissues. Journal of Applied Microbiology 100: 830–837.

New Phytologist (2016) ! 2016 The Authors
New Phytologist! 2016 New Phytologist Trustwww.newphytologist.com

Research
New
Phytologist10



Jones K. 1970. Nitrogen fixation in the phyllosphere of the Douglas fir,
Pseuodotsuga douglas. Annals of Botany 34: 239–244.

Jones K, King E, Eastlick M. 1974. Nitrogen fixation by free-living bacteria in
the soil and in the canopy of Douglas fir. Annals of Botany 38: 765–762.

Kershaw L, MacKinnon A, Pojar J. 1998. Plants of the Rocky Mountains. Auburn,
WA, USA: Lone Pine Publishing.

Knol RJJ, de Bruin K, de Jong J, van Eck-Smit BLF, Booij J. 2008. In vitro and
ex vivo storage phosphor imaging of short-living radioisotopes. Journal of
Neuroscience Methods 168: 341–357.

Knoth JL, Kim S-H, Ettl GJ, Doty SL. 2014. Biological nitrogen fixation and
biomass accumulation within poplar clones as a result of inoculations with
diazotrophic endophyte consortia. New Phytologist 201: 599–609.

Leek JT, Scharpf RB, Bravo HC, Simcha D, Langmead B, Johnson WE, Geman
D, Baggerly K, Irizarry RA. 2010. Tackling the widespread and critical impact
of batch effects in high-throughput data. Nature Reviews Genetics 11: 733–739.

Lundberg DS, Yourstone S, Mieczkowski P, Jones CD, Dangl JL. 2013.
Practical innovations for high-throughput amplicon sequencing. Nature
Methods 10: 999–1002.

McGroddy ME, Daufresne T, Hedin LO. 2004. Scaling of C:N:P stochiometry
in forests worldwide: implications of terrestrial redfiled-type ratios. Ecology 85:
2390–2401.

Menge DNL, Hedin LO. 2009. Nitrogen fixation in different biogeochemical
niches along a 120 000-year chronosequence in New Zealand. Ecology 90:
2190–2201.

Menge DNL, Levin SA, Hedin LO. 2009. Facultative versus obligate nitrogen
fixation strategies and their ecosystem consequences. The American Naturalist
174: 465–477.

Menge DNL, Levin SA, Hedin LO. 2008. Evolutionary tradeoffs can select
against nitrogen fixation and thereby maintain nitrogen limitation. Proceedings
of the National Academy of Sciences, USA 105: 1573–1578.

Miller HG, Cooper JM, Miller JD, Pauline OJL. 1979. Nutrient cycles in pine
and their adaptation to poor soils. Canadian Journal of Forest Research 9: 19–
26.

Monson RK, Turnipseed AA, Sparks JP, Scott-Denton LE, Sparks K, Huxman
TE. 2002. Carbon sequestration in a high-elevation, subalpine forest. Global
Change Biology 8: 459–478.

Morford SL, Houlton BZ, Dahlgren RA. 2011. Increased forest ecosystem
carbon and nitrogen storage from nitrogen rich bedrock. Nature 477: 78–81.

N€asholm T, Kielland K, Ganeteg U. 2009. Uptake of organic nitrogen by plants:
Tansley review. New Phytologist 182: 31–48.

Pankievicz VCS, do Amaral FP, Santos KFDN, Agtuca B, Xu Y, Schueller MJ,
Arisi ACM, Steffens MBR, de Souza EM, Pedrosa FO et al. 2015. Robust
biological nitrogen fixation in a model grass-bacterial association. Plant Journal
81: 907–919.

Paul LR, Chapman BK, Chanway CP. 2007. Nitrogen fixation associated with
Suillus tomentosus tuberculate ectomycorrhizae on Pinus contorta var. latifolia.
Annals of Botany 99: 1101–1109.

Pearson HL, Vitousek PM. 2001. Stand dynamics, nitrogen accumulation, and
symbiotic nitrogen fixation in regenerating stands of Acacia koa. Ecological
Applications 11: 1381–1394.

Powell J, O’Neil JP. 2012. A simple low-cost photodiode radiation detector for
monitoring in process PET radiochemistry. Proceedings of the AIP Conference
1509: 249–253.

Price MN, Dehal PS, Arkin AP. 2009. FastTree: computing large minimum
evolution trees with profiles instead of a distance matrix.Molecular Biology and
Evolution 26: 1641–1650.

Proenc!a DN, Nobre MF, Morais PV. 2014. Chitinophaga costaii sp. nov., an
endophyte of Pinus pinaster, and emended description of Chitinophaga
niabensis. International Journal of Systematic and Evolutionary Microbiology 64:
1237–1243.

Qian P, Schoenau JJ. 2002. Practical applications of ion exchange resins in
agricultural and environmental soil research. Canadian Journal of Soil Science
82: 9–21.

Ramos PL, Van Trappen S, Thompson FL, Rocha RCS, Barbosa HR, De Vos
P, Moreira-Filho CA. 2011. Screening for endophytic nitrogen-fixing bacteria
in Brazilian sugar cane varieties used in organic farming and description of

Stenotrophomonas pavanii sp. nov. International Journal of Systematic and
Evolutionary Microbiology 61: 926–931.

Redford AJ, Bowers RM, Knight R, Linhart Y, Fierer N. 2010. The
ecology of the phyllosphere: geographic and phylogenetic variability in the
distribution of bacteria on tree leaves. Environmental Microbiology 12:
2885–2893.

Reed SC, Cleveland CC, Townsend AR. 2011. Functional ecology of free-living
nitrogen fixation: a contemporary perspective. Annual Review of Ecology,
Evolution, and Systematics 42: 489–512.

Reinhold-Hurek B, Hurek T. 2011. Living inside plants: bacterial endophytes.
Current Opinion in Plant Biology 14: 435–443.

Richards BN, Bevege DI. 1967. The productivity and nitrogen economy of
artificial ecosystems comprising various combinations of perennial legumes and
coniferous tree species. Australian Journal of Botany 15: 467–480.

Rout ME, Chrzanowski TH, Westlie TK, Deluca TH, Callaway RM, Holben
WE. 2013. Bacterial endophytes enhance competition by invasive plants.
American Journal of Botany 100: 1726–1737.

Ryan RP, Monchy S, Cardinale M, Taghavi S, Crossman L, Avison MB,
Berg G, van der Lelie D, Dow JM. 2009. The versatility and adaptation
of bacteria from the genus Stenotrophomonas. Nature Reviews Microbiology
7: 514–525.

Sangkhobol V, Skerman VBD. 1981. Chitinophaga, a new genus of Chitinolytic
myxobacteria. International Journal of Systematic Bacteriology 31: 285–293.

Saravanan VS, Madhaiyan M, Osborne J, Thangaraju M, Sa TM. 2008.
Ecological occurrence of Gluconacetobacter diazotrophicus and nitrogen-fixing
Acetobacteraceae members: their possible role in plant growth promotion.
Microbial Ecology 55: 130–140.

Schoettle AW, Rochelle SG. 2000.Morphological variation of Pinus flexilis
(Pinaceae), a bird-dispersed pine, across a range of elevations. American Journal
of Botany 87: 1797–1806.

Schwintzer CR, Tjepkema JD. 1990. The biology of Frankia and actinorhizal
plants. San Diego, CA, USA: Academic Press.

Shakya M, Gottel N, Castro H, Yang ZK, Gunter L, Labb"e J, Muchero W,
Bonito G, Vilgalys R, Tuskan G et al. 2013. A multifactor analysis of fungal
and bacterial community structure in the root microbiome of mature Populus
deltoides trees. PLoS ONE 8: e76382.

Sirov"a D, Santr#u$cek J, Adamec L, B"arta J, Borovec J, Pech J, Owens SM,
Santr#u$ckov"a H, Sch€aufele R, Storchov"a H, Vrba J et al. 2014. Dinitrogen
fixation associated with shoots of aquatic carnivorous plants: is it ecologically
important? Annals of Botany 114: 125–133.

Sloger C, van Berkum P. 1988. Endogenous ethylene production is a potential
problem in the measurement of nitrogenase activity associated with excised
corn and sorghum roots. Plant Physiology 88: 115–118.

Son Y, Gover ST. 1992. Nitrogen and phosphorous distributions for five
plantation species in southwestern Wisconsin. Forest Ecology and Management
53: 175–193.

Stamatakis A. 2006. RAxML-VI-HPC: maximum likelihood-based phylogenetic
analyses with thousands of taxa and mixed models. Bioinformatics 22: 2688–
2690.

Sturz AV, Matheson BG, Arsenault W, Kimpinski J, Christie BR. 2001.Weeds
as a source of plant growth promoting rhizobacteria in agricultural soils.
Canadian Journal of Microbiology 47: 1013–1024.

Taghavi S, Garafola C, Monchy S, Newman L, Hoffman A, Weyens N, Barac
T, Vangronsveld J, van der Lelie D. 2009. Genome survey and
characterization of endophytic bacteria exhibiting a beneficial effect on growth
and development of poplar trees. Applied and Environmental Microbiology 75:
748–757.

Vaalburg W, Steenhoek A, Paans AMJ, Peset R, Reiffers S, Woldring MG.
1981. Production of 13N-labelled molecular nitrogen for pulmonary function
studies. Journal of Labelled Compounds and Radiopharmaceuticals 18: 303–308.

Virginia RA, Delwiche C. 1982. Natural 15N abundance of presumed N2-fixing
plants from selected ecosystems. Oecologia 54: 317–325.

Vitousek PM, Cassman K, Cleveland C, Crews T, Field CB, Grimm NB,
Howarth RW, Marino R, Martinelli L, Rastetter EB. 2002. Towards an
ecological understanding of biological nitrogen fixation. Biogeochemistry 57: 1–
45.

! 2016 The Authors
New Phytologist! 2016 New Phytologist Trust

New Phytologist (2016)
www.newphytologist.com

New
Phytologist Research 11



Vitousek PM, Menge DNL, Reed SC, Cleveland CC. 2013. Biological nitrogen
fixation: rates, patterns and ecological controls in terrestrial ecosystems.
Philosophical Transactions of the Royal Society B: Biological Sciences 368:
20130119–20130119.

Wade TG, Riitters KH, Wickham JD, Jones KB. 2003. Distribution and causes
of global forest fragmentation. Conservation Ecology 7: 7.

Walker LR. 1993. Nitrogen fixers and species replacements in primary
succession. In: Miles J, Walton DWH, eds. Primary succession on land. Oxford,
UK: Blackwell Scientific, 249–272.

Weetman GF, Fournier RM, Schnorbus E. 1988. Lodgepole pine fertilization
screening trials: four-year growth response following initial predictions. Soil
Science Society of America Journal 52: 833.

Yang Y, Luo Y, Finzi AC. 2011. Carbon and nitrogen dynamics during forest
stand development: a global synthesis. New Phytologist 190: 977–989.

Zhu B, Liu H, Tian W-X, Fan X-Y, Li B, Zhou X-P, Jin G-L, Xie G-L. 2012.
Genome sequence of Stenotrophomonas maltophilia RR-10, isolated as an
endophyte from rice root. Journal of Bacteriology 194: 1280–1281.

Supporting Information

Additional supporting information may be found in the online
version of this article.

Methods S1 Explanation of calculations to extrapolate measured
nitrogenase activity to potential annual endophytic N2 fixation
per unit area of a limber pine stand.

Please note: Wiley Blackwell are not responsible for the content
or functionality of any supporting information supplied by the
authors. Any queries (other than missing material) should be
directed to the New Phytologist Central Office.

New Phytologist is an electronic (online-only) journal owned by the New Phytologist Trust, a not-for-profit organization dedicated
to the promotion of plant science, facilitating projects from symposia to free access for our Tansley reviews. 

Regular papers, Letters, Research reviews, Rapid reports and both Modelling/Theory and Methods papers are encouraged. 
We are committed to rapid processing, from online submission through to publication ‘as ready’ via Early View – our average time
to decision is <27 days. There are no page or colour charges and a PDF version will be provided for each article. 

The journal is available online at Wiley Online Library. Visit www.newphytologist.com to search the articles and register for table
of contents email alerts.

If you have any questions, do get in touch with Central Office (np-centraloffice@lancaster.ac.uk) or, if it is more convenient,
our USA Office (np-usaoffice@lancaster.ac.uk)

For submission instructions, subscription and all the latest information visit www.newphytologist.com

New Phytologist (2016) ! 2016 The Authors
New Phytologist! 2016 New Phytologist Trustwww.newphytologist.com

Research
New
Phytologist12




