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ABSTRACT

Forage legumes experience defoliation from grazing and injury
in both natural and agricultural ecosystems. Defoliation induces
rhizodeposition of nitrogen (N) compounds from root systems
that can feed microbes and plants that depend on the rhizosphere.
The literature suggests that N exudates are primarily released from
root tips, and those from legume nodules are released via slow
nodule decomposition. However, the early timing and precise
locations of N release postdefoliation are poorly characterized.
The objectives of this study were to directly image tissue-
specific N exudation sites in forage legumes, specifically for
glutamine, and to do so at early time points postdefoliation.
Glutamine is the primary assimilate of symbiotic nitrogen
fixation in nodules and a key transport form of fixed N in amide-
exporting legumes. Three amide-exporting forages, alfalfa
(Medicago sativa), red clover (Trifolium pretense), and white
clover (Trifolium repens), were defoliated or not, and placed on

agar embedded with whole cell biosensor cells (GlnLux) that
detect glutamine. There were two unexpected findings. First,
Gln release occurred rapidly, starting within 2 h postdefoliation,
depleting rapidly. Second, the sources of early Gln release were
primarily nodules in addition to the expected young lateral roots/
root tips. Lux quantification statistically confirmed the key
findings. These observations suggest that N exudate release
should be added to the list of defoliation stress early responses
in nodules, and may have implications for our understanding of
how defoliation impacts the rhizosphere microbiome.
Furthermore, GlnLux-agar imaging represents a new assay to
explore the proposed but yet unknown mechanisms underlying
organic N exudation in plants.
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Legumes fix atmospheric N2 into usable nitrogen (NH3/NH4
+)

through symbiotic bacteria inhabiting root nodules, a process
termed symbiotic nitrogen fixation (SNF) (Udvardi and Poole

2013). Due to subsequent depositions of SNF-derived N fertil-
izer into soil, legumes can reduce the synthetic N fertilizer re-
quirements of companion intercrops/mixed crops and rotation crops
(e.g., cereals) (Thilakarathna et al. 2015, 2016a, b). Nitrogen is
transferred belowground from legumes to neighbors through three
major pathways: (i) decomposition/mineralization of N compounds
from legume root systems; (ii) legume root exudation of N com-
pounds; and (iii) N transfer mediated by plant-associated mycor-
rhizae (Thilakarathna et al. 2016a).
Defoliated legumes (associated with herbivory, harvesting) show

enhanced N transfer to neighboring nonlegumes (Ayres et al. 2007;
Saj et al. 2008; Tarui et al. 2013). Defoliation removes the primary
sink for root-derived N (e.g., leaf RuBisCo) and primes the exu-
dation of N compounds from legume root systems, though studies
are limited (Ayres et al. 2007; Carrillo et al. 2011; Hamilton et al.
2008; Høgh-Jensen and Schjoerring 1994; Ofosu-Budu et al. 1995a,
b). N compound exudation has been observed days-to-weeks
postdefoliation, with the earliest recorded release being one day
postdefoliation in alfalfa (Brophy and Heichel 1989; Ta et al. 1986).
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Compared with slow decomposition-mediated release, the latter
report of rapid release of N is surprising, given that it is more prone
to leaching and may not benefit alfalfa which is perennial and needs
bioavailable N for regrowth (Corre et al. 1996). To the best of our
knowledge, no studies have confirmed the above result in other
legumes, nor tested N release at earlier time-points (hours) post-
defoliation. In general, assessments of N rhizodeposition are chal-
lenging (Fustec et al. 2010; Oburger and Jones 2018). Root tips and
nodules are proposed to be major sites of legume N release, but no
clear data exists concerning the exact sites and mechanisms of N
exudation (Lesuffleur and Cliquet 2010). The precise timing and
cell/tissue-specific site(s) of postdefoliation N release remain
unknown.
Inside nodules, rhizobia-derived fixed N is assimilated into the

amino acid glutamine (Gln) (Tegeder 2014) which is also a key
export form of fixed N in amide-exporting legumes (including
alfalfa and clover) (Unkovich et al. 2008). We previously de-
veloped an imaging assay for Gln using a whole-cell biosensor
called GlnLux (Goron and Raizada 2016; Tessaro et al. 2012).
GlnLux was created by transforming an Escherichia coli Gln
auxotroph with a constitutive lux reporter (Tessaro et al. 2012).
Freeze-thawed nodules were shown to release Gln onto agar
containing GlnLux cells (GlnLux agar), allowing them to mul-
tiply and release photons detectable by a photon capture camera
as lux images (Thilakarathna and Raizada 2018). The assay
employs white and false-colored lux images, wherein blue-green
represent the lowest lux intensity (low Gln concentration) and
red-orange the highest (high Gln concentration) (Thilakarathna
and Raizada 2018). A lux halo around a plant tissue can represent
an intensive source of Gln and/or time for diffusion, which can be
distinguished by a time course, with the signal dissipating once
Gln is consumed by GlnLux cells (Goron and Raizada 2016;
Thilakarathna and Raizada 2018). SNF-output inferred from the
GlnLux assay strongly correlated with N derived from SNF
(Thilakarathna et al. 2017).
Here, using the GlnLux-agar assay, for the first time, Gln release

was directly imaged from legume root systems (non-freeze-thawed)
following defoliation. Root systems of defoliated and nondefoliated
forage legumes (alfalfa, red, and white clover) were compared,
mimicking natural herbivory and harvesting of livestock fodder.

MATERIALS AND METHODS

Detailed methods are available in Supplemental Material S1.
Biological materials. The crops and respective rhizobia were

alfalfa cultivar OAC-Minto with Sinorhizobium meliloti Rm1021
(Kassaw et al. 2015); and red clover cultivar Tempus and white
clover cultivar Sacramento, both with Rhizobium leguminosarum
biovar trifolii Mj43 (Janczarek et al. 2009).
Plant growth conditions. Surface-sterilized seeds were germi-

nated in growth pouches as described (Thilakarathna and Raizada
2018), supplied with 1/4 strength N-free Hoagland’s solution (pH
6.8), and then inoculated with compatible rhizobia.
GlnLux-agar preparation. GlnLux biosensor cells (Tessaro

et al. 2012) were embedded in agar to create GlnLux-agar plates
for lux imaging using a ChemiProHT imager (Roper, U.S.A.) as
described (Thilakarathna and Raizada 2018).
GlnLux imaging. Healthy, green plants with numerous nodules

were selected 4 to 5 weeks postinoculation. To defoliate, shoots
were removed just above the cotyledons. Stems were inserted in
grooves created on the sides of the agar plates; roots were then
pressed down (Fig. 1), plates inverted, incubated at 30�C and
imaged hourly (1 to 12 h) with 1,000 s exposure times. Six plates/
crop were imaged from two independent trials.

Image quantification. A 50-by-50-pixel area was selected
around every visible nodule for lux quantification. Nodules close to
plate edges were avoided as they had poor contact with GlnLux-
agar. A 50-by-50-pixel area absent of root organs (average of n = 3)
was used to subtract background lux.
Statistics. For statistical analysis, a total of six GlnLux plates,

three from two completely independent trials, were used per
treatment, grown at separate times and imaged at different times on
independent GlnLux plates. The n values (number of nodules/
nodule clusters measured for lux) are noted in each figure leg-
end. The total lux intensity per nodule and mean intensity per pixel
from GlnLux images were compared for defoliated versus un-
defoliated plants using Mann-Whitney tests (P < 0.05) with Prism
(v7, GraphPad Software, U.S.A.).

RESULTS

The strategy to visualize Gln release from nodulated root systems
consisted of their placement onto agar containing GlnLux cells
(GlnLux-agar) (Fig. 1A). Based on visual observations, dramati-
cally more photons were emitted from GlnLux-agar exposed to root
systems from defoliated plants compared with intact plants in all
three legumes: alfalfa (Fig. 1B to J, Supplementary Fig. S1), red
clover (Fig. 2A to I, Supplementary Fig. S2), and white clover (Fig.
2J to R, Supplementary Fig. S3) based on direct photon capture
(Fig. 1C, E, and G; Fig. 2B, D, and F; Fig. 2K, M, and O) or false
color conversion (Fig. 1D, F, and H; Fig. 2C, E, and G; Fig. 2L, N,
and P, with blue-green being the lowest intensity, red-orange the
highest, and a halo reflecting diffused Gln). Lux quantification
confirmed the visual observations statistically: defoliation triggered
significantly higher total lux intensity per nodule (Fig. 1I; Fig. 2H
and Q) and mean intensity per pixel (Fig. 1J; Fig. 2I and R)
compared with nondefoliated controls. Visually, the most notice-
able photon emission increases postdefoliation were associated with
nodules.
Photon emission from GlnLux-agar was observed from root

systems rapidly, within 2 h postdefoliation in alfalfa (Fig. 1C and
D), red clover (Fig. 2B and C), and white clover (Fig. 2K and L).
Maximum photon emission (broad halo with red-orange color)
occurred 6 h postdefoliation in alfalfa (Fig. 1E and F), red clover
(Fig. 3D and E), and white clover (Fig. 2M and N). Interestingly,
photon emissions diminished by 12 h postdefoliation (narrow halo
with green color) in alfalfa (Fig. 1G and H), red clover (Fig. 2F and
G), and white clover (Fig. 2O and P).
Photon emissions were also associated with young lateral roots

and root tips from defoliated plants, especially in red clover (Figs.
2B to G) and white clover (Fig. 2K to P).

DISCUSSION

In agricultural and natural ecosystems, defoliation is associated
with grazing, mowing, and damage from herbicides, insects and/or
frost. Most studies have focused on defoliation-mediated root
carbon release and its influence on rhizosphere activity (Ayres et al.
2004; Bazot et al. 2005; Holland et al. 1996; Murray et al. 2004).
However, defoliation was also shown to alter soil dynamics via N
rhizodeposition (Ayres et al. 2004, 2007; Carrillo et al. 2011). Here,
for the first time, the effect of defoliation on organic N release (Gln)
was directly visualized. There were two novel findings: first, de-
foliation stimulated organic N (Gln) release within hours rather than
days/weeks as previously shown (Brophy and Heichel 1989; Ta
et al. 1986); second, nodules were a direct source of this early N
exudate, whereas the literature has focused on root tips (Badri and
Vivanco 2009; Coskun et al. 2017; Lesuffleur and Cliquet 2010;
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Fig. 1. Imaging and quantification of Gln release from nodulated root systems of alfalfa following defoliation or nondefoliated controls, using the GlnLux-
agar biosensor assay. A, GlnLux-agar method overview: legume root systems are pressed down on agar pre-embedded with GlnLux reporter cells,
referred to as GlnLux-agar. When Gln is released from root tissues to the medium, it is taken up by GlnLux biosensor cells, causing them to become
metabolically active and divide, which proportionally activates a lux operon to release photons that are detected using a photon capture (CCD)
camera. Plates are inverted, then incubated at 30�C to allow for the released plant Gln to activate adjacent biosensor cells and imaged hourly (0 to 12 h).
B to H, Imaging of nodulated root systems of defoliated and nondefoliated alfalfa plants using the GlnLux-agar assay. B, Light image of a root
system of a representative 6-week-old alfalfa plant that was defoliated (right) and a noninjured control (left) placed on a GlnLux-agar plate. C, E,
andG,White lux images andD, F, and H, false-colored lux images after 2, 6, and 12 h of incubation immediately after defoliation. Bright green-yellow-red
color areas with halos represent plant tissues showing the greatest Gln release including nodules. I to J, Corresponding quantitative analysis of
luminescence associated with nodules using box-plots showing I, total lux intensity per nodule and J, mean lux intensity per pixel. All the visible
nodules within a plate were analyzed by selecting an area of 50-by-50-pixels around each nodule or nodule cluster. Background subtraction for lux
was performed by selecting a similar area of 50-by-50-pixels, where no roots were visible (average of three). Six plates were imaged from two
independent trials (three plates/trial), n = 49 to 53 individual nodules or nodule clusters, from the independent six GlnLux-agar plates (Fig. 1). Stars
indicate significant differences between nondefoliated and defoliated roots for luminescence (**** = P < 0.0001). RLU, relative light units.
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Fig. 2. Imaging and quantification of Gln release from nodulated root systems of A to I, red clover and J to R, white clover following defoliation or
nondefoliated controls, using the GlnLux-agar biosensor assay. A and J, Light image of a root systems of a representative 6-week-old A, red
clover plant and J, white clover plant that were defoliated (right) and a noninjured control (left) placed on a GlnLux-agar plate. B, D, F, K, M, and
O,White lux images andC, E, G, L, N, and P, false-colored lux images after 2, 6, and 12 h of incubation immediately after defoliation. Bright green-yellow-
red color areas with halos represent plant tissues showing the greatest Gln release including nodules. Corresponding quantitative analysis of
luminescence associated with nodules of red clover (H to I) and white clover (Q to R) using box-plots showing total lux intensity per nodule (H
and Q) and mean lux intensity per pixel for red and white clover (I and R), respectively. All the visible nodules within a plate were analyzed by selecting
an area of 50-by-50-pixels around each nodule or nodule cluster. Background subtraction for lux was performed by selecting a similar area of
50-by-50-pixels, where no roots were visible (average of three). Six plates were imaged per crop from two independent trials (three plates/trial), n = 66 to
69 (red clover) and 62 to 73 (white clover) nodules/nodule clusters, from the six completely independent GlnLux-agar plates (Fig. 2). Stars
indicate significant differences between nondefoliated and defoliated roots for luminescence (** = P < 0.01; **** = P < 0.0001). RLU, relative light units.
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Wen et al. 2007). Indeed, defoliation-induced Gln release from
young lateral roots and root tips was also observed here. Nodule N
release was previously suggested, but via multiweek decomposition
(Fustec et al. 2010; Thilakarathna et al. 2016a).
The questions that now arise are as follows: What are the causes

and implications of defoliation stimulating rapid releases of organic
N? What is the mechanism underlying direct N release from
nodules?
Rapid defoliation-induced Gln release from legume root

systems. Here, defoliation stimulated Gln release into the rhizo-
sphere within only 2 h, which diminished within 12 h, compared
with previous results (Brophy and Heichel 1989; Ta et al. 1986)
which suggested that N exudation is slow and extended. GlnLux
cells detect only free Gln (Tessaro et al. 2012). This is important,
because defoliation reduces carbon supplies to nodules (Gordon
et al. 1986), potentially limiting energy-intensive N fixation and
assimilation into Gln (Aranjuelo et al. 2015), thereby reducing the
free Gln pool inside nodules. Hence, one interpretation of these
findings is that the pattern of rhizosphere lux emissions post-
defoliation was stimulated by the rapid release and depletion of the
pre-existing, predefoliation pool of free Gln inside root systems.
The steady-state level of free Gln is low in roots of amide-exporting
legumes (including alfalfa and clovers), yet critical to plant growth,
because Gln is rapidly converted/transported into essential N
compounds (Prell and Poole 2006).
If rapid release of free Gln postdefoliation also occurs in soil, it

could have different fates based on prior N exudate studies:
reuptake by the regrowing plant (Näsholm et al. 2009), direct N
transfer to nonlegumes (Paynel and Cliquet 2003; Paynel et al.
2008; Jalonen et al. 2009a, b), uptake by rhizosphere microbes (van
Kessel et al. 2009) potentially to benefit plant regrowth (Sasse et al.
2018), and leaching into groundwater in natural ecosystems (Aber
et al. 2002; Eshleman and Raymond 1998) and agroecosystems
(Thilakarathna et al. 2012, 2016b; Wachendorf et al. 2004).
Interestingly, in an earlier study, defoliated soybean showed

increased root colonization by arbuscular mycorrhizae fungi (AMF)
(Bayne et al. 1984). AMF are efficient in uptaking N compounds
including amino acids (He et al. 2003; Lipson and Näsholm 2001).
Furthermore, the common mycorrhizal network interconnecting the
roots of legumes and nonlegumes facilitates N transfer (He et al.
2003). Therefore, AMF may minimize the free Gln losses post-
defoliation, but this conclusion awaits further study. Alternatively,
Gln not absorbed by AMF is highly bioavailable and would be
desired by rhizosphere microbes (Sasse et al. 2018).
Mechanisms underlying defoliation-induced Gln release di-

rectly from nodules.Defoliation triggers diverse physiological and
biochemical activities inside nodules including the following: re-
duced nitrogenase activity (Cralle and Heichel 1981; Denison et al.
1992), reduced glutamine synthetase (Jacobi et al. 1994), increased
protease and nitrate reductase along with rapid localized senescence
(Vance et al. 1979), decreased O2 permeability (Denison et al.
1992), reduced soluble protein, sugar/starch, leghemoglobin
(Denison et al. 1992; Gordon et al. 1986), and cellular disintegration
(Gordon et al. 1990). Nitrogen release from nodules can now be
added to the list of early defoliation responses. As to the cause, as
noted above, since defoliation starves nodules for carbon, it may
deplete the energy required for nodule maintenance (e.g., wall
integrity) (Aranjuelo et al. 2015) including the energy barrier that
prevents diffusion losses from roots and nodules (Ta et al. 1986). It
was reported that the sucrose concentration in nodules can be
depleted by more than 50% within the first hour after defoliation
(70% defoliation) compared with the nondefoliated control in white
clover (Gordon et al. 1986). Metabolite diffusion occurs only
from young roots (due to lack of Casparian strips or suberized

endodermis) (Sasse et al. 2018), relevant here since only young
plants were imaged. It would also be interesting to explore whether
N exudation is the result of a defoliation-mediated active signaling
cascade (e.g., reduced auxin/strigolactones/small RNAs due to lost
shoot buds).
Study limitations. There were several study limitations. The

GlnLux-agar assay visualizes only free Gln, which constitutes only
a fraction of N-containing root exudates (Lesuffleur et al. 2007;
Paynel et al. 2001). Plant-to-plant variation was observed for Gln
output between GlnLux images, possibly due to variation in nod-
ulation profiles (nodule number/size) between plants. The study
environment was artificial, without soil or living microbes including
vesicular arbuscular mycorrhiza. Directly extrapolating these
findings may be challenging, as the magnitude (and possibly
timing) of N exudation can vary by species/cultivar (Thilakarathna
et al. 2016a, 2018).
Future perspectives.Rhizodeposited nitrogen can constitute 4 to

71% of total plant N, depending on genetic and environmental
factors (Fustec et al. 2010; Wichern et al. 2008), and their interplay
may be complex. Direct imaging of N exudation creates new op-
portunities to screen for elicitors of N release from nodules and
roots including rhizosphere microbes. Interestingly, photon emis-
sion was also noticed from GlnLux-agar exposed to roots from
nondefoliated plants (Figs. 1 and 2), possibly due to steady-state
Gln efflux. Several mechanisms have been proposed to mediate root
exudation (diffusion, active transport, and exocytosis) (Oburger and
Jones 2018) but the N export machinery remains largely unknown
with no authentic root-to-rhizosphere export transporters identified
(Besnard et al. 2016; Moe 2013; Sasse et al. 2018; Yu et al. 2015).
Direct imaging may facilitate screens for mutants that may be
informative.
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