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Abstract: Anticipated increases in the frequency of heat waves and drought spells may
have negative effects on the ability of leguminous trees to fix nitrogen (N). In seedlings of
Leucaena leucocephala inoculated with Mesorhizobium loti or Rhizobium tropici, we
investigated how the developmental stage and a short drought influenced overall biomass
and the accumulation of carbon and N in plant tissues. In early developmental stages, the
number of nodules and nodule biomass were correlated with total plant biomass and 8'°N,
and nodules and roots contributed 33%—-35% of the seedling total N. Seedlings associated
with R. tropici fixed more N and exhibited higher overall biomass compared with M. loti
seedlings. Four and a half months after inoculation (140 days after inoculation, DAI),
a short (15-day) drought inhibited seedling growth and caused a decline in total plant N,
with the smallest decline in R. tropici seedlings. After 15 days of drought, i.e., 155 DAI, the
nodules had accumulated proline, but the total amino acid concentration did not change.
Our results indicate that N-fixation is independent of seedlings growth. In addition,
R. tropici is a better choice than M. loti as a symbiont for Leucaena seedlings for forest
restoration and agroforestry applications under increasingly drier conditions.
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1. Introduction

Leguminous tree species play an important role in ecosystem productivity and diversity due to their
association with nitrogen (N)-fixing diazotropic soil bacteria called rhizobia [1]. This symbiosis can
increase net plant productivity [2] and mitigate land degradation through the use of fast-growing
N-fixing trees or shrub “pioneers” in restoration plantations [3]. However, anticipated changes in
climate, such as more frequent drought and heat waves [4], may have the potential to negatively
impact the usefulness of leguminous species or legume-symbiont partners for restoration purposes [5].

N fixation takes place mostly in root nodules that provide an environment where symbiotic bacteria
convert atmospheric dinitrogen (N2) into ammonia. Plants provide organic-acids as an energy source
and in exchange are supplied with fixed N [6]. This symbiotic interaction is usually highly specific;
each rhizobium species and/or strain interacts with only a specific group of legumes [7]. Such
specificity can be expressed at early stages of the interaction, i.€., during bacterial infection and nodule
development, or at later stages when N-fixation takes place [7]. However, some rhizobia species, such
as Rhizobium sp. strain NGR234 and Mesorhizobium sp., are known to be less plant-specific and to
interact with several legume species [7-9].

Variations in plant-rhizobia interactions can influence the successful establishment of legume trees
during early developmental stages (i.e., seedlings) [10] and can influence the benefit accrued from the
symbiosis. Such benefits are usually evaluated based on traits measured in the plant (e.g., total plant
biomass, N content) [10], nodules (e.g., number of nodules, nodule biomass) [11,12] or nodule
physiological parameters (e.g., apparent nitrogenase activity in relation to respiration) [12]. Nodule
traits such as number of nodules [13] and nodule biomass [14] clearly depend on plant carbon (C), and
are sensitive to environmental factors (i.e., drought stress) that can influence plant C supply [5,15].

Methods for estimating time-integrated rates of symbiotic N fixation in plant tissues rely on
differences in the >N content of biologically fixed N (with §'°N values close to 0%o) compared with N
taken up from the soil by plants (in tropical forests, §'°N values are much greater than 0%o) [16]. §'°N
values can vary substantially between organs and tissues of a single plant [17]. For example, N-fixing
plants commonly exhibit "N enrichment of nodules and a depletion of "N in shoots [18], while
averaged over the whole plant, §'N values are close to atmospheric N2 (i.e., close to 0%o) [18].
Tissue-specific §'°N values have been related to the rate of nitrate reduction in roots and shoots [19],
drought stress [20] and changes in the amount of N-fixed relative to the N mass of the nodules [21].

Drought can reduce the amount of C available to rhizobia for fixing N, which can lead to reductions
in the total amount of N in plant tissues of legumes [5]. Stomatal closure associated with drought
decreases the amount of new photosynthetic products. However, it can also reduce sinks for
nonstructural carbohydrates (NSC) and reduce translocation of sugars to roots in drought-affected
plants. Together, these can lead to the accumulation of NSC in above-ground tissues and depletion in
roots, which in turn negatively affects N metabolism in the rhizobial symbiont [22—-24]. Drought also
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induces changes in metabolite concentrations (i.e., amino acids) within the nodules, including
increased concentrations of glutamine [25] and/or asparagine [26]. Such changes act as a signal for
down-regulation of N-fixation [22]. In this paper, we report the effect of drought on an important
legume shrub species and explore the effect of rhizobium strain on plant development and
drought response.

Leucaena leucocephala (L.) de Wit, hereafter Leucaena, often referred to as the “wonder tree”,
is a widely used woody legume species in the tropics and sub-tropics [27] and is an efficient means for
sustaining the productivity of agroforestry systems [28]. For example, Leucaena improves soil fertility
through biological N-fixation (up to 500 kg ha™! year ! of N) in tropical areas of southern Mexico [29]
and subtropical areas of Australia [30]. Leucaena readily produces nodules in association with
8 different rhizobia strains isolated from 62 pan-tropical soils, including Rhizobium sp. [31] and
Mesorhizobium loti [32]. It is clear that multipurpose legume tree species like Leucaena are important
for ecosystem restoration and agroforestry. However, during critical developmental stages (i.e., seedling
establishment), little is known about the effect of the rhizobia strain on the biomass gain and tissue N
content, and how these are affected by drought stress.

In this study, our aims were to evaluate the influence of the identity of the rhizobium strain on:
(1) the overall biomass and the total C and N content in plant tissues; and (ii) determine how these
parameters changed during a short but intense drought. We hypothesized that during seedling
establishment and drought, the identity of the rhizobium strain would affect the overall amount of
N fixed by the plants. We also hypothesized that drought would limit plant growth and nodule energy
supply to varying degrees in the different Leucaena-rhizobia associations, i.e., the degree of
down-regulation of N-fixation due to reduced C availability. To test these hypotheses, we inoculated
Leucaena seedlings with two different rhizobial strains, M. loti or Rhizobium tropici, and measured
plant and nodule biomass, as well as tissue C and N concentrations and '°N isotope enrichment during
seedling development. We then compared how these traits were changed by a short drought period,
and included measures of NSC and nodule amino acids to test whether limitations in energy supply
affected plant growth, in particular, rhizosphere responses.

2. Experimental Section
2.1. Biological Material and General Conditioning
2.1.1. Plant Growth Conditions

Leucaena seeds were purchased from a commercial retailer (Sunshine-Seeds, Ahlen, Germany).
We scarified seeds in 95% sulfuric acid for 10 min to ensure rapid and homogenous germination.
After rinsing thoroughly with distilled water, the seeds were soaked in distilled water overnight.
We placed the treated seeds in Petri dishes containing distilled water and covered them with
parafilm™ (Pechiney Plastic Packing Company, Chicago, IL, USA) to increase air humidity, and
maintained them at 30 °C for 48 h. The pre-germinated seeds were individually transplanted into small
pots (0.3 L) containing sterilized C- and N-free vermiculite (oven dried at 100 °C for 8 h) and were
grown under controlled temperature at 25/20 £ 1 °C (day/night) in the greenhouse at the Max Planck
Institute for Biogeochemistry, Germany. Natural sunlight was supplemented during cloudy days with
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high-pressure sodium vapor lamps (400 W Gro-Lux®, Osram Sylvania Ltd., Danvers, MA, USA)
providing a minimum photosynthetic photon flux density (PPFD) of 400-500 umol m™2 s'. All
seedlings were irrigated every other day to substrate saturation (i.e., until drainage appeared in the
trays). The pots were fertilized weekly with an N-free nutrient solution with double the concentrations
of the standard Hansen [33] nutrient solution, also to substrate saturation (approx. 50 mL per pot),
forcing plants to rely exclusively on symbiotic N-fixation as a source of N. The nutrient solution
contained: MgS0O4-7H20 (2.0 mM), KH2PO4 (0.5 mM), KaHPO4 (0.5 mM), CaCl2:2H20 (2.0 mM),
K2S04 (1.0 mM), EDTA NaFe"O (0.2 mM), H3BO3 (0.09 mM), MnCl2 (0.004 mM), ZnCl2 (0.0008
mM), CuClz2-:2H20 (0.0003 mM), Na2Mo0O4-2H20 (0.0001 mM), and CoClz (0.00002 mM). Growth
conditions were maintained throughout the entire experiment until the interruption of
irrigation/fertilization during the drought pulse (see below).

2.1.2. Bacterial Material

Strains of Mesorhizobium loti [32] (Strain type: DSM No. 2627, Strain designation: NZP 2037) and
Rhizobium tropici [34] (Strain type: DSM No. 11418, ATCC 49672, CIAT 899. Strain designation:
HAMBI 1163) were used for the inoculation of Leucaena seedlings. Both strains were purchased at the
Leibniz Institute DSMZ (German Collection of Microorganisms and Cell Cultures, Braunschweig,
Germany). The bacterial strains were cultivated on a YEM (yeast extract mannitol) medium and the
culture was incubated at 30 °C (x1.0 °C) for four days.

2.2. Experimental Design
2.2.1. Experiment 1: Growth and Early Development

The first experiment assessed the growth and stoichiometric responses of Leucaena to different
rhizobia strains (Leucaena + M. loti, Leucaena + R. tropici) during early seedling development. We
planted 80 pots with germinated Leucaena seeds. After twenty days of growth, 35 seedlings were
inoculated with a pure liquid culture of M. loti and another 35 were inoculated with R. tropici. This
delay of 20 days was chosen to ensure homogenous seed germination prior to inoculation, and to avoid
low inoculation success observed for L. leucocephala when immediate inoculation using seed coating
was used [35]. Furthermore, we carried out inoculation pre-tests that showed liquid (1 mL) inoculation
once seeds had germinated (i.e., seedlings one to two weeks old) yielded the best results in terms of the
production of nodules over the subsequent weeks. Both bacterial cultures were applied to the surface
of the soil using a liquid solution (1 mL of liquid inoculum, in the late-exponential growth phase for
the culture) and randomly divided into subgroups according to their treatment. Ten pots received no
bacterial strain inoculum and were used as non-fixing control plants (i.e., uninoculated plants).

Harvest days (i.e., 60 and 140 days after inoculation, DAI) were chosen based on preliminary
greenhouse experiments with inoculated woody legumes. These experiments demonstrated that
nodulation using liquid inoculum was achieved by 60 DAI [36]. In addition, other greenhouse
and garden experiments studying the effectivity of rhizobia for nodulation found early N-fixation
and biomass accumulation in harvested Leucaena seedlings between 120 and 180 days after
inoculation [11,35,37,38]. We harvested at 60 DAI assuming nodulation by this point (i.e., symbiosis
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was established), and then harvested half of the seedlings at 140 DAI when tissue lignification
was visible, assuming that nodules were active and fixing N2 (Figure 1). Control seedlings
(i.e., uninoculated) died approximately ten days after the first harvest (i.e., at 70 DAI) and no data were
obtained for control plants at 140 DAI. Active N-fixation was identified via visual assessment of the
harvested nodules based on their red/pink coloration. We retained 60 pots for the subsequent short
drought experiment (Experiment 2).

2.2.2. Experiment 2: Short Drought Pulse

For experiment 2 (short drought), we used a subgroup of plants from experiment 1 (60 pots) (Figure 1).
These plants were irrigated every other day until drainage appeared in the trays, and were fertilized
weekly until 140 DAI when the short drought pulse started. In droughted plants, both irrigation and
fertilization were completely discontinued. Control (i.e., irrigated) plants were irrigated (every other
day) and fertilized (weekly) throughout the drought experiment with the nutrient solution and both
groups (control and drought) were harvested at the end of the 15-day drought period (155 DAI).
Seedlings were harvested at 0 (140 DAI) and 15 days after drought initiation (155 DAI), at the end of
the experiment (n = 6 per treatment for each time point).

Germination

period
(20 days)
Cermination Experiment 1 Experiment 2
0 DAI . 60 DAI 140 DAI 155 DAI
First harvest Second harvest Final harvest

Inoculation Days after inoculation (DAI)

Figure 1. Schematic representation of the experimental time line. Experiment 2 was based
on a subsample of plants from experiment 1. The drought pulse lasted 15 days and plants
were harvested for analysis at the start and end of this period.

2.3. Sample Processing and Analysis
2.3.1. Sample Processing

Harvested plants (n = 6 for each sampling point) were separated into leaves, branches/stems, roots,
and nodules. Tissues from half of the harvested plants (n = 3) were oven-dried to constant weight at
70 °C; their dry weight was recorded, and the material was stored for subsequent elemental and isotope
analysis. Tissues of the other half (n = 3) of the plants harvested in the drought experiment were
immediately frozen in liquid nitrogen and stored at —80 °C for NSC analyses.

2.3.2. Nitrogen Concentration and Isotopic Analysis

Subsamples (5-20 mg DW) of oven-dried material were ground in a ball mill (Retsch MM200,
Haan, Germany) to a fine powder, and then measured using an elemental analyzer (VarioMax
Elementar Analysensysteme GmgH, Hanau, Germany).
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The total amount of N derived from biological fixation was calculated using the N balance
method [39], where plants were grown in N-free media (i.e., vermiculite substrate) and the only source
of N for growth, apart from seed- and inoculum-N, was N2 fixation. This was calculated as:

Total Plant Nfixed (g) = N(Leaves+Branches+Roots) (g) — Ni(in sown seed + in inoculant) (g) (1)

For a given plant tissue, the amount of N was calculated from the amount of dry biomass and its
measured N concentration:
Tissue N(g) = (Ntssue concentration (mg g1 DW) X sample DW (g))/1000 )

The isotopic analysis of >N abundance was conducted on a subsample of each tissue (C. 1 mg DW)
that was analyzed for 8'°N (expressed relative to atmospheric N2) at the Stable Isotope Laboratory of
the Max Planck Institute for Biogeochemistry, using a Delta + XL Isotope Ratio Mass Spectrometry
(IRMS, ThermoFinnigan, Bremen, Germany).

2.3.3. Water Status

In the drought experiment, the substrate water content (SWC) was defined as the percentage of the
maximum mass of water retained by the substrate (i.e., field water capacity). SWC was estimated by
weighing the pots between 07.00 and 08.00 h on days 0 and 15 following the day irrigation was
stopped. SWC was estimated from the difference in the fresh weight (FW) and dry weight (DW) of the
substrate contained in the pots measured after each harvest (n = 6 per treatment):

SWC (%) = 100 X (FW — DW/FWmnax) 3)
2.3.4. NSC and Amino Acid Concentrations

Total NSC concentrations were estimated from the sum of the measurements of three major sugars
within each tissue: glucose, fructose, and sucrose. Shock-frozen samples (n = 3 for each tissue type) of
leaves, roots and nodules were vacuum freeze-dried for 96 h and milled (Retsch MM200, Haan,
Germany) to a fine powder. After grinding, 5 to 30 mg of the sample was added to 1 mL of distilled
water. The mixture was vortexed and incubated for 10 min at 65 °C in a thermomixer and then
centrifuged for 6 min at 12,000 g. The supernatant was removed with a pipette, stored on ice and the
water extraction procedure was repeated twice and the three extracts were combined. Sugars in the
extract were measured using high/pressure liquid chromatography with pulse amperometric detection
(HPLC-PAD) on a Dionex ICS 3000 ion chromatography system equipped with an autosampler [40].
Due to a freezer failure, the NSC in the leaf and root samples of the drought-control (irrigated) M. loti
seedlings could not be measured.

An aliquot of the nodule sugar extracts was pipetted into tin cups and assayed with a Finnigan MAT
DeltaPlus XL EA-IRMS (ThermoFinnigan GmbH, Bremen, Germany), coupled to an autosampler.
Amino acid concentrations were quantified in the same extracts prepared for nodule NSC analyses, and
were diluted at a ratio of 1:10 (v:v) in water. Amino acid measurements of the diluted extracts were
performed at the Max Planck Institute for Chemical Ecology in Jena using liquid chromatography
(LC-MS/MS) as described in Docimo, et al. [41], coupled to an API 5000 tandem mass spectrometer
(Applied Biosystem, Darmstadt, Germany). All samples were spiked with *C- and '"N-labeled
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amino acids (algal amino acids *C, '°N, Isotec, Miamisburg, OH, USA) at a concentration of 10 ug
of the mix per mL solution. The concentration of individually labeled amino acids in the mix
was determined by HPLC-fluorescence detection analysis after pre-column derivatization with
ortho-phthaldialdehyde-mercaptoethanol using external standard curves made from standard mixtures
(amino acid standard mix, Fluka plus Glutamine, Asparagine and Tryptophan, also Fluka). Individual
amino acids in the sample were quantified by the respective '3C- and '’N-labeled amino acid
internal standard, except for tryptophan and asparagine: tryptophan was quantified using '*C-,
SN-Phenylalanine applying a response factor of 0.42. Asparagine was quantified using '*C-,
ISN-Asparagine applying a response factor of 1.0.

2.4. Statistical Analysis

Mean (+SE) values of the measured parameters were tested for differences between strains and
across harvest days by two-way ANOVA (strain and harvest days as factors for experiment 1 and
experiment 2) using Type I sum of squares using R (v 3.1.0., R Foundation for Statistical Computing,
2012) [42] and the package Agricolae, version 1.1-8 [43]. When ANOVA indicated a significant
overall treatment effect, a multiple comparison test was carried out (post hoc Least Significant
Difference test) to compare parameter means across harvest days within rhizobia strains. To determine
whether whole plant N discrimination was different from atmospheric N2 (0%o), a t-test was
performed across harvest days within strains.

3. Results
3.1. Rhizobium Strain Effects on Seedling Carbon and Nitrogen Content

At 60 DAL, the symbiosis of Leucaena with both inoculated rhizobia strains was clearly established,
and had substantial effects. Uninoculated plants were shorter and had on average less biomass than
inoculated plants. The leaf tissues of uninoculated plants had half the N concentration found in the
leaves of inoculated seedlings (Table 1). Approximately ten days after the harvest (i.e., at 70 DAI), the
uninoculated seedlings died, and no data were obtained for the control plants at 140 DAL

At this early stage of development, the differences observed between plants infected with different
rhizobia were mostly belowground. Fewer nodules were produced by R. tropici plants, but these had a
similar biomass compared with the nodules on plants with M. loti. The average root length of the R.
tropici seedlings was almost 2-fold longer than that of the M. loti seedlings (Table 1). The N
concentration in the root tissues differed very little across treatments, but the >N isotopes showed the
source of root N differed. Roots of inoculated seedlings had depleted bulk 8'"°N (—1.4%0) when
compared with atmospheric '°N (0%o) and the roots of control seedlings (+3.4%o) (Table 1). However,
the whole plant §'°N (calculated from the weighted total N contributions of shoots, roots and nodules
to the whole plant) was not significantly different from 0%o (Table 1).
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Table 1. Leaf, root and nodule traits of pot-cultured Leucaena leucocephala inoculated
with different rhizobia strains (Mesorhizobium loti or Rhizobium tropici) and their
respective controls (uninoculated plants). Numbers represent mean = SE (n = 5 at 60 days
after inoculation (DAI) and n = 3 at 140 DAI). Different letters indicate significant
differences across harvest days within a rhizobial strain (p < 0.05, Least significant
differences (LSD) test, following ANOVA). Asterisks indicate the differences between

atmospheric N2 (0%o) and total-plant §'°N, analyzed by Student’s t-test.

Harvests
60 DAI 140 DAI

Trait M. loti R. tropici Control M. loti R. tropici

Plant height (cm) 58+04° 54+04° 42+04° 122+14°2 148+0.6%

Total plant biomass (g) 05+0.1°¢ 05+0.1°¢ 03+0.1°¢ 32+05° 49+0.8*

Total plant 3'°N (%o) -09+0.3 -04+0.2 1.8£04* -04+03 -0.6+0.2

Root-to-shoot ratio 04+0.0° 03+0.0° 0.6+0.1°2 0.6+0.0° 0.7+£0.0°
Number of leaves (plant™) 7.0+£1.4%b 84+1.2° 27+£09¢ 247+18° 22.0+3.8°
Leaf C (%) 42.1+£03%  429+1.7%  40.6+03° 43.6+02%® 45.6+0.2°2
Leaf N (%) 24+04° 2.1+03° 12+00¢ 34+022 3.8+0.2°2

Leaf 85N (%o) -1.4+0.1 -1.0+£04 -1.6+04 -0.8+0.1 -0.8+0.3
Root length (cm) 127+4.0° 21.0£2.0% 229+£2.1%  13.8+0.6% 23.5+52%
Root C (%) 40.0+1.8° 41.1+£0.0%  424+0.1%® 41.8+03% 43.6+1.3°

Root N (%) 1.7+£0.2 1.6 £0.0 1.7£0.0 1.5£0.1 1.6+£0.2

Root 85N (%o) -14+05° -1.4+04° 34+£0.1° -1.8+04° -1.8+02°
Nodules (plant™") 124+22% 7.0+05" 0 13.7+0.5° 13.3+£0.6%
Total nodule biomass (mg) 11.4+£09° 144+£15° 0 783+124°* 70.1 +£8.8+*
Nodule C (%) 41.8+0.1° 414+02° 0 447+13° 43.1+08%
Nodule N (%) 43+0.0° 45+0° 0 44+0.1° 56+0.2°2
Nodules 3'°N (%o) 49+02° 52+02%® 0 7.4+08%® 79+12°2

At 140 DAI, stems started to lignify and all inoculated seedlings looked similar aboveground.
The number of leaves, average plant height, and tissue C and N concentrations were not significantly
different between plants associated with the two rhizobia strains. However, total plant biomass was
significantly greater in R. tropici seedlings (4.9 = 0.8 g) compared with M. loti seedlings (3.2 + 0.5 g)
(Table 1). Thus overall, R. tropici plants had fixed more N and C at this stage.

Nodule biomass was a much better predictor of total plant N-fixed (Figure 2b) than the plant nodule
count (Figure 2a). While the number of nodules per plant almost doubled in R. tropici seedlings at 140
DAI compared with 60 DAI, the nodule count did not increase in M. loti seedlings. Total nodule
biomass significantly increased between 60 and 140 DAI and was very similar between strains (Table 1).
Values of §'°N remained constant for leaf and root tissues, but increased an additional 2.5%o to 2.7%o
in the nodules between 60 DAI and 140 DAL, respectively, for M. loti and R. tropici, with final §'°N
values in the nodules of ¢. 8%o to 9%o greater than the leaf or root '°N values (Table 1).
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Figure 2. Total content of fixed nitrogen per plant as a function of plant nodule count
(@) and nodule biomass (b) in Leucaena leucocephala seedlings inoculated with
Mesorhizobium loti (filled bars) and Rhizobium tropici (open bars). Different symbols
indicate single measurements at 60 DAI (circles) and 140 DAI (triangles). Fitted curves
show the linear regression between parameters. Equations and the determination
coefficient are included in each figure. DAI: days after inoculation.

3.2. Drought-Induced Changes in Water Availability and Number of Nodules per Plant

During a 15-day drought at 140 DAI (four and a half months after inoculation), the substrate water
content (SWC) declined gradually from approximately 86.7% and 90.8% (Day 0) to 41.1% and 48.7%
(Day 15) for M. loti and R. tropici seedlings, respectively (Table 2). All drought-affected seedlings
showed signals of stress in that their leaves folded inward. However, in droughted seedlings, traits
such as the number of leaves, the C and N concentration of the leaves and the root-to-shoot-ratio did
not change (Table 2). In addition, irrigated plants did not change, except for a significant increase over
the 15-day period, i.e., 155 DAI, in root biomass and the root-to-shoot ratio of R. tropici seedlings
(Table 2). Thus, the growth of plants inoculated with M. loti was not affected by drought during
this period.
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Table 2. Effect of a short drought on leaf, root and nodule traits of pot-cultured Leucaena
leucocephala inoculated with different rhizobia strains (Mesorhizobium loti or Rhizobium
tropici) and their respective controls (irrigated plants). Numbers represent mean + SE
(n = 3). Harvests were conducted at the beginning of the short drought (day 0, 140 days
after inoculation, DAI) and after 15 days at the end of the drought (day 15, 155 DAI).
Different letters indicate significant differences across harvest days within a rhizobium
strain (p < 0.05, Least significant differences (LSD) test, following ANOVA).

Days after the Short-Drought Pulse

0 (140 DAI) 15 (155 DAI) Irrigated Plants
M. loti R. tropici M. loti R. tropici M. loti R. tropici
Soil water content (%) 87.7+2.0*  90.8+29% 41.1+42° 48.7+24% 89.0+20* 905+29¢%
Root-to-shoot ratio 0.7+0.1° 0.8+0.0° 0.7+0.0° 0.7+0.0° 0.8+0.0° 09+0.1°
Number of leaves
247+23 22.0+3.8 23.3+0.7 253+33 220+1.2 24.0+0.0
(plant™)

Leaf biomass (g) 04+0.1°% 0.6+0.1%° 04+0.0° 04+0.0° 03+0.1° 0.6+0.1°
Leaf C (%) 43.6+£0.1 45.6 +0.7 453+23 445 +0.1 449+12 44.1£0.1
Leaf N (%) 34+£02% 3.8+£02% 33+£02%® 3.6+£02°%® 3.1+£04° 35+£00%

Leaf 8N (%o) -0.8+0.1 -0.8+0.3 -0.9+0.2 -1.1+04 -1.4+02 -0.9+0.3
Leaf NSC (%) 49+03° 44+03° 8.6+0.7° 52+03"% - 41+03°

Root length (cm) 13.8+£0.6% 235+£52% 133+£25° 23.6+£51%  129+09°¢ 147+12%

Root biomass (g) 05+0.1° 0.7+0.12 0.5+£0.0° 0.6+£0.1°2 04+0.1° 09+0.1°
Root C (%) 41.8+03% 43.6+13* 382+1.1° 41.5+£08% 397+12°% 388+0.9%
Root N (%) 1.5+0.1 1.6 £0.2 1.7+0.1 1.7+0.1 1.5+0.1 14+0.1

Root 3N (%o) -1.8+0.4 -1.8+0.2 -22+02 -1.7+04 -2.7+0.8 -22+04
Root NSC (%) 47+19° 6.4+02" 9.0+£0.8% 10.0+1.02 -- 143+£29¢
Number of nodules
- 13.6+£0.5°% 133+£0.6° 6.7+03° 163+£29%®  350+6.6° 11.3+44°
(plant™)
Nodule biomass (mg) 783 +12.4%® 70.1+88%® 601171 562+162% 413+3.0% 863+14.2°
Biomass per nodule
- 4.8+0.7%® 53£1.0% 93+32¢% 40+0.7% 12+02° 114+5.0°
(mg nodule ™)
Nodule C (%) 447+13%  43.1+£07% 407+£04° 426+£0.7%® 427+£03% 424+03%®
Nodule N (%) 44+0.1° 550272 42+0.1° 43+02° 50£0.1°" 44+00°
Nodule 8N (%o) 7.4+0.8 79+1.2 79+0.5 8.7+0.6 8.0+0.9 8.7+0.6
Nodule NSC (%) 7.4+0.6® 24+0.1°¢ 10.1+1.8% 8.8+ 1.4 93+07% 139+12°

R. tropici seedlings had more but lighter nodules when exposed to drought compared with both
irrigated seedlings and M. loti seedlings under drought (Table 2). The NSC increased in the roots and
nodules of seedlings of both strains under drought or irrigation, with the largest increases in the
nodules of R. tropici plants. In contrast, the NSC also increased in the leaves of M. loti plants affected
by drought (Table 2).

Roots were more depleted in '°N than leaves, compared with the atmospheric '°N concentration (i.€.,
8N < 0%o) (Table 2). Nodule 8'°N values increased (>0.5%o to 0.8%o) and their N concentration
decreased for both rhizobia strains after 15 days of drought (Table 2).

Amino acid concentrations in nodules decreased slightly during the drought treatment and
compared with the irrigated seedlings (Figure 3a), especially in M. loti. Glutamic acid (Figure 3b) and
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asparagine (Figure 3c) represented ~63% and ~66% of the total amino acid (by mass) analyzed in
the nodules of R. tropici and M. loti, respectively. Drought affected mostly asparagine in the nodules
of M. loti and R. tropici, causing reductions of 44% (Figure 3c). In contrast, proline significantly
increased after 15 days of drought (Figure 3d) at a similar rate from 10.3 + 0.8 to 58.6 = 3.7 nmol g ! in
the nodules of M. loti seedlings, and from 2.8 + 0.7 to 48.6 = 5.8 nmol g ' in the nodules of
R. tropici seedlings.
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Figure 3. Average total amino acids (a); glutamic acid (b); asparagine (C) and proline (d) in
the nodules of Leucaena leucocephala inoculated with Mesorhizobium loti (filled symbols)
and Rhizobium tropici (open symbols) under a short drought or irrigation. Values represent
means = SE (n = 3). Different upper-case letters denote significant differences between
strains, lower-case letters across harvest days (p < 0.05, Least significant differences (LSD)
test, following ANOVA).

4. Discussion

The choice of N-fixing trees for forest restoration and agroforestry in drought-prone systems is
usually based on plant growth traits (e.g., survival rate, fast vs. slow growth, C and N tissue
concentrations) [29,44]. The use of such traits has led to variable growth responses to heterogeneous
environmental conditions, differences in propagation success in tree nurseries, and the initial
performance of trees [45,46]. However, the contribution of the rhizobial strain associated with various
plants has received less attention, especially with respect to plant response to drought.
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Our study demonstrates that different rhizobia strains in the Leucaena-rhizobium symbiosis had
substantial impacts on growth and development, both during early seedling stages and during drought.

4.1. Effects of Rhizobium on Nodulation, Seedling Growth, and Total Plant N

A common understanding in legume-rhizobia symbiosis is that larger plants can support more
nodules and can establish themselves earlier [8], which in turn translates into faster growth, higher
biomass, and more N in plant tissues [47]. However, this was not the case in our experiment; the
number of nodules did not increase over time in M. loti seedlings, a phenomenon that has also been
observed in other studies on L. leucocephala inoculated with M. loti (Strains: MAFF 303099 and
R7A) [48,49]. Such a regulation of nodule formation was attributed to the presence of secretion
systems, which are large protein complexes that are exported across bacterial membranes and cell
walls [50]. The regulation of the total number of nodules in M. loti seedlings was associated with
negative effects on biomass and N accumulation in Leucaena.

In our study, Leucaena was an obligate N-fixer at early growth stages, and seedlings regulated the
N content via changes in their whole plant biomass [51], as indicated by the fact that N was fixed at the
same rate per unit of biomass independent of growth phase (Figure 2). Seedlings inoculated with
R. tropici had higher biomass accumulation and N-fixation. The hypothesis of our study was
confirmed, as N-fixation and biomass accumulation differed between inoculated strains, a result also
observed for Acacia sp. inoculated with different rhizobia strains (i.e., phylotypes) [52]. Furthermore,
the amount of N-fixed during a given period of time was strongly related to nodule biomass, but not to
nodule count (Figure 2b). Similar results have been observed in Medicago truncatula, where higher
N-fixation rates (measured as apparent nitrogenase activity) were observed in association with the
strain that yielded higher nodule biomass [12].

Belowground tissues contributed to 33%—-35% of the seedling total N, i.e., three-fold higher than that
reported for pasture legumes [53]. Belowground tissues therefore contain a substantial proportion of
total N fixed by plants, as has been observed in field experiments, albeit to a lesser degree (7%—10%) [54].
The observed differences are probably related to differences in plant type (pasture legume vs. woody
legume) and/or to the type of manipulation (field experiment vs. greenhouse experiment). However,
when N content and tissue '°N are integrated over the whole plant, applying a mass balance approach,
we did not observe isotope discrimination against '’N compared with atmospheric N (i.e., the §'°N for
the whole plant was ~0%o) [18]. We found that the 8'°N values of the nodules increased with time and
were enriched compared with atmospheric N, while other plant tissues were depleted in §'"°N by
comparison. This has also been observed in other studies of legume shrubs and trees inoculated with
Rhizobium sp. [16]. The reason for such large enrichment of >N in nodules is still debated [18]. One
hypothesis is that deamination reactions produce *N-depleted ammonia (NH3), which is exported out
of the nodules, leaving residual N that is enriched in >N [53], causing nodule 8'°N increases. The
subsequent assimilation of the exported NH3 into growing plant tissues would thus explain their
depletion in >N [54]. We observed concurrent changes in N concentration in aging leaves associated
with a >N enrichment of ¢. 0.6%o, so that discrimination processes other than N-fixation must have
been operating [18]. Methodological approaches using '°N to partition total N into symbiotically fixed
vs. soil-uptake N in leaf tissues need to consider this post-fixation fractionation in their calculations.
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4.2. Leucaena Symbiosis during Drought: Root Length and N-Fixation

Leucaena is known as a drought-tolerant species with a deep rooting system [56]. Under short-term
drought stress, Leucaena seedlings associated with R. tropici had greater root length than M. loti
seedlings. This is interpreted as a survival strategy during soil water depletion [5] by allowing plants to
explore a greater soil volume.

Drought caused plant growth to cease and resulted in slight reductions of plant N in R. tropici
seedlings, which might indicate greater N use without resupply from N-fixation. On the other hand,
M. loti seedlings stopped growing before the short drought started. This might be related to the
regulation of the number of nodules discussed earlier, rather than regulation of N-fixation due to
drought. Regulation of the symbiotic N-fixation during drought is complex and yet not fully
understood [55]. Other pot experiments with short drought spells (7 days) have shown a reduction of
N-fixation via impairment of bacteriod C metabolism [56] and/or accumulation of amino acids (i.e.,
N-feedback) [22]. Apart from a strong accumulation of proline, a common drought stress response, the
total amino acid concentration in the nodules did not increase after 15 days and hence cannot be
explained by N-feedback mechanisms in our experiment. However, the accumulation of NSC in
nodules might indicate that levels of sucrose synthase, a key enzyme in the hydrolysis of sucrose to
hexoses in nodules, was reduced by drought [57], leading to a limitation of respiratory substrate for
bacteriods [58]. The respiratory substrate for bacteriods is malate, derived from the catabolism of
hexoses to oxaloacetate and ultimately, reduced to malate, due to the enzyme malate dehydrogenase [59].
Such a mechanism has been observed in pea and soybean (Glycine max), but not in Medicago
truncatula [55] and may lend support to our hypothesis that drought down-regulated N-fixation due to
reduced C availability to fuel bacteriod respiration in R. tropici seedlings.

In a restoration effort of degraded agricultural land in Mexico, the establishment rate and drought
survival were greater for legume seedlings that grew for two months under controlled conditions
before planting [60]. Applying our results to field conditions, Leucaena seedlings grown with
R. tropici until lignification occurs are likely to gain more biomass and increase N tissue content
compared with those grown with M. loti. The R. tropici symbiosis also allowed increases in root length,
which might enable the plant to better respond to drought conditions by exploring distant soil water
pools. However, a co-limitation of phosphorus (P) should always be considered in tropical ecosystems,
where low availability of P may prevent N fixers from having a significant advantage [61]. While there
has been a clear emphasis on how drought affects leguminous trees and their performance in
reforestation efforts or agroforestry, there are major knowledge gaps in how other abiotic stressors
affect the rhizobia-host symbiosis.

5. Concluding Remarks and Implications

Under the controlled conditions of our manipulation, Leucaena was an obligate N-fixer and
N-fixation occurred during the whole seedling growth phase. However, when Leucaena was inoculated
with R. tropici, it fixed more N and gained more biomass than seedlings associated with M. loti.
Though both associations ceased fixing N during drought, R. tropici seedlings had on average longer
roots, and their nodules accumulated more proline, suggesting that seedlings inoculated with R. tropici
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are likely better able to survive drought. For better results in forest restoration and agroforestry
applications, we recommend the growth of Leucaena trees in association with R. tropici under
controlled conditions until lignification occurs, before transplanting the seedlings to the field.
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