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Methods S1: Methods and references used for Figure 2

Overview of the acetylene reduction assay
The acetylene reduction assay (ARA) was popularized by Hardy et al. (1968) and has become a
mainstay of research into nitrogen fixation rates in root- and stem-nodulating plants. Briefly, the
assay harnesses the natural ability of nitrogenase to reduce a variety of substrates, which
includes protons (to H,), dinitrogen (to ammonia), and acetylene (to ethylene). In atmospheres
of up to 10% acetylene, nitrogenase preferentially reduces acetylene over other available
substrates, and nitrogen fixation rates can be approximated from ARA-determined nitrogenase
activity by dividing the latter by some empirically-determined constant (usually 3-4).
Nitrogenase activity is not equal to nitrogen fixation rate because, under normal physiological
conditions, some nitrogenase activity is used to produce H,. Parsons et al. (1992) assumed an
nitrogenase activity-to-nitrogen fixation ratio of 4:1 and calculated the ARA value that would be
required to sustain the known growth rate of a Sesbania rostrata seedling of known nitrogen
content; they found their ARA prediction (293 umol C;Hs g h'l) closely matched their empirical
ARA measurements (270-280 pmol C;Hs g h't), supporting the utility of this assay for
approximating nitrogen fixation rates.

The acetylene reduction assay has been critiqued because common assay conditions increase
the resistance of the nodular oxygen diffusion barrier, which artificially reduces nitrogenase
activity (Minchin et al., 1983, 1986). Problematic assay conditions include disrupting the tissues
being sampled (i.e., removing shoots from roots or removing nodules from roots) and incubating
tissues in acetylene for longer than 10 minutes, although this “acetylene-induced decline” in
nitrogenase activity depends on plant species, inoculum, and assay conditions (Vessey, 1994).

Literature search
We extracted measurements of nitrogenase activity from published acetylene reduction assays
that used either intact plants, nodulated roots or stems, or excised nodules. We used Web of
Science search terms ‘nitrogenase’ + 'nodule’ and examined publications from January 2013 to
August 2017. To increase coverage of specific taxa, we also searched tribal or generic names in
conjunction with the search term “acetylene” and examined publications dating back to 1987.

Extracting acetylene reduction assay (ARA) data from publications
We used one ARA value per plant species (or subspecies/cultivar) per publication to account for
data from the same experiment likely exhibiting more similarity than data from different
experiments. In studies that published multiple ARA values for the same species (or
subspecies/cultivars), as when ARA was measured in different treatments or over a growing
season, we used the highest reported ARA value for the species (or subspecies/cultivar) or the
value of the control treatment when stressors/manipulations had been applied. When data had
to be extracted from a figure, we manually measured the height of bars/points and standardized
to experimental units using the scale bar. Of 199 references uncovered during the literature
search, we retained 215 data points from 106 references. References were excluded if we found
that ARA was performed on bacterial cultures (instead of nodules) or if we could not standardize
the reported ARA units to common units (see below).

Standardizing ARA data to common units
ARA data were standardized to units of pumol ethylene produced g nodule dry weight (DW) h!
to be presented in Figure 2 as specific nitrogenase activity (SNA). When ARA data were originally




reported per nodule fresh weight (FW), we adjusted to DW by multiplying by 0.25 (assuming
nodule DW was 25% nodule FW; we found nodule DW varied from 10-35% of nodule FW based
on studies where nodule DW and FW were presented together). When ARA data were reported
per plant or per nodule, we adjusted to per g nodule DW using nodule mass data reported in the
same publication.

Assigning plant genera to clades
Plant genera were assigned to one of four clades of root-nodulating plants according to the
phylogenies in Doyle (2011) and Lewis (2005):

Non-legumes: includes Parasponia and actinorhizal taxa (Rosales, Cucurbitales, and Fagales)
Early-diverging legumes: includes MCC clade, dalbergiods (s.l.), and genistoids (s.l.)
Warm-season legumes: includes milletiods (s.l.) and Tribe Indigofereae

Cool-season legumes: includes robiniods (s.l.) and the IRLC legumes

Assigning nodule trait values to plant genera
We assigned each plant genus one of two values for each of four nodule traits, as follows:

Infection method R =root hair infection, C = crack entry,
intracellular infection epidermal infection,
intercellular infection

Nodule development D = determinate growth | = indeterminate growth

Symbiont sequestration | F = fixation threads, persistent | S =symbiosomes
infection threads, N-fixing
hyphae (for actinorhizal plants)

Symbiont differentiation | N = nonterminal, reversible, T = terminal, irreversible,
nonswollen bacteroids swollen/elongated
bacteroids, bacteroids
with reduced viability

We searched the literature for evidence of which trait values occurred in each genus in our
dataset. Publications used to support trait value assignments are found in Table S1B. In many
cases we could not find publications supporting specific genera, and so we inferred trait values
from related taxa (also see Table S1B). Occasionally a genus showed evidence for both trait
values; these were indicated as ‘mixed’ (M).

Testing effects of tissue treatment on nitrogenase activity
For all analyses, specific nitrogenase activity values were log-transformed to improve normality.
All statistics were performed in JMP Pro 13 (SAS Institute Inc., Cary, NC, USA).

To address the concern that nitrogenase activity declines after disrupting assayed tissue, we
categorized each data point with regard to tissue treatment prior to ARA measurement:
‘nodule’ (n = 80) included nodules excised from roots with or without a portion of the
subtending root attached, ‘roots or stems’ (n = 79) included nodulated roots (or nodulating
stems for stem-nodulating species) detached from the rest of the plant, and ‘intact plants’ (n =
36) included whole plants measured in or out of their growth medium. SNA varied significantly



by tissue treatment (F2,103=3.3992, P = 0.0354), with intact plants tending to have greater
nitrogenase activity than roots or stems, which tended to have greater nitrogenase activity than
nodules. Pairwise differences between tissue treatments were not significant, but we confirm
the general trend that less-disrupted tissues exhibit greater levels of nitrogenase activity.

Testing effects of acetylene incubation time on nitrogenase activity
To address the concern that nitrogenase activity declines after exposing tissues to acetylene for
more than 10 minutes, we assembled data for the amount of time plant tissues were incubated
in acetylene prior to measuring ethylene production. In several cases, ethylene was measured at
several time points after acetylene was added and the reported SNA values were not tied to
specific time points. When multiple incubation times were available for a data point, we chose
the shortest incubation time. The 180 SNA data points for which we could collect acetylene
incubation time values ranged from 0.75 minutes to 1140 minutes. There was no significant
effect of acetylene incubation time on SNA (P = 0.2285), but when the six data points with
incubation times greater than 240 minutes were excluded, there was a significant negative
relationship (R =0.052, P = 0.0014). We next binned each data point into acetylene incubation
times of 0.75-10 minutes (n = 24), 11-30 minutes (n = 68), 31-60 minutes (n = 62), and 61-1440
minutes (n = 26) and found that SNA varied significantly among incubation time bins (F3177=
9.1479, P < 0.0001). Incubation times of 0-10 minutes had significantly greater SNA than any
other time bin, which did not differ from each other. Thus, we confirm the trend that
nitrogenase activity decreases after more than 10 minutes of exposure to acetylene.

Testing effects of plant clade and nodule traits on nitrogenase activity (Methods S1 Table 1)
To account for variable numbers of data points within each plant genus (ranging from 1-30; see
Table S1B), we calculated genus-level SNA means and used this smaller dataset to examine SNA
variation among plant clades and nodule traits using ANOVA and independent-samples t-tests,
respectively.

Using the entire dataset (‘all data;’ 58 genus means from 215 data points), we did not detect
significant variation in SNA among clades or between alternative trait values for any of the four
nodule traits we tabulated (infection method, nodule development, symbiont sequestration, or
symbiont differentiation). Next, we re-calculated genus means using just data points collected
under more optimal ARA conditions (i.e., from intact plants, or under acetylene incubation times
of up to 10, 30, or 60 minutes). We repeated our analyses using these filtered datasets and still
failed to find differences in SNA among clades or nodule types, suggesting that plant evolution
has not significantly shaped nitrogenase activity. However, these results could also be due to the
loss of statistical power from the smaller sample sizes in these filtered datasets. We are thus
cautious in interpreting these negative results too strongly and support future research on this
important question.

Testing effects of nodule traits on nitrogenase activity within each plant clade (Methods S1 Table 2)
For each nodule trait, we examined clades in which each trait value occurred in at least three
genera (excluding genera marked with ‘M’ or ‘U’) and tested for effects of alternative trait
values on SNA using an independent-samples t-test. When filtered datasets were used (0.75-10
minute or 0.75-60 minute acetylene incubations), we found no significant effects of nodule trait
values on nitrogenase activity within any clade. When the entire dataset was used, we found
that non-legumes with root hair infection had significantly greater nitrogenase activity than
nonlegumes with crack infection (Methods S1 Table 2).




Methods S1 Table 1. Effects of plant clade and nodule traits on nitrogenase activity using different data subsets. For each embedded table, “n” refers to the
number of plant genera in each level of each tested factor.

Intact plants ONLY

20 genera
(from 36 data points)

C;H; incubation times 0.75-
10 min ONLY
13 genera
(from 24 data points)

C;H; incubation times 0.75-
30 min ONLY
34 genera
(from 92 data points)

C;H; incubation times 0.75-
60 min ONLY
53 genera
(from 154 data points)

All Data

58 genera
(from 215 data points)

Fs,17=0.5009, P = 0.6869

Fs,10=0.3810, P=0.3810

Fs,31=0.2650, P =0.8500

Fs,50=0.6251, P=0.6022

Fss5=1.5341, P=0.2162

° n | Mean n | Mean n Mean n Mean n Mean
LB log10(SNA) log10(SNA) log10(SNA) log10(SNA) log10(SNA)
g Non-leg 7 | 1.46 Non-leg 4| 210 Non-leg |9 | 1.33 Non-leg | 10 | 0.93 Non-leg 12 0.82
- Early leg 4 | 1.56 Early leg 2| 3.29 Earlyleg | 7 | 1.23 Early leg | 16 | 1.38 Early leg 17 1.30
Warmleg | 6 | 1.21 Warmleg | 3 | 1.73 Warmleg | 11 | 1.14 Warmleg | 18 | 1.02 Warmleg | 19 | 0.83
Cool leg 310.23 Cool leg 4| 191 Coolleg |7 | 1.43 Coolleg |9 | 0.86 Cool leg 10 0.46

Infection method

t=1.03, P=0.3205

t=0.41, P=0.6893

t=1.70, P=0.1005

t=1.44, P=0.1557

t=1.07, P=0.2907

n Mean n | Mean n Mean n Mean n Mean
log10(SNA) log10(SNA) log10(SNA) log10(SNA) log10(SNA)
R 12 | 1.52 R 9 | 2.38 R 22 | 1.47 R 33 | 1.31 R 34 | 1.10
C 5 | 0.66 C 2 | 2.09 C 9 1.03 C 16 | 0.85 C 18 | 0.78

Nodule development

t=-0.01, P=0.9892

t=2.13, P=0.0594

t=0.37,P=0.7116

t=0.72,P=0.4721

t=0.32, P=0.7490

n Mean n | Mean n Mean n Mean n Mean
log10(SNA) log10(SNA) log10(SNA) log1o(SNA) log10(SNA)
| 13 | 1.15 I 7 | 2.61 I 21 | 1.31 I 34 | 1.16 | 39 | 0.93
D 6 1.16 D 5| 1.48 D 12 | 1.22 D 18 | 0.94 D 18 | 0.83

Symbiont
compartmentalization

t=-0.47,P=0.6477

t=0.09, P=0.9331

t=-0.26, P=0.7958

t=0.99, P=0.3291

t=0.67, P =0.5055

n Mean n | Mean n Mean n Mean n Mean
log10(SNA) log10(SNA) log10(SNA) log10(SNA) log10(SNA)
F 7 1.46 F 41 2.10 F 9 1.33 F 11 | 0.84 F 13 | 0.75
12 | 1.10 9 | 2.16 24 | 1.26 40 | 1.19 43 | 0.98

t=-1.08, P=0.2957

t=0.48, P =0.6395

t=1.16, P=0.2551

t=-1.14, P=0.2615

t=-1.41, P=0.1646

E g n | Mean n | Mean n | Mean n | Mean n | Mean
£3 log10(SNA) log10(SNA) log10(SNA) log10(SNA) log10(SNA)
ol T 11 | 0.89 T 7 | 2.27 T 16 | 1.41 T 24 | 0.92 T 27 | 0.70
N 9 1.62 N 6 | 1.99 N 17 | 1.13 N 27 | 1.26 N 29 | 1.10
R = root hair infection, C = crack infection, | = indeterminate nodule development, D = determinate nodule development, F = fixation threads, S = symbiosomes, T = terminal symbiont

differentiation, N = nonterminal symbiont differentiation




Methods S1 Table 2. Comparison of nitrogenase activity between alternative nodule trait values for
each main clade of N-fixing plants studied here, using all available data. For each embedded table, “n”
refers to the number of plant genera with the indicated trait value. When there were no genera having a
particular trait value, we filled the “mean” field with “NA” (not applicable). When a particular trait value
was only found in one genus, preventing a t-test from being performed, we also filled the t-test field
with NA.

All Data
Clade n Mean t-test
|0g10(SNA)
Non-leg R=5 1.45 t=2.95
g o) c=7 0.38 P =0.0145
B g Early leg R=8 1.90 t=1.48
QL o c=7 1.05 P=0.1627
£ E |[warmleg |R=14 | 0.89 t=-0.16
C=4 0.99 P=0.8773
Cool leg R=7 0.37 NA
C=0 NA
Clade n Mean t-test
|Og10(SNA)
= Non-leg 1=12 0.82 NA
v @ D=0 | NA
g g_ Early leg 1=14 1.41 t=0.79
o2 D=3 |0.79 P =0.4404
= 3 Warm leg =5 0.64 t=-0.43
© D=14 0.89 P =0.6695
Cool leg =8 0.41 NA
D=1 0.09
c Clade n Mean t-test
.° logio(SNA)
® Non-leg | F=12 | 0.82 NA
‘é 4(_3 S=0 NA
5 5 Early leg F=1 -0.08 NA
€ ¢ S=14 | 156
&t Warmleg | F=0 NA NA
Q S=19 0.83
g Cool leg F=0 NA NA
c S=10 | 0.46
Clade n Mean t-test
log10(SNA)
g Non-leg T=11 0.90 NA
25 N=1 | 0.04
o .0
5 E Early leg T=4 0.76 t=-1.19
g v N=11 1.61 P=0.2571
&L Warmleg | T=5 0.87 t=0.11
o N=14 0.81 P=0.9160
Cool leg T=7 0.25 t=-1.27
N=3 0.93 P =0.2408
R = root hair infection, C = crack infection, | = indeterminate nodule development, D = determinate nodule development, F =

fixation threads, S = symbiosomes, T = terminal symbiont differentiation, N = nonterminal symbiont differentiation



References used for Figure 2 and Table S1

Abd-Alla MH, Bagy MK, El-Enany AE, Bashandy SR. 2014. Activation of Rhizobium tibeticum with
flavonoids enhances nodulation, nitrogen fixation, and growth of fenugreek (Trigonella foenum-

graecum L.) grown in cobalt-polluted soil. Archives of Environmental Contamination and
Toxicology 66: 303-315.

Abd-Alla MH, Bashandy SR, Bagy MK, El-Enany AE. 2014. Rhizobium tibeticum activated with a mixture
of flavonoids alleviates nickel toxicity in symbiosis with fenugreek (Trigonella foenum-graecum
L.). Ecotoxicology 23: 946-959.

Abd-Alla MH, El-Enany AE, Nafady NA, Khalaf DM, Morsy FM. 2014. Synergistic interaction of
Rhizobium leguminosarum bv. viciae and arbuscular mycorrhizal fungi as a plant growth
promoting biofertilizers for faba bean (Vicia faba L.) in alkaline soil. Microbiological Research
169: 49-58.

Adhikari D, Itoh K, Suyama K. 2013. Genetic diversity of common bean (Phaseolus vulgaris L.)
nodulating rhizobia in Nepal. Plant and Soil 368: 341-353.

Al-Barakah F, Mridha M. 2016. Symbiotic nitrogen fixation in alfalfa (Medicago sativa L.) by
Sinorhizobium meliloti at Al-Qassim Regions, Saudi Arabia. Pakistan Journal of Botany 48: 345-
348.

Alam F, Bhuiyan M, Alam SS, Waghmode TR, Kim PJ, Lee YB. 2015. Effect of Rhizobium sp. BARIRGm901
inoculation on nodulation, nitrogen fixation and yield of soybean (Glycine max) genotypes in
gray terrace soil. Bioscience, Biotechnology, and Biochemistry 79: 1660-1668.

Alam F, Kim TY, Kim SY, Alam SS, Pramanik P, Kim PJ, Lee YB. 2015. Effect of molybdenum on
nodulation, plant yield and nitrogen uptake in hairy vetch (Vicia villosa Roth). Soil Science and
Plant Nutrition 61: 664-675.

Almeida FFD, Aratjo AP, Alves BJR. 2013. Seeds with high molybdenum concentration improved growth
and nitrogen acquisition of rhizobium-inoculated and nitrogen-fertilized common bean plants.
Revista Brasileira de Ciéncia do Solo 37: 367-378.

Alyemeni MN, Hayat Q, Hayat S, Faizan M, Faraz A. 2016. Exogenous proline application enhances the
efficiency of nitrogen fixation and assimilation in chickpea plants exposed to cadmium. Legume
Research 39: 221-227.

Aranjuelo |, Tcherkez G, Molero G, Gilard F, Avice J-C, Nogués S. 2013. Concerted changes in N and C
primary metabolism in alfalfa (Medicago sativa) under water restriction. Journal of Experimental
Botany 64: 1-17.

Arnone JA, Kohls SJ, Baker DD. 1994. Nitrate effects on nodulation and nitrogenase activity of
actinorhizal Casuarina studied in split-root systems. Soil Biology and Biochemistry 26: 599-606.



Banba M, Siddique A-BM, Kouchi H, lzui K, Hata S. 2001. Lotus japonicus forms early senescent root
nodules with Rhizobium etli. Molecular Plant-Microbe Interactions 14: 173-180.

Barraza A, Estrada-Navarrete G, Rodriguez-Alegria ME, Lopez-Munguia A, Merino E, Quinto C, Sanchez
F. 2013. Down-regulation of PvTRE1 enhances nodule biomass and bacteroid number in the
common bean. New Phytologist 197: 194-206.

Bauer WD. 1981. Infection of legumes by rhizobia. Annual Review of Plant Physiology 32: 407-449.

Behm JE, Geurts R, Kiers ET. 2014. Parasponia: a novel system for studying mutualism stability. Trends
in Plant Sciences 19: 757-763.

Bonaldi K, Gargani D, Prin Y, Fardoux J, Gully D, Nouwen N, Goormachtig S, Giraud E. 2011. Nodulation
of Aeschynomene afraspera and A. indica by photosynthetic Bradyrhizobium sp. strain ORS285:
the nod-dependent versus the nod-independent symbiotic interaction. Molecular Plant-Microbe
Interactions 24: 1359-1371.

Borken W, Horn MA, Geimer S, Aguilar NAB, Knorr K-H. 2016. Associative nitrogen fixation in nodules
of the conifer Lepidothamnus fonkii (Podocarpaceae) inhabiting ombrotrophic bogs in southern
Patagonia. Scientific Reports 6: 1-8.

Cannon SB, llut D, Farmer AD, Maki SL, May GD, Singer SR, Doyle JJ. 2010. Polyploidy did not predate
the evolution of nodulation in all legumes. PLoS One 5: e11630.

Caru M, Mosquera G, Bravo L, Guevara R, Sepulveda D, Cabello A. 2003. Infectivity and effectivity of
Frankia strains from the Rhamnaceae family on different actinorhizal plants. Plant and Soil 251:
219-225.

Cathey SE, Boring LR, Sinclair TR. 2010. Assessment of N2 fixation capability of native legumes from the
longleaf pine—wiregrass ecosystem. Environmental and Experimental Botany 67: 444-450.

ChenY, Chen W, Li X, Jiang H, Wu P, Xia K, Yang Y, Wu G. 2013. Knockdown of LjIPT3 influences nodule
development in Lotus japonicus. Plant and Cell Physiology 55: 183-193.

Choi D, Toda H, Kim Y. 2014. Effect of sulfur dioxide (502) on growth and physiological activity in Alnus
sieboldiana at Miyakejima Island in Japan. Ecological Research 29: 103-110.

Choudhary KK, Agrawal S. 2014a. Cultivar specificity of tropical mung bean (Vigna radiata L.) to
elevated ultraviolet-B: Changes in antioxidative defense system, nitrogen metabolism and
accumulation of jasmonic and salicylic acids. Environmental and Experimental Botany 99: 122-
132.

Choudhary KK, Agrawal S. 2014b. Ultraviolet-B induced changes in morphological, physiological and
biochemical parameters of two cultivars of pea (Pisum sativum L.). Ecotoxicology and
Environmental Safety 100: 178-187.

Collier R, Tegeder M. 2012. Soybean ureide transporters play a critical role in nodule development,
function and nitrogen export. The Plant Journal 72: 355-367.



D’Apuzzo E, Valkov VT, Parlati A, Omrane S, Barbulova A, Sainz MM, Lentini M, Esposito S, Rogato A,
Chiurazzi M. 2015. Pll overexpression in Lotus japonicus affects nodule activity in permissive
low-nitrogen conditions and increases nodule numbers in high nitrogen treated plants.
Molecular Plant-Microbe Interactions 28: 432-442.

De Faria SM, Hay GT, Sprent JI. 1988. Entry of rhizobia into roots of Mimosa scabrella Bentham occurs
between epidermal cells. Microbiology 134: 2291-2296.

De Faria SMd, Mclnroy SG, Sprent JI. 1987. The occurrence of infected cells, with persistent infection
threads, in legume root nodules. Canadian Journal of Botany 65: 553-558.

DeCant JP. 2008. Russian olive, Elaeagnus angustifolia, alters patterns in soil nitrogen pools along the
Rio Grande River, New Mexico, USA. Wetlands 28: 896-904.

Dogra T, Priyadarshini A, Kumar A, Singh NK. 2013. Identification of genes involved in salt tolerance and
symbiotic nitrogen fixation in chickpea rhizobium Mesorhizobium ciceri Cal81. Symbiosis 61:
135-143.

Doyle JJ. 2011. Phylogenetic perspectives on the origins of nodulation. Molecular Plant-Microbe
Interactions 24: 1289-1295.

Espinosa-Victoria D, Vance CP, Graham PH. 2000. Host variation in traits associated with crown nodule
senescence in soybean. Crop Science 40: 103-109.

Fernandez-Luqueiio F, Dendooven L, Munive A, Corlay-Chee L, Serrano-Covarrubias LM, Espinosa-
Victoria D. 2008. Micro-morphology of common bean (Phaseolus vulgaris L.) nodules
undergoing senescence. Acta Physiologiae Plantarum 30: 545-552.

Ferrari AE, Wall LG. 2008. Coinoculation of black locust with Rhizobium and Glomus on a desurfaced
soil. Soil Science 173: 195-202.

Frioni L, Dodera R, Malatés D, Irigoyen I. 1998. An assessment of nitrogen fixation capability of
leguminous trees in Uruguay. Applied Soil Ecology 7: 271-279.

Gao TG, Xu YY, Jiang F, Li BZ, Yang JS, Wang ET, Yuan HL. 2015. Nodulation characterization and
proteomic profiling of Bradyrhizobium liaoningense CCBAUQO5525 in response to water-soluble
humic materials. Scientific Reports 5: 1-13.

Garcia-Calderon M, Chiurazzi M, Espuny MR, Marquez AJ. 2012. Photorespiratory metabolism and
nodule function: behavior of Lotus japonicus mutants deficient in plastid glutamine synthetase.
Molecular Plant-Microbe Interactions 25: 211-219.

Garg N, Singla P. 2016. Stimulation of nitrogen fixation and trehalose biosynthesis by naringenin (Nar)
and arbuscular mycorrhiza (AM) in chickpea under salinity stress. Plant Growth Regulation 80: 5-
22,



Gaulke LS, Henry CL, Brown SL. 2006. Nitrogen fixation and growth response of Alnus rubra amended
with low and high metal content biosolids. Scientia Agricola 63: 351-360.

Guinel FC. 2009. Getting around the legume nodule: I. The structure of the peripheral zone in four
nodule types. Botany 87:1117-1138.

Hajiboland R, Rahmat S, Aliasgharzad N, Hartikainen H. 2015. Selenium-induced enhancement in
carbohydrate metabolism in nodulated alfalfa (Medicago sativa L.) as related to the glutathione
redox state. Soil Science and Plant Nutrition 61: 676-687.

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

Hashem A, Abd_Allah EF, Alqarawi AA, Al-Hugail AA, Wirth S, Egamberdieva D. 2016. The interaction
between arbuscular mycorrhizal fungi and endophytic bacteria enhances plant growth of Acacia
gerrardii under salt stress. Frontiers in Microbiology 7: 1-15.

Hayat S, Hayat Q, Alyemeni MN, Ahmad A. 2014. Salicylic acid enhances the efficiency of nitrogen
fixation and assimilation in Cicer arietinum plants grown under cadmium stress. Journal of Plant
Interactions 9: 35-42.

Hossain MS, Umehara Y, Kouchi H. 2006. A novel Fix symbiotic mutant of Lotus japonicus, Ljsym105,
shows impaired development and premature deterioration of nodule infected cells and
symbiosomes. Molecular Plant-Microbe Interactions 19: 780-788.

Hungria M, Eaglesham AR, Hardy RW. 1992. Physiological comparisons of root and stem nodules of
Aeschynomene scabra and Sesbania rostrata. Plant and Soil 139: 7-13.

Hungria M, Kaschuk G. 2014. Regulation of N2 fixation and NO3-/NH4+ assimilation in nodulated and
N-fertilized Phaseolus vulgaris L. exposed to high temperature stress. Environmental and
Experimental Botany 98: 32-39.

Hurd T, Raynal D, Schwintzer C. 2001. Symbiotic N2 fixation of Alnus incana ssp. rugosa in shrub
wetlands of the Adirondack Mountains, New York, USA. Oecologia 126: 94-103.

Izaguirre-Mayoral M, Vivas A. 1996. Symbiotic N2-fixation in tropical legume species growing at high
geographic elevation. Symbiosis 21: 49-60.

James EK, Minchin FR, Oxborough K, Cookson A, Baker NR, Witty JF, Crawford RM, Sprent JI. 1998.
Photosynthetic oxygen evolution within Sesbania rostrata stem nodules. The Plant Journal 13:
29-38.

Jeong S-C, Myrold DD. 2001. Population size and diversity of Frankia in soils of Ceanothus velutinus and
Douglas-fir stands. Soil Biology and Biochemistry 33: 931-941.

Johnson GV, Schwintzer CR, Tjepkema JD. 1997. The acetylene-induced decline in nitrogenase activity
in root nodules of Elaeagnus angustifolia. Plant and Soil 191: 157-161.



Joshi J, Sharma S, Guruprasad K. 2014. Foliar application of pyraclostrobin fungicide enhances the
growth, rhizobial-nodule formation and nitrogenase activity in soybean (var. JS-335). Pesticide
Biochemistry and Physiology 114: 61-66.

Kato K, Kanahama K, Kanayama Y. 2010. Involvement of nitric oxide in the inhibition of nitrogenase
activity by nitrate in Lotus root nodules. Journal of Plant Physiology 167: 238-241.

Kaur A, Chaukiyal S, Thakur A, Pokhriyal T. 2013. Effect of rhizobial inoculations on nitrogen
metabolism of Albizia lebbek seedlings. Journal of Forestry Research 24: 671-676.

Kereszt A, Mergaert P, Kondorosi E. 2011. Bacteroid development in legume nodules: evolution of
mutual benefit or of sacrificial victims? Molecular Plant-Microbe Interactions 24: 1300-1309.

Kohls SJ, Thimmapuram J, Buschena CA, Paschke MW, Dawson JO. 1994. Nodulation patterns of
actinorhizal plants in the family Rosaceae. Plant and Soil 162: 229-239.

Kumar R, Kumawat N. 2014. Effect of sowing dates, seed rates and integrated nutrition on productivity,
profitability and nutrient uptake of summer mungbean in Eastern Himalaya. Archives of
Agronomy and Soil Science 60: 1207-1227.

Kwon DK, Beevers H. 1992. Growth of Sesbania rostrata (Brem) with stem nodules under controlled
conditions. Plant, Cell & Environment 15: 939-945.

Kwon DK, Beevers H. 1993. Adverse effects of nitrate on stem nodules of Sesbania rostrata Brem. New
Phytologist 125: 345-350.

Ladha J, Garcia M, Pareek R, Rarivoson G. 1992. Relative contributions to nitrogenase (acetylene
reducing) activity of stem and root nodules in Sesbania rostrata. Canadian Journal of
Microbiology 38: 577-583.

Lewis GP. 2005. Legumes of the World: Royal Botanic Gardens Kew.

Li X, Zhao J, Tan Z, Zeng R, Liao H. 2015. GmEXPB2, a cell wall B-expansin, affects soybean nodulation
through modifying root architecture and promoting nodule formation and development. Plant
Physiology 169: 2640-2653.

LiY, Xu M, Wang N, Li Y. 2015. A JAZ protein in Astragalus sinicus interacts with a leghemoglobin
through the TIFY domain and is involved in nodule development and nitrogen fixation. PLoS One
10: e0139964.

Loureiro M, James E, Sprent J, Franco A. 1995. Stem and root nodules on the tropical wetland legume
Aeschynomene fluminensis. New Phytologist 130: 531-544.

Mansour SR, Abdel-lateif K, Bogusz D, Franche C. 2016. Influence of salt stress on inoculated Casuarina
glauca seedlings. Symbiosis 70: 129-138.



Marino D, Damiani I, Gucciardo S, Mijangos |, Pauly N, Puppo A. 2013. Inhibition of nitrogen fixation in
symbiotic Medicago truncatula upon Cd exposure is a local process involving leghaemoglobin.
Journal of Experimental Botany 64: 5651-5660.

Marquez AJ, ed. 2005. Lotus japonicus Handbook. Dordrecht, The Netherlands: Springer.

Mendoza-Soto AB, Naya L, Leija A, Hernandez G. 2015. Responses of symbiotic nitrogen-fixing common
bean to aluminum toxicity and delineation of nodule responsive microRNAs. Frontiers in Plant
Science 6: 1-15.

Minchin FR, Sheehy JE, Witty JF. 1986. Further errors in the acetylene reduction assay: effects of plant
disturbance. Journal of Experimental Botany 37: 1581-1591.

Minchin FR, Witty JF, Sheehy JE, Miiller M. 1983. A major error in the acetylene reduction assay:
decreases in nodular nitrogenase activity under assay conditions. Journal of Experimental
Botany 34: 641-649.

Mirza MS, Akkermans WM, Akkermans AD. 1994. PCR-amplified 16S rRNA sequence analysis to confirm
nodulation of Datisca cannabina L. by the endophyte of Coriaria nepalensis Wall. Plant and Soil
160: 147-152.

Montiel J, Sziics A, Boboescu 1Z, Gherman VD, Kondorosi E, Kereszt A. 2016. Terminal bacteroid
differentiation is associated with variable morphological changes in legume species belonging to
the inverted repeat-lacking clade. Molecular Plant-Microbe Interactions 29: 210-219.

Naisbitt T, James E, Sprent J. 1992. The evolutionary significance of the legume genus Chamaecrista, as
determined by nodule structure. New Phytologist 122: 487-492.

Nanjareddy K, Blanco L, Arthikala MK, Affantrange XA, Sdnchez F, Lara M. 2014. Nitrate regulates
rhizobial and mycorrhizal symbiosis in common bean (Phaseolus vulgaris L.). Journal of
Integrative Plant Biology 56: 281-298.

Nanjareddy K, Blanco L, Arthikala MK, Alvarado-Affantranger X, Quinto C, Sanchez F, Lara M. 2016. A
Legume TOR protein kinase is essential for infection, nodule development and Rhizobium
symbiosis. Plant Physiology 172: 2002-2020.

Ng AY, Hau BC. 2009. Nodulation of native woody legumes in Hong Kong, China. Plant and Soil 316: 35-
43,

Nimnoi P, Pongsilp N, Lumyong S. 2014. Co-inoculation of soybean (Glycine max) with actinomycetes
and Bradyrhizobium japonicum enhances plant growth, nitrogenase activity and plant nutrition.
Journal of Plant Nutrition 37: 432-446.

Nomura M, Mai HT, Fujii M, Hata S, lzui K, Tajima S. 2006. Phosphoenol pyruvate carboxylase plays a
crucial role in limiting nitrogen fixation in Lotus japonicus nodules. Plant and Cell Physiology 47:
613-621.



Ofosu-Budu KG, Ogata S, Fujita K. 1992. Temperature effects on root nodule activity and nitrogen
release in some sub-tropical and temperate legumes. Soil Science and Plant Nutrition 38: 717-
726.

Oono R, Schmitt I, Sprent JI, Denison RF. 2010. Multiple evolutionary origins of legume traits leading to
extreme rhizobial differentiation. New Phytologist 187: 508-520.

Owusu-Sekyere A, Kontturi J, Hajiboland R, Rahmat S, Aliasgharzad N, Hartikainen H, Seppanen MM.
2013. Influence of selenium (Se) on carbohydrate metabolism, nodulation and growth in alfalfa
(Medicago sativa L.). Plant and Soil 373: 541-552.

Parsons R, Raven J, Sprent J. 1992. A simple open flow system used to measure acetylene reduction
activity of Sesbania rostrata stem and root nodules. Journal of Experimental Botany 43: 595-604.

Parsons R, Sprent JI, Raven JA. 1993. Humidity and light affect the growth, development and
nitrogenase activity of stem nodules of Sesbania rostrata Brem. New Phytologist 125: 749-755.

Pawlowski K, Sprent JI 2008. Comparison between actinorhizal and legume symbiosis. In: Pawlowski K,
Newton WE eds. Nitrogen-fixing actinorhizal symbioses. Dordrecht, The Netherlands: Springer,
261-288.

Pramanik P, Haque MM, Kim PJ. 2013. Effect of nodule formation in roots of hairy vetch (Vicia villosa)
on methane and nitrous oxide emissions during succeeding rice cultivation. Agriculture,
Ecosystems & Environment 178: 51-56.

Qadri R, Mahmood A. 2002. Occurrence of persistent infection threads in the root nodules of Dalbergia
sissoo Roxb. Pakistan Journal of Botany 34: 397-404.

Quilliam RS, DeLuca TH, Jones DL. 2013. Biochar application reduces nodulation but increases
nitrogenase activity in clover. Plant and Soil 366: 83-92.

Quiiones MA, Ruiz-Diez B, Fajardo S, Lopez-Berdonces MA, Higueras PL, Ferndndez-Pascual M. 2013.
Lupinus albus plants acquire mercury tolerance when inoculated with an Hg-resistant
Bradyrhizobium strain. Plant Physiology and Biochemistry 73: 168-175.

Rahim N, Abbasia MK, Hameed S. 2016. Nodulation, nutrient accumulation and yield of rainfed soybean
in response to indigenous soybean-nodulating Bradyrhizobia in the Himalayan region of
Kashmir-Pakistan. International Journal of Plant Production 10: 491-508.

Ramirez M, Guillén G, Fuentes SI, ifiiguez LP, Aparicio-Fabre R, Zamorano-Sanchez D, Encarnacion-
Guevara S, Panzeri D, Castiglioni B, Cremonesi P. 2013. Transcript profiling of common bean
nodules subjected to oxidative stress. Physiologia Plantarum 149: 389-407.

Ramirez M, ifiiguez LP, Guerrero G, Sparvoli F, Hernadndez G. 2016. Rhizobium etli bacteroids
engineered for Vitreoscilla hemoglobin expression alleviate oxidative stress in common bean
nodules that reprogramme global gene expression. Plant Biotechnology Reports 10: 463-474.



Rao D, Gill H. 1993. Nitrogen fixation, biomass production, and nutrient uptake by annual Sesbania
species in an alkaline soil. Biology and Fertility of Soils 15: 73-78.

Robertson SJ, Rutherford PM, Lopez-Gutierrez JC, Massicotte HB. 2012. Biochar enhances seedling
growth and alters root symbioses and properties of sub-boreal forest soils. Canadian Journal of
Soil Science 92: 329-340.

Saha S, Chakraborty D, Sehgal VK, Nain L, Pal M. 2016. Long-term atmospheric CO2 enrichment impact
on soil biophysical properties and root nodule biophysics in chickpea (Cicer arietinum L.).
European Journal of Agronomy 75: 1-11.

Sangwan P, Kumar V, Gulati D, Joshi U. 2015. Interactive effects of salicylic acid on enzymes of nitrogen
metabolism in clusterbean (Cyamopsis tetragonoloba L.) under chromium (VI) toxicity.
Biocatalysis and Agricultural Biotechnology 4: 309-314.

Sangwan P, Kumar V, Joshi U. 2014. Effect of chromium (VI) toxicity on enzymes of nitrogen metabolism
in clusterbean (Cyamopsis tetragonoloba L.). Enzyme Research 2014: 1-9.

Saraswati R, Matoh T, Sekiya J. 1992. Nitrogen fixation of Sesbania rostrata: contribution of stem
nodules to nitrogen acquisition. Soil Science and Plant Nutrition 38: 775-780.

Sarr PS, Araki S, Begoude DA, Yemefack M, Manga GA, Yamakawa T, Htwe AZ. 2016. Phylogeny and
nitrogen fixation potential of Bradyrhizobium species isolated from the legume cover crop
Pueraria phaseoloides (Roxb.) Benth. in Eastern Cameroon. Soil Science and Plant Nutrition 62:
13-19.

Schwintzer CR, Tjepkema JD. 1997. Field nodules of Alnus incana ssp. rugosa and Myrica gale exhibit
pronounced acetylene-induced declines in nitrogenase activity. Canadian Journal of Botany 75:
1415-1423.

Schwintzer CR, Tjepkema JD. 2001. Effect of elevated carbon dioxide in the root atmosphere on
nitrogenase activity in three actinorhizal plant species. Canadian Journal of Botany 79: 1010-
1018.

Sellstedt A. 1995. Specificity and effectivity in nodulation by Frankia on southern hemisphere
actinorhiza. FEMS Microbiology Letters 125: 231-236.

Shimoda Y, Shimoda-Sasakura F, Kucho Ki, Kanamori N, Nagata M, Suzuki A, Abe M, Higashi S,
Uchiumi T. 2009. Overexpression of class 1 plant hemoglobin genes enhances symbiotic
nitrogen fixation activity between Mesorhizobium loti and Lotus japonicus. The Plant Journal 57:
254-263.

Siczek A, Lipiec J, Wielbo J, Kidaj D, Szarlip P. 2014. Symbiotic activity of pea (Pisum sativum) after
application of nod factors under field conditions. International Journal of Molecular Sciences 15:
7344-7351.

Siczek A, Lipiec J, Wielbo J, Szarlip P, Kidaj D. 2013. Pea growth and symbiotic activity response to Nod
factors (lipo-chitooligosaccharides) and soil compaction. Applied Soil Ecology 72: 181-186.



Song Z, Shen P, Ma T, Jiang C, Zhao H, Wu B. 2014. Isolation and characterization of a gene associated
with sulfate assimilation in Sinorhizobium fredii WGF03. World Journal of Microbiology and
Biotechnology 30: 3027-3035.

Sprent J. 2012. From pure to applied: legume research reports from Down Under. New Phytologist 194:
318-320.

Sprent J, Ardley J, James E. 2013. From North to South: a latitudinal look at legume nodulation
processes. South African Journal of Botany 89: 31-41.

Sprent JI. 2007. Evolving ideas of legume evolution and diversity: a taxonomic perspective on the
occurrence of nodulation. New Phytologist 174: 11-25.

Sprent JI, Ardley J, James EK. 2017. Biogeography of nodulated legumes and their nitrogen-fixing
symbionts. New Phytologist 215: 40-56.

Subramanian P, Kim K, Krishnamoorthy R, Sundaram S, Sa T. 2015. Endophytic bacteria improve nodule
function and plant nitrogen in soybean on co-inoculation with Bradyrhizobium japonicum
MN110. Plant Growth Regulation 76: 327-332.

Tajima R, Lee ON, Abe J, Lux A, Morita S. 2007. Nitrogen-fixing activity of root nodules in relation to
their size in peanut (Arachis hypogaea L.). Plant Production Science 10: 423-429.

Tani C, Sasakawa H, Takenouchi K, Abe M, Uchiumi T, Suzuki A, Higashi S. 2003. Isolation of endophytic
Frankia from root nodules of Casuarina equisetifolia and infectivity of the isolate to host plants.
Soil Science and Plant Nutrition 49: 137-142.

Tejada-Jiménez M, Castro-Rodriguez R, Kryvoruchko I, Lucas MM, Udvardi M, Imperial J, Gonzalez-
Guerrero M. 2015. MtNramp1 is required for iron uptake by rhizobia-infected Medicago
truncatula nodule cells. Plant Physiology 168: 258-272.

Tittabutr P, Sripakdi S, Boonkerd N, Tanthanuch W, Minamisawa K, Teaumroong N. 2015. Possible role
of 1-aminocyclopropane-1-carboxylate (ACC) deaminase activity of Sinorhizobium sp. BL3 on
symbiosis with mung bean and determinate nodule senescence. Microbes and Environments 30:
310-320.

Tobita H, Hasegawa SF, Yazaki K, Komatsu M, Kitao M. 2013. Growth and N2 fixation in an Alnus hirsuta
(Turcz.) var. sibirica stand in Japan. Journal of Biosciences 38: 761-776.

Tobita H, Uemura A, Kitao M, Kitaoka S, Utsugi H. 2010. Interactive effects of elevated CO2,
phosphorus deficiency, and soil drought on nodulation and nitrogenase activity in Alnus hirsuta
and Alnus maximowiczii. Symbiosis 50: 59-69.

Tominaga A, Gondo T, Akashi R, Zheng S-h, Arima S, Suzuki A. 2012. Quantitative trait locus analysis of
symbiotic nitrogen fixation activity in the model legume Lotus japonicus. Journal of Plant
Research 125: 395-406.



Torrey JG. 1987. Endophyte sporulation in root nodules of actinorhizal plants. Physiologia Plantarum 70:
279-288.

Verma S, Adak A, Prasanna R, Dhar S, Choudhary H, Nain L, Shivay YS. 2016. Microbial priming elicits
improved plant growth promotion and nutrient uptake in pea. Israel Journal of Plant Sciences
63:191-207.

Vessey JK. 1994. Measurement of nitrogenase activity in legume root nodules: in defense of the
acetylene reduction assay. Plant and Soil 158: 151-162.

Vessey JK, Pawlowski K, Bergman B. 2005. Root-based N2-fixing symbioses: Legumes, actinorhizal
plants, Parasponia sp. and cycads. Plant and Soil 274: 51-78.

Vogel CS, Dawson JO. 1991. Nitrate reductase activity, nitrogenase activity and photosynthesis of black
alder exposed to chilling temperatures. Physiologia Plantarum 82: 551-558.

Winship LJ, Martin KJ, Sellstedt A. 1987. The acetylene reduction assay inactivates root nodule uptake
hydrogenase in some actinorhizal plants. Physiologia Plantarum 70: 361-366.

Wortman SE, Dawson JO. 2015. Nitrogenase activity and nodule biomass of cowpea (Vigna unguiculata
L. Walp.) decrease in cover crop mixtures. Communications in Soil Science and Plant Analysis 46:
1443-1457.

Yang S, Wang Q, Fedorova E, Liu J, Qin Q, Zheng Q, Price PA, Pan H, Wang D, Griffitts JS. 2017.
Microsymbiont discrimination mediated by a host-secreted peptide in Medicago truncatula.
Proceedings of the National Academy of Sciences 114: 6848-6853.

Yanthan M, Misra AK. 2013. Amplicon restriction patterns associated with nitrogenase activity of root
nodules for selection of superior Myrica seedlings. Journal of Biosciences 38: 789-795.

Yusuf M, Fariduddin Q, Ahmad I, Ahmad A. 2014. Brassinosteroid-mediated evaluation of antioxidant
system and nitrogen metabolism in two contrasting cultivars of Vigna radiata under different
levels of nickel. Physiology and Molecular Biology of Plants 20: 449-460.

Zamani M, diCenzo GC, Milunovic B, Finan TM. 2017. A putative 3-hydroxyisobutyryl-CoA hydrolase is
required for efficient symbiotic nitrogen fixation in Sinorhizobium meliloti and Sinorhizobium
fredii NGR234. Environmental Microbiology 19: 218-236.

Zhao Y, Nickels LM, Wang H, Ling J, Zhong Z, Zhu J. 2016. OxyR-regulated catalase activity is critical for
oxidative stress resistance, nodulation and nitrogen fixation in Azorhizobium caulinodans. FEMS
Microbiology Letters 363: 1-8.

Zheng M, Chen H, Li D, Zhu X, Zhang W, Fu S, Mo J. 2016. Biological nitrogen fixation and its response to
nitrogen input in two mature tropical plantations with and without legume trees. Biology and
Fertility of Soils 52: 665-674.

Zitzer S, Archer S, Boutton T. 1996. Spatial variability in the potential for symbiotic N2 fixation by woody
plants in a subtropical savanna ecosystem. Journal of Applied Ecology 33: 1125-1136.



Methods S2: Methods and references used for Figure 3

Literature search
Host investment data was measured from published studies containing light or electron
micrographs. We used Web of Science to find articles published through August 1, 2017 which
resulted in a total of 85 articles and 577 data points. We limited our search to the years 2013-
2017 and searched for the topic ‘nodul*’. The search was then refined by “*rhizob*’, ‘legum*’,
‘lupin*®’, ‘parasponia’, ‘aeschynomene®*’, ‘frankia’, and ‘alder’ individually. We were unable to
find usable images for parasponia and thus expanded our search by one year to 2012.

Extracting data from literature
Light and electron micrograph figures were analyzed in ImageJ using the published scale bars.
Images were excluded if they did not provide scale bars, their resolution was too low, or if the
infection was not beneficial due to host, symbiont or environment effects. The proportion of the
nodule infected was calculated using light microscopy images containing whole nodule sections.
We measured stained plant cells as the infected area and used our best judgement to only
measure cells in the nitrogen fixation zone. This value was then divided by the entire nodule
section area to get the proportion of the nodule that is infected. Average area of an infected
plant cell was calculated as the total area of intact and whole infected cells divided by the total
number of whole cells in the light microscopy image. Bacteroid density and bacteroids per
symbiosome were calculated using transmission electron microscopy images. For bacteroid
density we counted the total number of bacteroids in an image and divided by the area of that
image. For bacteroids per symbiosome we counted the total number of bacteroids in the image
and divided by the total number of symbiosomes in the image.

Categorizing data
Plant genera were assigned to one of four clades of root-nodulating plants according to the
phylogenies in Doyle (2011) and Lewis (2005):

Non-legumes: includes Parasponia and actinorhizal taxa (Rosales, Cucurbitales, and Fagales)
Early-diverging legumes: includes MCC clade, dalbergiods (s.l.), and genistoids (s.l.)
Warm-season legumes: includes milletiods (s.l.) and Tribe Indigofereae

Cool-season legumes: includes robiniods (s.l.) and the IRLC legumes

We searched the source publications for evidence of terminal bacteroid differentiation (TBD)
versus non-TBD for each host-symbiont combination which generated usable data (Table S2).
When bacteroids were swollen, elongated, or had reduced viability after escaping a nodule we
considered this as TBD. If we were unable to find evidence of TBD in the original paper, we used
Web of Science to search for evidence of TBD for the species of interest. Most data was
categorized according to Oono et al. (2010), and in some instances we were unable to find
evidence of TBD or non-TBD. These data points were left as unknown and excluded from TBD
versus non-TBD analyses.

Data analysis
For each measurement taken we calculated the mean values for each genus. These genus-level

mean values were then used to compare all clades using analysis of variance (ANOVA) with a
post-hoc Tukey HSD test when applicable. In order to compare the effects of TBD versus non-



TBD we used a Student’s t-test on all data in a given measurement. All statistics were performed
in JMP Pro 13 (SAS Institute Inc., Cary, NC, USA).

References used for Figure 3 and Table S2

Abd-Alla MH, Nafady NA, Khalaf DM. 2016. Assessment of silver nanoparticles contamination on faba
bean-Rhizobium leguminosarum bv. viciae-Glomus aggregatum symbiosis: Implications for
induction of autophagy process in root nodule. Agriculture, Ecosystems and Environment 218:
163-177.

Acosta-Jurado S, Rodriguez-Navarro DN, Kawaharada Y, Fernandez-Perea J, Gil-Serrano A, Jin H, An Q,
Rodriguez-Carvajal MA, Andersen SU, Sandal N, et al. 2016. Sinorhizobium fredii HH103 invades
Lotus burttii by crack entry in a Nod-factor and surface polysaccharides dependent manner.
Molecular Plant-Microbe Interactions 29: 925-937.

Ali A, Ayesha, Hameed S, Imran A, Igbal M, Igbal J, Oresnik 1J. 2016. Functional characterization of a
soybean growth stimulator Bradyrhizobium sp. strain SR-6 showing acylhomoserine lactone
production. FEMS Microbiology Ecology 92: 1-13.

Ardley JK, Reeve WG, O’Hara GW, Yates RJ, Dilworth MJ, Howieson JG. 2013. Nodule morphology,
symbiotic specificity and association with unusual rhizobia are distinguishing features of the
genus Listia within the southern African crotalarioid clade Lotononis s.|. Annals of Botany 112:
1-15.

Arthikala MK, Sdanchez-Lépez R, Nava N, Santana O, Cardenas L, Quinto C. 2014. RbohB, a Phaseolus
vulgaris NADPH oxidase gene, enhances symbiosome number, bacteroid size, and nitrogen
fixation in nodules and impairs mycorrhizal colonization. New Phytologist 202: 886—900.

Barraza A, Contreras-Cubas C, Estrada-Navarrete G, Reyes JL, Juarez-Verdayes MA, Avonce N, Quinto
C, Diaz-Camino C, Sanchez F. 2016. The Class Il trehalose 6-phosphate synthase gene PvTPS9
modulates trehalose metabolism in Phaseolus vulgaris nodules. Frontiers in Plant Science 7: 1—
13.

Barraza A, Estrada-Navarrete G, Rodriguez-Alegria ME, Lopez-Munguia A, Merino E, Quinto C, Sanchez
F. 2013. Down-regulation of PvTRE1 enhances nodule biomass and bacteroid number in the
common bean. New Phytologist 197: 194-206.

Berrabah F, Bourcy M, Cayrel A, Eschstruth A, Mondy S, Ratet P, Gourion B. 2014. Growth conditions
determine the DNF2 requirement for symbiosis. PLoS ONE 9: €91866.

Berrabah F, Bourcy M, Eschstruth A, Cayrel A, Guefrachi I, Mergaert P, Wen J, Jean V, Mysore KS,
Gourion B, et al. 2014. A nonRD receptor-like kinase prevents nodule early senescence and
defense-like reactions during symbiosis. New Phytologist 203: 1305-1314.

Bianco L. 2014. Rhizobial infection in Adesmia bicolor (Fabaceae) roots. Archives of Microbiology 196:
675—-679.

Bontemps C, Rogel MA, Wiechmann A, Mussabekova A, Moody S, Simon MF, Moulin L, Elliott GN,
Lacercat-Didier L, Dasilva C, et al. 2016. Endemic Mimosa species from Mexico prefer
alphaproteobacterial rhizobial symbionts. New Phytologist 209: 319-333.



Bourassa D V., Kannenberg E, Sherrier J, Buhr RJ, Carlson R. 2017. The lipopolysaccharide lipid A long
chain fatty acid is important for Rhizobium leguminosarum growth and stress adaptation in free-
living and nodule environments. Molecular Plant-Microbe Interactions 30: 161-175.

Bourcy M, Brocard L, Pislariu Cl, Cosson V, Mergaert P, Tadege M, Mysore KS, Udvardi MK, Gourion B,
Ratet P. 2013. Medicago truncatula DNF2 is a PI-PLC-XD-containing protein required for
bacteroid persistence and prevention of nodule early senescence and defense-like reactions.
New Phytologist 197: 1250-1261.

Cerri MR, Wang Q, Stolz P, Folgmann J, Frances L, Katzer K, Li X, Heckmann AB, Wang TL, Downie JA, et
al. 2017. The ERN1 transcription factor gene is a target of the CCaMK/CYCLOPS complex and
controls rhizobial infection in Lotus japonicus. New Phytologist 215: 323-337.

ChenY, Li F, Tian L, Huang M, Deng R, Li X, Chen W, Wu P, Li M, Jiang H, et al. 2017. The phenylalanine
ammonia-lyase gene LjPAL1 is involved in plant defense responses to pathogens and plays
diverse roles in Lotus japonicus-rhizobium symbioses. Molecular Plant-Microbe Interactions 30:
739-753.

Clavijo F, Diedhiou I, Vaissayre V, Brottier L, Acolatse J, Moukouanga D, Crabos A, Auguy F, Franche C,
Gherbi H, et al. 2015. The Casuarina NIN gene is transcriptionally activated throughout Frankia
root infection as well as in response to bacterial diffusible signals. New Phytologist 208: 887—
903.

Cordero |, Ruiz-Diez B, Coba de la Pefia T, Balaguer L, Lucas MM, Rincén A, Pueyo JJ. 2016. Rhizobial
diversity, symbiotic effectiveness and structure of nodules of Vachellia macracantha. Soil
Biology and Biochemistry 96: 39-54,

Dalla Via V, Traubenik S, Rivero C, Aguilar OM, Zanetti ME, Blanco FA. 2017. The monomeric GTPase
RabA2 is required for progression and maintenance of membrane integrity of infection threads
during root nodule symbiosis. Plant Molecular Biology 93: 549-562.

Domonkos A, Horvath B, Marsh JF, Halasz G, Ayaydin F, Oldroyd GE, Kalo P, Graham P, Vance C, Jones
K, et al. 2013. The identification of novel loci required for appropriate nodule development in
Medicago truncatula. BMC Plant Biology 13: 157-167.

Doyle JJ. 2011. Phylogenetic perspectives on the origins of nodulation. Molecular Plant-Microbe
Interactions 24: 1289-1295.

Fan R, Huang YC, Grusak MA, Huang CP, Sherrier DJ. 2014. Effects of nano-TiO2 on the agronomically-
relevant Rhizobium-legume symbiosis. Science of the Total Environment 466—467: 503-512.

Franssen HJ, Xiao TT, Kulikova O, Wan X, Bisseling T, Scheres B, Heidstra R. 2015. Root developmental
programs shape the Medicago truncatula nodule meristem. Development 142: 2941-2950.

Gavrin A, Kaiser BN, Geiger D, Tyerman SD, Wen Z, Bisseling T, Fedorova EE. 2014. Adjustment of host
cells for accommodation of symbiotic bacteria: vacuole defunctionalization, HOPS suppression,
and TIP1g retargeting in Medicago. The Plant Cell 26: 3809—-3822.

Gehlot HS, Tak N, Kaushik M, Mitra S, Chen WM, Poweleit N, Panwar D, Poonar N, Parihar R, Tak A, et
al. 2013. An invasive Mimosa in India does not adopt the symbionts of its native relatives.
Annals of Botany 112: 179-196.



Gnat S, Matek W, Olenska E, Wdowiak-Wroébel S, Kalita M, totocka B, Wéjcik M. 2015. Phylogeny of
symbiotic genes and the symbiotic properties of rhizobia specific to Astragalus glycyphyllos L.
PloS One 10: e0141504.

Gorska-Czekaj M, Borucki W. 2013. A correlative study of hydrogen peroxide accumulation after
mercury or copper treatment observed in root nodules of Medicago truncatula under light,
confocal and electron microscopy. Micron 52-53: 24-32.

Guefrachi I, Pierre O, Timchenko T, Alunni B, Barriere Q, Czernic P, Villaécija-Aguilar J-A, Verly C,
Bourge M, Fardoux J, et al. 2015. Bradyrhizobium BclA is a peptide transporter required for
bacterial differentiation in symbiosis with Aeschynomene legumes. Molecular Plant-Microbe
Interactions 28: 1155-1166.

Gully D, Gargani D, Bonaldi K, Grangeteau C, Chaintreuil C, Fardoux J, Nguyen P, Marchetti R, Nouwen
N, Molinaro A, et al. 2016. A peptidoglycan-remodeling enzyme is critical for bacteroid
differentiation in Bradyrhizobium during legume symbiosis. Molecular Plant-Microbe
Interactions: MPMI 29: 447-457.

Held M, Hou H, Miri M, Huynh C, Ross L, Hossain MS, Sato S, Tabata S, Perry J, Wang TL, et al. 2014.
Lotus japonicus cytokinin receptors work partially redundantly to mediate nodule formation.
The Plant Cell 26: 678—694.

Hood G, Karunakaran R, Downie JA, Poole PS. 2015. MgtE from Rhizobium lequminosarum is a Mg?*
channel essential for growth at low pH and N; fixation on specific plants. Molecular Plant-
Microbe Interactions 28: 1281-1287.

Hossain MS, Shrestha A, Zhong S, Miri M, Austin RS, Sato S, Ross L, Huebert T, Tromas A, Torres-Jerez
I, et al. 2016. Lotus japonicus NF-YA1 Plays an Essential Role During Nodule Differentiation and
Targets Members of the SHI/STY Gene Family. Molecular Plant-Microbe Interactions 29: 950—
964.

Huang YC, Fan R, Grusak MA, Sherrier JD, Huang CP. 2014. Effects of nano-ZnO on the agronomically
relevant Rhizobium-legume symbiosis. Science of the Total Environment 497—-498: 78—90.

Janczarek M, Rachwat K, Kopcinska J. 2015. Genetic characterization of the Pss region and the role of
PssS in exopolysaccharide production and symbiosis of Rhizobium leguminosarum bv. trifolii
with clover. Plant and Soil 396: 257-275.

Jiao YS, Liu YH, Yan H, Wang ET, Tian CF, Chen WX, Guo BL, Chen WF. 2015. Rhizobial diversity and
nodulation characteristics of the extremely promiscuous legume Sophora flavescens. Molecular
Plant-Microbe Interactions 28: 1338-1352.

Kawaharada Y, James EK, Kelly S, Sandal N, Stougaard J. 2017. The ethylene responsive factor required
for nodulation 1 (ERN1) transcription factor is required for infection thread formation in Lotus
japonicus. Molecular Plant-Microbe Interactions 30: 194-204.

Kawaharada Y, Nielsen MW, Kelly S, James EK, Andersen KR, Rasmussen SR, Flichtbauer W, Madsen
LH, Heckmann AB, Radutoiu S, et al. 2017. Differential regulation of the Epr3 receptor
coordinates membrane-restricted rhizobial colonization of root nodule primordia. Nature
Communications 8: 14534,



Kim M, Chen Y, Xi J, Waters C, Chen R, Wang D. 2015. An antimicrobial peptide essential for bacterial
survival in the nitrogen-fixing symbiosis. Proceedings of the National Academy of Sciences 112:
15238-15243.

Kim Y-K, Kim S, Um J-H, Kim K, Choi S-K, Um B-H, Kang S-W, Kim J-W, Takaichi S, Song S-B, et al. 2013.
Functional implication of carotene hydroxylases in soybean nodulation. Plant Physiology 162
1420-1433.

Krishnan HB, Alaswad AA, Oehrle NW, Gillman JD. 2016. Deletion of the SACPD-C locus alters the
symbiotic relationship between Bradyrhizobium japonicum USDA110 and soybean, resulting in
elicitation of plant defense response and nodulation defects. Molecular Plant-Microbe
Interactions 29: 862—-877.

Lang C, Long SR. 2015. Transcriptomic analysis of Sinorhizobium meliloti and Medicago truncatula
symbiosis using nitrogen fixation—deficient nodules. Molecular Plant-Microbe Interactions 28:
856—-868.

Laporte P, Lepage A, Fournier J, Catrice O, Moreau S, Jardinaud MF, Mun JH, Larrainzar E, Cook DR,
Gamas P, et al. 2014. The CCAAT box-binding transcription factor NF-YA1 controls rhizobial
infection. Journal of Experimental Botany 65: 481-494.

Larrainzar E, Riely B, Kim SC, Carrasquilla-Garcia N, Yu H-J, Hwang H-J, Oh M, Kim GB, Surendrarao A,
Chasman D, et al. 2015. Deep sequencing of the Medicago truncatula root transcriptome
reveals a massive and early interaction between Nod factor and ethylene signals. Plant
Physiology 169: 233-265.

Lei L, Chen L, Shi X, Li Y, Wang J, Chen D, Xie F, Li Y. 2014. A nodule-specific lipid transfer protein Ase246
participates in transport of plant-synthesized lipids to symbiosome membrane and is essential
for nodule organogenesis in Chinese milk vetch. Plant Physiology 164: 1045—1058.

Lemaire B, Dlodlo O, Chimphango S, Stirton C, Schrire B, Boatwright JS, Honnay O, Smets E, Sprent J,
James EK, et al. 2015. Symbiotic diversity, specificity and distribution of rhizobia in native
legumes of the Core Cape Subregion (South Africa). FEMS Microbiology Ecology 91: 1-17.

Lewis GP. 2005. Legumes of the World: Royal Botanic Gardens Kew.

Li Y, Tian CF, Chen WF, Wang L, Sui XH, Chen WX. 2013. High-resolution transcriptomic analyses of
Sinorhizobium sp. NGR234 bacteroids in determinate nodules of Vigna unguiculata and
indeterminate nodules of Leucaena leucocephala. PLoS ONE 8: e70531.

LiY, Xu M, Wang N, Li Y. 2015. A JAZ protein in Astragalus sinicus interacts with a leghemoglobin
through the TIFY domain and is involved in nodule development and nitrogen fixation. PLoS ONE
10: 1-18.

Liu WYY, Ridgway HJ, James TK, James EK, Chen WM, Sprent JI, Young JPW, Andrews M. 2014.
Burkholderia sp. induces functional nodules on the south african invasive legume Dipogon
lignosus (Phaseoleae) in New Zealand soils. Microbial Ecology 68: 542-555.

Malolepszy A, Urbanski DF, James EK, Sandal N, Isono E, Stougaard J, Andersen SU. 2015. The
deubiquitinating enzyme AMSH1 is required for rhizobial infection and nodule organogenesis in
Lotus japonicus. Plant Journal 83: 719-731.



Marchetti M, Capela D, Poincloux R, Benmeradi N, Auriac MC, Le Ru A, Maridonneau-Parini |, Batut J,
Masson-Boivin C. 2013. Queuosine biosynthesis is required for Sinorhizobium meliloti-induced
cytoskeletal modifications on Hela cells and symbiosis with Medicago truncatula. PLoS ONE 8:
e56043.

Margaret I, Lucas MM, Acosta-Jurado S, Buendia-Claveria AM, Fedorova E, Hidalgo A, Rodriguez-
Carvajal MA, Rodriguez-Navarro DN, Ruiz-Sainz JE, Vinardell JM. 2013. The Sinorhizobium fredii
HH103 lipopolysaccharide is not only relevant at early soybean nodulation stages but also for
symbiosome stability in mature nodules. PLoS ONE 8: e74717.

Maroti G, Kondorosi E. 2014. Nitrogen-fixing Rhizobium-legume symbiosis: Are polyploidy and host
peptide-governed symbiont differentiation general principles of endosymbiosis? Frontiers in
Microbiology 5: 1-6.

Muiioz N, Qi X, Li M-W, Xie M, Gao Y, Cheung M-Y, Wong F-L, Lam H-M. 2016. Improvement in nitrogen
fixation capacity could be part of the domestication process in soybean. Heredity 117: 84—-93.

Nanjareddy K, Blanco L, Arthikala M-K, Affantrange XA, Sanchez F, Lara M. 2014. Nitrate regulates
rhizobial and mycorrhizal symbiosis in common bean (Phaseolus vulgaris L.). Journal of
Integrative Plant Biology 56: 281-298.

Nanjareddy K, Blanco L, Arthikala M-K, Alvarado-Affantranger X, Quinto C, Sdnchez F, Lara M. 2016. A
legume TOR protein kinase regulates Rhizobium symbiosis and is essential for infection and
nodule development. Plant Physiology 172: 2002—-2020.

Okazaki S, Kaneko T, Sato S, Saeki K. 2013. Hijacking of leguminous nodulation signaling by the rhizobial
type lll secretion system. Proceedings of the National Academy of Sciences of the United States
of America 110: 17131-6.

Okazaki S, Tittabutr P, Teulet A, Thouin J, Fardoux J, Chaintreuil C, Gully D, Arrighi J-F, Furuta N, Miwa
H, et al. 2016. Rhizobium—legume symbiosis in the absence of Nod factors: two possible
scenarios with or without the T3SS. The ISME Journal 10: 64—74.

Okubo T, Fukushima S, Itakura M, Oshima K, Longtonglang A, Teaumroong N, Mitsui H, Hattori M,
Hattori R, Hattori T, et al. 2013. Genome analysis suggests that the soil oligotrophic bacterium
Agromonas oligotrophica (Bradyrhizobium oligotrophicum) is a nitrogen-fixing symbiont of
Aeschynomene indica. Applied and Environmental Microbiology 79: 2542-2551.

Oono R, Schmitt I, Sprent J, Denison R. 2010. Multiple evolutionary origins of legume traits leading to
extreme rhizobial differentiation. New Phytologist 187: 508—520.

Op den Camp RHM, Polone E, Fedorova E, Roelofsen W, Squartini A, Op den Camp HJM, Bisseling T,
Geurts R. 2012. Nonlegume Parasponia andersonii deploys a broad rhizobium host range
strategy resulting in largely variable symbiotic effectiveness. Molecular Plant-Microbe
Interactions 25: 954-963.

Pago A, Brigido C, Alexandre A, Mateos PF, Oliveira S. 2016. The symbiotic performance of chickpea
rhizobia can be improved by additional copies of the c/pB chaperone gene. PLoS ONE 11: 1-18.



Pierre O, Hopkins J, Combier M, Baldacci F, Engler G, Brouquisse R, Hérouart D, Boncompagni E. 2014.
Involvement of papain and legumain proteinase in the senescence process of Medicago
truncatula nodules. New Phytologist 202: 849-863.

Platero R, James EK, Rios C, Iriarte A, Sandes L, Zabaleta M, Battistoni F, Fabiano E. 2016. Novel
Cupriavidus strains isolated from root nodules of native Uruguayan Mimosa species. Applied and
Environmental Microbiology 82: 3150-3164.

Qiu L, Lin JS, Xu J, Sato S, Parniske M, Wang TL, Downie JA, Xie F. 2015. SCARN a novel class of SCAR
protein that is required for root-hair infection during legume nodulation. PLoS Genetics 11: 1—
27.

Ruiz-Diez B, Quifiones MA, Fajardo S, Morcillo C, Fernandez-Pascual M. 2015. Possible reasons for
tolerance to mercury of Lupinus albus cv. G1 inoculated with Hg-resistant and sensitive
Bradyrhizobium canariense strains. Symbiosis 67: 91-102.

Sankhla IS, Tak N, Meghwal RR, Choudhary S, Tak A, Rathi S, Sprent JI, James EK, Gehlot HS. 2017.
Molecular characterization of nitrogen fixing microsymbionts from root nodules of Vachellia
(Acacia) jacquemontii, a native legume from the Thar Desert of India. Plant and Soil 410: 21-40.

Santos JMF dos, Casaes Alves PA, Silva VC, Kruschewsky Rhem MF, James EK, Gross E. 2017. Diverse
genotypes of Bradyrhizobium nodulate herbaceous Chamaecrista (Moench) (Fabaceae,
Caesalpinioideae) species in Brazil. Systematic and Applied Microbiology 40: 69-79.

Selami N, Auriac MC, Catrice O, Capela D, Kaid-Harche M, Timmers T. 2014. Morphology and anatomy
of root nodules of Retama monosperma (L.)Boiss. Plant and Soil 379: 1-11.

Sinharoy S, Torres-Jerez |, Bandyopadhyay K, Kereszt A, Pislariu Cl, Nakashima J, Benedito VA,
Kondorosi E, Udvardi MK. 2013. The C;H, transcription factor regulator of symbiosome
differentiation represses transcription of the secretory pathway gene VAMP721a and promotes
symbiosome development in Medicago truncatula. Plant Cell 25: 3584-3601.

Suzaki T, Ito M, Yoro E, Sato S, Hirakawa H, Takeda N, Kawaguchi M. 2014. Endoreduplication-
mediated initiation of symbiotic organ development in Lotus japonicus. Development 141: 2441—
2445,

Svistoonoff S, Benabdoun FM, Nambiar-Veetil M, Imanishi L, Vaissayre V, Cesari S, Diagne N, Hocher
V, de Billy F, Bonneau J, et al. 2013. The independent acquisition of plant root nitrogen-fixing
symbiosis in fabids recruited the same genetic pathway for nodule organogenesis. PLoS ONE 8:
€64515.

Takanashi K, Yokosho K, Saeki K, Sugiyama A, Sato S, Tabata S, Ma JF, Yazaki K. 2013. LjMATE1: A
citrate transporter responsible for iron supply to the nodule infection zone of lotus japonicus.
Plant and Cell Physiology 54: 585-594.

Tang GR, Lu DW, Wang D, Luo L. 2013. Sinorhizobium meliloti IsrB is involved in alfalfa root nodule
development and nitrogen-fixing bacteroid differentiation. Chinese Science Bulletin 58: 4077—
4083.

Tittabutr P, Sripakdi S, Boonkerd N, Tanthanuch W, Minamisawa K, Teaumroong N. 2015. Possible role
of 1-aminocyclopropane-1-carboxylate (ACC) deaminase activity of Sinorhizobium sp. BL3 on



symbiosis with mung bean and determinate nodule senescence. Microbes and Environments 30:
310-320.

Torche A, Benhizia H, Rosselli R, Romoli O, Zanardo M, Baldan E, Alberghini S, Tondello A, Baldan B,
Benguedouar A, et al. 2014. Characterization of bacteria associated with nodules of two
endemic legumes of Algeria, Hedysarum naudinianum and H. perrauderianum. Annals of
Microbiology 64: 1065—-1071.

Wang C, Yu H, Luo L, Duan L, Cai L, He X, Wen J, Mysore KS, Li G, Xiao A, et al. 2016. NODULES WITH
ACTIVATED DEFENSE 1 is required for maintenance of rhizobial endosymbiosis in Medicago
truncatula. New Phytologist 212: 176-191.

WangJ,Si Z, Li F, Xiong X, Lei L, Xie F, Chen D, Li Y, Li Y. 2015. A purple acid phosphatase plays a role in
nodule formation and nitrogen fixation in Astragalus sinicus. Plant Molecular Biology 88: 515—
529.

Wang Y, Chang CH, Ji Z, Bouchard DC, Nisbet RM, Schimel JP, Gardea-Torresdey JL, Holden PA. 2017.
Agglomeration determines effects of carbonaceous nanomaterials on soybean nodulation,
dinitrogen fixation potential, and growth in soil. ACS Nano 11: 5753-5765.

Wang Y, LiK, Chen L, Zou Y, Liu H, Tian Y, Li D, Wang R, Zhao F, Ferguson BJ, et al. 2015. MicroRNA167-
directed regulation of the auxin response factors GmARF8a and GmARF8b is required for
soybean nodulation and lateral root development. Plant Physiology 168: 984—-99.

Webb KJ, Cookson A, Allison G, Sullivan ML, Winters AL. 2014. Polyphenol oxidase affects normal
nodule development in red clover (Trifolium pratense L.). Frontiers in Plant Science 5: 700.

Wongdee J, Songwattana P, Nouwen N, Noisangiam R, Fardoux J, Chaintreuil CE, Teaumroong N,
Tittabutr P, Giraud E. 2016. nifDK clusters located on the chromosome and megaplasmid of
Bradyrhizobium sp. strain DOA9 contribute differently to nitrogenase activity during symbiosis
and free-living growth. Molecular Plant-Microbe Interactions 29: 767—-773.

XiJ, Chen Y, Nakashima J, Wang SM, Chen R. 2013. Medicago truncatula esn1 defines a genetic locus
involved in nodule senescence and symbiotic nitrogen fixation. Molecular Plant Microbe
Interactions 26: 893-902.

Xiao TT, Schilderink S, Moling S, Deinum EE, Kondorosi E, Franssen H, Kulikova O, Niebel A, Bisseling T.
2014. Fate map of Medicago truncatula root nodules. Development 141: 3517-28.

Yang S, Wang Q, Fedorova E, Liu J, Qin Q, Zheng Q, Price PA, Pan H, Wang D, Griffitts JS, et al. 2017.
Microsymbiont discrimination mediated by a host-secreted peptide in Medicago truncatula.
Proceedings of the National Academy of Sciences USA 114: 6848-6853.

Yuan SL, Li R, Chen HF, Zhang CJ, Chen LM, Hao QN, Chen SL, Shan ZH, Yang ZL, Zhang XJ, et al. 2017.
RNA-Seq analysis of nodule development at five different developmental stages of soybean
(Glycine max) inoculated with Bradyrhizobium japonicum strain 113-2. Scientific Reports 7:
42248.

Zamani M, DiCenzo GC, Milunovic B, Finan TM. 2017. A putative 3-hydroxyisobutyryl-CoA hydrolase is
required for efficient symbiotic nitrogen fixation in Sinorhizobium meliloti and Sinorhizobium
fredii NGR234. Environmental Microbiology 19: 218-236.



Zgadzaj R, James EK, Kelly S, Kawaharada Y, de Jonge N, Jensen DB, Madsen LH, Radutoiu S. 2015. A
legume genetic framework controls infection of nodules by symbiotic and endophytic bacteria.
PLOS Genetics 11: e1005280.

Zhao Y, Nickels LM, Wang H, Ling J, Zhong Z, Zhu J. 2016. OxyR-regulated catalase activity is critical for
oxidative stress resistance, nodulation and nitrogen fixation in Azorhizobium caulinodans. FEMS
Microbiology Letters 363: 1-8.



