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Understanding how mutualistic interactions are stabilized in the presence of cheaters is a major question in
evolutionary biology. The legume–rhizobia mutualism
has become a model system for studying how plants
control cheating partners. However, the generality and
evolutionary origins of these control mechanisms are
intensely debated. In this Opinion article, we argue that a
novel system – the Parasponia–rhizobia mutualism – will
significantly advance research in mutualism stability.
Parasponia is the only non-legume lineage to have
evolved a rhizobial symbiosis, which provides an evolutionary replicate to test how rhizobial exploitation is
controlled. Evidence also suggests that this symbiosis
is young. This allows studies at an earlier evolutionary
stage in mutualisms, so the origin of control mechanisms can be better understood.
Mechanisms stabilizing mutualistic cooperation
Mutualistic partnerships between plants and their symbiotic microbes are fundamental to ecosystem functioning
[1], agricultural productivity [2], and evolutionary diversification [3]. Because plants and microbes differ in their
resource needs and metabolic capabilities, cooperation
should theoretically benefit both partners. However, mutual benefit does not guarantee evolutionary stability and
partnerships can collapse if one of the individuals employs
a cheating strategy (e.g., fails to cooperate but still gains
benefits from the cooperation of others [4]). A major challenge in evolutionary biology has been identifying the
mechanisms that partners use to control the quality of
the symbiotic interaction in the face of cheating, with an
ultimate goal of uncovering how these ‘control mechanisms’ evolved [4–6].
In recent years, the legume N2-fixing rhizobial symbiosis has become a model system for studying mutualism
stability. Control mechanisms initially arise from shortterm adaptations that benefit individual plants and ultimately help to stabilize the mutualism over evolutionary
time [7,8]. Control mechanisms are thought to be important during the pre-infection and post-infection stages of
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the symbiosis, allowing individual plants to maintain positive interactions with high-quality (non-cheating) symbionts. Pre-infection mechanisms (also called ‘partner
choice’) prevent legumes from initiating interactions with
low-quality rhizobia based on signaling cues, whereas postinfection mechanisms (‘sanctions’) allow legumes to reduce
losses to established interactions by allocating fewer
resources to lower-quality partners [7,9–11] (Figure 1).
In theory, partner choice should be more energetically
efficient than sanctions because of lower costs associated
with preventing cheating than removing an established
symbiont [12]. In practice, however, partner choice
requires legumes to decipher a range of rhizobial signals
to initiate infection [e.g., emitted lipochitooligosaccharides
(LCOs), also known as Nod factors, and/or structural surface polysaccharides] [13]. If these signals are honest
indications of rhizobial quality, legumes can block infection
from low-quality symbionts. However, rhizobial signaling
may evolve faster than legume receptors and there is likely
to be strong selection for mimicking signals of cooperative
competitors [14,15]. A more fail-safe strategy for legumes
to eliminate cheaters may be a combination of partner
choice and sanctions (Figure 1).
Both partner choice [16,17] and sanctions [18,19] have
been demonstrated empirically across a diversity of legume
species. However, the ubiquity, relative importance, and
evolutionary origins of these mechanisms are the source of
intense debate [10,20–24]. Species like pea (Pisum sativum),
alfalfa (Medicago sativa) [19], and soybean (Glycine max)
[18,25] show evidence of sanctioning against rhizobia with
reduced N2-fixing capacities, whereas Medicago truncatula
appears to employ partner choice only [16,26]. Other species,
like Lotus strigosus, may use both partner choice and sanctions to control symbiotic partners [17,27]. The apparent
discrepancy in control mechanisms among legume species
may be biological, with legume lineages evolving different
mechanisms independently. Alternatively, the differences
may be due to experimental methodologies, as there is no
single approach to quantifying the effectiveness of host
control (see [23,28]). The first step is identifying which
plants use which mechanisms, but a major outstanding
question is how these control mechanisms evolved.
Here we argue that research in the evolution of plant–
rhizobial mutualisms would greatly profit from the inclusion of a new model, the Parasponia–rhizobia symbiosis.
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Figure 1. Control mechanisms in plant–rhizobia mutualism. Diagram depicting partner choice (pre-infection) and sanction (post-infection) control mechanisms. Partner
choice selects which rhizobia (small circles) infect the root (open rectangle) based on a signal (Y or Z), whereas sanctions determine which rhizobia remain in the root based
on rhizobial quality (indicated as unshaded or shaded rhizobia). In this example, shaded rhizobia are higher quality and preferred by the plant. It should be noted that all
high-quality and one low-quality rhizobia have the Y signal. Partner choice allows rhizobia with the Y signal to infect the root, whereas sanctions remove all low-quality
(unshaded) rhizobia.

Endemic to the Malay archipelago, Parasponia is a genus
in the Cannabaceae family, comprising five tropical tree
species, all of which form nodules with rhizobia [29].
Parasponia is of interest because it is the only non-legume
plant lineage to have evolved a N2-fixation mutualism with
rhizobia. Its close phylogenetic relation with its non-symbiotic sister genus Trema suggests that the N2-fixing host
phenotype of Parasponia is relatively young [30]. Consequently, Parasponia hosts may rely on more basic physiological processes to control rhizobial symbionts compared
with legumes. The Parasponia system is particularly useful because it provides: (i) an opportunity to study control
mechanisms (i.e., the short-term adaptations that lead to
individual benefits from rhizobial interactions) in earlier
stages of mutualism evolution; and (ii) an evolutionary

replicate of how these mechanisms emerge to stabilize
cooperation (i.e., longer-term evolutionary stability) between rhizobia and non-legume hosts.
Evidence that the Parasponia–rhizobia mutualism is
young
Six lines of evidence suggest that the Parasponia–rhizobia
mutualism is young and thus a more ‘primitive’ symbiosis
compared with the legume–rhizobia mutualism (Table 1
and Figure 2). First, the Parasponia lineage is nested
within Trema and only recently diverged from an ancestral
non-nodulating Trema species [31]. Parasponia species are
so phenotypically similar to Trema that nodulated Parasponia field samples were initially incorrectly identified as
Trema [32,33]. Second, Parasponia are categorized by a

Table 1. Comparison of symbiotic traits in Parasponia and legumes
Symbiotic trait
Infection mode
Perception mechanism
Symbiotic structure
Symbiont densities
Form of symbiont

Nodule form

N2-fixation levels
Mechanisms controlling
rhizobial exploitation
(sanctions)
Level of partner promiscuity

2

Parasponia
Intercellularly via ‘crack entry’
Common recognition mechanism for rhizobia
and mycorrhizal fungi
Intracellular fixation threads in nodule cells
but rhizobia remain in contact with apoplast
Unknown but likely to be 100 per cell

Legumes
Intracellularly via crack entry or root-hair curling
Specific recognition for rhizobia and mycorrhizal fungi

Unknown whether forced terminal differentiation
occurs, but unlikely based on the similar size of
symbiotic and free-living bacteria
Central vascular bundle and infected cells in the
peripheral zone so nodules appear more like
lateral roots
Nitrogenase activity is generally lower than in
legumes (Table 2) but more data are needed
No control mechanisms shown experimentally;
potential function for phenolic compoundcontaining cells
High levels of promiscuity, nodulated by many
rhizobial species and genera

Some species able to force terminal differentiation,
which coincides with a dramatic increase of bacterial
size
Several peripheral vascular bundles that surround
the large central zone of infected cells

Transient organelle-like structures called symbiosomes
released into nodule cells
Up to 1000 per cell

Highly variable depending on species but estimated
to be higher than in Parasponia
Control of rhizobial respiration via host changes in
nodule permeability to O2 and coordinated amino
acid cycling
Ranges from very strict to highly promiscuous
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Figure 2. Diagrams of infected nodule cells and N2-fixing nodules. Close-up diagrams showing individual infected cells and highlighting differences in infection mode
between (A) Parasponia andersonii, where the rhizobia remain in the fixation thread, and (B) Medicago truncatula (legume), which hosts its symbiotic partner in organellelike symbiosomes. Longitudinal nodule section representations of (C) P. andersonii with a central vascular bundle and infected cells in the peripheral zone and (D) M.
truncatula with several peripheral vascular bundles surrounding a central zone of infected cells. It should be noted that there are phenolic compound-containing cells
surrounding the infected cells in P. andersonii (A,C).

less-sophisticated infection mode. The rhizobial symbionts
enter the root intercellularly via so-called ‘crack entry’ [34]
rather than intracellularly via root-hair curling as in most
legume species. Third, Parasponia hosts rhizobial partners

in thread-like structures, so-called fixation threads. Fixation threads become highly branched and fill the cell, but
remain in contact with the apoplast (Figure 2A). By contrast, legumes generally release their rhizobial partners
3
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Table 2. Comparison of nitrogenase activity in Parasponia and legume species
Parasponia
species
P. parviflora

Nitrogenase
activity a
3.2  1.2

Legume species
Vigna sinensis

Nitrogenase
activity a
14.3  9.8

Rhizobial
strain
Not reported

Native
strain
?

P. parviflora

2.0  1.2

V. sinensis

10.4  0.9

Not reported

?

P. parviflora
P. parviflora
P. rigida

25.0  14.4 b
0.2–3.1
8.9  2.1

93.8  23.9 b
2.3–4.7
16.0  4.3

Pp31
Not reported
ANU289

P. andersonii
P. andersonii
P. andersonii

0.3  0.2
0.5  0.3
0.5  0.3

V. sinensis
Pisum sativum
Macroptilium
atropurpureum
Vigna unguiculata
V. unguiculata
Lotus japonicus

0.9  0.5
1.29  0.7
0.01  0.02

WUR1
NGR234
NGR234

a

mmol C2H4 g

1

Refs

Y
?
Y

Significantly
different?
N (2-month-old
plants)
Y (3-month-old
plants)
Y
N
Y

N
N
N

N
N
Y

[42]
[42]
[42]

[61]
[61]
[61]
[62]
[37]

fresh root nodule weight h 1.

b

Values calculated from data plots.

into the nodule cells as transient organelle-like structures
called symbiosomes (Figure 2B) that fix N2 and can reach
levels of up to 1000 in a single nodule cell [35]. This exceeds
the numbers found in Parasponia nodule cells. Additionally, some legumes (e.g., pea, M. truncatula) evolved mechanisms to force terminal differentiation of the bacteria in
symbiosomes, which further restrains/controls the microbial partner [36]. Fourth, nodules in which Parasponia
host rhizobia have a different – more basal – ontology
compared with legume nodules [37]. Parasponia nodules
have a central vascular bundle and infected cells in the
peripheral zone (Figure 2C), giving these nodules a more
lateral root-like appearance. By contrast, legume nodules
have developed several peripheral vascular bundles that
surround the large central zone of infected cells (Figure 2D)
thereby maximizing the transport capacity of nutrients
and assimilates. The peripheral vasculature and compartmentalization of the central N2-fixation zone may also
provide an advantage in maintaining differing oxygen
homeostasis in the two tissues [38]. Fifth, Parasponia is
predicted to have lower nitrogenase activity than legumes
[39–41]. Tests where legumes and Parasponia were grown
using native Parasponia strains suggest that legumes have
around three times higher nitrogenase activity than Parasponia (Table 2), but more work is needed to explore the
extent of this pattern. Finally, Parasponia exhibit high
levels of partner promiscuity and are nodulated by many
rhizobial species [42]. In legumes, various degrees of promiscuity are found, ranging from very strict (e.g., the tribes
Cicereae, Trifolieae, and Viceae) to highly promiscuous
(comparable with Parasponia) as in many tropical legumes
[13]. Tight specificity between plant species and rhizobial
strains are likely to be the product of coevolution, suggesting that promiscuity is the ancestral state [13].
As these lines of evidence suggest the emergence of a
relatively young N2-fixing phenotype, a major question is
whether Parasponia relies on more basal physiological
mechanisms to control exploitation by rhizobial symbionts
and lacks the more sophisticated discrimination processes
found in the legume–rhizobia mutualism.
Mutualism evolution in action: evidence for control
mechanisms in Parasponia
Is there evidence of control mechanisms (partner choice or
sanctions) operating in the Parasponia–rhizobia mutualism?
4

Early studies of field-collected Parasponia roots suggested
that they were nodulated exclusively with rhizobia from one
genus, Bradyrhizobium [43,44], which hints at effective
control mechanisms. However, experimental work later
demonstrated that, in the laboratory, Parasponia andersonii
was successfully nodulated by rhizobia from European soil
containing three additional genera (Rhizobium, Mesorhizobium, and Sinorhizobium [42]), indicating high promiscuity.
How to reconcile these seemingly divergent patterns? One
possibility is that Bradyrhizobium represented the most
abundant rhizobia under these field conditions and that
other genera were rare to absent. A second possibility is that
Parasponia cannot discriminate against European strains
due to a lack of evolutionary history and/or shows abnormal
symbiotic association patterns under laboratory conditions.
Regardless, the experiments discussed in [42] demonstrate
the potential for extraordinary breadth in symbiotic partnerships in Parasponia compared with most legumes and lay the
foundation for more ecologically relevant host–microbe research focused on strains collected from Parasponia’s native
habitat.
If Parasponia is characterized by such potentially high
levels of promiscuity, are post-infection sanctions key to
insuring that plants associate with high-quality symbionts? Although such post-infection mechanisms can theoretically keep exploitation levels low, physiological
evidence suggests that Parasponia is unable to terminate
symbiotic engagement via ‘premature’ nodule senescence
[39,42]. For example, when P. andersonii was nodulated by
European strains varying in effectiveness, one rhizobial
species – Rhizobium tropici WUR1 – was so exploitative
that it induced localized host cell death in young nodules
[42]. Although these data suggest an inability of Parasponia to control (foreign) rhizobial symbionts (i.e., absence of
sanctions), they should be viewed with caution: partners
that lack evolutionary history, such as the combinations
tested thus far, can show radically different patterns of
engagement and exploitation than native partnerships.
control mechanisms
Understanding post-infection
requires collecting and testing strains collected from Parasponia’s native habitat.
We argue, however, that because Parasponia limits
rhizobial growth to nodules only (i.e., specific tissue zones),
there is potential for rudimentary sanction-type control
mechanisms – but what is the physiological basis of these
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mechanisms? In legumes, sanction-type control mechanisms include coordinated amino acid cycling with rhizobial partners [45] and the active regulation of gas
permeability to nodules, which has been proposed to help
limit exploitation by low- or non-fixing rhizobial partners
by reducing their O2 supply for respiration [18]. Although
the symbiotic hemoglobin (ParaHb) of Parasponia is becoming well characterized (e.g., [46]), it is unknown whether Parasponia hosts can control nodule gas permeability to
limit rhizobial respiration. Additionally, antimicrobial
compounds may also function as basal defense mechanisms against exploitative rhizobia. Rhizobia-infected cells
of Parasponia are generally surrounded by a layer of cells
that contain potentially antimicrobial phenolic compounds
in their vacuole, visible as dark pigments (Figure 2A,C).
Such a function has been proposed in similar cells found in
nodules of some woody legumes [47], as well as actinorhizal
nodules that host N2-fixing Frankia bacteria [48].
Once control mechanisms have been identified, the next
steps would be to determine the molecular pathways involved in their functioning and the ecological conditions that
facilitated the evolution of these mechanisms. A major
question is why an ancestral species in the Trema/Parasponia lineage evolved the N2-fixing phenotype with rhizobia, whereas its closely related sister lineage did not and
remains a non-symbiotic phenotype. Trema/Parasponia
comparisons in an ecological context could potentially shed
light on larger questions about the evolution of plant–microbial symbioses, such as identifying the environmental
selection pressures that trigger symbiotic engagement and
breakdown.
Evolution of rhizobial endosymbiosis: the power of
cross-lineage comparisons
Arguably, the major power of the Parasponia system comes
from insights gained through cross-lineage comparisons.
Parasponia and the legumes are the only plant lineages to
have evolved a mutualistic relationship with rhizobia
[30]. Separate evolutionary events such as these provide
invaluable opportunities to identify instances of parallel
evolution (e.g., [49]). In effect, Parasponia provides an
evolutionary replicate for identifying commonalities in
the evolution of mutualism stability.
This comparison between Parasponia and legumes has
already proved valuable in identifying pathways involved in
partner choice. For successful infection to occur, the host
plant must first recognize rhizobial LCO signals, initiating a
cascade of rhizobial entry and nodule-formation steps. Rhizobial LCOs are similar in structure to LCO signals produced
by arbuscular mycorrhizal fungi [50]. Legumes recognize
rhizobial LCOs by a specific set of LysM receptor kinases
that coevolved a ‘lock-and-key’-type relationship with LCOs
of their rhizobial host [51]. In the case of Parasponia, however, a single LysM receptor kinase controls both symbioses:
rhizobial and arbuscular mycorrhizal [52]. This suggests
that the LCO rhizobia-perception mechanism has experienced less neofunctionalism (i.e., the ability to take on a new
function) in Parasponia compared with legumes.
Comparisons between Parasponia and ecologically
similar tropical legume tree species may be fruitful for
understanding sanctions. Ecologically, Parasponia are
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fast-growing, early-successional pioneer species that colonize nitrogen-poor soils. Parasponia’s rhizobial symbiosis
may have been a key evolutionary transition that allowed it
to exploit this specific niche [40]. Similarly, several tropical
legume trees, such as Calliandra calothyrsus, Gliricidia
sepium, and Leucaena leucocephala, are also fast-growing,
early-successional pioneer species that colonize degraded
soils. These three species are also regarded as highly promiscuous from laboratory studies showing their ability to be
nodulated by at least four rhizobial genera found in soil
originating from three continents [53–55]. Promiscuity may
afford these trees the freedom to colonize new habitats
without the spatial limitations imposed by the restricted
distributions of their rhizobial partners. However, not all
rhizobial strains that nodulated these legume trees were
effective and some resulted in reduced host growth compared with a non-nodulated control [53,55]. The extent to
which these legume trees use sanctions to restrict their
associations with poor-quality partners is not well known.
Comparisons between Parasponia and legume trees are
promising for uncovering the factors involved in controlling
the exploitation of rhizobial symbionts.
Experimental tractability of Parasponia–rhizobia
mutualism
Perhaps one major obstacle in embracing the Parasponia–
rhizobia mutualism as a model system is the fear that, as a
tropical tree, Parasponia is not conducive to experimental
manipulation in meaningful ecological and evolutionary
contexts. One of the most fundamental issues of experimental tractability is fast and easy organismal propagation. The system is somewhat flexible in that Parasponia
species can be grown from seeds or via clonal propagation
[39,52]. While this latter method requires a higher level of
skill, it provides a large number of genetically identical
plantlets, which can be a valuable control for experiments.
Although Parasponia are trees, they form nodules quickly,
in approximately 4–6 weeks [42], which permits multiple
rounds of experiments in an acceptable time frame. Because Parasponia are tropical in origin, they require a
climate-controlled greenhouse with high temperatures
and humidity to mimic native tropical forests. Field experiments are possible but more difficult than the agriculturaltype settings used for the current model legume plants.
One great advantage of the Parasponia system is that
hosts can be nodulated by the same rhizobial strains that also
nodulate legumes [42,44]. This allows direct comparisons of
mechanisms and pathways between lineages without the
confounding variable of different rhizobial strains
(Table 2). From a molecular vantage point, genetic comparisons between Parasponia and Trema can help to identify the
pathways involved in symbiosis evolution. Likewise, Agrobacterium rhizogenes-mediated root transformation has recently been optimized for both Parasponia and Trema [56].
This tool produces composite plants with transgenic roots
and non-transformed shoots that can be used in an array of
experiments for identifying symbiotic molecular pathways.
Concluding remarks
Understanding how cooperation among different species
evolves remains a current challenge in evolutionary
5
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biology. Control mechanisms such as partner choice and
sanctions have been identified across a diversity of mutualistic systems and are especially common in plantmicrobe [17,27,57] and plant-obligate pollinator [58,59]
mutualisms. As the legume–rhizobia mutualism continues
to be a model system for studying mutualism stability, a
focus on the Parasponia–rhizobia symbiosis offers a unique
opportunity to study how these control mechanisms
emerge in the early stages of N2-fixing mutualism evolution. Ideally, control mechanisms should be studied across
a large phylogenetic range of host species using a crossspecies comparative framework [60]. This could also include distantly related N2-fixing symbioses such as the
actinorhiza–Frankia system, which provides an interesting replicate system even further divergent from the
legumes. Parasponia can help to lay the groundwork for
understanding the evolution of cooperation, given its ability to be transformed and manipulated in the laboratory, a
growing body of molecular characterization, and the potential for large-scale phylogenetic comparisons.
Acknowledgments
The authors thank R.F. Denison for constructive feedback and E.
Fedorova and A. May for help with illustrations. Research was supported
by the Netherlands Organisation for Scientific Research (NWO) grants
836.10.001 and 864.10.005 to E.T.K., NWO-Vici 865.13.001, NWO–
National Natural Science Foundation of China 846.11.005, and Netherlands Genomics Initiative–Horizon 050-71-52 to R.G., and the European
Research Council (ERC) under the EU’s Seventh Framework Programme
(FP7/2007-2013)/ERC Grant agreement 335542 to E.T.K.

References
1 Wilson, G.W.T. et al. (2009) Soil aggregation and carbon sequestration
are tightly correlated with the abundance of arbuscular mycorrhizal
fungi: results from long-term field experiments. Ecol. Lett. 12, 452–461
2 Vance, C.P. (2001) Symbiotic nitrogen fixation and phosphorus
acquisition: plant nutrition in a world of declining renewable
resources. Plant Physiol. 127, 390–397
3 Bascompte, J. and Jordano, P. (2007) Plant–animal mutualistic
networks: the architecture of biodiversity. Annu. Rev. Ecol. Evol.
Syst. 38, 567–593
4 Ghoul, M. et al. (2014) Toward an evolutionary definition of cheating.
Evolution 68, 318–331
5 Herre, E.A. et al. (1999) The evolution of mutualisms: exploring the
paths between conflict and cooperation. Trends Ecol. Evol. 14, 49–53
6 West, S.A. et al. (2007) Evolutionary explanations for cooperation.
Curr. Biol. 17, R661–R672
7 Denison, R.F. (2000) Legume sanctions and the evolution of symbiotic
cooperation by rhizobia. Am. Nat. 156, 567–576
8 West, S.A. et al. (2002) Sanctions and mutualism stability: when should
less beneficial mutualists be tolerated? J. Evol. Biol. 15, 830–837
9 Sachs, J.L. et al. (2004) The evolution of cooperation. Q. Rev. Biol. 79,
135–160
10 Simms, E.L. and Taylor, D.L. (2002) Partner choice in nitrogen-fixation
mutualisms of legumes and rhizobia. Integr. Comp. Biol. 42, 369–380
11 Bull, J.J. and Rice, W.R. (1991) Distinguishing mechanisms for the
evolution of cooperation. J. Theor. Biol. 149, 63–74
12 Kiers, E.T. and Denison, R.F. (2008) Sanctions, cooperation, and the
stability of plant–rhizosphere mutualisms. Annu. Rev. Ecol. Evol. Syst.
39, 215–236
13 Perret, X. et al. (2000) Molecular basis of symbiotic promiscuity.
Microbiol. Mol. Biol. Rev. 64, 180–201
14 Denison, R.F. and Kiers, E.T. (2011) Life histories of symbiotic rhizobia
and mycorrhizal fungi. Curr. Biol. 21, R775–R785
15 Edwards, D.P. and Yu, D.W. (2007) The roles of sensory traps in the
origin, maintenance, and breakdown of mutualism. Behav. Ecol.
Sociobiol. 61, 1321–1327

6

Trends in Plant Science xxx xxxx, Vol. xxx, No. x

16 Gubry-Rangin, C. et al. (2010) Partner choice in Medicago truncatula–
Sinorhizobium symbiosis. Proc. Biol. Sci. 277, 1947–1951
17 Sachs, J.L. et al. (2010) Host control over infection and proliferation of a
cheater symbiont. J. Evol. Biol. 23, 1919–1927
18 Kiers, E.T. et al. (2003) Host sanctions and the legume–Rhizobium
mutualism. Nature 425, 78–81
19 Oono, R. et al. (2011) Failure to fix nitrogen by non-reproductive
symbiotic rhizobia triggers host sanctions that reduce fitness of
their reproductive clonemates. Proc. Biol. Sci. 278, 2698–2703
20 Frederickson, M.E. (2013) Rethinking mutualism stability: cheaters
and the evolution of sanctions. Q. Rev. Biol. 88, 269–295
21 Friesen, M.L. (2012) Widespread fitness alignment in the legume–
Rhizobium symbiosis. New Phytol. 194, 1096–1111
22 Friesen, M.L. and Heath, K.D. (2013) One hundred years of solitude:
integrating single-strain inoculations with community perspectives in
the legume–Rhizobium symbiosis. New Phytol. 198, 7–9
23 Kiers, E.T. et al. (2013) Single-strain inoculation may create spurious
correlations between legume fitness and rhizobial fitness. New Phytol.
198, 4–6
24 Oono, R. et al. (2009) Controlling the reproductive fate of rhizobia: how
universal are legume sanctions? New Phytol. 183, 967–979
25 Kiers, E.T. et al. (2006) Measured sanctions: legume hosts detect
quantitative variation in Rhizobium cooperation and punish
accordingly. Evol. Ecol. Res. 8, 1077–1086
26 Heath, K.D. and Tiffin, P. (2009) Stabilizing mechanisms in a legume–
Rhizobium mutualism. Evolution 63, 652–662
27 Regus, J.U. et al. (2014) Efficiency of partner choice and sanctions in
Lotus is not altered by nitrogen fertilization. Proc. Biol. Sci. http://
dx.doi.org/10.1098/rspb.2013.2587
28 Ratcliff, W.C. et al. (2012) Measuring the fitness of symbiotic rhizobia.
Symbiosis 55, 85–90
29 Trinick, M.J. and Hadobas, P.A. (1988) Biology of the Parasponia–
Bradyrhizobia symbiosis. Plant Soil 110, 177–185
30 Geurts, R. et al. (2012) Exploiting an ancient signalling machinery to
enjoy a nitrogen fixing symbiosis. Curr. Opin. Plant Biol. 15, 438–443
31 Yang, M.Q. et al. (2013) Molecular phylogenetics and character
evolution of Cannabaceae. Taxon 62, 473–485
32 Akkermans, A.D.L. et al. (1978) N2-fixing root nodules in ulmaceae:
Parasonia or (and) Trema spp.? Plant Soil 49, 711–715
33 Trinick, M.J. (1973) Symbiosis between Rhizobium and the nonlegume Trema aspera. Nature 244, 459–460
34 Lancelle, S.A. and Torrey, J.G. (1984) Early development of
Rhizobium-induced root-nodules of Parasponia rigida. 1. Infection
and early nodule initiation. Protoplasma 123, 26–37
35 Roth, L.E. and Stacey, G. (1989) Bacterium release into host cells of
nitrogen-fixing soybean nodules: the symbiosome membrane comes
from three sources. Eur. J. Cell Biol. 49, 13–23
36 Van de Velde, W. et al. (2010) Plant peptides govern terminal
differentiation of bacteria in symbiosis. Science 327, 1122–1126
37 Price, G.D. et al. (1984) Structure of nodules formed by Rhizobium
strain ANU289 in the nonlegume Parasponia and the legume siratro
(Macroptilium atropurpureum). Bot. Gaz. 145, 444–451
38 Downie, J.A. (2014) Legume nodulation. Curr. Biol. 24, R184–R190
39 Becking, J.H. (1992) The Rhizobium Symbiosis of the Nonlegume
Parasponia, Chapman & Hall
40 Trinick, M.J. (1980) Growth of Parasponia in agar tube culture and
symbiotic effectiveness of isolates from Parasponia spp. New Phytol.
85, 37–45
41 Vessey, J.K. et al. (2005) Root-based N2-fixing symbioses: legumes,
actinorhizal plants, Parasponia sp. and cycads. Plant Soil 274, 51–78
42 Op den Camp, R.H.M. et al. (2012) Nonlegume Parasponia andersonii
deploys a broad Rhizobium host range strategy resulting in largely
variable symbiotic effectiveness. Mol. Plant Microbe Interact. 25,
954–963
43 Trinick, M.J. and Galbraith, J. (1976) Structure of root nodules formed
by Rhizobium on non-legume Trema cannabina var. scabra. Arch.
Microbiol. 108, 159–166
44 Trinick, M.J. and Galbraith, J. (1980) The Rhizobium requirements of
the non-legume Parasponia in relationship to the cross-inoculation
group concept of legumes. New Phytol. 86, 17–26
45 Lodwig, E.M. et al. (2003) Amino-acid cycling drives nitrogen fixation in
the legume–Rhizobium symbiosis. Nature 422, 722–726

TRPLSC-1218; No. of Pages 7

Opinion
46 Sturms, R. et al. (2010) Trema and Parasponia hemoglobins reveal
convergent evolution of oxygen transport in plants. Biochemistry 49,
4085–4093
47 Brown, S.M. and Walsh, K.B. (1994) Anatomy of the legume nodule
cortex with respect to nodule permeability. Aust. J. Plant Physiol. 21,
49–68
48 Pawlowski, K. and Bisseling, T. (1996) Rhizobial and actinorhizal
symbioses: what are the shared features? Plant Cell 8, 1899–1913
49 Colosimo, P.F. et al. (2005) Widespread parallel evolution in
sticklebacks by repeated fixation of ectodysplasin alleles. Science
307, 1928–1933
50 Maillet, F. et al. (2011) Fungal lipochitooligosaccharide symbiotic
signals in arbuscular mycorrhiza. Nature 469, 58–63
51 Parniske, M. and Downie, J.A. (2003) Plant biology – locks, keys and
symbioses. Nature 425, 569–570
52 Op den Camp, R.O. et al. (2011) LysM-type mycorrhizal receptor
recruited for Rhizobium symbiosis in nonlegume Parasponia.
Science 331, 909–912
53 Bala, A. and Giller, K.E. (2001) Symbiotic specificity of tropical tree
rhizobia for host legumes. New Phytol. 149, 495–507
54 Bala, A. et al. (2003) Distribution and diversity of rhizobia nodulating
agroforestry legumes in soils from three continents in the tropics. Mol.
Ecol. 12, 917–929

Trends in Plant Science xxx xxxx, Vol. xxx, No. x

55 Xu, K.W. et al. (2013) Symbiotic efficiency and phylogeny of the rhizobia
isolated from Leucaena leucocephala in arid-hot river valley area in
Panxi, Sichuan. China. Appl. Microbiol. Biotechnol. 97, 783–793
56 Cao, Q.Q. et al. (2012) Efficiency of Agrobacterium rhizogenes-mediated
root transformation of Parasponia and Trema is temperature
dependent. Plant Growth Regul. 68, 459–465
57 Kiers, E.T. et al. (2011) Reciprocal rewards stabilize cooperation in the
mycorrhizal symbiosis. Science 333, 880–882
58 Jander, K.C. et al. (2012) Precision of host sanctions in the fig tree–fig
wasp mutualism: consequences for uncooperative symbionts. Ecol.
Lett. 15, 1362–1369
59 Goto, R. et al. (2010) Selective flower abortion maintains moth
cooperation in a newly discovered pollination mutualism. Ecol. Lett.
13, 321–329
60 Werner, G.D.A. et al. (2014) A single evolutionary innovation drives the
deep evolution of symbiotic N2 fixation in angiosperms. Nat. Commun.
http://dx.doi.org/10.1038/ncomms5087
61 Becking, J.H. (1983) The Parasponia parviflora–Rhizobium symbiosis
– host specificity, growth and nitrogen-fixation under various
conditions. Plant Soil 75, 309–342
62 Becking, J.H. (1983) The Parasponia parviflora–Rhizobium symbiosis
– isotopic nitrogen-fixation, hydrogen evolution and nitrogen-fixation
efficiency, and oxygen relations. Plant Soil 75, 343–360

7

