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INTRODUCTION:Access to nutrients such as
nitrogen is required for plant growth. Legumes
and nine additional plant families benefit from
the nitrogen-fixing root nodule (NFN) symbio-
sis, in which roots develop nodules that intra-
cellularly host nitrogen-fixing bacteria. In this
mutually beneficial symbiosis, the bacteria con-
vert atmospheric nitrogen into ammoniumand
deliver it to the host plant. NFN symbiosis thus
enables plant survival under nitrogen-limiting
conditions in terrestrial ecosystems. In agricul-
ture, this symbiosis reduces reliance on nitro-
gen fertilizer, thus reducing the costs, ecological
impact, and fossil fuel consumption attendant
on large-scale application of fertilizers.

RATIONALE:Molecular phylogenies show
that NFN symbiosis is restricted to four angio-
sperm orders—Fabales, Fagales, Cucurbitales,
and Rosales—that together form the mono-

phyletic NFN clade. However, only 10 of the
28 plant families within this clade contain
species engaged in the NFN symbiosis. Even
within these 10 families, most genera do not
form this symbiosis. The NFN symbiosis re-
quires the coordinated function of more than
30 essential genes. Presence of this symbiosis
in related families suggests that a genetic change
in the ancestor of the NFN clade enabled evo-
lution of NFN symbiosis in this clade. The
scattered distribution of functional NFN sym-
biosis across the clade has led to the question
of whether NFN symbiosis evolved multiple
times independently in a convergent manner
or was lost multiple times regardless of the
number of times it arose. Fossil data have
been unable to answer this question. Here
we used molecular evidence to ask how the
current pattern of plant species with NFN sym-
biosis evolved.

RESULTS:We sequenced the genomes of sev-
en nodulating species belonging to the Fagales,
Rosales, and Cucurbitales orders and the legume
subfamily Caesalpinioideae. We complemented
this dataset by sequencing three genomes of non-
nodulating species from the Cucurbitales and
from the legume subfamilies Cercidoideae and
Papilionoideae. Using a genome-wide phyloge-
nomic approach, we found that all legume genes

with a characterized role
in NFN symbiosis are con-
served in nodulating spe-
cies with one exception. We
observed larger numbers
of order-specific gene fam-
ily expansions that, solely

because of their phylogenetic distribution, may
include genes contributing to multiple gains or
subsequent refinements of the symbiosis. In
parallel, we discovered signatures of multiple
independent loss-of-function events for the gene
encoding the indispensable NFN symbiosis
regulator NODULE INCEPTION (NIN) in 10 of
13 genomes of nonnodulating species within
the NFN clade. The pattern suggests at least
eight independent losses of NFN symbiosis.

CONCLUSION:We found that multiple inde-
pendent losses of NFN symbiosis occurred in
the four orders of the NFN clade. These results
suggest that NFN symbiosis has previously been
more common than currently evident and that
this symbiosis is subject to an underestimated
adverse selection pressure.▪

RESEARCH

Griesmann et al., Science 361, 144 (2018) 13 July 2018 1 of 1

The list of author affiliations is available in the full article online.
*Corresponding author. Email: chengshf@genomics.cn (S.C.);
pierre-marc.delaux@lrsv.ups-tlse.fr (P.-M.D.); parniske@lmu.de
(M.P.)
Cite this article as M. Griesmann et al., Science 361, eaat1743
(2018). DOI: 10.1126/science.aat1743

Phylogenomics and evolution of NFN symbiosis. Genome sequencing of nodulating and nonnodulating species combined with 27 previously available
genomes resulted in a dataset spanning the NFN clade and species outside the NFN clade as an outgroup. Orthogroups were identified and filtered
following threephylogeneticpatterns.Thisgenome-wideanalysis identified twogenes involved inNFNsymbiosis,NINandRHIZOBIUM-DIRECTEDPOLARGROWTH
(RPG), that were lost in most nonnodulating species.The occurrence of multiple losses (red crosses) of NFN symbiosis suggests an adverse selection pressure.
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The root nodule symbiosis of plants with nitrogen-fixing bacteria affects global nitrogen
cycles and food production but is restricted to a subset of genera within a single clade of
flowering plants.To explore the genetic basis for this scattered occurrence, we sequenced
the genomes of 10 plant species covering the diversity of nodule morphotypes, bacterial
symbionts, and infection strategies. In a genome-wide comparative analysis of a total of
37 plant species, we discovered signatures of multiple independent loss-of-function events
in the indispensable symbiotic regulator NODULE INCEPTION in 10 of 13 genomes of
nonnodulating species within this clade. The discovery that multiple independent losses
shaped the present-day distribution of nitrogen-fixing root nodule symbiosis in plants
reveals a phylogeneticallywiderdistribution in evolutionary history and a so-far-underestimated
selection pressure against this symbiosis.

N
itrogen is one of the main requirements
for plant growth. Members of the legume
family (Fabaceae, order Fabales) and of
nine additional plant families benefit from
symbiosis with nitrogen-fixing bacteria,

either phylogenetically diverse rhizobia or species
of the genus Frankia, which are hosted inside
plant cells found within nodules—specialized
host-derived lateral organs typically found on
roots. In this mutualistic nitrogen-fixing root
nodule (NFN) symbiosis, intracellular bacteria
convert atmospheric nitrogen into ammonium
by means of the enzyme nitrogenase (1). This
“fixed nitrogen,” delivered to the host plant, is
an essential building block for amino acids, DNA,
RNA, tetrapyrroles such as chlorophyll, and many
other molecules. This symbiosis enables plant

survival under nitrogen-limiting conditions. In
agriculture, this independence from chemical
nitrogen fertilizer reduces costs and fossil fuel
consumption imposed by the Haber-Bosch pro-
cess (2). Since the discovery of the NFN symbi-
osis, with rhizobia in 1888 and with Frankia in
1895 (3, 4), it has been unclear why it is restricted
to only a limited number of flowering plant species.
A major scientific step forward in our under-

standing was the reorganization of the phyloge-
netic tree of angiosperms in 1995, which revealed
that plants forming the NFN symbiosis are re-
stricted to the Fabales, Fagales, Cucurbitales,
and Rosales orders, which together form the NFN
clade (5, 6). However, this reorganization also
raised new questions, because only 10 of the 28
plant families within the NFN clade contain plants

that form nodules (referred to here as “nodulating
species”) and these do not form a monophyletic
group; moreover, within 9 of these 10 families,
most genera do not form NFN symbiosis (7). In
addition to this scattered distribution, a further
unsolved mystery that surrounds the evolution
of NFN symbiosis is its diversity at multiple levels:
Legumes (Fabales) and the nonlegume Parasponia
(Rosales) (8) form nodules with rhizobia, whereas
species of the actinobacterial genus Frankia in-
fect actinorhizal plants from eight plant families
of the orders Fagales, Cucurbitales, and Rosales
(9). A diversity of infection mechanisms has been
described (9), and root nodule structures display
wide variations (5, 7). The most parsimonious
hypothesis to explain the restricted and yet
scattered distribution pattern of such diverse
NFN symbioses predicted a genetic change in
the ancestor of the NFN clade, a predisposition
event, that enabled the subsequent independent
evolution of NFN symbiosis specifically and ex-
clusively in this clade (the multiple-origins hypo-
thesis), along with a number of losses (5, 7, 10–12).
Recent quantitative phylogenetic modeling studies
supported scenarios with independent gains and
switches between the nonnodulating and nod-
ulating states during the evolution of the NFN
clade (11, 13). However, none of these analyses
provide direct evidence or the molecular causes
of the specific gains and losses that explain the
distribution of NFN symbiosis in extant genera.
Exploring the genetic basis underlying the

evolutionary dynamics of the NFN symbiosis in
plants will improve our understanding of the di-
versity of symbiotic associations observed in ex-
tant taxa and the ecosystems they inhabit and
potentially provide keys to engineer it in crops
and to predict the stability of this trait over long
evolutionary times. Herewe used a genome-wide
comparison including genomic and phylogenomic
methods (14) to address the long-standing con-
undrum of the evolution of NFN symbiosis and
identify the underlying genetic players (15, 16).

Results
Genome sequencing in the NFN clade

Sequenced genomes of nodulating species were
only available for a few agriculturally relevant
legume species belonging to a single subfamily
(Papilionoideae), all derived from a single pre-
dicted evolutionary origin of NFN symbiosis, with
no representation either of taxa representing
possible additional origins within legumes or of
nonlegume nodulating species widely accepted
as representingmultiple additional origins (17–19).
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Conversely, sequenced genomes of nonnodulating
species were restricted to the Fagales, Rosales, and
Cucurbitales and did not include nonnodulating
legume taxa (table S1). To overcome this sampling
bias, which restricted the phylogenomic analysis,
we sequenced de novo the genomes of seven
nodulating species belonging to the Cucurbitales,
Fagales, and Rosales orders and the Caesalpi-
nioideae subfamily of the Fabaceae, representing
a possible second origin of NFN symbiosis in
legumes. Three nonnodulating species from the
NFN clade were also sequenced, notablyNissolia
schotii, a papilionoid legume that has lost the
ability to form the NFN symbiosis and which
therefore provides insights on the genomic con-
sequences of losing the symbiosis (Fig. 1 and
fig. S1). For each species, 144 to 381 Gb of Illumina
reads were obtained, covering the estimated
genomes at least 189-fold and up to 1113-fold,
with the resulting scaffold N50 length between
96 kb and 1.18 Mb and an average genome
completeness of 96% (Fig. 1, figs. S1 and S2, and
tables S2 to S29). Altogether, the genomes of
species sequenced here represent six families
andmost known nodule anatomy types and root
infection pathways; include hosts for the main
classes of nodule-inducing symbiotic nitrogen-
fixing a-proteobacteria, b-proteobacteria, and
actinobacteria; and cover six to seven independent

evolutionary origins of NFN symbiosis, according
to the multiple-gains hypothesis (5, 7, 10, 11).
These 10 sequenced genomes, together with 18
other genomes from the NFN clade and 9 gen-
omes from other flowering plants as an out-
group (Fig. 1), were compared to detectmolecular
traces supporting any of the three postulated
events in the evolution of NFN symbiosis: (i)
predisposition to evolve it, (ii) multiple inde-
pendent gains, and (iii) multiple independent
losses of NFN symbiosis.

The putative predisposition event
did not involve NFN clade-specific
gene gains

The predisposition event postulated by Soltis et al.
in 1995 (5) may be based on the acquisition of
one or several genes or sequence modifications
specific to the NFN clade. This acquisition would
be also consistent with a single-origin hypothesis,
in which NFN symbiosis in all taxa is predicted
as a homologous trait. Genes acquired during the
predisposition event are expected to be specific
to the NFN clade and present in all nodulating
species. To search for genes following this evol-
utionary pattern, we identified gene families
across all 37 plant genomes in our dataset using
the Orthofinder pipeline (20). For each of the
resulting 29,433 gene family clusters, we cal-

culated a separate phylogeny and subsequently
inferred orthologs for all genes of the reference
species, Medicago truncatula (16). We selected
groups for which orthologs were absent in the
nine species outside of the NFN clade but were
retained in nodulating species (fig. S3). To ob-
tain a candidate set for manual validation from
the total of 29,213 orthologous groups, we used
an automated filtering approach with relaxed
criteria, which allowed for the absence of ortho-
logs in a small subset of nodulating species
(16). This step was necessary to avoid the loss of
putative candidates owing to missed gene models
resulting in false negatives, as they often occur in
automated gene-prediction pipelines. Our re-
laxed filter identified a total of 31 orthologous
candidate groups (table S30). All of these can-
didate groups underwent an iterative manual
curation, including a search for missed gene
models and recalculation of phylogenies and
orthologs (16).
Not a single candidate gene was identified

that matched the evolutionary pattern expected
for predisposition-related genes, suggesting that
genes gained in the most recent common an-
cestor of the NFN clade have been conserved or
lost irrespectively of the symbiotic state of the
lineages. If the predisposition indeed occurred,
this result indicates that it did not involve the
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Fig. 1. Genome features of
species used in this study.
Genome statistics are shown as
pictograms for species used
in this study, with nodulating
species highlighted by blue
sectors. Species names are
shown as four-letter abbreviations
at the outer circle, with their
taxonomic order color coded as
shown in the top-right legend.
Newly sequenced species are in
bold blue letters. The next two
circles show, as pie charts, the
proportion of complete BUSCO
genes [see (68)] detected in the
genome assembly (light gray)
and the percentage of assembled
sequence relative to the
estimated genome size (dark
gray), respectively. Scaffold
N50 values are depicted as
bubble charts (black) capped to a
maximal N50 of 1 Mb to reduce
graphical biases by finished
genomes assembled to
pseudochromosomes. Note
that even for assemblies in this
study with low contiguity, the
BUSCO results suggest that the
gene space has been well covered
(tables S4 and S5). The
innermost circle represents the
genome size by proportional
chromosome pictograms.
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acquisition of genes but rather the co-option
of existing genes and their corresponding
pathways.

Gene family dynamics is compatible
with multiple gains

Multiple molecular mechanisms leading to the
convergent evolution of a trait have been iden-
tified (21). Deep homology (22), the independent
recruitment of a homologous gene set for the
development of nonhomologous traits, has been
proposed for the NFN symbiosis (7, 23). Indeed,
several genes initially identified for their sym-
biotic role in legumes were later found to also
play a symbiotic role in Fagales (24–27), Rosales
(28, 29), and Cucurbitales (30). An alternative
mechanism for the evolution of new traits is gene
family expansion, as exemplified by the parallel
diversification of the zinc-finger transcription fac-
tor family in the evolution of a dominant yeast
form in fungi (31) or the acquisitionof strigolactone
perception in parasitic plants (32). We hypothe-
sized that if NFN symbiosis evolved multiple
times, independent expansions in the same gene
family might have been involved. Given that our
dataset covers six to seven of the predicted in-
dependent gains of NFN symbiosis, it allowed us
to search for gene families whose evolutionary
patterns are consistent and would support the
multiple-gains hypothesis (7). We analyzed Ortho-
finder clusters for copy-number variation to iden-
tify gene family expansion events at each of these
nodes (Fig. 2) (16). Multiple alternative models
have been proposed for the independent gain
of NFN symbiosis. In one scenario (7), a single
gain before the radiation of the legume family
has been suggested that correlates with the ex-
pansion of 33 clusters in our analysis (Fig. 2). To
test whether any of these clusters were en-
riched with differentially expressed genes (DEGs)
in nodule tissue versus root tissue, we derived for
M. truncatula (Medicago) gene expression data
for both conditions from the gene expression atlas
(33) and tested for an enrichment of Medicago
DEGs in each cluster (table S31). We only found
one such cluster that belongs to the nitrate
transporter family NRT1/PTR (34). However,
this gene family appears to also be expanded at
nodes not related to independent gains within
and outside of the NFN clade (table S31). An
alternative model proposes two independent
gains within the legumes: the first at the most
recent common ancestor of the papilionoids and
the clade to which Castanospermum australe
belongs (21-291 enriched-expanded clusters), or at
the base of the papilionoids (4-32), and the second
gain at the base of the caesalpinioid andmimosoid
clade (7-92). This clade could alternatively com-
prise two independent gains for Chamaecrista
fasciculata (39-710) and mimosoids (37-723).
Larger numbers of expanded gene families were
observed for the predicted events in the Rosales,
Fagales, and Cucurbitales (Fig. 2 and table S31).
Taken together, we found 52 gene family clusters
that were enriched with differentially expressed
genes in Medicago nodules and expanded mul-
tiple times at proposed independent gain nodes.

However, similar to the NRT1/PTR family, all of
the enriched clusters also expanded outside the
NFN clade. Inside the NFN clade, these clusters
expanded beside the hypothesized gain of NFN
symbiosis nodes at many additional nodes (table
S31). In our survey of all independent gene family
expansions, we did not identify any cluster that
displayed parallel expansions, one possibility
among others that would indicate convergent
recruitment for the independent gains of NFN
symbiosis (7, 16). If NFN symbiosis indeed evolved
multiple times, our genome-wide analysis re-
vealed hundreds of clade-specific candidate genes
that, together with gene co-option, may have
played a role in the putative independent evolu-
tions of this trait.

Genomic evidence for multiple losses

Testing homologies of a trait shared by multiple
taxa typically involves assessing the trait in these
species and inferring origins of the trait once
homology is accepted or rejected. However, in-
formation on the origin of a trait, and thus its
homology, can also be obtained from taxa lacking
the trait, by distinguishing primary absence (the
taxon never had the trait) from secondary loss
of the trait (23). It has been demonstrated that
genes involved in a specific biological process
are lost following the loss of that trait, a process
known as gene coelimination (35–37). To test
the multiple-losses hypothesis, we searched the
ortholog groups calculated above for an evolu-
tionary pattern that retained orthologs in all
nodulating species but lost them in nonnodulat-
ing ones. To filter and confirm the list of can-
didate orthologous groups, we used the same
two-step process combining an automated pipe-
line with relaxed criteria for nodulating species
followed by a carefulmanual curation and evalua-
tion step with stringent criteria (presence in all
nodulating species required). The automated
pipeline with relaxed criteria resulted in a list
of 121 candidate groups (table S32). During our
manual confirmation and refinement, we rejected
31 of these candidate groups because orthologs
were absent from one ormore nodulating species.
Another 62 candidate groups were rejected be-
cause orthologs of more than 50% of nonnodulat-
ing species were present. A weak phylogenetic
signal did not allow for inferring a reliable
orthology for 27 candidate groups. A single
gene, NODULE INCEPTION (NIN), was con-
firmed to be present in the genomes of all the
nodulating species and in the genome of species
outside the NFN clade, and absent from most
nonnodulating ones in the NFN clade (Fig. 2 and
fig. S4). Forward genetic screens in the legumes
Lotus japonicus (27), Pisum sativum (38), and
M. truncatula (24) identifiedNIN as indispens-
able for the two developmental aspects of the
NFN symbiosis: initiation of root nodule develop-
ment and the formation of the plant structure
facilitating intracellular uptake of bacteria (27).
Furthermore, RNA interference–based suppres-
sion of NIN expression in Casuarina glauca
(Fagaceae, Fagales) impaired nodule formation
(25), consistent with a conservation of the

role of NIN in NFN symbiosis in actinorhizal
host plants.

Confirmation of NIN absence
by microsynteny

In addition to the presence of NIN in all the
nodulating species in our dataset, synteny anal-
ysis revealed the conservation of the syntenic
blocks surrounding the NIN locus across the
NFN clade (Fig. 2). By contrast, 10 of 13 non-
nodulating species of the Fabales, Fagales, Cu-
curbitales, and Rosales underwent partial (four
species) or complete (six species) deletions of
NIN from the conserved genomic block (Fig. 2).
The legume family is divided into six subfamilies,
two of which include nodulating species (39).
According to previous estimates (7), Cercis (a
member of Cercidoideae, which is sister to most
or all other legumes) and Castanospermum
(a member of a clade sister to the crown group
of papilionoid legumes, in which nearly all
members form the NFN symbiosis) both rep-
resent lineages in which NFN symbiosis never
occurred. By contrast, Nissolia and its sister
genus Chaetocalyx are nonnodulating genera
nested within the nodulating crown group of
papilionoids and thus have been predicted to
represent secondary loss of NFN symbiosis
(11, 40). Our synteny approach allowed the
discovery of the complete absence of NIN from
the genome of N. schottii (Fig. 2). In addition,
we confirmed the absence of NIN in three
Chaetocalyx species (fig. S5). Because NIN was
present in the most recent common ancestor
of the NFN clade and conserved in nodulating
species, the absence of this gene in the Nissolia-
Chaetocalyx lineage represents a loss that cor-
relates with, and is sufficient to explain, the loss
of NFN symbiosis. Cercis canadensis harbored
only a NIN pseudogene remnant in the genomic
block, whereas the genome of C. australe com-
pletely lackedNIN (Fig. 2). These results demon-
strate three independent losses of NIN in the
legume family. Similarly, the synteny analyses
confirmed a minimum of three independent
losses in nonnodulating Rosales and two in the
Cucurbitales (Fig. 2). Together, the diversity of
NIN deletions in the nonnodulating species is
indicative of at least eight independent evolu-
tionary events that led to the loss ofNIN function
(Fig. 3). Following the multiple-gains hypothesis
(7), NFN symbiosis was predicted to have evolved
independently at least six times in the species
space sampled here (Fig. 2). Loss of NIN pro-
vides an alternative model with at least eight
independent losses of NFN symbiosis (Fig. 3).
Thus, the current distribution of NFN symbiosis
might be a combination of these two comple-
mentary and not mutually exclusive models.

Loss of RPG

In parallel with these multiple confirmed losses
of NIN, the synteny analysis also confirmed the
presence of NIN in three nonnodulators of the
NFN clade (Fig. 2). We hypothesized that the loss
of genes other than NIN may explain the non-
nodulating state of these species and that such
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genes may have been missed by the specific
and stringent criteria for the detection of the
presence-absence patterns. In addition to NIN,
we determined the presence-absence pattern
of 21 genes that were identified by forward and

reverse genetics as critical for NFN symbiosis
in legumes (Fig. 3 and table S33). Among these
genes, 20 were conserved in nodulating species
and most nonnodulating ones (figs. S6 to S25).
By contrast, RHIZOBIUM-DIRECTED POLAR

GROWTH (RPG) (41), which is present outside
the NFN clade, is missing in N. schottii and 11
other nonnodulating species from the four
orders of the NFN clade (Fig. 3). These losses
were confirmed by microsynteny analyses for
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Fig. 2. Gene family expansions and contractions in the NFN clade. In
the left panel, a species phylogeny of the used dataset is depicted. For
each node, the numbers of gene families showing expansions (+, blue)
and contractions (−, red) are given. Blue boxes point out nodes hypothesized
to be positions of independent gain events of the NFN symbiosis, including
all suggested alternative models in the given dataset (7). For example,
among the Fabales, the dataset could comprise one, two, or three
independent gains. A black arrow marks the base of the NFN clade. The
right panel depicts syntenic relationships of the NIN region. NIN genes are

colored in green. NIN gene IDs are shown above the gene symbol. The
synteny analysis upholds orthologous relationships drawn from the
phylogenetic analysis and supports the absence of NIN in several species
by verifying the existence of contiguous NIN regions without NIN genes.
Enlarged gene models are only shown for fragmented NIN genes in
comparison to the full M. truncatula NIN gene. Blocks with no fill and green
fill represent parts absent and present, respectively, when compared to
Medicago NIN. Insertions and deletions (INDEL) and premature stop
codons (*) are symbolized by a vertical red line.
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all nonnodulating species (fig. S26). In the
M. truncatula rpg mutant, infection threads
are still present but their structure is abnormal
(41), indicating that RPG, similar to NIN, is re-
quired for proper infection-thread progression.
However, in contrast to ninmutants, nodules are
formed on rpg mutant roots (41). Among the
nodulating species,RPG is absent in thepapilionoid
Arachis ipaensis (Fig. 3). In the genus Arachis,
infection threadswerenot observed; instead, rhizo-
bia appear to infect nodules intercellularly (42).
Polymorphism in RPG may represent an inter-
mediate step on an evolutionary path toward the
loss of this symbiosis in Arachis, a genus in which
NFNsymbiosis is described as a labile trait (43,44).
Absence of RPG in Arachis also explains why
the genome-wide comparative phylogenomic
approach did not identify this gene, given that
the pipeline required the candidate genes to be
present in all nodulating species. RPG was one
of the genes rejected for not fulfilling this crit-
erion. Among nonnodulating species, Juglans
regia (Fagales), Ziziphus jujuba, and Prunus
persica (Rosales) have lost RPG but retainedNIN,
suggesting that additional mutations might be
causative for the loss of NFN symbiosis in these
species. Some of the candidate mutation targets,
for example, lysine motif (LysM) receptors in-
volved in the perception of symbiotic signals
produced by nitrogen-fixing nodulating rhizobia,

will be difficult to identify by phylogenomic anal-
ysis, because of the rapid evolution and expan-
sionary dynamics of these gene families (45). In
contrast to other symbiosis-relevant genes involved
in infection,NIN and RPG are only known to have
NFN symbiosis–specific functions, whereas the
mutationof other genesmayhavemorepleiotropic
effects. For example, the key signaling components
SYMRK, CCaMK, and CYCLOPS are involved in
both NFN symbiosis and arbuscular mycorrhizal
symbiosis, the most widespread symbiosis in
land plants (46). Mutations in any of these three
genes would also affect arbuscular mycorrhizal
symbiosis. Illustrating this dual selection pressure,
retention of these genes has been described in the
genus Lupinus, which lost the arbuscular my-
corrhizal symbiosis but retained NFN symbiosis
(37, 47, 48). Given that both NIN and RPG are
present in species outside the NFN clade (Fig. 3
and figs. S4 and S6), their consistent losses in
nonnodulating species suggest the shift in con-
straints on sequence evolution specifically in the
NFN clade, which might be mirrored by
signature of relaxed or positive selection on both
genes at the base of the NFN clade. We
investigated the selective pressure acting on the
NFN clade for these two genes using the PAML
package (49). Results did not reveal a statisti-
cally significant positive or relaxed selection
occurring in the NFN clade that would have

reflected a putative neo functionalization forNFN
symbiosis–specific functions (table S34).

Discussion

In recent decades, the favored model to explain
the scattered occurrence of NFN symbiosis in
flowering plants predicted a single predisposi-
tion event at the base of the NFN clade followed
by up to 16 origins, even though the occurrence
of multiple losses was never excluded (7, 11).
Our genome-wide comparative analysis did

not detect gene gains specific to the NFN clade
and maintained in all nodulating species. Such
genes would have been ideal candidates for either
the predisposition event (in the multiple-gains
hypothesis) or the evolution of NFN symbiosis
itself in the hypothesis that NFN symbiosis evolved
only once in the most recent common ancestor
of the NFN clade (the single-gain hypothesis).
This indicates that this step involved either fast-
evolving genes that were not captured by our
phylogenomics pipeline or subtler genetic changes.
Evolutionary developmental genetics in plant,
fungal, and animal systems have revealed that
even more than gains of genes, new traits often
arise from the rewiring of existing gene networks
via gains or losses of cis regulatory elements lead-
ing to the co-option of ancestral genes (50). A sim-
ilarmechanismmay have acted in themost recent
common ancestor of the NFN clade.
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Fig. 3. Phylogenetic pattern
of NFN symbiosis–related
genes. The chronogram
contains nodulating (blue) and
nonnodulating (gray) species
from all four orders of the NFN
clade (blue circle with dot), to
which NFN symbiosis is limited.
Nine species outside the NFN
clade are included as outgroups
at the top. The absence or
presence of entire or
fragmented copies of 21
symbiosis genes are indicated
by white, black, and gray boxes,
respectively. Stars indicate
independent losses of NIN.
The independent loss or
fragmentation of NIN correlates
with the absence of nodules
after the emergence of the NFN
clade. RPG is lost or fragmented
in even more nonnodulating
species than NIN and also in the
nodulating species A. ipaensis
and Mimosa pudica. Asterisks
indicate species sequenced
for this study. INF, genes
required for infection; NOD,
genes involved in nodule
organogenesis and regulation;
CSG, genes required for
both NFN symbiosis and
arbuscular mycorrhiza symbiosis;
mya, million years ago.
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Co-option of different, or homologous, in
the case of deep homology, genetic compo-
nents may lead to the convergent evolutions of
nonhomologous traits in multiple species (50).
Deep homology has been invoked for the evolu-
tion of NFN symbiosis, during either the pre-
disposition or the following putative multiple
gains (7). Our results support this hypothesis,
given that all the genes characterized for their
involvement in NFN symbiosis in legumes were
already present in the most recent common
ancestor of the NFN clade and that we did not
detect genes specific to the NFN clade that were
conserved in all nodulating species (Figs. 2 and 3).
For the putativemultiple gains of NFN symbiosis,
it cannot be excluded that gene gains were also
involved in addition to co-option of ancestral
pathways. We identified hundreds of such
lineage-specific candidate genes (Fig. 2). How-
ever, considering thatmost of the predicted gains
in our analysis are located in terminal taxa that
are known to accumulate orphan genes and
species-specific duplications in comparative ap-
proaches, it can be anticipated that only a subset
of them participated in the evolution of NFN
symbiosis (in the multiple-gains hypothesis) or
in lineage-specific refinements of the trait (in
the single-gain hypothesis).
Our results validate another hypothesis: mul-

tiple independent losses of NFN symbiosis in the
four orders of the NFN clade. In a classicalmodel
of evolution, if the number of losses necessary to
explain the distribution of a trait in a given clade
outnumbers the predicted gains, multiple gains
will be favored over multiples losses to explain
the distribution of the trait. In legumes, up to
six gains of NFN symbiosis were predicted (7),
whereas the clear losses that we identified in
C. canadensis, C. australe, and N. schotii now
argue for a single origin before the radiation of
the family (Fig. 3). Beyond legumes, the number
of validated losses of NFN symbiosis is consistent
with a single gain of this symbiosis in the most
recent common ancestor of the NFN clade, even
though it does not reject the possible occurrence
of multiple gains. The recent identification of loss
of NFN symbiosis in the Rosales Trema orientalis
brings further support to this hypothesis (51).
Besides NFN symbiosis, the single or multiple
origin(s) of other traits, such as the evolution of
complex multicellularity in fungi, are currently
debated with the accumulating evidence of mul-
tiple losses demonstrated by the loss of associated
essential genes (52). Thus,multiple gains andmul-
tiple losses are notmutually exclusive scenarios to
explain the evolution of complex traits such as
NFN symbiosis. This also suggests that reduction,
similarly to the evolution of complexity, might be
a major driver of the phenotypic diversity ob-
served in extant organisms (36, 53).
The fixation of loss-of-function alleles of NIN

(either complete loss or pseudogenization) in
nonnodulating species provides the genetic ex-
planation for the loss of NFN symbiosis in 10
species representing eight nonnodulating line-
ages. Fixation of such alleles requires ecological
conditions in which the cost of symbiotic

nitrogen-fixation—involving infection, building
nodules to host bacteria, and providing carbon
to feed them—outweighs the benefit to the plant.
In most terrestrial habitats, nitrogen is limiting
(54), suggesting that the scale should be tipped
toward the conservation of NFN symbiosis once
this complex trait evolves. In nitrogen-rich hab-
itats, NFN symbiosis is known to be inhibited in
legumes (55). Long-term fertilizer application
wouldmake NFN symbiosis–specific genes super-
fluous, leading to their eventual mutational in-
activation and loss. In addition to this abiotic
constraint, NFN symbiosismay be undermined
by “cheating” bacteria that gain entry into root
nodules and are fed by the plant but do not
deliver nitrogen (56–58). Cheaters may there-
fore imbalance the trade-off between the costs
and benefits of the association, as already pro-
posed on the basis of patterns of legume NFN
symbiosis in Africa (59). This would result in
the loss of NFN symbiosis being adaptive, thus
providing an ecological explanation for the oc-
currence of this symbiosis in a few flowering
plant species. In this context, the finding that
NIN participates in shaping the root microbiome
beyond NFN symbiosis makes it a target of
adaptive selection against this symbiosis (60).
Engineering biological nitrogen fixation in

crops remains a goal of plant synthetic biologists,
with the aim of improving food production in
developing countries in which the application of
nitrogen fertilizer is limited by economic and
infrastructural constraints. Our results supporting
the occurrence of multiple independent losses
indicates that the apparent selection against
NFN symbiosis must be taken into account by
projects whose aim is to improve legumes and,
even more, when considering the engineering
of nitrogen fixation in other crops.

Materials and methods
Plant material and sample preparation

The origin of the plant material used for DNA or
RNA extraction in this study is summarized in
data S2.
Methods for plant growth, DNA extractions,

and RNA extractions are described in the sup-
plementary materials online.

Genome sequencing

Figure S1 describes the overall strategy and
results of the dataset production in this study.
Whole-genome sequencing for the 10 genomes

was performed using Illumina sequencing tech-
nology (HISEq. 2000 and HISEq. 4000) at BGI-
Shenzhen. Hierarchical library construction
strategy was applied that typically included
multiple paired-end libraries with insert sizes of
170, 250, 350, 500, and 800 bp and mate-pair
libraries with insert sizes of 2, 5, 10, and 20 kb.
Most of the paired-end and mate-pair libraries
were prepared from large genomic fragments,
typically of size 20 to 40 kb, or even larger. For
some species, more small-insert-size PE libraries
were constructed to complement the limited
mate-pair libraries. The library construction
for each species is summarized in table S36.

Deep genome sequencingwas performed formost
of the species, with at least 110-fold coverage after
a stringent data filtering and the highest sequenc-
ing depth reached 535-fold in cleaned data.
The overview statistics of data production are

summarized in table S2 and fig. S1.
To minimize sequencing errors and reduce

genome assembly artifacts, several quality con-
trol steps were taken to filter out low-quality
sequencing reads:
Removal of N-rich reads: Reads that contained

more than 10% of “N”s bases or polyA structure
were removed.
Removal of low-quality reads: Reads in which

40% of the bases were low-quality (quality scores
≤7) were filtered out.
Filtering of reads with ≥10 nt aligned to the

adapter sequences: Adaptor sequences were
aligned to read1 and read2 using a dynamic
programming approach; if the aligned fragments
from read1 or read2were reversed complementary
to each other, the pair was also removed.
Filtering of small-insert-size reads with insert

size (170 to 800 bp): The overlapping length be-
tween read1 and read2 is ≥10 bp; 10% mismatch
was allowed.
Filtering of PCR duplicates: If the PE read1

and read2 were 100% identical, these reads were
treated as duplicates and only one was retained.
Trimming of read ends: The low-quality bases

from read ends (5′–5 bp, 3′–8 bp) were directly
trimmed.
This filtering process was carried out using an

in-house Perl program. After filtering, on average,
150-fold sequencing coverage was generated. For
each species, clean reads were then passed to the
genome assembler pipeline for de novo genome
assembly.
The statistics of clean data are also summar-

ized in table S2.

Genome assembly

To optimize the strategy for genome assembly, a
genome survey is necessary to estimate the gen-
ome complexity. Some genomes are abundant
in repetitive content and/or maintain a high het-
erozygosity rate through genome k-mer–analysis.
A k-mer refers to a continuous sequence with k
base pairs, typically extracted from the reads
(thus, shorter than the read length, e.g., 17 bases
per k-mer). If an “ideal” sequencing dataset is
produced froma randomlywhole-genome shotgun
process without sequencing errors or coverage
bias, the start positions of reads along the genome
will follow Poisson distribution (61). Supposing
that the read length is far shorter than the genome
size, the k-mer can be regarded as randomly
generated from the genome and their occurrence
(sequencing depth) also is expected to be Poisson
distributed (fig. S3A). Based on this assumption,
the genome size can be estimated as (62):

Genome size ¼ k�mernumber

Average sequencing depth

For a “normal” diploid genome, the k-mer fre-
quency produced from adequate reads would

Griesmann et al., Science 361, eaat1743 (2018) 13 July 2018 6 of 11

RESEARCH | RESEARCH ARTICLE
on July 13, 2018
 

http://science.sciencem
ag.org/

D
ow

nloaded from
 

http://science.sciencemag.org/


follow Poisson distribution. For genomes which
are either repeat-rich or highly heterozygous,
an additional peak either indicative of highly re-
petitive content (typically twofold depths of the
main peak) or of high heterozygosity (63) (typi-
cally half depths of the main peak) is expected
next to the “main peak” (indicative of the normal
diploid genome) from the frequency distribution,
or some even more complex scenarios either
caused by the unexpected non-canonical genomic
characteristics (e.g., degree of heterozygosity,
complexity of the size and distribution of re-
petitive content, etc.) coupled with the use of
different k-mer sizes.

K-mer statistics and distributions are
presented in fig. S2 and tables S6 to S25.

During de novo genome assembly, we tried dif-
ferent k-mers (from 23- to 33-mer) to construct
contigs, and the best k-mer (with the largest
contig N50 length) was selected for the final run.
Owing to differences in genome complexities be-
tween species, multiple genome assemblers were
applied to achieve the optimal assembly result. As
described in fig. S1, SOAPdenovo2 (version 2.04)
(64) was themost frequently used assembler and
Platanus (version 1.2.4) (65) for highly hetero-
zygous genomes. After several rounds of assembly
evaluations regarding contig contiguity and ge-
nome completeness, the best assemblies (largest
contig N50 and highest BUSCO gene mapping
rate) were selected for the downstream gap-
closing step by Gapcloser (version 1.2) (64). For
the assembly of Discaria trinervis genome, we
used the Celera assembler CA8.3rc1. Because the
Celera assembler (66) is sensitive to excessive
coverage, library sizes were down-sampled to
equal sized batches with a total coverage of ap-
proximately 50-fold. In a subsequent step, the
entire sequence information was used to generate
scaffolds and close gaps with SSpace (67) and
Gapcloser, respectively.
Table S3 indicates the assembly strategy for

each genome.
The statistics of genome assemblies are sum-

marized in table S3, and the details for each
species are presented in tables S6 to S25.

Genome assembly evaluation

The assembly evaluations for all of the genomes
are provided in table S4.
Basically,mapping of the 1440 ultra-conserved

core eukaryotic genes from the BUSCO (68)
dataset resulted in >90% of the core eukaryote
genes recovered for most of the genome as-
semblies. Taken together, these results indicate
good genome assembly qualities for most of the
newly sequenced species in this study, especially
with respect to the genic regions (Fig. 1).

Genome annotation

A schematic workflow for genome annotation
is given in fig. S1.

Repeat identification

Identification of transposable elements (TEs) was
carried out by RepeatMasker (version 4-0-5) (69).

A custom repeat library was constructed for each
species by careful self-training. To construct the
repeat custom library, we first collected the min-
iature inverted repeat transposable elements
(MITEs) frommany closely-related species and
created a lineage-specific custom library byMITE-
hunter (70) with default parameters. For the
prediction of long terminal repeats (LTRs), we
used LTRharvest (71) integrated in Genometools
(version 1.5.8) (72), defining LTR in the length of
1.5 to 25 kb, with two terminal repeats ranging
from 100 to 6000 bp with ≥99% similarity. Ele-
ments with intact PPT (poly purine tract) or PBS
(primer binding site) were necessary to define
LTR, which were identified by LTRdigest (71)
using a eukaryotic tRNA library (http://gtrnadb.
ucsc.edu/), whereas elementswithout appropriate
PPT or PBS location were removed. To remove
false positives such as local gene clusters and
tandem local repeats, 50-bp flanking sequences
on both sides of the LTRs of each candidate ele-
ment were aligned using MUSCLE (73) with de-
fault parameters; if the identity was greater than
or equal to 60%, the LTR element was considered
as a false positive and removed. LTR elements
nested with other inserted, but unrelated, com-
ponents were also removed. Exemplars were built
using a cutoff of 80% identity in 90% of element
length from an all versus all BLASTn search.
Terminal repeat retrotransposon in miniature
(TRIM) libraries, with lengths of 70 to 500 kb,
were built following a similar prediction strategy.
Furthermore, the genomic sequence was masked
to run RepeatModeler (version 1-0-8) (69) to ex-
tensively de novo predict repetitive sequences
for each species. The MITE, LTR, and TRIM re-
petitive sequence libraries were integrated to-
gether to make a complete and nonredundant
custom library. This custom repeat library was
taken as the input for RepeatMasker to identify
and classify transposable elements genome-wide
for each species.

Gene annotation

Repeat elements were masked for each genome
assembly before gene model prediction. Protein-
coding genes were identified using the MAKER-P
pipeline (version 2.31) (74) with two rounds of
iterations. To obtain an optimal gene prediction,
a series of trainings was performed. First, for ge-
nomes that have RNA samples sequenced, a set
of transcripts was generated by a genome-guided
approach using Trinity and thenmapped back to
the genome using PASA (version 2.0.2) (75). This
process generated a set of complete gene models
from each genome assembly and thus obtained
real gene characteristics (size and number of
exons and introns per gene, distribution of genes,
features of splicing sites, etc.) by Augustus (76).
Genemark-ES (version 4.21) (77) was self-trained
with default parameters. SNAP (78) was trained
using RNA- or protein-based gene models from
the first iteration ofMAKER-P pipeline. For RNA-
seq aided gene annotation, RNA clean reads were
assembled into inchworms using Trinity (79). For
some species, transcriptome and ESTs data were
obtained from NCBI or 1KP database if available

(https://sites.google.com/a/ualberta.ca/onekp/).
An optimal core protein set was collected from
several closely related species for homolog-based
gene prediction for each species, for example, gene
models from the model plants like Arabidopsis
thaliana and Oryza sativa, as well as from some
well-annotated legumes likeMedicago andGlycine
max. Default parameters were used to run
MAKER-Pwith all integrated annotation sources
and to produce the final set of gene models for
each species. The number of gene models for
each species is summarized in table S26, and
detailed statistics are summarized in table S28.
BUSCO evaluation suggests complete and reli-
able gene annotation for all newly sequenced
genomes (tables S4 and S5).
HMMER-based engineer InterproScan (version

5.11) (80) was used to predict gene function from
several functional databases. The motifs and
domains of genes were determined by searching
against protein databases. An integrated gene
functional annotation is summarized in table S29
for all species.

Transcriptome sequencing

RNA samples were sequenced for seven species
to assist gene prediction in this study. The over-
view of total RNA samples with various tissues is
summarized in table S37. For each RNA sample,
a pair-end library with insert size of ~200 bp was
constructed following the manufacturer protocol.
Libraries were barcoded and pooled together
as input to the Illumina Hiseq 4000 platform
for sequencing. All of the RNA samples were
sequenced in-depth, with an average of 6-Gb se-
quences per sample, to ensure a complete co-
verage for each transcriptome.

Genome-wide comparative
phylogenomic analysis
Clustering of gene families

Clustering of gene families is based on predicted
proteomes of the gene annotation of 37 species
(table S1). To generate a set of nonredundant
representative sequences, we removed multiple
isoforms of a gene applying a cd-hit clustering
using an identity threshold of 99.5% (81). Sub-
sequently, homologs were identified with an all
versus all blastp (v.2.2.30+) search of the 37
species preoteomes. For each query-subject-pair,
we summed up the aligned sequence of all its
HSPs (blast high scoring pair), ignoring overlaps,
and compared it with the sequence length of
both subject and query. We removed all query-
subject-pairs from the blast tables for which the
alignment coverage was less than 40% of either
the total query or subject sequence length. Accord-
ing to Yang and Smith (82), this hit fraction filter
step with the used cutoff of 40% substantially
improves phylogenetic trees and orthology infer-
ence in the subsequent steps. On the basis of these
modified blast tables, we clustered the remain-
ing homologs to gene families with OrthoFinder
(inflation parameter of 1.3) (20). The result-
ing 29,433 gene families were used as a start-
ing point for the genome-wide phylogeny-based
ortholog presence-absence analysis and candidate
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confirmation. We also calculated gene family
clusters without applying the 40% hit fraction
filter and used these 23,869 gene family clusters
for the analysis of gene copy-number variation.
Figure S3 provides an overview both for the
individual steps and the complete pipeline.

Genome-wide phylogeny-based ortholog
presence-absence analysis

For each OrthoFinder gene family cluster, a
separate phylogeny was calculated with FastME
(83). As suggested by Yang and Smith (82), un-
reliable or wrongly resolved super-long branches
were removed from each family tree in the fol-
lowing way: For each tree, average length and
standard deviation of terminal branches were
calculated, and branches longer than the mean
of the average terminal branch length plus
threefold standard deviation were removed. A
python script was written to root pruned trees
with farthest-oldest outgroup method [imple-
mented in the Python package ETE 3 (84)], and
ortholog-paralog relationshipswere inferredwith
the species overlap algorithm (implemented in
the Python package ETE 3) (84).We then searched
lists of orthologs of each gene of the reference
species, the well-characterized nodulating legume
Medicago, in total 29,213 ortholog lists, for the
presence or absence of orthologs in all remaining
36 species of our dataset. The following criteria
were applied to identify candidates:
1) orthologs present in at least 66% of the

nodulating species (10 of 15),
2) orthologs present in a fraction of nodulat-

ing species from each order of the NFN clade (at
least 7 of 10 nodulating Fabales, at least 1 of 2
nodulating Rosales, at least 1 of 2 nodulating
Fagales, 1 of 1 nodulating Cucurbitales),
3) (only for the predisposition hypothesis)

orthologs absent from ALL outgroup species
outside of the NFN clade, and
4) (only for the multiple-losses hypothesis)

orthologs absent from more than 50% of the
nonnodulating species (at least 7 of 13).
Instead of filtering for the presence of orthologs

of all nodulating species (10/10 Fabales, 2/2
Rosales, 2/2 Fagales, and 1/1 Cucurbitales), we
used relatively relaxed criteria (as defined in
1 and 2) for nodulating species to avoid missed
potential candidates owing to erroneous gene
annotations (e.g., false negatives from gene an-
notation pipelines). Each of the candidates
resulting from these criteria (predisposition
hypothesis: 31 candidates; multiple-losses hy-
pothesis: 121 candidates) underwent a refined
candidate analysis described below with stricter
criteria for nodulating species.
Besides the candidates of the genome-wide

presence-absence analysis of phylogeny-based
orthologs, we collected 22 candidate genes (table
S33) that have been reported to be involved in
root nodule symbiosis mostly from the model
legume organisms Medicago and L. japonicus.
For each OrthoFinder gene family cluster con-
taining one of these genes, we calculated max-
imum likelihood gene family trees (RaxML v.8.2.4
Model: CATWAG). On the basis of the topology

of the gene family tree and its protein alignment
(MAFFT v.7.222 L-INS-I (85), trimming: BMGE
gap-rate cut-off 80%) (86), we manually selected
the subtree that contained the gene of interest
(orthogroup). Subsequently we realigned (MAFFT
v.7.222 L-INS-i, trimming: BMGE gap-rate cutoff
20%) and recalculated the phylogenetic tree
(RaXML v.8.2.4 Model: GAMMAJTT, 200 boot-
straps) (87) of the orthologous group to improve
the quality of the subtree. Trees were rooted
manually. Starting from the gene of interest and
traversing to the root of the tree, we marked all
nodes as duplication or speciation events. If the
two subclades of a node shared genes that were
originating from the same species, this node was
interpreted as a duplication, otherwise as a
speciation event. On the basis of speciation
nodes, we inferred the orthologs of the gene of
interest. At duplication nodes, all genes in the
subclade lacking the query gene were inferred
as paralogs. In the case of a speciation node, all
genes belonging to both subclades of that par-
ticular node were inferred as orthologs of the
query gene unless they were annotated as par-
alogs at a previous node. All orthologs with
incomplete gene models were removed as long
as they had paralogs among the species they
were derived from, keeping at least one ortholog
per species. We defined gene models as in-
complete or fragmented if more than 20% of
the conserved amino acid sequence was absent.
As conserved amino acid sequences, we used the
trimmed alignments (BMGE20%gap-rate cutoff).
To avoid false conclusions for missing orthologs,
we retested a potential absence of genes by a
homolog search. In such a case and in the case
of still-incomplete gene models, we searched the
complete genome sequence of the corresponding
species (tblastn v2.2.30+, default parameters)
with the closest homolog from the gene tree for
regions containing potential gene loci of putative
orthologs. These regions were then used to pre-
dict gene models (fgenesh+) (88). The resulting
gene models were included in the set of se-
quences of the orthologous group, and another
round of alignment and tree calculation was
performed (same settings and tools as last round).
These identified sequences complementing the
species gene annotation are provided as a se-
parate fasta-formatted file in data S1. The result-
ing treewas thenused for a final round of ortholog
inference so that the final set of orthologous genes
is the result of an iterative process with constant
improvement of genemodels and phylogenies. If
a complete gene model was not detected, the
fragmented model was used and the ortholog
was annotated as “fragmented” for the respective
species. Fragmentedmodels were only annotated
as complete if the different fragments merged to
a complete model and the fragmentation could
be explained by the fragmentation of genomic
scaffolds.
For the prefiltered candidates from the

genome-wide phylogeny-based ortholog presence-
absence analysis, we used stricter criteria than
in the fully automated approach that led to the
prefiltered candidates. We only kept such can-

didates from the genome-wide phylogeny-based
automated presence-absence pipeline for which
orthologs of all nodulating species were present
and orthologs inmore than 50%of nonnodulating
species (7 of 13) were absent. Orthologs absent
from the orthofinder output were independently
searched bymicrosynteny to exclude the possibility
that the ortholog could not be found because the
syntenic region of the ortholog was not in the
corresponding genome assembly (formore detail
see the “synteny analysis” section). The presence,
absence, and fragmentation of orthologs for each
of the 22 selected known symbiosis genes and
each species is summarized in Fig. 3. The diver-
sification times shown in the chronogram are
based on estimates from Bell et al. (Outgroup,
BEAST, 36minimum age constraints treated as
log-normal distributions) (89), Xi et al. (Mal-
pighiales, BEAST, uncorrelated lognormalmodel)
(90, 91), and Li et al. (NFN clade, r8s, 1008
taxatree) (13). Phylogenetic trees for all candidate
genes are provided in figs. S4 and S6 to S25.

Analysis of gene copy-number variation

OrthoFinder gene family clusters were used to
identify nodes in the species tree of our dataset,
where gene family expansions or contractions in
fast-evolving gene families occurred. The number
of genes for each species of each cluster were
counted and analyzedwith the software tool CAFE
(92). Following instructions given in the CAFE
manual, we removed gene family clusters with
strong outliers in gene copy number. Therefore,
we excluded 193 gene family clusters from the
analysis for which the difference between max-
imum copy number and median copy number
was greater than or equal to 50 copies, which
meets the elbow criterion to identify the optimal
number of clusters in a clustering problem
(fig. S27). To avoid overestimation of gene family
contractions, we only used gene family clusters
that contained orthologs from at least 28 species.
This enabled us to analyze gene families that lost
all genes in zero up to nine species.We chose this
cut-off because of the nine outgroup species in
the dataset. In the extreme case that all these
nine outgroups have a gene count of zero, we
could still analyze gene families originating from
the last common ancestor of theNFN clade. After
applying this cut-off, a total of 10,237 gene
families were kept for the gene family evolution
analysis (automatic l and m estimation, signif-
icance level for fast-evolving families 5%). The
results of the analysis are shown in Fig. 2.
From theMedicago Gene Expression Atlas, we

obtained all differentially expressed probesets
that were either up-regulatedwith a fold change
of 2 or down-regulated with a fold change of 0.5
in root nodule tissue of different age (7, 10, 14,
and 28 dpi) compared to untreated root tissue.
We associated all of these 18,131 regulated pro-
besets to 17,521Medicago v4.0 gene IDs using the
mapping file provided byMtGEA. For each of the
14 hypothesized independent gain-of–NFN sym-
biosis nodes (Fig. 2, blue boxes), we extracted all
gene family clusters that showed expansions at
these nodes. For each of these clusters, we counted

Griesmann et al., Science 361, eaat1743 (2018) 13 July 2018 8 of 11

RESEARCH | RESEARCH ARTICLE
on July 13, 2018
 

http://science.sciencem
ag.org/

D
ow

nloaded from
 

http://science.sciencemag.org/


the number of transcriptionally regulated and not
regulated Medicago genes, ignoring all genes
that could not be mapped to probesets. To test
whether a gene family cluster was enriched for
Medicago genes differentially expressed in nodulat-
ing versus mock control roots, we performed
Fisher’s exact test on a significance level of 5%.

Synteny analysis

Genome-wide syntenic and collinear blocks were
identified across the 37 selected genomes in this
study. First, all versus all Blastp (E-value ≤ 1e−10)
wasperformedon the translatedprotein sequences
of the 37 sets of annotated gene models, resulting
in a database of protein similarity. We then used
the Multiple Collinearity Scan (Mcscan toolkit
version 1.1, 2016,≥5 homologous gene pairs/block)
to identify conserved collinear blocks between the
37 genomes, creating a syntenic or collinear block
database across all of the 37 species. To find all of
the homologous syntenic blocks of interest, we
first usedMedicago genome as a reference, search-
ing and locating the target genes along the
syntenic blocks with the flanking genes sur-
rounding up– or down–100 kb genomic regions
aswell as the counterparts fromdifferent genomes.
For any other given genome, the optimal collinear
block (the highest score if multiple duplicated
blocks were found) was defined according to
conservation of gene content (the largest num-
ber of orthologous gene pairs) and consistency of
gene order. If a corresponding ortholog was
present in the collinear block from other aligned
genomes, this was called scenario-1 (indicating
that synteny supports gene presence and con-
sistentwith the genome-wide gene family ortholog
prediction); if the target orthologous gene was
absent from the collinear blocks of the given ge-
nome, this was called scenario-2 (synteny supports
gene absence). After this first round was finished,
to complete any missing genes or blocks owing
to weak alignment signals, we classified these
identified orthologous genes as well as the cor-
responding collinear blocks and repeated the
searching and locating process betweengenomes
according to their evolutionary proximity in
phylogenetic position (using the most closely
related genome as query). By this process, we
updated scenario-1 and scenario-2 as described
above. In addition, for some species, no collinear
block was identified around the possible target
gene, and wemanually revisited the protein sim-
ilarity database and searched the genomic regions
flanking the Medicago gene to confirm the gene
presence or absence supported by synteny. Finally,
if no synteny was identified, but the candidate
ortholog gene was predicted from the genome-
wide gene family analysis, we called this as
scenario-3 (gene presence without synteny sup-
port, which indicates possible gene transloca-
tion and synteny erosion).

Detecting selection pressure
on gene trees

ForNIN and RPG, protein sequences were aligned
usingMAFFT v7.380 (85). The protein alignment
served as matrix for codon alignment performed

using the Perl script pal2nal v14 with the –nogap
option enabled to remove all gapped positions.
Codon alignments were then subjected to a maxi-
mum likelihood analysis using IQ-TREE v1.6.1 (93)
with 10,000 Ultrafast bootstraps replicates (94).
The best-fitted evolutionary model was previously
investigated usingModelFinder (95). The unrooted
tree obtained was controlled to fit with the evo-
lutionary frame of species, and the NFN clade
labeled as the foreground branch that was tested
for being under positive selection. The latter was
investigated using the branch-site model A imple-
mented in the codeml module from the PAML
package v4.9 g (49). An alternative hypothesis
(NFN clade may have proportion of sites under
positive selection) was compared to the null hy-
pothesis (NFN clade may have different propor-
tion of sites under neutral selection compared to
the other clades). For the null model, the param-
eters were set as follows: “model = 2, NSites = 2,
fix_kappa = 0, fix_omega = 1 and omega = 1,”
whereas the parameters for the alternative mod-
el were: “model = 2, NSites = 2, fix_kappa = 0,
fix_omega=0 andomega= 1.5”. The twohypothe-
ses were compared using the likelihood ratio
test based on a c2 distribution with one degree
of freedom. If the alternative hypothesis was
validated, codon sites likely to fall under positive
selection were identified using the Bayes Empir-
ical Bayes procedure (49).

PCR validation of the absence of NIN
in nonnodulating legumes

A nested PCR approach was undertaken using
primers designed on an alignment of NIN gDNA
fromMedicago andM. pudica. These primers are
designed to amplify ~120 bp on Exon 4, ~170 bp
on Exon 5, and the intron in between. The size of
this intron ranges from 133 bp inMedicago to 397
bp in M. pudica. For the first PCR, we used the
degenerated primer pair NIN-Fwd-3 5′-GGAGAA-
AGTCMGGCGASAAandNIN-Rev-3 5′-GRAARCTG-
GCATAGAATGA. The Nested PCR was run with
0.2 ml of the PCR reaction and primers NIN-
Fwd-2 5′-CGAACCAAGGCTGAGAAGAC andNIN-
Rev-2 5′-ATCTGTATGGCACCCTCTGC. The first
PCR runwas 94°C 30 s, 45°C 1min, 72°C 1min for
35 cycles, and the second PCR run was 94°C 30 s,
50°C 1 min, 72°C 1 min for 35 cycles. For all
species, the PCR was run on >2 samples. In ad-
dition, a PCR on the 28S was run to confirm the
quality of the samples. All PCRs were run using a
GoTaq DNA polymerase.
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