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Developmental specialisations in the legume family

Julie Ml Hofer' and TH Noel Ellis’

The legume family is astonishingly diverse; inventiveness in the
form of novel organs, modified organs and additional
meristems, is rife. Evolutionary changes can be inferred from
the phylogenetic pattern of this diversity, but a full
understanding of the origin of these ‘hopeful monsters’ of
meristematic potential requires clear phylogenetic
reconstructions and extensive, species-rich, sequence data.
The taskis large, but rapid progress is being made in both these
areas. Here we review specialisations that have been
characterised in a subset of intensively studied papilionoid
legume taxa at the vanguard of developmental genetic studies.
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Introduction

The legume family (Fabaceae, also known as Legumi-
nosae) evolved about 60 million years ago and diversified
into three subfamilies; the caesalpinioids, mimosoids, and
papilionoids [1]. They make up the third largest family of
flowering plants, comprising more than 700 genera and
18,000 species, with an exceptionally wide range of
habits, ranging from giant forest trees to aquatic herbs
[2—4]. Protein and/or oil-rich papilionoid legumes, such as
soybean, peanut and chickpea account for more than one
quarter of the world’s primary crop production [5°°] and
are an essential component of low meat consumption
diets. Representative genome sequences of some of these
important food species have been published recently
(www.comparative-legumes.org/) and many more are in
the pipeline thanks to cheaper, faster sequencing tech-
nologies. This will lead to clusters of intensively
sequenced species that are taxonomically closely related,
so that, within these clear phylogenetic contexts, com-
parative genomic studies can be used to investigate genes

associated with synapomorphies, characters that are
shared due to common ancestry. In this review, the
characters we focus on are developmental specialisations
(Figure 1). Identification of the sequence variation associ-
ated with losses and secondary gains of synapomorphic
specialisations provides a deep understanding of the
evolution of developmental novelties.

Specialisation of inflorescence architecture
The most common type of inflorescence in legumes is a
type of shoot axis known as a raceme, which includes
flowering spikes, umbels and heads [6,7]. Even in mimo-
soid legumes, with their bottle brush or pompom-like
floral clusters [8], flowers initiate acropetally on the
raceme axis, after which they undergo a remarkable
developmental pause until all are initiated, then, together
they develop floral organs and open synchronously [6].
There is general agreement that papilionoid legume
inflorescences are usually racemes, however there is dis-
agreement on whether panicles are also common, due to
differences in the definition of a panicle [6,9]. Classically
defined panicles [10] are not found in legumes, while
compound racemes, for example double racemes with
two orders of branching, are common [7,9].

Taking the view that complex inflorescences are a devel-
opmental specialisation, we can ask if this complexity is
regulated by iteration of the same molecular mechanism
at sequential developmental time points, or by different
mechanisms and whether these mechanisms are shared in
other plant species. Berbel ¢z a/. [11°°] set out to answer
these questions in their study of the double raceme in
Pisum satioum. The Vegl gene, encoding a MADS-box
transcription factor in the euAGL79-clade, was identified
as a novel genetic function that inserts a new meristem
(called the 12, or secondary inflorescence, Figure 1) be-
tween the primary inflorescence axis and the flowers
[11°°]. This 12, a short stem terminating in a rudimentary
stub, represents an additional meristem upon which
novelty can arise [12°]. In P. sativum the identity of the
I1 primary inflorescence (Figure 1) is determined by a
different gene, Deferminate [13]; its expression is restricted
to the I1 by VegZ [11°°]. Mutations of Determinate result in
a determinate growth habit much sought after by breeders
[14°]. A Vegl-like gene is not found in the grasses, where
complex inflorescences are generated using a different set
of genes [15]. Other papilionoid legumes with double
racemes have a Veg/ gene [11°°], but it remains to be
shown whether legumes with simple racemes have lost
Vegl function and whether further subfunctionalisation of
the euAGL79 clade occurs in legume species with higher
levels of inflorescence complexity.
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Figure 1
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Representation of a hypothetical papilionoid legume highlighting (in
black) specialised meristems (arrowheads) and organs discussed in the
text.

Novelty in flowers

Most legume flowers are pentamerous with five sepals,
five petals, two whorls of five stamens each and a single
carpel, but species occur with variations on this plan,
featuring floral organ reduction or multiplication [2,6].
Many members of the papilionoid taxon Swartzieae, for
example, are characterised by a single petal [2], while the
profuse production of stamens from an innovative devel-
opmental feature, the ring meristem, is manifest in all
three legume subfamilies [6]. The typical papilionoid
flowers of P. sativum, Medicago truncatula and Lotus japo-
nicus have ephemeral meristems known as common pri-
mordia (Figure 1) from which both petals and stamens
arise [16-18]. Although the common primordia are
entirely consumed by the organs arising from them, they
represent an additional step in floral meristem ontogeny,
echoing the structural reiteration of compound inflores-
cences; both remodellings of meristematic potential are
‘hopeful monsters’. In M. truncatula, duplicated APE-
TALA3-lineage genes are expressed in complementary
patterns in the common primordia, petals and stamens
and they interact differentially with duplicate PISTIL.-
LATA-lineage genes to confer petal and stamen identity
[19]. Despite the absence of a motif common to other

eudicots, PISTILIATA proteins in P. satioum and M.
truncatula are fully functional in this role [20,21].

Mimosoid legumes are characterised by radially sym-
metrical flowers, whereas papilionoid and caesalpinioid
legume flowers are usually zygomorphic (Figure 1), that
is they are bilaterally symmetrical; their showy adaxial
petal often stands upright and two lateral petals flank two
fused keel petals when the flower opens. Like the dis-
tantly-related zygomorphic species Antirrhinum majus,
papilionoid legumes have recruited CYCLOIDEA tran-
scription factor family genes for the regulation of dorsal
and lateral petal identity [22-25]. Functional analysis of
triplicated CYCLOIDEA -like genes in L. japonicus
showed that IjCYCI and LjCYCZ2 have roles in dorsal
petal patterning, while I/CYC3 confers lateral petal
identity [24,26°]. Independent genetic loci determine
the asymmetry of the lateral and ventral petals [24,27],
but these remain to be identified. Transcriptional profil-
ing of individual floral organs was undertaken in Vicia
sativa [28] and compared with gene expression in dis-
tantly-related non-zygomorphic flowers. In order to cap-
ture the particular features of this synapomorphy in
papilionoid legumes, a similar approach will need to
be taken on species within the same clade, for example,
zygomorphic and non-zygomorphic genistoid legumes
[25]. While much attention has focused on floral
morphology with respect to pollinators, other factors,
for example nectar composition, are also important in
pollination systems [29]. Specialisation occurs in other
floral organs too, such as the carpel. Legume carpels can
be covered in hairs, or hairy on one side only. The former
has been deduced as the ancestral state in papilionoid
legumes of the tribe Fabeae, while the latter, as either
abaxial or adaxial hairiness, characterises different sub-
clades [5°°].

Once fertilised, the carpel normally grows out to form the
elongated seed-containing legume (or pod) that is charac-
teristic of the entire family. A striking novelty is that some
species have coiled pods (Figure 1) and this character has
arisen several times independently within papilionoid
legumes [2], suggesting it may have adaptive value. A
study of species with coiled or uncoiled pods within the
genus Medicago revealed a clear correlation between pod
morphology and a change in the SHATTERPROOF gene
coding sequence which affected the ability of this
MADS-box transcription factor to interact with a partner
[30°°]. Pod coiling in Medicago occurs when cells at the
carpel margin fail to elongate and become heavily ligni-
fied. As there is only one carpel and only one margin,
inhibition of its extension results in coiling of the carpel
wall tissues, which extend as usual. Coiled pods can have
elaborate patterns of lignin deposition, sometimes result-
ing in the formation of spines, which allows seed dispersal
when the pod becomes attached to the fur of passing
animals. The Medicago clade, which contains spined and
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smooth-podded species, is ideally suited to further inves-
tigation of this character.

Complex and specialised leaves

Simple leaves have been inferred to be ancestral in
Angiosperms and there have been multiple gains and
losses of leaf complexity. This means not all compound
leaves are homologous, and neither are simple leaves, but
terms have not yet been defined to reflect this. It is not
clear whether the ancestral leaf form of eudicots, or within
these the rosids, from which legumes arose, was simple or
more complex [31°]. Maximum likelihood estimates of
ancestral states suggest that among Angiosperms there is a
strong bias for evolution towards simple leaves, however,
within the legumes, a family characterised by compound
leaves, there is no such bias, indeed evidence for the
opposite trend is found [31°]. Thus the legume com-
pound leaf (Figure 1), once acquired, tended to be
retained, and provided further opportunities for develop-
mental specialisation.

The LEAFY protein, known as Unifoliata (Uni) in P.
satioum [32], SINGLE LEAFLET1 (SGL1) in M. trun-
catula [33,34] and PROLIFERATING FLORAL MER-
ISTEM (PFM) in L. japonicus [35], is known to target
many genes involved in floral patterning [36,37], but it is
also proposed to have an earlier role in enabling meristem
outgrowth, by inducing the transcription of genes such
as REGULATOR OF AXILLARY MERSTEMS1 [38°]. It
may be through this pathway that Uni/SGL1/PFM gen-
erates a transient phase of indeterminacy [32] in legume
compound leaves. The downstream homeodomainless
KNOX transcriptional regulator FUSED COMPOUND
LEAF1 has a similar role in promoting leaf complexity, as
well as defining leaflet boundaries [39], while PALMATE-
LIKE PENTAFOLIATAI (PALMI) repression of Uni/
SGLI/PFM is important in ensuring that complexity is
eventually curtailed [33,34]. The PALMI gene also
regulates leaflet wax deposition and this brings a poten-
tially serendipitous benefit to breeders: reduced wax
deposition on the abaxial surface of pa/mi mutant leaves
confers resistance to fungal pathogens [40°°].

In the mimosoid subfamily bipinnate-leaves (Figure 2a)
are common while once-pinnate-leaves (Figure 2b) are
more usual in the papilionoid subfamily [2]; whether this
additional complexity in mimosoids can be explained by
variations in Uni/SGLI/PFM and PALM]I interactions
remains an open question. The compound leaves of both
these taxa feature astounding leaf specialisations, such as
the touch-responsiveness of leaves and of tendrils
(Figure 2¢). One of the genes required for tendril for-
mation in Pisum and Lathyrus species, is Tendril-less (1),
which is transcriptionally activated by Ui [41] and
Lathyroides (Lath) [42°], though direct interactions have
not yet been demonstrated. Sequence similarity and
genetic map position suggest Lazk is the orthologue of
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the WUSCHEL.-related homeobox1 (WOXI) transcription
factor STENOFOLIA (STF), which was shown to be
critical for leaflet blade development in M. truncatula
[43]. Genes such as JAGGEDI, recently identified in
soybean [44°], are also involved in this process. In the
tendrilled leaf of P. sativum, Lath appears to have acquired
an additional role; not only promoting blade outgrowth in
leaflets and the dorsal petal (as in M. truncatula) but also
suppressing blade outgrowth in tendrils [42°], presumably
via activation of 77 in the distal domain of the leaf.

Application of the hormone gibberellic acid suppresses
terminal leaflet blade development and this activity is
proposed to occur through increased Uzn: transcription
[45]: again, upregulation of 77 would lead to blade sup-
pression. Other hormones are also implicated in blade
position and outgrowth, for example, reduced levels of
free auxin and changes in the levels of transcription of
auxin-regulated genes are seen in narrow-leafleted s7f
mutants [43] while smooth leaf marginl mutants have
altered auxin distribution and excessive production of
terminal leaflets [46]. At this point at least some of the
regulators of legume leaflet versus tendril formation have
been identified, but their relationships with each other
are yet to be fully elucidated. Whether the leaf tendrils of
climbing mimosoid legume species represent convergent
evolution and whether the same physiological processes
are involved in contact-induced coiling remain to be
investigated. The terminal leaf tendrils of Entada scandens
are said to be sensitive over their entire surface [47], as are
Lathyrus aphaca tendrils, while P. sativum tendrils are
sensitive on their abaxial surface only [48].

A novel organ, the pulvinus (Figure 2d), mediates leaf
movements in some legumes and is driven by changes in
turgor pressure [49]. Such responses can be rapid and
reversible, whereas leaf repositioning in plants without
pulvini occurs more slowly via differential growth of cells
in the leaf petiole [50]. Both reversible and non-reversible
mechanisms of movement may be important for the
tolerance of light, temperature and water stresses. Sensi-
tive leaves, described as seismonastic, due to the sudden-
ness of their response to touch, have a pulvinus enabling
rapid flexion from the base of the leaf or leaflet. This
intriguingly radialised organ represents an intercalation of
non-polarity between the flattened leaflet and the
polarised leaf axis. A preliminary study has found evi-
dence of seismonasty evolving multiple times in distinct
lineages within the genus Mimosa [8]. One hypothesis is
that the presence of a pulvinus, acting as a hinge in regular
movements, such as solar tracking and day/night leaflet
opening and closure, permits exaptation to seismonasty.
Analysis of mutants without a pulvinus in P. sativum, M.
truncatula and L. japonicus led to the identification of a
LLOB-domain transcription factor as a key component in
the development of a leaflet pulvinus [51°,52°]. These
legumes are all members of the 50 Ma Hologalegina clade
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Figure 2
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Examples of legume compound leaves and their novel leaf organs. (a)
Bipinnate leaf, Delonix regia. (b) Once-pinnate leaf, Cicer arietinum. (c)
Leaflet tendrils, Pisum sativum. (d) Pulvini, P. sativum. An intact leaflet
pulvinis, delimited at its base by red coloured epidermal cells, is shown
on the left, a section through a pulvinis on the opposite leaflet of the
same leaf, as stained with toluidine blue, is shown on the right.

of papilionoid legumes [1], so this discovery naturally
leads to the question of whether pulvinus formation in
phylogenetically remote and distinct clades, such as the
42 Ma Mimosoid clade and the 45 Ma Millettioid clade,
with pulvini at the base of their leaves as well as their
leaflets, is regulated by the same process.

A novel root organ: the nodule

No discussion of developmental specialisations in
legumes can ignore the novelty of nodules (Figure 1),
organs that accommodate symbiotic nitrogen-fixing bac-
teria on underground or adventitious stem roots [3,53,54].
Nodules are not unique to legumes as indicated by their
multiple independent origins in Angiosperm lineages
[55], however, recent attention has focused on their
evolution in legumes thanks to a new class of mutant
defective in nodule identity [56°°]. Maintenance of
nodule identity requires suppression of root identity by
the NODULE ROOTICOCHLEATA (NOOT|COCH)gene,
which also has roles in leaf and floral development [56°°].
In the pea cock mutant the most extreme leaf phenotype is
the replacement of the stipules with compound structures
resembling those on the rachis; reminiscent of the stipule
form in Delonix regia [57]. The enlarged meristematic
regions and supernumerary organs observed on noot/coch
nodules, leaves and flowers suggests that long and/or
short-distance stem cell pool maintenance signals are
not correctly interpreted in the mutant. These broad
phenotypic effects probably reflect original functions of
the ancestral gene in shoot development prior to its co-
option in nodule maintenance [56°°]. As with many other

specialised organs, in the nodule we see a clear example
of evolutionary tinkering through gene recruitment.

Conclusions

It happens to be the case that most agricultural legume
species are in the papilionoid subfamily, so this group is
where genome sequence and genetic information is rich-
est at present. In contrast, fascinating and potentially
useful developmental specialisations are distributed
throughout the legume family; the examples discussed
here are but a sparse sample of the evolutionary inven-
tiveness of this angiosperm family. Among the specialis-
ations we have described a common feature is the
intercalation of a new meristem, involving gene subfunc-
tionalisation, which adds structural complexity. Organ
sculpture into specialised shapes is another commonality,
whether of leaflets, petals, or pods, members of large gene
families have been co-opted to this function. New genes
are driving phenotypic evolution, so it is with more
extensive sequence information throughout the legume
family that we can identify the newcomers and under-
stand how they have been incorporated into existing
developmental circuitries to bring about novelty.

References and recommended reading
Papers of particular interest, published within the period of review,
have been highlighted as:

e of special interest
ee Of outstanding interest

1. Lavin M, Herendeen PS, Wojciechowski MF: Evolutionary rates
analysis of Leguminosae implicates a rapid diversification of
lineages during the tertiary. Syst Biol 2005, 54:575-594.

2. Lewis GP, Schrire B, Mackinder B, Lock M (Eds): Legumes of the
World. Richmond: Kew Publishing; 2005:1-577.

3. Capoen W, Oldroyd G, Goormachtig S, Holsters M: Sesbania
rostrata: a case study of natural variation in legume
nodulation. New Phytol 2010, 186:340-345.

4. Tabosa AB, Matias LQ, Martins FR: Live fast and die young: the
aquatic macrophyte dynamics in a temporary pool in the
Brazilian semiarid region. Aquat Bot 2012, 102:71-78.

5. Schaefer H, Hechenleitner P, Santos-Guerra A et al.: Systematics,
ee biogeography, and character evolution of the legume tribe
Fabeae with special focus on the middle-Atlantic island
lineages. BMC Evolut Biol 2012, 12:e250.
This exemplary paper uses plastid and nuclear DNA sequences to
reconstruct a phylogeny of the Fabeae. The authors use this to study
character evolution and to trace the likely origins of different taxa via
dispersals from the Eastern Mediterranean. The authors clarify affinities of
important crop species, finding that the Lathyrus clade includes Pisum
and a Vicia clade includes Lens.

6. Tucker SC: Floral development in legumes. Plant Physiol 2003,
131:911-926.

7. Benlloch R, Berbel A, Serrano-Mislata A, Madueno F: Floral
initiation and inflorescence architecture: a comparative view.
Ann Bot 2007, 100:659-676.

8. Simon MF, Grether R, de Queiroz LP et al.: The evolutionary
history of Mimosa (Leguminosae): toward a phylogeny of the
sensitive plants. Am J Bot 2011, 98:1201-1221.

9.  Prenner G: Papilionoid inflorescences revisited (Leguminosae-
Papilionoideae). Ann Bot 2012 http://dx.doi.org/10.1093/aob/
mcs258.

Current Opinion in Plant Biology 2014, 17:153-158

www.sciencedirect.com


http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0005
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0005
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0005
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0010
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0010
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0015
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0015
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0015
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0020
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0020
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0020
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0025
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0025
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0025
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0025
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0030
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0030
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0035
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0035
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0035
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0040
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0040
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0040
http://dx.doi.org/10.1093/aob/mcs258
http://dx.doi.org/10.1093/aob/mcs258

10. Endress PK: Disentangling confusions in inflorescence
morphology: patterns and diversity of reproductive shoot
ramification in angiosperms. J System Evolut 2010, 48:225-239.

11. Berbel A, Ferrandiz C, Hecht V et al.: VEGETATIVET1 is essential

ee for development of the compound inflorescence in pea. Nat
Commun 2012, 3:e797.

This lucid paper identifies the pea Veg1 gene using M. truncatula and P.

sativum comparative mapping and uses mutants and expression studies

to explain the genetic basis of inflorescence development in P. sativum.

12. Walbot V: Open questions: reflections on plant development
e and genetics. BMC Biol 2013, 11:e25.
This is an interesting and thought provoking commentary.

13. Foucher F, Morin J, Courtiade J et al.. DETERMINATE and LATE
FLOWERING are two TERMINAL FLOWER1/
CENTRORADIALIS homologs that control two distinct phases
of flowering initiation and development in pea. Plant Cell 2003,
15:2742-2754.

14. Kwak M, Toro O, Debouck DG, Gepts P: Multiple origins of the

e determinate growth habit in domesticated common bean
(Phaseolus vulgaris). Ann Bot 2012, 110:1573-1580.

This paper studies Determinate gene sequence variation in wild and

domesticated accessions of bean and characterises a variety of lesions

associated with the determinate habit. A larger study found that a retro-

element-associated determinate type is widespread.

15. Tanaka W, Pautler M, Jackson D, Hirano HY: Grass meristems Il:
inflorescence architecture, flower development and meristem
fate. Plant Cell Physiol 2013, 54:313-324.

16. Ferrandiz C, Navarro C, Gomez MD et al.: Flower development in
Pisum sativum: from the war of the whorls to the battle of the
common primordia. Dev Genet 1999, 25:280-290.

17. Weng L, Tian ZX, Feng XZ et al.: Petal development in Lotus
Jjaponicus. J Integr Plant Biol 2011, 53:770-782.

18. Benlloch R, Navarro C, Beltran JP, Canas LA: Floral development
of the model legume Medicago truncatula: ontogeny studies
as a tool to better characterize homeotic mutations. Plant
Reprod 2003, 15:231-241.

19. Roque E, Serwatowska J, Rochina MC et al.: Functional
specialization of duplicated AP3-like genes in Medicago
truncatula. Plant J 2013, 73:663-675.

20. Benlloch R, Roque E, Ferrandiz C et al.: Analysis of B function in
legumes: PISTILLATA proteins do not require the Pl motif for
floral organ development in Medicago truncatula. Plant J 2009,
60:102-111.

21. Berbel A, Navarro C, Ferrandiz C et al.: Functional conservation
of PISTILLATA activity in a pea homolog lacking the Pl motif.
Plant Physiol 2005, 139:174-185.

22. Feng XZ, Zhao Z, Tian ZX et al.: Control of petal shape and floral
zygomorphy in Lotus japonicus. Proc Natl Acad Sci USA 2006,
103:4970-4975.

23. Wang JC, Wang YM, Luo D: LjCYC genes constitute floral
dorsoventral asymmetry in Lotus japonicus. J Integr Plant Biol
2010, 52:959-970.

24. WangZ, Luo YH, Li X et al.: Genetic control of floral zygomorphy
in pea (Pisum sativum L.). Proc Natl Acad Sci USA 2008,
105:10414-10419.

25. Citerne HL, Pennington RT, Cronk QCB: An apparent reversal in
floral symmetry in the legume Cadia is a homeotic
transformation. Proc Natl Acad Sci USA 2006, 103:12017-12020.

26. Xu SL, Luo YH, Cai ZG et al.: Functional diversity of

e CYCLOIDEA-like TCP genes in the control of zygomorphic
flower development in Lotus japonicus. J Integr Plant Biol 2013,
55:221-231.

This paper characterises the petal morphology mutation kew in L. japo-

nicus and uses transgenic assays to show the roles of each of three

CYCLOIDEA genes in conferring petal identities. Further studies reveal

functional regions of the encoded proteins and their interactions with

each other.

27. LiX, Zhuang LL, Phil MAM et al.: Genetic analysis of ele mutants
and comparative mapping of ele1 locus in the control of organ

Legume specialisations Hofer and Noel Ellis 157

internal asymmetry in garden pea. J Integr Plant Biol 2010,
52:528-535.

28. Liu ZP, Ma LC, Nan ZB, Wang YR: Comparative transcriptional
profiling provides insights into the evolution and development
of the zygomorphic flower of Vicia sativa (Papilionoideae).
PLoS ONE 2013, 8:e57338.

29. Amorim FW, Galetto L, Sazima M: Beyond the pollination
syndrome: nectar ecology and the role of diurnal and
nocturnal pollinators in the reproductive success of Inga
sessilis (Fabaceae). Plant Biol 2013, 15:317-327.

30. Fourquin C, del Cerro C, Victoria FC et al.: A change in

ee  SHATTERPROOF protein lies at the origin of a fruit
morphological novelty and a new strategy for seed dispersal in
Medicago genus. Plant Physiol 2013, 162:907-917.

This pioneer paper of evolutionary developmental studies in legumes

reveals the amino acid residues and the mechanism that determine pod

coiling in a representative sample of the genus Medicago.

31. Geeta R, Davalos LM, Levy A et al.: Keeping it simple: flowering

. plants tend to retain, and revert to, simple leaves. New Phytol
2012, 193:481-493.

This paper revisits earlier work, but takes a more stringent approach to

investigate rates of change from simple leaves to complex and vice versa.

32. HoferJ, Turner L, Hellens R et al.: UNIFOLIATA regulates leaf and
flower morphogenesis in pea. Curr Biol 1997, 7:581-587.

33. Chen JH, Yu JB, Ge LF et al.: Control of dissected leaf
morphology by a Cys(2)His(2) zinc finger transcription factor in
the model legume Medicago truncatula. Proc Natl Acad Sci
USA 2010, 107:10754-10759.

34. Ge L, Chen J, Chen R: Palmate-like pentafoliatal encodes a
novel Cys(2)His(2) zinc finger transcription factor essential for
compound leaf morphogenesis in Medicago truncatula. Plant
Signal Behav 2010, 5:1134-1137.

35. Wang ZH, Chen JH, Weng L et al.: Multiple components are
integrated to determine leaf complexity in Lotus japonicus.
J Integr Plant Biol 2013, 55:419-433.

36. Winter CM, Austin RS, Blanvillain-Baufume S et al.: LEAFY target
genes reveal floral regulatory logic, cis motifs, and a link to
biotic stimulus response. Dev Cell 2011, 20:430-443.

37. Pastore JJ, Limpuangthip A, Yamaguchi N et al.: LATE
MERISTEM IDENTITY2 acts together with LEAFY to activate
APETALA1. Development 2011, 138:3189-3198.

38. Chahtane H, Vachon G, Le Masson M et al.: A variant of LEAFY

e reveals its capacity to stimulate meristem development by
inducing RAX1. Plant J 2013, 74:678-689.

This paper breaks new ground by revealing a separate role for LEAFY in

meristem emergence.

39. Peng JL, Yu JB, Wang HL et al.: Regulation of compound leaf
development in Medicago truncatula by Fused Compound
Leaf1, a Class M KNOX Gene. Plant Cell 2011, 23:3929-3943.

40. Uppalapati SR, Ishiga Y, Doraiswamy V et al.: Loss of abaxial leaf
ee epicuticular wax in Medicago truncatula irg1/palm1 mutants
results in reduced spore differentiation of anthracnose and
nonhost rust pathogens. Plant Cell 2012, 24:353-370.
A large scale screen was used to identify mutants resistant to fungal
pathogens. By coincidence, this turned out to be the same zinc finger
gene that regulates leaf shape complexity identified in [33]. The authors
used transcriptome analysis and numerous careful assays to show
resistance was mediated by changes in wax biosynthesis.

41. Hofer J, Turner L, Moreau C et al.: Tendril-less regulates tendril
formation in pea leaves. Plant Cell 2009, 21:420-428.

42. Zhuang LL, Ambrose M, Rameau C et al.: LATHYROIDES,

e encoding a WUSCHEL-related homeobox1 transcription
factor, controls organ lateral growth, and regulates tendril and
dorsal petal identities in garden pea (Pisum sativum L.).

Mol Plant 2012, 5:1333-1345.

A positional cloning tour-de-force in L. japonicus enabled the authors to

identify the Lath gene in P. sativum, which reveals a specific connection

between adaxial petal and leaflet blade development.

43. Tadege M, Lin H, Bedair M et al.: STENOFOLIA regulates blade
outgrowth and leaf vascular patterning in Medicago

www.sciencedirect.com

Current Opinion in Plant Biology 2014, 17:153-158


http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0050
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0050
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0050
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0055
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0055
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0055
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0060
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0060
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0065
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0065
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0065
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0065
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0065
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0070
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0070
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0070
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0075
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0075
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0075
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0080
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0080
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0080
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0085
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0085
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0090
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0090
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0090
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0090
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0095
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0095
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0095
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0100
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0100
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0100
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0100
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0105
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0105
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0105
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0110
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0110
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0110
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0115
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0115
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0115
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0120
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0120
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0120
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0125
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0125
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0125
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0130
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0130
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0130
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0130
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0135
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0135
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0135
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0135
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0140
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0140
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0140
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0140
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0145
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0145
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0145
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0145
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0150
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0150
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0150
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0150
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0155
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0155
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0155
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0160
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0160
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0165
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0165
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0165
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0165
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0170
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0170
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0170
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0170
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0175
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0175
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0175
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0180
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0180
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0180
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0185
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0185
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0185
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0190
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0190
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0190
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0195
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0195
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0195
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0200
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0200
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0200
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0200
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0205
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0205
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0210
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0210
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0210
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0210
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0210
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0215
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0215

158 Growth and development

truncatula and Nicotiana sylvestris. Plant Cell 2011, 23:
2125-2142.

44. Jeong N, Suh SJ, Kim MH et al.: Ln is a key regulator of leaflet

e shape and number of seeds per pod in soybean. Plant Cell
2012, 24:4807-4818.

The authors used positional cloning and complementation in Arabidop-

sis to define a long sought after classical locus as a zinc finger gene

mutation that shapes narrow leaflets and increases seed number in

soybean.

45. DeMason DA, Chetty VJ: Interactions between Ga, Auxin, and
Uni expression controlling shoot ontogeny, leaf
morphogenesis, and auxin response in Pisum Sativum
(Fabaceae): or how the Uni-Tac mutant is rescued. Am J Bot
2011, 98:775-791.

46. Zhou CN, Han L, Hou CY et al.: Developmental analysis of a
Medicago truncatula smooth leaf margin1 mutant reveals
context-dependent effects on compound leaf development.
Plant Cell 2011, 23:2106-2124.

47. MacDougal DT: Duplication of contributions on physiology of
tendrils. Torreya 1901, 1:125-127.

48. Jaffe MJ, Galston AW: Physiology of tendrils. Annu Rev Plant
Physiol 1968, 19:417-434.

49. Moran N: Osmoregulation of leaf motor cells. FEBS Lett 2007,
581:2337-2347.

50. vanZanten M, Pons TL, Janssen JAM et al.: On the relevance and
control of leaf angle. Crit Rev Plant Sci 2010, 29:300-316.

51. ZhouCN, Han L, Fu CX et al.: Identification and characterization

o  of petiolule- like pulvinus mutants with abolished nyctinastic
leaf movement in the model legume Medicago truncatula.
New Phytol 2012, 196:92-100.

The authors characterised the same M. truncatula gene as in 52, but gave
it a different name, which may lead to confusion. Nonetheless, genetic
interaction and expression studies provide excellent data that comple-
ment 52.

52. ChenJH, Moreau C, Liu Y et al.: Conserved genetic determinant

¢ of motor organ identity in Medicago truncatula and related
legumes. Proc Natl Acad Sci USA 2012, 109:11723-11728.

This paper gives the first genetic insight into the development of the

pulvinus, nicely combining independent avenues of research in three

different species into one comparative view.

53. Markmann K, Parniske M: Evolution of root endosymbiosis with
bacteria: how novel are nodules? Trends Plant Sci 2009, 14:77-86.

54. Oldroyd GED: Speak, friend, and enter: signalling systems that
promote beneficial symbiotic associations in plants. Nat Rev
Microbiol 2013, 11:252-263.

55. Doyle JJ: Phylogenetic perspectives on the origins of
nodulation. Mol Plant-Microbe Interact 2011, 24:1289-1295.

56. Couzigou JM, Zhukov V, Mondy S et al.: NODULE ROOT and

ee COCHLEATA maintain nodule development and are legume
orthologs of arabidopsis BLADE-ON-PETIOLE genes. Plant
Cell 2012, 24:4498-4510.

In identifying the first known gene controlling nodule identity, this paper

brings a fresh perspective to questions asked decades earlier: are there

nodule identity genes and what are the origins of the nodule? The authors

have opened a new avenue of research in symbiosis.

57. Sharma V, Tripathi BN, Kumar S: Organ-wise homologies of
stipule, leaf and inflorescence between Pisum sativum
genetic variants, Delonix regia and Caesalpinia bonduc
indicate parallel evolution of morphogenetic regulation. Plant
Syst Evol 2012, 298:1167-1175.

Current Opinion in Plant Biology 2014, 17:153-158

www.sciencedirect.com


http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0215
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0215
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0220
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0220
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0220
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0225
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0225
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0225
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0225
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0225
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0230
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0230
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0230
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0230
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0235
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0235
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0240
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0240
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0245
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0245
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0250
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0250
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0255
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0255
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0255
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0255
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0260
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0260
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0260
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0265
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0265
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0270
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0270
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0270
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0275
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0275
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0280
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0280
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0280
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0280
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0285
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0285
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0285
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0285
http://refhub.elsevier.com/S1369-5266(13)00191-X/sbref0285

	Developmental specialisations in the legume family
	Introduction
	Specialisation of inflorescence architecture
	Novelty in flowers
	Complex and specialised leaves
	A novel root organ: the nodule
	Conclusions
	References and recommended reading


