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Abstract

Background: Genetic crossing is an essential tool in both forward and reverse genetic approaches to understand
the biological functions of genes. For Medicago truncatula (barrel medic) various crossing techniques have been
used which differ in the methods used to dissect the female parent’s unopened flower bud to remove immature
anthers for prevention of self-pollination. Previously described methods including front, side or back incision methods
may damage the flower bud, impeding successful fertilization and/or seed development because they may allow
pollen to dislodge and floral organs to desiccate after crossing, all of which diminish the success rates of crossing.

Results: We report the keel petal incision method for genetic crossing in M. truncatula ecotype R108 and demonstrate
successful crosses with two other M. truncatula ecotypes, A17 and A20. In the method presented here, an incision is
made along the central line of the keel petal from the bottom 1/3rd of the female parent’s flower bud to its distal end.
This allows easy removal of anthers from the flower bud and access for cross-pollination. After pollination, the stigma
and the deposited pollen from the male donor are covered by the keel petal, wing petals and standard petal, forming
a natural pouch. The pouch prevents dislodging of deposited pollen from the stigma and protects the internal floral
organs from drying out, without using cling-film or water-containing chambers to maintain a humid environment. The
keel petal incision method showed an approximate 80% success rate in the M. truncatula R108 ecotype and also in
other ecotypes including Jemalong A17 and A20.

Conclusions: Our keel petal incision protocol shows marked improvement over existing methods with respect to the
ease of crossing and the percentage of successful crosses. Developed for the M. truncatula R108 ecotype, the protocol

has been demonstrated with A17 and A20 ecotypes and is expected to work with other ecotypes. Investigators of
varying experience have achieved genetic crosses in M. truncatula using this method.
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Background

Medicago truncatula (barrel medic) is an important
model legume species extensively used to study symbiotic
interactions with soil rhizobia and arbuscular mycorrhizal
fungi leading to symbiotic nitrogen fixation and mycorrhi-
zation respectively [1-3]. It has also found use as a model
for studies on secondary metabolism [4-6], plant patho-
gens [7,8], leaf development [9-11] and other processes.
M. truncatula, in the Galegoid clade of the Papilionoideae
legume subfamily, is closely related to economically im-
portant crops also in the Galegoid clade including alfalfa
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(M. sativa), pea (Pisum sativum) and lentil (Lens culinaris)
as well as crop legumes in the Phaseoloid clade including
soybean (Glycine max) and common bean (Phaseolus
vulgaris) [12]. In the past two decades, extensive genomic
and genetic resources have been developed for M. trunca-
tula, making it an elite legume model amenable for func-
tional genomics as well as for genetic studies to identify
key regulators in important processes. These resources
include a global gene expression atlas [13] and a nearly
complete genome sequence [14]. M. truncatula’s genome
may contain up to 50,000 protein coding genes, most of
unknown biological function [14]. To facilitate genetic
studies in M. truncatula, several populations of mutants
have been developed [15], including those treated with ethyl
methane sulfonate (EMS) [16], fast neutron bombardment
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(ENB) [17-19] and a near saturation insertion mutant popu-
lation carrying the tobacco Tntl retrotransposon [20-23].

An efficient technique for genetic crossing in M.
truncatula is essential in our efforts to characterize mu-
tants and to help identify their defective genes. Genetic
crossing is commonly used to cross-fertilize mutants
with their wild-type parents and to outcross mutants
to different ecotypes to map the mutation of interest.
Mutant populations generated using EMS, FNB or Tntl
transposition harbor multiple mutations in the same plant
which may require backcrossing to the wild-type parent to
remove extraneous mutations not linked to the mutant
phenotypes under study and to investigate the mode of
inheritance of phenotypes/traits. Back- and out-crossing
provide valuable tools to identify causal mutations under-
lying mutant phenotypes by co-segregation/linkage analysis.
The M. truncatula genome contains many gene families
with redundant functions due to gene duplications [12]. To
study the functions of redundant genes, double mutants
can be created by genetic crossing [24]. Genetic crossing is
also essential for linkage mapping of natural variations and
for genome-wide association studies [25,26].

M. truncatula flowers are hermaphroditic, with both male
and female organs in the same flowers. A M. truncatula
flower is comprised of a calyx, a large standard petal,
two small wing petals on both sides of the flower and a
fused keel petal which cover both male and female
floral organs (Figure 1A, B). The stigma is surrounded
by eight fused anthers (Figure 1B). M. truncatula is a
self-pollinated species and fertilization occurs when the
flower is still closed (cleistogamy). When the flower
reaches maturity, its anthers grow close to the stigma
surface and rupture to release the pollen grains (anthesis)
on the stigma surface which allows the flower to self-
fertilize. When performing a genetic cross, it is important
to artificially open the closed flower bud to visualize and
access the anthers and stigma before anthesis. In a cross,
for the flower bud serving as a female, all the anthers are
removed before they release pollen. To artificially fertilize
the female flower, pollen grains from mature anthers of a
male donor are deposited onto the stigma surface of the
female flower to allow cross-pollination to occur.

Several detailed genetic crossing techniques have been
described for M. truncatula, which differ by how the
immature flower bud is opened to allow removal of anthers
and to allow access to the stigma for cross-pollination
(Figure 2) [27-29]. These methods also differ in how
the flower is treated post cross-pollination to assure a
successful cross. We call these: (1) the front cut method
[27-29]; (2) the side cut method, also called the pouch
method [28,29]; and (3) back cut method (a variation of
the side cut method; Mark Taylor, unpublished data). In
the front cut method, the flower buds are cut vertically
along the central line of the curved side of the standard
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petal towards its tip from the proximal one third of the
flower bud (Figure 2A). In the side cut (Figure 2B) and
back cut (Figure 2C) methods, similar cuts are made on
the side and back of the flower buds respectively. The
side cut method is time consuming and in all three proce-
dures, the incision may damage the flower bud, rendering
the female flower unusable. After cross-pollination using
either the front or back cut methods, it is difficult to close
the flower bud completely, which may lead to mechanical
loss of deposited pollen and/or desiccation of internal
floral organs.

Another crossing method employs male-sterile mutants
as females. The mtapetala (tap) mutant, found in the
M. truncatula Jemalong Al17 ecotype [16], has been
extensively used for this purpose [16,30-33]. However
the tap mutation is not found in other ecotypes.

Here we report an improved genetic crossing technique
called keel petal incision (Figure 2D; Additional file 1: Video
S1; youtube/wDtRHWgILBM), initially developed for the
M. truncatula R108 ecotype. The keel petal incision method
allows easy access to an immature flower for anther removal
and artificial pollination. It also preserves floral morpho-
logical features permitting the standard and wing petals to
close to their natural positions after cross pollination. This
allows fertilization and embryo development to occur
under protection of the flower petals and obviates the
need for maintaining the pollinated flower in cling-film or
humidified containers. Keel petal incision is a simple and
efficient crossing technique with high success rates (>80%)
in the R108 ecotype and in other ecotypes, A17 and A20.

Results and discussion

Plant growth and selection of optimal female and male
flowers

For the female in the crosses, we grew M. truncatula
plants until they started flowering and began to develop
one or two pods. Plants that have one or two developing
pods will contain flowers in various stages of develop-
ment as illustrated (Figure 3). For the female parent in
the cross, very young flower buds (Figure 3A, B) are not
optimal. While they have less chance of self-pollination
than older flowers because they have immature anthers,
they also typically have less mature stigmas as well. Older
flowers (Figure 3D) have more mature stigmas, but also
an increased likelihood of self-pollination caused by an-
ther rupture during anther removal. Intermediate flower
buds have more mature stigmas and not-yet ripe anthers
(Figure 3C) and offer the best choice for a successful cross
with fewer chances of self-pollination. For the male parent
in the cross, flowers just about to open (Figure 3E, H) are
the best choice. The stigma column and anthers can be
triggered to open by applying slight pressure to the flower.
Alternatively, fresh open (Figure 3F, K) flowers can serve
as male parent/pollen donor. Rupture of anthers is verified
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Figure 1 M. truncatula flower structure. A, Unopened flower bud. B, Cut flower bud showing internal reproductive organs. Bars =0.5 mm.

under the dissecting microscope to make sure pollen
grains are visible on the anther surface.

Anther removal and artificial pollination

After selecting an unopened flower bud as a female
parent (Figure 3C), we removed the leaves, flowers,
pods and/or shoots within three to four inches of the

Figure 2 Position of incisions used to artificially open the
female flower bud to perform genetic crossing. A, Front cut
method. B, Side cut method. C, Back cut method. D, Keel petal
incision method. Arrows indicate the sites of the cut/incision made
on the unopened flower buds to perform anther removal and
artificial pollination. Bars = 0.5 mm.

bud, leaving at most one trifoliate leaf adjacent to the
chosen flower bud for ease of manipulation. Because
M. truncatula flowers and their internal floral organs
are small, it was not feasible to perform crosses using
the naked eye. Hence, we performed crossing under a
dissecting microscope; a magnifying glass or a magnifying
binocular headset would also work for this purpose. The
flower serving as female was mounted horizontally on its
side on a dissecting microscope stage oriented so that the
tip of the standard petal faced towards the base of the
microscope and the opening of the standard petal faced
the dominant hand of the person performing the cross
(Figure 4A; Additional file 1: Video S1). The flower bud
was secured to the microscope stage using cellophane tape
on the pedicel. Subsequently, the flower bud was held in
place using a set of forceps on the calyx, while another set
of forceps was used to gently lift the standard petal to
access the underlying keel petal. Using the sharp tip of a
scalpel, the keel petal was gently cut at the bottom third
of the flower bud and incision was made along the central
ridge of the keel petal all the way to the distal end of the
flower (Figure 4B). During this process, care was taken to
assure that the tip of the scalpel blade cut only the keel
petal and did not extend far inside the flower bud so as
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Figure 3 M. truncatula flower development and manipulation of pollen donor flowers. A-G, Flowers from different developmental stages
were collected, starting from when flower buds are first visible (Day 0). Flowers at day 3 are optimal to use as the female parent, while those at
day 5 are best as the male parent. H, Day 5 flower. I, Day 5 flower with standard petal removed. J, Flower as in 1, with stigma column exposed,
showing anthers. K, Day 6 flower, rotated approximately 140° from flower in F. L, Day 6 flower with standard petal removed. M, flower as in L,

rotated approximately 110° Bar = 0.5 mm in top panel; bars = 1 mm in lower panels.

not to damage the stigma column underneath the keel
petal and not to rupture the unopened anthers.
Subsequently, the half of the cut keel petal, facing the
investigator, along with the wing and standard petals
were pushed upwards with the forceps, allowing visual-
ization and access to the anthers and stigma inside the
flower bud (Figure 4C). At this point in preparing the
flower for pollination, we checked whether the anthers
were dehisced. If the anthers were already ruptured, we
discarded that flower bud and chose another as the female
crossing parent. If the anthers were not yet dehisced, we
removed all eight of them by cutting the anther filaments
away from the stigma column using sharp forceps tips.
Alternatively, anther removal may be accomplished by
suction using vacuum applied through a micropipette
tip [16]. During anther removal, it is important not to
rupture them and to avoid having the anthers contact
the stigma. After anther removal, we ascertained that all
the anthers were removed (Figure 4D) and visualized the
tip of the stigma to verify that there was no accidental
deposition of pollen grains on the stigma surface or inside
the flower bud during anther removal. In the instances

where we saw that this had occurred, we discarded that
flower and started over with a fresh one.

To expose the anthers from a male pollen donor in
the cross, we triggered a flower that was about to open
(Figure 3E, H) with gentle mechanical pressure until the
style and anthers popped open. Alternatively, we have
used forceps to remove the petals around the anthers in
the pollen donor flower (Figure 3I). We found that using
forceps to remove the standard petal first and then the
wing and keel petals does not damage the anthers. Once
the flower is triggered (Figure 3J) or the petals were
removed, we observed the anthers using the dissecting
microscope to ascertain that the anther was mature and
dehisced with silvery white pollen grains released from
ruptured anther sacs visible. This can also be seen using
other magnification devices. Already-open flowers also
served as pollen donors (Figure 3F, K). In these instances,
the standard petal was removed with forceps (Figure 3L)
exposing the style and anthers (Figure 3M; flower turned
approximately 110° from Figure 3L).

The mature anthers with attached pollen were then
gently placed on the tip of the stigma of the female
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Figure 4 Steps in genetic crossing using the keel petal incision method. A, Unopened optimal female flower bud. B, Flower bud showing the
keel petal under the standard petal indicating the site of incision on the central line of the keel petal. C, Flower bud showing the internal floral organs
including anthers and stigma underneath the keel petal after making an incision. D, Flower bud showing stigma and style after the removal of anthers.

E, Stigma covered with mature pollen after artificial cross-pollination. F, Closed flower bud after deposition of pollen on stigma. Bars =0.5 mm.

flower multiple times to deposit the pollen grains. At
the end of this process, the entire tip of the stigma was
surrounded by pollen (Figure 4E). There is variation in
pollen quality and quantity from individual flowers;
pollen quality may be negatively affected by insect
infestation as well. In the case of insufficient pollen

from one flower, we used more than one flower from
the male pollen donor plant.

After pollination, the flower was closed by pushing the
top of the standard petal back into its original position
to cover the wing petal, keel petal and stigma, forming
a pouch around the stigma that looks similar to the

Figure 5 Development of pods from successful crosses. A, Curling of artificially cross-pollinated flower bud 3 days post hybridization. B,
Developing pod 6 days post hybridization. C, Developing pod 20 days post-hybridization. D, Developing pod, 35 days post-hybridization wrapped
with microperforated polythene sheet. E, Ripening yellow pod, 42 days post-hybridization. F, Completely matured darkened pod fallen off the
pedicel, 50 days post-hybridization. Bars = 0.5 mm (A-C). Bars =5 mm (D-F).
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unopened flower bud before crossing (Figure 4F). This
prevented pollen from dislodging from the stigma dur-
ing subsequent movement of the plant and protected
the stigma and pollen from desiccation. The floral petal
pouch obviates the need for protecting the pollinated
flower with an artificial covering. These coverings promote
fungal and bacterial growth on the flowers that may cause
the flower to decay and drop. The pouch also does away
with the need to place the cross-pollinated flower bud
inside humid containers, which may also cause flower
damage. After the cross-pollination was completed, the
cellophane tape holding the pedicel was carefully removed
and the pollinated flower was labeled.

Seed pod development

To distinguish between artificially pollinated and self-
pollinated pods, we monitored the artificially pollinated
flower buds daily and trimmed away new shoots growing
adjacent to the pollinated flowers. Successful crosses were
visualized by slight curling of pollinated flowers from the
3rd day onwards (Figure 5A). Most of the time, the cross-
pollinated flowers continued to curl (Figure 5B) and
develop into mature pods (Figure 5C). Once the pods
from successful crosses developed into medium size
(Figure 5C), we wrapped them using micro-perforated
polythene sheets stapled in place (Figure 5D) to prevent
the pods from falling off after maturity.

To increase the size of the pods from cross-pollination
and number of seeds per cross, we removed all pods on
the plant resulting from self-pollination. Removing pods
promotes more flower formation and prolongs the dur-
ation of flowering. After all the crosses were completed,
shoots that do not carry pods from cross-pollination
were trimmed. We observed developing pods turning
yellow (Figure 5E) and darkening and dropping from the
pedicel at maturity (Figure 5F).

We air-dried the pods from successful crosses at room
temperature for 2—-3 weeks. After this, we collected seeds
from the pods and proceeded to confirm the crosses in
the F; generation. We found that larger pods typically
contain 5-6 seeds/pod whereas the smaller pods only
carried 1-3 seeds/pod. In general, crosses performed on
younger plants resulted in larger pods whereas older
plants produced smaller pods.

Cross-pollination confirmation
As a first test of the success of cross-pollination by the
keel petal incision method, we counted the number of
seed pods that formed after cross pollination. We esti-
mated an overall success rate of 82%, with slightly
higher rates of pod formation when a wild-type parent
was the female in the cross (Table 1).

Confirmation of successful crossing relied on pheno-
typing and genotyping the progeny. Our labs employ
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Table 1 Estimation of crossing success via seed pod
formation

Crossing parents, Attempted Seed pods Success
wild-type as female crosses formed rate,%
R108 X A17 9 6 67
R108 X A20 14 13 93
R108 X NF10796 17 12 71
R108 X NF11014 22 19 86
R108 X NF11044 27 22 81
R108 X NF11166 7 7 100
R108 X NF11217 1" 8 73
R108 X NF1320 38 29 76
R108 X NF1320-29-3 17 17 100
R108 X NF1320-BC1-F3 21 16 76
R108 X NF4619 5 4 80
R108 X NF8324 31 23 74
A17 X R108 43 41 95
A17 X NF11044 91 82 90
A17 X NF11217 30 26 87
A17 X NF8324 18 12 67
A20 X R108 70 63 90
A20 X NF11044 58 49 84
A20 X NF11217 1" 10 91
A20 X NF1320 15 9 60
A20 X NF8324 29 21 72
Sub-total 584 489 84
Crossing parents, Attempted Seed pods Success
mutant as female crosses formed rate, %
NF10796 X R108 14 9 64
NF11014 X R108 16 " 69
NF11044 X R108 28 22 79
NF11166 X R108 4 4 100
NF11217 X R108 16 1 69
NF1320 X R108 30 23 77
NF8324 X A20 7 5 71
NF8324 X R108 34 27 79
Sub-total 149 112 75
Total crosses 733 601 82

For each cross, the first parent listed in the cross served as the female. All
crosses were performed by two graduate students, one with one year and the
other with two years of research experience. Success rates were calculated
based on whether a pod formed in the cross-pollinated flower buds ten

days post-pollination.

forward genetics to identify new legume genes that
control the development of symbiotic nitrogen-fixing
root nodules using the M. truncatula Tntl insertion
mutant collection in the R108 ecotype background.
Tntl mutants contain multiple Tntl insertions and
there are no naturally occurring Tntl inserts in any
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M. truncatula ecotype [21,34]. To study the mode of in-
heritance of mutant phenotypes and to test the co-
segregation of candidate T¢I insertions with nodule phe-
notypes, we backcrossed two particular mutants with inef-
fective, white or brown non-fixing nodules (Nod + Fix-),
NF11217 and NF10796, to their wild-type R108 using the
keel petal incision method.

For NF11217 backcrosses, the mutant plant was used
as the female parent and the wild-type R108 served as
the male pollen donor. For NF10796 backcrosses, wild-
type served as the female and the mutant plant was used
as a male parent. Typically, it is advisable to perform
reciprocal crosses by switching male and female parents
in separate crosses, because the mutant phenotypes
might be governed by maternal or paternal inheritance.
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When recessive Tntl mutants were used as female,
successful crosses were confirmed by wild-type phenotype
progeny in the F; population. Nodules of NF11217 mutant
(female parent), wild-type (male parent) and NF11217 x
wild-type-BC F; progeny were assessed for visual phe-
notypes fifteen days after inoculation of roots with
Sinorhizobium meliloti. The nodules from wild-type parents
are pink (Figure 6A) because of the presence of leghe-
moglobin associated with efficient symbiotic nitrogen
fixation, whereas the NF11217 mutant plants show
white nodules, defective in symbiotic nitrogen fixation
(Figure 6B). All the BC,F; plants tested showed pink
nodules similar to the wild-type (Figure 6C-H), indicat-
ing that cross-pollination was successful and suggesting
the mutation in NF11217 is recessive.

gro
’,r,,..—_.s,g‘b,*;;,.-;-,-- \

indicative of a successful cross. Bars =250 um.

Figure 6 Confirmation of successful crosses by nodule phenotypes of the progeny. M. truncatula plants were grown on an aeroponic chamber,
as described in Materials and methods. Five days after germination, plants were starved for nitrogen for five days and then inoculated with Sinorhizobium
meliloti. Root nodules were examined 15 days post-inoculation. A, Wild-type R108. B, NF11217 mutant. C-H, NF11217 X wild-type R108-BC;F;. The R108
plant (A) has pink wild-type nodules while those of NF11217 are white and ineffective (B). Each plant from the BC;F; progeny (C-H) has pink nodules
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When wild-type was used as female, success of the
crosses was verified by genotyping the F; plants for the
presence of Tntl transgene. For the case of NF10796
serving as the male in a cross with a wild-type R108
female, PCR (polymerase chain reaction) genotyping of
BC;F; progeny using Tutl specific primers was performed.
Our results showed the presence of Tntl insertions in the
R108 x NF10796-BC;F; plants (Figure 7A) indicating cross-
ing success. As expected, there was no amplification of
Tntl sequences in the wild-type R108 (Figure 7A).

As a further test of the utility of the keel petal incision
method, we attempted out-crossing of Tntl Nod+ Fix-
mutant NF8324 in the R108 background, to both the
A17 and A20 wild-type ecotypes. In these cases, we used
the A17 or A20 wild-types as females and NF8324 as a
male in the crosses. F; plants arising from the crosses were
genotyped by PCR for the presence of Tntl sequences in
the progeny, indicating a successful cross. As can be seen
by the examples (Figure 7B, C), the keel petal incision
method also worked for these other M. truncatula eco-
types. However, F; progeny from inter-ecotype crosses
involving R108 were observed to have developmental
phenotypes (not shown); thus, special care must be
taken with these progeny.

We examined ninety BC;F; plants for nodulation phe-
notypes resulting from backcrosses involving Nod+/Fix-
mutants female parents with wild-type R108 as male
and found almost all of them had wild-type nodules,
indicating successful cross-pollination and absence of
self-pollination (Table 2). With the reciprocal situation
using the wild-type as female and mutant as male, we
tested forty plants from the progeny and obtained suc-
cess rates of approximately 87% overall using the R108,
A17 and A20 ecotypes, as verified by presence of Tntl
sequences in the BCF; and F; progeny (Table 2).

Conclusions

Crossing is essential for genetics. Here we described a
new crossing technique for M. truncatula that involves
incising the keel petal of the female flower to expose
the flower’s stigma and anthers, remove its anthers and
permit an artificial cross. After the cross is complete,
the standard, wing and keel petals can be arranged
similarly to their original positions in the unopened
flower bud, protecting the floral organs from desiccation
and removing the need for extraneous materials to main-
tain humidity for the fertility of the flower and deposited
pollen. We demonstrated that this method can be used
for the M. truncatula R108, A17 and A20 ecotypes and
expect that it will find utility in other ecotypes. This
method has been successfully used by investigators of
varying experience, including junior graduate students and
undergraduates in our labs.
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Figure 7 Confirmation of successful crosses by genotyping.
A-C, Wild-type R108, NF10796 and NF8324, R108 x NF10796-BC;F;,
A17 x NF8324-F; and A20 x NF8324-F, plants were PCR genotyped
using Tnt1 transposon specific primers. D, Primers for the MtIRE-like
gene were used in the PCR amplifications as positive control for the
wild-type genomic DNA. Tnt1 DNA is not found in wild-type R108,
A17 or A20 plants but can be detected in all F; plants indicating
successful crosses (A-C). Stained gel images have been cropped

to show the PCR products of 612 bp from Tnt1 and 422 bp from
MtIRE-like amplifications respectively.

Materials and methods

Plant growth

M. truncatula seeds were scarified with sulfuric acid,
treated with bleach, imbibed and vernalized as described
[16,28]. Shorter vernalization (1-4 days at 4°C) results in
delayed flowering and a larger plant with higher numbers
of flowers. Longer vernalization (4—14 days at 4°C) results
in earlier flowering accompanied by smaller plant stature
and reduced flower numbers. If plants are grown exclu-
sively for crossing, longer vernalization is preferred to
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Table 2 Confirmed successful crosses

Number of
Crossing parents, Total number confirmed Success
mutant as female of plants tested plants by nodule rate,%
phenotyping
NF11217 X R108 28 28 100
NF11044 X R108 31 31 100
NF8324 X R108 17 17 100
NF1320 X R108 14 11 78
Number of
Crossing parents, Total number confirmed Success
wild-type as female of plants tested plants by PCR rate, %
genotyping
R108 X NF10796 8 8 100
R108 X NF8324 13 11 84
A17 X NF8324 8 8 100
A20 X NF8324 11 8 72

For each cross, the first parent listed in the cross was used as the female. For
cases where the mutant served as female in the cross, successful crossing was
confirmed by the appearance of pink nodules in the BC,F; progeny. When
wild-type served as female, including inter-ecotype crosses, crosses were
confirmed in the BC;F;, or F; progeny by PCR genotyping using Tnt1 specific
primers, as in Figure 7.

shorten the time to flowering. Details of the effect of
vernalization on flowering time and growth stature can
be found in [28]. Different vernalization times were used
and did not appear to affect crossing success. After
vernalization, seeds were germinated at 25°C in the
dark; in our hands, seeds germinated within 12—-24 hours.
Subsequently, the plants were screened for nodulation
phenotypes 15 days post-inoculation with S. meliloti using
an aeroponic chamber [30,35], or by growing the plants
on a Turface/vermiculite mixture [23]. After phenotyping,
the seedlings were grown in medium size (four inch; ten
cm) pots so that they are easy to handle while performing
crosses. To avoid waterlogged roots, we grew M. trunca-
tula in a peat-based potting medium with Turface (Profile,
Buffalo Grove, IlI) mixed in (3:1), at 22°C under16:8 hr
light:dark cycles. Plants were irrigated as needed and
fertilized with a commercial general purpose fertilizer
once a week.

Crosses and PCR confirmation

The crosses were performed under a Nikon model C-PS
stereo microscope (Nikon, Tokyo, Japan). Images and video
clips of M. truncatula flowers and crossing techniques were
obtained using Leica MZI10F (Leica, Buffalo Grove, IL)
microscope. Two pairs of fine tip forceps (HL-14 #5, www.
buyincoins.com) and a straight-edge scalpel (scalpel blade
handle 9303 #3, and scalpel blade 9311 #11, both from
www.microscopesamerica.com) were used for keel petal in-
cision, the removal of anthers from the unopened female
flower bud and artificial cross-pollination (Additional
file 2: Figure S1). Mature pods from the successful cross-
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pollinations were wrapped using micro-perforated poly-
thene sheets (MP1120160T, www.prismpak.com).

The following primers were used for PCR genotyping
to confirm crosses: Tntl-F, GCATTCAAACTAGAAGA
CAGTGCTACC and TntI-R, TGTAGCACCGAGATA
CGGTAATTAACAAGA [34] (Tntl, Genbank:X13777).
MLIRE-like specific primers [36] (M¢IRE-like, Genbank:
AY770392, Genbank:AC122727) were used as a control to
confirm that extracted DNA from wild-type plants was of
sufficient quality for PCR using MtRE-F, CCAAATC
GTTGAAAGCTCGTTCACAACTCC and MHRE-R, CG
TCTTGACCAGCAAACACGACACG.

Additional files

Additional file 1: Video S1. The keel petal incision crossing method for
M. truncatula. The method is narrated step-by-step: youtu.be/wDtRHWg1LBM.

Additional file 2: Figure S1. Forceps and scalpel used in crossing.

Two pairs of fine tip forceps, e.g, HL-14 #5, www.buyincoins.com, and a
straight-edge scalpel, e.g., scalpel blade handle 9303 #3, and scalpel blade
9311 #11, both from www.microscopesamerica.com, were used for keel
petal incision, the removal of anthers from the unopened female flower
bud and cross-pollination. Similar forceps and scalpels are available from
other vendors. Bar =5 cm.
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