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Many legumes are refractory to  Agrobacterium tumefaciens
transformation, and few reports of successful fl oral-dip trans-
formation exist in the literature. While pursuing experiments on 
fl oral-dip transformation of  Melilotus alba  Desr. (Fabaceae), 
white sweetclover, we discovered an open-fl ower mutant, des-
ignated opf , in a genetic screen of fast neutron bombardment 
mutants. We reasoned that the phenotype of the opf  mutant 
might make it more amenable to fl oral-dip transformation. 
Sinorhizobium meliloti  nodulates three genera of legumes that 
form indeterminate nodules, Medicago ,  Melilotus , and  Trigo-
nella , but most investigations on this nitrogen-fi xing symbiosis 
focus on the medics, Medicago truncatula  and  M. sativa  (al-
falfa). Nevertheless, a considerable amount of research was ac-
complished in the latter half of the 20th century by Micke, Gorz, 

Haskins, LaRue, and others on  Melilotus alba , in part of be-
cause of its importance as a forage crop and also because it 
produces dicoumarol (3,3  ′  -methylene-bis(4-hydroxycoumarin), 
which was given the trade name Dicumoral and has been widely 
used as an anticoagulant (see references in  Hirsch et al., 2000 ). 

  Kneen and LaRue (1988)  observed that  M. alba  is highly mu-
table, and indeed EMS and fast neutron bombardment muta-
genesis produced a broad variety of nonsymbiotic and symbiotic 
mutants. More recently, we (and others) studied M. alba  symbi-
otic mutants that are affected in both nodulation and mycor-
rhizal responses ( Lee et al., 2007, 2008 ;  Lum et al., 2002 ;  Utrup 
et al., 1993 ;  Wu et al., 1996 ). For these and a number of addi-
tional reasons, we proposed M. alba  as a model legume for the 
study of symbiosis ( Hirsch et al., 2000 ). However, the  M. alba
genome is not as small as the genomes of Lotus japonicus
(472.1 Mbp;  Sato et al., 2008 ) or  Medicago truncatula  (ca. 500 
Mbp; Young et al., 2005), which were ultimately chosen to 
serve as models for determinate and indeterminate nodule-
forming legumes, respectively. 

 To develop  M. alba  further as a model for future investiga-
tions, we initiated experiments on plant transformation using 
the U390 line, which is a spontaneous dwarf mutant of the U389 
line developed by Gorz and colleagues ( Gengenbach et al., 
1969 ). Molecular genetics studies require the use of transfor-
mation, i.e., the introduction of genes of interest into an organ-
ism, so that gene function can be assessed. A number of 
transformation strategies exist, but the most widely used method 
of plant transformation is Agrobacterium tumefaciens -mediated 
transformation, and for Arabidopsis , the current mode of trans-
formation is via fl oral-dip infi ltration ( Clough and Bent, 1998 ). 
 Trieu et al. (2000)  reported the successful transformation of 
Medicago truncatula  using both fl ower and seed transforma-
tion, and our preliminary results suggested that we might be 
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 This paper describes an open-fl ower mutant, designated  opf , that we discovered in a genetic screen of fast neutron bombardment 
mutants in an attempt at fl oral-dip transformation of  Melilotus alba  (Fabaceae; white sweetclover), an alternative papilionoid le-
gume host for Sinorhizobium meliloti . The  opf  mutant developed fl owers with refl exed sepals and petals, thereby exposing the 
stamens and carpel, whereas wild-type sweetclover infl orescences developed closed fl owers where the young stamens and carpel 
remain covered during the early stages of fl ower development. Based on crosses with the wild type, the mutant segregated as a 
single, Mendelian recessive. Crosses were successful only when the  opf  mutant served as the female parent, suggesting that the 
mutant was male sterile. However, no obvious differences from wild-type stamen development were observed in the  opf  mutant. 
The anther defect was due to indehiscence. However, as the plants approached the end of their life cycle, the frequency of selfi ng 
increased. We also investigated whether the  opf  mutant could be transformed via  Agrobacterium tumefaciens  fl oral-dip infi ltration 
because open fl owers like those of  Arabidopsis  appear to be more readily transformable. However, similar to wild-type  M. alba , 
the opf  mutant is refractory to fl oral-dip transformation by  Agrobacterium tumefaciens . 
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aniline blue staining, whereas unstained tissue was examined using dark-fi eld 
microscopy. Mature stamens were inspected for autofl uorescence by examining 
them with the same fi lter set, or they were stained with phloroglucinol as de-
scribed by  Steiner-Lange et al. (2003)  or  Ruzin (1999)  and examined under 
bright fi eld or phase optics. 

 Deparaffi nized 8  µ m sections of wild-type and mutant fl owers and infl ores-
cences were also stained with phloroglucinol and examined under either bright 
fi eld or phase optics. Paraffi n sections from the same material as used for lignin 
identifi cation were stained with 1% calcofl uor white as described ( Dawson et 
al., 1999 ) . 

Methyl jasmonate —  Young (2 – 15 mm) infl orescences consisting of a num-
ber of different fl oral stages of the  opf  mutant were sprayed daily for 2 wk until 
run-off with 450  µ M methyl jasmonate (MeJA) dissolved in a 0.1% aqueous 
Tween solution as described by  von Malek et al. (2002) . 

Transformation protocols —  Several different transformation protocols 
were used. For the wild-type U390 line, the T-DNA vector, pGKB5 ( Bouchez 
et al., 1993 ), was used. The vector was mobilized into  Agrobacterium tumefa-
ciens  strain EHA105 ( Hood et al., 1993 ) or into strain LBA4404 ( Gelvin, 2006 ) 
and prepared for transformation according to the procedure of  Trieu et al. 
(2000) . The  A. tumefaciens  cells were grown to an OD 600  of 0.4 in 100 mL yeast 
extract peptone (YEP) medium and washed with ice-cold water three times. 
The cell pellet was resuspended in 50 mL of resuspension medium (10 mM 
glucose, 100  µ M acetosyringone). The seeds were scarifi ed and then soaked in 
95% ethanol for 5 min. and sterilized in full-strength commercial bleach (5.25% 
NaClO) for 40 – 45 min, followed by six rinses with sterile water. After the seeds 
imbibed (overnight incubation in sterile water), the water was replaced with the 
A. tumefaciens  suspension for 4 d at 4  °  C in the dark. Following a cold treat-
ment, the seeds were plated on a medium containing 10 mM glucose and 100 
 µ M acetosyringone, which was solidifi ed with 0.8% Phytagar (Phytotechnol-
ogy Labs, Shawnee Mission, Kansas, USA). The plates were sealed with Para-
fi lm, covered with foil, and placed in a Percival growth cabinet at 20  °  C for 4 d. 
The foil and Parafi lm were then removed, and the plates containing the seeds 
were put into a vacuum chamber. Vacuum was applied at the maximum of ca. 
25 mm Hg for 30 min, three times per day for 5 d. Subsequently, the seeds were 
plated onto 1/4 strength Hoagland ’ s medium supplemented with 10 mM glu-
cose, 100  µ M acetosyringone, and 100  µ g/mL timentin. The plates carrying the 
seeds were incubated at 20  °  C for 2 wk. Two-wk-old seedlings were placed into 
50 m L  conical centrifuge tubes and washed with 1/4 strength Hoagland ’ s me-
dium supplemented with 100  µ g/mL timentin with shaking for 1 h. The wash 
step was repeated. The seedlings were plated in dishpans containing an auto-
claved 1   :   1 perlite and vermiculite mixture, which was watered with 1/4 strength 
Hoagland ’ s medium. The growth conditions were maintained as in  Trieu et al. 
(2000) . When the fi rst trifoliate leaves emerged, the plants were sprayed with or 
transferred to plates containing a 1   :   5000 dilution of Finale (Bayer CropScience 
World, Monheim am Rhein, Germany). The plants were examined after 1 wk 
for signs of necrosis (see Appendix S1with the online version of this article). 
The same strategy was followed for vacuum-infi ltration of wild-type U390 
fl owers except that the  A. tumefaciens  strains were applied by dipping, spray-
ing, or brushing the fl owers after which a vacuum was pulled on the plants. The 
fl owers were allowed to set seed, the seeds were collected, and screened in the 
next generation for resistance to Finale (see online Appendix). 

 For transformation of the mutant fl owers,  A. tumefaciens  strain LBA4404 
harboring the pCambia 1301 binary plasmid (35S gusA , 35S hygromycin selec-
tion; website  http://www.bios.net/daisy/cambia/585.html , Cambia, Canberra, 
Australia) was grown in Agrobacterium  (AB) minimal growth medium ( Gelvin 
2006 ). After  vir  gene induction with 100  µ M acetosyringone, the bacteria were 
diluted to a concentration of OD 600  = 1.0 in the infi ltration medium (5% su-
crose, 10 mM glucose, 100  µ M acetosyringone, 3 mM MES (pH 5.4), 0.01% 
Silwet L-77). Twenty microliters of the bacteria were spread onto the just 
emerging infl orescences at the apical meristems. The plants were subsequently 
vacuum-infi ltrated for ca. 5 min using 22 – 25 mm Hg of vacuum, covered in 
plastic wrap to maintain humidity, and placed in the dark at room temperature 
overnight. The plants were returned to the greenhouse the next morning, and 
the plastic wrap was removed. Infl orescences of varying ages were removed 
with a razor blade 2 wk after the infi ltration and processed for expression of 
gusA . These infl orescences were later embedded in plastic or paraffi n and sec-
tioned. Seeds from the control U390 plants were collected 6 – 8 wk after the 
transformation experiment and tested for hygromycin resistance. Like many 
legumes ( Somers et al., 2003 ), wild-type  M. alba  grows on agar medium con-
taining levels of kanamycin even as high as 200 mg/L, but the plants are sensi-
tive to hygromycin. 

able to use these methods for M. alba  also ( Hirsch et al., 2000 ). 
However, we determined that  M. alba  has a high degree of re-
sistance to kanamycin and that putative G US -stained and PCR-
positive transformants were contaminated with agrobacteria. 

 In this report, we describe our attempts to transform fl owers 
and seeds of wild-type M. alba  line U390. While pursuing this 
research objective, however, we noted that no reports, other 
than that of  Trieu et al. (2000) , appeared in the literature about 
the successful use of fl oral dip on legumes. Indeed, to our 
knowledge, until just recently when wheat was reported to be 
transformed ( Zale et al., 2009 ), no plants other than members of 
the Brassicaceae have been successfully transformed with fl o-
ral-dip transformation ( Bartholmes et al., 2008 ;  Curtis and Nam 
2001 ;  Qing et al., 2000 ;  Wang et al., 2003 ;  Xu et al., 2008 ). 
Brassicaceae may be more easily transformable because, in 
contrast to papilionoid legumes, which during early develop-
ment have closed fl owers that cover the carpel, brassicaceous 
fl owers are open. In support of this hypothesis,  Desfeux et al. 
(2000)  determined that the ovule was the site for  Agrobacteri-
um -mediated fl oral-dip transformation and that mutant plants 
with an open gynoecium have a 6-folder higher rate of transfor-
mation than do wild-type fl owers. Although very few studies of 
fl oral  M. alba  mutants have been published ( Dore, 1959 ; 
 Goplen, 1967 ;  Hirsch et al., 2002 ), we looked for a fl oral mu-
tant that had an open fl ower phenotype early in development. 
To our knowledge, no one has previously described such a mu-
tant, designated opf  for  op en  f lower and described herein, for 
M. alba . 

 MATERIALS AND M ETHODS 

Plants and growth conditions —Melilotus alba  Desr. U390 seeds were sub-
jected to 35 Gy fast neutron bombardment at the Plant Breeding Unit of the 
International Atomic Energy Agency in Seibersdorf, Austria. The seeds were 
planted after scarifi cation in potting soil and grown in the UCLA greenhouse. 
M2 seeds were harvested from individual M1 plants 3 – 5 mo after planting. Ap-
proximately 439 of 561 pools of M2 seeds were subsequently tested for their 
symbiotic phenotype. The pools, consisting of fi ve seeds each, were screened in 
a hydroponic nodulation assay after the seeds had been scarifi ed. In this assay, 
the seeds were germinated on screens covering trays that contained one-quarter 
strength Hoagland ’ s medium minus N ( Machlis and Torrey, 1956 ), which was 
aerated by an aquarium bubbler. When the roots extended into the medium, the 
seedlings were inoculated with  Sinorhizobium meliloti  Rm1021 marked with a 
green fl uorescent protein (GFP) reporter (pHC60;  Cheng and Walker, 1998 ). 
The plants from pool 111 nodulated normally, but one plant exhibited a fl oral 
phenotype that had potential for use in vacuum infi ltration transformation of 
fl owers. 

SEM, light microscopy, and histochemical staining —  Small infl orescences 
and individual fl owers were fi xed in formalin-acetic acid-alcohol (FAA) and 
prepared for SEM as described in  Hirsch et al. (2002) . Some samples were de-
hydrated through a tertiary-butyl alcohol series and embedded in paraffi n 
( Hirsch et al., 2002 ). Sections 8  µ m thick were cut, mounted on polylysine-
coated slides, deparaffi nized, and then stained with 0.02% aqueous toluidine 
blue O. Cover slips were attached with Eukitt (Calibrated Instruments, Haw-
thorne, New York, USA), and the slides were examined with bright fi eld optics 
using a Zeiss Axiophot microscope. Buds were also fi xed in 4% glutaraldehyde 
in 0.2 M cacodylate buffer (pH 7.4), postfi xed with aqueous OsO 4, dehydrated 
through acetone, and embedded in Spurr ’ s resin (Ted Pella, Inc., Redding, Cali-
fornia, USA). The glutaraldehyde-fi xed buds were sectioned at 1 or 2  µ m, af-
fi xed to polylysine-coated slides, and stained with 1% toluidine blue O in 1% 
borax. Slides for light microscopy were prepared as described above. 

 FAA-fi xed infl orescences and mature fl owers were cleared in 8 N NaOH 
and subsequently transferred to water. Fixed material was either examined di-
rectly or stained with aniline blue as described by  Martin (1959),  whereas 
freshly harvested tissues were stained as described by  Ruzin (1999) . Epifl uores-
cence microscopy (fi lter set BP365, FT395, and LP397) was performed for the 
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an adaxial standard (vexillum), two lateral wing petals (alae), and 
the keel, as is typical for papilionoid fl owers ( Tucker, 1984 ). 
However, neither the stamens nor the carpel (arrow) are enclosed 
as in wild-type fl owers because the surrounding fl oral parts do 
not extend over them; the petals and sepals are refl exed. 

Floral development —  We previously classed fl oral develop-
ment in immature wild-type sweetclover infl orescences into six 
different stages ( Hirsch et al., 2002 ). Stage 1 represents the 
newly emergent fl oral meristem, whereas stage 2 is character-
ized by the initiation of sepal primordia. In stage 3, additional 
sepals and also petal primordia are initiated, and in stage 4, the 
outer stamen primordia become visible. The carpel is initiated 
in stage 5 and develops a cleft on the adaxial side in stage 6. In 
addition, the inner stamen primordia become visible in stage 6. 
All but stage 6 are illustrated in  Fig. 1F , where most of the 
bracts have been removed to expose the developing fl ower pri-
mordia. However, a few bracts (b) remain and these are ob-
served to extend over the fl oral buds. 

 Slighter older stages of fl oral organ development are ob-
served in longitudinal sections of U390 buds ( Fig. 1G, H ). Se-
pal and petal primordia are indicated in the bud along with the 
centrally located carpel.  Figure 1I  illustrates a fl oral bud com-
parable to the one in  Fig. 1H . The fused sepals surround the 
developing inner fl oral parts, giving the bud an upright profi le. 
A similar appearance is observed when examining a cleared fl o-
ral bud ( Fig. 1J ). To see the inner fl oral organs via SEM ( Fig. 
1K ), we had to remove the upper part of the calyx, thereby de-
stroying the normally closed appearance of the fl ower. None-
theless,  Fig. 1K  shows the spatial arrangement of the stamens 
and carpel within the confi nes of the surrounding sterile tissue. 

 In contrast to the closed morphology of U390 fl owers within 
immature infl orescences,  opf  buds have a loose phenotype in 

 U390 putative transformants (U390T) and U390 (control) seeds were scari-
fi ed, sterilized for 30 min, rinsed fi ve times with sterile water, and allowed to 
imbibe overnight. In the fi rst experiment, seeds were transferred to 1% Phyta-
gar plates (100  ×   15 mm, Fisher Scientifi c, Pittsburgh, Pennsylvania, USA) 
containing 10 mg/L hygromycin and put in the dark for 96 h. In the second ex-
periment, sterilized U390T, U390, and U389 seeds were kept in the dark for 72 
h. Seeds were also planted on 1% Phytagar plates minus hygromycin as con-
trols. Germination was scored by the emergence of the radicle. Germinated 
seedlings were then transferred to 1% Phytagar-solidifi ed, 1/4 strength com-
plete Hoagland ’ s medium containing 10 mg hygromycin/L in square Petri 
dishes (9  ×   9 cm) for transformation verifi cation. Any roots that elongated in 
the presence of hygromycin were transferred after 1 wk to freshly made 1/4 
strength complete Hoagland ’ s medium ( Machlis and Torrey, 1956 ) containing 
10 mg hygromycin /L. The original germination plates were kept for 2 wk after 
the start of the experiment and checked for late germinating seedlings. The lat-
ter were also transferred after 1 wk to Hoagland ’ s medium containing 10 mg/L 
hygromycin. Any seedlings that showed continued growth in this medium were 
later transferred to freshly made 1/4-strength complete Hoagland ’ s medium 
plus hygromycin to verify that they were hygromycin-sensitive. 

RESULTS 

Transformation of wild-type M. alba plants —  We attempted 
to vacuum-infi ltrate  M. alba  U390 seedlings and fl oral-dip 
transform fl owers using Agrobacterium tumefaciens  LBA4404 
or EHA105 carrying various plasmids (see Materials and Meth-
ods) and the procedure outlined in online Appendix S1, which 
is based on  Trieu et al. (2000) . Several modifi cations, including 
changing the OD 600  of the bacterial strains, spraying or brush-
ing the fl owers, altering the salt and vitamin concentrations, 
were made because many of the plants were killed by the treat-
ment with A. tumefaciens . Initial trials showed that dipping the 
fl owers killed signifi cantly more plants than did spraying or 
painting them with the A. tumefaciens  cells. Moreover, because 
M. alba  fl owers are closed during the earliest stages of develop-
ment, we reasoned that the bacteria were unable to enter the 
young fl owers, so the concentration of the surfactant Silwet-77 
was increased to 1.6% to improve bacterial entry. More than 
10   000 seeds were collected from the various trials and screened 
with Finale after the fl ower dipping and vacuum infi ltration ex-
periments. However, none of the experimental variables had 
any effect because no transformed seedlings were detected ( Ta-
ble 1 ). Similarly, nearly 2000 seeds were vacuum-infi ltrated 
with an A. tumefaciens  suspension, and none of the resulting 
seedlings were transformed (data not shown). 

Identifi cation and characterization of an open-fl ower (opf) 
mutant—  During a screen for symbiotic mutants, we observed 
a fl ower phenotype that had potential for use in fl oral-dip ex-
periments. The mutant was originally named NB111 and is now 
designated opf  for  op en  f lower.  Melilotus alba  wild-type U390 
has a typical papilionoid fl oral morphology, with 40 – 80 fl owers 
borne on a simple raceme. Each fl ower, subtended by a bract, is 
zygomorphic, consisting from outside to inside of fi ve sepals; 
fi ve petals, two of which fuse to form the keel; fi ve antipetalous 
stamens; fi ve inner antipetalous stamens with shorter fi laments; 
and one carpel with four ovules, although usually only one or 
two seeds mature ( Hirsch et al., 2002 ). The fl owers are closed 
at the earliest stages of development ( Fig. 1A ) and open as the 
infl orescence matures ( Fig. 1B ). 

 In contrast, the anthers are visible in young  opf  fl owers even at 
the earliest stages of development, giving the infl orescence a 
largely yellow appearance ( Fig. 1C – E ).  Figure 1E  illustrates that 
the overall arrangement of the young fl ower is similar to the wild 
type in that the white corolla, subtended by the sepals, consists of 

Table  1. Variations in transformation conditions and results of fl ower 
infi ltration experiments. 

Condition
Number of resistant 

seedlings
Number of seeds 

screened

Silwet-77
   0.16% 0 223
   0.08% 0 274
   0.04% 0 370
   0.02% 0 185

[Agro] OD 600
   0.4 0 511
   0.2 0 715
   0.1 0 581
   0.05 0 83
   0.025 0 306
   0.0125 0 306
   3.125 x 10E-3 0 370

MS salts
   0.25X 0 1940
   0.5X 0 1309
   1X 0 1553
   2X 0 984

B5 vitamins
   0.25X 0 1490
   0.5X 0 1559
   1X 0 1699
   2X 0 1940
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in wild-type anthers was seen (arrow,  Fig. 3D ). However, prog-
eny developed from deliberately selfed opf  fl owers, indicating 
that opf  pollen is viable. 

 The failure to dehisce was reminiscent of  Arabidopsis   MYB26
and NST1  and  NST2  mutants, which have elongated fi laments, 
but are indehiscent due to a secondary wall thickening defect 
( Dawson et al., 1999 ;  Steiner-Lange et al., 2003 ;  Mitsuda et al., 
2005 ). We examined NaOH-cleared wild-type and  opf  anthers 
for autofl uorescence with UV illumination for the presence of 
lignin, and both were positive ( Table 2 ). Moreover, when fi xed 
sectioned anthers were stained with phloroglucinol, a red-brown 
color was observed in both the wild-type (data not shown) and 
mutant anther walls ( Fig. 3G ). When fresh anther tissue was 
stained with phloroglucinol, an obvious red color was detected 
in both opf  and wild-type anther walls ( Fig. 3E, 3F ). Taken to-
gether, these results indicate that lignin is present in both  opf
and wild-type anthers and strongly suggests that the opf  fl ower 
mutant lacks the secondary wall thickening defect seen in the 
Arabidopsis  mutants. Similarly, when sections of  opf  mutant 
anthers were stained with calcofl uor white, which stains   β  -1,4 
glucans such as cellulose and appears blue-white under UV il-
lumination, no obvious difference was observed from wild-type 
anthers ( Table 2 ). Thus, the  opf  mutants are not defi cient in 
lignin and also are unaffected in cellulose deposition on the ra-
dial cell walls of the anther. 

 A second class of  Arabidopsis  mutants that exhibits male-
sterility is defective in the jasmonic acid (JA) pathway. Al-
though it seemed unlikely that the opf  mutation belonged to this 
class because the fi laments of the  opf  mutant and the wild-type 
fl ower were the same height, we sprayed open fl owers of vary-
ing ages (see Materials and Methods) with MeJA to see if the 
phenotype could be rescued. After 2 wk of spraying, no obvious 
change in fl oral morphology was observed. 

Floral-dip infi ltration of opf infl orescences —  In spite of the 
reduced fertility of the  opf  mutant, we proceeded to use the  opf
mutant in experiments to check the effi ciency of the fl oral dip. 
If transformation occurred via the ovule ( Desfeux et al., 2000 ) 
or via the ovule and pollen ( Xu et al., 2008 ), we reasoned that 
GUS activity would be detected in fl owers after the infi ltration 
with Agrobacterium . We modifi ed the procedure for the fl oral-
dip infi ltration, making the changes as described in the Materi-
als and Methods, and performed the experiment on a small scale 
to determine whether the bacteria could infi ltrate the open fl ow-
ers of M. alba  as has been described for  Arabidopsis  ( Clough 
and Bent, 1998 ). U390 wild-type fl owers were treated at the 
same time under the same conditions. Due to the limited num-
ber of opf  mutant plants available for testing, we stained all the 
infi ltrated fl owers for G US  activity to determine whether any 

that the sepals and petals are not as tightly packed around the 
stamens and carpel ( Fig. 2 A    – C ). This loose phenotype becomes 
more obvious as the fl oral organs differentiate further ( Fig. 
2 D – G  ). The net result is that the surrounding fl oral organs do 
not confi ne the developing stamens and carpel as much as they 
do in wild-type fl owers. No obvious difference in pedicel length 
between wild-type and opf  mutant fl owers was observed. 

Carpel development —  To verify that carpel development 
was not altered in the mutant, we compared U390 and opf  fl ow-
ers. For U390, the carpel initiates as a central mound (see  Hirsch 
et al., 2002 ), and later a cleft starts to form on the abaxial side 
of the carpel ( Fig. 2H ). The carpel then elongates, and its mar-
gins come closer together, giving the mound a horseshoe-shape 
in cross section and making the cleft more visible ( Fig. 2I ). In 
 Fig. 2J , the carpel has elongated farther, and the carpel margins 
are touching. As elongation proceeds, the margins fuse, thereby 
enclosing the locule within ( Fig. 1K ). The stigma, style, and 
ovary become distinct from one another, and ovules differenti-
ate within the ovary ( Hirsch et al., 2002 ). 

 Although we were unable to pursue SEM studies on the  opf
fl owers, we found no obvious difference between wild-type and 
mutant carpels by observing entire, cleared specimens ( Fig. 
2E – G ) or sectioned material ( Fig. 2K – M ). The carpel was cen-
trally initiated, a cleft formed, and later the margins fused to-
gether as ovule primordia differentiated, just as in wild-type 
fl owers (cf.  Fig. 2H – J ,  Fig. 2K – M ). Carpel elongation resulted 
in distinctive stigma, style, and ovary zones with ovules devel-
oping at the inward folding margins as in wild-type fl owers 
( Fig. 2E – G, K – N ). Lastly, supporting our conclusion that the 
mutant carpel develops normally, we found that seeds devel-
oped when opf  was used as the female parent in crosses with 
wild-type M. alba  or deliberately selfed (see later section). 

Anther development —  Overall, morphological observations 
and sectioning revealed that no obvious developmental differ-
ences existed between young wild-type and opf  anthers (data 
not shown). Examination of mature, but comparably aged wild-
type and opf  anthers, demonstrated little difference between 
them other than an increased plumpness of the mutant anthers 
possibly due to the lack of dehiscence (cf.  Fig. 3A ,  3B ). Even 
when the fl ower was ready to dehisce from the pedicel, pollen 
remained within the anthers. If pollen escaped, individual grains 
were rarely seen because they stuck together as a mass. On the 
other hand, individual pollen grains could be forced out of the 
anther by putting slight pressure on a cover glass mounted over 
a fl ower in water (data not shown). Although the wall separat-
ing the anther compartments broke down in the opf  mutant (ar-
row,  Fig. 3C ), no evidence of complete dehiscence as observed 

Fig. 1.   Infl orescence and fl ower overviews and sections of wild-type U390 (A, B, F – K) and  opf  mutant (C – E)  Melilotus alba . (A) Young U390 infl ores-
cence. Note that all the fl owers are closed. Bar, 1 mm. (B) Mature U390 infl orescence with open papilionoid fl owers. Bar, 1 mm. (C) Young  opf  infl orescence. 
Note that all the fl owers are open. This stage of development is comparable to that in A. Bar, 1 mm. (D) Slightly older  opf  infl orescence. The fl owers at the 
top of the infl orescence are comparable to those shown in (C), whereas those at the bottom are comparable to the fl ower in (E). Bar, 500  µ m. (E) Side view 
of fl ower from the bottom of the infl orescence in (D). The arrow points to the stigma. Bar, 25  µ m. (F) SEM of U390 infl orescence with bracts (b) mostly 
removed to expose the fl oral apices. The developing sepals (s) are indicated. The different fl oral stages are indicated with numbers (see text); the asterisk 
designates a basal fl oral bud that is younger than stage 5. Reprinted from  Hirsch et al. (2002) . Bar, 100  µ m. Copyright © 2002, NRC Canada or its licensors. 
(G) Close to median longitudinal section of the top of a resin-embedded, 1.5-mm long U390 infl orescence. Bracts (b), sepals (s) and carpels (c) are indicated. 
Bar, 100  µ m. (H) Paraffi n section of U390 fl ower buds covered by a subtending bract (b). The sepals (s), outer stamen (os), petals (p), and carpel (c) are in-
dicated. Reprinted from  Hirsch et al. (2002) . Bar, 100  µ m. Copyright © 2002, NRC Canada or its licensors. (I) SEM of a U390 fl oral bud showing the fused 
sepals (s) and the elongating carpel (c). Bar, 100  µ m. (J) Cleared and unstained U390 fl ower bud. The outer organs are tightly appressed against the stamens 
(st) and carpel (not shown). Bar, 100  µ m. (K) Top view SEM of a U390 fl oral bud with part of the calyx removed. Comparable to  Fig. 1J . Bar, 100  µ m. 
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leaves stained blue, indicating that the plants were not trans-
formed. After transfer to fresh Hoagland ’ s medium containing 
hygromycin, the seedlings started to brown and died. 

Genetic analysis —  To determine the genetic basis for the 
open-fl ower phenotype, we crossed M3  opf  with either U390 or 
to U389, the tall parent of the dwarf U390. In all cases, the mu-
tant served as the female parent showing that the stigma was 
receptive. However, seed set for selfed opf  fl owers was poor, 
with fewer than two seeds maturing per plant. All of the prog-
eny resulting from selfi ng yielded fl owers with the  opf  pheno-
type, but the number of M3 seeds for testing was limited. Of the 
two successful F1 crosses, F2 progeny segregated in a closed to 
open fl ower ratio that approximated 3   :   1 ( Table 3 ). In the 
opf    :   U389 cross, the dwarf phenotype also segregated 3   :   1 
(tall   :   dwarf), and 10 of 164 plants were short dwarfs, thereby 
demonstrating that both phenotypes were recessive (data not 
shown).

 DISCUSSION 

 We identifi ed an open fl ower ( opf ) mutant with the aim of 
determining whether this phenotype would facilitate Agrobac-
terium -mediated transformation of  M. alba  using the fl oral-dip 
method. The opf  gene segregates as a Mendelian recessive, and 
in the mutant phenotype, the stamens, style, and stigma are not 
tightly enclosed within the calyx and corolla early in develop-
ment, but are exposed, potentially making them more receptive 
to agrobacteria. However, as we found for wild-type M. alba , 
Agrobacterium -mediated transformation of the  opf  mutant via 
the fl oral-dip method was unsuccessful. In part, this result can 
be attributed to the extremely low seed set of selfed opf , pre-
sumably due to facultative male sterility as well as to the addi-
tional negative effects brought about by inoculation with 
agrobacteria in Silwet (described below). The male sterility ob-
served is described as facultative because it was not due to a 
lack of pollen viability, but rather to anther indehiscence. In 
self-pollinating species such as M. alba , the stigma is receptive 
for a defi ned period. If this time period is missed due to the lack 
of pollen maturation or dehiscence, seed set will be poor in 
spite of pollen viability. 

 In  Arabidopsis , two types of mutants showing varying de-
grees of anther indehiscence have been described. The fi rst 
class consists of mutants on which the fi laments do not com-
pletely elongate. Most of these mutations, including coi1  ( Xie 
et al., 1998 ), the triple mutant ( fad3 / fad7 / fad8 ) ( Feys et al., 
1994 ),  opr3 / dde1  ( Sanders et al., 2000 ;  Stintzi and Browse 

tissues were transformed, but no staining was observed. Of the 
opf  fl owers that developed after the original harvest, none set 
seed, possibly due to the deleterious effects of Agrobacterium . 

 Many of the wild-type U390 plants treated with  Agrobacte-
rium  at the same time as the  opf  mutant fl owers set seed, but at 
levels much lower than the untreated controls. Both U390 con-
trol and Agrobacterium -treated (U390T) fl owers were tested 
for their ability to germinate on hygromycin ( Fig. 4 ). The ger-
mination experiments were repeated twice except for the U390T 
seeds on water agar due to the lack of suffi cient seed. We found 
that germination of both U390T and U390 seeds was dimin-
ished in hygromycin-containing water agar compared to the 
water-agar controls. However, the germination of both U390T 
and U390 hygromycin-grown seeds and U390T-control seeds 
was statistically lower than the average 71% germination of 
U390 seeds on water agar. The variation (SD) from experiment 
to experiment may depend on the extent of scarifi cation of the 
seeds.

 We also used U389, the parent of U390, to verify the lower 
germination percentage of the dwarf U390 plant on both control 
and hygromycin-containing water agar plates. At this time, we 
do not know the physiological reason for U390 ’ s dwarfi sm, but 
it does not appear to be due to a gibberellin defi ciency (the late 
B. O. Phinney, personal communication). We found that U389 
seeds germinated at a higher percentage on both control plates 
(84.5%) and plates containing hygromycin (72.8%) than U390 
seeds in comparable media ( Fig. 4 ). Nevertheless, as observed 
for the U390 seedlings, transfer from water agar containing hy-
gromycin to 1/4 strength complete Hoagland ’ s medium con-
taining hygromycin caused root tip browning and eventual root 
death.

 By 6 d after the start of the experiment, many of the plants 
transferred from the water agar-hygromycin plates to Hoagland ’ s 
medium containing hygromycin already had dead or dying root 
tips, whereas the roots from seedlings germinated on water agar 
were white and elongated. Within days of transplanting, the 
seedlings that germinated on hygromycin-water agar showed 
root tip inhibition, accumulation of anthocyanin pigment, epi-
nasty (downward leaf curling), and in some cases, complete 
chlorophyll bleaching. U390T and U390 control seedlings, 
which had germinated on water agar and were then transferred 
to fresh Hoagland ’ s medium containing hygromycin, also even-
tually died. 

 Five U390T plants that had germinated on hygromycin-con-
taining medium did not show delayed root growth. They were 
transferred to fresh Hoagland ’ s medium containing hygromy-
cin, and after 1 month, the fi rst trifoliate leaf of each putative 
transformant was examined for G US  activity. None of the fi ve 

Fig. 2.   Views of  Melilotus alba   opf  mutant fl oral buds (A – G), carpel development (K – N), and  M. alba  U390 wild-type carpel development (H – J). (A) 
Close to median longitudinal section of the top of a 1.5 mm long resin-embedded opf  infl orescence. Bar, 50  µ m. (B) Off-median section of a young, plastic-
embedded opf  fl ower. Sepal (s), petal (p), and anther (a) development appear normal, but the fl oral organs are not tightly packed. The asterisk points to a 
glancing section through the carpel. Developmental stage is comparable to that in (D). Bar, 100  µ m. (C) Slightly more mature, paraffi n-embedded  opf
fl ower; only anthers (a), sepals (s), and the ovary with two ovules (o) are shown. The fl ower is not as crowded as a wild-type fl ower. Bar, 75  µ m. (D) Cleared, 
unstained fl oral bud comparable to the fl oral bud in B. Bar, 100  µ m. (E) Carpel removed from  opf  fl oral bud. Bar, 100  µ m. (F) Slightly older carpel showing 
two distinct ovules. Bar, 100  µ m. (G) Floral bud comparable to sectioned bud in (C). Bar, 80  µ m. (H) U390 fl oral bud showing the beginnings of cleft 
formation. Reprinted from  Hirsch et al. (2002) . Bar, 100  µ m. (I) Slightly more developed U390 carpel. Bar, 100  µ m. Copyright © 2002, NRC Canada or 
its licensors. (J) Stage of U390 carpel development comparable to  Fig. 1I , showing the margins growing together. Bar, 100  µ m. (K) Transverse section of 
a resin-embedded opf  mutant fl ower. The carpel has formed a cleft, and the internal margins are initiating the ovule primordia (op). Bar, 100  µ m. (L) Phase
contrast optics micrograph of another resin-embedded carpel section (transverse) showing the development of ovule primordia. Bar, 50  µ m. (M) Transverse 
paraffi n section of a carpel where the ovules have begun to differentiate and the carpel margins are starting to fuse. The arrow indicates a pollen grain 
outside the cleft. Bar, 25  µ m. (N) Mature  opf  carpel with four ovules. Bar, 100  µ m.   
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and decreased fertility phenotypes in Arabidopsis  ( von Malek 
et al., 2002 ). 

 The second possibility, that  opf  male sterility was due to mu-
tations in various transcription factors was briefl y entertained 
because of the similar stamen length between mutant and wild 
type M. alba  and also because the pollen occasionally would be 
released as a sticky mass ( Steiner-Lange et al., 2003 ). However, 
in contrast to Arabidopsis  male sterility mutants,  opf  anthers 
contained lignin in the endothecium cell walls comparable to 
wild-type anther levels, and based on calcofl uor staining, had 
no changes in cellulose deposition. 

 Because resources to develop  M. alba  as a model legume are 
currently not available, it is unlikely that we will determine the 
exact identity of the OPF  gene at this time. Some hints, how-
ever, come from the Arabidopsis  literature. The  nondehiscence1
mutant of Arabidopsis  exhibits many similar defects as the  M.
alba  mutant, such the lack of stomium breakdown, but so far, 
the gene responsible for the nondehiscence1  phenotype has not 
been cloned (R. B. Goldberg, UCLA, personal communica-
tion). However, for M. alba , coupled with indehiscence is the 
open fl ower phenotype, suggesting that the primary defect in 
male fertility may be due to the lack of protection of the devel-
oping stamen and carpel by the subtending fl oral organs during 
the early stages of development. If the gene for  NONDEHIS-
CENCE1  were to be identifi ed, this may serve as an entry port 
toward understanding the nature of the opf  muta tion. 

 We made numerous modifi cations of the methods in  Trieu et 
al. (2000)  and other published protocols for vacuum infi ltration 
transformation of M. alba  developing fl owers and seeds. Fac-
tors that contribute to successful transformation include (1) 
proper delivery of the vector to target sites, (2) virulence of 
the A. tumefaciens  strains used, (3) regenerability of the host 

2000 ),  dad1  ( Ishiguro et al., 2001 ) and  aos / dde2-2  ( Park et al., 
2002; von Malek et al., 2002 ) are due to defects in the jasmonic 
acid (JA) signaling pathway. By contrast, the fi laments of the 
opf  mutants are elongated, suggesting that they are more similar 
to the second class of Arabidopsis  mutants where the fi laments 
elongate to wild-type length, but the pollen remain surrounded 
by anther cell wall and hence are not dehisced ( Sanders et al., 
1999 ;  Dawson et al., 1999 ;  Steiner-Lange et al., 2003 ;  Mitsuda 
et al., 2005 ). The mutations responsible for the latter phenotype 
reside in genes encoding various transcription factors, namely 
MYB26 (allelic to the ms35  mutant;  Dawson et al., 1999 ), and 
the NAC transcription factors NST1 and NST2 ( Steiner-Lange 
et al., 2003 ;  Mitsuda et al., 2005 ). 

 Two fi ndings argued against the idea that the  opf  mutation 
was due to a defect in jasmonic acid synthesis. First, the sta-
mens were the same length as wild-type stamens, whereas the 
Arabidopsis  JA biosynthetic pathway mutants have stamens 
that are shorter than those of wild-type plants. Second, the opf
fl owers showed no change in morphology after being sprayed 
with MeJA even though this treatment rescued the short stamen 

 Fig. 3.   Anthers from wild-type (U390) and  opf  mutant anthers. (A) Wild-type U390 anther. Photographed using Nomarski interference contrast optics. 
Bar, 50  µ m. (B) Plump  opf  mutant anther fi lled with pollen. Photographed using Nomarski interference contrast optics. Bar, 50  µ m. (C) Breakdown of the 
septum (arrow) in the  opf  anther. Paraffi n section stained with toluidine blue. Bar, 50  µ m. (D) Cleared, aniline-blue stained U390 anther showing the site 
of dehiscence (arrow). Bar, 70  µ m. (E) Fresh U390 stamen stained with phloroglucinol. Note the red color in the anther wall. Bar, 50  µ m. (F) Fresh  opf
stamen stained with phloroglucinol. Same result as (E). Bar, 50  µ m. (G) Sectioned  opf  anther stained red (arrow) with phloroglucinol. Bar, 60  µ m.   

Table  2. Comparison of wild-type and  opf  mutant anthers with respect to 
different traits. See text for details. 

Characteristic U390  opf  muta nt

Pollen development Normal Normal
Breakdown of the septum between the anthers + +
Anther de hiscence +  − 
Cellulose as evaluated by calcofl uor white staining + +
Lignin as evaluated by phloroglucinol staining + +
Lignin as evaluated by autofl uorescence + +
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transferred DNA carrying a minimal linear gene cassette to 
wounded ovules of soybean 6 – 8 h after self-pollination. The 
success of this procedure may rest with the fact that the ovules 
were wounded. In general, the gynoecium of papilionoid le-
gume fl owers is closed although  Aeschynomene americana  L. 
is an exception ( Tucker and Kantz, 2001 ). Interestingly, wheat 
is one of three grasses where the carpels remain open while the 
ovules are developing ( Tucker and Kantz, 2001 ). This phenom-
enon may explain the recently reported successful fl oral trans-
formation of this species ( Zale et al., 2009 ). 

 Recently, we developed an  Agrobacterium rhizogenes  trans-
formation protocol for M. alba  ( De Hoff, 2008 ). The limitation 
of A. rhizogenes  hairy root transformation is that this procedure 
transforms root tissue only, and so far we have been unable to 
regenerate shoots from the transformed root material (data not 
shown). However, this method allows us to use RNA interfer-
ence to study the downregulation of genes that are found in 
single or low copy number in M. alba  and are expressed in 
roots. In addition, a recent study by  Weeks et al. (2008)  shows 
that even recalcitrant lines of  Medicago sativa  can be trans-
formed by A. tumefaciens . These and further advancements 
bring M. alba  closer to being an additional model for studies of 
the Sinorhizobium meliloti  – legume s ymbiosis. 
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