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Abstract Interspecific hybrids were developed
between Trifolium alexandrinum cultivar War-
dan x Trifolium vesiculosum and T. alexandrinum
cultivar BL1 x T vesiculosum through embryo
rescue, as the crosses failed to set seed under natural
conditions. Trifolium vesiculosum was used as a
donor/male parent in this study as it is reported to
possess tolerance to stem rot and high forage yield.
Fertilization in crossed florets of the crosses was
manifested from the recovery of swollen ovaries
(< 7.80%) and confirmed from the presence of one
degenerated ovule in most (> 93.00%) of the
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swollen ovaries. The hybrid embryos at various
developmental stages (heart, torpedo and cotyle-
donary) were rescued at a frequency of 2.56% from
Wardan x T vesiculosum and 6.12% from BL1 x T.
vesiculosum. Differentiation occurred only in the
cotyledonary stage embryos, resulting in 17 putative
interspecific hybrid plantlets. The assessment of
plantlet hybridity through SSR markers (for the
alleles inherited from the donor parent), micromor-
phological leaf traits (leaf texture and stomata) and
morphological characters (plant height, leaflet length
and width) confirmed production of two interspecific
hybrids designated as AV1 and BV3 representing
both the crosses. AV1 displayed moderate resistance
and BV3 was resistant to stem rot.

Keywords Egyptian clover - Embryo rescue -
In vitro regeneration - Micromorphological traits -
Molecular analysis - Stem rot

Introduction

The genus Trifolium (Fabaceae) usually called as
clover includes about 300 pasture species (Butkute
et al. 2014) of which several are agriculturally
important and cultivated as forage crops (Zohary
and Heller 1984; Abberton 2007). Egyptian clover or
Berseem (Trifolium alexandrinum L.), a diploid
species (2n = 16), is a winter annual of tropical
and subtropical areas. In India, this multi-cut (four to
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eight cuts) forage crop is grown on an area of
1.9 m ha (ICAR 2012) and is beneficial for livestock
due to its high crude protein (19.28%, dry matter
yield 39.2 qt/ha) and palatable green fodder with
good digestibility (up to 65%) (Roy et al.
2009, 2015). The crop lacks some important charac-
ters, such as profuse basal branching, high growth
rate in vegetative stage and resistance to stem rot
(Roy et al. 2004), the most devastating fungal disease
of forages (Delclos et al. 1997; Ohberg et al. 2008)
caused by Sclerotinia trifoliorum Erik. The resistance
for this trait may be incorporated from other 7rifolium
species through interspecific hybridization. The
incompatibility barrier between different Trifolium
species (Evans 1962) makes hybridization impossible
even in closely related species under field conditions
(Hendrych 1990; Repkova et al. 2006).

The in vitro embryo rescue technique has been
effectively used for developing interspecific hybrids
between Trifolium species e.g. T. repens x T. ambi-
guum (Williams 1978), T. pratense x T. sarosiense
(Phillips et al. 1982), T. ambiguum x T. repens
(Yamada and Fukuoka 1986), T. repens x T. uniflo-
rum (Pandey et al. 1987), T. repens x T. hybridum
(Przywara et al. 1989), T. ambiguum x T. montanum
and T. occidentale, T. isthmocarpum x T. repens and
T. nigrescens (Ferguson et al. 1990), T. med-
ium x T. pratense (Sawai et al. 1990), T
pratense x T alpestre (Phillips et al. 1992), T
alexandrinum x T. apertum (Malaviya et al. 2004), T.
alexandrinum x T. constantinopolitanum (Roy et al.
2004) and T pratense x T. medium (Repkova et al.
2006). Interspecific hybridization in Trifolium species
through embryo rescue has led to successful transfer
of important traits such as clover cyst nematode
(Heterodera trifolii) resistance from T. nigrescens into
T. repens (Hussain et al. 1997), prolific branching
from T. resupinatum into T. alexandrinum (Kaushal
et al. 2005) and more number of stems per plant from
T medium into T. pratense leading to release of
cultivar Pramedi (Vymyslicky 2014).

In the present study, recombination of economi-
cally desirable traits in cultivated 7. alexandrinum
was attempted through interspecific hybridization
with 7. vesiculosum following embryo rescue as
conventional hybridization did not allow production
of fully developed seeds. T. vesiculosum (2n = 16), a
diploid annual legume species, was used as donor/-
male parent in hybridization due to its distinctness for

@ Springer

profuse branching (Rampton 1972), lengthy vegeta-
tive growth stage (Riffkin et al. 2001), tolerance to
stem rot and high forage yield (Taylor et al. 1979;
Ovalle et al. 2010). The study describes development
of two interspecific hybrids from crosses between 7.
alexandrinum cultivar Wardan x 7. vesiculosum and
T alexandrinum cultivar BL1 x T. vesiculosum with
the following highlighting features (i) identification
of distinct embryo developmental stages after inter-
specific hybridization, and recovery of hybrid
embryos at high frequency, (ii) confirmation of
hybridity through molecular, micromorphological
and morphological data, (iii) production of pheno-
typically normal and fertile interspecific hybrids
(AV1, BV3) representing both crosses, and (iv)
moderately resistant reaction of AV1 and resistant
reaction of BV3 to stem rot.

Materials and methods
Plant material

Two interspecific crosses between (i) 7. alexandrinum
cultivar Wardan (female parent) x T, vesiculosum
(donor/male parent) and (ii) 7. alexandrinum cultivar
BLI1 (female parent) x T. vesiculosum (donor/male
parent) were attempted in the glasshouse facility of
School of Agricultural Biotechnology (SAB), Punjab
Agricultural University (PAU), Ludhiana during the
main cropping season (October to May, 2007-2013)
for developing hybrids. Seeds of Wardan and T
vesiculosum were obtained from Indian Grassland
and Fodder Research Institute, Jhansi, Uttar Pradesh,
India and that of BL1 from Forage and Millets
Section, Department of Plant Breeding and Genetics,
PAU, Ludhiana. The healthy seeds of Wardan and
BL1 were sown directly in earthen pots (8 inch
diameter) containing soil (field soil and farmyard
manure mixed in 3:1 ratio), whereas the seeds of T
vesiculosum were germinated by scratching gently
with a zero number sand paper and placing on a
sterile water-soaked filter paper in a disposable
petridish (90 mm, Tarsons, India) under dark condi-
tions. The germinated seeds were then transferred to
pots containing soil. The sowing dates were staggered
at an interval of 2 days till the month of November to
lengthen availability of flowers. The pots were
watered regularly for proper growth of plantlets. An
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additional light of 1000 W with sodium lamp (SON-T
1000 W E E40 1SL/4, Phillips, India) was supplied to
T vesiculosum from 5 p.m. to 8.30 a.m. during
December—January, to ensure flowering in February,
whereas for Wardan and BLI1, flowering occurred
under natural conditions in the glasshouse during
February.

Interspecific hybridization and embryo rescue

The interspecific crosses between 1. alexandrinum
cultivar Wardan x T. vesiculosum and T. alexan-
drinum cultivar BL1 x T vesiculosum were
attempted during February. Flowers of T. alexan-
drinum at 3/4th floret formation stage were selected
and florets were emasculated prior to anther dehis-
cence (Supplementary Fig. 1) as described by
Kaushal et al. (2005) using a watchmaker lens (42
inch power, Suissco, India). The upper and lower
whorls of the florets surrounding the whorl of florets
to be crossed were plucked before pollination; and
subsequently the freshly emasculated florets were
pollinated by T. vesiculosum pollen following the
method given by Kaushal et al. (2005). After
pollination, each flower containing crossed florets
was enveloped with a butter paper bag to avoid any
cross pollination, tagged with a jewel tag and left for
embryo development. The crossed florets were col-
lected daily from 10 to 16 days after pollination
(DAP) in a 50 ml beaker (Borosil, India) containing
Milli Q water (Direct Ultra TUVFE-5, Bio-Age, India),
brought to the tissue culture and transformation
facility, SAB, PAU and used for rescuing embryos
inside a laminar airflow cabinet (Klenzoids, India). A
small number of interspecific crosses were left
undisturbed (experimental control) for verifying seed
set under natural conditions in the glasshouse.

The ovaries from crossed florets were excised in a
sterile petridish using a pair of needles under a
stereozoom microscope (MSZ, Olympus Opto Stere-
ozoom Microscope, India) and surface-sterilized as
per Kaushal et al. (2005). The ovules were micro-
scopically excised from the ovaries and eventually
embryos were dissected with a sharp needle and
scalpel. The excised embryos were cultured indi-
vidually on semi-solid embryo rescue medium (ER)
[MS (Murashige and Skoog 1962) salts + 0.5 mg/l
BAP + 3% (w/v) sucrose + 0.8% (w/v) agar] in test
tubes (150 x 25 mm?, Borosil). The cultures were

incubated in dark for the first 2 days and then
subjected to 16:8 h light:dark conditions of
1.5 Klux/m?/s at 19 =+ 2 °C. The plantlets obtained
from the rescued embryos were clonally propagated
in vitro by culturing axillary bud bearing nodal stem
segments (1 cm) on semi-solid shoot induction
medium LSP3 (Roy et al. 2004) [L2 basal medium
(Phillips and Collins 1984) + 0.0008 mg/l NAA
(naphthalene acetic acid) + 0.15 mg/l BAP (6-
benzylaminopurine) + 2.5% (w/v) sucrose + 0.8%
(w/v) agar)], and incubating under 18:6 h light:dark
period at 19 £ 2 °C. The shoot clusters formed on
stem segments were split and sub-cultured on LSP3
medium after every 28 days. After sub-culturing, the
cultures were kept in dark for first 24 h and
thereafter in 16:8 h light:dark conditions at
19 £ 2 °C. Shoot elongation occurred simultane-
ously on LSP3 medium. The individual elongated
shoots were cultured on semi-solid medium RL2
[RL basal medium (Phillips and Collins
1984) + 0.42 mg/1 IAA (indole-3-acetic acid) + 2.5%
(w/v) sucrose + 0.8% (w/v) agar] for root induction.
These cultures were wrapped with black paper to
cover the lower portion of test tubes and subse-
quently incubated under 16:8 h light:dark conditions
at 19 £ 2 °C for two weeks. The media constituents
utilized in the study were acquired from HiMedia,
India. The plantlets were taken out from the culture
tubes; roots washed in tap water and then kept for
hardening on moist cotton overlaid with freshly
squashed Rhizobium nodules harvested from soil-
grown Egyptian clover plants. The plantlets were
incubated at 20-25 °C under 16 h light for a week.
The embryo culture regenerated plantlets of parents
were used as experimental control. The parental and
putative hybrid plants were transferred to soil in
polythene bags containing Egyptian clover root
nodules during October.

Molecular characterization

Genomic DNA from six tender leaves of clonally
propagated plantlets of putative hybrids and parents
was extracted according to cetyl trimethylammonium
bromide method (Saghai-Maroof et al. 1984). The
characterization for hybridity was carried out through
simple sequence repeat (SSR) analysis using eight
white clover specific SSR markers (Table 1) selected
on the basis of PIC values (Kolliker et al. 2001). The
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Table 1 Characterization of putative interspecific Trifolium hybrids through SSR markers

Marker name Nucleotide sequence (5'-3")

Tm (°C) No. of loci  Polymorphic Amplicon size

Assessment of

amplified (bp) hybridity

AV BV AV BV AV BV AV BV

TRSSRA02A05 F CAGTAAAGGAATCTGTTCAAACT 51
R AAACACCAATCAGACCGAAA
TRSSRA02B08 F TTTTGCTAATAAGTAATGCTGC 51
R GGACATTATGCAATGGTGAG
TRSSRA02B09 F TTTTCGCATTGTTTCAGACC 51
R CCCTTTCTCAACCCACATC
TRSSRA02C02 F AAATAAAACCACAAGTAACTAG 46
R TATAGGTGATTTGAAATGGC
TRSSRA02C03 F TATGCTGGTAGATAAACTTAAA 46

R TGCTCTGGAGATTGATGG
TRSSRA02C04 F TGGCTATTACAACTTGGAGA 50

R CGAGGCATACTTGATGATGG
TRSSRAOIHI1 F AGAAAGGTGAATGATGAAA 46

R TCTAATTCTTCCAATAGGG
TRSSRAXX31 F TCTGTTTTGTTGGCCATGC 52

R TTGCAAAGTGTTTGGAAGGA

5 2 Yes No  50-600 80-100 X X

2 3 Yes Yes 90-150 80-200 v/ v
1 - No - 180 - X -

3 2 Yes Yes 80-200 80-200 v/ v

2 - No - 80-150 - X -
1 - No - 180 - X -
5 - Yes - 50-600 - X -

2 3 Yes Yes 250-500 50-300 X X

F forward primer, R reverse primer, — not analyzed, AV and BV putative interspecific Trifolium hybrids from Wardan x T vesiculosum

and BL1 x T vesiculosum, respectively

PCR mixture (20 pl total volume) comprised 5X PCR
buffer (final concentration per PCR = 1X), 25 mM
MgCl, (1.5 mM), 1 mM dNTPs (0.2 mM), 5 uM of
each primer (0.25 pM), 40 ng/pl template DNA
(120 ng) and 5 units 7ag DNA polymerase (1 pl)
[Promega, USA]. The mixtures were placed in a
thermocycler (Eppendorf, Germany) programmed for
an initial denaturation at 94 °C for 4 min, followed by
35 cycles of 94 °C for 1 min, annealing (Table 1) for
1 min and 72 °C for 1 min; the final extension at 72 °
C was held for 7 min. The amplified products were
size-separated through electrophoresis in 2.5% (w/v)
agarose gel by running the gel at 5 V/cm for 3 h, and
visualized under gel documentation system (Aveg-
ene, USA).

Morphological characterization

Morphological data were recorded on the clones of
60 day-old interspecific hybrid plants AV1, BV3 and
their parents for comparing plant height, leaflet
width, stem diameter, leaflet length, stipule length
and number of primary branches. The pollen viability
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of parents and hybrid plants were determined at 50%
flowering stage by macerating the mature anthers in
2% acetocarmine (HiMedia) and counting the number
of round, stained pollen grains vs. shrivelled pollen
grains in at least 200 grains at 200X magnification
under compound light microscope (CH20i, Olym-
pus). The number of seeds formed was recorded on
240 day-old mature plants of parents and hybrids.
Data were statistically analyzed using Microsoft
Excel software.

Scanning electron microscopy

The micromorphological traits (leaf texture, tri-
chomes and stomata) on abaxial leaf surface of
parents (T. alexandrinum cultivar Wardan, 7. vesicu-
losum, T. alexandrinum cultivar BL1) and two
interspecific hybrids (AV1 and BV3) were examined
through scanning electron microscopy (SEM). The
pre-processing steps involved thorough washing of
the abaxial and adaxial leaf surfaces with sterilized
triple distilled water to remove the dust particles
adhering on the surfaces. The washed leaves were
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placed on an absorbent tissue paper to remove excess
water. The leaves were not dab dried to avoid any
injury or erosion of the delicate trichomes and the
outer leaf surface. Small leaf squares (approximately
10 mm?) were cut from the internerval region at the
place of maximum leaf blade width. These cuttings
were placed in the primary fixative ie. 2.5%
glutaraldehyde (Bozzola and Russell 1999) for 24 h
at 4 °C to chemically fix the tissue by extensive
protein interlinking through the aldehyde group. The
primary fixative was later drained and the tissue was
washed with sodium cacodylate buffer (pH 7.2-7.4).
It was then post-fixed in the secondary fixative,
osmium tetraoxide (OsQ,) to further fix the lipids in
the tissue sample. The tissue was again rinsed with
sodium cacodylate buffer to wash of the excess OsOy,.
Further, the tissue was dehydrated by treatment with
graded ascending ethanol series (from 30 to 100%).
The dehydrated samples were dried in a critical point
drier (Quorum Polaron E3000, UK) and placed on
aluminium stub using double sided carbon sticky
tape. The stubbed samples were then sputter coated
with 10-20 nm gold layer in an ion sputter coater
(Hitachi E-1010, Japan). The images were obtained
using a scanning electron microscope (Hitachi
S-3400 N, Japan) @ 10-15 kV in back scattered
electron imaging mode at different magnifications.
The micromorphological leaf traits were viewed at
500X magnification on standard leaf area of
0.25 mm®. The leaf texture was examined for the
occurrence of epicuticular wax on the leaf surface
and structural wax plates in the epistomatal cham-
bers; trichome features i.e. length and density of
trichomes were observed; stomatal density was
counted and its aperture parameters i.e. pore length
(Iength of the long axis of the area bounded by outer
stomatal ledges), pore width (length of the short axis
between the edges of outer ledges) and guard cell
width were measured. Data on stomatal aperture
parameters were statistically analyzed by Microsoft
Excel software.

Screening for reaction to stem rot

The parents and interspecific hybrids (AV1, BV3)
were screened against S. trifoliorum for reaction to
stem rot under glasshouse conditions. S. trifoliorum
strain was isolated from the infected field-grown
Berseem plants showing typical symptoms of stem

rot. The stem cuttings (4-5 mm) were surface
sterilized with 0.1% (w/v) mercuric chloride for
1 min followed by 4-5 washings with sterile water
aseptically. The cuttings were inoculated on potato
dextrose agar slants and incubated at 20 £ 1 °C for
7 days to obtain mycelial growth. The cultures were
purified by hyphal tip method and raised on sterile
whole gram in 250 ml Erlenmeyer flask (Borosil) at
20 £ 1 °C for 40 days with manual shaking at an
interval of 7 days. The inoculum dosage for screening
was standardized on 30 day-old T alexandrinum
cultivars Wardan and BLI1 i.e. female parents (20
plants each) by applying inoculum at concentrations
ranging from 0.5 to 5 g with an increment of 0.5 g at
the collar region. These plants were highly suscep-
tible to stem rot at an inoculum concentration of 2 g
(approximately 10,000 spores/g) and this dosage was
used for screening. The inoculated plants/clones were
covered with polythene bags to maintain proper
humidity for growth of the fungus in the glasshouse.
The scoring for disease reaction was carried out
14 days after inoculation on the basis of scale given
by Malaviya et al. (1999) i.e. 0-10% mortality as
resistant; 10-20% mortality as moderately resistant;
20-30% mortality as susceptible and > 30% mor-
tality as highly susceptible.

Results
Interspecific hybridization and embryo rescue

Two interspecific crosses between 7. alexandrinum
cultivar Wardan x T vesiculosum and T. alexan-
drinum cultivar BL1 x T vesiculosum were
attempted for developing hybrids that failed to set
seed under natural conditions (Table 2), suggesting
the presence of post-fertilization barrier(s). Subse-
quently, attempts were made for the development of
interspecific hybrids through embryo rescue from
several hundred crossed florets of the two interspeci-
fic crosses (Table 2). The petals of more than 60%
florets withered 24 h after pollination. The in vitro
recovery of 32 and 88 swollen ovaries from crossed
florets of Wardan x T vesiculosum and BL1 x T
vesiculosum, respectively pointed towards cross-fer-
tilization (Table 2). The examination of swollen
ovaries revealed degeneration of one of the two
ovules (Fig. 1a) in most of the ovaries (seven from
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Table 2 Interspecific hybridization between Trifolium species following embryo rescue

No. of No. of No. of No. of swollen Days to embryo  No. of rescued embryos No. of
crosses crossed florets  swollen  ovaries with one rescue after plantlets
attempted  collected ovaries  degenerated ovule  pollination H T C obtained
T alexandrinum cultivar Wardan x 7. vesiculosum

46 42 0 0 10 0 0 0 0

183 125 9 7 11 1 4 2(2) 0

297 217 12 12 12 1 5 54) 2

253 195 13 0 2 4 (3) 1

219 102 5 14 0 0 303 1

55 47 0 15 0 0 0 0

153* Undisturbed 0 0 0 0 0 0 No hybrid seed

1053 728 32 30 2 11 14 (12) 4
T. alexandrinum cultivar BL1 x T. vesiculosum

19 17 1 0 10 0 0 0 0

214 155 20 18 11 0 4 14 (8) 2

372 253 37 37 12 0 2 27 (15) 5

270 214 15 15 13 0 0 12 (11) 5

102 90 10 10 14 0 1 74 1

102 84 5 5 15 0 0 2(D 0

49 39 0 16 0 0 0 0

274% Undisturbed 0 0 0 0 0 0 No hybrid seed

1128 852 88 85 0 7 62 (39) 13

Figures in parentheses are number of embryos germinated

H heart stage embryo; T torpedo stage embryo; C cotyledonary stage embryo

“Number of crosses left to set seed under natural conditions

Wardan x T vesiculosum and eighteen from BL1 x T.
vesiculosum) excised 11 DAP, whereas all the ovaries
excised at 12, 13, 14 and 15 DAP contained only one
ovule implying degeneration of the unfertilized
ovule, confirming cross-fertilization to have taken
place. The maximum number of swollen ovaries were
collected 12 DAP for embryo rescue in both crosses.

The heart, torpedo and cotyledonary stage
embryos (Fig. 1b—d) were rescued from Wardan x T
vesiculosum, whereas the heart stage missed out from
the rescued embryos of BL1 x T vesiculosum. The
number of rescued embryos from both the crosses at
different developmental stages is shown in Table 2.
The maximum number of embryos were rescued at
cotyledonary stage 12 DAP. The delayed collection
of florets i.e. at 15 DAP from Wardan x T vesicu-
losum and 16 DAP from BL1 x T vesiculosum led to
degeneration of fertilized ovule as well, and hence no
swollen ovaries could be collected. The cotyledonary
stage embryos differentiated normally in both the
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crosses (Table 2) and the plumules emerged within
6 days leading to plantlet formation in 28 days of
culture initiation (Fig. le), whereas the embryos at
heart and torpedo stages were non-responsive
in vitro. A total of 17 putative interspecific hybrid
plantlets were produced from both the crosses
(Table 2). The plantlets were clonally propagated
from axillary bud bearing nodal stem segments
leading to shoot initiation after 10 days and multiple
shoot formation within 28 days (Fig. 1f); and root
induction (16.67%) on individual shoots after 45 days
of culturing. Subsequently, a representative plantlet
from each clonal population was characterized for
verification of hybridity.

Molecular characterization of putative hybrids
Genomic DNA representing 17 putative interspecific

Trifolium hybrids (AV1 to AV4 from Wardan x T
vesiculosum and BV1 to BVI13 from BL1 x T
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Fig. 1 Embryo developmental stages after interspecific
hybridization and production of plantlets. a Degeneration of
one of the two ovules (indicated with arrow). b Embryo
rescued at heart stage. ¢ Embryo rescued at torpedo stage.
d Embryo rescued at cotyledonary stage e plantlet formation.
f Clonal propagation. g Hardening of interspecific hybrid
plantlets. h Interspecific hybrid plants in soil

vesiculosum) and their parents was analyzed for
assessment of hybridity using eight SSR markers
(Table 1). Two amplicons of 121 and 147 bp
corresponding to the donor/male parent were detected
in four interspecific hybrids AV1, BV3, BV4 and
BV12. The 121 bp amplicon was observed by
TRSSRAO02B0O8 marker in AV1, BV3, BV4 and
BV12 (Fig. 2a, b), likewise 147 bp fragment was
amplified by TRSSRA02CO02 marker in AV1, BV3,

BV4 and BV12 (Fig. 2c, d) indicating hybridity. The
markers designated as TRSSRA02A05, TRSSR
AO1HI11 and TRSSRAXX31 detected polymorphism
in putative AV hybrids (Supplementary Fig. 2A);
polymorphism was also detected in putative BV
hybrids by TRSSRA02A05 and TRSSRAXX31
(Supplementary Fig. 2B) without confirming hybrid-
ity. The generation of 17 amplicons in putative AV
hybrids was observed from five polymorphic SSR
markers (TRSSRA02A05, TRSSRA02B08, TRSSR
A02C02, TRSSRAO1H11 and TRSSRAXX31) with
an average of 3.4 loci per marker. In putative BV
hybrids, 10 amplicons were generated from four
polymorphic SSR markers (TRSSRA02A05, TRS
SRA02B08, TRSSRA02C02 and TRSSRAXX31)
with an average of 2.5 loci per marker. The markers
TRSSRA02A05 and TRSSRAOIHI1 amplified a
maximum number of five loci each, and the marker
TRSSRAQ02C02 amplified three loci in putative AV
hybrids; in putative BV hybrids, maximum number of
loci (three each) was amplified by the markers
TRSSRA02B08 and TRSSRAXX31 (Table 1). The
four interspecific hybrids designated as AV1, BV3,
BV4 and BV12 were transferred for in vitro harden-
ing (Fig. 1g); subsequently nine AV1 clones and
twelve BV3 clones survived in soil (Fig. 1h).

Morphological characterization of interspecific
hybrids

The AV1 interspecific hybrid transgressed signifi-
cantly for plant height, as compared to both the
parents; likewise its leaflet width and stem diameter
increased significantly from the female parent
(Table 3), indicating hybridity. The leaflet length
was transformed in the direction of female parent
(Table 3). The difference in stipule length was
observed to be statistically non-significant from either
parent. The BV3 interspecific hybrid had numerically
more primary branch number and leaflet width than
the female parent; plant height, leaflet length were
found to be intermediate between the parents, and
stipule length was significantly less as compared to
both the parents (Table 3), suggesting hybridity. The
pollen viability of AV1 was similar to the female
parent and significantly lower than the male parent,
whereas pollen viability of BV3 was significantly
lower than both the parents (Table 3). The seed
formation in both the hybrids was significantly lower
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M Pl

P2 AV1 AV2 AV3 AV4

M Pl P2 BVI BV2 BV3 BV4 BV5 BV6 BV7 BVS BV9 BV10 BVII BVI2 BV13

M PI P2 AVI AV2 AV3 AV4

M Pl

Fig. 2 Molecular characterization of putative interspecific
Trifolium hybrids by SSR markers. a Detection of 121 bp
amplicon by TRSSRA02B08 in AVI1 corresponding to the
donor/male parent; M standard 100 bp DNA ladder (Gene
DireX); PI T. alexandrinum cultivar Wardan; P2 T. vesiculo-
sum (donor/male parent); AVI to AV4 putative interspecific
hybrids. b Detection of 121 bp amplicon by TRSSRA02B08 in
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P2 BV1 BV2 BV3 BV4 BV5 BV6 BV7 BV8 BV9 BV10 BV1I BVI2 BV13

BV3, BV4 and BV12 matching with the donor/male parent; M
standard 100 bp DNA ladder (Gene DireX); P! T. alexan-
drinum cultivar BL1; P2 T. vesiculosum (donor/male parent).
¢ Amplification of 147 bp fragment by TRSSRA02C02 in AV1
similar to the donor/male parent. d Identification of 147 bp
amplicon by TRSSRA02C02 in BV3, BV4 and BVI2
comparable to the donor/male parent
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Table 3 Morphological characterization of interspecific 7rifolium hybrids and their parents

Parentage Plant Leaflet Stem Leaflet Stipule No. of primary Pollen No. of seeds
height width (mm) diameter length (cm) length (mm) branches viability formed*
(cm) (mm) (%)
T. alexandrinum 32.52 £ 1.27 12.00 £ 0.80 1.67 + 0.21 340 £ 0.15 14.57 £ 0.69 8.29 £ 042 80.64 £+ 0.35 324.00 £ 5.42
cultivar Wardan
AV1 hybrid 4323 £ 051 17.75 £ 0.77 242 £ 0.15 3.25 £0.23 1543 £ 1.86 8.00 £ 0.38 80.00 £+ 0.29 39.00 £ 2.72
T. vesiculosum 1428 £ 0.97 18.00 £ 0.78 3.08 £+ 0.37 225 £0.14 18.71 + 1.61 3443 £ 398 85.71 £0.39 1177.00 & 28.20
T. alexandrinum 3149 £ 1.74 1213 £ 0.61 2.41 + 0.30 3.34 £0.18 24.57 £ 1.96 6.86 £ 0.59 81.63 £+ 0.37 269.00 £ 8.43
cultivar BL1
BV3 hybrid 30.01 £ 1.15 12.63 £ 042 225+ 0.11 291 £0.11 13.71 £ 0.68 7.71 £ 0.29 75.00 &+ 0.36 15.00 £ 0.98
T. vesiculosum 14.28 £ 0.97 18.00 &£ 0.78 3.08 &+ 0.37 225 £0.14 18.71 £ 1.61  34.43 4+ 3.98 85.71 £0.39 1177.00 & 28.20

Data are mean + SE of 9 AV1 clones, 12 BV3 clones and 10 clones of each parent

?On an average 39, 4.9, 34.19, 39.21 and 1.9 seeds per inflorescence were formed in 7. alexandrinum cultivar Wardan, AV1 hybrid, 7.
vesiculosum, T. alexandrinum cultivar BL1 and BV3 hybrid, respectively

than the parents (Table 3) due to less number of
flowers per inflorescence and presence of empty
flowers in inflorescence of hybrid plants. The hybrid
seed was shrivelled and showed negligible germina-
tion even under in vitro conditions (Supplementary
Table 1) and plantlets were necrotic.

Micromorphological characterization
of interspecific hybrids

The micromorphological traits on abaxial leaf surface
of parents and the two interspecific hybrids were
examined through SEM. The leaf texture analysis of
AV1 and its parents revealed that the foliage of
female parent was glaucous and smooth with uniform
distribution of epicuticular wax on the whole leaf
surface (Fig. 3a) and that of male parent was non-
glaucous and rough (Fig. 3b), the foliage of AV1 was
intermediate with inclination towards the male parent
due to the presence of trichomes (Fig. 3c) confirming
its hybridity. The parents of BV3 hybrid demon-
strated rough leaf surface (Fig. 3d, b), whereas the
hybrid had smooth surface (Fig. 3e).

The stomatal density was lower in AV1 as
compared to the parents (Table 4). The comparisons
made for stomatal aperture parameters revealed that
the hybrid possessed intermediate stomatal pore
length and guard cell width between the parents,
while its stomatal pore width was significantly
smaller (Fig. 3c) as compared to both the parents
(Fig. 3a, b, Table 4). The micromorphological traits i.

e. stomatal pore length and guard cell width con-
firmed AV1 hybridity. The stomatal density in BV3
was intermediate between the two parents (Table 4).
The comparison of stomatal aperture parameters
showed that the hybrid had significantly larger
stomatal pore length, guard cell width (Fig. 3e) than
both the parents (Fig. 3d, b), and significantly larger
stomatal pore width as compared to female parent
(Fig. 3e, Table 4), which along with intermediate
stomatal density established its hybridity. The closer
view of micromorphological leaf traits of parents and
the two interspecific hybrids are shown in Supple-
mentary Fig. 3A-E.

Reaction to stem rot

The AV1, BV3 interspecific hybrids and their parents
were screened against S. trifoliorum for reaction to
stem rot. The female parent of AV1 was highly
susceptible (Fig. 4a) exhibiting 100% mortality, AV1
was moderately resistant (Fig. 4b) displaying 11.1%
mortality and the male parent was resistant to the
disease (Fig. 4c) without mortality (Table 5). The
female parent of BV3 was also highly susceptible to
the disease with 80% mortality, whereas the hybrid
was resistant with 8.3% mortality. The decrease in
disease incidence on the hybrids as compared to their
female parents pointed towards recombination of
stem rot resistant trait from the male parent. The
hybrid clones were successfully grown to maturity in
the glasshouse.

@ Springer
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Fig. 3 Scanning electron micrographs of micromorphological
traits (leaf texture, trichomes and stomata) showing compar-
isons among parents and interspecific hybrids. a T
alexandrinum cultivar Wardan (female parent). Bar represents

20 wm. b T. vesiculosum (male parent). Bar represents 10 pm.
¢ AV1 hybrid. Bar represents 20 pm. d 7. alexandrinum
cultivar BL1 (female parent). Bar represents 10 wm. e BV3
hybrid. Bar represents 50 wm

Table 4 Micromorphological characterization of interspecific Trifolium hybrids and their parents

Stomatal density Stomatal pore length (um) Stomatal pore width (wm) Guard cell width (um)

Parentage

T. alexandrinum cv. Wardan 10 11.86 £+ 0.27
AV1 hybrid 8 9.51 £ 043
T. vesiculosum 10 8.53 £ 0.34
T alexandrinum cultivar BL1 6 497 + 0.21
BV3 hybrid 9 10.60 £+ 0.38
T vesiculosum 10 8.53 £ 0.34

3.02 £ 0.26 3.74 £ 0.27
1.64 £ 0.12 3.14 £0.13
2.36 + 0.23 2779 £0.25
1.98 £ 0.36 278 £0.14
2.75 £ 0.25 3.51 £ 021
2.36 + 0.23 2.79 £ 0.25

Stomatal density of parents, AV1 and BV3 hybrids was counted on one representative clone and data presented as mean & SE

@ Springer
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< Fig. 4 Screening of AV interspecific hybrid for reaction to

stem rot causing fungus S. trifoliorum. a Reaction of T.
alexandrinum cultivar Wardan (female parent) to S. trifolio-
rum. b Reaction of AV1 interspecific hybrid to S. trifoliorum.
¢ Reaction of 7. vesiculosum (male parent) to S. trifoliorum

Table 5 Reaction of interspecific Trifolium hybrid and its
parents to Sclerotinia trifoliorum

Clone T alexandrinum AV1 T. vesiculosum

number cultivar Wardan (hybrid) (donor/male
(female parent) parent)

1 90 11 3

2 100 11 3

3 90 11 4

4 100 11 5

5 100 11 2

6 80 13 2

7 90 11 2

8 100 11 4

9 100 11 5

10 90 - 2
94.0 £ 6.9 11.1 £ 0.6 3.2+ 1.2

Data are mean + SD of 9 AV1 clones and 10 clones of each
parent

Discussion

This study demonstrated development of two inter-
specific hybrids between Trifolium species following
embryo rescue by overcoming post-fertilization bar-
rier(s) leading to recombination of stem rot resistance
in cultivated 7. alexandrinum. The highlighting
feature was confirmation of hybridity independently
through molecular, micromorphological, morpholog-
ical analyses and also by their combination. The
combined use of molecular and micromorphological
markers for the assessment of hybridity has been
found to be highly consistent (Bruschi et al. 2000).
The cross-fertilization in both the interspecific
crosses was manifested from withering of petals,
swelling of ovaries and degeneration of unfertilized
ovules. In Trifolium species, the withering of petals in
pollinated florets along with swelling of ovaries is a
positive indicator of cross-fertilization (Evans 1962;
Roy et al. 2004; Kaushal et al. 2005). Degeneration of
unfertilized ovule in a pollinated ovary is also a sign
of cross-fertilization (Evans 1962; Roy et al. 2004).
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In the present study, hybrid embryos were rescued at
heart, torpedo and cotyledonary stages; only the
cotyledonary stage embryos responded, whereas in
other reports, heart (Malaviya et al. 2004; Roy et al.
2004; Kaushal et al. 2005) and early torpedo (Rep-
kova et al. 2006) stages of the hybrid embryos were
found responsive. The frequency of obtaining hybrid
embryos was 2.56% from Wardan x T. vesiculosum
and 6.12% from BL1 x T. vesiculosum, as compared
to 13.92% (Malaviya et al. 2004), 5.39% (Roy et al.
2004), 4.68% (Kaushal et al. 2005) and 2.5%

(Repkova et al. 2006) in other interspecific crosses
between Trifolium species.

The distinctness of leaf surface in hybrids from
their parents was obvious, suggesting hybridity. The
rough or smooth leaf texture is due to trichomes that
are good indicators of hybridization as in the hybrids
these do not remain intact as compared to the parents
(Hardin 1979). The reliability of micromorphological
leaf traits for prediction of hybridity was exhibited in
mentha (Saric-Kundalic et al. 2009) and Quercus
(Fortini et al. 2015). The non-glaucous foliage of
hybrids was evident from absence of epicuticular leaf

Table 6 Integration of molecular, micromorphological, morphological and disease reaction data for confirmation of hybridity

Marker Marker/Trait T. alexandrinum cultivar AVl T. vesiculosum
Wardan (female parent) (hybrid) (donor/male parent)
Molecular TRSSRA02B08 X v v
TRSSRA02C02 X v v
Micromorphological Leaf texture Glaucous Intermediate Non-glaucous
Leaf surface Smooth Intermediate Rough
Stomatal pore length Long Intermediate Short
Guard cell width Wide Intermediate Narrow
Morphological Plant height More Transgressive Less
Leaflet width Narrow Intermediate Wide
Stem diameter Less Intermediate More
Leaflet length Long Intermediate Short
Stipule length Short Intermediate Long
Disease reaction Reaction to stem rot Highly susceptible Moderately resistant Resistant

Marker/Trait T. alexandrinum cultivar BL1 BV3 (Hybrid) T. vesiculosum
(female parent) (donor/male parent)
Molecular TRSSRA02B0S X v v
TRSSRA02C02 X v v
Micromorphological ~ Leaf surface Rough Smooth Rough
Stomatal density Less Intermediate More
Stomatal pore length ~ Short Longer than male parent  Long
Stomatal pore width Narrow Wider than male parent Wide
Guard cell width Narrow Wider than parents Narrow
Morphological Plant height More Intermediate Less
Leaflet width Narrow Intermediate Wide
Leaflet length Long Intermediate Short
No. of branches Less Intermediate More
Disease reaction Reaction to stem rot Highly susceptible Resistant Resistant

X refers to absence of amplicon; v/ refers to presence of amplicon; Stomatal aperture parameters of parents, AV1 and BV3 hybrids
represent mean of stomata from one representative clone; Morphological traits of parents, AV1 and BV3 hybrids are mean £ SE of
10, 9 and 12 clones, respectively; Disease reaction was recorded on 10, 9 and 12 clones of parents, AV1 and BV3 hybrids,

respectively
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wax; non-glaucousness of foliage has been correlated
with enhanced photosynthetic rate due to decreased
light reflectance from leaf surface signifying better
adjustment to low light intensity under winter con-
ditions (Reicosky and Hanover 1978). The leaves of
BV3 displayed increased stomatal density (1.5-fold),
stomatal pore width as compared to female parent,
and increased stomatal pore length, guard cell width
as compared to both parents. The direct correlation of
higher stomatal density with water use efficiency has
been reported in common bean (Martinez et al. 2007),
wheat (Yang et al. 2007) and Leymus chinensis (Xu
and Zhou 2008), pointing that BV3 could have
improved capacity to grow under water deficit
conditions. Leaves of rice having large sized stomata
were reported to have enhanced photosynthetic
efficiency (Chandra and Das 2000) and improved
grain yield in hybrids (Sarwar et al. 2013) due to tight
coupling of stomatal density and size with conduc-
tance leading to increased CO, diffusion and
photosynthesis of plants (Maherali et al. 2002;
Parkhurst 1994; Zhang et al. 2006; Ohsuni et al.
2007), indicative of enhanced photosynthetic ability
in BV3.

The status of putative interspecific Trifolium
hybrids was analysed using SSR markers derived
from white clover (Trifolium repens L.) (Kolliker
et al. 2001). The plantlets of both interspecific crosses
inherited SSR alleles from male parent 7. vesiculosum
confirming hybridity. The alleles specific to female
parent were undetected in F hybrids, this may be due
to genome reorganization by recombination that
affects the position of an SSR marker and its binding
site. If the marker binding site is affected, PCR
amplification by the marker does not occur repre-
senting a null allele situation (Weber and May 1989).
The detection of only male specific alleles in F,
interspecific hybrid derived from cross between wild
and cultivated Helianthus annuus using SSR marker
was taken as an evidence of successful hybridization,
although allele corresponding to female parent
remained undetected (Terzic et al. 2006). Similarly,
the detection of distinct male parent specific alleles in
F, hybrids from crosses between Vigna radiata and V.
mungo with three SSR markers was used to verify
hybridity (Abbas et al. 2015). Visualization of only
male parent specific alleles in F; plants of intraspeci-
fic Cynodon transvaalensis cross using SSR markers
was used as an indicator of hybridization (Tan et al.

2014). There are reports on interspecific hybridiza-
tion between Trifolium species (Malaviya et al. 2004;
Roy et al. 2004; Kaushal et al. 2005); however
evidence on hybrid nature of plants through molec-
ular analysis was not presented.

The morphological traits such as leaflet length and
width of two interspecific hybrids were intermediate
between their parents. The intermediary nature of
such traits in interspecific Trifolium hybrids has been
demonstrated to be a sign of hybridity (Roy et al.
2004; Kaushal et al. 2005). The hybridity in AV1 and
BV3 was corroborated through integrated molecular,
leaf micromorphological and morphological data
(Table 6). The screening of AV1 and BV3 hybrids
for reaction to S. trifoliorum pointed towards resis-
tance of the hybrids to stem rot. The successful
interspecific hybridization between Trifolium species
broadens the genetic base of the recipient and may be
of interest to plant breeders for developing T
alexandrinum lines carrying desirable alleles for
protection against disease and better adaptation to
environmental changes.
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