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Abstract We propose herein a novel single seed descent
protocol that has application across a broad phenotypic
range of pea genotypes. Manipulation of key in vivo grow-
ing conditions, including light, photoperiod and tempera-
ture, combined with precocious in vitro germination of the
embryo at full physiological maturity substantially short-
ened the pea lifecycle. We define full embryo physiological
maturity as the earliest point in seed development when
precocious in vitro germination and robust seedling growth
can be reliably achieved without supply of exogenous hor-
mones. Under our optimised conditions for accelerated
plant growth, embryo physiological maturity was attained
at ¢. 18 days after pollination, when seed moisture content
was below 60% and sucrose level under 100 mg g~' DW.
No delay penalty in terms of time to flowering and plant
development was caused by the culture of immature seeds
18 days after pollination compared to the used of mature
ones. Determining the role embryo maturity plays in the
fitness of the germinated plant has facilitated the truncation
of the lifecycle across pea genotypes. The accelerated sin-
gle seed descent system proposed within this research will
benefit complex genetic studies via the rapid development
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Introduction

The current extended generation cycle time is a serious
impediment to progress in the genetic enhancement of pea
(Pisum sativum L.). To improve pea cultivars, landraces or
primitive forms are hybridised, elite individuals selected
and genes fixed using pedigree, bulk, backcross or single
seed descent (SSD) methods (Redden et al. 2005). Depend-
ing on infrastructure resources, pea geneticists can achieve
between one field-based generation and three glasshouse-
based generations per year. Pea and the other Fabaceae
species lag behind cereals and oilseeds in the availability
of time-saving technology such as doubled haploidy, which
permits the development of homozygous individuals from
gametes in a single generation (Maluszynski et al. 2003;
Croser et al. 2006; Germana 2011).

Within this context, we set out to determine whether
the generation cycle could be radically shortened in pea by
understanding and then manipulating: (1) the physiology of
flowering response, particularly in late and very late flower-
ing genotypes, and (2) the precise time/developmental stage
at which the embryo achieves germination competence
with low external input. The literature provides compel-
ling evidence to suggest combining in vivo growth condi-
tions designed to trigger early flowering with technology to
enable precocious germination of immature seed will enable
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development of a robust and genotype-independent protocol
for rapid generation cycling (Ochatt et al. 2002; Ochatt and
Sangwan 2010).

Conventional pea genetic improvement activities use
SSD to rapidly fix genes in breeding lines. This technique
involves the advancement of a single randomly-selected
seed per plant from early segregating generations (Goul-
den 1939; Brim 1966). As only one seed is used to produce
the next generation, plants can be grown under conditions
that accelerate flowering and seed set, but do not encourage
high yield, enabling up to three generations per year in pea
(Ochatt et al. 2002). Two in vitro based strategies have been
proposed to accelerate SSD turnover in early flowering pea
genotypes: (1) alternating between in vivo growth and in
vitro germination of immature seed to produce 5-5.5 gen-
erations per year (Ochatt et al. 2002), and (2) completing the
full life cycle in vitro to produce up to 6.8 generations per
year (Ochatt et al. 2002; Franklin et al. 2000). To develop a
genotype-independent technique with wider applicability to
genetic enhancement, Ribalta et al. (2014) reported a modi-
fied in vitro SSD system which encompassed mid to late
flowering types. However, some late and very late flowering
genotypes remained unresponsive to the triggering of early
flowering in vitro, limiting its general use within breeding
programs. This genotype-specificity led us to conclude that
a two-phase approach of in vivo plant growth followed by
a short in vitro period for precocious germination, initially
proposed by Ochatt et al. (2002), is the most promising for
the successful development of a genotype-independent pro-
tocol for rapid generation turnover. To modify the protocol
to achieve genotype-independence, we explored mecha-
nisms for precocious floral initiation in plants with late and
very late flowering phenology under normal environments.

Floral transition in pea has been widely studied and is
determined by environmental conditions of which light
(quality and intensity), day length and temperature are most
important (Murfet and Reid 1974; Moe and Heins 1990;
Nelson et al. 2010). Light provides environmental informa-
tion for the plant and consequently affects a wide range of
photomorphogenic responses including flowering (Zhou
and Singh 2002; Spalding and Folta 2005). In pea, a long-
day plant, long photoperiods promote flowering by reduc-
ing the synthesis or transport of an inhibitor of flowering.
This promotive effect is predominantly achieved through a
response that requires long exposure to light and for which
far-red (FR) light is most effective (Weller et al. 1997). In
long-day plants, a red to far-red (R:FR) ratio close to the
natural daylight level of ‘around 1’ is most effective for flo-
ral induction (Vince-Prue 1981). Temperature is the most
important factor controlling the rate of plant development.
Vernalisation notwithstanding, temperatures greater than a
critical minimum base to an upper maximum will shorten
developmental phases in plants, reducing the crop life cycle
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(Vadez et al. 2012; Iannucci et al. 2008). It is our intention
to exploit this information to identify in vivo growth con-
ditions that will reliably trigger precocious floral initiation
across the full range of pea breeding germplasm in Australia.

To further accelerate the generation cycle, we need to
identify the earliest point during pea seed development
when maximum in vitro germination and optimal seedling
growth can be reliably achieved with low external inputs.
Legume seed development can be divided into three phases:
(1) cell division (embryogenic axis development), (2) seed
filling (physiological maturation) and (3) dehydration and
acquisition of desiccation tolerance (Weber et al. 2005). The
acquisition of germination competence is associated with an
increase in seed dry matter during phase 2 when all embryo
structures have been formed (Gallardo et al. 2003). Embryo
physiological maturity is achieved at the end of the seed-fill-
ing phase when seed reaches its maximum dry weight (Ellis
et al. 1987). Factors implicated in the modulation of pea
embryo physiological maturity include seed moisture con-
tent and sucrose concentration (Le Deunff and Rachidian
1988; Ellis et al. 1987; Weber et al. 2005). In pea, embryo
physiological maturity is reached when the seed moisture
content level drops below 55% during phase 2, and opti-
mal seed germination and subsequent seedling growth are
achieved (Le Deunff and Rachidian 1988; Ellis et al. 1987).
Clear data for sucrose content in pea is unavailable, but for
the grain legume Vicia narbonesis, Weber et al. (1998) dem-
onstrated peak sucrose concentration as the point at which
cells start to actively accumulate starch, which is a reliable
indicator of the onset of embryo maturation. Using these
results as a starting point, we intend to establish indicators
of embryo maturation through in vitro germination of pea
embryos at different developmental stages. The develop-
ment of simple, reliable indicators of embryo physiological
maturity in pea will assist in the identification of the most
appropriate stage for rapid in vitro germination, and also in
the transfer of this technology to other economically-impor-
tant species.

Based on the literature we expect that optimising in vivo
growth parameters, including light, photoperiod duration
and temperature, will induce early floral onset. Combining
this with the identification of the exact timing of physiologi-
cal maturity of the embryo that facilitates robust in vitro
germination and seedling growth should enable us to over-
come previous constraints of genotype dependence.

Materials and methods

The research was undertaken in the controlled plant growth
facilities at The University of Western Australia, Perth (lat:
31°58'49"S; long: 115°49'7"E). Three cultivars representing
early (PBA Twilight), mid (PBA Pearl) and late (Kaspa) field
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flowering phenology were used for the initial experiments
on precocious floral initiation. These genotypes were also
used to determine sucrose and moisture contents indicat-
ing embryo physiological maturity and in vitro germination
competence (Table 1). To develop a genotype-independent
in vivo/in vitro generation acceleration protocol, a broad
range of early, mid, late and very late flowering pea geno-
types representative of modern Australian breeding material
was used (Table 1). This research included: (1) development
of the in vitro germination protocol and (2) determination of
the effect of precocious germination on phenology.

Study of key growth parameters for rapid in vivo floral
onset

To determine the most appropriate conditions for early
floral onset, plants of the cultivars PBA Twilight (early),
PBA Pearl (mid) and Kaspa (late) were grown in a range
of environments with different physical conditions (Table 2)
and compared with field data (Merredin trial station, lat:
31°28'55"S; long: 118°16'44"E; Department of Agriculture
and Food Western Australia). The R:FR ratio in Environ-
ment 4 was adjusted to closely mimic the natural light ratio.
Light measurements were undertaken in all tested environ-
ments using a Sekonic C7000 SpectroMaster spectrometer
(Sekonic Corp., Tokyo, Japan). Light intensity under natural
conditions (Environments 1, 2 and 3) was measured during
October and November at three different times (0800, 1200
and 1600 h) to check variation throughout the day. These
values were averaged over three scans in the range of 380—
780 nm. Ratio calculations followed the method of Runkle
and Heins (2001) where the R:FR ratio was measured as a
narrow band (655-665:725-735 nm). Seeds were sown in
plastic 1 L pots filled with steam pasteurised potting mix
(UWA Plant Bio Mix—Richgro Garden Products Australia
Pty Ltd). Plants were watered daily and fertilised weekly
with a water soluble N:P:K fertiliser (19:8.3:15.8) with
micronutrients (Poly-feed, Greenhouse Grade, Haifa Chem-
icals Ltd.) at a rate of 2 g per pot. Flowering time (days

Table 1 Pea genotypes used in this study and their main characteristics

Table 2 The range of environments and growing conditions used for
early flowering induction

Environ-  Environ-  Environ- Environ-
ment 1 ment 2 ment 3 ment 4
Temperature (day/ 20/18°C  24/20°C  24/20°C 24/20°C
night)
Light source Natural Natural Natural light Metal
light light plus incan-  halide
descent lamps®
globes® for  and
8 h day™! incan-
descent
globes?
R:FR ratio 1.2 1.2 1.2 1.3
Light intensity 0800 h: 500-700 600
(umol m™s™) 1200 h; 900-1000 (con-
1600 h: 600800 stant)
Photoperiod 13-14h 13-14h  20h 20h

*Philips Eco Classic globes, 42 W 240 V
400 W Uni-form Pulse Start, Venture Lighting Int

from sowing to anthesis of the first flower) was recorded
under different growth conditions. Anthesis (pollination)
was recorded when petals extended beyond the sepals.

Identification of the earliest embryo developmental
stage at which maximum in vitro germination
and optimal seedling growth occur

To identify when reliable in vitro germination and optimal
seedling growth occurred with low external inputs (i.e. no
plant growth regulators required), the sucrose concentration
and moisture content were measured in immature seeds pro-
duced in Environment 4 across a range of time intervals.
Flowers of PBA Twilight (early), PBA Pearl (mid) and
Kaspa (late) were individually tagged at anthesis. Samples of
developing seeds were collected every 2 days from 10 to 30
DAP (days after pollination) and the integuments removed.
Sucrose and moisture content analysis from immature seeds

Genotype Flowering type Leaf type Plant size Comment

PBA Twilight* Early Semi-leafless Medium-tall Australian cv.—Kaspa type

PBA Pearl® Mid Semi-leafless Medium-tall Australian cv.—grain yield type
PBA Hayman Late Conventional Tall Australian cv.—forage type

PBA Coogee Late Conventional Tall Australian cv.—forage/grain type
0ZP1202 Late Semi-leafless Semi-dwarf Australian line—Kaspa type
0OZP1101 Late Semi-leafless Semi-dwarf Australian line—Kaspa type

Kaspa® Late Semi-leafless Semi-dwarf Australian cv.—industry standard
00PO16-1 Very late Conventional Tall Ethiopian line—blackspot resistance

#Used as representative of early, mid and late flowering phenology in initial experiments
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were undertaken in Environment 1 as a control. This analy-
sis was carried out in a narrower range which comprises
the period between acquisition of germination capacity (14
DAP) and full embryo maturation (22 DAP) (Gallardo et
al. 2008; Weber et al. 2005), to characterise and compare
immature seed development in a less optimal environment.
All samples were stored at —80 °C until being freeze-dried
at 20 pbar and 22 °C using a VirTis®, Bench Top"" K series
freeze dryer (Gardiner, NY, USA).

Moisture content (%) was calculated as the difference in
weight before and after sample freeze-drying and expressed
as a percentage of fresh weight. For the sucrose quantifi-
cation analysis, 0.1-1.0 g of freeze-dried material was
weighed and placed into a 15 ml falcon tube with 10 ml of
80% (v/v) methanol. The tissue was then homogenised and
kept at 4 °C overnight to extract. Labelled internal standard
(*3C,, sucrose, Omicron Biochemicals, South Bend, IN,
USA) was added to 20 pl of sample, taken up in 2 % acetic
acid in water and then centrifuged for 3 min at 13,000 g.
Samples were analysed by UPLC-MS as described previ-
ously (Mason et al. 2014).

In vivo/in vitro accelerated single seed descent (aSSD)
protocol development

Plants of the eight phenotypically-diverse pea genotypes
(Table 1) were grown under the most inductive conditions
for flowering (Environment 4; Table 2) and flowers were
individually tagged at anthesis (as previously described).
Pods containing immature seeds were harvested at 14, 16
and 18 DAP and surface-sterilised in 70% (v/v) ethanol
for 1 min. Pods were opened under sterile conditions and
immature seeds (3—4 seeds per pod), without integuments,
were cultured in 80 mm Petri dishes (5 seeds per dish) con-
taining 25 ml of modified MS medium (MS-2; Murashige
and Skoog 1962) supplemented with 2% sucrose (Sigma),
0.6% agar (Type M, Sigma) and a pH of 5.6. The MS-2
medium was autoclaved at 121 °C for 20 min. A minimum
of 50 seeds per genotype per treatment was cultured. Seeds
were incubated at 25°C in the dark for the first 24 h and
then transferred to a 16 h photoperiod with a light inten-
sity of 100 pmol m™ s™! from cool white fluorescent tubes
(LIFEMAX, TL-D 3-W/840, Philips Lighting, Bangkok,
Thailand) for another 72 h.

Seedlings were individually transplanted to 48-well plas-
tic trays (Rite Gro—Garden City Plastics, Perth, Australia)
filled with steam pasteurised potting mix and grown under
the same conditions as the parent plants. Plants were hard-
ened by placing them at high humidity for 1 week. 2 weeks
after transplanting, ten seedlings per genotype from the 16
and 18 DAP developmental stages were transferred to 1 L
pots and taken to the next generation. For all treatments,
the percentages of germination after 4 days of in vitro
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culture and plants at the third-leaf stage after 14 days of
sowing, and the time to flowering were recorded. Embryos
were considered germinated when both radicle and shoot
emergence was observed. To show the seed development
in Environment 4, photos of immature seeds of the cultivar
Kaspa were taken every 2 days from 14 to 22 DAP using an
Axiocam camera and annotated using Axiovision Imaging
System software (Carl Zeiss, Germany), and fresh weight
recorded.

The experimental design was completely randomised and
all treatments were repeated at least twice. Statistical analy-
sis of the percentage germination after 4 days of culture and
the percentage of plants that reached, at least, the third-leaf
stage was performed using 2 variance test for homogeneity
of the binomial distribution. Other statistical analyses were
performed by ANOVA. The significant difference level for
%2 and ANOVA was set at P <0.05. Moisture content values
(%) in Fig. 2 were arcsine transformed prior to statistical
tests to improve normality. Means were compared using
Tukey’s test and standard error values calculated using IBM
SPSS Statistics 22.0 software.

Results

Study of key growth parameters for rapid in vivo floral
onset

For the early (PBA Twilight), mid (PBA Pearl) and late
(Kaspa) flowering cultivars, time to flower initiation dif-
fered across genotypes and environments and was modu-
lated by temperature, light and photoperiod. The R:FR ratio,
known key factor in the induction of early flowering in pea
(Cummings et al. 2007), was adjusted to closely mimic
natural light in Environment 4 (Table 2). All four environ-
mental regimes accelerated floral onset compared to field
data (Fig. 1). For the three genotypes tested, floral initiation
was most precocious when plants were grown under a pho-
toperiod of 20 h, a temperature of 24/20 °C (day/night) and
a constant light intensity of 600 pmol m= s™! provided by a
combination of metal halide lamps and incandescent lights
(Environment 4). These conditions resulted in 2.4-2.5 times
faster floral onset compared to field conditions. Growing
plants under natural light conditions, ambient photoperiod
of 13—14 h and a temperature of 20/18 °C (day/night; Envi-
ronment 1) delayed floral onset for the three pea cultivars
compared to the other three environments. As expected,
floral onset was accelerated by increasing the growing tem-
perature (Environment 2; between 6.5 and 10 days) and
extending the photoperiod with the addition of incandescent
light (Environment 3; between 14 and 20.7 days). Envi-
ronment 4 conditions accelerated flowering by 18.8-26.7
days compared to Environment 1 and was thus adopted for
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Fig. 1 The effect of environment (Env.) on time to flowering (d) of
early (E), mid (M) and late (L) pea flowering genotypes (field data
source: Department of Agriculture and Food Western Australia). Data
represent mean values + SE; n=10

subsequent experiments. Growing plants under constant
irradiation of 600 pmol m~2 s~! (Environment 4) resulted in
4.3-6.0 days faster flowering compared to variable irradia-
tion between 500 and 1000 pmol m~2 s~! throughout the
day (Environment 3; Table 2). Genotypic differences in time
to flowering between early and mid-flowering genotypes
observed under a photoperiod of 13—14 h (Environments 1
and 2) disappeared when growing plants under a photope-
riod of 20 h (Environments 3 and 4; Fig. 1).

Identification of the earliest embryo developmental
stage at which optimal in vitro germination and
seedling growth occur

Sucrose concentration and moisture content were measured
in immature seeds of PBA Twilight (early), PBA Pearl
(mid) and Kaspa (late) produced in Environment 4 (Fig. 2a,
b). This analysis was partially repeated in Environment 1
as a control to examine the effect of the environment on
sucrose concentration and moisture content. No differences
were observed between genotypes in either environment,

A 100
I Suc Env 1
[ SucEnvd
= 600 A §\g\ R x\‘lofsl Envl | ¢
= —O— Moist Env 4
(a]
= ~
g0 S
\E F 60 ;E)
2 400 4 I =
s 3
E 5]
] =
2 40 F
<] g
1)
2 =
1
S 200 A
o
&z - 20
0 'n ln ln T vﬁ 0
10 12|14 16 18 20 22| 24 26 28 30

Days after anthesis

Fig. 2 a Sucrose concentration (Suc; mg g~' DW) and moisture con-
tent (Moist; %) during pea seed development in Environment 1 (Env
1) and Environment 4 (Env 4). The box represents the more narrow
range of seed development used to compare between environments.

Data represent mean values + SE; n=6-9. b Kaspa seed development
and weight (mg; values + SE; n=5) from 14 to 22 days after pollina-
tion in Environment 4 (scale bar 1 mm)
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therefore, data were combined. The sucrose level in
immature seeds was affected by the growing environment
(P<0.05). The sucrose concentration detected in immature
seeds produced in Environment 1 was more than double at
14 DAP and more than three times at 16 and 18 DAP than
that observed in Environment 4. Within the time interval
studied, a peak in sucrose concentration was observed in
Environment 4 in immature seeds between 10 and 12 DAP
(300—400 mg g~! DW; Fig. 2a) and Environment 1 between
14 and 16 DAP (450500 mg g~' DW). An abrupt drop in
sucrose levels was observed in Environment 4 between 12
DAP (401 mg g~! DW) and 14 DAP (203 mg g~' DW);
while in Environment 1 the sharp drop was delayed by 6
days (from 341 mg g~! DW at 18 DAP to 85 mg g~! DW at
20 DAP). Moisture content in immature seeds in Environ-
ment 4 dropped below 60 % between 16 and 18 DAP while
in Environment 1 this level presumably occurred sometime
after 22 DAP.

In vivo/in vitro accelerated single-seed-descent (aSSD)
protocol development

No germination was recorded up to 4 days from in vitro cul-
ture for the 14 DAP treatment in any of the tested genotypes
(Table 3a). For all genotypes tested, the in vitro culture
of immature seeds 18 DAP resulted in higher (PBA Twi-
light, PBA Hayman, PBA Coogee, OZP1101 and Kaspa) or
equal (PBA Pearl, OZP1202 and 00P016-1) percentages of
in vitro germination after 4 days of culture compared with
the 16 DAP treatment. Variability in plant development was
clearly observed between treatments and genotypes 14 days

Table 3 a Percentage of germination 4 days after in vitro culture for
14, 16 and 18 DAP treatments; and b Percentage of plants from imma-
ture seeds (14, 16 and 18 DAP) that reached, at least, the third-leaf
stage 14 days after in vivo transfer

Genotype a) Germination (%) b) Plants at the third-
leaf stage (%)

14 16 18 14 16 18

DAP DAP DAP DAP DAP DAP
PBA Twilight (E) 0 819 940 0 0 39.2%
PBA Pearl (M) 0 99.0 980 0 414  674%
PBA Hayman (L) 0 80.5 100 0 67.5 100*
PBA Coogee (L) 0 93.5 100 0 64.2 100*
0ZP1202 (L) 0 100 100 0 0 18.9%
OZP1101 (L) 0 710 950 0 0 33.7*
Kaspa (L) 0 75.0 100 0 69.3 86.4*
00PO16-1 (VL) O 99.0 100 0 91.7 100

E early flowering, M mid flowering, L late flowering, VL very
late flowering

*Indicates significant differences in individual genotypes between 16
and 18 DAP at P<0.05; n=50
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after in vivo transfer (Table 3b). In all genotypes studied,
delaying harvest of immature seeds for 2 days, from 16 to
18 DAP, resulted in substantially faster plant development
(Table 3b) and flowering (Fig. 3a). The fastest development
was observed in genotypes PBA Hayman, PBA Coogee,
Kaspa and 00P016-1 where 86—100 % of seedlings originat-
ing from the 18 DAP treatment reached, at least, the third-
leaf stage 14 days after in vivo transfer. No plants from the
14 DAP treatment reached the third-leaf stage 14 days after
in vivo transfer.

A © rmmm 16DAA
[ 18DAA
[ Mature seed
50

30

Time to flowering (d)

Generations/ year

Fig. 3 a Time to flowering (d) of in vitro derived plants and mother
plants (mature seeds) across genotypes in Environment 4; and b Num-
ber of generations per year obtained for two different embryo develop-
ment stages across genotypes (average between two generations). £
early, M mid, L late and VL very late. Continuous bar indicates the
number of generations per year that can be obtained with the proposed
protocol compared to the conventional single-seed-descent system for
early/mid (dotted bar) and late (dashed bar) flowering genotypes. Data
represent mean values + SE; n=10. The absence of an error bar indi-
cates SE=0
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With time to flowering, no delay was observed in any
tested genotype (except for OZP1202) by the culture of
immature seeds 18 DAP compared to plants originating from
mature seeds (Fig. 3a). In genotypes Hayman and OZP1101,
floral onset occurred faster with the 18 DAP treatment com-
pared with the culture of mature seeds (between 3.5 and 9
days, P<0.05). The 16 DAP treatment delayed flowering
time by 7-17 days across genotypes compared with the 18
DAP treatment. Growing plants under our most appropri-
ate in vivo conditions for rapid floral initiation combined
with in vitro culture of immature seeds 18 DAP enabled the
production of more than six generations per year across the
diverse genotypes studied (Fig. 3b).

Discussion

Manipulation of key in vivo growing conditions, including
photoperiod, light and temperature, combined with in vitro
germination of embryos at a precise developmental stage
substantially shortened the life cycle in pea. Seed moisture
and sucrose content were confirmed as reliable indicators
for the identification of the exact stage for immature seed
culture (embryo physiological maturity). For the first time,
we have demonstrated that, while it is possible to germi-
nate immature pea seed as early as 14 DAP without exog-
enous application of hormones, it is more efficient to allow
embryos to develop until 18 DAP in terms of generation
turnover time. With the proposed protocol, a 60-day genera-
tion cycle can now be reliably achieved across phenotypi-
cally and genetically-diverse pea germplasm.

The timing of flowering, and, in particular, the degree to
which it is responsive to the environment, is a vital element
in the adaptation of plant species. Not surprisingly, tem-
perature and photoperiod are key factors in the transition
to flowering in legumes (Nelson et al. 2010; lannucci et al.
2008; Summerfield et al. 1985; Valipour et al. 2015). The
effects of light quality on plant growth and floral initiation
have been clearly established in long-day plants (Runkle
and Heins 2001; Cerdan and Chory 2003). We know that
the R:FR ratio is important in floral initiation and the natural
R:FR ratio (close to 1:1) seems to be the most effective for
flower induction in long-day pea plants (Cummings et al.
2007), so this ratio was closely mimicked in our artificial
growth conditions (Environment 4). The generation accel-
eration protocol presented here has overcome the recalci-
trance of very late flowering genotypes to the acceleration
of floral initiation. This was an unresolved problem in the
four previous reports proposing in vitro based or assisted
systems for accelerating generation turnover in pea (Ochatt
et al. 2002; Ribalta et al. 2014; Franklin et al. 2000; Ochatt
and Sangwan 2010). In this study, a growth temperature
of 24/20°C (day/night) with a photoperiod of 20 h from a

combination of metal halide lamps and incandescent globes
with a constant irradiance of 600 pmol m~2 s~! (Environ-
ment 4) provided the most rapid and uniform floral onset
and seed set across genotypes, including early, mid, late and
very late flowering types. Growing plants under our opti-
mised conditions allowed up to 2.5 times faster floral onset
compared to field conditions and up to 1.7 times compared
to the conventional SSD system (Environment 1) across the
entire range of pea genotypes tested. In long-day plants,
longer photoperiods promote earlier flowering. However,
substantial variation in the plasticity of this response can
be expected among diverse genotypes (Sultan 2000). In our
study, later-flowering genotypes showed significant flower-
ing time plasticity mainly in response to photoperiod. For
example, growing plants under a 20 h photoperiod (Envi-
ronments 3 and 4) eliminated differences in time to flower-
ing between early and mid-flowering genotypes that were
observed under a 13—14 h photoperiod (Environments 1 and
2; Fig. 1). Also, all the late flowering genotypes we tested
behaved as early/mid-flowering types under our optimised
conditions (Environment 4; Fig. 3a). This supports the idea
presented by Zhang and Lechowicz (1994) that selection for
later-flowering genotypes would select concomitantly for
greater plasticity.

The success of germination and early plant growth is
largely determined by the physiological, genetic and bio-
chemical features of the seed (Gallardo et al. 2008; Hay et
al. 2010; Udomdee et al. 2014). A complex regulatory net-
work triggers the initiation of maturation and accumulation
of storage products (starch and other carbohydrates) caused
by sucrose cleavage (Weber et al. 2005). The seed carbohy-
drate state provides signals to adjust metabolism to specific
physiological conditions. For example, in Vicia, high lev-
els of sucrose stimulate starch accumulation in developing
cotyledons which are correlated with the onset of embryo
maturation (Weber et al. 1998). In pea, seed filling and mat-
uration are linked to a slight decrease in moisture content
and are terminated when seed moisture content is close to
55% (Le Deunff and Rachidian 1988). In our research, we
observed clear differences in embryo development between
Environments 1 and 4. We estimate that the onset of embryo
physiological maturity (when sucrose peak is observed) is
achieved 4 days earlier in Environment 4 (between 10 and
12 DAP) compared to Environment 1 (between 14 and 16
DAP). Embryo physiological maturity was fully attained
at approximately 18 DAP in Environment 4 and more than
22 DAP in Environment 1, when moisture content was
under 60% and sucrose concentration below 100 mg g~
DW (Fig. 2a). Growing plants in Environment 4 not only
resulted in faster floral onset but also accelerated embryo
development compared to Environment 1.

According to Gallardo et al. (2003), Medicago truncat-
ula seeds acquire the ability to germinate at approximately

@ Springer



352

Plant Growth Regul (2017) 81:345-353

14 DAP. In our experiment, seeds harvested 14 DAP had
the capacity to germinate in vitro with no requirement for
plant growth regulators in the culture medium, although
at a much lower rate. Allowing the embryo to mature lon-
ger on the plant, and harvesting immature seeds 18 DAP
instead of 16 DAP, enabled more robust in vitro germina-
tion, faster seedling development and accelerated floral
onset in vivo. There is no clarity around early vigour and
later developmental penalties that may occur when embryos
are precociously germinated. Interestingly, no delay penalty
in terms of time to flowering and plant development was
caused by the culture of immature seeds 18 DAP compared
to the use of mature ones in the tested genotypes (except for
0ZP1202). The plants produced with the proposed system
were morphologically normal and set flowers and normal
pods/seed when grown under conventional glasshouse con-
ditions. Achieving embryo physiological maturity (18 DAP
in Environment 4) appears to be a pre-requisite for optimal
in vitro germination and seedling development from imma-
ture seeds. This is in line with recent findings regarding
the genetic determinism of embryo development and seed
filling, which show that several key transcription factors/
genes involved in both these processes are overexpressed
at precisely that developmental stage (Noguero et al. 2013).
Endoreduplication, the cytogenetic imprint of the onset of
the seed-filling phase required for seed germination, also
occurs at that stage (Ochatt 2015). Further research is neces-
sary to elucidate the role hormones may play on the acquisi-
tion of germination competence during seed development.

The enhanced in vivo/in vitro SSD protocol presented
here overcomes previously reported constraints of genotype
dependence resulting in a robust, cost-effective and broadly
applicable system. This protocol enabled a drastic reduction
of the generation cycle in pea compared to the conventional
SSD system (Environment 4 vs. Environment 1) by: (1) accel-
erating floral onset (saving between 20 and 27 days) and (2)
reducing the time to harvesting through culture of immature
seeds (18 DAP) instead of fully mature seed (45 DAP). This
resulted in an overall saving of 47-54 days per generation
across genotypes. The use of this technology will enable the
development of near-homozygous lines in a single year pro-
viding a major advantage to breeding programs for the devel-
opment of novel genotypes with improved yield and stress
resistance. It is clearly also beneficial for the rapid develop-
ment of recombinant inbred lines (RILs) to map gene-trait
associations. The concurrent availability of marker technol-
ogy and this step reduction in generation cycle time provides
breeders with the opportunity to re-design their approach to
crop improvement; for example, to rapidly develop complex
populations such as multi-parental advanced generation inter-
crosses (MAGIC) (Cavanagh et al. 2008).
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