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Summary

The timing of seed germination may determine the

success of a weed species in an agroecosystem, and its

expression is modulated by environmental conditions,

but also by seed physiology and anatomy. The aims of

this study were to investigate the roles of light, peri-

carp, dry storage and cold stratification on seed dor-

mancy and germination in feral radish, a troublesome

agricultural weed in temperate zones of the Americas

that reduces crop yields. To this end, we used isolated

intact pods and extracted seeds to test germination

over time under contrasting temperature, light and

storage conditions. Here, we showed that fresh seeds

were non-dormant, but that light and the presence of

the pericarp reduced germination, especially under low

temperatures. The pericarp reduced the final water

content absorbed by seeds inside pods and decreased

absorption/dehydration rates. The pericarp showed

several small lignified cell layers in the endocarp, and

x-ray images displayed the lack of space between the

partially embedded seed and the endocarp. Dry stor-

age and cold stratification were ineffective in breaking

the dormancy imposed by the pericarp. The apparent

requirement for darkness and the mechanical restric-

tion of the pericarp may have the potential to induce

dormancy, spreading the timing of seed germination

over a more extended period and hindering the control

of feral radish.
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Introduction

The timing and place of germination are crucial factors

in the survival of the resulting seedling and may deter-

mine the environmental conditions experienced by

plants for the rest of their lives, and therefore the suc-

cess of a species in an agroecosystem (Batlla & Ben-

ech-Arnold, 2014). Prediction of timing, extent and

place of seed germination of many populations is

hampered because germination is influenced by several

environmental factors (e.g. temperature, light/dark,

moisture) and physiological and anatomical aspects of

the seeds (Baskin & Baskin, 2004, 2014).

Light is a major environmental cue for germination

and many species have shown different responses to

light and darkness (Baskin & Baskin, 2014; Batlla &

Benech-Arnold, 2014). Under field conditions, light

controls on germination can determine where
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germination takes place (Batlla & Benech-Arnold,

2014). For example, seeds of some species germinate

better in darkness than in light (Malik et al., 2010),

suggesting that seeds left on the soil surface may not

germinate until burial by tillage and/or seeding opera-

tion (Chauhan et al., 2006). Seeds of other species may

germinate better in light than in darkness (Presotto

et al., 2014). This light requirement could prevent the

germination of buried seeds and promote germination

of the seeds that are on or near to the soil surface.

Dormancy is the absence of radicle protrusion even

when environmental conditions are favourable for ger-

mination (Baskin & Baskin, 2014) and it is caused by

endogenous (characteristics of the embryo) and/or

exogenous (e.g. seed coats, fruit walls) components

(Finch-Savage & Leubner-Metzger, 2006). The dor-

mancy seeds possess at the time of dispersal from

maternal plants is called ‘primary dormancy’ (Baskin

& Baskin, 2014). Seed dormancy has evolved to avoid

germination during periods that are only ephemerally

favourable and, therefore, it increases seedling survival

and eventually plant maturity (Finch-Savage & Leub-

ner-Metzger, 2006). According to the Nikolaeva-

Baskin classification system, there are five classes of

seed dormancy (Baskin & Baskin, 2004, 2014). Mor-

phological dormancy is caused by an under-developed

embryo that needs time under specific conditions to

complete growth within the mature seed. Physical dor-

mancy is due to one or more water-impermeable layers

in the seed coat or fruit, and physiological dormancy

is by low growth potential, or push power, of the

embryo. Physiological dormancy is most frequent dor-

mancy among plant species. Morpho-physiological and

combinational (physical + physiological) dormancy are

provoked by an under-developed embryo with a physi-

ological component of dormancy, and by a water-im-

permeable seed coat or fruit with a physiologically

dormant embryo respectively (Baskin & Baskin, 2014).

A dry indehiscent fruit is the dispersal unit for some

species of Brassicaceae (Cousens et al., 2010; Mamut

et al., 2014; Lu et al., 2015a; Zhou et al., 2015). Previ-

ous research revealed that the pericarp may prevent or

delay germination, producing staggered seedling emer-

gence (Chauhan et al., 2006; Lu et al., 2017). A possi-

ble explanation is that the pericarp mechanically

restricts embryo expansion because the embryo does

not have sufficient growth potential to break the fruit

wall (Mekenian & Willemsen, 1975; Lu et al., 2015b;

Zhou et al., 2015). Depending on the species, a period

of dry storage (after-ripening), cold stratification, light

or darkness may increase the growth potential of the

embryo enough for the radicle to push through the

fruit wall and thus for seeds to germinate (Baskin &

Baskin, 2014; Lu et al., 2015a; Zhou et al., 2015). In

addition, the pericarp around seeds may reduce the

rate of imbibition and/or prevent full water uptake

required for seed germination (Cousens et al., 2010;

Sperber et al., 2017), and/or it may contain chemical

inhibitors of germination (Mekenian & Willemsen,

1975).

Raphanus sativus L. (radish) is an important root

crop from the Brassicaceae family. Spontaneous popu-

lations of radish found in several parts of the world

are considered de-domesticated forms (feral) derived

from the cultivated biotype (Snow & Campbell, 2005).

Its probable wild ancestor, Raphanus raphanistrum

(wild radish), is a successful invader and has entered

the ranks of the worst weeds worldwide (Snow &

Campbell, 2005). The mechanisms that regulate seed

germination in this species have been widely studied.

In R. raphanistrum, freshly harvested seeds showed pri-

mary dormancy that was reduced with dry storage

under laboratory conditions (Mekenian & Willemsen,

1975; Malik et al., 2010). Light partially inhibited seed

germination (Malik et al., 2010), and its effect was

stronger at lower temperatures (Mekenian & Willem-

sen, 1975). In addition, a combination of mechanical

resistance and non-leachable chemical inhibitors associ-

ated with the pericarp seem to be responsible for the

low germination rates for R. raphanistrum in seeds

inside pods (Mekenian & Willemsen, 1975; Cheam,

1986). However, Cousens et al. (2010) later concluded

that the seed coat was more important than the peri-

carp in causing dormancy in this species. For feral

R. sativus, there is no information on whether isolated

seeds have primary dormancy and whether the temper-

ature, light and pericarp have any effect on seed germi-

nation. A greater understanding of its seed/fruit

ecology will be helpful for devising effective and sus-

tainable management strategies to reduce the dispersal

of feral radish populations.

Based on our observations and results from other

studies of indehiscent fruit of Brassicaceae species

(Cousens et al., 2010; Lu et al., 2015a; Zhou et al.,

2015), we hypothesized that the pericarp of feral

R. sativus can influence seed dormancy and germina-

tion. To test this hypothesis regarding germination in

feral R. sativus, we conducted a study to: (i) determine

the effect of temperature and light conditions on seed

germination, (ii) determine whether the pericarp

reduces seed germination under different temperatures

and light conditions, and if so, (iii) determine whether

the inhibition is due to the physical restriction of water

uptake, mechanical restriction to embryo expansion

and/or the presence of chemical inhibitors, and (iv)

determine whether dormancy could be broken via

after-ripening in dry storage and/or with cold stratifi-

cation.
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Material and methods

Study system

Raphanus sativus is grown in most parts of the world,

and its feral forms have been found in Europe, North

America, South America and Japan where it can be a

problematic agricultural weed (Snow & Campbell,

2005; Pandolfo et al., 2016). Radish and its feral forms

are self-incompatible and insect-pollinated with an

annual or biennial life cycle. Its fruits, colloquially

called loment or more commonly ‘pod’, are long, cylin-

drical, multi-seeded, spongy, dry and indehiscent

(Snow & Campbell, 2005). Pod structure consists of an

over-developed stylar part where the seeds are located,

while the valve part, common in the Brassicaceae, is

completely aborted (Roth, 1977; Fig. 1).

Plant material

Mature pods were collected from at least 20 individu-

als in three natural populations of feral R. sativus

growing in southern Buenos Aires Province, Argentina.

RSBA2 was collected at a fence line near to Coronel

Pringles (S 37°490, W 61°050), RSBA3f in a oilseed

rape field near to Balcarce (S 37°350, W 58°310), and

RSBA16 in a sunflower field near to Villalonga (S

39°550, W 62°300; Pandolfo et al., 2016; Vercellino

et al., 2018). To increase the seed amount and mini-

mize the maternal environment effect, 30 seedlings of

each accession were used to produce a new generation

in the experimental area of the Agronomy Depart-

ment, Universidad Nacional del Sur, Bahia Blanca,

Argentina. To prevent cross-pollination, accessions

were isolated in individual tents within a pollen-proof

enclosure built with anti-aphid mesh. Open pollination

was allowed within each accession (each tent) by

adding hives of honeybees (Apis mellifera). At the end

of the growing season, mature pods were collected and

seeds of a portion of pods were extracted by hand or

using a mortar. Seeds and non-harvested pods were

stored at room temperature and less than 10% mois-

ture until use. Preliminary germination experiments

revealed no differences in seed germination between

the accessions (Figure S1). Thus, we generally used

one of the accessions (RSBA3f) in each experiment,

depending on the availability of seeds/pods. Four seed

states were used for trials: (i) seeds extracted from the

pods (isolated seeds; exp. 1, 3 and 4), (ii) seeds within

transverse segments of pods fractured manually in sec-

tions of one or two seeds (seeds inside broken pods;

exp. 4), (iii) seeds on portions of pericarps that were

carefully opened longitudinally (seeds with detached

pericarps; exp. 3), and (iv) intact fruits (seeds inside

intact pods; exp. 1, 2, 3, 4, 5 and 6).

Experiment 1: effect of dry storage on germination

on intact seeds and seeds in pods

Isolated seeds and seeds in intact pods stored in paper

bags under laboratory conditions for 0 (freshly har-

vested), 2, 6, 12 and 30 months were tested for germi-

nation in order to determine seed dormancy, seed

germination responses to light and darkness, the effect

of the pericarp on seed germination and whether dor-

mancy-break occurs during dry storage (after-ripen-

ing). Isolated seeds and intact pods were incubated at

14/4, 21/9 and 28/14°C in light/darkness (12/12 h) or

in constant darkness for 15 days. For each combina-

tion of treatments [five storage periods 9 three temper-

ature regimes 9 two light treatments 9 two pericarp

treatments (i.e. isolated seeds and seeds inside intact

pods)], four replicates of 30 seeds or of five intact pods

were incubated on two layers of filter paper moistened

Fig. 1 Pod and seeds of feral Raphanus

sativus. Whole pod (A), isolated seeds (B),

and longitudinal (C) and transverse (D)

section of the pericarp.
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with 10 mL of distilled water in 9-cm-diameter Petri

dishes. The 14/4, 21/9 and 28/14°C regimes represent

the average winter, spring–autumn and summer tem-

peratures in the south of Buenos Aires Province. Light

was provided by fluorescent lamps (60 lmol m�2 s�1),

and continuous darkness was generated by wrapping

the Petri dishes in two layers of aluminium foil. Ger-

mination in light was examined periodically (2–3 days

intervals) during 15 days, germinated seeds were

removed at each count. In the darkness condition, ger-

minated seeds were only counted after 15 days. At the

end of the trial, pods were cut open, and their germi-

nated and non-germinated seeds were counted. A seed

was considered germinated when the radicle had

emerged. Non-germinated seeds were tested for viabil-

ity using a 1% (w/v) tetrazolium chloride solution. The

tetrazolium test on the non-germinated seeds showed

99% viable seeds. Hence, non-germinated seeds were

considered to be alive. Unless otherwise stated, all ger-

mination experiments were performed using these

methods. The experiment was conducted as a com-

pletely randomized design.

Experiment 2: effect of cold stratification on

germination of seeds in pods

To determine whether cold stratification would pro-

mote the germination of seeds inside pods, four repli-

cates each of five fresh and 5–6-month-old, dry-stored

pods were cold stratified on moist filter paper at 5°C
in constant dark for 0, 2, 4, 8 and 12 weeks. After cold

stratification, pods were incubated in light/darkness

and constant darkness at 21/9°C for 15 days as previ-

ously described. At the end of the trial, pods were cut

open, and their germinated and non-germinated seeds

were counted. The experiment was conducted as a

completely randomized design.

Experiment 3: effect of chemical inhibitors

associated with the pericarp

The purpose of this experiment was to examine a pos-

sible chemical role of the pericarp in seed germination.

Seeds of five pods (29.8 � 1.2 seeds per replicate) of

RSBA2, RSBA3f and RSBA16 accessions were incu-

bated in the presence of their detached pericarps in

each Petri dish. Five intact pods and 30 isolated seeds

without pericarps in each replicate were used as con-

trol. Petri dishes were incubated under dark conditions

at 21/9°C for 15 days as described previously. Germi-

nated and non-germinated seeds were counted at the

end of the germination period in order not to expose

them to light. The experiment was conducted as a

completely randomized design, with four replicates.

Experiment 4: imbibition test

In order to determine if the pericarp affects the rate of

imbibition and/or the final water content of the seeds,

the seed imbibition dynamic was studied at two post-

harvest times: 1 month after harvest and 1 year after

harvest. Isolated seeds, intact pods and broken pods

were incubated and measured at: 0, 0.25, 0.5, 1, 2, 4,

6, 8, 10 and 12 days of imbibition. For each imbibition

time, 40 intact pods, 120 isolated seeds and 120 sec-

tions of broken pods were placed on two-layered filter

paper in four plastic trays (20 9 15 cm) with 45 mL

of distilled water. Plastic trays were covered by wrap-

ping with polyethylene bags and were placed in a

chamber at 5°C to prevent seed germination. For each

imbibition time, at least 120 seeds were weighed for

each treatment. Isolated seeds, seeds extracted from

intact pods and seeds extracted from broken pods were

immediately weighed, and then oven-dried at 60°C up

to constant weight for dry-weight assessment. The

experiment was arranged as a randomized complete

design with four replicates.

Experiment 5: dehydration test

In order to determine if the pericarp interferes with

seed desiccation, the dehydration of seeds in fully

imbibed pods was monitored after 14 days of soaking

at 5°C. A sample of seeds was extracted from the

pods. These isolated seeds and the soaked intact fruits

were placed on dry filter paper into a chamber set to

22°C, 47–60% relative humidity. For the first 16 h,

samples of seeds were extracted every 2 h from the

remaining pods; thereafter sampling was every 8 h

until a constant weight was reached (64 h). In addi-

tion, at each time interval the isolated seeds extracted

at zero time were weighed and placed back into the

chamber under the above-mentioned conditions. Each

of the seed replicates, both isolated seeds and those

extracted from the pods, was immediately weighed

after extraction. Seeds extracted from the pods were

dried in the oven at 60°C to constant weight. Seeds

extracted from the pods at zero time were dried in the

oven after the experiment was finished. The experiment

was arranged as a randomized complete design with

four replicates.

Experiment 6: anatomical morphology

In order to evaluate the anatomical features of the

pericarp that were possibly involved in seed dormancy

of feral radish, cross sections of pericarps were

observed under a stereo microscope and a light micro-

scope. Pods were previously imbibed (14 days at 5°C)
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to soften the pericarp and they were cut in half trans-

versely and longitudinally using a scalpel. Stained cross

sections of the pericarps were obtained following the

methodology of Andrade et al. (2015). On additional

samples, the Wiesner reaction was performed by pour-

ing a few drops of 1% phloroglucinol ethanol solution

onto the section, adding one drop of 25% HCl, and

then covering the section with a cover slip for detec-

tion and identification of lignin. Photographic observa-

tions and recordings were made using a stereo

microscope Nikon SMZ 745T (Nikon Corp., Tokyo,

Japan) and a Nikon Labophot-2 microscope (Nikon

Corp.) with an attached Nikon Coolpix 4500 camera

and ocular micrometre (Nikon Corp.).

To measure possible changes over time in the width

of the gap between the seed and the innermost surface

(endocarp) of the pod, x-ray images were taken in the

seed laboratory at the Agricultural Experimental Sta-

tion of Oliveros, Santa Fe (Argentina) of the National

Institute of Agricultural Technology (INTA) on 0

(dry), 1, 4 and 15 day-soaked pods at 10 months after

harvest. One hundred randomly selected pods were x-

rayed at 20 kV, 50 mA, for 1 s at a distance of 60 cm,

and placed on two-layered filter paper in four plastic

trays with distilled water as indicated for the ‘Imbibi-

tion test’. Prior to each of the following x-rays, the

water was drained off and the pods blotted dry. Water

was again added after the x-rays were taken. X-ray

images were photographed using the Nikon Coolpix

4500 camera (Nikon Corp.) and compared to identify

changes in the gap between the seeds and the endo-

carp.

Statistical analyses

Germination data were analysed using generalized lin-

ear models (GLM) based on restricted maximum likeli-

hood estimation (REML) with PROC GLIMMIX

(SAS University Edition, SAS Institute Inc., Cary,

NC, USA). A binomial linear model was fitted with a

logit link to germination as the response variable (ger-

minated and non-germinated). For the ‘Effect of dry

storage on germination on intact seeds and seeds in

pods’ experiment (exp. 1), the model included four

fixed effects, that is light, storage time, temperature

and pericarp treatment and all the interactions. For

the ‘Effect of cold stratification on germination of seeds

in pods’ experiment (exp. 2), the model included three

fixed effects, that is storage time (0 or 6 months), cold

stratification time (0, 2, 4, 8 or 12 weeks), light and all

the interactions. For the ‘Effect of chemical inhibitors

associated with the pericarp’ experiment (exp. 3), the

model included treatments (isolated seeds, intact pods

and seeds extracted from the pods with detached

pericarps) as a fixed effect, and accessions (RSBA2,

RSBA3f and RSBA16) and the interaction between

treatment and accession as random. This statistical

model allowed us to evaluate a possible chemical role

of the pericarp in seed germination independent of

accession.

For the ‘Imbibition test’ experiment (exp. 4), water

content (% dry weight basis) of isolated seeds, seeds

inside intact pods, seeds inside broken pods and intact

pods were calculated as water con-

tent = [100 9 (weight wet � weight dry)/weight dry]

after imbibition. To investigate differences in water

content between the four treatments at each point in

time, we ran a linear mixed model based in restricted

maximum likelihood estimation (REML) with PROC

MIXED. Data were log-transformed to improve nor-

mality and homogeneity of variances before analysis.

However, non-transformed data are shown in Fig. 5.

For each imbibition time (0, 0.25, 0.5, 1, 2, 4, 6, 8, 10

and 12 days), the model included treatment (isolated

seeds, seeds inside intact pods, seeds inside broken

pods and intact pods) as a fixed effect, and the post-

harvest storage time (1-month and 1-year) and the

interaction between treatment and storage time as ran-

dom. This statistical model allowed us to evaluate if

the imbibition of seeds was modified by the pericarp,

independent of storage time. Tukey’s HSD test was

performed for multiple comparisons to determine sig-

nificant differences (P < 0.05) among the treatments.

Statistics are presented for the final observation point

(day 12).

For the ‘Dehydration test’ experiment (exp. 5), water

content (% dry weight basis) of seeds extracted from

the pods at zero time after imbibition and seeds

extracted from the pods at each sampling time were

calculated as above. A non-linear regression model

based on a plateau phase followed by one phase of

exponential decay regression was fitted to the relation-

ship between percentage of water content on dry basis

and duration of drying in both seeds extracted from

pods and seeds remaining within pods using Prism

software (GraphPad Prism v.6.0; GraphPad Software,

San Diego, CA, USA). The model used was

Y ¼ IFðx\a; bÞ; IF x[ a; cþ ðb� cÞ�kðx�aÞ
� �

;

where Y is the percentage of water content on dry

basis, X is the drying time, a is the time at which the

decay begins, b is the average Y value up to time a, c

is the Y value at infinite times and K is the rate con-

stant, expressed in reciprocal of the X-axis time units.

The extra sum-of-squares F-test was conducted to

compare the fit of a single curve fit to all data sets with

the fits of separate curves to each data set at the
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P = 0.05 level. This tests whether there is any evidence

that treatments did anything to shift the curves. Sum-

of-squares F-test was also used to compare the inde-

pendent fit of X0 with a global fit of X0 to observe

whether that parameter differs between data sets.

Results

Experiment 1: effect of dry storage on germination

on intact seeds and seeds in pods

Analysis of germination during dry storage by GLMs

with a binomial model (two categories: germinated and

non-germinated) revealed significant effects of pericarp

treatment, light, temperature and light 9 pericarp

treatment interaction (Table S1). However, the effect of

dry storage time, the fourth-order interaction, the

third-order interactions and the rest of the second-order

interactions were not significant (Table S1). Light sig-

nificantly reduced the germination of seeds, both inside

pods and isolated, under the three temperature regimes

throughout the study period. The pericarp strongly

reduced seed germination under darkness throughout

the experiment; however, the effect of the pericarp on

germination under light conditions was weaker (Fig. 2).

In general, germination of isolated seeds and seeds

inside pods increased with increasing temperatures,

even under light and dark conditions (Fig. 2). The opti-

mum temperature regime for germination was 14/28°C.
At zero-storage time, the germination in seeds inside

pods was between 0–5% and 1–14% in light and dark-

ness respectively, and germination in isolated seeds was

between 0–9% and 88–99% at all three temperature

regimes in light and darkness respectively (Fig. 2).

After 2 months of dry storage and until the end of the

experiment at 30 months, the highest germination

percentage of seeds inside pods at the optimum temper-

ature was 36% and 59%, and germination in isolated

seeds was 55–100% in light and darkness respectively

(Fig. 2).

Experiment 2: effect of cold stratification on

germination of seeds in pods

Germination was not affected by dry storage time

(F1,60 = 1.46; P = 0.23) and interactions between dry

storage time and light (F1,60 = 0.48; P = 0.49), dry

storage time and cold stratification time (F4,60 = 1.24;

P = 0.30) and interactions among dry storage time,

light and cold stratification time (F4,60 = 1.07;

P = 0.38). Because dry storage time did not influence

germination, data from the two post-harvest times (0

and 6 months) were pooled. Germination was

influenced by light treatment (F1,60 = 205.07;

P < 0.0001) and cold stratification time (F4,60 = 3.49;

P = 0.0126) but was not affected by the interaction

between cold stratification time and light (F4,60 = 1.75;

P = 0.15; Fig. 3). Germination of seeds inside pods in

darkness was between 79% and 93% higher than in

light depending on the treatment, and germination of

seeds inside pods under light and dark conditions

showed a maximum of 5% and 46%, respectively,

regardless of cold stratification and dry storage time.

Cold stratification at 5°C up to 12 weeks did not

increase germination of seeds inside pods (Fig. 3).

Experiment 3: effect of chemical inhibitors

associated with the pericarp

There were no significant differences in the germina-

tion of isolated seeds, seeds inside pods and seeds incu-

bated with detached pericarps between the accessions

(Z = 0.74; P = 0.23), therefore data from the three

accessions were pooled (Fig. 4). No treatment 9 acces-

sion interaction was found (Z < 0.01; P > 0.99). No

significant differences were found in germination

between isolated seeds and seeds incubated with

detached pericarps. However, seeds inside pods showed

85% less germination (F2,4 = 226.31; P < 0.0001) than

both isolated seeds and seeds incubated with detached

pericarps (Fig. 4).

Experiment 4: imbibition test

There were no significant differences in the rate of

imbibition and the final water absorption in isolated

seeds, seeds inside intact pods, seeds inside broken

pods and intact pods between 1-month and 1-year-old

post-harvest pods (Z < 0.01; P > 0.99), therefore data

from the two post-harvest times were pooled (Fig. 5).

At the end of the experiment (day 12), final water con-

tent was different among the treatments (F3,3 = 559.59;

P < 0.0001; Fig. 5), and no treatment 9 storage time

interaction was found (Z = 0.24; P = 0.41). Pods had

a high capacity to take up water, and the mass

increased more than 100% in 2 days. After 10 days,

pods absorbed more than twice their weight in water

(Fig. 5). At the end of the experiment, 82% of the

total water absorbed by the pod (pericarp + seeds) was

due to the pericarp. Isolated seeds imbibed water

rapidly during the first day, and they were fully

imbibed after 2 days. Seeds inside intact pods showed

a lower imbibition rate and less final water absorption

than isolated seeds. Seeds inside broken pods showed

intermediate final water absorption between the iso-

lated seeds and the seeds inside intact pods, although
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6 R B Vercellino et al.



their rate of imbibition was similar to seeds inside

intact pods (Fig. 5). After 2 days of imbibition, when

isolated seeds were completely imbibed, seeds inside

intact and broken pods had 72% and 64% less water

than isolated seeds respectively (Fig. 5). After 12 days,

seeds inside intact and broken pods had 25% and 11%

less water than isolated seeds, respectively (Fig. 5).

Experiment 5: dehydration test

Seeds extracted from pods dried faster than those

retained inside pods (Fig. 6). The X0 value for seeds

remaining inside pods (9.14 � 0.54 h) was significantly

higher (F4,112 = 227.3, P > 0.0001) than seeds extracted

from pods (very close to zero), that is the pericarp

delayed the beginning of drying of the seeds by more

than 9 h (Fig. 6). During dehydration, when the seeds

inside pods began to dry, seeds extracted from pods

had 70% less water. Seeds extracted from pods and

seeds remaining inside pods returned to their initial

mass after 24 and 48 h, respectively (Fig. 6).

Experiment 6: anatomical morphology

The cross sections of the pericarp of feral R. sativus

pods showed that they contain seeds tightly enclosed

in the unilocular fruit without a septum or dehiscence

zone (Figs 1 and 7). The epicarp only consisted of a

single layer of small rectangular epidermal cells, which

were closely arranged. The mesocarp showed large

parenchymal cells formed by cells with primary cell

walls (dyed greenish-blue) or by cells with thick and

lignified secondary cell walls (dyed red or dark brown).

Cells in the mesocarp were much larger than those in

the epicarp and endocarp, and these large parenchyma

Fig. 2 Final germination percentages (means � 95% confidence intervals) of seeds inside pods (A) and isolated seeds (B) of feral Rapha-

nus sativus incubated in light/dark and in constant darkness at three alternating temperature regimes following 0, 2, 6, 12 and 30 months

of dry storage under laboratory conditions.

Fig. 3 Effect of 0, 2, 4, 8, and 12 weeks of cold stratification on

germination of seeds inside pods of feral Raphanus sativus incu-

bated at (12/12 h) 21/9°C in darkness and light/dark

(mean � 95% confidence intervals).

Fig. 4 Effect of detached pericarps on seed germination of feral

Raphanus sativus incubated at (12/12 h) 21/9°C in darkness

(mean � 95% confidence intervals).
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cells, together with large empty areas observed in

transversal and longitudinal cuts, gave the pod a

spongy appearance (Figs 1 and 7). Simple pits were

clearly observed under greater magnification over areas

that dyed red or dark brown in the mesocarp and

weak vascular bundles with little or no sclerenchyma

above the phloem were found in the external part of

the mesocarp/epicarp. Beside the lignified secondary

cell walls, intercellular spaces with deposits that stained

with safranin could also be observed in the mesocarp.

The endocarp consisted of several cell layers with rigid

lignified cells forming a continuous lignified band

enclosing the seeds (Fig. 7). Two possible breaking

zones formed by non- or slightly lignified parenchymal

cells were detected (Fig. 7). These zones are struc-

turally weaker than the lignified sector (dyed red or

dark brown) that delimits the loculus of the pod. The

Wiesner reaction (specific test for the presence of lig-

nin) showed that tissues dyed red or dark brown in the

safranin/fast-green experiment were lignin (unpublished

image).

X-ray images showed an increase in the size of the

seeds inside pods after imbibition. A clear gap was

observed between seeds and the innermost layer of the

pericarp in the dry pods; however, this gap was not

observed in embedded pods (15 days; Figure S2).

Discussion

Based on our results, fresh isolated seeds of feral

R. sativus showed high levels of germination over three

regimes of temperatures under darkness. Consequently,

primary dormancy is not an important mechanism per

se that delays/prevents germination in feral radish.

However, germination was significantly reduced by

light and the pericarp (Fig. 2). Dry storage up to

30 months post-harvest and cold stratification were

totally ineffective at breaking dormancy caused by the

pericarp (Figs 2 and 3). The pericarp did not prevent

Fig. 5 Seed imbibition measured by weight increase in feral

Raphanus sativus. Results for isolated seed, seeds within intact

and broken pods and intact pods are shown for ten time of imbi-

bition. Values are mean and vertical bars represent � 1 SE. A

different letter indicated significant differences (P ≤ 0.05).

Fig. 6 Rate of reduction in water content (%, basis dry weight)

when seeds were extracted from pods or remaining within pods

at 22°C and 47–60% relative humidity. Lines represent a nonlin-

ear regression model based on a plateau phase followed by one

phase of exponential decay regression. Data fit the model y = if

(x < a, b), if (x > a, c + (b � c)(�k(x � a))), with time x in hours:

Circles (a = 1.20e�11, b = 55.71, c = 6.96, k = 0.18); squares

(a = 9.14, b = 57.65, c = 6.60, k = 0.11). Analysis showed

that the two lines are significantly different (P < 0.0001).

Fig. 7 Cross section of the pericarp of feral Raphanus sativus.

Cells were stained with safranin and fast green. Tissues with pri-

mary or secondary non-lignified walls are coloured greenish-blue

and tissues with lignified secondary walls are red or dark brown.

Ep, epicarp; Me, mesocarp; En, endocarp; Lo, loculus; Bz, possi-

ble breaking zones.
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seed imbibition, but seeds inside broken and intact

pods absorbed 11% and 25% less water than isolated

seeds after 12 days of experiment respectively (Fig. 5).

The pods absorbed more than twice their weight in

water, but 82% of that water was retained in the peri-

carp. Cross sections of the pericarp showed several lay-

ers of small strongly lignified cells in the endocarp

(Fig. 7), and x-ray images showed the lack of space

between the partially embedded seed and the innermost

layer of the pericarp. Mechanical restriction to full

water uptake or to embryo expansion associated with

a lignified layer in the endocarp is possibly what pre-

vents seed germination in feral radish populations.

The effect of light on seed germination

Light greatly reduced germination in seeds of feral

R. sativus and this sensitivity persisted even after

30 months of dry storage. This inhibitory effect on

seed germination, usually named as photoinhibition of

seed germination (Pons, 2000), might provide a suc-

cessful tool for reducing seedling death due to the

extreme dry soil condition that is likely to occur at the

soil surface (Pons, 2000; Batlla & Benech-Arnold,

2014; Carta et al., 2017). We also found that germina-

tion increased with increasing temperatures and the

differences were more evident between extreme ranges

of temperatures (4/14°C vs. 14/28°C). This result could
indicate that low temperatures (4/14°C) allowed the

expression of dormancy or, alternatively, induced sec-

ondary dormancy (Finch-Savage & Leubner-Metzger,

2006).

Effects of the pericarp on seed dormancy

The pericarp plays an important role on seed dor-

mancy in feral radish as in many Brassicaceae species

(Cousens et al., 2010; Lu et al., 2015a; Zhou et al.,

2015) and other species (Presotto et al., 2014; Puglia

et al., 2015). In some of these species, dry storage

under laboratory conditions and cold stratification

have been suggested for breaking dormancy (Baskin &

Baskin, 2014). In feral radish, seeds inside pods

showed lower germination than those removed from

pods (isolated seeds) even after 30 months of dry stor-

age under laboratory conditions, suggesting that dry

storage is not an effective way to break dormancy

imposed by the pericarp. Also, cold stratification was

completely ineffective in promoting seed germination

in this species. Moreover, it showed a reduction in ger-

mination, except when pods were cold stratified for

12 weeks after 6 months of dry storage. A similar

result was found in the Brassicaceae species Lach-

noloma lehmannii (Mamut et al., 2014). It is possible

that cold stratification induces secondary dormancy

(Baskin & Baskin, 2014).

Germination of feral R. sativus was not inhibited

when seeds were incubated in the presence of detached

pericarps, suggesting that the pericarp did not constrain

germination with chemical inhibitors. Similar results were

found in Sterigmostemum fuhaiense, Chorispora sibirica

and Tauscheria lasiocarpa (Lu et al., 2015a). In addition,

the pericarp did not prevent imbibition of seeds; however,

it decreased the imbibition rate and the final water uptake

in seeds inside pods. The low rate of water uptake might

protect seeds from imbibition damage, which has been

shown to reduce seed viability, especially if the imbibition

process is rapid (Hu et al., 2009; Cousens et al., 2010;

Mamut et al., 2014). The pericarp of feral radish had a

high capacity to absorb water and so it reduced the dry-

ing rate in seeds inside pods. Consequently, the pericarp

may provide an internal environment that keeps the seed

moist after a period of moderate rainfall, which causes

seed imbibition, extending the effective period over which

germination can occur or enabling a germinating seedling

to survive until the next rainfall event through the reduc-

tion of desiccation during short periods of drought (Cou-

sens et al., 2010).

The completion of germination depends on the bal-

ance of forces between the growth potential of the

embryo and the weakening of the pod constraints

(Finch-Savage & Leubner-Metzger, 2006; Steinbrecher

& Leubner-Metzger, 2017). The small strongly lignified

cells of the endocarp in the pericarp of feral R. sativus

could cause mechanical restriction of the expansion of

the embryo. Our findings showed that germination of

seeds inside pods increased with increasing tempera-

tures, which could be associated with an increased

growth potential of the embryo but also with an

increased fungal activity that causes degradation of the

pericarp (Sperber et al., 2017). However, further stud-

ies are required to confirm these mechanisms.

The highly lignified layer in the endocarp could also

be responsible for preventing full water uptake of the

encased seed (seeds inside pods; Sperber et al., 2017).

When we compared the imbibition rate and final water

content in isolated seeds, seeds inside broken pods and

seeds inside intact pods, we found that even though

broken pods had free passage of water, the imbibition

rate was similar between seeds inside broken and intact

pods but lower than isolated seeds. These results reveal

that the lignified layer of the endocarp exerts a

mechanical constraint that would probably prevent full

water uptake required for radicle emergence, due to

the lack of space between the seed and the endocarp

and the absence of expansion of the endocarp

(Finch-Savage & Leubner-Metzger, 2006; Sperber

et al., 2017). The pericarp mechanically preventing
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germination has also been described for indehiscent

fruits with water-permeable pericarps in other Brassi-

caceae species (Cousens et al., 2010; Mamut et al.,

2014; Lu et al., 2015a; Sperber et al., 2017).

Fresh isolated seeds of feral R. sativus germinated

under a wide range of temperatures in darkness, suggest-

ing that the embryo was fully developed. Consequently,

morphological and morpho-physiological dormancy can

be discarded (Baskin & Baskin, 2004, 2014). In addition,

the pericarp of feral radish is water permeable, suggest-

ing that it does not have any physical or combinational

(physical + physiological) dormancy. Therefore, we

must conclude that physiological dormancy caused by

the pericarp is responsible for the dormancy in feral

R. sativus, which is consistent with the type of seed dor-

mancy in other Brassicaceae species with indehiscent

fruits (Baskin & Baskin, 2004; Cousens et al., 2010; Lu

et al., 2015a; Zhou et al., 2015). Mechanical restriction

of the endocarp to the expansion of the embryo, and/or

to full water uptake by seeds inside it, appears to be

responsible for the inhibitory effects of the pericarp on

germination in feral R. sativus.

Implications for the agroecosystem

According to our results, light and the pericarp will

affect the timing, place and extent of seed that germinate

and therefore the number of seedlings that emerge in

feral R. sativus populations. The darkness requirement

for germination could result in the formation of a soil-

surface seedbank, and seeds could eventually germinate

when are incorporated in the soil (Carta et al., 2017).

The pericarp would have the potential to extend the ger-

mination of a cohort over a longer period (Lu et al.,

2015a), but also to delay seedling emergence until the

next or subsequent season, after seed maturation, result-

ing in the formation of a persistent soil seedbank (Lu

et al., 2017). In addition, germination occurs when the

water content of the embryo is adequate to support bio-

chemical events that lead to cell expansion, therefore the

available water content in the soil affects the timing of

emergence, and the lack of humidity may be the overrid-

ing control for germination in dry conditions (Chauhan

& Johnson, 2010). Thus, the pericarp in feral R. sativus

may confer significant ecological advantages under field

conditions, favouring seed conservation in environments

where fluctuating rainfall leads to cycles of hydration

and dehydration and/or in environments where rainfall

fluctuates year-to-year (Hu et al., 2009).

Nevertheless, seedling emergence in feral radish could

be faster with increased water availability if additional

water speeds pod degradation and/or softens the lignified

hard layer of the endocarp, making the pericarp less

restrictive to seed germination (Cousens et al., 2010;

Mamut et al., 2014). In addition, the reduction in the

mechanical resistance of the pericarp and the consequent

germination could also occur due to degradation of the

pericarp by fungal activity (Sperber et al., 2017). Future

research is necessary in order to determine the behaviour

of pods under field conditions with contrasting water

levels.

Furthermore, any mechanism that increases pod

breaking will result in an increase in seed germination

and seedling emergence (Chauhan et al., 2006). Tillage

and cultivation were found to stimulate seed germina-

tion and seedling emergence in wild radish (Reeves

et al., 1981). Pod scarification also can occur through

the passage of pods through a threshing system in the

harvest equipment and by vehicles, animals and soil

cracking (Chauhan et al., 2006; Chauhan & Johnson,

2010). In Argentina, the no-till system has been increas-

ingly adopted by farmers since 1982, nowadays exceed-

ing 90% of the agricultural area (www.aapresid.org.ar).

In addition, a previous study reported feral R. sativus as

one of the weed species with the greatest constant

increases since 1982 in southeast Buenos Aires (Scursoni

et al., 2014). The proliferation of feral R. sativus popu-

lations under the no-till agricultural system could be

related to pods that remain ungerminated on the soil

surface until breakdown and burial following the sowing

operation or until the environmental conditions favour

pod breakdown and seed germination. According to our

results, a proportion of isolated seeds and/or seeds

inside pods on the soil surface would germinate from the

time of their dispersal (summer to early autumn) until

late autumn, and again in spring with increases in tem-

perature, as long as the water conditions allowed it.

However, neither isolated seeds on the soil surface (un-

der light condition), nor seeds inside pods would germi-

nate during winter.
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Figure S1 Final germination percentages

(means � 1 SE) of seeds within pods and isolated

seeds of feral Raphanus sativus.

Figure S2 X-ray images of the feral Raphanus sati-

vus pods taken pre- (left) and post- (15 days, right)

imbibition.

Table S1 A binomial model (two categories: germi-

nated and non-germinated) of effects of temperature,

pericarp treatment, light, storage time and all the inter-

actions on germination of feral Raphanus sativus stored

dry under laboratory conditions for 30 months.
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