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Abstract

Chicory (Cichorium intybus L.; Asteraceae) is a small aromatic and medicinal biennial and perennial herb that is distributed
in most parts of Europe and Asia including Iran. However, little information is available about seed germination (SG) and
seedling growth of this plant in response to abiotic environmental factors. Therefore, this study aimed to investigate the effect
of several environmental factors such as temperature (7), water stress (), salinity, pH and burial depth on SG characteristics
of chicory. Results indicated that all studied traits including germination percentage (GP), germination rate (GR), germi-
nation uniformity (GU), normal seedling percentage (NSP), root length (RL), shoot length (SL) and seedling dry weight
(SDW) are significantly influenced by each environmental factor. Estimated cardinal Ts were 3.5, 28.9 and 40.2 °C for the
base, optimum and ceiling 7, respectively, with a thermal time 330.2 °C h after fitting a beta model in water. The drought
tolerance threshold value was — 0.82 MPa for GP and —0.75 MPa for NSP. The sensitive of each trait to y was ranking
RL > SL > GR > SDW > NSP > GP. Increasing salinity level from 0 to 250 mM declined GP, GR, NSP, RL, SL and SDW by
75, 83, 88, 85, 80 and 60%, respectively, and also GU decreased seven times compared with the control. The salt tolerance
threshold value was 223 and 194 mM for GP and NSP, respectively. Although chicory seeds were able to germinate at all pH
levels (84%, ranged from 2 to 10), they could not produce an equivalent normal seedling in the same condition which indicates
that seedling growth is more sensitive to pH relative to SG. The best pH for germination and seedling growth was estimated
to be ~7 for this plant. Seedling emergence increased by 25% as burial depth increased from 0.5 to 2 cm and then sharply
decreased by 87% when reached to 4 cm. The best burial depth ranged from 1 to 2 cm (> 88%) for chicory. Consequently,
this information could help us to adequately manage the production of this plant under different environmental factors and
also to determine its geographic range expansion in the world.
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Introduction

Chicory (Cichorium intybus L.; Asteraceae) is a small
aromatic and medicinal biennial and perennial herb that
is distributed in most parts of Europe, North Africa and
Asia including Iran. Different parts (i.e., leaves, stem, root
and seed) of the plant contained a number of medicinally
important compounds such as sucrose, proteins, caffeic
acid, esculin, volatile compounds, flavonoids and vita-
mins (Nandagopal and Kumari 2007; Street et al. 2013).
Chicory is known as an important medicinal plant with
great economic potential due to high concentrations of
fructooligosaccharide (i.e., inulin in its root which can be
used as a replacement material for sugar) and useful effect
for maintaining body health against some diseases such
as cancer, diabetes, impotence, insomnia and gallstones
(Das et al. 2016).

Seed germination (SG) is an important event in the
plant’s life history (Bakhshandeh et al. 2013). Following
SG, seedling emergence (SE) is the most important pheno-
logical event that affects the successful plant establishment
particularly in annual plant species (Forcella et al. 2000).
Generally, many environmental factors such as tempera-
ture (7), water potential (), salinity, pH and burial depth
can highly influence SG pattern and seedling growth of
many plant species with non-dormant seeds (Baskin and
Baskin 2014; Honarmand et al. 2016; Nosratti et al. 2017).

Water deficiency can reduce the final germination per-
centage (GP), germination rate (GR) and finally seedling
growth through its negative effects on the rate of seed
imbibition which was well documented in the past (Brad-
ford 2002; Bewley et al. 2013; Atashi et al. 2014; Bakh-
shandeh et al. 2015; Bakhshandeh and Gholamhossieni
2018; Abdellaoui et al. 2019).

T can influence SG through regulating enzyme activities
and or promote/inhibit the synthesis of hormones involved
in SG (Baskin and Baskin 2014; Xu et al. 2017). To date,
many researchers used several mathematical models such
as segmented, dent-like and beta, each with straights and
weaknesses, to determine three important Ts for SG in
various crops which are defined as cardinal Ts (Bakhshan-
deh et al. 2013, 2017; Atashi et al. 2015; Javadzadeh et al.
2017; Abdellaoui et al. 2019; Parmoon et al. 2018). These
Ts were the base T (7}), optimum 7 (7,) and ceiling T (T,)
which are important to determine the best planting date for
each plant species (Bewley et al. 2013).

The salinity of the soil and/or water is considered as a
serious problem for many agricultural lands in the world.
Previous researches showed that SG may be influenced by
the negative impacts of salt stress, osmotically through
decreasing water uptake and ion toxicity through accu-
mulation of salt ions (i.e., Na* and CI™), which can affect
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metabolic cell activities during SG (Parmoon et al. 2018;
Parihar et al. 2015). Therefore, investigation of the effect
of salt stress on SG of chicory could be useful to determine
the best niche for this plant.

Another environmental factor which can influence SG
and seedling growth is pH. In fact, soil pH is affected by par-
ent material, precipitation, vegetation and levels of organic
matter (Xu et al. 2017). Many species can germinate in a
wide range of pH such as muskweed (Myagrum perfolia-
tum) (Honarmand et al. 2016), Centaurea balsamita (Nos-
ratti et al. 2017) and Cucumis melo L. var. agrestis Naud.
(Xu et al. 2017) while for others, it could be a limiting fac-
tor (Amini et al. 2015; Javaid et al. 2018). pH can dam-
age several biological systems during SG through reacting
with some processes which were involved in SG, damaging
organic compounds, organelles and or physical structure of
seed (Basto et al. 2013).

However, a successful plant establishment depends on
burial depth at which SG occurs (Javaid et al. 2018; Amini
et al. 2015). In many plant species, SE declined with the
increasing burial depth which could be due to a small
amount of seed reserves or lower hydration of seed at greater
depths (Dinelli et al. 2013). However, in some plant species
such as tobacco (Nicotiana glauca R. Graham) (Florentine
et al. 2016) and Cucumis melo var. agrestis Naud (Xu et al.
2017), a maximum SE was observed when the seeds were
placed on the soil surface because they needed light for ger-
mination (Nosratti et al. 2017).

The available information about the environmental fac-
tors’ effect on SG and seedling growth of chicory is scarce
yet. Therefore, the objectives of this study were to determine
the effect of T, y, salinity, pH and burial depth on SG and
seedling growth of this plant, and also to calculate the cardi-
nal Ts and the tolerance threshold values for each trait influ-
enced by different environmental factors using mathematical
models. However, a better understanding of the seed ecology
of chicory could help us to nicely manage the production of
this plant under different environmental conditions.

Materials and methods

Seeds of cultivated chicory were provided in Mazandaran
province (Sari city, Iran) in September 2017. The seeds were
kept in the dark at 5 °C for 3 months. The viability of the
seeds under optimal conditions was >98% before starting
the experiment because the seeds had no dormancy. Treat-
ments used in this study were nine constant Ts (5, 10, 15,
20, 25, 30, 35, 38 and 40 °C), four levels of y (— 0.3, — 0.6,
—0.9, and — 1.5 MPa), seven levels of salt stress (50, 100,
150, 200, 250, 300 and 350 mM), nine levels of pH (2, 3, 4,
5,6,7, 8,9 and 10) and eight levels of burial depth (0.5, 1,
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2,3,4,5, 6 and 7 cm). Distilled water was used as a control
in all experiments.

Germination test: 50 seeds were placed on two sheets of
filter paper Whatman No. 1 within 8-cm Petri dishes (SUPA
Medical Devices, Tehran, Iran) for each replicate of each
treatment. The germination tests were carried out with four
replicates. 6 ml of distilled water and or test solutions, sup-
plemented with 0.1% Tiram fungicide, was used for each
Petri dish to provide adequate moisture for the seeds during
the experiment. Petri dishes were randomly placed within
an incubator with +0.5 °C accuracy (BINDER, Germany)
in the dark, except recording times. A thin plastic bag was
also used to reduce water evaporation from the Petri dishes.
At all experiments, seeds were counted several times daily,
depending on the environmental factors (e.g., 7, y, salinity,
and pH) and when the radicle protruded 2 mm from the seed
coat it was considered as a germinated seed. The experi-
ments were finished when a new germinated seed was not
observed in the three consecutive days.

Seedling growth test: 20 seeds for each replicate were
used according to the sandwich method (International Seed
Testing Association (ISTA) 2009). Rolled papers were sepa-
rately treated by each solution of each treatment (e.g., PEG,
NaCl, and pH) and then put in a white thin plastic bag (to
avoid evaporation from the papers) and randomly incubated
in the dark in the incubator at 30 °C (i.e., T,) in all experi-
ments. At the end of experiments (seventh day), the normal
seedlings were counted. Then, seven of the tallest seedlings
were selected from each replicate, and the length of root
(RL) and shoot (SL) were measured by a ruler in cm. Seed-
lings dry weight of (SDW) was also determined by a bal-
ance with 0.0001 g precision after oven-drying at 70 °C for
2 days.

The polyethylene glycol (PEG8000, Scharlau, Spain) was
used to prepare different levels of ys according to the for-
mula suggested by Michel and Radecliffe (1995) [ys=0.13
(PEG)?T — 13.7(PEG)?]. To re-check and modify the y val-
ues for each 7, an osmometer (Model 5100C: Wescor Inc.,
Logan, UT, USA) was used before starting the experiment.
The sodium chloride (NaCl) was used for preparing the
salinity levels maintained above. In addition, a citrate—phos-
phate buffer was used to prepare pH solutions of 2, 3, 4, 5
and 6 [0.1 M citric acid solution+ 0.2 M dibasic sodium
phosphate solution were combined to make targeted solu-
tions] and by adjusting with 0.1 N HCl solution. In addition,
a tricine (N-Tris (hydroxymethyl) methylglycine) solution
was used to prepare buffered solutions of 8, 9 and 10 pH by
adjusting with 1 N NaOH solution. The pH 7 was prepared
using a 2 mM solution of HEPES [N-(2-hydroxymethyl) pip-
erazine-N-2-ethanesulfonic acid)] as in Basto et al. (2013).

To determine the effect of burial depth on SE of chicory,
we used three replicates of 50 seeds for each treatment which
were planted in soil in 10-cm-diameter plastic pots (black

color and with 17 cm height) at the depths of maintained
above. The soil type was loam (45, 25 and 30% sand, clay
and silt, respectively). Greenhouse T was 28 +2 °C during
the experiment. The pots were irrigated as required to main-
tain them at the field capacity during the experiment. SE was
counted every 24 h until 14 days. Seeds were considered to
be emerged when the two cotyledons could be seen at the
soil surface.

The GR for the 50th percentile was estimated by fitting
the cumulative SG data (%) vs. time (h) for each replicate
and then the time taken to reach 50% of maximum germina-
tion (#5y) was calculated using the Bakhshandeh et al. (2013)
method. Finally, the GRs, was calculated by the formula
[GRyy=1/5].

Several mathematical models were used to quantify the
effect of environmental factors on SG and seedling growth
of chicory in the present study. Three 7 models, segmented,
dent-like and beta, were fitted to describe the relationships
between GR and 7. The models can be written:

Dent-like model (Bakhshandeh et al. 2013):

fM=T-T)/Ty, —T) if T,<T<T,
f)=(T.-T)/(T,-Ty) if T,<T<T,
fn=1 if T, <T<T, 1)
f)=0 if T.<T<T,

Segmented model (Bakhshandeh et al. 2013):

fH=T-T)/T,-T))if T,<T<T,
S =T, - T)/(TC -T )it T,<T<T,. )
f=0 if T,<T<T,

Beta model (Yin et al. 1995):

TC — T()

= ([(E)E) ) wrsren,

f(T)= 0 ifT,<T<T,

3)
where 7, Ty, T, T,, T, and a are the actual T, the base T,
the lower optimum T, the upper optimum T (for dent-like
model), the ceiling T and the shape parameter (just for the
beta model, which determines the curvature of the model),
respectively.
We also used a three-parameter segmented model (Eq. 4)
for describing the response of SG and seedling growth of
chicory to both salt and water stresses:

G% = Gmax
G% = Gmax + b(.x - XO)

if x < x
ifoxO’

“

where G, G,,,,, X, and b are the germination (%) at con-
centration x, the maximum G (%), the concentration when
the linear decrease in G began and the rate of decrease
in G per increase in NaCl (mM) and/or per decrease in y
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(MPa), respectively. The model can predict the concentra-
tion of NaCl/y needed for 50% inhibition of the G, (i.e.,
salinity/drought tolerance threshold) by the formula [xs,
= ((Gax/2)/=b) +x,] and also where SG is stopped by the
formula [G, = (G,,/—b) +x,]. Based on our knowledge,
all parameters estimated by the model (Eq. 4) are easier to
understand and also easier to interpret physiologically.

All regression analyses (linear and non-linear) were done
using the statistical analysis system (SAS) ver. 9.4 (SAS
Institute 2013) to describe the response of chicory germina-
tion pattern under different levels of environmental factors
maintained above. The graphs were drawn by SigmaPlot 11
software. To compare the means of treatments, an analysis of
variance by the GLM procedure was used based on the least
significant difference (LSD) test at the 0.05 probability level.

Results and discussion

The results showed that all studied environmental factors
(e.g., T, y, salinity, pH and burial depth) significantly influ-
enced the pattern of SG and seedling growth of chicory
(P <0.05). Below, the effect of each environmental factor
on chicory SG characteristics is presented in more details.

Temperature

Our results indicated that GP, GR and germination uni-
formity (GU) are significantly influenced by T (Fig. 1).
In fact, there was no significant difference among Ts,
ranged from 5 to 38 °C, in terms of GP (>90%) and then
it suddenly decreased by ~53% with the addition of 7 until
40 °C (Fig. 1a). In addition, GR increased from 0.0064 to
0.0761 h™! (92%) with the increasing T from 5 to 30 °C
and then decreased by 93% when T was equal to 40 °C
(Fig. 1c—e). The minimum value of GU was observed at
25, 30 and 35 °C (P> 0.05), then increased at Ts lower
than 25 °C and higher than 35 °C (Fig. 1b). Our findings
indicated that GR > GU > GP was sensitive to T therefore,
GR as a more sensitive parameter than others was used to
estimate the cardinal Ts for this plant. These results are
in accordance with the results reported by others (Brad-
ford 2002; Bewley et al. 2013; Bakhshandeh et al. 2015).
Three T models (Egs. 1-3) were fitted to the data GR vs. T
(Fig. 1c—e). Results showed that all models could describe
well this relationship and the beta model (Eq. 3) as the best
had lower RMSE (4.04 h™") and higher R? (0.99) values than
others (Table 1; Fig. 1e). Estimates based on the beta model
were 3.50 °C for Ty, 28.9 °C for T, 40.2 °C for T, and 13 h
for f, (the lowest time taken to reach 50th percentile of SG
under optimum condition according to the model estimates).
Based on the model parameters, the thermal time (°C h)
could easily be calculated by the formula [TT=(T, — T,,)f,]
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suggested by Bradford (2002). TT was equal to 330.2 °C h
for this plant. The parameter estimates for all models, seg-
mented, dent-like and beta are summarized in Table 1.

The cardinal Ts obtained in this study were slightly higher
than those reported by Balandary et al. (2011) who showed
in short chicory the 7}, T, and T, were 2, 25.5 and 40 °C,
respectively, after fitting a beta model. Zarghani et al. (2014)
also used a segmented model and showed that the 7}, and
T, were 2.9 and 29.9 °C for this plant which was closer
to the results found here but the 7, reported by them was
higher (46.3 °C) than that obtained in this study (40.2 °C).
Moreover, Corbineau and Come (1989) reported T, was
ranged 25-30 °C for chicory which is in agreement with
our results. Many researchers demonstrated that SG affected
by T in various crops through impacting enzymes activity,
synthesis of hormones, seed dormancy and translocation of
reserve storage material during SG particularly under unfa-
vorable Ts (Bradford 2002; Copeland and McDonald 2012;
Bewley et al. 2013). However, other researchers well docu-
mented that the segmented (Atashi et al. 2014; Bakhshandeh
et al. 2017; Derakhshan et al. 2018), dent-like (Bakhshandeh
et al. 2013; Parmoon et al. 2018; Mamedi et al. 2017) and
quadratic (Mobli et al. 2018; Javadzadeh et al. 2017) models
could nicely describe these relationships and estimate cardi-
nal Ts in various crops.

Water potential

Water is the most important factor for SG and its availa-
bility can significantly effect on germination time course
(Bradford 2002). To date, many researchers used a three-
parameter logistic model to quantify the effect of different
levels of y on SG (Nosratti et al. 2017; Honarmand et al.
2016; Ghaderi-Far et al. 2012). But in this study, we used a
segmented model (Eq. 4) for describing the response of both
SG and seedling growth of chicory to y because the model
parameters are easier to interpret physiologically (author’s
opinion).

Based on our results, GP was not influenced by y, ranged
from 0 to —0.60 MPa (>91%), then remarkably decreased
with the decreasing y until — 1.04 MPa (i.e., GO: where the
seeds are unable to germinate). The rate of decrease in GP
was 211.7% per MPa decrease in y (Fig. 2a). There was
no germinated seed at — 1.5 MPa. The same pattern was
observed in NSP which means that NSP remained constant
at a maximum value (88%) at ys higher than —0.53 MPa
(more positive), then declined linearly with the rate of
196% per MPa decrease in y and finally reached zero at
—0.98 MPa (Fig. 2a). The estimated drought tolerance
threshold value was —0.82 MPa for SG and —0.75 MPa
for NSP (Fig. 2a). GR declined linearly with the decreasing
w from zero to —0.98 MPa (0.0707 h~! per MPa decrease
in ) which is indicating that GR relative to GP is more
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Fig.1 The relationship between the final germination percentage
(a), germination uniformity (b) and germination rate (for the 50th
percentile) of chicory seeds with temperature in the control condi-
tions (=0 MPa). The actual germination rate data are shown by the
symbols and the lines drawn through these points are based upon the

sensitive to y, like NSP relative to GP (Fig. 2b). GU also
non-linearly declined with the decreasing y (Fig. 2c). It is
expected because when the seeds germinated under stress-
ful conditions such as lower y (more negative), the water
uptake by the seeds will be declined and so the time to the
beginning of germination and/or the time to reach a maxi-
mum germination will be delayed as a result of lower GR.
Therefore, low GU can be as the main reason for the low

parameters presented in Table 1 using (c) segmented, (d) dent-like
and (e) beta models. Bars represent standard error values. In the pan-
els a and b, the same letters are not significant at 5% probability level
according to the least significant difference (LSD) test

seedling establishment and ultimately low productivity in
field condition. Generally, Alvarado and Bradford (2002)
on potato (Solanum tuberosum L.), Mesgaran et al. (2017)
on two weed species such as wild barley (Hordeum spon-
taneum [C. Koch] Thell.) and little canarygrass (Phalaris
minor L), Bakhshandeh et al. (2017) on sesame (Sesamum
indicum L.) Bakhshandeh and Gholamhossieni (2018) on
soybean (Glycine max (L.) Merrill) and Atashi et al. (2014)

@ Springer
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Table 1 Estimated parameters for the segmented, dent-like and beta
models for the 50th germination percentile of chicory seeds

Model parameters Segmented Dent-like Beta
T,+SE (°C) 4.00+0.00 4.00+0.00 3.50+£0.00
T,; £SE (°C) 32.7+0.49 27.7+£1.68 28.9+0.45
T,, +SE (°C) - 33.8+0.55 -

T.+SE (°C) 40.4+0.40 40.3+0.37 40.2+0.32
Jo=SE (h) 11.3+0.37 13.1+£0.72 13.0£0.51
a+SE - - 2.10+0.24
R 0.98 0.98 0.99
RMSE 11.7 12.5 4.04

TT (°Ch) 3243 310.5 330.2

T, To,, To,, T, f,, @ and TT are the base temperature, lower optimum
temperature, upper optimum temperature, ceiling temperature, the
minimum time taken to reach a given 50th percentile of germination,
and a constant coefficient of regression, respectively. R is the coef-
ficient of determination, RMSE is the root mean square error and SE
is the standard error

on lemon balm (Melissa officinalis L.) observed that SG
characteristics (i.e., GP and GR) significantly declined as y
decreased (more negative) which was in agreement with the
results obtained in this study.

The results of seedling growth test showed that the maxi-
mum RL was 1.23 c¢cm, remained constant at > —0.30 MPa
(P>0.05) and then decreased linearly to zero at —0.64 MPa
with the rate of 3.91 cm per MPa decrease in y (Fig. 2d).
In addition, with the decreasing y, SL decreased rapidly
(2.95 cm per MPa) from 2.56 cm in water (=0 MPa) to 0
at —0.87 MPa which is indicating that RL than SL was more
sensitive to y in chicory (Fig. 2e). SDW remained constant
at its maximum value until —0.33 MPa (0.642 mg plant™ 1)
and then decreased linearly to zero at —0.91 MPa (Fig. 2f).
Therefore, the drought tolerance threshold values for RL, SL
and SDW were —0.47, —0.43 and — 0.62 MPa, respectively
(Fig. 2d-f).

In accordance with the results obtained in this study,
other researchers showed that RL, SL and SDW significantly
declined as y decreased such as fennel (Foeniculum vulgare
L) and ajowan (Trachyspermum ammi) (Fakheri et al. 2017)
and pea (Pisum sativum L.) (Okgu et al. 2005). Kayacetin
et al. (2018) in wild mustard (Sinapis arvensis L.) also indi-
cated that SDW, RL and SL significantly decreased (~ 86,
70 and 90%, respectively) when y was equal to — 1 MPa
relative to the control. In canola, SL decreased from 5.09 cm
in water to 0.28 cm at — 0.9 MPa (Channaoui et al. 2017).
In some plant species, however, the first change under mild
water stress condition is an increase in RL and SDW as a
result of higher water uptake by seeds (Fakheri et al. 2017).
For example, in canola Channaoui et al. (2017) showed that
RL enhanced by 34% until —0.50 MPa and then decreased
by 48% until —0.9 MPa when compared with the control.
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In general, decreasing SG and seedling growth with the
decreasing y can be due to a reduction in water imbibition
by seeds during germination which had a negative impact
in metabolic processes such as reducing hydrolysis enzymes
and utilization of the seed reserve (Toosi et al. 2014).
Finally, we conclude that chicory is relatively tolerant to
drought stress during germination and so it can be planted
in some parts of dryland fields around the world.

Salt stress

Salinity is a serious problem for the growth of many plant
species in the world particularly at an early stage of growth
(i.e., SG). Like water stress, we used a segmented model
(Eq. 4) to describe the response of both SG and seedling
growth of chicory to salt stress. Results indicated that the
maximum GP and NSP (> 93% for both) observed at NaCl
concentration lower than 150 and 100 mM, respectively. On
the other hand, differences were not statistically significant
(Fig. 3a). However, GP and NSP decreased linearly with
the rate of 0.56 and 0.49% per mM increase in salt stress
until 317 and 290 mM, respectively, which is defined as GO
(where the seeds are unable to germinate). In addition, the
salt tolerance threshold values were 233 and 195 mM for this
plant which is indicating that NSP is more sensitive to salt
stress than GP (~ 16%).

The maximum GR was 0.0769 h~! which was obtained in
water and then linearly declined (—0.0002 h™! per mM) with
the increasing salt stress to reached zero at 325 mM (i.e.,
GRO) (Fig. 3b). GU declined non-linearly with the addition
of salt stress. In fact, the amount of GU was ~ 14 h at NaCl
concentration lower than 100 mM (P < 0.05) then declined
eight times relative to the control when NaCl concentra-
tion was equal to 300 mM (127 h) (Fig. 3c). This indicates
that the seeds were germinated more uniformly in water
and/or mild salt stress condition and higher salt stress lead
to a significant reduction in GU as a result of lower GR.
Our findings are in accordance with the results reported
by Bakhshandeh et al. (2017) in sesame. The highest value
of RL and SL was 1.31 and 2.76 cm, respectively, which
were not significantly affected by salt stress until 100 mM
(P<0.05). After that, both of them decreased linearly with
the rate of 0.0068 and 0.0144 cm, respectively, as salt stress
increased until 293 mM (Fig. 3d, e). Similar result was
observed in SDW which means that SDW remained constant
at a maximum value (0.68 mg plant™!) at salt stress lower
than 155 mM, then declined linearly (0.0049 mg plant™!
per mM) to reached zero at 293 mM (Fig. 3f). In general,
the estimated salt tolerance threshold value was 197 mM
for RL, 196 mM for SL and 224 mM for SDW. Moreo-
ver, the sensitive of each trait to salt stress can be ranked
GR>SL=RL=NSP>SDW >GP.
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Fig.2 Effect of water potential solutions (prepared using PEG8000)
on seed germination and seedling growth of chicory incubated at
30 °C (i.e., optimum temperature). Seedling growth parameters were
measured after 7 days. Data represent the mean +standard error of
the mean (n=4). Final seed germination and normal seedling per-
centage (a); germination rate (b); germination uniformity (c); root
length (d); shoot length (e) and seedling dry weight (f). The seeds are

These findings agree with the results of many published
studies that showed salt stress can decline all traits related
to SG and seedling growth in various crops. For example,
Seghatoleslami (2010) reported an increase in salt stress
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unable to germinate at <—0.9 MPa in d, e and f, and <— 1.1 MPa in
a, b and c so that these data were not used for the model fitting. DTT
is the drought tolerance threshold value (water potential needed for
50% inhibition of the trait). In panel a, the solid and broken lines are
indicating the final seed germination and normal seedling percentage,
respectively, which were fitted by the Eq. 4

from 0 to 8 dS m™? (approximately lower than 100 mM)
which had no significant effect on SG and seedling
growth of chicory. In other study, Parmoon et al. (2018)
showed that salt stress significantly influenced GP, GR
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Fig.3 Effect of salt stress solutions (prepared using NaCl) on seed
germination and seedling growth of chicory incubated at 30 °C (i.e.,
optimum temperature). Seedling growth parameters were meas-
ured after 7 days. Data represent the mean +standard error of the
mean (n=4). Final seed germination and normal seedling percent-
age (a); germination rate (b); germination uniformity (c); root length

and cardinal Ts in both Milk thistle (Silybum marianum)
and Calendula (Calendula officinalis). Ghaderi-Far et al.
(2012) investigated the effect of salt stress on SG of six
medicinal plants and then reported that GP, GR, seedling
length and SDW of all plants remarkably declined as salt
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(d); shoot length (e) and seedling dry weight (f). The data related to
350 mM in all panels (a—f) were not used for the model fitting. STT
is the salt tolerance threshold value (NaCl concentration needed for
50% inhibition of the trait). In panel a, the solid and broken lines are
indicating the final seed germination and normal seedling percentage,
respectively, which were fitted by the Eq. 4

stress increased. Jamil et al. (2005) also showed that salt
stress decreased RL by 58, 82 and 57% and SL by 75, 66
and 78% in canola (Brassica napus), cabbage (Brassica
oleracea capitata) and cauliflower (Brassica oleracea bot-
rytis L.), respectively, at 14.1 dS m~ when compared with
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the control which is indicating that SL. was more sensitive
than RL in these species.

However, salt stress can influence SG and seedling growth
by either osmotically through decreasing water uptake which
is often observed in halophyte crops or ionically through the
accumulation of sodium and chloride which resulted in an
imbalance nutrient uptake and toxicity effect on metabolic
processes (i.e., DNA repair and protein synthesis) which is
often observed in non-halophyte crops (Bewley et al. 2013;
Seal et al. 2018). Moreover, salt stress can possibly reduce
the activity of enzymes involved in SG stage and thus termi-
nates normal seedling growth and development (Neumann
1997, Parihar et al. 2015; Parmoon et al. 2018). However,
we conclude that chicory is relatively tolerant to salt stress
during germination and so it can be planted in some parts of
saline environments in the world.

pH

The response of SG and seedling growth of chicory to dif-
ferent levels of pH is shown in Fig. 4. The maximum GP of
chicory (> 84%) was observed at all levels of pH and differ-
ences were not statistically significant (Fig. 4a). In oppo-
site, the maximum NSP of chicory (>93%) was observed
at a range of pH 6-8 (P> 0.05) and then significantly
decreased at 8 <pH < 6 (Fig. 4c). The seeds were unable
to produce a normal seedling at pH 2. This shows the abil-
ity of chicory seeds to germinate (radicle length >2 mm)
under a wide range of pH conditions while they could not
produce equivalent normal seedling at the same pH. The
maximum NSP only obtained at pH of 68 (Fig. 4c). There-
fore, we can conclude that the SG test is not an accurate
test to describe the response of plant species to different
levels of pH as documented in the past while the seedling
growth test can be introduced as an alternative way. Because
the seedling growth is more sensitive to pH solutions than
SG particularly in chicory, a quadratic model was used to
quantify the relationship between GR, NSP, RL, SL, and
SDW with pH solutions (Fig. 4b—f). According to the model
parameters, the maximum value of GR (0.172 h_l), NSP
(90%), RL (0.836 cm), SL (2.24 cm) and SDW (0.576 mg
plant‘l) was observed at pH of 7.14, 7.03, 7.35, 7.22
and 8.24 (i.e., optimum pH), respectively (Fig. 4b—f).
However, the amount of GR, NSP, RL, and SL declined
gradually at pH <7.18 < pH (averaged all traits) and also
the same pattern was observed in SDW (pH < 8.24 < pH).
The sensitivity of each trait to acidic solutions is ranked
as SL>RL > NSP>SDW > GR > GP. Similar result
was obtained for the alkaline solutions which is ranked
SL>RL>NSP>GR >SDW > GP (Fig. 4).

To date, the effect of hydrogen ion concentration on
SG of various crops was investigated such as muskweed
(Honarmand et al. 2016) and white horehound (Marrubium

vulgare L.) (Javaid et al. 2018), whereas no investigations
were done on the effect of pH on seedling growth. In gen-
eral, in many plant species, the maximum SG occurred at
pH 7 (Honarmand et al. 2016; Amini et al. 2015; Javaid et al.
2018) which is in accordance with our findings in this study.
However, a range of pH values lower than 5 and higher than
8 may significantly reduce SG and seedling growth in many
plant species such as white horehound (Javaid et al. 2018)
while other reports showed that SG was not affected by pH
in acidic or alkaline conditions (ranged from 4 to 10) such
as muskweed (Honarmand et al. 2016), Centaurea balsamita
(Nosratti et al. 2017) and Cucumis melo L. var. agrestis
Naud. (Xu et al. 2017). pH can decrease SG and seedling
growth through its negative effect on several biological sys-
tems during SG such as reacting chemically with some pro-
cesses during SG, damaging organic compounds, organelles
and or physical structure of seed (Basto et al. 2013).

Based on the results presented in this study, chicory seeds
could produce normal seedling well at a range of pH 6-8
without any significant decrease. Moreover, more acidic pH
greatly decreased the seedling growth of this plant than alka-
line pH which resulted in better growth of chicory at alkaline
soil conditions. In Iran, the soil pH range is wide, but in
general, most parts of Iran had an alkaline soil (Honarmand
et al. 2016).

Burial depth

Based on our findings, SE of chicory increased by 25% when
seeds were placed at the burial depth of 2 cm relative to
0.5 cm (near to soil surface) and then declined gradually
(~87%) with the increasing burial depth (Fig. 5a). At the
burial depth deeper than ~4 cm no seedlings emerged. The
best burial depth was 1.56 cm according to the quadratic
model parameters for this plant. In addition, the amount of
decrease in SE rate was 0.0024 h™! per cm increase in burial
depth (Fig. 5b).

In general, seed burial depth is another factor affecting
SG because of its dependency on the soil moisture, soil
T, light, physical properties of the soil and/or the physi-
cal limitations of the seedling in this condition (Chachalis
and Reddy 2000; Xu et al. 2017). Our results are in agree-
ment with the study demonstrating that African mustard
seeds were able to emerge in soil surface (29%), but lower
than those placed at 1 and 2 cm (decreased by 51 and 44%,
respectively), and then completely stopped at 5 cm (Chau-
han et al. 2006). Xu et al. (2017) indicated that an increase
in burial depth leads to delay in the SE of field muskmelon
which is in accordance with our results. In addition, some
researchers reported that light may be a requisite for SE such
as tobacco (Florentine et al. 2016), but we found that chicory
seeds are able to germinate in the dark and light was not a
prerequisite for this plant.
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Fig.4 Effect of pH solutions on seed germination and seedling
growth of chicory incubated at 30 °C (i.e., optimum temperature).
Seedling growth parameters were measured after 7 days. Data repre-
sent the mean =+ standard error of the mean (n=4). Final seed germi-
nation (a); germination rate (b); final normal seedling percentage (c);

Consequently, the main reason for decreasing SE at
deeper burial depth (> 2 cm) can probably be due to insuf-
ficient seed reserves of chicory seeds (as small-seed spe-
cies), because seeds usually required higher reserves to
reach the soil surface (Baskin and Baskin 2014). Another
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root length (d); shoot length (e) and seedling dry weight (f). The lines
represent the quadratic model fitted to the experimental data. The
seeds are unable to produce normal seedling at pH 2. In all panels,
the same letters are not significant at 5% probability level according
to the least significant difference (LSD) test

reason may be due to the oxygen deficiency and/or the
invasion of soil pathogens to the seedlings that are grow-
ing under inappropriate conditions as a result of the
increasing burial depth (Koger et al. 2004).



Acta Physiologiae Plantarum (2019) 41:27

Page 110f 13 27

~ 100 F (a) a y =-13.481x" + 41.97x - 55.81
X a T R?=0.95
< T
Q
2 80 p
Gé) e
ag) 60 - )
(7}
2 40+
5
8 20 d
%3]
e e e
0 P P L
0 1 2 3 4 5 6 7

Burial depth (cm)
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Conclusion

Having a successful plant establishment requires a good
knowledge about the response of each plant species to
biotic and abiotic (e.g., T, w, salinity, pH and burial depth)
environmental factors. Our results indicated that SG and
seedling growth of chicory were significantly influenced
by the environmental factors. The cardinal Ts were 3.5 °C
for T, 28.9 °C for T, and 40.2 °C for T, estimated by
the beta model. The salt and drought tolerance threshold
values were 233 mM and — 0.82 MPa for GP and 195 mM
and — 0.75 MPa for NSP, respectively, which is indicat-
ing that NSP is more sensitive than GP under both salt
and drought stress conditions. Moreover, the best SG and
seedling growth were observed at pH of 7 and burial depth
of 1.56 cm. Consequently, this information could help us
to nicely manage the production of this plant under dif-
ferent environmental factors and also to determine its
geographic range expansion in the world. In addition, the
models developed in this study and their parameters could
be used in chicory SG modeling.
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