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EFFECT OF DROUGHT ON THE PERFORMANCE
OF THREETURF GRASS SPECIES

ABSTRACT

Drought is the main environmental factor hampering world agriculture production. In the face of warming
climate and reduced fresh water resources it become obvious that search for any factors decreasing water use
is strongly recommended. Turf grasses able to withstand drought period longer could be recommended for turf
areas as parks, lawns, home gardens etc. and relatively lower amounts of water should ensure satisfactory turf
quality. Therefore, twelve turf varieties from three major cool-season turf grass species: perennial ryegrass
(Lolium perenne L.), Kentucky bluegrass (Poa pratensis L.) and red fescue (Festuca rubra L.) were tested in
glasshouse pot experiment and in the laboratory for determination of their relative ability to withstand green
longer in the face of water deficit.

The different response of the examined forms to drought was noted. Conditions that favor fast water deple-
tion were the most suitable for the expression of water deficit-related traits. Therefore, sandy mixture of 16%
volumetric moisture content at field water capacity was mostly suitable for observation of the variation of
tested forms. Turf condition of Kentucky bluegrass, as contrary to red fescue, was strongly connected with the
soil moisture. Different manifestation of drought resistance was observed in tested species. Kentucky blue-
grass, as rather no resistant to drought, exposed low level of drought avoidance. Red fescue was able to sur-
vive drought mainly due to leaf blades resistant to desiccation. In perennial ryegrass some other mechanisms
evolved to survive drought. Early leaf wilting and senescence contributes to nutrient remobilization during
drought and avoids large water loses during the transpiration. Therefore, perennial ryegrass turf was able to
regenerate better after drought, as compared to the other tested grass species.

Search for new turf forms should focus on searching for ability to maintain acceptable conditions longer in
a presence of increasing water deficit. It will then reduce the duration of period of poor turf conditions and
further, turf water demands.

Key words: drought, grasses, turf, cell membrane stability, Lolium perenne, Festuca rubra, Poa pratensis.

Communicated by Dariusz Mankowski
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INTRODUCTION.

Drought, a period of abnormally dry weather, results in the soil-water
deficit and subsequently — plant-water deficit. Arising from the moisture
deficit in the soil and air, the drought interfere in the water balance of
a given area (Bak, Labedzki, 2002). Water deficit in plant disrupts many
cellular and whole plant functions, having a negative impact on the plant
growth and reproduction. Crop yields are reduced by 69% on average when
plants are exposed to unfavorable conditions in the field (Bray, 2001). In
2018 drought has affected a third of Poland’s crop. Farmers across northern
and central Europe are currently facing crop failure and bankruptcy as
a consequence of the most intense regional droughts in recent memory
(Nelsen, 2018).

In nature, certain species are adapted to the water deficits, exposing some
resistance mechanisms and strategies. In case of grasses drought resistance
is the ability to produce the desired product (herbage or green lawn) during
slight, temporary or early drought; survive severe drought; and finally, hav-
ing survived, respond rapidly to renewed water supply (Humphreys, 2001).

Cool-season turf grasses often suffer from extended periods of drought
during the summer but water supplies used to irrigate turf are limited and
are in competition for use by agriculture, recreation etc. It is in the best in-
terest of turf managers to conserve water and to design both irrigation and
turf which provide the quality of the grass with minimum water use (Hull,
1997). One of the frequently stated turf disadvantages is that it needs lots
of water. But this is only a public perception, not scientifically accepted
truth. High water use from turf areas is mostly related to human decision to
irrigate the grass, not to the grass itself. Moreover, without a drop of water
during drought periods, most of the currently used turf grass species survive
(Zurek, 20006).

Although irrigation may be costly, a green and growing turf improves
environmental conditions better than a brown turf. The main benefits of
a healthy turf are water and wind erosion control. Actively growing turf
may have a surface temperature that is 20 degrees cooler than a dormant
turf during the summer (Hull, 1997).

Drought stress affects the turf quality, growth rate, evapotranspiration
and recuperative potential (Ebdon and Kopp, 2004). Turf quality decline is
an effect of reduction of root growth, leaf water potential, cell membrane
stability, photosynthetic rate, photochemical efficiency and carbohydrate
accumulation (Carrow, 1996 a, b; Huang and Gao, 1999; Jiang and Huang,
2001 a, b).

One from many important factors that determine the drought resistance
of plants is the ability of leaf cell membranes to keep its function and integ-
rity as long as possible during water deficit stress (Huang et al. 1997¢).
Membranes play a central role in various cellular functions, in particular
those membranes with embedded enzymes and water/ion transporters.
Drought leads to severe membrane damage. Efflux of water from the cells
results in shrinkage of cell walls and plasma membrane, and eventually to
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collapse of cells (Svensson, 2001). Therefore, the strain on membranes is
one of the most important effects of drought and survival (Chaves and
Oliveira, 2004). It is also closely linked with the plant recovery after
drought, which is a function of plant capacity to avoid or to repair mem-
brane damage. Grass dehydration tolerance is affected by cell membrane
stability. On the basis of cell membrane stability selection for drought re-
sistant turf grasses was suggested (Zhao ef al., 1994). In some experiments
Kentucky bluegrass (Poa pratensis L.) ecotypes of higher cell membrane
stability were also resistant to simulated drought conditions (Abraham et
al., 2003, 2004; Wang and Huang, 2004).

Numbers of experiments were described to examine different aspects of
the turf grass performance during drought. Generally, turf performance,
which is a complex feature combined from the sward density during grow-
ing season, turf color, texture etc. declines as drought stress increase. How-
ever, the range of decline and final regrowth after drought are strongly de-
pendent on numerous factors as for example: genetic properties of plant,
plant age, soil type, management intensity, drought duration etc.

Pot experiments in glasshouse or controlled environment are quite suita-
ble and widely used. Despite of some disadvantages due to the age of plants
(too young), unreal high transpiration rate and unrealistic fast root growth,
it is still very convenient tool to examine the stress resistance of plants
(Humphreys, 2001). Different pot dimensions and treatments were present-
ed in numerous works, however various soil conditions in pots were not
discussed intensively, including sandy soil structures usually found on well
projected football pitches.

The aim of above work was to analyze the effect of different soil condi-
tions, including general turf performance during a simulated drought with
relation to the leaf cell membrane stability of three major turf grass species.

MATERIALS AND METHODS.

Twelve turf grass varieties and breeding lines (further referred to as ob-
jects) of major European turf grass species were selected for above experi-
ment: perennial ryegrass (Lolium perenne L.): Stadion, Stoper, Nira and
breeding strain - KRH-22, Kentucky bluegrass (Poa pratensis L.): Alicja,
Ani and breeding strains: Dresa and Chatupy, red fescue (Festuca rubra
L.): Adio, Bargena, Nimba and Leo. Seed was kindly provided by breeders
or breeding companies. Three different soil mixtures were prepared from
peat, river sand and compost soil as follows: ‘peaty’ mixture - 1 part of
compost soil and 2 parts of peat; ‘proportional’ mixture — 1 part of compost
soil, 1 part of sand and 1 part of peat; ‘sandy’ mixture - 1 part of compost
soil, 1 part of peat and 4 parts of sand. Soil mixtures were than analyzed for
the chemical, structural and water properties (Table 1).
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Table 1
Chemical, physical and water properties of soil mixtures
Soil parameter: Type of soil mixture:
Peaty Proportional Sandy
Chemical analysis results (in mg per 100g of soil)
pH 7.3 7.6 7.7
Na 7.7 3.8 32
K 45.6 242 8.0
Ca 488.1 287.5 226.1
Mg 27.1 11.1 5.6
P 5.9 4.7 3.1
Salinity [g/100 g of soil] 0.17 0.07 0.05
C organic [&/1 kg of soil] 95.9 32.0 8.8
N o [g/1 kg of s0il] 55 2.8 0.6
C/N 18:1 11:1 15:1
Soil texture (share in %)
<0.02 mm 4 15.2 0.5
0.02 —0.05 mm 6.3 22.4 6.2
0.05-0.1 mm 15.4 14.2 15.9
0.1 -0.25 mm 16.5 12.2 34.1
0.25-0.5mm 35.7 304 31.9
0.5-1.0 mm 22.1 5.6 114
Bulk density of soil [gxcm?] 0.715 1.193 1.477
Water properties (in % of volumetric moisture content)

Full water capacity (pf=10.0) 70.7 524 42.8
Field water capacity (pf=2.0) 47.7 314 16.4
Permanent wilting point (pf = 4.2) 13.9 9.0 6.2

Test procedures:

Pot experiment

Metal pots (6 per one object, 5000 cm®, 20 cm in diameter, with drainage
hole in the bottom) were filled with soil mixtures: 3.6 kg of peaty mixture,
6.0 kg of proportional mixture and 7.4 kg of sandy mixture per pot. On the
basis of standard germination test results, sowing quantities were calculated
to equalize seedling amount per pot area. Sowing quantities (in grams per
pot) were as follows: Kentucky bluegrass: Dresa — 0.52, Chalupy — 0.54,
Ani — 0.55, Alicja — 0.60; red fescue — Adio — 0.64, Leo — 0.67, Bargena
and Nimba — 0.70; perennial ryegrass: Stadion — 0.94, Stoper — 0.96, Nira —
0.96 and KRH-22 — 1.01.
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After sowing, pots were covered with 0,5 cm of the sand, well-watered
and placed in the field. From seed sowing until seedling emergence pots
were covered with white polypropylene non-woven cover and watered dai-
ly. During further vegetation in the field, pots were watered 3 — 4 times
a week and grass was cut 3 times with hand mower at height of 3 cm. Min-
eral fertilizer was added once: 1.06 g per pot, and it equals (in kg per 1 ha):
30.9kg N, 16.7 kg P, 49.6 kg K and 5.3 kg Mg.

Mean air temperature during grass vegetation in field (April, May and
June) was 13.3°C and total rainfall — 149 mm.

After 80 days in the field, pots were moved to the unheated glasshouse,
well-watered, weighed (W) and soil volumetric moisture content (VMC)
was measured with ThetaProbe (ThetaMeter HH1, manufactured by
Eijkelkamp Agrisearch Equipment, The Netherlands) at depth 0 — 6 cm.

Three pots per object in each of three soil mixtures were further kept
without watering (drought conditions) and next three pots in each soil mix-
ture were watered once a week with 0.5 1 of tap water per pot (control con-
ditions). VMC was measured two times per week and following traits were
also evaluated:

o sward density (SD) was evaluated at the beginning and at the end of
test, using 1-9 scale, where 1 is bare ground, no plants; 9 is complete
turf cover (Pronczuk, 1993; Pronczuk et al. 1997),

o turf condition (TC), in 1 — 9 scale: 1 — completely dead plants, no
green tissue visible, even when tillers dissected, 3 — trace of green
tissue, usually at base of the youngest leaves, 5 — approx. half of
plants with appreciable amounts of green leaves, 7 — most or all of
leaves alive, but with the most of them scorched, permanently wilted,
9 — all leaves alive without symptoms of scorching (Humphreys and
Thomas 1993, Minner and Butler 1985).

During vegetation in glasshouse pots were cut 6 times at 3 cm with hand
mower. End of the drying phase was noted when VMC dropped to 0% and
TC to 1. Regeneration started after pots weighed for the second time (W»),
and submerged in water for initial weight (W,) recovery (ca. 24 hours).
Further treatment for the test pots was the same as for control pots. VMC
and TC were further measured and observed during regeneration. At the end
of experiment (81 days after pots replacement to glasshouse, 161 days after
sowing) SD was evaluated.

The total amount of available water for the test turf grown in pots was
estimated on the basis of pots weights before and after drought (W; — W5).

Mean air temperature during glasshouse test was 20.6°C, with optimum
between fourth and sixth week (from 20.0 to 30.3°C, mean 24.9°C). Humid-
ity ranges from 55.4 to 98.5%, with mean value at 75.7%. The highest hu-
midity values were noted at the end of the test and lowest values — between
eight and eleventh week.
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Membrane stability

Cell membrane stability (CMS) was assessed according to Amin and
Thomas (1996). Samples of ca. 80 mg of fully emerged, healthy and un-
damaged leaf lamina were collected from each tested object from control
conditions grown in proportional mixture. Leaf samples were further incu-
bated over silica gel for 24 h (drought simulation) or over water in humid
chamber at 25°C for 30 minutes (control). Samples were than leached in
150 cm’ of deionized water for 24 h on the laboratory shaker, and electrical
conductance was measured (C;). Samples were than autoclaved for 40
minutes, allowed to cool, and conductance was measured again (C;). Mem-
brane stability was calculated both for dried and control samples as :

1_C1
CMS =100 %

G
CMS of dried leaves was expressed as a percentage of control samples.

Statistical analysis

All statistical calculations were made with STATISTCA ver. 12.0 PL. Signif-
icance of differences were accepted with 95% of probability. Lest significant
differences (LSD) were calculated according to Fisher test and values were
shown only if statistically significant with accepted probability.

For visual presentation of relations between VMC and TC, the best fitted
equation were plotted, using the highest value of coefficient of determiantion
(R?). For all species and mixture types rule as:

y=axlIn(x)+b

was used, where dependent variable is VMC and independent variable — TC).

RESULTS

Soil VMC changes during drying.

As it has been proved by regression analysis, soil moisture decrease dur-
ing drying was linear in the case of all species and all used soil mixtures
(Table 2). It is also evident from above that mean VMC of soil under sward
dropped to 0% after 22 — 24 days in sandy mixture, from 28 to 29 days in
proportional mixture and from 44 to 46 days in peaty mixture of drying. In
each of applied soil mixtures, perennial ryegrass was the fastest soil-drying
species, as contrary to Kentucky bluegrass.
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Table 2
Results of the linear regression analysis with VMC as dependent variable and number of days
since water withheld (drying) as independent variable.

Dependent
. . variable
Unstandardized  Standardized value
Soil . coefficients coefficients . _—
- Species Model t Sign. For indepen-
mixture —
dent=0
B Std.Error Beta (V(I;OAA)C) -
Festuca ~ Constant 41.04 1.38 29.70 0.000 450
rubra No. of days  -0.91 0.05 -0.983 -19.90 0.000 ’
Lolium  Constant 40.25 1.60 25.14 0.000
Peaty 443
perenne  No. of days  -0.91 0.05 -0.977 -17.10 0.000
Poa Constant 41.86 1.36 30.78 0.000 458
pratensis No. of days  -0.91 0.05 -0.983 -20.24 0.000 ’
Festuca ~Constant 26.96 0.89 30.37 0.000 189
rubra No. of days  -0.93 0.05 -0.989 -18.56 0.000 '
Propor- Lolium ~ Constant 25.57 1.02 24.99 0.000 28.1
tional  perenne  No. of days  -0.91 0.06 -0.984 -15.76 0.000 ’
Poa Constant 29.72 1.12 26.60 0.000 295
pratensis No. of days ~ -1.01 0.06 -0.985 -15.97 0.000 )
Festuca ~ Constant 17.04 0.90 18.857 0.000 237
rubra No. of days  -0.72 0.07 -0.975 -10.677 0.000 ’
Sandy Lolium  Constant 16.14 0.78 20.604 0.000 21
perenne  No. of days  -0.73 0.06 -0.981 -12.514 0.000
Poa Constant 18.00 0.55 32.567 0.000 23.9
pratensis No. of days ~ -0.75 0.04 -0.991 -18.233 0.000 ’

No statistical differences between grass species and objects were found for the
amount of water available for plants during drying. It ranges from 2.217 kg H,O per
pot for peaty mixture, 1.355 kg H,O per pot for proportional mixture to 0.915 kg
H,O per pot for sandy mixture.

Turf performance

As soil VMC declined from the field water capacity (pF = 2.0) to permanent
wilting point (PWP, pF = 4.2), condition of turf (TC) was rather stable. First visible
symptoms of the permanent water deficit on the turf was leaf wilting i.e. TC de-
crease to score 7. It includes a blue-green color and leaf rolling or folding (Carrow,
1996). In our experiment, perennial ryegrass varieties wilted first, in sandy mixture
some varieties wilted half a day after VMC dropped to PWP (Table 3). As contrary
to above, the longest delay of wilting was noted for Kentucky bluegrass ‘Dresa’ in
peaty and proportional mixtures. Generally, if VMC reached PWP, turf become
wilted after 3.3 — 5.4 days in peaty and proportional mixture but 0.4 — 4.1 days in
a sandy mixture. As soil VMC decreased below PWP, TC also decreased and final-
ly dropped to 1, after 27 days in sandy mixture, 35 days in proportional mixture and
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53 days in a peaty mixture. Only in sandy mixture intra-specific variation was noted
for perennial ryegrass and red fescue.

Table 3
Number of days from the beginning of drying to: decrease of soil moisture content
to the permanent wilting point (pF=4.2); wilting of turf (TC=7) and its total dry-out (TC=1)

Soil mixtures:

N:l;}l :C?f Peaty Proportional Sandy
pF=4.2  Wilting Dry-out pF=4.2 Wilting Dry-out pF=4.2 Wilting Dry-out
Mean for
P. pratensis 29.6 350 54.1 18.6 240 353 13.7 17.8 289
Alicja 29.7 357 540 18.9 243 34.8 14.2 20.0 29.1
Ani 30.6 36.0 54.6 19.2 240 36.6 153 20.7 29.2
Chatupy 304 337 555 19.0 235 355 12.8 14.7 30.1
Dresa 275 34.7 524 174 24.0 344 12.5 16.0 272
Mean for
L. perenne 269 30.3 512 169 20.2 334 124 12.8 242
KRH-22 279 32.7 54.1 16.5 18.7 338 124 135 25.8
Nira 275 26.3 494 16.6 18.7 339 14.1 135 26.2
Stadion 27.0 323 523 172 20.3 335 11.6 12.0 232
Stoper 252 29.7 49.1 172 23.0 324 115 12.0 21.6
Mean for
F. rubra 281 31.8 542 18.6 23.6 357 13.0 163 282
Adio 274 26.3 56.8 18.1 23.0 340 9.8 13.0 24.1
Bargena 284 330 555 19.1 24.0 357 129 17.0 285
Leo 273 320 544 188 223 372 138 16.0 29.3
Nimba 29.1 357 50.0 183 250 357 154 19.0 31.0
Mean for objects: 282 323 532 18.0 226 348 13.0 15.6 27.1
LSD for objects - - - - 36 - 346% 6.1 % 53 **
LSD for species 22%* 3.8HH* - l2smER R - - 307 2.8 **

Levels of significance: ** p <0.05. *** - p <0.01

Moisture decrease was not related to tested objects, however TC decrease to
wilting (7.0) and total leaf dry out (1.0) was not only related to the soil mixtures
but also to tested objects (Table 4).

Table 4
Two-way ANOVA results for moisture and condition decrease (mean squares).
L. VMC decrease to perma- Decrease of turf condition to:
Source of variation oo .

nent wilting point 7.0 1.0
Soil mixtures 2038.0 ** 2451.0 * 5977.5 **
Objects 8.35 70.9 ** 26.7 *
Soil mixtures x objects 4.2 12.6 10.1

Statistical significance at: * -p <0.05; ** - p <0.01
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Mean values of TC during drying were strongly reduced in a sandy mixture,
and difference between objects were also noted in a proportional mixture (Fig. 1).
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The strongest effect of water deficit was noted in perennial ryegrass, where av-
erage TC was only 5.7% of control conditions for the grass grown in a peaty
mixture, 29.4% in a proportional mixture and 63.9% in a sandy mixture. Condi-
tion of perennial ryegrass variety Stoper dropped to 25% of control in a sandy
mixture, as compared to red fescue Nimba (75.6%) and Kentucky bluegrass Ani
(74.4%).

Most of the tested objects were not able to regenerate to the values of control
turf (Fig.2). In the case of Kentucky bluegrass and red fescue very low values of
TC (from 1.1 to 2.4) were observed. It means that only few green plants per pot
regenerated. As contrary to above, the quality of perennial ryegrass after regen-
eration was more than 50% of control. For example, perennial ryegrass KRH-22
regenerated in all soil mixtures to the level of control conditions. Kentucky
bluegrass regenerated better in a proportional mixture, than in a peaty and
sandy. For red fescue (exc. Bargena) there was no difference between regenera-
tion in a peaty and proportional mixtures.

Reduction of SD was the highest for Kentucky bluegrass varieties grown in
sandy mixture where it decreased to 25% (Chalupy) and 31% (Dresa) of its ini-
tial value. As contrary, the best SD after drought and regeneration was noted for
perennial ryegrass: from 70% (in a sandy mixture) to 93% (in a peaty mixture)
of initial density. For perennial ryegrass KRH-22 no statistical difference be-
tween all mixtures used was found (Fig. 3).
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Reduction of the sward density after drought and recovery in all soil mixtures
was noted for red fescues. It ranged from 23.8% of initial SD in a sandy mixture
(Nimba), 58.2% in a proportional (Leo) to 83.0% in a peaty mixture (Bargena).
No SD reduction was noted for Adio in peaty mixture.
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It is evident from above that turf condition during drying is close related to
VMC of soil. When plotting all TC data from different soil mixtures against
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VMC (Fig. 4) it can be concluded that condition of Kentucky bluegrass is most-
ly related to the soil moisture during drying and regeneration. Variation of TC is
described by VMC from 74% in a peaty mixture to 92% in a proportional mix-
ture. As contrary, TC of red fescue was the least related to VMC. Generally, TC
during drying and regeneration was mostly dependent on VMC in
a proportional mixture: from 92% for Kentucky bluegrass to 97% for perennial

ryegrass.
Cell membrane stability (CMS)

Stability of the leaf cell membranes of tested objects was the highest for red
fescue: from 45.5% for Nimba to 19.3% for Bargena (Fig. 5). No significant
difference was noted for perennial ryegrass entries (CMS from 10.6 to 9.2%).
Significantly lower CMS value were noted for strain Chatupy of Kentucky blue-
grass (7.2%), while for the rest of objects from the same species it raged 17.2
(Alicja) to 13.5 (Dresa).
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Fig. 5. Leaf cell membrane stability of tested objects — expressed as a % of control (non-dried leaves)
LSD = 5.48, Abbreviations: LP — Lolium perenne. FR — Festuca rubra. PP — Poa pratensis

Relations between CMS and TC during drought were different for the tested
species (Table 5). For Kentucky bluegrass SD after drought and number of days
from water withheld to wilting were positively correlated with CMS. However,
for red fescue and perennial ryegrass only few correlations were significant and
all of them negative, mostly for the turf grown in sandy mixture. Above relation
seems to be ‘species-specific’ and therefore general conclusion is not quite
clear. We can only suppose that during fast drying in our experimental condi-
tions higher membrane stability was not the main factor that determined post-
drought performance for red fescue and perennial ryegrass
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Table 5
Correlation coefficients for traits observed on turf and cell membrane stability
(only statistically significant coefficients were given).
Traits Soil mixture Poa pratensis  Lolium perenne  Festuca rubra
Peaty - - -
Mean turf condition during dry- . B B )
ing (% of control pots) Proportional
Sandy - - -
Peaty - - -
Mean turf condition during re- Proportional B B )
generation (% of control) P
Sandy - -0.90* -0.93*
Peaty - - -
Sward density after drought & regen- .
eration (% of initial value) Proportional ) . )
Sandy 0.99* - -0.90*
Peaty - - -
Soil moisture decrease to perma- P .
e - roportional - - -
nent wilting point
Sandy - - -
Peaty - - -
Number of days from water . a
withheld to wilting start Proportional 0.90 B )
Sandy - - -
Peaty - - -0.91%*
Number of days from water P ctional
withheld to total dry out roportiona B B )
Sandy - - -

Significance levels: a—p <0.1; * - p <0.05

DISCUSSION.

Water availability is one of the major factors that determine seed germination
and further plant development in the regions of seasonal or permanent water
deficits (Dodd and Donovan, 1999; Sharma, 1973). The rate of the water uptake
is crucial for the plant competitive ability (Wilman et al., 1998). Soil moisture
changes observed in our work were quite similar to described by Jiang and
Huang (2000) for Kentucky bluegrass and Volaire and Leliévre (2001) for the
orchard grass and tall fescue. In our experiment we have noticed that soil mois-
ture content in pots with perennial ryegrass decreased faster then in pots with
Kentucky bluegrass or red fescue. Wilman and co-authors (1998) suggested that
at spring, perennial ryegrass absorbed water slower than tall fescue or Italian
ryegrass, but from May to October it was similar for all species, even with ad-
vantage to perennial ryegrass. Such relation is due to intensive growth of peren-
nial ryegrass green mass, especially during the second part of growing season
(Falkowski, 1982; Elberse and Berendse, 1993).

Rate of the soil moisture decrease to the level of permanent wilting point (in
our experiment between 10 to 30 days of drying) was similar to results obtained
in pot experiment made by Karsten and Mac Adam (2001) with perennial
ryegrass and tall fescue. They noted permanent wilting point between 10 and 20
days of drying.
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Soil moisture changes are strongly connected with the changes in plants.
Plants cope with soil moisture decrease to level close to permanent wilting
point. Below this level some reversible changes (e.g. desiccation of leaf bases)
may first occur, and further, irreversible changes (e.g. total dry-out) will affect
plant (Chaves et al., 2002; 2003; Chaves and Oliveira, 2004). At the beginning
of soil moisture decrease the plants are usually able to keep tissue water poten-
tial at unchanged level, but if drought still progresses, rapid decrease of tissue
water potential appears (Amiard et al., 2003).

First, reversible change associated with the water deficit is leaf wilting. Wilt
symptoms include a blue-green color and leaf rolling or folding (Carrow, 1996a, b).
When wilted, the plants may reduce transpiration and therefore, total water loss.
According to Thomas and Evans (1989) wilting intensity is close connected
with leaf water potential. It has been proved for Kentucky bluegrass by Ebdon
and Koop (2004) that degree of wilting was connected both with the ability to
extract water from deeper soil layers and higher evapotranspiration. Observa-
tions on tall fescue leaf folding during the water deficit were more suitable for
the estimation of plant water status than laboratory measures of leaf osmotic
potential (White et al., 1992).

Concerning fast wilting of perennial ryegrass, as was noted in our experi-
ment, it could be the element of plant strategy for copying with drought. Jones
(1990, after Milnes et al., 1998) claims that the optimum drought copying strat-
egy of plants is based on fast uptake and spending of water, provided that plant
is able to survive water deficit due to special mechanisms. Such reactions has
been noted for junegrass or orchard grass from South of Europe (Volaire, 1995;
Milnes et al., 1998). Very fast wilting of perennial ryegrass during drought was
also probably due to the low root weight and low root:shoot ratio, as compared
to Kentucky bluegrass and red fescue (Dziamski ef al. 2007). Differences in the
root distribution during drought stress may be due to carbon relocation from the
shoots to roots for formation of a more extensive root system into deep soil (Mc
Cann and Bingru Huang, 2008).

The main factor that determined wilting speed was the amount of water avail-
able for plants. The phenomenon of fast wilting on the light, sandy soils as con-
trary to a peaty soils, was observed during spring drought 2000 in the upper
Notec¢ valley (Labedzki, 2000). Different speed of wilting and dry-out was ob-
served also by Carrow (1996 a) for tall fescue turf varieties.

It is possible that wilting was assisted by leaf cell membrane stability (CMS).
We have noticed close relation between CMS and wilting for red fescue and
Kentucky bluegrass. Red fescue Nimba of the highest CMS (45.5%) wilted after
36 days of drought in a peaty mixture while red fescue Adio, of low CMS
(20.3%) wilted 10 days earlier. Kentucky bluegrass Alicja (high CMS = 15%)
wilted 2 days later than Kentucky bluegrass Chatupy, of the lowest CMS =
7.2%. Such relation is rather easy to explain and has been proved in some other
experiments, where Kentucky bluegrass ecotypes of higher cell membrane sta-
bility were also resistant to simulated drought conditions (Abraham et al., 2003,
2004; Wang and Huang, 2004).

Some authors suggested that cell membrane stability during dehydratation
was a measure of dehydratation tolerance of whole plants (Huang et al., 1997
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b). It was true for spring wheat (Zagdanska and Pacanowska, 1979). However,
according to our results, high cell membrane stability seems not to be the good
measure of turf quality after drought. In perennial ryegrass we have noticed
small variation of CMS while in red fescue rather high. The manifestation of
CMS is probably due to the general genotype drought resistance strategy and is
close related to the share of other parts of plant in general drought resistance.

Next visible step in turf grass reaction to the permanent water deficit was leaf
yellowing and finally, senescence and total plant dry-out. Leaf yellowing is the
result of chlorophyll degradation in senescing leaves, which unmasks the pres-
ence of carotenoids (Munne-Bosch and Alegre, 2004). Drought-induced leaf
senescence contributes to the plant survival under drought, since it allows an
early diversion of resources from vegetative to reproductive development, re-
mobilization of nutrients from drying leaves to the young parts of plant (thus
contributing to plant survival) and reduction in water loss from the whole plant
(Munne-Bosch and Alegre, 2004; Volaire et al. 2005). Leaf yellowing and se-
nescence is normally considered a measure of drought tolerance in the field
conditions (Beard, 1989; Carrow, 1996a,b; Huang et al., 1997 a; Minner and
Butler, 1995).

Different leaf senescence and further regeneration are of the key role for
breeding lines evaluation because of high level of differentiation between geno-
types (Thomas, 1990; Carrow, 1996a). However, for Kentucky bluegrass there
was no close relation between the water use efficiency and leaf wilting and se-
nescence (Ebdon and Kopp, 2004).

Soil water abundance was crucial for the plant condition during drying. In
a soil mixture of the poorest water retention (sandy mixture), the lowest condi-
tion was noted. The differentiation of both species and varieties increased along
with the decrease of water retention of soil mixtures. The most drought suscep-
tible species was perennial ryegrass. It was the consequence of fast soil drying,
as it was mentioned above. However, if plant reduces its foliage fast, shorter is
the period of exposition of living, aboveground parts of plants to drought condi-
tions, and therefore, less is the damage of leaf bases and tillers. Plants may
therefore regenerate faster after the drought is over (Munne-Bosch and Alegre,
2004). One of the major factors that determine plant survival during drought is
the effective water use. Higher water use efficiency for perennial ryegrass as
compared to tall fescue and orchard grass was observed in pot experiment made
by Johnson and Basset (1991, after Thomas, 1994). It was true for drought test
conditions as well as for watered control pots. Competitive ability of perennial
ryegrass in comparison with orchard grass, meadow fescue or timothy de-
creased in the wet conditions while with increasing site moisture, sugars content
in dry matter decreased (Falkowski ef al., 1986; Baryta and Warda, 1999).

When the drought ends, after natural rain or artificial watering, the regenera-
tion begins. It is of the major importance for perennial grasses, especially regen-
eration from existing plants rather than requiring establishment of new plants
(Kemp and Kluvenor, 1994). Good regeneration after drought may be more im-
portant than plant growth during the dry season. Above process is linked with
the ability to reduce cell membrane damages during desiccation or fast repairing
of membranes (Chavez and Olivera, 2004). Regeneration is also dependent on
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the density of tillers surviving prolonged water deficit, its regrowth and growth
of new tillers (Volaire et al., 1998). Water content in young plant tissues of
leaves and sheets increase along with increasing soil moisture content (Amiard
et al., 2003). During the same time, water content in mature leaf blades in-
creased rather slow, and in roots no increase was noted.

In our experiment none of tested objects regenerated to 100% of initial value, as
it was noted in the previous field experiment on turf grasses (Zurek, 2000).
Apart from obvious differences between pot experiment and field drought, per-
ennial ryegrass was selected as the best regenerating species in the most stress-
ful conditions (i.e. sandy mixture). Perennial ryegrass varieties regenerated its
condition to 59% of control pots, while red fescue only 22% and Kentucky
bluegrass — 16%. Fast regrowth of perennial ryegrass tillers after drought was
also observed by Volaire and co-authors (1998). It was ascribed to greater avail-
ability of carbohydrates and proline at the end of drying phase (Volaire et al.,
1998).

One from many important factors that determine the quality of turf varieties
is sward density (Diesburg et al., 1997). Value of sward density at the end of
the drying period was claimed to be a turf quality index (Qian and Engelke,
1999). Once more, perennial ryegrass seems to be a species of the highest sward
density after drought and regeneration. Sward density of ryegrass was 70% in
a sandy mixture, while for red fescue — 31% and for Kentucky bluegrass — 29%.
Low sward density of red fescue turf after drought was also observed by Minner
and Butler (1985).

Red fescue indicate some evolutionary developed adaptive mechanisms simi-
lar to f.e. Trichloris crinita, Argentinian pasture grass (Greco and Cavagnaro,
2003). Along with the increasing temperature and increasing probability of
summer drought occurrence, red fescue plants decrease aboveground weight
together with an increase of root growth production (Dziamski et al., 2007).
That is probably the reason why condition of red fescue sward was the least de-
pendent on the soil moisture, as compared to Kentucky bluegrass and perennial
ryegrass. An increase of root:shoot ratio is an element of the plant drought re-
sistance strategy known as drought avoidance (Beard 1989; Chaves et al.,
2003). However, usually it is not in line with turf user expectations. Creeping
red fescue and sheep fescue are commonly used for low maintenance turf
(Dernoeden et al., 1994, 1998, Diesburg et al., 1997, Harkot and Czarnecki,
1999, Lutynska, 1993). However, along with increasing drought, turf from
above species usually display a brown patchy appearance, rather than uniform
dormancy as for the perennial ryegrass and Kentucky bluegrass. Mulch, provid-
ed by dead leaves or dormant turf is difficult to mow. Finally, the dead areas on
turf of creeping red fescue or sheep fescue never fill in with new growth and
that is why above species were recorded to be less drought resistant than peren-
nial ryegrass and Kentucky bluegrass (Minner and Butler, 1985).

Drought tolerant cultivars of the major amenity grasses were always very
important for breeders and managers. But it is still not clear that any drought
tolerant cultivars exist, even in large turf trails in USA (Thorogood 2003). On
the other hand it is quite easy to find significant differences between commer-
cial cultivars, on the single trait basis (Zurek, unpublished data). What is proba-



Effect of drought on the performance of three turf grass species 19

bly of the major interest, is that drought tolerance is species-dependent. In few
cases species with genetically enhanced drought tolerance were used for the
improvement of other species. One good example is hybridization between Tex-
as bluegrass (Poa arachnifera Torr.) and Poa pratensis. A few of the resulting
cultivars demonstrated enhanced drought tolerance (Read and Anderson, 2003).

However, considering the world-wide water problems, probably the best way
is to look for ‘water-saving’ cultivars rather than for better drought tolerance.
Presently the modern cultivars with improved drought resistance retain proper
turgor in stress conditions by more intense transpiration. Unfortunately, more
intense transpiration during the drought period is compatible with higher tran-
spiration rate under the optimal weather conditions, which results in larger
amount of water evapotranspiration from the soil (Rybka and Zurek, 2010).
Nothing is currently known about the possibility of producing ‘water-saving’
amenity grass cultivars. Another option for the water problems is to use munici-
pal water, wastewater, storm water or other types of water not suitable for peo-
ple or animals. The idea is to have more than one water source available for use
on a single turf site (Duncan et al. 2009).

CONCLUSIONS

1. The expression of natural variation, connected with the water deficit is
much more visible in conditions that favor faster water loss. Environ-
mental conditions have much stronger effect on the water loss than mor-
phological and physiological properties of grass plants. Soil mixture,
which was the most suitable for estimation of the grass reaction to the
water deficit was a sandy mixture, of relatively low water capacity (ca.
16% of field water capacity). While testing in such conditions, differ-
ences between tested varieties were clearly manifested.

2. Key traits in the evaluation of turf grass in drought conditions seems to
be regeneration and sward density maintenance after drought. Other
biochemical and physiological parameters (e.g. leaf cell membrane sta-
bility) of great value for the general understanding of plant reaction to
the stress, should be treated as additional determinants of potential qual-
ity of tested varieties.

3. Suggestions for the practice resulting from above publication and con-
cerning turf surfaces quality during prolonged water deficits are that we
should use grass mixtures with high perennial ryegrass contents to en-
sure relatively high turf regeneration after drought if watering is not
possible or not recommended. In case of no problems with watering turf
quality could be increased with higher share of Kentucky bluegrass in
the mixtures.

REFERENCES

Abraham E. M., Huang B., Bonos S. A., Meyer W. A. 2004. Evaluation of drought resistance of Texas blue-
grass, Kentucky bluegrass, and their hybrids. Crop. Sci. 44: 1746 — 1753.



20 Grzegorz Zurek et al.

Abraham E. M., Huang B., Meyer W. A., Bonos S. A., 2003. Physiological indicators for drought resistance
in Poa arachnifera x Poa pratensis hybrids. Vortr. Pflanzenzuchtung, 59: 301 — 307.

Amiard V., Morvan-Bertrand A., Billard J. P., Huault C., Keller F., Prud’homme M. P. 2003. Fructans, but
not the sucrosyl-galactosides, raffinose and loliose, are affected by drought stress in perennial ryegrass.
Plant Physiol. 132: 2218 — 2229.

Amin Md R., H. Thomas. 1996. Growth and water relations of diverse populations of Lolium perenne exposed
to drought in field, glasshouse and controlled environment. Journ. of Agric. Sci. Cambridge Univ. Press,
126; 15 - 23.

Baryta R., Warda M. 1999. Wptyw czynnikow siedliskowych na udziat Lolium perenne L. w zbiorowiskach
trawiastych na glebie torfowo-murszowej. Lakarstwo w Polsce. 2: 9 — 14.

Bak B., Labedzki L. 2002. Assessing drought severity with the relative precipitation index (RPI) and the
standardised precipitation index (SPI). Journal of Water and Land Development, 6: 29 —49.

Beard J. B., 1989. Turfgrass water stress: drought resistance components, physiological mechanisms and
species - genotype diversity. Procc. of the 6th Int. Turfgrass Res. Conf. Tokyo, July 31 - August 5; 23 -
28.

Bray E. A. 2001. Plant response to water-deficit stress. Encyclopedia of Life Sciences, Nature Publishing
Group, 1 — 5 (www.els.net)

Carrow R. N. 1996 a. Drought avoidance characteristic of diverse tall fescue cultivars. Crop Sci. 36: 371 —
3717.

Carrow R. N. 1996 b. Drought resistance aspects of turfgrasses in the Southeast: root-shoot responses. Crop
Sci. 36: 687 — 694

Chaves M. M., Maroco J., Pereira J. S. 2003. Understanding plant response to drought — from genes to the
whole plant. Functional Plant Biology, 30: 239 — 264.

Chaves M. M., Oliveira M. M. 2004. Mechanisms underlying plant resilience to water deficits: prospects for
water-saving agriculture. Journ. of Exp. Botany, 55 (407): 2365 — 2384.

Chaves M. M., Pereira J. S., Maroco J., Rodrigues M. L., Ricardo C. P. P., Osorio M. L., Carvalho I., Faria T.,
Pinheiro C. 2002. How plants cope with water stress in the field. Photosynthesis and growth. Ann. of
Bot. 89: 907 — 916.

Dernoeden P. H., Carroll M. J., Krouse M. J. 1994. Mowing of three fescue species for low-maintenance turf
sites. Crop Science, 34, 6: 1645 - 1649.

Dernoeden P. H., Fidanza M. A., Krouse M. J. 1998. Low maintenence performance of five Fescue species in
monostands and mixtures. Crop Sci. 38, 2: 434 - 438.

Diesburg K., L., N. E. Christians, R. Moore, B. Branham, T., K. Danneberger, Z., J. Reicher, T. Voigt, D., D.
Minner, R. Newman. 1997. Species for low-input sustainable turf in the U.S. Upper Midwest. Agron. J.
vol. 89, no. 4; 690 - 694.

Dodd G. L., Donovan L. A. 1999. Water potential and ionic effects on germination and seedling growth of
two cold desert shrub. Am. Journ. of Bot. 86(8): 1146 - 1153.

Duncan R.R., Carrow R.N., Huck M.T. 2009. Turfgrass and landscape irrigation water quality. Assessment
and management. CRC Press, Taylor & Francis Group, Boca Raton, London, New York, 464 pp.

Dziamski A., Stypczynska Z., Zurek G., Labedzki L., Dhugosz J. 2007. Observations of root system develop-
ment and dynamics of root:shoot ratio of selected turf grass varieties and breeding lines grown in differ-
ent soil conditions. Plant Breeding & Seed Science, 55: 75 — 88.

Ebdon J.S., Kopp K.L. 2004. Relationships between water use efficiency, carbon isotope discrimination, and
turf performance of genotypes of Kentucky bluegrass during drought. Crop Sci. 44: 1754 — 1762.

Elberse W. Th., Berendse F. 1993. A comparative study of the growth and morphology of eight grass species
from habitats with different nutrient availabilities. Functional Biology, 7: 223 — 229.

Falkowski M. 1982. Trawy polskie. PWRiL, Warszawa, ss. 564.

Falkowski M., Olszewska L., Kukulka I., Koztowski S. 1986. Reakcja odmian zycicy trwatej (Lolium perenne
L.) na azot i wodg. Biuletyn Oceny Odmian, 11, 1: 103 — 111.

Greco S.A., Cavagnaro J.B. 2003. Effects of drought on bioweight production in three varieties of Trichloris
crinita (Poaceae) a forage grass from the arid Monte region of Argentina. Plant Ecology, 64, 1: 125 —
135.

Harkot W., Czarnecki Z. 1999. Przydatnos¢ polskich odmian traw gazonowych do zadarniania powierzchni w
trudnych warunkach glebowych. Fol. Univ. Agric. Stetin. 197 Agricultura (75): 117 - 120.

Huang B, Gao H. 1999. Physiological responses of diverse tall fescue cultivars to drought stress. HortScience
34 (5): 897 -901.

Huang B., Duncan R. R., Carrow R. N. 1997a. Drought-resistance mechanisms of seven warm-season
turfgrasses under surface soil drying: I. Shoot response. Crop Sci. 37: 1858 — 1863.

Huang B., Duncan R. R., Carrow R. N. 1997b. Drought-resistance mechanisms of seven warm-season
turfgrasses under surface soil drying: II. Root aspects. Crop Sci. 37: 1863 — 1869.

Huang B., Duncan R. R., Carrow R. N. 1997c. Root spatial distribution and activity of four turfgrass species
in response to localised drought stress. Int. Turfgrass Society Res. Journal, 8: 681 — 690.

Hull R. J. 1997. Managing turf for minimum water use. Turf News, vol. 21, no. 2; 24 - 28.

Humphreys M. W. 2001. Breeding for drought tolerant grasses. Workshop 2. W: Monjardino P., Camara A.,
Carnide V. (eds.) “Breeding for stress tolerance in fodder crops and amenity grasses.” Procc. of the 23™



Effect of drought on the performance of three turf grass species 21

Meeting of the Fooder Crops and Amenity Grasses Section of EUCARPIA, Azores, Portugal, October 1-
4,2000: 236 — 239.

Humphreys M.W., H. Thomas. 1993. Improved drought resistance in introgression lines derived from Lolium
multiflorum x Festuca arundinacea hybrids. Plant Breeding 111; 155 - 161.

Jiang Y., Huang B. 2000. Effects of drought or heat stress alone and in combination on kentucky bluegrass.
Crop Sci. 40: 1358 — 1362.

Jiang Y., Huang B. 2001a. Droughyt and heat stress injury to two coll-season turfgrasses in relation to antioxi-
dant metabolism and lipid peroxidation. Crop Sci. 41: 436 — 442.

Jiang Y., Huang B. 2001b. Osmotic adjustment and root gorwth associated with drought preconditioning-
enhanced heat tolerance in kentucky bluegrass. Crop Sci. 41: 1168 — 1173.

Karsten H. D., MacAdam J. W., 2001. Effect of drought on growth, carbohydrates, and soil water use by
perennial ryegrass, tall fescue, and white clover. Crop Sci. 41: 156 — 166.

Kemp D. R., Culvenor R. A., 1994. Improving the grazing and drought tolerance of temperate perennial
grasses. New Zealand Journ. of Agr. Res. vol. 37: 365 — 378.

Lutynska R. 1993. Prace hodowlane i badania nad gatunkami traw z rodzaju Festuca. Biul. IHAR, nr 188: 5 -
12.

Labedzki L. 2000. Ocena zagrozenia susza w regionie bydgosko-kujawskim przy uzyciu wskaznika standary-
zowanego opadu (SPI). Wiadomosci Melioracyjne i Lakarskie. 3: 102 — 103.

McCann S.E., Bingru Huang 2008. Turfgrass drought physiology and irrigation management. In: Pessarakli
M. (ed.). Handbook of turfgrass management and physiology. CRC Press, Taylor & Francis Group, Boca
Raton, USA, 431 —442.

Milnes K. J., Davies W. J., Rodwell J. S., Francis B. J. 1998. The response of Briza media and Koeleria
macrantha to drought and re-watering. Functional Ecology, 12: 665-672.

Minner D. D., J. D. Butler. 1985. Drought tolerance of cool season turfgrasses. Procc. of the Fifth Int.
Turfgrass Res. Conf., Avignon, France, 1 - 15.07.1985, INRA; 199 - 212.

Munne-Bosch S., Alegre L. 2004. Die and let live: leaf senescence contributes to plant survival under drought
stress. Functional Plant Biology; 31: 203 — 216.

Nelsen A. 2018. Crop failure and bankruptcy threaten farmers as drought grips Europe. The Guardian,
20.07.2018, https://www.theguardian.com/environment/2018/jul/20/crop-failure-and-bankruptcy-
threaten-farmers-as-drought-grips-europe

Pronczuk S. 1993. System oceny traw gazonowych. Biul. [HAR 186: 127 — 132.

Pronczuk S., Proficzuk M, Zytka D. 1997. Metody syntetycznej oceny wartoéci uzytkowej traw gazownych.
Zesz. Probl. Post. Nauk Roln., z. 451: 125 - 133.

Read J.C., Anderson S.J. 2003. Texas bluegrass. In: Turfgrass Biology, Genetics, and Breeding. John Wiley &
Sons., Inc., Hoboken, New Jersey, USA, 61 — 66.

Qian Y. L., Engelke M. C. 1999. Performance of five turfgrasses under linear gradient irrigation. HortScience
34(5): 893 — 896.

Rybka K., Zurek G. (2010). Effective use of water as an obligate criterion in plant breeding. [in Polish]
Postgpy Nauk Rolniczych (Advances in Agricultural Sciences) 4: 19 — 32.

Sharma M. L. 1973. Simulation of drought and its effect on germination of five pasture species. Agron. J., vol.
65, no. 6, 982 - 987.

Svensson J. 2001. Functional studies of the role of plant dehydrins in tolerance to salinity, desiccation and low
temperature. Doctoral thesis. Swedish University of Agricultural Sciences, Uppsala, pp. 46.

Thomas H. 1990. Osmotic adjustment in Lolium perenne; its heritability and the nature of solute accumula-
tion. Annals of Botany 66; 512 - 530.

Thomas H. 1994. Diversity between and within temperate forage grass species in drought resistance, water
use and related physiological responses. Aspects of App. Biol. Efficiency of water use in crop systems.
38; 47 -55.

Thomas H., C. Evans. 1989. Effect of divergent selection for osmotic adjustment on water relations and
growth of plants of Lolium perenne. Ann. of Bot. 64; 581 - 587.

Thorogood D. (2003) Perennial ryegrass. In: Casler M.D., Duncan R.R. (eds) Turfgrass Biology, Genetics,
and Breeding. John Wiley & Sons., Inc., Hoboken, New Jersey, USA, 75 — 105.

Volaire F. 1995. Growth, carbohydrate reserves and drought survival strategies of contrasting Dactylis glom-
erata populations in a Mediterranean environment. Journ. of Applied Ecology. 32: 56 — 66.

Volaire F., Leliévre F. 2001. Drought survival in Dactylis glomerata and Festuca arundinacea under similar
rooting conditions in tubes. Plant and Soil, 229: 225 — 234.

Volaire F., Norton M. R., Norton G. M., Leliévre F. 2005. Seasonal patterns of growth, dehydrins and water-
soluble carbohydrates in genotypes of Dactylis glomerata varying in summer dormancy. Annals of Bota-
ny, 95: 981 —990.

Volaire F., Thomas H., Bertagne N., Bourgeois E., Gautier M. F., Leliévre F. 1998. Survival and recovery of
perennial forage grasses under prolonged Mediterranean drought. 1I. Water status, solute accumulation,
abscisic acid concentration and accumulation of dehydrin transcripts in bases of immature leaves. New
Phytol. 140: 451 — 460.

Wang Z., Huang B. 2004. Physiological recovery of kentucky bluegrass from simultaneous drought and heat
stress. Crop Sci. 44: 1729 — 1736.



22 Grzegorz Zurek et al.

White R. H., Engelke M. C., Morton S. J., Ruemmelle B. A., 1992. Competitive turgor maintenance in tall
fescue. Crop Sci. 32: 251 — 256.
Wilman D., Gao Y., Leitch M. H. 1998. Some differences between eight grasses within the Lolium-Festuca
complex when grown in conditions of severe water shortage. Grass and Forage Science, 53: 57 — 65.
Zagdanska B., Pacanowska A. 1979. Dehydratation tolerance of spring wheat and its relation to plant growth
and productivity under soil drought conditions. Biol. Plant. 21: 452 —461.

Zhao Y. G., Fernandez G. C. J., Bowman D. C., Nowak R. S. 1994. Selection criteria for drought- resistance
breeding in turfgrass. Journ. of Am. Soc. Hort. Sci. 119 (6): 1317 — 1324.

Zurek G., 2000. Effect of summer drought in 1999 on turf grass species. Plant Breeding and Seed Science, 44
(1): 73 - 83.

Zurek G. 2006. Reakcja traw na niedobory wody - metody oceny i ich zastosowanie dla gatunkéw trawniko-
wych. Monografie i Rozprawy Naukowe, 25: 1- 106.



PLANT BREEDING AND SEED SCIENCE
Volume 78 2018

DOI: 10.1515/plass-2018-0011

Katarzyna Niemczyk', Barbara Kmiecik', Jerzy Detyna'*, Henryk Bujak®

"Department of Mechanics, Materials Science and Engineering, Faculty of Mechanical Engineering,
Wroctaw University of Science and Technology, Smoluchowskiego 25, 50-370 Wroctaw,
Poland; 2Dep::nrtment of Genetics, Plant Breeding and Seed Production, Wroctaw
University of Environmental and Life Sciences, Grunwaldzki Square 24A,

50-363 Wroctaw, Poland;

* Corresponding author e-mail: jerzy.detyna@pwr.edu.pl

THE INFLUENCE OF NEAR INFRARED STIMULATION
ON THE GERMINATION ENERGY AND GERMINATION CAPACITY
OF SELECTED PARSLEY VARIETIES

ABSTRACT

A variety of different physical methods are used increasingly frequently to improve the quality of the
seeds material. Numerous publications confirm the positive effect of, for example, the magnetic field with
a frequency of 50 Hz on the germination of seeds. However, there are no significant reports regarding the
impact of NIR radiation on the growth and development of plants. To fill this gap the influence of three doses
of near-infrared seeds stimulation was tested under laboratory conditions. The power density was 6.9mW/
cm?2. The used seeds encompassed four parsley varieties: Konika, Osborne, Alba and Hanacka. Both the influ-
ence of the used variety as well as the radiation dose on parsley germination were tested. The obtained results
indicate that the stimulation affects the selected parsley varieties.

Key words: biostimulation, germination energy, near infrared (NIR), parsley, seeds

INTRODUCTION

The aim of this publication was to investigate the impact of the near infrared
radiation (NIR) on parsley seeds and to its influence on the growth and deve-
lopment of this plant.

The main objective was to increase the germination capacity of parsley seeds. Root
parsley is a staple flavouring plant grown in Poland. However, harvesting parsley crop
is not easy due to several factors. First of all parsley seeds have low germination capaci-
ty. Besides, they have high requirements for germination places, the floor should be
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middle-concise, rich, not crusted over, mould, and also it should have high water capa-
city and pH close to neutral. Parsley is very sensitive to rainfall, both deficit and over-
flow of water have a negative impact on its growth. Another factor is soil fertilization
which is also necessary for parsley to grow.

The need for quality food is becoming an enormous challenge for the modern
world. The quality of products available on the market is plummeting, however,
simultaneously their prices are rising. The reason for this is the massive use of
chemicals in the production process. Although these chemical agents are highly
effective, they also pose a biohazard, because they penetrate food (Anisimov
and Chaikina, 2014; Grabowska et al., 2014; Grémiaux et al., 2016; Khan et al.,
2009; Michalak et al., 2018; Vasilenko, 2016; Wiatrak et al., 2016).

The above mentioned threats resulted in greater consumer awareness and
emphasised the necessity to conduct research on improving the quality of
food. These investigations were connected with a significant increase in the
interest in the use of physical stimulus factors to improve the quality of the
plants. Physical stimulation influences the physiological and biochemical
changes of plant seeds. However, it is important that this method does not
penetrate into the soil substrate, and therefore it is not harmful for the envi-
ronment (Aladjadjiyan, 2012; Bae et al., 2015; Godlewska et al., 2016; Mi-
chalak et al., 2015; Podlesny, 2004; Saberi and Tamian, 2014; Tadeusie-
wicz, 2008). In the literature there are also descriptions of experiments in
which the influence of near-infrared radiation (NIR) on the germination
energy and the germination capacity of seeds, including parsley, were
investigated (Grabowska and Mech, 2015a, 2015b; Gruszecki, 2005).

In general, NIR radiation works at the quantum level (by affecting the
atomic and molecular levels), however, it also affects the level of plant
cells and tissues. It has been known for a long time that the use of near-
infrared radiation improves seed germination (although the mechanism of
this process is not fully understood yet) (Michalak et al., 2018). The ritish
patent GB 2.303.533 indicates the possibility of stimulating seeds by means
of near-infrared radiation, also when it is connected to red light (Vasilenko,
2016). It was shown in the literature that usually the stimulation of seeds by
radiation in the wavelength range from 800 to 1000 nm improved the ger-
mination of various garden plants (Grabowska et al., 2015, 2014, 2013;
Johnson et al., 1996; Niemczyk, 2017; Vasilenko and Popova, 1996). Mo-
reover, the germination capacity of the seedlings increased when NIR light
was applied.

The examination of the influence of near-infrared radiation on the parsley
seeds of the selected varieties was the goal of the experiment presented in
this publication. For this purpose, seed irradiation was performed with
a halogen lamp with an NIR filter, and then the seeds were transferred to
a phytotron. Four parsley varieties — Konika, Osborne, Alba and Hanacka
were used in the experiment. It can be said that the experiment had
a bifactor nature. The influence of the used variety and also the dose of ra-
diation on parsley germination was also analysed. First 100 seeds were pla-
ted on blotting paper in a Petri dish. Then, the Petri dishes with seeds were
placed in the phytotron until germination started. The tests were performed
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three times. The temperature and humidity in the phytotron remained at the
same level. Subsequently, 10 days after sowingthe germination energy of
all samples was checked and 21 days after sowing — germination ability.
The obtained results indicate that stimulation affects the selected parsley
varieties. During the research, tests were also carried out to determine the
structure of parsley shoots after stimulation and their properties were com-
pared with a control sample that was not stimulated. The results of these
studies will be subject of another publication.

MATERIALS AND METHODS

Biological material

The experimental material were four varieties of parsley seeds: Konika,
Osborne, Alba and Hanacka. Root parsley is one of the basic, flavouring
crops, commonly grown in Poland. It has been known in Poland for a long
time, but its crop is not always successful. Failures in the production are
due to several factors (Gruszecki, 2005). The seeds used in the experiment
came from “MoravoSeed” and “Nohel-Garden” companies (Fig.1A).

Fig. 1 A) Seeds of parsley B) Appliance for irradiation

Near-infrared procedure

The samples were exposed to halogen lamp radiation of a halogen lamp
(Fig. 1B) equipped with a 700-2,000 nm filter. The light was focused on
a flat glass tube in which the samples were kept in a dark glass cell. The
power density of the incident light was 6.9 mW/cm2. It was measured by
a fito-phytometer, OPTEL (Fig. 2). The irradiation temperature was kept
constant at 21£1°C by means of an additional water-cooling system (Walski
et al., 2014) (Fig. 3).

Research material consisted of four groups: without stimulation (control
group), 15 min, 30 min and 60 min. When irradiation was switched off the
samples were put into a phytotron for 20 min.
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Fig. 3. Thermostat

Seeds storage

One hundred seeds were plated on blotting paper in the Petri dish (Fig. 4A).
Then, the Petri dishes with seeds were located in the phytotron (Sanyo Versatile
Environmental Test Chamber MCC-351H) until germination. Temperature and
humidity were controlled throughout the entire process (Fig. 4B).
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Fig. 4. A) Seeds plated in Petri dish, B) Temperature in phytotron

RESULTS AND DISCUSSION

The following parameters were calculated after stimulation: germination
energy (10 days after sowing) and germination ability (21 days after sowing).

Germination energy (GE)

Germination energy is used to determine the viability of seeds. It is the per-
centage of the number of seeds germinated normally at the shortest possible
time (Drozd ef al., 2004). On the 10th day after sowing, the germination energy
of individual seed varieties was calculated for each of the applied radiation do-
ses and also for each repetition (Table 1). Figures 5-8 show the seeds on selec-
ted Petri dishes 10 days after sowing.

Table 1
Germination energy of all extracted varieties of parsley seeds
Time KONIKA [%] OSBORNE [%] ALBA [%] HANACKA [%]
[min] 1 2 3 1 2 3 1 2 3 1 2 3
0 82 82 78 92 84 90 63 55 70 56 59 50

15 83 73 72 86 86 80 64 41 68 52 60 69
30 75 74 85 85 90 89 64 66 58 58 61 64
60 75 79 93 85 79 2 58 64 70 55 51 69

Stimulation with near-infrared radiation does not affect the GE of Konika
parsley seeds (Fig. 5), and in some cases even a slight decrease in germination
energy can be observed. In the case of the Osborne variety (Fig. 6), near-
infrared stimulation did not affect the GE of seeds. In the case of the germina-
tion energy evaluation for sample 3, which was stimulated for 60 minutes,
a very low level of this parameter was observed due to the drying of the plate.
The NIR stimulation did not affect the GE of Alba (Fig. 7) and Hanacka parsley
seeds (Fig. 8), either.
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Fig. 5. Sample dishes with Konika seeds 10 days after sowing
A) Control sample, B) 15 min stimulation, C) 30 min stimulation, D) 60 min stimulation

Fig. 6. Sample dishes with Osborne seeds 10 days after sowing
A) Control sample, B) 15 min stimulation, C) 30 min stimulation, D) 60 min stimulation

Fig. 7. Sample dishes with Alba seeds 10 days after sowing
A) Control sample, B) 15 min stimulation, C) 30 min stimulation, D) 60 min stimulation

Fig. 8. Sample dishes with Hanacka seeds 10 day after sowing
A) Control sample, B) 15 min stimulation, C) 30 min stimulation, D) 60 min stimulation
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Germination capacity (GC)

The term germination capacity is used to determine the percentage of seeds
producing seedlings classified as normal under appropriate conditions in
a defined period of time (Drozd et al., 2004). Seeds stimulation by the near-
infrared apparently influenced on the increase in germination capacity (Table 2)
in seeds which were stimulated for 60min.

Table 2
Germination capacity of all extracted varieties of parsley seeds
Time KONIKA [%] OSBORNE [%] ALBA [%] HANACKA [%]
[min] 1 2 3 1 2 3 1 2 3 1 2 3

0 83 84 82 94 98 90 71 68 74 66 70 58
15 85 81 75 89 89 81 72 82 79 62 73 72
30 78 82 88 92 90 94 82 88 76 63 61 77
60 85 86 95 86 83 84 81 83 85 64 72 75

Fig. 9. Sample dishes with Konika seeds 21 days after sowing
A) Control sample, B) 15 min stimulation, C) 30 min stimulation, D) 60 min stimulation

After the stimulation of the Osborne parsley seeds stimulated 15 and 60min
by near-infrared radiation, a decrease in the GC of these seeds becomes visible.
NIR stimulation increased the GC of Alba parsley seeds, the biggest changes
were observed in the case of 60min stimulation. Likewise, NIR stimulation in-
creased the GC of Hanacka parsley seeds of varieties and again the biggest
changes occurred in the case of 60min stimulation.

Fig. 10. Sample dishes with Osborne seeds 21 days after sowing
A) Control sample, B) 15 min stimulation, C) 30 min stimulation, D) 60 min stimulation
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Fig. 11. Sample dishes with Alba seeds 21 days after sowing
A) Control sample, B) 15 min stimulation, C) 30 min stimulation, D) 60 min stimulation

Fig. 12. Sample dishes with Hanacka seeds 21 days after sowing
A) Control sample, B) 15 min stimulation, C) 30 min stimulation, D) 60 min stimulation

CONCLUSIONS

Near-infrared stimulation did not affect the germination energy of all te-
sted varieties of parsley seeds. On the box plot chart (below) one can obse-
rve that germination capacity clearly increased for Konika and Alba varie-
ties. This is much less visible for the Hanacka variety (large dispersion va-
lue). However, for a the Osborne variety, germination is completely random
with respect to exposure time. We believe that we should repeat this experi-
ment with a larger group of studied plants and also include other stimulants
(e.g. stimulation with variable and constant magnetic field).

Our results were analysed by the Kruskal-Wallis (K-W) test for many
independent groups. This is a nonparametric test which compares more than
two groups with each one another. It is analogous to the variance analysis.
This test does not require the fulfilment of the assumption of the normality
of the obtained results. The idea of this test is the measurement of the loca-
tion summary one-point statistics in all analysed groups. The whole sample
is ranked (all groups are combined) and then the Kruskal-Wallis test stati-
stic is constructed. This statistic is a measure of the deviation of sample
ranks from the average value of all ranks. The distribution of statistics is
derived with the less restrictive assumption that we compare at least three
groups, all of which have a population of at least 3.
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In the K-W test, the significance of the effect of NIR exposure time on ger-
mination energy was analysed (Figs. 14, 16, 18 and 20), as well as the capacity
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(Figures 15, 17, 19, 21), the significance level was 0.05. The results of the test
are presented in the following charts (median - first and third quartile - mini-
mum and maximum). Explanation of the abbreviations used: GE - germination
energy; GC - germination capacity.

The results of statistical tests confirm our earlier observations. We can see
that NIR stimulation gives different results depending on the parsley varieties
and the exposure amount. We cannot generally say that this stimulation affects
the parsley seeds in one way. However, in most cases, the beneficial effect of
NIR on the seeds of selected parsley varieties can be noticed. The germination
capacity of Konika and Alba varieties after biostimulation increases
(statistically significant). This is also evident for the Hanacka variety, but defi-
nitely less clearly (there is a large variation of this value). However, for the Os-
borne variety, GC is completely random compared to the time of exposure. In
the case of germination energy, such effective results cannot be observed (no
statistically significant differences between the examined groups). On basis of
the results we can find some effect of near-infrared stimulation for GE, ho-
wever, it is not possible to form unambiguous cognitive conclusions. In some
cases, you can even observe the progress of changing this parameter as the
exposure time increases (e.g. the Konika variety).
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ABSTRACT

Low temperature stress is one of the limiting factors of seed germination. In order to investigate the effect of low
temperatures on germination of barley cultivars, identification of traits related to low temperature stress at germina-
tion stage and the effect of calcium chloride on these traits, 44 Iranian and European barley cultivars were evaluated
in a factorial experiment within completely randomized design with 3 replications in the Laboratory of Plant Physiol-
ogy, Agronomy and Plant Breeding department, Razi University. The first factor was 44 Iranian and European barley
cultivars, the second factor included four temperature (0, 5, 10 and 20°C), and the third factor was the use of calcium
chloride (10 mM) and its non-use (distilled water). Analysis of variance showed that there was a significant differ-
ence between cultivars for all traits except root length and seed vigor. Applying calcium chloride treatment at
a concentration of 10 mM did not significantly affect the traits under the studied temperatures. Reducing temperature
from 20°C to 10°C and 5°C reduced root length, shoot length, coleoptile length, root number, coefficient of velocity
of germination, seed vigor and promptness index. The results of correlation analysis showed that there was
a significant positive correlation between promptness index with average velocity of germination, coefficient of
velocity of germination and seed vigor, germination percentage and root number in all studied temperatures. There
was little differentiation between Iranian and European cultivars by both cluster and discriminant analysis.

Key words: barley, correlation, germination, low temperature stress

INTRODUCTION

Barley as an agronomic plant compatible with drought stress and tolerant to adverse
environmental conditions and possessing characteristics such as green grazing in the
tillering, grain extraction and its use in food industry, has a special place in the agricul-
tural systems of the arid regions of the world, including Iran (Rezaikalu ef al., 2012).
Barley is cultivated in many parts of the world due to its high resistance to environ-
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mental stresses and less need for moisture and adaptation to the environment (Behnia,
1996). Barley is planted in an area of 1.8 million hectares in Iran, of which 60% is de-
voted to rainfed areas. Most of the rainfed lands are located in cold and humid areas. In
cold regions, in addition to cold and drought stresses, most of the years, due to delays
in precipitation in early autumn, seedling emergence due to cold occurrence is difficult
causes decreasing the growth period and ultimately decreasing yield (Abdolrahmani ez
al., 2011). Low temperature stress is one of the limiting factors for plants germination.
Germination plays an important role in grain quality and malt quality (Chloupek et al.,
2003). Germination is atrait that varies greatly among populations (Baskin and
Baskin, 1998).Cultivars with fast germination properties are more likely able to absorb
more water and are more suitable for rainfed conditions due to resistance to winter cold
(Rastegar, 1992). Calcium is an essential nutrient, and it plays an important role in the
activation of metabolic activities, such as membrane stabilization, signal transduction
through the second transducer, membrane preservation, and control of the transfer of
ion particles and of the activity of enzymes in counteracting the conditions of environ-
mental stresses (Arshi ef al., 2006). When the plant is exposed to environmental stress-
es, including low temperature stress, calcium can withstand stress by regulate many
physiological and cellular reactions (Hirschi, 2004). In a study by Perine et al. (2008),
in order to increase the rate of germination and increase hormonal activity, instead of
using hormones, NaOH, Mg(OH),, Ca(OH), and NaHCO; was used. The results
showed that calcium hydroxide was effective in increasing germination by 60-66%.
Sedaghathoor et al., 2015, to study the germination rate of seeds of three species of
grass (Lolium perenne, Poa pratensis, Cynodon dactylon) used calcium chloride (2%).
Calcium chloride treatment alone has had covert not a significant effect on the traits,
but the effects of the type of grass and calcium chloride on the average daily germina-
tion had the most effect.

The aims of this study were to investigate the effect of low temperatures stress on
germination of Iranian and European barley cultivars, to identify the traits related to
tolerance to low temperatures in germination stage and to investigate the possible
effect of calcium chloride on germination acceleration and other growth parameters
of seedlings under low temperatures stress.

MATERIALS AND METHODS

In order to investigate the effect of low temperatures on germination of barley culti-
vars, identification of traits related to low temperature stress at germination stage and
the effect of calcium chloride on these traits, 44 Iranian and European barley cultivars
were evaluated in a factorial experiment within completely randomized design with 3
replications in the Laboratory of Plant Physiology, Agronomy and Plant Breeding de-
partment, Razi University. The first factor was 44 Iranian and European barley culti-
vars, the second factor included four temperature (0, 5, 10 and 20°C), and the third
factor was the use of calcium chloride (10 mM) and its non-use (distilled water). Irani-
an cultivars recieved from Kermanshah Agricultural and Natural Resources Research
Center and European cultivars seeds recieved from the Genomics and Post Genomics
Institute (CRA-GPG) in Fiorenzola, Italy. Table 1 shows the name, source and some
of the characteristics of the studied cultivars. Cultivars are named from 1 to 44.



Study of the effect of low temperatures and calcium chloride treatment ...

39

Table 1
Proprties of studied barley cultivars
Code Cultivar name Pedigree Origin
1 ALIMINI FIOR 2551 x Federal European
2 RODORZ Baraka x Gotic European
3 SFERA ((Katy x HJ54/30) x Igri x Arda) x (Tipper x Sonja)) x Amillis European
4 ALFEO Tipper x Igri European
5 SIRIO FIOR 2136 x Arco European
6 ARDA Igrix HJ 51-15-3 European
7 PONENTE (Vetulio x Arma) x Express European
8 ALDEBARAN Rebelle x Jaidor European
9 TREBBIA selection from Fior Synt 3 European
10 ZACINTO TABO 329 x Arda European
11 ALISEO (Plaisant x Gerbel) x Express European
12 ALCE (Tipper x Igri3) x [(Tipper x Alpha)x(Sonja x Wb117/18)] European
13 PARIGLIA Airone X Arco European
14 AQVIRONE FIOR 5186 x Naturel European
15 ASTARTIS (IABO x Arda3) x Amillis European
16 AIACE FO 1078 x FO 1638 European
17 COMETA P0O202.169 x FO 3358 European
18 NURE (FIOR 40 x Alpha2) x Baraka European
19 AIRONE Gitane x FIOR 763 European
20 SCIROCCO FIOR 1000 x Express European
21 MARTINO FIOR 3007 x Federal European
22 EXPLORA [(Onice\Arma\\Onice\Mirco\Jaidor) x (Plaisant\Jaidor\Express)] x Gotic European
23 VEGA Rebelle x FIOR 1341 European
24 PANAKA Amillis x Diadem European
25 Sahra L. B. LRAN/ Una8271// Giorias’s' Com Iranian
26 Yusef Lignee527/chn-01//Gustoe/4/Rhn-08/3/Deir Alla 106/D171/strain 205 Iranian
27 Denmarck Denmark55 Iranian
28 Zarjoo 1-28-9963 Iranian
29 Makoie Star Iranian
30 Karoon Strain- 205 Iranian
31 Mahoor Wi2291/Wi2269//Er/Amp Iranian
32 Fajr30 Lignee131/ Gerbet//Alger- Ceres/ jonoob Iranian
33 Sararood Chicn/An57//Albert Iranian
34 Gorgan4 Herta Iranian
35 Jonoob Glorias”/ Copal's® Iranian
36 Rethani Rihane-03/4Alanda/ILignee527/Arar/3/Centinela/2* Iranian
37 Nimrooz Trompillo, CMB74A-432-25B-1Y-IB-IY-OB Iranian
38 Nosrat Karoon/Kavir Iranian
39 Afzal Chahafzal Iranian
40 Aras Arumir Iranian
41 Ansar Not Clear Iranian
42 Nader Not Clear Iranian
43 Local Not Clear Iranian
44 Sararood1 Not Clear Iranian
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From each barley, for each experimental unit, 20 healthy seeds were selected
and disinfected according to the following steps: First, the seeds were washed
with distilled water and then disinfected with 70% alcohol for 1 minute and 3%
hypochlorite for 3 minutes. Then, three times washed with distilled water for 1
minute, 3 minutes and 5 minutes. Seeds were then dressed with mancozeb fun-
gicide (at arate of 2 g a.i/kg) and cultured in Petri dishes under sterile condi-
tions. The germinated seeds were counted daily for 10 days. The traits were
measured based on the average of 10 seedlings including root length (cm), num-
ber of root, shoot length (cm), coleoptile length (cm) and the following traits:

GP—Nix100
S

where

GP — Germination percentage

Ni — Number of germinated seeds
S — Total number of seeds

Nt
AVG =Z—

%t

where

AVG — Average Velocity of Germination in day / number:
2Nt — Total number of germinated seeds at time

2t — Total time (day), (Salehzade et al., 2009)

v = ttNot AN o
_N1XT1+‘”+NxXTx

where

CVG — Coefficient of Velocity of Germination:

N; to Ny— the number of seeds germinated from the first day to the end of the
test.

T, to T, are the time of counting

This index is a characteristic of the seed germination rate (in day)., calculated
from the following equation; (Scotte et al., 1984)

PI = nd,(1.0) + nd,(0.8) + ndy(0.6) + ndg(0.4) + nd,,(0.2)

where

PI— Promptness Index:

nd2, nd4, nd6, nd8 and ndl10 — the number of germinated seeds on the sec-
ond, fourth, sixth, eighth and tenth day (Bouslama and Schapaugh, 1984).
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SV = (SL + RL) X GP

where

SV — Seed Vigor:

RL: Root length,

SL: Shoot length,

GP — Germination percentage; (Hamidi ez al., 2009)

Xn _Xs
PCT = ——
Xn

where

PCT- percentage change of traits

Xn — the mean of trait in control conditions
Xs — the mean of traits in the stress conditions

Statistical analysis

Data were analyzed based on based on a44 x 2 x 4 factorial experiment
within completely randomized design. Mean comparisons were determined with
Least Significant Difference (LSD) test by the SAS software ver.9.2. Pearson’s
correlation coefficients between measured traits evaluated in all tempratures
level and cluster analysis based on the Euclidean distance square using Ward’s
method were done by SPSS software (Ver. 16.0.1, SPSS Inc).

RESULTS

Analysis of variance

None of the studied cultivars germinated at 0°C temperature in all three repli-
cations, so the temperature level of 0°C was eliminated from the statistical anal-
ysis. Analysis of variance of germination traits in 44 barley cultivars showed
that there was a significant difference between cultivars for all traits except root
length and seed vigor index (Table 2). The mean comparisons of 44 barley cul-
tivars for the studied traits were done by using the least significant difference
test (LSD). Considering the significance of the two and three way interactions
for the studied traits, except for root length and seed vigor index, LSD test was
performed only on these interactions, some of which are mentioned. Compari-
son of the significant interaction effect of calcium chloride and temperature for
measured traits (Table 3) showed that at 5° C, except for the coleoptile length,
other traits in the calcium chloride treatment decreased compared to distilled
water. At 10°C, no significant difference was observed in the measured traits
between calcium chloride and distilled water treatments. Only a significant de-
crease for coefficient of velocity of germination in distilled water treatment
compared to calcium chloride was observed at 20°C (Table 3). The comparison
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of the mean of temperature effect (Table 4) for root length and seed vigor index
indicated significant differences in these traits at 20°C compared to 10°C and 5°C.

Table 2
Analysis of variance for germination related traits in 44 barley cultivars
Mean squares
Source of variations DF CL [cm] SHIL[cm] RL [cm] GP RN
Cultivar 43 2763 15.129" 1541.6965™ 446155 477"
CaCl, 1 23717 7.99216™ 2481.009™ 57528" 0.0960™
Temperature 2 119737 591856 9622.65" 5047566 187407
CaCl, x Cultivar 43 0.8073™ 5428™ 14904792" 2127517 0260
Cultivar x Temperature 86 276" 1661”7 1565.1858™ 250957 311"
CaCl, x Temperature 2 23717 2266™ 2095.3263" 65464 0.004™
Cultivar xTemperature x CaCl, 86 0.807" 444~ 14923237 18047 0.337°
Error 528 057 423 143931 12228 027
Source of variations DF PI SV CVG VG
Cultivar 43 1335437 14207020™ 0.0198” 2753"
CaCl, 1 154448°  24573048™ 0.001™ 0.3140"
Temperature 2 1457137 141361556 2.184” 31.400"
CaCl, x Cultivar 83 4913" 12353878™ 0.0020™ 0.1429"
Cultivar x Temperature 86 77.649” 14355716™ 0.0205" 15527
CaCl, x Temperature 2 17.904™ 15985379™ 0.0127" 0420™
Cultivar xTemperature x CaCl, 86 3852° 12366553 0.0025™ 0.109°
Error 528 3.02 11657824 0.0024 0.077
Table 3
Results of mean comparison of interaction effect of temperature and CaCl,
or significant traits in barley cultivars
Coleoptile  Average ger- Germination Germination
Vari Temperature Lo . Promptness
ariant [°C] length mination velocity Index percentage
[em] velocity coefficient [%]
Distilled water 5 0.109d 1451 ¢ 0.18 cd 7.365¢ 57917 ¢
CaCl, 5 0.047d 1.322d 0.17d 6.486 d 52765 d
Distilled water 10 1.616 ¢ 2.029a 0.188 ¢ 10.759 b 81.061 a
CaCl, 10 1.580 ¢ 2.055a 0.188 ¢ 10.821 ab 82.083 a
Distilled water 20 3.853 a 1.536 b 0.33b 11.183a 61.364 b
CaCl, 20 3.524b 1519b 0347 a 11.162 ab 60.379 be

Values followed by the same letter in the same column are not significantly different
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Table 4
Results of mean comparison for main effect of temperature on root length and seed vigor

Temperature Root length

[°C] [cm] Seed Vigor

20 12.290 a 1471.5a

10 3.44b 4619b
5 0.748 ¢ 41.2¢

Values followed by the same letter in the same column are not significantly different

Percentage changes in traits at different temperatures compared to 20°C.

Reducing the temperature from 20°C to 10°C and 5°C resulted in a significant
decrease in coleoptile length (Table 5). The roots number decreased by about 36.71
% compared to 20°C by reducing the temperature to 5°C. At the temperature of
10°C, the germination percentage and the average velocity of germination in-
creased compared to the temperature of 20°C, but the reduction of temperature to
5°C reduced these traits. Coefficient of velocity of germination and promptness
index decreased at 10°C and 5°C than 20°C.

Table 5
Variation percentage of traits related to germination in 44 barley cultivars
in different temperatures compare to 20°C

RL: root length «SHL: shoot length «CL: coleoptile length <RN: root number «GP: germination percentage,

PI CVG GP CL SHL RL Temperatures
el SV e AVC O g BN e o] femy) [°C]
3.424 68.610 44.490 -33.649 -34.008 4.496 81.618 81.618 58.070 10
38.011 96.656  48.339 9.252 9.085 36.717 99.129 99.129  90.901 5

AVG : average velocity of germination «CVG: coefficient of velocity of germination «SV: seed vigor ¢
PIL: promptness index

Correlation analysis

Pearson correlation analysis for all three temperatures are presented in Table 6.
Correlation analysis of traits showed that there is a positive and significant cor-
relation between root length and all traits measured at 5°C. Root number at 5°C
had a positive and significant correlation with all traits except shoot and coleop-
tile length. There was a positive and significant correlation between shoot
length and coefficient of velocity of germination at 5 and 10°C. Celoplite
length showed a positive and significant correlation with root length, shoot
length and seed vigor at 5°C. At 10°C, coleoptile length had significant posi-
tive correlation with coefficient of velocity of germination, shoot length and
seed vigor and at 20°C with all traits except root length and seed vigor. Germi-
nation percentage showed positive and high correlation with seed vigor at all
three temperatures. There was a positive and significant correlation between
promptness index with coefficient of velocity of germination, average velocity
of germination, seed vigor index, germination percentage and root number in all
three temperatures.
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Table 6

Correlation matrix between measured traits related to germination in 44 barley cultivars
under different temperatures

Traits Temp . RL SHL CL RN GP AVG CVG SV PI
5°C
RL 10°C
20°C
5°C A431%*
SHL 10°C .074
20°C 101
5°C A431%*%  1.000%*
CL 10°C .074 1.000%**
20°C 164 .684%**
5°C S552%% 231 231
RN 10°C 509%* 277 277
20°C 110 T76%* 7199%*
5°C A428**% 046 .046 662%*
GP 10°C .120. 117 117 267
20°C 205 325% S506%* .607**
5°C A428%* 046 .046 662%* 1.000**
AVG 10°C 120 116 116 267 1.000**
20°C 204 313* 496* 596%* 1.000**
5°C .626%% 230 230 A430%* A61%* 460%*
CVG 10°C 267 326* .326%* 546%* 325% 325%
20°C .065 T76%* 154%% - 905** 617%* .605%*
5°C B6T7**  569%* J703%*  665%* 710%* 709%% 617**
Sv 10°C 105 703%* J703** 244 301* .302% 292
20°C 982** 119 195 .166 369% .369% 129
5°C 509%* 091 230 .670%* 983%** 983**  587**  770%*
PI 10°C 203 230 230 A436%* 918%* 917**  .668*%*  306*
20°C 191 .324%* A493*%  603%* 997** 997**  632%*  356*
Cluster analysis

The cluster analysis for the data obtained from the germination test was per-
formed using the Ward method based on the Euclidean distance square (Fig. 1).
The results of the discriminant analysis divided the dendrogram into two groups
and did not differentiate between Iranian and European cultivars (Table 7). The
mean of measured traits in each cluster is shown in Table 8. The first cluster
consists of 8 Iranian cultivars and 15 European cultivars and the second cluster
consists of 12 Iranian varieties and 9 European cultivars. The first cluster had
the highest mean for all studied traits (Table 8).
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Fig 1. Cluster analysis of 44 barley cultivars based on traits related to germination using Ward method and
square Euclidean distance
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Table 7
Discriminant analysis for grouping 44 barley cultivars based on traits related to germination
Predicted groups Groups result from P
. ercentage
Total 2 1 cluster analysis
21 0 21 1 100
23 23 0 2
100 0 100 1 100
100 100 0 2
Table 8
Mean of measured traits of 44 barley cultivars in two clusters
Standard deviation + Mean
VG P ofeuivars IS
PI Sv [%] AVG [%]
127+11.92  12.26+623.30 0.08+0.24 0.15+1.98 6.23 +£79.36 23 1
1.84+ 7.53 179.52+405.56 0.03 +0.22 0.26 +1.34 10.93+ 53.65 21 2
Standard deviation + Mean
Number Cluster
RN CL SHL RL of cultivars
[cm] [cm] [cm]
0.29 +3.88 0.24 +1.39 1.87 +3.97 1.33+7.12 23 1
0.56 +3.39 0.44 +1.08 1.14+3.47 1.21+4.01 21 2
DISCUSSION

The effect of low temperature stress on reducing plant growth is one of the
clearest response of plants. Analysis of variance showed that there was
a significant difference between cultivars for all traits except root length and
seed vigor. Applying calcium chloride treatment at a concentration of 10 mM
did not significantly affect the traits under the studied temperatures. Askarian
(2004) investigated the effect of CaCl2 on germination of two rangelands spe-
cies namely Kochia prostrate and Elymus junceus, reported that with increasing
CaCl2, germination decreases and even reaches zero. The results showed that
the root and shoot length under low temperature stress are accompanied by
a decrease, which is consistent with the results of Ghorbani et al., 2009. Ab-
basal-Ani and Hay, 1983 reported that the growth rate of root and shoot in bar-
ley, oat, rye and wheat at low temperature (5 © C) was low and at high tempera-
ture (15 and 25 © C) is fast. It has been reported that at lower temperatures, the
rooting of plants and roots grow decreases (Akbaraghdami et al., 2013). Mac-
duff and Wild (1986) reported that the length and number of roots in germinated
barley increased by 27 times, with increasing temperature from 3 to 25°C, after
20 days. The sensitivity of germination percentage and average velocity of ger-
mination were lower than other traits, so that at the temperature of 10°C, even
the germination percentage and the average velocity of germination increased
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compared to the temperature of 20°C , but the reduction of temperature to 5°C
reduced these traits. Mei and Song, 2010 reported the optimum temperature for
the germination percentage in barley is 5-20°C. In the study conducted by Di-
nari and Meighani, 2014, the effect of cold stress on seed germination and
growth of Hordeum spontaneum L (root and shoot length and weight) were
studied. Reducing the temperature reduced seedling growth, but seed germina-
tion was more tolerant to cold stress than seedling growth. Klos and Brummer
(2000) stated that the temperature of the environment determines the success of
germination and seedling growth, and affects the capacity and velocity of ger-
mination. Particularly temperatures below the optimum can cause poor seed
germination. Cultivars with fast velocity of germination are more likely to able
to absorb water and adapt to snvironment and, due to their winter resistance, are
more suitable for rainfed conditions (Rastegar, 1992).

One of the most sensitive traits to low temperatures was seed vigor, which
decreased by about 96.65% at 5°C. Due to changes induced by low tempera-
tures, root capacity decreases for water absorption and ultimately plant growth
reduces (Akbaraghdami et al., 2013). Root length showed significant positive
correlation with all the traits measured at 5° C. Root length can be an important
indicator for predicting the emergence of seedling in the field and it is also con-
sidered as the primary index of growth and development of seedlings and its
changes as an indicator of seedling vigor are analyzed (Bagheri ef al., 2012).

Root number at 5°C showed positive correlation with most of traits. Most
cold-resistant plants, including barley, when exposed to low temperatures, show
signs of water stress (low water potential and leaf inflammation), which is
known as drought stress due to frostbite (Ghorbani et al., 2009. Creating a deep
and widespread root system as a result of an increase in root number and length
with fast growth rate resulted resistance to stress (Kafi, 1997). Tikonov (1973)
studied the roots number in the germination stage in 40 wheat cultivars, and
observed that the varieties with the highest roots number at germination time
had the highest yield under rainfed conditions. Positive and significant correla-
tion between shoot length and coefficient of velocity of germination at 5 and
10°C observed. Cultivars with high coefficient of velocity of germination and
shoot length when exposed to cold stress, have better tolerance and better
growth (Akbaraghdami et al., 2013).

Celoplite length showed a positive and significant correlation with most of
traits at all tempratures. The importance of the coleoptile length in rapid emer-
gence, early deployment and plant diameter, which protects the plant from envi-
ronmental damage, such as cold and drought, has been reported (Shakeri et al.,
2013). Positive and high correlation of germination percentage with seed vigor
at all three temperatures indicated seeds that have better seed germination under
stress conditions have stronger seedlings (Jajarmi, 2012). Promptness index
showed correlation with coefficient of velocity of germination, average velocity
of germination, seed vigor index, germination percentage and root number in all
three temperatures. In plants such as barley, which are planted early in autumn,
less germination time can result in faster seedling growth, and consequently
rosseting and resistance to cold weather (Jajarmi, 2012).
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Cluster analysis classified cultivars with more desirable germination charac-
teristics under all studied temperatures into separate group. The cultivars in this
cluster can be considered as resistant to low tempreratures during germination
and seedling growth stages. The varieties grouped in the first cluster can be
used in breeding programs for improvement of parameters related to germina-
tion in low temperatures. However, in order to be more reliable, the test should
be repeated in a range of low temperatures and in field conditions.

CONCLUSION

o In general, the temperature decrease reduced the characteristics related to
germination in the barley cultivars. The cultivars with desirable root
number and length, shoot and coleoptiles,

o Length showed better germination characteristics under low temperature
conditions. Application of calcium chloride treatment with
a concentration of 10 mM did not significantly influence the traits under
the studied temperatures. It would seem that other concentrations should
be considered. Cluster analysis classified cultivars with more desirable
germination characteristics under all studied temperatures into separate
group. Considering the importance of the ability of cultivars to face low
temperature stress at the germination stage, it is recommended that the
cultivars in this group be used for further studies and test confirmation.
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DETERMINATION OF OPTIMUM CONCENTRATION AND TIME PRIMING
OF STEVIA SEED WITH BORIC ACID (H3;BO3y MICRONUTRIENT

ABSTRACTS

In order to determine anoptimal duration and concentration of priming of stevia seed with boric acid for improv-
ing germination, an experimental factorial completely randomized design with three replications was conducted in
the laboratory of Seed Science and Technology, Shahed University of Tehran in 2015. The first factor was different
concentrations of boric acid (zero, 0.5, 1, 1.5 and 2 percent) and the second factor of priming time (0, 8, 16, 24 and 32
hours). Effects of concentration and duration of priming with Boric acid was significant on germination percentage,
germination mean time, germination rate, germination energy, germination uniformity, germination mean daily,
germination daily rate, germination value, seedling length and seed vigor index. The highest germination percentage,
germination rate, germination energy, germination mean daily germination value and seed vigor index was 24 hours
priming and the highest germination percentage, germination rate, germination potential, germination value and seed
vigor index in priming of 2% Boric acid were obtained. Germination uniformity highest in 24 hours at 1% concentra-
tion priming of boric acid (5.51). Seedling length in 24 hours at 1.5% concentration priming with boric acid was
highest average 1.02 cm. Generally Stevia seed priming with boric acid for 24 hours at concentrations of 1.5 to 2
percent had positive effects on germination indexes and seedling growth.

Key words: boron, germination, micronutrients, nutripriming, seed vigor

Abbreviations
GP — germination percentage MGT — mean germination time
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INTRODUCTION

There are 17 essential elements for idealistic growth and development of
plants that are divided into macro- and microelements. In addition to their roles
as a cofactor in enzymes and redox reactions, Micronutrient elements have sev-
eral important and vital actions in plants (Farooq et al., 2012). More important-
ly, micronutrients are involved in physiologically key reactions of photosynthe-
sis and respiration pathways (Mengel ef al., 2001), and lack of those elements
limits these vital processes and subsequently reduce productivity. For example,
boron deficiency can decrease wheat (Rerkasem and Jamjod, 2004) Chickpea
(Johnson et al., 2005) and lentil (Srivastava et al., 2000) productivity. Boric
acid is one of the necessary elements for normal growth and development of
several different plants (Abdollahi et al., 2012). Reduced productivity because
of boron deficiency could be the result of severe disturbance in metabolic reac-
tion involved with this element, like nucleic acid, carbohydrate, proteins and
indole acetic acid metabolism, cell wall biosynthesis, phenol metabolism, and
preserving plasma membrane integrity and function (Tanaka and Fujiwar,
2008). Functionally boron is related to several different process such as using
calcium, cell division, flowering and fruiting, nitrogen and carbohydrate metab-
olism, disease tolerance, water relationships and specific catalytic reactions
(Farooq et al., 2012).

Concentration of priming solution is one of the important factors in seed
priming by boron element. For example, research on seed priming with boric
acid solution (concentration of 2-20 mM) has been conducted in Russia, and
both negative (reduction) and positive (increasing) effects had been reported on
germination parameters of different crops like rapeseed, sunflower, soybean,
sugar beet, alfalfa, wheat and barley (Shorrocks, 1997 ; Rehman et al., 2012).
Significant improvement of germination and primary growth of papaya seedling
observed when the seeds were primed with boron solution (2 mg/L) for 6 hours
(Deb et al., 2010).

There are different types of priming which being used in priming experi-
ments and they include hydro-, halo-, osmo-, thermos- and hormone priming,
and there are different reports on this matter with different plants and different
researchers (McDonald, 2000; Igbal ef al., 2012; Rehman et al., 2012; Mirshe-
kari, 2012). Nutri-priming is a relatively new method in which seeds are primed
by using micro and macronutrients, has been recently focused on (Rehman et al.,
2012; Mirshekari, 2012). Nutrients as fertilizers were used by different methods
such as soil application, with irrigation water or foliar fertilization (Rober, 2008).
Using nutrients as a seed treatment by coating and seed priming are other meth-
ods that could be advantageous (Farooq et al., 2012). Seed priming by using
micronutrients (enrichment) has been reported as one of the best ways to beat
micronutrient deficiency (Harris et al., 1999). Seed priming with micronutrient
elements results in higher rate of water adsorption and metabolism and germina-
tion of seeds which consequences could be seen in higher rate of germination,
improvement of seedling establishment, higher resistance against stress and
pest, and finally higher productivity (Memon et al., 2013).
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Stevia (Stevia rebaudiana Bertoni), is a perennial, herbal species of Acetracea
family (Hossein et al., 2008). Stevia plant has a high sweetening property be-
cause of steviol glycosides (Singh and Rao, 2005) which firstly are not absorbed
by digestive system and so diabetics can use it freely, and secondly, it is not
caloric, so it is adequate for fat people who have to care about their daily calo-
rie. Because of its self-incompatibility, stevia pollinate by wind and insects, so
the percentage of fertilized flowers and liable is low in this plant and the seeds
have low germination percent (Liopa-Tsakalidi et al., 2012). Although, present-
ed studies shows that there is no agreement for the reason of low germination
ability of stevia seeds, some researchers introduce self-incompatibility as
a reason of weak stevia germination (Oddone, 1997; Purohit, 2008), while some
others report that there are no self-incompatibility in this plant (Goettemoeller
and Ching, 1999). By the way, weak germination in this plant is an obstacle
against large scale planting and results in scarce a high price of effective metab-
olite of this plant (Raji et al., 2015). In this research, we aim to study the prim-
ing with boric acid effects on germination parameters of stevia seeds, and deter-
mining best time and favorable concentration of priming solution of this micro-
nutrient element.

MATERIAL AND METHOD

This experiment were conducted in the Seed Science and Technology Labor-
atory of Agriculture college of Shahed University, using factorial experiment
based on a completely randomized design with three replications, in order to
determine the adequate time and concentration for stevia seed priming with bo-
ric acid in 2015-2016. Priming time and concentration of boric acid solution
were 0, 8, 16, 24 and 32 hours and 0, 0.5, 1, 1.5 and 2 percent respectively. Ste-
via seeds (Bertoni cultivar) which were produced in the agriculture year of 2013
-2014 were purchased from an Indian company (Global Horticulture Products)
and disinfected with sodium hypochlorite 10% for 3 min and the rinsed with
distilled water. At the end of priming process, the seeds were washed with dis-
tilled water and dried for 24 hours in lab. In every petri dish, 25 seeds were
placed on Watman paper, the 3 ml water were added and to prevent water evap-
oration the cover of the petri dishes were fixed and closed by parafim. Seed ger-
mination process in growth chamber was controlled on 23+2°C, photoperiod of
18/6 (day/night) and relative humidity of 70+5% (Raina et al., 2013). Counting
of germinated seeds starts from day 2 in a specific hour (Liopa-Tsakalidi et al.,
2012) and in the end of the experiment, after 11 days, germination percentage
(Liopa-Tsakalidi et al., 2012) germination speed (Pagter et al., 2009), mean ger-
mination time (Ellis and Roberts, 1981), average germination per day
(Hoogenboom and Peterson, 1987), daily germination rate (Steohanie et al.,
2005), germination value index (Ghasemi-Golozani and Dalil, 2011), germina-
tion energy (Panwar and Bhardwaj, 2005) and seed vigor index (Biradar ef al.,
2007) were calculated according to the equations in Table 1. Data analysis and
comparison of evaluated parameters were done by SAS 9.1 and Duncan multi-
ple range test at 5%, respectively.
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The computing relation of the parameters studied in the experiment favlel
Parameters Computing relations
Germination Percentage GP =(N x 100)/M
Germination Rate GR =Y Ny/T;
Mean Germination Time MGT =Y (N)/XN
Mean of Daily Germination MDG =N/T
Daily Germination Speed DGS = 1/MDG
Germination Value GV =GP x MDG
Germination Energy GE = My/(N; x 100)
Seed Vigor Index SVI = GP x Mean (SL)

N = sum of germinated seeds at the end of the experiment, M = total planted seeds, 7" = period of germina-
tion, 77 = number of days after germination, n = number of germinated seeds in 77, Mcgr= maximum cumu-
lative germination percentage, Ni= Total seeds sown, SL= Seedling Length

RESULTS AND DISCUSSION

Germination percentage

The effect of time period and concentration of boric acid on stevia seeds ger-
mination were significant in P<0.01 (Table 2). The highest rate of germination
among the priming times and different concentration of acid boric, was ob-
served for priming time for 24 hours and the concentration of 2% with the aver-
age of 42.66 and 44 percent, respectively (Table 3 and 4). Seed priming with
boric acid 2% increase germination rate by 35.72 in comparison with control in
stevia seeds. There was a significant and positive correlation at P<0.01 between
germination percentage and germination rate, germination energy, seedling
length, germination value index, germination uniformity and germination value
(Table 5). Together, these results indicate that increasing in seed germination
percent will lead to improvement of seed germination parameters in this plant,
and finally will result in seed vigor index and germination energy . In agree-
ment with our data, Bayat et al (2014) showed significant and positive correla-
tion between seed germination and seedling length, seed vigor, germination en-
ergy and germination rate. Mirshekari (2012) reported that Anethum graveolens
L. seed germination with acid boric micronutrient have a significant effect on
seed germination and boric acid 1.5 % has the highest rate of germination in this
plant. It should be noted that much higher concentration and longer times for
seed priming with micronutrients have negative effects on seed germination
parameters (Mirshekari, 2012).
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Summary of variance analysis for effect of times (0, 8, 16, 24 and 32 h) and concentration fable2
(0, 0.5, 1, 1.5 and 2 %) of priming with boric acid (H;BO3) on Stevia
(Stevia rebaudiana Bertoni) seed germination indices and growth seedling
Mean square

Sources of variance DF GP MGT GR GE GU
Priming Time (PT) 4 283.94%* 2.83%* 2.32%* 0.00007** 121%*
Priming Concentration (PC) 4 579.94** 0.33* 1.97%* 0.00018** 1.49%*
PTxPC 16 3.81ns 0.12 ns 0.08 ns 0.00001 ns 0.17%*
Experimental error 48 7.21 0.09 0.05 0.000009 0.002
Coefficient of variation [%o] 7.41 6.16 11.08 22.09 111

Sources of variance DF MDG DGS GV SL SVI
Priming Time(PT) 4 2.34%* 0.0043** 1.32%* 0.092%* 5501874.6%*
Priming Concentration (PC) 4 4.79%* 0.0006* 2.53%* 0.226%* 11216896**
PTxPC 16 0.03 ns 0.0002 ns 0.02 ns 0.001%* 60269.3ns
Experimental error 48 0.05 0.0001 0.03 0.0006 52007.1
Coefficient of variation [%o] 7.41 6.32 14.83 3.43 796

(GP — Germination percentage, MGT — Mean Germination of time, GR — Germination rate,

GE — Germination energy , GU — Germination uniformity, MDG — Mean daily germination,
DGS — Daily germination speed, GV — Germination value, SL — seedling length, SVI— Seedling vigor index)

Mean germination time

Base on analysis of variance, the priming time and priming concentration of
seeds with boric acid have a significant effect on average time required for ger-
mination (Table 2). The highest and lowest required time for germination ob-
served in 32 and 8 hours of priming, respectively (5.65 and 4.50, respectively, Ta-
ble 3). Among different concentration of boric acid, the concentration of 1%
have the highest required time for germination which belong to the same group
as 1.5 and 2 percent, but have a significant level of difference with the others
(Table 4). Average required time for germination has negative correlation and
significant difference with germination speed and daily germination speed at
P<0.01 (Table 5). Seed priming with boron (nutri-priming) have advantageous
effects on seed germination, mean time of germination, seedling vigor index
and seedling length (Memon et al., 2013).
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Mean comparison of stevia (Stevia rebaudiana Bertoni) seed germination indices fable?
under effect of different priming time with Boric acid (H;BO;)
Priming time [h] GP MGT [day] GR [seed per day] GE
0 31.46d 4.89b 1.84c¢ 0.012¢
8 33.60c 4.50c¢ 2.19b 0.012¢
16 38.13b 4.80b 233b 0.014b
24 42.66 a 4.73 b 270 a 0.017a
32 3520¢ 5.65a 1.72 ¢ 0.013 be
Priming time [h] MDG DGS GV SVI
0 2.86d 020b 093d 21355e
8 3.05¢ 022a 1.05cd 2539.20d
16 3460 0.20b 1.36b 3029.87 b
24 387a 021b 1.69a 3757.87 a
32 320¢ 0.17¢ 1.15¢ 2852.53 ¢

In each column, means having at least one same letter, are not significantly different according to Duncan's
multiple range test (p<0.05). (GP — germination percentage, MGT — mean germination time,

GR — germination rate, GE — germination energy , MDG — mean daily germination, DGS — daily
germination speed, GV — germination value, SVI — seedling vigor index)

Table 4
Mean comparison of stevia (Stevia rebaudiana Bertoni) seed germination indices
under effect of different priming concentration with boric acid (H;BO;)
Priming MGT GR
concentration GP d d d GE
[%] [day] [seed per day]
0 28.26 ¢ 4.76 b 1.69d 0.010d
0.5 32.00d 4.78 b 1.98 ¢ 0.011cd
1 37.06 ¢ 5.12a 2.09¢ 0.013 ¢
1.5 39.73b 4.94 ab 2.38b 0.016b
2 44.00 a 4.97 ab 2.64a 0.018a
Priming
concentration MDG DGS GV SVI
[%]
0 2.56¢ 02la 0.74 ¢ 1680.80 d
0.5 2.90d 02la 0.95d 2318.67 ¢
1 336¢ 0.19b 126 ¢ 2992.27b
1.5 361D 0.20 ab 1450 3590.40 a
2 4.00 a 0.20 ab 1.78 a 3729.87 a

In each column, means having at least one same letter, are not significantly different according to Duncan's
multiple range test (p<0.05). (GP — germination percentage, MGT — mean germination time, GR — germination
rate, GE — Germination energy , MDG — mean daily germination, DGS — daily germination speed,

GV — germination value, SVI — Seedling vigor index)
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Table 5
Correlation assessment among stevia (Stevia rebaudiana Bertoni) seed germination indices
and seedling growth under different concentration and time of priming with boric acid (H;BO3)

Indices 1 2 3 4 5 6 7 8 9 10
1-GP 1

2-MGT 0.09 ns 1

3-GR 0.85%*%  041%* 1

4-GE 0.99*%  0.09ns  0.85%* 1

5-SL 0.83**  020ns  0.65**  0.83** 1

6-SVI 096**  0.14ns  080**  096**  0.93** 1

7-GU 0.72%%  017ns  0.77%%  0.72%%  0.68%*  0.73%* 1

8MDG  0.99**  0.09ns  085%  099%*  083**  096**  0.72%* 1

9-DGS -0.11ns  -099**  039**  -01lns -022ns -0.16ns  0.15ns -0.llmns 1
10-GV 0.99**  0.08ns  0.85%*  099**  0.79**  095%*  0.71** 0.99**  -0.11ns 1

ns, * and ** — non-significant, significant at 5% and 1% respectively

GP — germination percentage, MGT — mean germination time, GR — germination rate, GE — germination
energy, GU — germination uniformity, MDG — mean daily germination, DGS — daily germination
speed, GV — germination value, SL — seedling length, SVI — seedling vigor index

Germination rate

The effect of time and concentration of seed priming with boric acid on germina-
tion rate was significant at P<0.01 (Table 2). Seed priming with acid boric for 24
hours increase germination rate by approximately 33 percent in comparison with
control (without priming, Table 3). Highest germination rate was observed for seed
priming with acid boric 2% with average of 2.64 seed per day (Table 4). Except for
mean time of germination, germination rate has positive and significant correlation
with other treatments at P<0.01 (Table 5). Seed priming with micronutrients results
in higher rate of water adsorption and consequently beginning of metabolism and
seed germination which consequently produce higher germination rate (Rowse,
1995). Aghighi Shahverdi and Omidi (2015) reports that stevia seed priming for 24
hours with gibberellin hormone results in significant increase in germination rate
and other germination parameters in the seeds of this plant.

Germination energy

According to the analysis of variance (Table 2) the effect of time period and the
concentration of seed priming on Stevia seeds germination energy were significant
at P<0.01. Highest germination energy was for 24 hours of seed priming (0.017)
and the lowest germination energy was for control (without priming = 0 hour) and 8
hours of seed priming (Table 3). Also, highest germination energy for stevia seeds
was for boric acid 2% with mean of 0.018, which show 44.44% increasing in ger-
mination energy in comparison to the control (Table 4). Germination energy is one
of the most important parameters to evaluate quality and power of the seeds, and
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higher germination energy shows higher quality and power of the seeds (Bayat et
al., 2015).

Germination uniformity

The effect of priming period, concentration and interplay between them on ger-
mination uniformity was significant (Table 2). Studies on the mean of interplay
clearly indicate that highest germination uniformity was for combination of 24
hours of priming in boric acid 1%, and the lowest rate of germination uniformity
observed at priming for 0 and 32 hours in control concentration of boric acid (Fig. 1).
Farooq et al. (2006) introduce improvement of a-amylase activity ad increasing of
soluble sugar as the reason for homogenous greening and germination of pretreated
seeds of rice.

6 -
Germination

5,5 - uniformy .>'E

5_
4,5 -

4 -

3,5

Boric acid concentration (%)

Fig. 1. Mean comparison of stevia seed germination uniformly in concentrationxpriming time interaction
with boric acid (H;BOs). Concentration levels=0, 0.5, 1, 1.5 and 2 percentage,
Time levels: 0, 8, 16,24 and 32 h

Mean of daily germination

The effect of time and concentration of priming on mean of daily germination
was significant at P<0.01 (Table 2). Highest and lowest mean of daily germina-
tion was for 24 hours period priming and control (zero hour), respectively
(Table 3). Among different concentration, the highest rate of it was observed for
seed priming with boric acid 2%, which, in comparison with control
(concentration zero) show 36.5 increasing in mean of it (Table 4).

Daily germination speed

According to data analysis of variance (Table 2), the effect of priming time period
and the concentration of acid boric were significant at P<0.01and P<0.05, respective-
ly. Highest speed of daily germination was at 8 hours seed priming with boric acid
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(Table 3). Also, except for concentration of 1% which has the lowest mean of daily
germination speed, other concentration treatments have insignificant effect compare
to each other on this parameter (Table 4). It is reported that low concentrations of bo-
ric acid which is involved with activation of enzymes like phosphatase, amylase and
so on which are involved in starch metabolism, results in commence of metabolism in
seeds and increase daily germination speed by this way (Memon et al., 2013).

Germination value

Data analysis results showed that the effect of time period and concentration of seed
priming on germination value parameter for stevia seeds was statistically significant at
P<0.01 (Table 2). Seed priming for 24 hours show highest value of seed germination,
and the control time (without priming) had the lowest mean for this parameter (Table
3). Among the experimented concentrations, by increasing of concentration, statistical-
ly significant increase was observed for germination value parameter, so that the 0 and
2% concentration have the lowest and highest mean for this parameter (Table 4).

Seedling length

Results analysis of variance (Table 2) showed that the effect of time period, concen-
tration and their interplay (priming time period X priming concentration) on seedling
length was statistically significant at P<0.01. Comparing the mean of the effects of
interplay (Fig. 2) showed that the longest (1.02 cm) and shortest (0.44 cm) seedling
length observed for 24 hours seed priming with boric acid 1.5% and control (without
priming), respectively. Material transport in primed seeds is high because of higher
activity of enzymes involved in sucrose metabolism (sucrose synthase, invertase, su-
crose phosphate synthase), so these seeds have higher biological power and germinate
quicker and produce plumule and radicle, so clearly have higher seedling length (Kaur
et al., 2005).
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length (cm)
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0 0,5 1 1,5 2
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Fig. 2. Mean comparison of stevia seedling length in concentration X priming time interaction with boric acid
(H;BO;3). Concentration levels=0, 0.5, 1, 1.5 and 2 percentage, Time levels: 0, 8, 16, 24 and 32 h
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Seed vigor index

According to results, the effect of priming time period and boric acid concen-
tration for priming on seed vigor index, was statistically significant at P<0.01
(Table 2). Among the priming periods, 24 hour of seed priming and control
have the highest and lowest seed vigor index. Highest seed vigor index gained
at boric acid concentration of 1.5 and 2 % which was 53% higher than control
(Table 4). Seed vigor index have a positive correlation and statistically signifi-
cance at P<0.01 with germination percentage, germination speed, germination
energy , seedling length, germination uniformity, mean daily germination and
germination value (Table 5). The importance of seedling vigor for fast estab-
lishment and primary growth of medicinal plant in order to competence for re-
ceiving water, light and minerals were emphasized in the studies of Tabrizian
and Osareh, 2007. Seed priming with boron micronutrients (H;BO;) and iron
(FeSOy) resulted in increase of seed vigor index in Anethum graveolens L.
(Mirshekari, 2012).

CONCLUSION

Our results showed that stevia seeds react positively to priming with boric
acid, and it improved and increased germination parameters in this plant. In or-
der to enhance seed vigor index and percentage and speed of stevia seed germi-
nation, priming with boric acid 1.5 and 2 for 24 hours showed best result in this
experiment.

ACKNOWLEDGEMENTS

This article is extracted from a Ph.D. thesis of the first author.

REFERENCE

Abbdillahi M., Eshghi S., Tafazzoli E., Moosavi N. (2012): Effects of Paclobutrazol, Boric acid and Zinc
Sulfate on vegetative and reproductive growth of Strawberry cv. Selva. Journal Agriculture Science
Technology. 14:357-363.

Aghighi Shahverdi M., Omidi H. (2015): Effect of hormone priming and hydro priming on germination of
Stevia (Stevia rebaudiana Bertoni) under salt stress. Iranian of Seed Sciences and Research, [In Press]

Bayat M., Rahmani A., Amirnia R., Ramazani M. (2014): The effect of priming and duration of priming on
germination indices and seedling characteristics of Althaea Officinalis L. Iranian Journal of Seed Science
and Technology, 4(1):73-82.

Biradar K.S., Salimath P.M., Ravikumar R.L. (2007): Genetic variability for seedling vigour, yield and yield
components in local germplasm collections of Greengram (Vigna radiata (L.) wilczek), Karnataka
Journal Agriculture Science, 20 (3): 608-609.

Deb P., Das A., Ghosh S.K., Suresh C.P. (2010): Improvement of seed germination and seedling growth of
papaya (Carica papaya L.) through different pre-sowing seed treatments. Acta Hort.851: 313-316.

Ellis R.H., Roberts E.H. (1981): The quantification of ageing and survival in orthodox seeds. Seed Science
and Technology, 9: 377-409.

Farooq M., Wahid A., Siddique K.H.M. (2012): Micronutrient application through seed treatments- a review.
Journal of Soil Science and Plant Nutrition, 12: 125-142.

Farooq M., Basra S.M.A., Warraich E.A., Khaliq A. (2006): Optimization of hydro priming techniques for
rice seed invigoration. Seed Science and Technology. 34: 529-534.



Determination of optimum concentration and priming time of stevia seed with ... 61

Ghasemi gholozani K., Dalil B. (2011): Germination and seed vigor tests. Publications Jahad Daneshgahi
Mashhad .

Goettemoeller J., Ching A. (1999): Seed germination in Stevia rebaudiana. In: Janick, J (eds) Perspectives on
new crops and new uses. ASHS Press, Alexandria, VA. Pp: 510-511

Harris D., Joshi A., Khan P.A., Gothkar P., Sodhi P.S. (1999): On-farm seed priming in semiarid agriculture:
Development and evaluation in maize, rice and chickpea in India using participatory Methods. Experi-
mental Agriculture, 35: 15-29.

Hoogenboom G., Peterson C.M. 1987. Shoot growth rate of soybean as affected by drought stress. Agronomy
Journal, 79:598-607.

Hossein M.A., Shamim Kabri A.M., Jahan T.A., Hassan M.N. (2008): Micro propagation of Stevia
rebaudiana. International Journal of Sustainable crop production. 3:1-90.

Igbal S., Farooq M., Nawaz A., Rehman A. (2012): Optimizing boron seed priming treatments for improving
the germination and early seedling growth of wheat. Journal of Agriculture and Social Sciences, 8: 57-
61.

Johnson S.E., Lauren J.G., Welch R.M., Duxbury J.M. (2005): A comparison of the effects of micronutrient
seed priming and soil fertilization on the mineral nutrition of chickpea (Cicer arietinum), lentil (Lens
culinaris), rice (Oryza sativa) and wheat (Triticum aestivum) in Nepal. Exper. Agric. 41: 427-448.

Kaur S., Gupta A.K., Kaur N. (2005): Seed priming increase crop yield possibly by modulating enzymes of
sucrose metabolism in chickpea. J. Agron. Crop Science. 191: 81-87.

Liopa-Tsakalidi A., Kaspiris G., Salahas G., Barouchas P. (2012): Effect of salicylic acid (SA) and gibberellic
acid (GA)) pre-soaking on seed germination of Stevia (Stevia rebaudiana) under salt stress. Journal of
Medicinal Plants Research. 6: 416-423.

McDonald M.B. (2000): Seed priming. In M. Black, & J. D. Bewley (Ed.). Seed Technology and Biological
Basis, Black (Chapter 9, pp: 287-325). Sheffield Academic Press, England.

Memon N.N., Gandahi M.B., Pahoja V.M., Sharif N. (2013): Response of seed priming with Boron on germi-
nation and seedling sprouts of Broccoli. International Journal of Agriculture Science and Research. 3
(2):183-194.

Mengel K., Kirkby E.A., Kosegarten H., Appel T. (2001): Principles of Plant Nutrition. Kluwer Academic
Publishers, Dordrecht, the Netherlands

Mirshekari B. (2012): Seed priming with iron and boron enhances germination and yield of dill (4nethum
graveolens). Turkish Journal of Agriculture and Forestry, 36: 27-33.

Oddone B. (1997): How to Grow Stevia. Technical Manual. Guarani Botanicals, Pawtucket, CT.

Pagter M., Bragato C., Malagoli M., Brix H. (2009): Osmotic and ionic effects of NaCl and Na,SO, salinity
on Phragmites australis. Aquatic Botany, 90: 43-51.

Panwar P., Bhardwaj S.D. (2005): Handbook of practical forestry, Agrobios (INDIA), 191p.

Raina R., Bhandari S.K., Chand R., Sharma Y. (2013): Strategies to improve poor seed germination in Stevia
rebaudiana, a low calorie sweetener. Journal of Medicinal Plants Research, 7:1793-1799.

Raji A.A., Mohammad B.O., Zarina B.Z. (2015): Acclimatized apparatus enhanced seed germination in Stevia
rebaudiana Bertoni. International Journal of Biology, 7:28-34.

Rehman A., Farooq M., Cheema Z.A., Wahid A. (2012): Role of boron in leaf elongation and tillering dynam-
ics in fine grain aromatic rice. J. Plant Nutr. 38 (3):338-354.

Rerkasem B., Jamjod S. (2004): Boron deficiency in wheat: a review. Field Crops Res 89: 173—186.

Rowse H.R. (1995): Drum priming: A non-osmotic method of priming seeds. Seed Sci Technol 24: 281- 294.

Shorrocks V.M. (1997): The occurrence and correction of boron deficiency. Plant Soil, 193: 121-148.

Singh S.D., Rao G.P. (2005): Stevia: the herbal sugar of 21* century. Sugar Technology, 7(1): 17-24.

Srivastava S.P., Bhandari T.M.S., Yadav C.R., Joshi M., Erskine W. (2000): Boron deficiency in lentil: Yield
loss and geographic distribution in a germplasm collection. Plant Soil, 219: 147-151.

Stephanie E.B., Svoboda V.P., Paul A.T., Marc W.V.L. (2005): Controlled drought affects morphology and
anatomy of Salvia splendens. American Society for Horticultural Science, 130:775-781.

Tabrizian F., Osareh A.M. (2007): Improved seed emergence and yield related traits of marigold (Calendula
offiinalis L.) by on-farm seed micronutrient treatment trials. Iranian J Crop Sci 9: 124- 141.

Tanaka M., Fujiwar T. (2008): Physiological roles and transport mechanisms of boron: perspectives from
plants. Pfliigers Arch. European J. Physiol. 456, 671-677.






PLANT BREEDING AND SEED SCIENCE
Volume 78 2018

DOI: 10.1515/plass-2018-0014

Paulina Wilczura', Wojciech Swigcicki' *,| Katarzyna A Kamelll, Wiestaw Wasiak?

"Department of Genomics, Institute of Plant Genetics, Polish Academy of Sciences, Strzeszynska
34, 60-479 Poznan, Poland; “Department of Analytical Chemistry, Faculty of Chemistry,
Adam Mickiewicz University, Umultowska 89 b, 61-614 Poznan, Poland;
*Corresponding author: wswi@igr.poznan.pl

COLORIMETRIC VS. CHROMATOGRAPHIC ANALYSES
OF ALKALOIDS IN LUPIN SEEDS

ABSTRACT

A characteristic trait of lupins is a production of alkaloids, which are a toxic and bitter taste compound of
seeds. Due to the lack of fast, sensitive and inexpensive screening techniques to identify and reject high alka-
loid plant material, development of suitable tools is important challenges for lupins breeding and seed produc-
tion. The aim of this study was to compare two alkaloid content estimation methods in Lupinus angustifolius
L. and Lupinus albus L.

During the Wagner’s colorimetric test, which is recommended by the UPOV, seed halves were stained on
four colors depending on the alkaloid content but only the level of 0.5% — 0.6% showed clear color change.
Gas chromatography allowed accurate quantification and qualification of alkaloid content.

Since safe alkaloid content for consumption is 0.02% of seed dry weight, colorimetric method is less use-
ful for dividing lupin cultivars into sweet and bitter, than gas chromatography but can be used as a screening
technique.

Key words: gas chromatography; Lupinus angustifolius L.; Lupinus albus L.; sweet/bitter lupins; Wagner’s
colorimetric test

INTRODUCTION

The genus Lupinus covers four lupin crops: white lupin (Lupinus albus
L.), narrow-leafed lupin (Lupinus angustifolius L.), yellow lupin (Lupinus
luteus L.) distributed in the Mediterranean basin and Andean lupin (Lupinus
mutabilis Sweet) originating from the South America. Despite their usage
in crop rotation (N-fixation), fertilization, and ornamental, the main usage
is as dry seeds for high protein content (up to 45%) and sometimes for oil
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content (up to 14%). Lupin domestication has a short history and the high-
yielding cultivars available now are the result of the work of just three gen-
erations of breeders (Brummund & Swiecicki, 2011) Alkaloids are the an-
tinutritional compounds present in the lupin seeds. Their content can reach
2.88% of the seed dry weight (DW) in narrow-leafed lupin and even
12.73% of the seed DW in white lupin (Kamel et al. 2016; Kroc et al. 2016)
(http://www.igr.poznan.pl/uploads/Lupinus _ angustifolius-1.pdf;  http://
www.igr.poznan.pl/uploads/biologiczne%20bazy%20danych%202016/
The%?20total%20alkaloid%20content%20and%20qualitative%
20composition%2001%20%E2%80%A6.pdf)

First, lupins with less alkaloid content were selected and described in
twenties/thirties of twenties century (Brummund and Swiecicki, 2011;
SwigcickI et al. 2015). Alkaloid content in modern cultivar is e.g. 0.0089%
of the seed DW in the narrow-leafed lupin cv. ‘Lazur’ (Synthesis of results
of register trials, 2015). According to Cowling et al. (1998) a safe content
of alkaloids for consumption is below 0.02% of the seed DW. Guidelines
of the International Union for the Protection of New Varieties of Plants
(UPOV) (UPOV Guidelines, 2004) divide lupin cultivars into bitter (high-
alkaloid) and sweet (low-alkaloid) based on cheap Wagner’s colorimetric
test and suggest controls, bitter and sweet cultivars, for a given lupin crop
(UPOV Guidelines 2004). This test is based on the color reaction of seed
cotyledons to the presence of alkaloids. Therefore, the aim of study was to
reveal the level of alkaloid content which results in a visible color reaction.
Results will be useful for breeding selection and distinction, homogeneity
and stability (DHS) description of the cultivars.

MATERIAL AND METHODS

Plant material

For two lupin crops, 20 accessions each with differentiated alkaloid content were
selected (narrow-leafed lupin: from 0.007% to 1.50% in seed DW; white lupin:
from 0.039% to 3.13% in seed DW), based on the Polish Lupin Collection Data-
base (http:/www.igr.poznan.pl/uploads/Lupinus%20angustifolius-1.pdf;  http://
www.igr.poznan.pl/uploads/biologiczne%20bazy%20danych%202016/The%
20total%20alkaloid%20content%20and%20qualitative%20composition%200f%
20%E2%80%A6.pdf), UPOV controls: narrow-leafed lupin, bitter cv.
‘Azuro’ (Wt 95941) and sweet cv. ‘Bordako’ (Wt 96192) and white lupin,
bitter cv. ‘Feli” (Wt 95531) and sweet cv. ‘Nelly’ (Wt 95480) were included
in the study. Plants were grown for seed multiplication in the Plant Breed-
ing Station at Wiatrowo (Poznan Plant Breeders Ltd.) during the vegetation
season April-August 2015 and harvested in full maturity (water content
13%).
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Gas chromatography

From each accession 100 g seeds were sampled. From each sample 10 g
was milled for estimation of the total and quantitative composition of alka-
loids according to the procedure described by Kamel et al. 2016.

Wagner’s colorimetric test

The Wagner reagent was prepared in following way. First, 14 g of potas-
sium iodide was dissolved in purified water 7 days before analyzes. Then,
10 g of iodine was added along with purified water up to 100 ml in a dark
volumetric flask. The solution was maintained in dark till the analyzes. Be-
fore using for the tests, it was diluted five times.

For the colorimetric test, 10 seeds were cut into halves and placed on Pe-
tri dishes. Each half of the seed was plunged into the diluted Wagner rea-
gent for 10 seconds and then in purified water for 5 seconds. Then
a coloration of the lupin seed halves was observed.

Statistical analysis

The basic statistical characteristics describing quantitative composition
of alkaloids in two lupin species were calculated. Also, an analysis of vari-
ance for complete randomized design with equal replications was conducted
to study substantial differences between means for a percentage share of
individual alkaloids.

RESULTS AND DISCUSSION

The quantitative composition of the alkaloids showed clear differences
between the lupin crops and was similar to the earlier investigations availa-
ble in the Polish Lupin Collection (Kamel ef al. 2016; Kroc et al. 2016)
(Table 1;  http://www.igr.poznan.pl/uploads/Lupinus%20angustifolius-
1.pdf; http://www.igr.poznan.pl/uploads/biologiczne%20bazy%20danych%
202016/The%?20total%20alkaloid%20content%20and%20qualitative%
20composition%2001%20%E2%80%A6.pdf).  Four major  alkaloids
(abundance  >1% of the total alkaloids) were identified
in the narrowJleafed lupin: lupanine, 13-hydroxylupanine, angustifoline
and isolupanine; but six were identified in the white lupin: lupanine, 13-
hydroxylupanine, multiflorine and angustifoline, albine (mean content
11.88% inseed DW) and 11,12-seco-12,13-didehydromultiflorine (mean
content 2.64% in seed DW), both absent in the narrow-leafed lupin
(isolupanine is a minor alkaloid, abundance <1%).

The results of the statistical analysis performed to study differences be-
tween two species for quantitative content of alkaloids were given in Ta-
ble 1. This analysis showed a substantially higher mean percentage share of
13-hydroxylupanine, angustifoline and isolupanine in the narrow-leafed
lupin, but lupanine and multiflorine in the white lupin.




66

Paulina Wilczura et al.

Table 1

Statistical characteristics of the narrow-leafed lupin (Nar) and white lupin (Whi) alkaloids
and results of testing differences between means

Lupin

[%Values of total content]

Coefficient of

Differences be-

Alkaloid . — - fation [%] Mean tween means
species  Minimum = Maximum  variation [% (Nar-Whi)
. Nar 11.45 83.00 36.72 49.86
Lupanine . -13.63%
Whi 30.69 84.93 19.97 63.49
. Nar 8.87 65.52 46.67 28.41
13-hydroxylupanine . 18.78*
Whi 3.08 22.77 52.25 9.64
o Nar 4.80 25.12 31.25 15.01
Angustifoline . 11.02*
Whi 1.11 9.28 50.33 3.99
. Nar 0.73 14.25 83.81 3.98
Isolupanine . 3.30%*
Whi 0.30 2.86 92.68 0.68
o Nar 0.01 2.6 107.38 0.64
Multiflorine . -5.15%
Whi 1.08 17.30 78.32 5.79
* significant at p<0.01
Table 2.
A comparison of two methods of alkaloid content estimation in lupin seeds.
Narrow-leafed lupin White lupin
Accession Total alkaloid Color of Accession Total alkaloid Color
number content seed half number content of seed half
[% seed DW] [% seed DW]
96126 0.0015 * 95449 0.0104 *
96225 0.0023 * 95472 0.0250 *
96164 0.0035 * 95480" 0.0737 *
96101 0.0044 * 95496 0.0755 *
96193 0.0062 * 95404 0.1203 *x
96131 0.0071 * 95494 0.1337 **
95935 0.0098 * 95422 0.1582 **
96191 0.0146 * 95487 0.2867 *x
96195 0.0173 * 95433 0.3649 *x
96192° 0.0192 * 95507 0.4284 **
96114 0.0195 * 95174 0.5427 HHE
96182 0.0198 * 95168 0.6076 HHE
96212 0.0296 * 95176 0.6432 HEE
95927 0.0584 * 95476 0.6774 HAE
95928 0.0685 * 95486 0.7870 *
96199 0.0760 * 95443 0.9304 HHE
95916 0.1851 * 95242 1.0264 HkE
96110 0.4083 *K 95531" 1.0629 e
95941" 0.5643 ek 95457 1.1470 kK
95719 0.7698 HHK 95232 1.1833 Hkk
95932 0.7721 HxK 95208 1.3793 HkE
95714 0.9774 o 95503 1.7711 K

* sweet control ° bitter control; Half seed color (cotyledons) after Wagner reagent treatment: * yellow,
** dark yellow, *** brown, **** dark brown
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The most important aim of this study was to compare the results obtained
by two methods, colorimetric and chromatographic (Table 2). The total alkaloid
content was differentiated, in the narrow-leafed lupin accessions from 0.0015%
to 0.9774% in seed DW (sweet control — 0.1920%, bitter control — 0.5643%)
and in the white lupin from 0.0104% to 1.7711% (sweet control — 0.0737%,
bitter control — 1.0629%). After the treatment with the Wagner reagent, seed
halves (cotyledons) showed four colors: yellow, dark yellow, brown and dark
brown. In both lupin crops a clear color change due to the presence of alkaloids
is brown color with their content level 0.5%—0.6% in seed DW. So, the Wag-
ner’s colorimetric method does not reveal desirable low alkaloid content (0.02%
in seed DW maximum), safe for feeding and as such is less useful for dividing
lupin cultivars into sweet and bitter. But it can be used in breeding and seed
production as an introductory screening technique allowing to select or reject
bitter plant material. For further estimation and selection, the chromatographic
method must be involved.

CONCLUSIONS

A decrease of alkaloid content in lupin plants is an important aim in breeding.
Current challenges for lupins breeding and seed production include the develop-
ment of fast, sensitive and inexpensive screening techniques to identify and re-
ject high alkaloid plant material. The presented study is focused on comparison
of two the most popular alkaloid estimation methods, Wagner’s colorimetric
test and gas chromatography. Our results show, that Wagner’s test can be used
only as an introductory screening technique, because clear color change can be
observed only on the level of 0.5% — 0.6% of the total alkaloid content. Unfor-
tunately, this is too little sensitivity, since the safe content for consumption
amounts 0.02% of seed dry weight. It suggests, that colorimetric method is less
useful for distinguishing of sweet lupin cultivars from bitter, than gas chroma-
tography, which clearly determines a qualitative and quantitative alkaloid con-
tent. This information would be very helpful for lupin breeders worldwide.
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ABSTRACT

This study was performed to assess several indices for identifying genotypes at early growth stage with the
best performance in salinity conditions. In order to evaluate the biomass production of barley genotypes in
different levels of salt conditions, an experiment was conducted as factorial arrangement with a completely
randomized design with 3 replications. The effect of salinity treatments was studied through an analysis of the
dry matter production, yielding results that show significant differences among genotypes. The majority of
used tolerance indices indicated that ESBYTM8910, 4 Shori and MBS8715 were the best barley genotypes
showing the highest stress resistance for the greatest NaCl concentration. Based on used stability parameters
the genotypes MBS8712 and Jo torsh were the most phenotypically stable. Result of cluster analysis revealed
that tolerant genotypes showed the least stability based on mostly of stability parameters. In general, results
showed the WB7910, ESBYTM8910 and MBS8715 genotypes appeared better than others across the salinity
levels.

Key words barley, salt tolerance, stability, tolerance indices
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ANOV A= Analysis of variance; MP= Mean productivity;

CRD= Complete randomized design; SSI= Stress susceptibility index;
GMP= Geometric mean productivity; STI= Stress tolerance index;
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INTRODUCTION

It is estimated that about 15% of the total land area of the world has been de-
graded by salinization and soil erosion, which are among the major causes of
desertification (Mariangela Montemurro, 2015). Abiotic stresses such as
drought and salinity are responsible for significant yield losses in barley on
a worldwide scale, and yet under severe stress conditions, barley remains to be
an important crop used as feed for animals, malt and human food (Katerji et al.,
2006). The establishment stage of the crop consists of three parts: germination,
emergence and early seedling growth; that are particularly sensitive to substrate
salinity (Saboora et al., 2006).

Germination and seedling growth under saline environment are the screening
criteria which are widely used to select the salt tolerance genotype. As for better
cropping highest plant population is required, which is only possible if seed ger-
mination is satisfactory under saline conditions (Nasser ef al., 2001). However,
the effectiveness of such screens varies but the main emphasis seems to be in
balance with a controlled environment, so that the screening techniques are reli-
able, against the uncertainty of variation in natural conditions in the field
(Bernardo et al., 2006).

Salinity impairs seed germination, reduces nodule formation, retards plant
development and reduces crop yield (Muhammad et al., 2006). Several re-
searchers have reported the selection of barley genotypes under favourable con-
ditions (Betran et al., 2003). Selection by the aim of stress condition has been
highly suggested too. A number of researchers have preferred the mid-way and
believe in selection under both favorable and stress conditions (Ashraf et al.,
2015). Several selection criteria, such as stress tolerance and mean productivity
(Rosielle and Hambling, 1981), stress susceptibility index (Fisher and Maurer,
1978), geometric mean productivity and stress tolerance index (Fernandez,
1992) have been proposed as indicators to identify genotypes with better stress
tolerance. Giancarla et al. (2012) in evaluating the ability of drought tolerance
indices to identify tolerant barley genotypes under laboratory conditions stated
these indices may be screened for indirect selection of drought tolerance in the
initial stage of the crop growth. As a result, three main strategies have been rec-
ognized that plants use to cope with stress: (i) specialization, the genotype is
adapted to the specific environment; (if) generalization, the genotype has mod-
erate suitability in most environments; and (iii) phenotypic plasticity, signals
from the environment interact with the genotype and stimulate the production of
alternative phenotypes (Fritsche and Borém, 2005).

Phenotypic plasticity is high when compared to the yield stability (Bradshow,
2006). Thus, low plasticity (or high stability) is not always a desirable charac-
teristic because tolerant genotypes generally have moderate productivity, even
under ideal growing conditions (Fritsche and Borém, 2005). The economic sig-
nificance of stability for the cultivation of a genotype was first identified by
Roemer (1917), who used the variance across environments as a parameter for
yield stability. Using the dynamic concept of stability, Wricke’'s model (1962) is
the simplest method to evaluate the stability. Wricke suggested the ecovalence
(W?%) concept as the ratio of the interaction sum of squares contributed by each
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genotype to the G*E interaction sum of squares. Shukla (1972) proposed the
variance component of each genotype across environments as another relevant
measure of phenotypic stability. It measures stability rather than performance.

The regression coefficient was introduced by Finly and Wilkinson (1963) as
the regression of the mean of i™ genotype in jth environment on the mean per-
formance of all genotypes in that environment. A criticism of the use of simple
linear regression models is based on the potential non linear pattern of genotype
responses to environmental variation. The first proposal to solve this deficiency
was presented by Verma et al. (1978). They separated the environments into
two groups (favorable and unfavorable) and fit a simple linear regression model
separately to each part. Eberhart and Russell (1966) suggested using the mean
of squared deviation from regression as a measure for stability and a stable gen-
otype is the one has a small deviation from regression mean squares.

The objective of this research was to evaluate the tolerance and phenotypic
stability barley genotypes at early growth stage, based on dry matter production,
which allows a quick and easy-to-measure screening tool for genotypic differ-
ences in salinity tolerance.

MATERIALS AND METHOD

The material used for this study comprised 9 barley promising lines and
cultivars i.e.:

STW82153 (A), WB7910 (F),
MBS8712 (B), Valfajr (G),
ESBYTMS8910 (©), MBS8715 (H)
4 Shori (D), Jo torsh D.
5 Shori (E),

Germilnation tests were carried out at 5 levels of electrical conductivities
(ds xm™):

S1 (control) = 4.5, S4 = 13.5,
S2 = 7.5, S5 = 16.5,
S3 = 10.5,

Treatments were arranged in a factorial design with 3 replications on the base
of a Completely Randomized Design (CRD). Salty solutions were prepared by
dissolving NaCl in distilled water at the required concentrations, since this is
a common salt that adversely affects plant growth under natural conditions
(Yildrim et al., 2011).

First, seeds of each genotype were surface sterilized with 5% sodium hypo-
chlorite solution for 10 min and then rinsed with sterile distilled water three times,
to finally be placed on filter paper into 9 cm diameter Petri dishes (25 seeds per Pe-
tri dish). In each Petri dish, 5 ml of specific solution was added on alternate days. In
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order to avoid salt accumulation, filters were replaced in the same interval of time.
Seeds were germinated in an incubator at 25 and were considered to have germinat-
ed when the emerging radical expanded to 2 mm (Saboora et al., 2006). After 10
days the effects of salinity treatments were studied by sampling on dry weight of
shoot and root as biomass production for each treatment.

The dry weights were measured by drying the shoot and root at 75°C for
48 h, to give a constant weight. Tolerance indices and stability parameters were
calculated with this difference that biomass production was replaced with yield.

Tolerance indices of SSI (Fischer and Maurer, 1978), STI and GMP (Femandez
1992), MP and GMP (Rosielle and Hamblin, 1981) were calculated. Then six sta-
bility parameters were performed in accordance w1th Eberhart and Russell's (1966)
the slop value (b;) and deviation from regression (S? dl)z’ Roemer's (1917) environ-
mental Varlance (S%), Wricke's (1962) ecovalance (W7), Shukla's (1972) stability
variance (c%) and Verma model(1978) slop values.

The division of favourable and unfavourable environments was made based
on the environmental index that represents the deviation of each environmental
mean from the overall mean. Unfavourable environments are those with nega-
tive or zero indices and favourable environments have positive indices, so third
level of salinity treatments was determined as middle point of tow environ-
ments.

All statistical procedures were carried out using the R program (Everitt and
Hothorn, 2006). Relationships among variables were determined using
Spearman's correlation test, and graphs were created using STATISTICA soft-
ware. In order to determinate different genotypes and their relationships, cluster
analysis was applied. The cluster analysis based on Euclidean distance was per-
formed on the basis of tolerance indices and stability parameters by using the
Ward method in the most level of salinity.

RESULT

Analysis of data presented in Table 1. showed that salt stress had adverse
effect on seedling growth of barley. There were significant differences between
performance barley genotypes and salinity levels. Also, there were significant
difference amongst the genotype X salt stress interaction for the biomass pro-
duction trait. Biomass production was decreased with increasing in salt concen-
tration almost in all barley varieties except the genotype E that showed un-
changed biomass production in second level of salinity and even more amount
of that in third level of salt concentrations although their differences were not
significant (Table 2). Due to significant statistical difference of genotype x salt
stress interaction, a selection of genotypes with best performance in a level of
salinity based on their production in other levels of salinity will not be possible.
The biomass production under control condition was highest for A, C and G,
whereas with the highest levels of salinity this was the case for C, D and H
(Table 2).
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Table 1
Analysis of variance of biomass production data
Parameters S0V
Treatment Genotype(G) Salt(S) GxS Error
DF 44 8 4 32 90
MS 68.87%* 53.8%% 518%* 16.5%* 2.5
ns, " and *": Not significant, and significant at the 5% and 1% levels of probability, respectively
Table 2
Statistical comparison of means for genotype biomass production (mgr/plant)
by Duncan s multiple range test (0. = 0.01)
Salt
Genotype S s, s, s, s,
A 27%® 17.67"* 15.33ktmne 11.67°0 12.67™ 16.8,
B 24,330bcde 19¢ 15.67Km™ 13.33!mnopa 11.67° 16.9,
C 27%® 18.33¢hik 17.330k 15.67kmn 17" 191,
D 2pcdefe 2] dcfeh 20.67°%" 14.67<mner 15.677kmn 18.9,
E 18.33¢hik 18.33¢hik 207 12.67™ 11.33% 16.4,
F 2467 23.33bcdef 2] defeh 207 11.3309 20.1,
G 28° 20.33% 18.33¢hik 13mnopa 12.33"P 18.4,
H 25.33%¢ 1 gehiik 18.67¢hk 20 16.33km 19.64
I 20.67°%" 17.67" ] sikimnep 9.67% 8.33" 14.14
242, 19.3, 18.1, 14.5, 13,

Values followed by different letter(s) differ significantly. Genotypes: STW82153(A), MBS8712(B), ES-
BYTM8910(C), 4 Shori (D), 5 Shori (E), WB7910(F), Valfajr(G), MBS8715(H) and Jo torsh(I)

Table 3
Stress tolerance indices values for studied genotypes (S1 vs. S5)

Rank TOL MP GMP SSI STIL Yp Ys
1 D 6.6 C22.1 Cc21.5 Do0.6 Cco0.8 G28.1 Cc17
2 E6.8 H20.7 H20.2 HO0.8 HO0.7 Cc272 H 163
3 H 8.9 G203 G 18.7 E0.8 G 0.6 A27 D 15.6
4 C10.2 A19.8 D 18.6 Co0.8 D 0.6 H252 Al12.6
5 1124 D 18.9 A 185 B1.1 A 0.6 F24.7 G125
6 B 12.6 B 18.2 B17.1 Al2 B0.5 B24.5 B11.9
7 F132 F18.1 F16.8 F12 FO0.5 D222 E11.6
8 A 144 E 15 E 14.6 G1l2 E0.4 120.6 F115
9 G 15.6 1144 113 I13 10.3 E 184 18.2

S1=4.5ds x m”, $5=16.5 ds xm™'
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In the highest level of salinity, the best results based on stress tolerance indi-
ces (STI, TOL, SSI, MP, GMP) belonged to C, H, E and D genotypes (Table 3).
Correlation coefficient tests of stress tolerance indices with Yp and Ys showed
various results in different levels of salinity (Table 4).

Table 4
Correlation coefficient of stress tolerance indices with Yp and Ys
Stress S1(4.5dsxm™) vs. S3(10.5dsxm™)
tolerance
indices TOL MP GMP SSI STI Yp YS
TOL 1
MP 0.31 1
GMP 0.19 0.99%* 1
SSI 0.98%* 0.22 0.1 1
STI 0.05 0.95%* 0.97** -0.04 1
Yp 0.85%* 0.76* 0.67* 0.79* 0.56 1
Ys -0.69% 0.46 0.56 -0.76* 0.67* -0.22 1
Stress S1(4.5ds xm™) vs. S5(16.5ds x m™)
tolerance
indices TOL MP GMP SSI STI Yp Ys
TOL 1
MP 0.16 1
GMP -0.02 0.98** 1
SSI 0.89%* -0.26 -0.43 1
STI -0.07 0.96** 0.99%* -0.46 1
Yp 0.62 0.87** 0.76* 0.23 0.73* 1
Ys -0.43 0.82%** 0.91%* -0.76* 0.92%* 0.43 1

* %% Significant at the 5% and 1% levels of probability respectively.

The results of five parametric stability statistics are given in Table 5. Ac-
cording to the Eberhart and Russell (1966) model, regression coefficient
(b;) approximating 1.0 coupled with deviation from regression (Sg) of zero
indicate average stability. When this is associated with high mean yield,
genotypes have general adaptability and when associated with low mean
yield, genotypes are poorly adapted to environments. b; values above 1.0
describe genotypes with higher sensitivity to environmental change (below
average stability), and greater specificity of adaptability to high yielding
environments. Regression coefficient decreasing below 1.0 provide
a measure of greater resistance to environmental changes (above average
stability) and therefore increasing specificity of adaptability to low yielding
environments. The genotypes A and G had a higher biomass production and
a coefficient values greater than one. These genotypes are sensitive to envi-
ronmental changes and would be recommended for cultivation under favor-
able conditions. The genotypes with a b; value lower than one were D and
H that had suitable performance under stress conditions.
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Table 5
Stability parameters values of barley genotypes

C;';;g' b; rank b; S% rankS%y W2 rank W S% rank S% o rank 6%
1.355 2 3.66 5 20.96 6 38.15 8 5.94 6
B 1.113 4 0.7 1 3.24 1 24.6 5 0.24 1
C 0914 6 6.65 7 20.22 5 20.97 4 5.7 5
D 0.712 7 3.25 4 16.17 3 12 2 44 3
E 0.676 8 8.43 8 33.01 9 14.95 3 9.82 9
F 0.992 5 10.47 9 31.65 8 26.7 6 9.38 8
G 1.45% 1 0.76 2 17.37 4 40.66 9 4.79 4
H 0.62 9 5.52 6 28.02 7 11.49 1 8.21 7
I 1.18 3 1.55 3 7.1 2 27.9 7 1.49 2

* indicates slope significantly different from the slope for the overall regression which is 1.00 at P<0.05

According to Wricke's stability parameter (W21) genotypes with the smallest
ecovalance values are considered stable. The (W 1) was lowest for genotypes B,
I and highest for F, E and H. The stablhty variance (o%i) revealed that the geno-
types B, I and D had the smallest variance across the env1r0nments and were
stable, Whlle the genotypes H, F and E had the largest (¢%i) and were unstable.
Best performance in favourable environments belonged to A, G and C but with
increase in salt concentration C and H genotypes were appeared better than oth-
ers (Table 6).

Table 6
Regression coefficient of Verma model for favorable and unfavorable environments

Regression coefficient

Genotype Favorable Unfavorable

" 1.84 0.73
B 133 0.78
c 1.68 0.14
b 021 1.16
E -0.24 18

. 05 1.6

G 1.61 1.18
H 12 03

I 0.87 132

The number of clusters was determined by the cluster sum of squares in
"Elbow criterion" plot. The cluster analysis showed that the genotypes identi-
fied based on indices and stability parameters can be divided into three groups

(Fig. 3).
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DISCUSSION
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Fig. 1. Dispersion between Yp, Ys and tolerance indices, A: S1 (4.5 ds x m™) vs. S3 (10.5 ds x m™),
B: S1(4.5ds x m™) vs. S5(16.5 dsx m™).
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The result of reduction of dry matter production in the present study are in
agreement with Greenway and Munns (1980) who showed this reduction in
weights with increasing salinity may be due to limited supply of metabolites to
young growing tissues, because metabolic production is significantly perturbed
at high salt stress, either due to the low water uptake or toxic effect of NaCl.
These results indicate that genetic variation exists among barley genotypes in
terms of early seedling growth rate under salt stress condition. According to
several reports, a genotype with a highly appropriate response to a certain salin-
ity level cannot necessarily be considered a tolerant genotype.

Instead, a genotype that shows a low yield difference between normal and
stress conditions is called tolerant. Fernandez (1992), who studied the yield of
genotypes in normal and stress environments, has divided them into four
groups: genotypes that have high yield in stress and non-stress environments
(group A), genotypes that have a high yield in non-stress environments only
(group B), genotypes that have high yield in stress environments (group C) and
genotypes that have low yields in stress and non-stress environments (group D).

As an appropriate measure to separate the first group from the other groups,
an analysis of the correlation between responses under stress and non-stress
conditions as well as quantitative stress tolerance indices, superior indices and
consequently genotypes, was used. Generally, indices having high correlations
with plant response in stress and non-stress conditions are introduced as the best
ones (Ashraf et al., 2015; Ganjeali et al., 2011). In all of the salinity levels cor-
relation between Yp and Ys was very weak, so selection based on genotype re-
sponse in one of conditions for the anticipation of its performance in other con-
dition will be powerless. As is shown in Fig. 1-A, in spite of SSI high correla-
tion with Yp and Ys there is no determined trend for introducing the genotypes
with the best reply in both conditions based on SSI. Nevertheless, according to
Fig.1-B, STI can be a suitable index for this proposition.

Plant breeders have a full hand of methods for the analyses of genotype yield
adaptability and stability to help in the difficult task of identifying superior cul-
tivars in the presence of genotype x environment interaction (GEI). GEI is im-
portant source of variation in any crop and the term stability is sometimes used
to characterize a genotype, which shows a relatively constant yield, independent
of changing environmental conditions. On the basis of this idea, genotypes with
a minimum variance for yield across different environments are considered sta-
ble. This idea of stability may be considered as a biological or static concept of
stability (Becker and Leon, 1988). This concept of stability is not acceptable to
most breeders and agronomists who would prefer an agronomic or dynamic
concept of stability; therefore they prefer genotypes with high mean yields and
the potential to respond to agronomic inputs or better environment conditions.
In the dynamic concept of stability, it is not required that the genotype response
to environmental conditions should be equal for all genotypes (Becker and Le-
on, 1988).

Most of the stability methods indicated that the genotype D was the most
phenotypically stable with high mean yield (Table 5). An ideal genotype pos-
sesses:

1)  high yield performance;
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2)  low sensitivity to adverse conditions and

3) is capable of responding positively when environmental conditions are
improved (Ferreira and Demetrio, 2006). On this fact the ideal geno-
type has a regression coefficient smaller than 1 for unfavourable envi-
ronments and greater 1 for favourable environments. Desirable geno-
types have concave pattern for regression linear models and C and H
genotypes showed such pattern across the levels of salinity (Fig. 2).
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%
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Fig. 2. Performance of barley genotypes across salinity levels based on Verma regression model



Assesment of tolerance and stability in barley (Hordeum vulgare L.) genotypes ... 79

In this study, cluster analysis determined that genotypes with high STI, MP
and GMP values (Table 7), can be considered the most tolerant and desirable
genotypes for both growth conditions. On the other hand it revealed that tolerant
genotypes showed the least stability based on mostly of stability parameters. It
can be because of variation in their potential for biomass production under dif-
ferent conditions and showed the importance of selection for genotypes perfor-
mance in both normal and stress environments.

Table 7
Differences of genotype tolerance indices and stability parameters by mean at S5 level of salinity
Property
Genotypes
Yp Ys TOl MP GMP SSI
A 27 12.67 14.4 19.8 18.5 1.2
B,G,1 24.33 10.77 13.53 17.63 16.27 1.2
C,D,E,F,H 23.46 14.33 9.14 18.96 18.34 0.84
Genotypes STI b S W S’ o’
A 0.6 1.355 3.66 50.96 38.15 5.94
B,G, I 0.47 1.24 1 9.23 31.05 2.17
C,D,E,F,H 0.6 0.78 6.86 25.81 17.22 7.5
=1
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Fig. 3. Cluster analysis of barley genotypes based on tolerance indices and stability parameters
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CONCLUSION

The results from this study are very useful for the planning of further barley
breeding programs. Salt stress significantly affected the performance of barley
genotypes. GMP, MP and STI were more suitable indices for selecting barley
genotypes tolerant to salt stress.

The barley selection using these indices can be useful for identifying
a cultivar with desirable establishment under both stress and non-stress condi-
tions. Several stability measures that have been used in this study quantified
stability of genotypes with respect to yield, stability or both. So both yield and
stability should be considered simultaneously to exploit the useful effects of
GEI and to refine selection of genotypes. Yet, among all genotypes the
WB7910, ESBYTMS8910 and MBS8715 showed the best performance in the
study.
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EVALUATION OF CARDINAL TEMPERATURES AND THERMAL TIME
REQUIREMENT FOR GERMINATION OF SCROPHULARIA STRIATA
AND TANACETUM POLYCEPHALUM (SCHULTZ
BIP. SSP. HETEROPHYLLUM)

ABSTRACT

Scrophularia striata and Tanacetum polycephalum are important medicinal plants in Iran which are rich in
essential oils, bitter substances, and sesquiterpene lactones. The present study was conducted to compare four
non-linear regression models (segmented, beta, beta modified and Dent-like) to describe the germination rate-
temperature relationships of Scrophularia striata and Tanacetum polycephalum over eight and seven constant
temperatures, respectively, to find cardinal temperatures and thermal time requirements to reach different
germination percentiles. An iterative optimization method was used to calibrate the models and different
statistical indices including RMSE, coefficient of determination (R?), and AICc were applied to compare their
performance. The beta model was found to be the best model to predict germination rate of Scrophularia
striata at D10, D50 and D90 (R2 = 0.96, R? = 0.97, R2 = 0.95; RMSE = 0.005, 0.001 and 0.001, respectively).
According to this model outputs, the base, optimum, and the maximum temperatures for germination were
estimated as 1.21 £ 0.39, 25.91 + 0.33 and 46.35 + 4.12 °C, respectively. Also the segmented model was
found to be the best model to predict germination rate of Tanacetum polycephalum at D10, D50 and D90 (R?
=0.98, R?=0.98, R = 0.98; RMSE = 0.067, 0.59 and 0.56, respectively). According to the model outputs, the
base, optimum, and the maximum temperatures for germination were estimated as 0.44+1.15, 26.95+0.75 and
38.33+0.98 °C, respectively. It seems these two medicinal plants need moderate optimum temperature for seed
germination.

Keywords: Cardinal temperatures, Seed germination rate, Thermal time, modeling
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INTRODUCTION

Scrophularia genus belongs to Scrophulariaceae family and has five
species in Iran (Mozafarian, 1999). Scrophularia striata grows in western
regions of Iran. It has widely been used as a traditional medicine for treat-
ment of diseases such as eczema, wounds, goiter, ulcers, cancer and fistu-
lae. Both leaves and seeds of S. striata contain anti-cancer and cell growth
enhancing agents (Ardeshiry lajimi et al., 2010). Scrophulariaceae species
have been known to be rich in iridous glycosides, mainly aucubin and ca-
talpol (Park Su et al., 2009). Amiri ef al. (2011) identified 34 essence com-
pounds in S. Striata that contains 90.3% of total essence in this plant. Es-
sential oils of S. striata were linalool (18.3%), 6, 10, 14-
trimethylpentadecane-2-one (8.4%), dibutyl phthalate (6.9%), and pB-
damascone (5.9%). S. striata extract may stimulate collagen synthesis,
faster wound contraction, angiogenesis, vessel dilatation and decrease of
inflammation, bleeding and edema (Shoohani et al., 2010).

Tanacetum polycephalum belongs to the compositae family. This plant
is an aromatic perennial plant which grows in Caucasia, Iraq, Iran and Tur-
key (Rechinger, 1986). These members of the daisy family are rich in vola-
tile oils, bitters, and sesquiterpene lactones, which inhibit allergic, inflama-
tory responses, and are insecticidal.

They are extremely pungent, potent herbs and should be used with cau-
tion (Bown, 1995; Keskitalo et al., 2001). Nori-Shargh et al. studied the
oil of T. polycephalum Schultz Bip. ssp. Heterophyllum collected from dif-
ferent locations in Iran and found that the main constituents of the oil of
the flowers were camphor (59.1%), camphene (14.9%) and 1,8-cineole
(10.1%), whereas the leaf oil contained mainly camphor (53.5%), bornyl
acetate (12.1%), camphene (10.9%), 1,8-cineole (7.8%) and borneol
(6.1%) (Nori-Shargh, 1999).

S. striata and T. polycephalum are endangered medicinal plants because
of excessive harvest from natural habitats for traditional use.

In order to determine the best planting date for crops, it is necessary to
find the base (Ty), optimum (T,) and maximum temperatures (T.) for seed
germination which are known as cardinal temperatures (Bewley and Black,
1994). Cardinal temperatures are determined for many of agronomic crops
while for most weed species and medicinal plants, they should be deter-
mined. Modeling of seed germination is known as a good approach in de-
termination of cardinal temperatures, but it should be noted that due to un-
predictable biological phenomena, they have some limitations. Usually
a linear increase in germination rate is associated with increasing tempera-
ture from a base temperature (Tp) up to an optimum, then it shows linear
reduction tread to a ceiling temperature (Garcia-Huidobro et al., 1982;
Steinmaus et al., 2000; Bradford, 1990; 1995; 2002; Rowse and Finch-
Savage, 2003). To perform seed germination modelling, two main concepts
have widely been used by researchers:_Empirical model and Mechanical
models.
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Empirical models can do a great job in various levels of the empiricism
of matching individual data of germination overtime, while such models
may need more empirical variables (Brown and Mayer, 1988). The empiri-
cal method may be useful for specific jobs, but it is difficult to elucidate
the biological significance for appraisaling model parameters (Bradford,
1990).

Mechanical models are based on experimental quantifying of environ-
mental effects on seed germination and seedling emergence. This approach
has the highest chance of success in the long run (Bradford, 1990; Forcella
et al., 2000). It has been shown that mechanical threshold models for seed
germination and seedling emergence have delivered some success
(Forcella, 1993; Benech-Arnold and Sanchez, 1995; Allen ef al., 2000; Ro-
man et al.,, 2000; Bradford, 2002; Rowse and Finch-Savage, 2003).
Kamkar et al. (2005, 2008) reported that segmented and logistic models
could be used for determination of cardinal temperatures in three millet
varieties and seedling emergence of wheat cultivar “Tajan”. Other func-
tions such as power (Stapper and Lilley, 2001), the beta (Yin et al., 1997),
the sigmoid, the exponential (Angus ef al., 1981) and intersected functions
(Kamkar et al., 2005, 2008) are widely used to describe crop responses to
temperature.

These regression models estimate cardinal temperatures. In dent-like
model at a lower temperature than optimum, linear relationships is exited
between temperature and germination rate, while this relationship has also
remained linear at higher temperatures than optimum but in reduction
trend. In the segmented, with increasing the temperature, germination rate
increases linearly till reach to optimum temperature, after this point
a constant trend is produced. According to the literature, there is not any
information about germination of these two medicinal plants and this study
appears to be the first report about cardinal temperatures of these two spe-
cies germination.

The objective of this study was to test various model responses and also
to test whether beta and beta modified models can work better than seg-
mented and dent-like in estimation of cardinal temperatures for seed ger-
mination in S. striata and T. polycephalum.

MATERIALS AND METHODS

Cardinal temperatures determination

An experiment was performed to determine the cardinal temperatures of S. striata
and 7. polycephalum. The experiment was conducted using germinators with con-
trolled environments in the Seed Laboratory, University of Tehran, Karaj, Iran.
Four replications of 50 seeds were germinated in 9 cm diameter Petri dishes on
two layers of Whatman No. 1 (9 cm diameter) filter paper containing 5 ml dis-
tilled water. The germination response was evaluated at eight constant tempera-
tures of 5, 10, 15, 20, 25, 30, 35 and 40°C for S. striata and seven constant tem-
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peratures of 5, 10, 15, 20, 25, 30 and 35 for 7. polycephalum.

A seed was considered as germinated when its protruded radicle elongated at least
2 mm. The germinated seeds were counted every 24h under different tempera-
tures. The time from the start of the imbibition to the last germination was consid-
ered the total time to maximum germination. The cumulative germination percent-
age was plotted against time (h). From this curve, the time to 50% germination
(D50) was determined by fitting a logistic model to cumulative germination per-
centage (G) against time (t, h) as described by equation 1:

G = Gx
" 14 expla x (t —b)]

where: G, is the maximum germination percentage, b is the time for 50%
germination. The times for 10%, 50% and 90% germination were also de-
termined by interpolation and are designated D10, D50 and D90, respec-
tively (Marshall and Squire, 1996; Shafii and Price, 2001; Soltani, 2007).
The reciprocal of the time taken for a given fraction of the seed population to ger-
minate was considered to be the germination rate (GR).

To quantify the response of the germination rate of temperature and cardinal tem-
peratures for germination, the following equation was used:

F1)
fo

where: f(T) is a T function (reduction factor) that ranges between 0 at
the base and maximum temperatures and 1 at the optimal temperature(s),
and 1/f, is the inherent maximum rate of germination at the optimal tem-
perature estimated via an iterative optimization method. Therefore, the
minimum number of hours for germination at the optimal temperature was
calculted (Soltani et al. 2006). The GR also shows the germination rate of
a given percentile. The Sigma Plot software was used to calibrate the mod-
els (beta, beta modified, segmented and dent-like) via an iterative optimi-
zation method (Table 1). To determine the best estimates of the parameters
(lower biases of the intercept from 0 and the slope from 1 are criteria for
increased reliability), (RMSE; Equation 3), the coefficient of determination
(R’; Equation 4), and the intercept and slope of the regression equation of
predicted vs. observed germination rate were used. MAE was used because
it avoids compensation between probable under- and over-prediction as
follows:

GR =

1 2
RAMSE = (H) X z(yo,,s — Yyrea )

where: Y, observed value, Y,,..qs: predicted value, n: number of samples
(Timmermans, 2007).
and
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SSR

2 _ 7
SST

where: D; is the difference between measured and calculated values, SSR
is the sum of squares (SS) of regression, ( 2...@-D) and SST is the total SS
(Zi=1(L1 - D). Y; is the observed value and L is the correspondent estimated value.
The parameters estimated by non-linear models were exposed to descriptive
statistical analysis for the pooled datasets, after which the best estimated values
were used to calculate the thermal time needed for each germination percentile.
Lower RMSE and R near to 1 show better model estimation.

To determine the best model in the estimation of cardinal temperature,
Akaike Information Criterion (AIC) is used. This index explain the amount of
reduction RSS, value of reduction from a degree of freedom of error and model
complexity (Burnham and Anderson, 2002).

RSS
AIC=n><Ln<T)+2><k

where: RSS is Residual Sum of Square, n — number of observation and k is
a number of model parameters.

It is possible to use corrected A/C (AI/Cc) index instead of using A/C. This
index is used to determine most accurate model (Butler and King, 2004;
O'Meara et al., 2006).

RSS 2Xkx(k+1)
AICc=nan(T)+2xk+

n—k—1

The model that produces a more accurate estimation is the one with the lower
AlCc value. Although the best model is the one that produces lower A/Cc, but
there is a method that by using is, we are able to explain, rank and fit different
models. This method is perform with calculation of Ai.

A;= AICc —minAlCc

where: minAICc is the minimum value of calculating A/Cc among all models,
and it belongs to the model that best fitted. If AI<10, then it means that there is
no significant difference between models and model with higher 4/Cc could
also be fitted well. While A/>10, then model with higher A/Cc, is not suitable
and could not be fitted well.

Thermal time determination

The daily thermal time (DTT) was calculated as:
DTT = (To1 — Tp) X f(T)
where f(7T) is the T function, T,; is the lower optimum 7, and 7}, is the base 7.

The first components of daily thermal time are the constant and non-optimal
temperatures that affect the daily thermal time through f(7).
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Table 1
Models that were fitted to germination rate vs. different constant temperatures
Function Formula Reference
v
retors Flm = T 7)), (=T )& Yin et al., 1995
P 1)) \T. -1}
o
B;rt:r’nf;g fir= (z.-7) (T T.) ) Yan and Hunt, 1999
P -1 "\ -1
(=T
fiTh= [GAEA] FT. <T<T.,
(1) = -7 Y.
Dent-like A=\ T==T=L Piper et al., 1996
AT =1T.£T<T,
=0 ifT<ToorT.=T
iT-T
f(T}:(ﬁ (fT, <T=T,
S ted T-T. Mwal 1., 1994
egmente ftr}:i_(((r_;j.) T <T<T. wale et al.,

T =0ifT<ToorT.<T

Beta, segmented and dent-like , where T is the temperature, 7}, the base temperature, 7, the optimum tempera-
ture, T,; the lower optimum temperature (for 3-piece segmented function), 702 the upper optimum tempera-
ture (for 3-piece segmented function), Tc the maximum temperature, ¢ is the shape parameter for the beta
function which determines the curvature of the function and d is the parameter of the beta modified function
which indicates the sensitivity of the germination rate to temperature.

RESULTS AND DISCUSSION

In this study, AICc and R’ were the main indices for selection of the best
model for evaluation of cardinal temperatures of the two species. Estimated pa-
rameters for the dent-like, segmented and beta (4 and 5 parameter) models for
different seed germination percentiles of S. striata and T. polycephalum seed is
shown in Table 2 and Table 3 respectively. Also predicted and observed seed
germination rate of S. striata and T. polycephalum for different germination
percentiles (D10, D50 and D90) using following models:

e Dbeta (a),

e Dbeta modified (b),
e segmented (c)

e dent-like (d)
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The models are shown in Fig. 1 and Fig. 4, respectively. Beta five-parameter
model was shown to be more successful to evaluate cardinal temperatures of
S. striata than other models.

According to this model, calculated A/Cc indexes were equal:

e -308.02, for D10
e -361.53 for D50
e -371.88, for D90,
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Fig. 1. Predicted (lines) versus observed (symbols) seed germination rate of S. striata at different constant
temperatures for different germination percentiles (D10, D50 and D90) using beta (a),
beta modified (b), segmented (c) and dent-like (d) models

Moreover, this model was most reliable for D10, D50 and D90, due to the higher
determination coefficient between observed and predicted values (R? = 0.96, 0.97 and
0.95 for pooled data). According to beta five- parameters model cardinal temper-
atures were Tj, (4.30 £ 1.29,3.25 + 0.79, 1.21 £ 0.39), To (25.28 £ 0.54, 26.23 +
0.36, 25.91 + 0.33) and 7. (40.21 £ 0.33, 42.32 £ 0.16, 46.35 £ 4.12) for D10,
D50 and D90 respectively (Table 2). Furthermore beta modified model had the
lowest accuracy in predicting the cardinal temperatures of S. striata because of
the lowest R? and the highest AICc than other models. In beta modified model,
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AlCc was -234.24, -286.29 and -345.15 for D10, D50 and D90, respectively
(Table 2). For T. polycephalum segmented model had the highest accuracy in
predicting cardinal temperatures. According to this model, calculated 4/Cc in-
dex was -60.52, -80.56 and -87.04 for D10, D50 and D90, respectively. In addi-
tion, this model was most reliable for D10, D50 and D90, because of the higher
determination coefficient between observed and predicted values (R2 = 0.98,
0.98 and 0.98 for pooled data) (Table 3). According to segmented models cardi-
nal temperatures for 7. polycephalum were T, (2.55 £ 0.95, 1.70 £ 0.83, 0.44 +
1.15), To (27.36 £ 0.81, 23.56 = 0.61, 26.95 + 0.75) and T, (38.74 £ 1.24,39.42
+1.02, 38.33 £ 0.98) for D10, D50 and D90, respectively (Table 3).

Estimated parameters for the SEGMENTED, BETA, BETA MODIFIED fable2
and DENT-LIKE models for different germination percentiles of S. striata seed
. Segmented Beta
Parameter
D10 D50 D90 D10 D50 D90
Ty 5.60 £0.67 3.70 £0.54 1.78 £0.94 430+1.29 325+0.79 1.21+£0.39
T, 26.14+£0.69 26.64+041 25.89+0.63 2528+0.54 2623+0.36 2591+0.33
T, 4429+ 1.16 4242+0.53 41.33+£0.68 40.21+£0.33 4232+0.16 46.35+4.12
1o 742+026 2270+047 39.62+122 783+027 24.59+054 40.87+1.65
c - - - 4.83+£0.21 2.12+0.17 1.07 £0.49
R? 0.94 0.97 0.95 0.96 0.97 0.95
RMSE 0.009 0.001 0.001 0.005 0.001 0.001
AIC -291.70 -367.31 -375.79 -312.02 -366.53 -376.88
AlCc -283.70 -359.31 -367.79 -308.02 -361.53 -371.88
A 24.32 221 4.08 0 0 0
. Beta modified Dent-like
Parameter
D10 D50 D90 D10 D50 D90
Ty 8.17+1.31 5.00+£2.50 1.51+0.86 5.60 £0.70 3.70 £0.56 1.82+0.94
T, 2643+£0.71 26.37+£0.69 25.99+0.93 - - -
T, 41.72+0.60 40.76+0.41 40.20+048 4429+1.21 4242+0.54 41.00+0.59
Tor - - - 25.05+0.83 25.39+0.92 25.83+0.54
T - - - 27.11£035 2749+0.09 27.13+£0.02
1o 8.60+031 2634+0.83 45.69+2.04 784+0.78 24.07+030 39.28+0.78
R? 091 0.92 0.88 0.94 0.97 0.95
RMSE 0.011 0.003 0.002 0.009 0.001 0.001
AIC -242.24 -294.29 -353.15 -289.70 -365.31 -374.21
AlCc -234.24 -286.29 -345.15 -285.70 -361.31 -370.28
A 73.78 75.23 76.72 22.32 0.21 1.59

1,,1,.1T.,T, , T,, , f, and care base temperature, optimum temperature, maximum temperature, lower limit of
optimum temperature, upper limit of optimum temperature, minimum time to reach a given percentile, param-
eter of beta function, coefficient of regression, respectively

The base and the maximum temperatures for different percentiles did not
show any significant difference for all tested models for 7. polycephalum. The
beta-modified and dent-like models, were also reliable for D10 and D50
(Table 3), because R’ was high for both models. According to the segmented
model for percentiles of D10, D50 and D90, the basic temperature varied be-
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tween 2.55 £ 0.95 and 0.44 + 1.15°C and estimated ceiling temperatures for
D50, D90 was 39.42+1.02 and 38.33 & 0.98, respectively (Table 2).

Estimated parameters for the SEGMENTED, BETA, BETA MODIFIED fable3
and DENT-LIKE models for different germination percentiles of 7. polycephalum seeds
. Segmented Beta
Parameter
D10 D50 D90 D10 D50 D90
Ty 2.55+0.95 1.70 £0.83 044+1.15 2.02+0.18 1.46+0.64 1.01£10.18
T, 27.36+0.81 23.56+0.61 2695+0.75 26.06+125 2259+0.78 25.09+1.38
T. 38.74+124 3942+1.02 3833+£098 38.05+558 38.34+3.03 3597+1.63
1o 7.13+0.31 18.00+0.10 2930+1.09 795+0.56 20.85+0.87 3427+2.02
c 471 +9.16 1.98+1.08 1.74 £ 1.56
R? 0.98 0.98 0.98 0.97 0.97 0.94
RMSE 0.67 0.59 0.56 0.02 0.004 0.004
AIC -73.52 -93.56 -100.04 -69.22 -92.28 -94.90
AlCc -60.52 -80.56 -87.04 -39.22 -62.28 -64.90
Ai 0 0 0 21.3 18.28 22.14
! Beta modified Dent-like
Parameter
D10 D50 D90 D10 D50 D90
Ty 2.13+0.19 0.13+1.73 -1.85+1.79  255+1.10 1.42+0.75 -1.04+£1.31
T, 26.30+0.82 22.78+0.60 24.86+0.87
T. 36.85+0.64 37.21+£0.55 36.93+0.64 38.74+143 3894+1.26 3833+1.08
Tor 25.88+044 1821+1.19 23.62+2.02
Toz 28.03+0.80 26.57+1.25 28.00+1.05
1o 8.05+£043 21.10+£0.67 33.67+1.50 7.58+0.09 21.27+0.78 32.25+1.85
R? 0.95 0.97 0.95 0.95 0.97 0.96
RMSE 0.02 0.005 0.004 0.01 0.004 0.003
AIC -71.22 -92.69 -96.60 -71.52 -94.03 -99.09
AlCc -58.22 -79.69 -83.60 -41.52 -64.03 -69.09
Ai 02.30 0.87 3.44 19.00 16.53 17.95

17,,7,,T..,T,;, T, ,f, and care base temperature, optimum temperature, maximum temperature, lower limit of
optimum temperature, upper limit of optimum temperature, minimum time to reach a given percentile, param-
eter of beta function, coefficient of regression, respectively

Dent-like model produced the lowest RMSE for D10, D50 and D90 (0.01,
0.004 and 0.003, respectively) compared to other models for 7. polycephalum
(Table 3). In this study, the germination rate was very sensitive to temperature,
in order that it was slow at low temperatures. The germination rate is maximum
at optimum temperature and by increasing and decreasing in temperature, ger-
mination rate decreases. Decreasing of germination rate at low temperatures is
related to decrease imbibition rate of seed (Bewley and Black, 1994). Khan et al
(2001) investigated the effects of different temperature regimes on germination
of Kochia scoparia and reported that the temperature had a significant effect on
germination, and germination rate was higher at higher temperatures. Several
reports indicate an increasing effect of temperature on the speed of germination
up to a certain point (Hardegree and Winstral, 2006; Bannayan et al., 2000).

Other studies suggest that the typical germination rate increases linearly with
increasing temperature in a suitable range of temperature, but at higher tempera-
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tures it decreases (Mwale et al., 1999). Adam et al. (2007) stated that the germi-
nation response to temperature could be different depending on the species or
populations within a species. Decrease of germination rate at low temperatures
is related to decreased seed imbibition rate (Begley and Black, 1994). Tabrizi et
al. (2007) by Evaluation of various models on germination of two agricultural
and natural populations of Thyme (Thymus Transcaspicus) reported that beta
five-parameter model has the most reliable of cardinal temperatures for germi-
nation on natural population of this species. In addition, among different non-
linear regression models (Dent-like, segmented and beta), segmented model was
found to be the best model to predict germination rate of opium poppy (Kamkar
et al., 2012). In segmented model, relative changes in development rate is plot-
ted separately for temperatures lower and more than optimum temperature. The
optimum temperature calculated from the intersection of two regression lines
and base temperature and maximum are intercept of the regression line at lower
and more temperatures than the optimum temperature, respectively (Phartyal et
al.,2003).

Temperature (°C)

0.6 0.8 1.0 12

f(T)
Fig. 2. f(z) Values for different constant temperatures based on beta model

Calculated f(#) for constant temperatures used in this research based on the
beta model for S. striata and segmented model for 7. polycephalum are illustrat-
ed in Fig 2 and Fig 5 respectively. They show an increase trend to 25°C then
starts to decrease for the two species. This suggests that the optimum tempera-
ture for two species is around 25°C .Using the estimated parameters of the seg-
mented model, each germination percentile will be achieved when DTT = TT, or
HT) = 1o, or f(T)/f, = 1. It is clear that temperatures closer to optimum tempera-
ture have a small reducing effect on germination rate.
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The calculated thermal times for each germination percentile based on pooled
data are represented in Fig. 3 and Fig 6 for S. striata and T. polycephalum re-
spectively. Thermal time required for 10, 50 and 95% germination in S. striata
is 7, 23 and 43 degree-days respectively. Also thermal time required for 10, 50
and 95% germination in 7. polycephalum is 170, 460 and 780 degree-hours re-
spectively. Kamkar et al (2012) reported that the thermal time required to reach
50 and 95% germination in opium poppy was 57.27 and 87.55 degree-days, re-
spectively. The thermal time requirement for a developmental process (like ger-
mination), offers a measure of physiological time required to complete the pro-
cess. In addition, thermal time is the number of degree days required for
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a developmental process based on a set of physiological temperatures during the
process and expression of time in thermal units. It eliminates the time depend-
ence of biological process because of temperature change (Trudgill et al.,
2005). Thermal time required for each developmental stage is calculated by in-
version the slope of the regression function of development rate versus tempera-
tures below the optimum temperature (Thornley, 1987).

Our results confirmed the certainty of the estimated parameters and the relia-
bility of the beta for S. striata and segmented model for 7. polycephalum. In
other words, the regression between the degree day sums and the mean tempera-
tures for this experiment confirmed independently between the degree day sums
and the temperatures of traits. This independency has fully explained by Bon-
homme, (2000) for using degree day’s unit in such experiments. This study sug-
gests that the bilinear-shape response model of germination rate of temperature
can be used to estimate the cardinal temperatures of 7. polycephalum. In this
model, the germination rate is regressed separately against temperature for two
extreme of temperatures (below and above optimum temperature). Base temper-
ature and maximum temperature are the intercepts of each regression line
(Covell et al., 1986; Phartyal et al., 2003). The results of the present study
confirmed that in the absence of other limiting factors (e.g., light, water), seed
germination of S. striata and T. polycephalum is highly influenced by tempera-
ture. In addition, our results indicate that the germination rate of S. striata based
on the beta model and T. polycephalum based on the segmented model exhibite
sharply defined cardinal temperatures.
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