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EFFECTS OF WATER STRESS ON GERMINATION OF YARROW
POPULATIONS (ACHILLEA SPP.) FROM DIFFERENT
BIOCLIMATIC ZONES IN IRAN

ABSTRACT

The effects of water potential on germination were studied in 18 wild populations of three yarrow species
(Achillea tenuifolia, A. vermicularis and A. filipendulina) from different bioclimatic zones in Iran. Water
potential between 0 and -0.6 MPa were obtained using polyethylene glycol 6000 (PEG-6000) solutions. The
study of water stress on germination showed that, regardless of the species and the populations, the lowering
of the water potential reduced the capacity for germination and early seeding growth. These results indicated
a strong genetic potential for drought tolerance during germination within each species. These differences in
germination ability of wild populations of each species might be attributed to intraspecific variations resulting
from the effects of natural selection and genetic pool background.
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INTRODUCTION

The genus Achillea (Yarrow) is one of the most important genera of the As-
teraceac family and is presented by about 85 species widespread throughout the
world (Chevalier 1996). Yarrow is a drought-tolerant herbaceous perennial plant
that is best suited to cottage rather than a formal garden (Halevy 1999). It has me-
dicinal and cosmetic uses (Rohloff ez al. 2000), and extensively grown in drought-
prone environments due to its numerous leaf and several stems developed from the
horizontal radiclestock (Bartram 1995). Due to over collection, essentially in the
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flowering period, land conversion and also land degradation, the Achillea species
are considered now at risk for local extinction, Which affect greatly their financial
income and subsequently their livelihoods. Many healers recognized that recently
the species become very scarce and that in order to ensure the sustainable utilization
and to meet the growing demand of these wild species, it has become necessary,
therefore, to develop rapid methods of their commercial cultivation. Seeds culture is
an alternative and easy method of commercial propagation, which restricted in Iran
by water deficiency and water scarcity. More than 82% of Iran’s territory is located
in arid and semi-arid zones and faces shortages of water and the challenges caused
by drought in its various different regions (Khoshbakht 2011). The water constraint
constitutes one of the main environmen-tal problems for development and crop pro-
ductivity of plants. In front of this problem, the selection of drought tolerant species
and varieties remains the best economic approach for exploitation and rehabilitation
of arid and semiarid regions (Shannon 1985; Alonso ef al. 1999; Ghoulam ef al.
2001). The effectiveness of such approach depends on the availability of genetic
variation in relation with drought toler-ance and its exploitation by screening and
selection of the pow-erful plants under drought stress (Al-Khatib et al. 1992; Ali et
al. 2007; Hussain et al. 2010).

Seed germination is usually the most critical stage in seedling establishment, de-
termining successful crop production (Almansouri et al. 2001). Crop establishment
depends on an interaction between seedbed environment and seed quality (Brown et
al. 1989; Khajeh-Hosseini et al. 2003). Factors adversely affecting seed germina-
tion may include sensitivity to drought stress. A large number of studies have been
carried out on the effects of water stress on the germination of plant species, and
most species and populations have shown a different sensitivity to water stress with
regards to germination and subsequent radicle growth. (Bonner and Farmer 1966;
Barnett 1969; Djavanshir and Reid 1975; Kaufmann and Eckard 1977; Calamassi et
al. 1980; Falusi and Calamassi 1982; Falusi ef al. 1983; Dunalp and Barnett 1984;
Thanos and Skordillis 1987; Falleri 1994; Lopez et al. 2000). However, in none of
the studies was the selection of populations at the beginning of the research based
on a bioclimatic classification. Soil water supply is an important environmental fac-
tor controlling seed germination (Kramer and Kozlowski 1979). If the water poten-
tial is reduced, seed germination will be delayed or prevented, depending on the
extent of its reduction (Hegarty 1978). One technique for studying the effect of wa-
ter stress on germination is to simulate stress conditions using artificial solutions to
provide variable water potentials (Larson and Shubert 1969; Sharma 1973; Falusi et
al. 1983). In the present work, the effects of water stress were examined in 18 wild
populations of three yarrow species (Achillea tenuifolia, A. vermicularis and A. fili-
pendulina) using PEG solutions with water potentials ranging from 0 to -0.6 MPa.
The purpose of this study was to evaluate the influence of water stress on germina-
tion and to determine whether there was a significant intraspecific variation in
drought tolerance between wild populations of A. tenuifolia, A. vermicularis and A.
filipendulina seeds from different bioclimatic zones.
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MATERIAL AND METHODS

Seed material and experiment layout

Seed material of 18 wild populations of yarrow from four different spe-
cies including Achillea tenuifolia, A. vermicularis and A. filipendulina were
obtained from National Natural Resources Gene Bank, Iran (Table 1).

The environmental data of the wild populations of A. tinctoria. favtel
. Latitude Longitude Elevation Annual ?Vér- Annual average temperature
Pop.ulations above see  age precipita-
™) () level[m]  tion[mm] Maximum [°C] Minimum [C]
A. tenifolia
T-Dehgelan 35717 47°25' 1890 470 15 5
T-Khalkhal 37° 38" 48° 31" 1796 363 14.86 224
T-Semnanl, 2 35° 35 53°33" 1130 142 24 13
T-Sanandajl, 2 35°19' 47°00' 1480 368 22.5 6.4
T-Divandarehl, 2 35°20' 47°00' 1373 374 223 6.3
T-Golestanpark 36°51 54° 16 133 455 23 13
A. vermicularis
V-Baneh 36° 00' 45°54' 1600 707 18 7
V-Mahabad 36° 46' 45° 43" 1385 384 20 7
V-Sardasht 36° 04' 45°30' 1670 856 16 10
V-Tehran 35°30' 51°24 1100 328 25 8
V-Yazd 31° 54 54° 07 1237 56 27 13
A. filipendula

F-Meshkinshahr 38° 23" 47° 40' 1568 395 15.54 59
F-Urmieh 37°32 45°05' 1315 257 18.2 5.66
F-Khalkhall,2 37°38' 48° 31" 1796 363 14.86 224

Water stress was applied through incubation in four different concentrations of
PEG 6000 that provide solutions with water potentials ranging from 0 to -0.6 MPa
(Michel and Kaufmann 1973). Polyethylene glycol 6000 (PEG 6000) are inert, non
ionic and virtually impermeable chains that have frequently been used to induce
water stress and maintain a uniform water potential throughout the experimental
period (Hohl and Peter 1991; Lu and Neumann 1998). Molecules of PEG 6000 are
small enough to influence the osmotic potential, but large enough not to be ab-
sorbed by plants (Carpita et al. 1979). Because PEG does not enter the apoplast,
water is withdrawn from the cell and the cell wall. Therefore, PEG solutions mimic
dry soil more closely than solutions of low M, osmotica, which infiltrate the cell
wall with solutes (Verslues et al. 1998). Four replicates of 25 seeds per wild popu-
lations were used to determine germination rates in the absence or presence of os-
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motic stress. Washed seeds of Achillea were surface sterilized with 70% ethyl alco-
hol for five minutes. Seeds were thoroughly rinsed with deionized water, 25 seeds
were placed in 90 mm diameter glass Petri dishes on double Whatman papers (TP)
and irrigated with 5 ml of distilled water or with PEG solution (0 - 0.6 MPa). The
Petri dishes immediately transferred into a germinator at (20+£4°C) with 1000 lux
light for 15 days. The percent and rate of germination were recorded at 3, 6, 9, 12
and 15 days. The length of radicles and shoots of 10 randomly-selected seedlings
from each replicate were measured in 15 days seedlings. The vigor index measures
seedling performance, relating together the germination percentage and growth of
seedlings produced after a given time (Abdul-Baki and Anderson 1973). The ex-
periment was designed as a completely randomized design with two factors. The
first factor was the populations and the second the drought stress treatments. Differ-
ences in germination between populations and between treatments, as well as the
interaction between these variables, were tested for an analysis of variance.

RESULTS

Analysis of variance showed highly significant differences among species, popu-
lations and water potentials (Table 2). The interaction between species, populations
and water potentials was also significant (Table 2). Mean comparison at different
stress levels indicated that lowering of water potential causes a decrease in seed
germination per-centage, which was higher in distilled water than in any PEG con-
centration. In all populations, PEG concentrations delayed the beginning of germi-
nation and reduced the final germi-nation percentages (Figs 1-3).

Table 2
Results from the ANOVA on Germination parameters
Mean square
Source DF Germination Length Radiclo/shoot  Vigour index
Reate % Radicle Shoot Seedling ~ lengthratio

(S) Species 2 806.969%* 53.797** 116.69%* 160.62%* 0.003** 7775.844%*  407.736**

(P)Population 17 1051.001**  29.87** 52202*%*  687.79%* 0.002** 5267.324*%*  225445%*
W) Water 3 2803.07** 10.284** 168.54** 707.88** 0.005**  20780.945**  1403.344
potential

PxW 51 151.779** 5.396** 10.95%* 111.95%* 0.0005%** 512.621%* 20.196**
PxS 17 262.74%* 7463%* 13.027**%  171.946%*  0.0005**  1316.89** 56.359**

** Significant at 0.01 level
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Fig. 1. Effect of PEG induced drought (MPa) on Germination rate (GR), vigor index (VI),

Radicle length (RL) and Germination % (G %) of seeds from different
populations of 4. tenuifolia
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Fig. 2. Effect of PEG induced drought (MPa) on Germination rate (GR), vigor index (VI),
Radicle length (RL) and Germination % (G %) of seeds from different
populations of A. vermicularis
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Fig. 3. Effect of PEG induced drought (MPa) on Germination rate (GR), vigor index (VI),

Radicle length (RL) and Germination % (G %) of seeds from different
populations of 4. filipendula

Achillea tenuifolia,

Analysis of variance showed highly significant differences among all
populations and water potentials as well as their interaction (Table 3). Al-
though lowering the water potential to -0.6 MPa reduced germination for
most populations by more than 50%, the reaction to increased water stress
differed among the nine populations: T-Dehgelan and T-Sanandajl seem to
be the most tolerant, with a threshold between -0.4 and -0.6 MPa; and T-
Golestanpark and T-Semnanl the least tolerant, with a tolerance threshold
between control and -0.2 MPa (Table 4, Fig. 1). A moderate tolerance was
observed in T-Khalkhal, T-Semnan2, T-Sanandaj2, T-Divandarehl and T-
Divandarehl with a threshold between -0.2 and -0.4 MPa (Table 4).
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Table 3
Results from the ANOVA on Germination parameters of A. tenuifolia, A. vermicularis
and A. filipendulina
F
Source DF Germination ) . Length Radicle/shoot
Vigour index - - .
% rate Radicle Shoot Seedling length ratio
A. tenifolia
(P) Population 8 57.07** 44.40%* 84.39%* 46.51%* 20.21** 52.90%* 15.02%%*
(W) Water 3 146.60%* 129.07** 105.75%* 16.75%* 4526%* 35.78%* 16.52%%*
PxW 24 297%* 371%* 9.24%* 7.11%* 442%* 6.95%* 501%*
PxS 2 045 135 1.67 2447 2654 2021 3235
A. vermicularis
(P) Population 4 61.02%* 28.37%* 183.29%* 44.27%* 13.1%* 38.79%* 23.56%+*
(W) Water 3 40.77%* 103.19%* 122.41%* 19.65%* 47.15%* 30.52%* 2.83%*
PxW 12 5.65%* 5.80%* 23.53%* 536%* 5.99%* 543%* 3.5]%*
PxS 19.86 1877 1847 23.69 1928 19.66 3133
A. filipendula

(P) Population 3 1.63 10.05%* 21.30%* 51.85%* 2.03 48.15%* 17.89%+
(W) Water 3 28.74%* 37.89%* 20.87%* 436%* 4.02%* 5.25%* 0.14
PxW 9 391%* 2.63* 10.65%* 7.88%* 347** 8.06%* 3 45%*
PxS 1875 20.02 2622 20.81 18.1 17.64 3575

** Significant at 0.01 level

According to Duncan's test for germination percentage, T-Dehgelan and
T-Sanandajl were combined in an independent group as the most drought
resistant populations. T-Khalkhal, T-Sanandaj2 and T-Divandareh2 (all
three in a group); and T-Semnan2 were included in two different groups as
moderate tolerance populations. T-Divandarehl and T-Semnanl were in
two different groups as least drought tolerant populations. T-Golestanpark
was included in another group with Divandarehl and T-Semnanl. On the
other hand, there were significant differences between all stress levels ac-
cording to the germination percentage of different populations (Table 4).

The mean germination rate decreased in response to water stress in all
species and populations. However, the magnitude of this response varied
among populations (Table 4). The A. tenifolia population T-Dehgelan ger-
minated similar to T-Sanandajl and both germinated significantly (p<0.05)
more rapidly than any other accessions (Table 4).
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Table 4.
Effect of PEG induced drought (MPa) on Germination parameters of seeds
from different populations of A. tenuifolia, A. vermicularis and A. filipendulina
Germination [%] Germination rate
Population
0 -0.2 -0.4 -0.6 Ave. 0 -0.2 -0.4 -0.6 Ave.
A. tenifolia
T-Dehgelan 100.0 96.0 66.7 522 78.7a' 272 222 17.5 10.7 19.4a
T-Sanandajl 100.0 76.0 85.3 60.3 80.4a 232 17.7 19.5 14.5 18.7a
T-Khalkhal 89.3 92.0 57.3 28.0 66.7b  19.5 19.7 133 9.8 15.6b
T-Semnan2 65.3 70.7 30.7 6.7 433c  20.1 20.6 11.8 4.1 14.2bc

T-Sanandaj2 100.0 84.0 353 26.3 61.4b 223 17.3 9.2 3.8 13.2cd
T-Divandareh2 933 81.3 48.0 36.0 6470 20.6 14.8 7.4 7.6 12.6¢d
T-Golestanpark ~ 60.0 293 10.7 6.0 26.5ed 19.1 14.6 5.5 1.4 11.2d
T-Divandarehl 49.3 48.0 213 12.0 32.5d 8.7 10.7 9.1 3.0 7.9¢
T-Semnanl 39.2 293 19.9 2.0 22.6e 6.8 6.6 3.1 0.9 4.4f
Average? 774a  674b 41.7c  25.5d 18.6a  16b 11.2¢ 6.2d

A. vermicularis

V-Baneh 85.3 90.3 77.4 222 68.0a 193 17.2 8.8 4.0 12.3ab
V-Mahabad 86.1 83.0 72.6 30.5 68.8a 16.8 16.1 16.9 3.8 13.4a

V-Sardasht 73.3 65.3 44.0 44.0 5776 15.0 12.9 9.6 5.6 10.8bc
V-Tehran 40.0 40.0 24.0 29.3 33.3¢c 8.4 7.7 32 35 6.0d

V-Yazd 30.7 26.7 8.3 11.3 19.3d 129 15.3 9.3 0.6 9.5¢

Average’ 60.4a 6l.l1a 498b 26.4c 1452 13.8a 9.6a 34c

A. filipendula

F-Meshkinshahr ~ 89.7 69.3 48.0 32.0 59.5a 189 14.5 10.8 6.3 12.6ab

F-Urmieh 933 76.6 55.5 322 64.4a 21.1 15.8 11.2 9.4 14.4a
F-Khalkhal2 80.0 85.0 58.7 34.7 69.5a 9.5 10.7 9.5 6.6 9.1c
F-Khalkhall 78.4 72.0 60.0 34.7 613a 174 15.6 9.8 5.5 12.1b

Average® 79.8a  745b  622c  38.3d 16.7a 14.1b  10.3c 7.0d
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Table 4
Continued
Vigour index Radicle length
Population 0 -0.2 -0.4 -0.6 Ave. 0 -0.2 -0.4 -0.6 Ave.
A. tenifolia
T-Dehgelan 43.0 51.6 26.1 19.8 35.1a 284 38.0 354 322 33.5a
T-Sanandajl 36.1 254 30.6 16.5 272b 245 23.0 26.0 17.7 22.8¢
T-Khalkhal 27.9 374 13.7 9.4 22.1c 238 34.1 272 21.4 26.6b
T-Semnan2 153 6.4 10.8 1.1 84e 295 16.4 13.8 4.7 16.1d
T-Sanandaj2 443 35.9 6.2 1.9 22.1c¢ 333 225 8.0 6.0 17.5d
T-Divandareh2 19.9 18.2 11.5 4.6 13.6d 14.6 13.5 16.3 8.0 13.1de
T-Golestanpark ~ 18.2 7.2 1.4 0.4 6.8ef 17.6 17.9 7.4 5.2 12.1e
T-Divandareh] 7.7 3.8 1.7 0.9 3.5f 105 3.8 3.8 33 6.1f
T-Semnan] 6.9 6.3 3.4 0.2 42f 133 13.2 12.1 523  10.9¢
Average’ 244a  214b 11.2¢ 6.6d 21.7a  203a 184a 129
A. vermicularis
V-Baneh 31.7 28.1 30.6 3.8 22.8a  29.7 25.6 245 16.6 22.1a
V-Mahabad 23.0 17.5 16.1 2.7 1496  20.0 15.3 12.0 6.6 13.5b
V-Sardasht 16.6 10.1 4.1 1.9 82¢c 16.6 12.1 43 3.0 9.0c
V-Tehran 7.3 8.1 5.7 3.7 62d 199 14.4 13.6 10.0 13.5b
V-Yazd 6.7 5.8 1.8 2.1 4.1e 16.1 16.4 17.2 11.5 15.3b
Average’ 17.1a 1396 11.7b 2.9¢ 20.5a 18.5a 14.3b 9.6¢
A. filipendula
F-Meshkinshahr ~ 33.7 23.9 13.7 8.1 19.9a 338 29.6 25.8 21.6 27.7a
F-Urmieh 19.3 13.5 13.5 4.7 1786 174 13.9 20.6 9.8 15.4b
F-Khalkhal2 27.2 27.7 15.4 8.1 19.6a 272 29.8 253 10.2 23.1b
F-Khalkhall 14.2 12.8 5.3 3.6 9.0c 143 11.3 5.6 5.7 9.3¢c
Average’ 18.8a  19.5a  14.9b 8.0c 232a 21.2a 193a 11.8b

1 Values in the column with the same initial(s) are not significantly different (P < 0.05).,
2 Values in the row with the same capital initial are not significantly different (P < 0.05)

Vigor index and Radicle length differed in the nine populations and were
markedly influenced by water potential (Table 4). Even a stress of -0.2 MPa
caused a significant decrease in vigor index and Radicle length of most
populations. Each further increment in water stress produced additional sig-
nificant decrease in both characters. The vigor index and radicle length for
T-Dehgelan, T-Sanandajl and T-Khalkhal were higher than those for other
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populations at the lowest water potential (-0.6 MPa), and the lowest toler-
ance again occurred in T-Golestanpark, T-Divandarehl and T-Semnanl.

Achillea vermicularis

Table 4 and Fig. 2 show that, for all populations, the lowering of the wa-
ter potential resulted in a reduction of germination capacity. For V-
Mahabad and V-Baneh, germination was not affected when the seeds were
exposed to a water potential of —0.4 MPa. Germination only dropped dra-
matically once the potential fell under -0.4 MPa. The other three popula-
tions, namely, V-Sardasht, and V-Tehran, V-Yazd retained some germina-
tion capacity with water potential —0.4 MPa. The study of the influence of
water stress on germination showed that, regardless of the populations, the
lowering of the water potential reduced the capacity for germination. How-
ever, the final germination capacity for 0 MPa stress levels of V-Mahabad
and V-Baneh as most tolerance populations, and V-Tehran, V-Yazd as least
tolerance populations showed significance differences.

According to Duncan's test for germination percentage, V-Mahabad and
V-Baneh were combined in an independent group as the most drought resis-
tant populations. V-Sardasht and V-Tehran were included in two different
groups as more sensitive populations. V-Yazd was in a different group as
least drought tolerant populations. On the other hand, there were no signifi-
cant differences between 0 and -0.2 MPa stress levels according to the ger-
mination percentage of different populations, while -0.4 and -0.6 MPa
stress levels differed significantly (Table 4).

The mean germination rate decreased in response to water stress in popu-
lations. However, the magnitude of this response varied among populations
(Table 4). The population V-Sardasht germinated significantly (p<0.05)
more rapidly than any other populations (Table 4).

Germination rate, vigor index and radicle length differed in the five
populations were markedly influenced by water potential (Table 4). A stress
level of -0.2 MPa caused a significant decrease in vigor index of most
populations, whereas germination percentage and rate of different popula-
tions influenced markedly by -0.4 MPa. Population V-Sardash with highest
amount of germination percentage and rate showed lowest vigor index and
radicle length.

Achillea filipendulina,

According to the experimental data presented in Table 4 and Fig. 3, low-
ering the water potential to -0.6 MPa reduced germination for all popula-
tions by more than 60%. The final germination in this water potential
showed only minor differences among the populations, and such differences
were statistically not significant. However, at the lowest water potential (-
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0.6 MPa), there were significant differences among the populations in terms
of germination rate, vigor index and radicle length.

The mean germination rate decreased in response to water stress in all
species and populations. However, the magnitude of this response varied
among populations (Table 4). The population F-Urmieh germinated more
rapidly than any other populations.

The higher vigor index and radicle length in F-Meshkinshahr at the low-
est water potential (-0.6 MPa) may be related to its better adaptation to wa-
ter deficit compared to other three populations.

DISCUSSION

The study of water stress on germination showed that, regardless of the
species and the populations, the lowering of the water potential reduced the
capacity for germination and early seeding growth.

Seed germination and early seeding growth are usually the most critical
stages in seedling establishment, determining successful crop production
(Almansouri et al. 2001). Crop establishment depends on an interaction be-
tween seedbed environment and seed quality (Brown et al. 1989; Khajeh-
Hosseini et al. 2003). Factors adversely affecting seed germination may
include sensitivity to drought stress. Results of 4. tenuifolia allow distin-
guishing two main types of response to water stress. The first is represented
by the T-Dehgelan and T-Sanandajl populations, which are tolerant to wa-
ter stress during the germination phase, since they continued to germinate at
—0.6 MPa by more than 50%. The second type of response characterized
the populations of T-Golestanpark and T-Semnanl, which are the more sen-
sitive. In this case, the germination capacity reduced at -0.2 MPa. Although
some authors (Fady 1992; Abulfatih 1995) tented to demonstrate the exis-
tence of relationships between the germination properties of seeds
(response to temperature and to water stress) and the ecology of the plant,
these relationships are not confirmed in our study. Even if this response
could be an acceptable indicator of their germination potentials under simi-
lar conditions of stress in the natural environment, it cannot be considered
as an indicator of drought tolerance in the adult plants (Manohar et al.
1968), or as a criterion for the selection of varieties adapted to aridity
(Saint-Clair, 1980). The establishment and development of the species de-
pend on the ecological conditions prevailing at the time of emergence and
during the later phases of development. They also depend on the genetic
characteristics of each species. In order to refine the selection of species
offering the best potential, it would be useful to continue investigations into
the tolerance to water stress at the seedling stage, since the establishment of
the species also depend on the ecological conditions prevailing at the time
of seedling emergence. Our results confirm the findings of Khajeh-Hosseini
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et al. (2003) in soybean and those of Murillo-Amador ef al. (2002) in cow-
pea. However, our findings showed that PEG had greater inhibitory effects
on germination because of the significant decrease in germination in the
four populations. We can conclude that the higher germination percentage
and value in T-Dehgelan and T-Sanandajl at the lowest water potential
(—=0.6 MPa) may be related to their better adaptation to water deficit com-
pared to the other populations. Furthermore, differences under water stress
also showed that populations are characterized by a significantly different
tolerance to drought.

Our findings revealed that inhibition of germination by water potential
resulted from osmotic effect. PEG affected the germination and seedling
growth of Achillea spp. and had a greater inhibitory effect. These results
agree with those given by Murillo-Amador ef al. (2002), and Sadeghian and
Yavari (2004), who stated that seedling growth was severely diminished by
water stress in sugar beet. Moreover, distinct genetic differences were
found among the populations with respect to germination and seedling
growth subjected to PEG. This variability would be useful to exploit in
a program of Yarrow rehabilitation and reintroducing.

PEG-induced osmotic stress also had an adverse effect on radicle growth.
Comparing A. tenuifolia and A. filipendula, the final germination of differ-
ent populations of A. filipendula at —0.6 MPa showed only minor and insig-
nificant differences. However, at this water potential level (-0.6 MPa), there
were significant differences among the populations in terms of germination
rate, vigor index and radicle length. The higher germination rate, vigor in-
dex and radicle length in F-Meshkinshahr at the lowest water potential (-0.6
MPa) may be related to its better adaptation to water deficit compared to
other three populations. Radicle length is one of the most important charac-
ters for drought stress because radicles are in direct contact with the soil
and absorb water from the soil. For this reason, radicle length provides an
important clue to a plant’s response to drought stress (Mostafavi et al.
2011). The hypocotyl is the primary organ of extension of the young plant
that develops into the stem, it emerges after emergence of the radicle and in
typical cases of drought the radicle will develop faster than the hypocotyl in
order to compensate for water stress (Zhu et al. 2005). Therefore, the
growth of hypocotyl and radicle at germination and seedling stages should
reflect the tolerance of the shoot to drought (Shi and Ding 2000). From
those studies that have been reviewed, it may be concluded that reductions
in radicle and shoot lengths could be due to reductions in cell division and
enlargement caused by water stress.

In contrast to A. tenuifolia and A. filipendula that revealed positive and
significant correlation between germination percentage and rate and vigor
index and radicle length, results of A. vermicularis showed population V-
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Sardash with highest amount of germination percentage and rate had lowest
vigor index and radicle length.

The mean germination rate decreased in response to water potential in all
species and populations. In 4. fenifolia and A. filipendula the ranking order
of populations under water potential was similar to that under non-stress
(control) treatment. Thus in these two specie rapid germination under water
potential represents an intrinsic capability of the seed to tolerate drought.
However, in A.vermicularis, order of populations under water potential was
different from that under non-stress (control) treatment. The A.vermicularis
population V-Baneh ranked first in the absence of water potential, whereas
it ranked 2nd in the presence of water potential. In contrast, population V-
Sardasht ranked first to attain final germination capacity in the presence of
water potential, whereas it ranked 3rd in the absence of water potential. In-
terestingly, the V-Sardash with highest amount of germination percentage
and germination rate at the lowest water potential (-0.6 MPa), showed low-
est vigor index and radicle length. The results indicated that the ability to
germinate rapidly under water potential is not merely an overall reflection
of the ability for rapid germination under non-stress conditions.

It is noteworthy that many populations that germinated rapidly under wa-
ter potential (e.g., T-Dehgelan in Table 4) also germinated rapidly under
non-stress condition. Thus observations are consistent with the suggestion
that some common factors contribute to rapid germination under stress and
non-stress conditions (Bradford, 1995; Foolad, 1996). However, several
populations (e.g., V-Yazd and T-Sanandaj2 in Table 3) germinated rapidly
under control conditions but germinated poorly in the presence of water
potential. Consequently, in these populations, the physiological processes
required for germination were sensitive to drought exposure. Thus, these
populations might be deficient in genetic elements required for coping with
drought.

Evaluation of selected populations at the three water potential levels, 0.2,
0.4 and 0.6 MPa, demonstrated that populations that germinated rapidly at
lower water potential also germinated rapidly at higher water potential
(Table 4). Germination processes under these water potential levels possi-
bly were controlled by similar genetic and physiological mechanisms. This
hypothesis is consistent with the previous finding that similar QTLs
(quantitative trait loci) contributed to rapid seed germination under differ-
ing water potential levels.

Distinction of significant differences in germination and seedling growth
in induced water stress between the Achillea spp. populations tested in this
study leads to the conclusion that these parameters may be used as criteria
in screening for tolerant populations against drought stress at germination
and seedling stages. In addition, the relatively wide variation between the
populations suggested that these stages of growth may be used effectively
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to select drought tolerant populations. This study demonstrated that poten-
tial sources of drought tolerance during germination exist within Achillea
tenuifolia, A. vermicularis and A. filipendulina.

ACKNOWLEDGEMENT

This work was supported by the Research Institute of Forests and Range-
lands (RIFR), Iran, Project no. 12-09-09-9001-90001.

REFERENCES

Abdul-baki A.A., Anderson J.D. 1970. Viability and leaching of sugars from germinating barely. Crop Sci.
10: 31-34.

Abulfatih A.H. 1995. Seed germination in Acacia species and their relation to altitudinal gradient in South-
western Saudi Arabia. J. Arid Environ. 31: 171-178.

Ali Z., Salam A., Azhar F., Khan 1. 2007. Genotypic variation in salin-ity tolerance among spring and winter
wheat (Triticum aestivum L.) accessions. S. Afr. J. Bot. 73(1): 70-75.

Al-Khatib M., McNeilly T., Collins J.C. 1992. The potential of selec-tion and breeding for improved salt
tolerance in lucerne (Medicago sativa L.). Euphytica 65(1): 43-51.

Almansouri M., Kinet J.M., Lutts S. 2001. Effect of salt and osmotic stresses on germination in durum wheat
(Triticum durum Dest.). Plant Soil 231: 243-254.

Alonso S.I., Guma L.R., Clausen A.M. 1999. Variability for salt toler-ance during germination in Lolium mul-
tiflorum Lam. naturalized in the pampean grasslands. Genet. Resour. Crop Evol. 46(1): 87-94.

Barnett J.P. 1969. Moisture stress affects germination of longleaf and slash pine seeds. For. Sci. 15: 275-276.

Bartram T. 1995. Encyclopedia of Herbal Medicine. In: Bournemouth BD, editore. Encyclopaedia of Herbs
and their Uses. 1st ed. Grace Publishers, Dorling Kindersley, London. ISBN 0-7513-020-31

Bonner F.T., Farmer R.E. 1966. Germination of sweetgum in response to temperature, moisture stress and
length of stratification. For. Sci. 12: 40—43.

Bradford K.J. 1995. Water relations in seed germination. In: Kigel J, Galili G, editores. Seed development and
germination. Marcel Dkker, New York. p. 351-396.

Brown S.C., Gregory P.J., Cooper P.J.M., Keatinge J.D.H. 1989. Root and shoot growth and water use of
chickpea (Cicer arietinum) grown in dryland conditions: Effects of sowing date and genotype. J. Agri-
cult. Sci. 113: 41-49.

Calamassi R., Falusi M., Tocci A. 1980. Variazione geografica e resistenza a stress idrici in semi di Pinus
halepensis Mill., Pinus brutia Ten. E Pinus eldarica Medw. Ann. Ist. Sper. Selv. XI: 195-230.

Carpita N., Sabularse D., Monfezinos D., Delmer D.P. 1979. Determination of the pore size of cell walls of
living plant cells. Sci. 205: 1144—1147.

Chevalier A. 1996. The encyclopedia of medicinal plants. Dorling Kindersley, London, pp: 102-105.

Djavanshir K., Reid C.P.P. 1975. Effect of moisture stress on germination and radicle development of Pinus
eldarica Medw. And Pinus ponderosa Laws. Can. J. For. Res. 5: 80-83.

Dunalp J.R., Barnett J.P. 1984. Manipulating loblolly pine (Pinus taeda L.) seed germination with simulated
moisture and temperature stress. In: Duryea ML, Brown GN, editores, Seedling physiology and refores-
tation success, Martinus Nijhoft/Dr.W Junk Publishers, Dordrecht. pp. 61-73.

Fady B. 1992. Effect of osmotic stress on germination and radicle growth of five provenances of Abies cepha-
lonica Loud. Acta Oecologica 13: 67-79.

Falleri E. 1994. Effect of water stress on germination in six provenances of Pinus pinaster Ait. Seed. Sci.
Technol. 22: 591-599.

Falusi M., Calamassi R. 1982. Effects of moisture stress on germination and root growth in provenances of
Pinus brutia Ten. Ann. Acc. It. Sc. For. 99-118.

Falusi M., Calamassi R., Tocci A. 1983. Sensitivity of seed germination and seedling root growth to moisture
stress in four provenances of Pinus halepensis Mill. Silvae Genetica 32: 4— 9.

Foolad M.R. 1996. Response to Selection for Salt Tolerance during Germination in Tomato Seed Derived
from PI 174263. J. Amer. Soc. Hort. Sci. 121(6): 1006-1011.



54 Parvin Salehi Shanjani et al.

Ghoulam C., Foursy A., Fares K. 2001. Effect of salinity on seed germination and early seedling growth of
sugar beet (Beta vulgaris L.). Seed Sci. Technol. 29: 357-364.

Halevy A.H. 1999. New flower crops. In: Janick J, editore. Perspectives on new crops and new uses. ASHS
Press, Alexandria, VA. p 407-409.

Hegarty T.W. 1978. The physiology of seed hydration and dehydration, and the relation between water stress
and control of germination: a review. Plant Cell Environ. 1: 101-109.

Hohl M., Peter S. 1991. Water relations of growing maize coleoptiles. Comparison between mannitol and
polyethylene glycol 6000 as external osmotica for adjusting turgor pressure. Plant Physiol. 95: 716-722.

Hussain N., Sarwar G., Schmeisky H., Al-Rawahy S., Ahmad M. 2010. Salinity and drought management in
legume crops. In: Yadav SS, Redden R, editors. Climate change and management of cool season grain
legume crops. Netherlands: Springer, pp. 171-191.

Kaufmann M.R., Eckard A.N. 1977. Water potential and temperature effects on germination of Engelmann
spruce and Lodgepole pine seeds. Forest Sci. 23: 27-33.

Khajeh-Hosseini M., Powell A.A., Bingham I.J. 2003. The interaction between salinity stress and seed vigor
during germination of soybean seeds. Seed Sci. Technol. 31: 715-725.

Khoshbakht K. 2011. Country Report: Islamic Republic of Iran. Workshop on Climate Change and its Impact
on Agriculture Seoul, Republic of Korea, 13-16 December

Kramer P.J., Kozlowski T.T. 1979. Physiology of woody plants. New York: Academic Press, 811 pp.

Larson M.M., Shubert G.N. 1969. Effect of osmotic water stress on germination and initial development of
Ponderosa pine seedlings. Forest Sci. 15: 30-36.

Lopez M., Humara J.M., Casares A., Majada J. 2000. The effect of temperature and water stress on laboratory
germination of Eucalyptus globulus Labill. seeds of different sizes. Ann. Forest Sci. 57: 245-250.

Lu Z., Neumann P.M. 1998. Water-stressed maize, barley and rice seedlings show species diversity in mecha-
nisms of leaf growth inhibition. J Exp Bot 49: 1945-1952.

Manohar M.S., Bhan S., Prasad R. 1968. Germination osmotic potentials as an index of drought resistance in
crops plants. Ann. Arid. Zone. 7: 82-92.

Michel B.E., Kaufmann M.R. 1973. The osmotic potential of polyethylene glycol 6000. Plant Physiol. 51: 914
916.

Mostafavi K., Sadeghi Give H., Dadresan M., Zarabi M. 2011. Effects of drought stress on germination indi-
ces of corn hybrids (Zea mays L.). Int. J. Agri. Sci. 1(2): 10-18.

Murillo-Amador B., Lopez-Aguilar R., Kaya C., Larrinaga Mayoral J., Flores-Hernandez A. 2002. Compara-
tive effects of NaCl and polyethylene glycol on germination, emergence and seedling growth of cowpea.
J. Agron. Crop. Sci. 188: 235-247.

Rohloff J., Skagen E.B., Steen A.H., Iversen T.H. 2000. Production of yarrow (Achillea millifolium in Nor-
way:essential oil content and quality. J. Agri. Food Chem. 48: 6205-6209.

Sadeghian S.Y., Yavari N. 2004. Effect of water deficit stress on germination and early seedling growth in
sugar beet. J. Agron. Crop. Sci. 190: 138-144.

Saint-Clair P.M. 1980. Germination du mil exposé f la contrainte hydrique développée par le polyethylene
glycol, comparaison avec le sorgho grain. Agronomie tropicale 35: 178—182.

Shannon M.C. 1985. Principles and strategies in breeding for higher salt tolerance. Plant Soil 89: 227-241.

Sharma M.L. 1973. Simulation of drought and its effect on germination of five pasture species. Agron J 65:
982-987.

Shi J.Y., Ding G.J. 2000. Effects of water stresses on Pinus massoniana seeds from different provenances. J.
Mountain Agr. Bio. 19: 332-337

Thanos C.A., Skordilis A. 1987. The effect of light, temperature and osmotic stress on the germination of
Pinus halepensis and P. Brutia seeds. Seed Sci. Technol. 15: 163—174.

Verslues P.E., Ober E.S., Sharp R.E. 1998. Root growth and oxygen relations at low water potentials. Impact
of oxygen availability in polyethylene glycol solutions. Plant Physiol. 116: 1403—-1412.

Zaefizadeh M., Jamaati-e-Somarin S., Zabihi-e-Mahmoodabad R., Khayatnezhad M. 2011. Discriminate
analysis of the osmotic stress tolerance of different sub-cultivars of durum wheat during germination.
Adv. Environ. Biolo. 5(1): 74-80.

Zhu J.J., Kang H.Z., Tan H., Xu M.L., Wang J. 2005. Natural regeneration characteristics of natural Pinus
Sylvestris var. Mongolia forests on sundy land in Honghuaerji. China J. For. Res. 16: 253-259.



