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Abstract Solidago gigantea Ait. (goldenrod) belongs to

the most expansive environmental weeds, and it is the most

dangerous plant-invader of American origin in Europe. The

species easily propagates vegetatively, but it also produces

large amounts of wind-disseminated achenes that contribute

to the colonization of new areas. A sound knowledge of the

germination biology of goldenrods is required to control the

spread of this invasive species. The objective of this study

was to investigate selected aspects of germination of giant

goldenrod achenes and to determine: the influence of tem-

perature and humidity on seed dormancy and germination,

the content of soluble carbohydrates in seeds and the sen-

sitivity of seeds to selected phytohormones. Unlike native

weed species of the same family, S. gigantea seeds did not

display symptoms of innate dormancy, and high seed vigor

was maintained after storage in a wide range of tempera-

tures, in both dry and moist conditions. The physiological

mechanisms behind those traits have not yet been fully

explored, but they could be associated with the relatively

high sucrose-to-hexose ratio in seeds and significant sen-

sitivity to abscisic acid. More extensive research is required

to explain the internal causes for the atypical behavior of

goldenrod seeds during dry and moist storage, especially in

the context of its invasiveness, because the species has a

preference for sites located close to river banks.

Keywords Humidity � Phytohormone sensitivity � Plant

invader � Seed dormancy � Solidago gigantea Ait. �
Temperature

Introduction

Selected plant species are characterized by considerable

invasiveness, which carries many risks. Such plants easily

spread and colonize new habitats, becoming the dominant

species in the flora (Mack et al. 2000), which leads to a

rapid decrease in biodiversity, especially in relation to the

native species. In Europe, the giant goldenrod (Solidago

gigantea Ait.) and the Canadian goldenrod (S. canadensis

L.) are among the five most expansive environmental

weeds (Sheppard et al. 2006; Weber 2001), and they are the

most dangerous plant-invaders of American origin.

The giant goldenrod was introduced to Europe in the

eighteenth century as an ornamental plant (Weber and

Schmid 1998; Weber and Jacobs 2005). This perennial
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herb reproduces by seeds or persistent, underground rhi-

zomes. The species is insect-pollinated (Mellville and

Morton 1982). The first records of giant goldenrod’s

presence in Poland date back to 1853, and the species has

been spreading rapidly since 1940 (Tokarska-Guzik

2001, 2003). Presently, the giant goldenrod is noted mainly

in ruderal sites, fallows and water-logged habitats such as

ditches or river banks (Meyer and Schmid 1999a; Stokłosa

et al. 2013). The species colonizes a given area in the form

of single plants, patches or dense canopies. The giant

goldenrod is much more prevalent in south-western and

central Poland (Szymura and Szymura 2013;

Kołaczkowska 2012), and it occurs far less frequently in

the north-eastern part of the country (Korniak et al. 2012).

There are many reasons for the ecological success of

invasive goldenrods in Europe, including their considerable

ecological tolerance: both species colonize habitats char-

acterized by diverse soil texture, pH or nutrient content

(Szymura and Szymura 2013; Pu _zyńska et al. 2012).

Goldenrod populations develop rapidly due to very high

levels of competitiveness and their allelopathic effects

(Abhilasha et al. 2008; Meyer and Hull-Sanders 2008;

Yuan et al. 2012). Their rapid spread can also be attributed

to the absence of herbivorous insects that are attracted to

goldenrod canopies. According to Jacobs et al. (2004),

goldenrods are rarely damaged by insects in Europe, unlike

their native populations in America. The last, but not least,

reason for the significant invasiveness of American gold-

enrods is their reproduction pattern. The giant goldenrod

reproduces through viable, hair-equipped and wind-dis-

persed seeds (Weber and Jacobs 2005), and vegetatively

through rhizomes, and it is the most dangerous plant-in-

vader of American origin. It has been shown that goldenrod

plants are capable of producing new shoots from rhizome

fragments buried as deep as 20 cm below ground surface

(Weber 2011). The introduced populations of giant gold-

enrod produce more shoots by clonal growth than native

populations. This ability enhances growth in poor soils or

dense stands (Güsewell et al. 2006).

In early stages of giant goldenrod invasion, nutrient

allocation to developing rhizomes can increase the plant’s

overwintering success and contribute to further clonal

spread in the habitat (Szymura and Szymura 2014). This

strategy could substantially increase the density of ramets

and, consequently, seed production (Jacobs et al. 2004).

Seed production is a trait that enables goldenrods to easily

colonize new habitats. A single ramet produces up to

19,000 achenes which are 1–1.8 mm long. A higher num-

ber of lighter seeds is produced in unsupportive environ-

ments to guarantee dispersal across long distances. Under

favorable growth conditions, the produced achenes are

larger, which facilitates the establishment of seedlings in

areas with dense vegetation (Werner and Platt 1976).

In view of the above, a sound knowledge of the ger-

mination biology of goldenrods is required to control the

spread of this invasive species. To date, there has been very

little published research into the factors that affect the

germination of invasive goldenrod seeds. Walck et al.

(1997a, b) conducted a series of experiments comparing the

germination biology of the widespread (and invasive in

Europe) S. altissima and the endemic S. shortii. The

authors demonstrated that light conditions and cold strati-

fication significantly influenced the germination of Sol-

idago seeds. They also found that the analyzed Solidago

species exhibited an annual conditional dormancy/non-

dormancy cycle.

Seed dormancy and germination are the most important

periods in a plant’s early life. The processes that take place

during dry storage of mature seeds discarded by the parent

plant are referred to as after-ripening. After-ripening is

determined by temperature and moisture content. Despite

low water content, processes related to breaking or induc-

tion of dormancy can take place during seed storage. Stor-

age of imbibed ripe seeds is known as stratification, and this

treatment can also be applied to induce or break dormancy

(Holdsworth et al. 2008; Weitbrecht et al. 2011). Temper-

ature is a key environmental factor regulating dormancy and

germination. During seed maturation, temperature influ-

ences innate dormancy, and when seeds become a part of

the soil seed bank, temperature and moisture content are the

key factors that regulate and synchronize the dormancy

cycle across seasons (Kendall and Penfield 2012; Kundel

et al. 2014; Nambara et al. 2010).

Seed dormancy is regulated by a set of phytohormones.

The proportions in which those phytohormones occur, in

particular the ratio of abscisic acid to gibberellins, change

dynamically and influence the dormancy/germination ratio.

According to many authors (Wu et al. 2000; Toorop et al.

2000; da Silva et al. 2004; Finch-Savage and Leubner-

Metzger 2006), dormancy and germination are not deter-

mined by absolute hormone concentrations, but by the pro-

portions in which those hormones occur, as well as by the

sensitivity of seeds to those hormones. Seed resistance to

stress, seed vigor and dormancy are also influenced by sol-

uble carbohydrate levels (Hilhorst 1995). As seeds get older,

the amount of soluble sugars decreases, which limits seed

vitality, decreases germination ability and compromises the

structural integrity of membranes (Bernal-Lugo and Leo-

pold 1992; Obendorf and Gorecki 2012; Corbineau 2012).

The aim of this study was to analyze the effect of moist

and dry storage conditions (stratification and after-ripen-

ing) on the physiological characteristics of S. gigantea

achenes, such as dormancy, germination capacity and seed

vigor. Attempts were also made to determine whether those

unique physiological properties are responsible for the

species’ invasiveness. The research goal was achieved by
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analyzing the parameters of a hydrotime model, which is a

highly popular method. In seeds, dormancy is regulated

hormonally, therefore, attempts were made to analyze

goldenrod seeds’ sensitivity to abscisic acid and gib-

berellins. High germination capacity and seed vigor are

correlated with significant resistance to environmental

stress. The carbohydrate profile of seeds, an important

taxonomic characteristic, was analyzed to validate the

above observation. The following tasks were carried out to

achieve the research objectives: (1) the influence of tem-

perature and humidity on seed dormancy and germination

was determined, (2) the content of soluble carbohydrates in

seeds was measured, and (3) seed sensitivity to selected

phytohormones was evaluated.

Materials and methods

Mature seed lots of S. gigantea were collected on fallow

land, located near Vistula river in the vicinity of Cracow

(SE Poland), on a moist but not flooded site.

The effect of constant temperatures and humidity

on seed germination and dormancy in a hydrotime

model

Seed lots of S. gigantea were packaged separately in

envelopes of fine nylon mesh, immediately after collection.

Nine envelopes with seeds were buried in wet light loam

(18 % water content) in a tightly closed plastic pot and

stored at 5, 12 or 19 �C for 80 days. The seeds were

stratified at lower temperatures. The remaining seed lots

were packaged separately in paper bags and stored at 12,

19 or 26 �C for 80 days. These seed lots were subjected to

after-ripening at higher temperatures. Preliminary analyses

were conducted after 150 days of storage, but significant

changes in dormancy or germination of achenes were not

observed after 80 days of storage. Before the experiment

and after 7, 20 and 80 days of storage, seeds from each

temperature and experimental group were subjected to a

germination test in 9 cm Petri dishes on filter paper

moistened (3.5 mL) with water or polyethylene glycol

(PEG 8000) solutions with reduced water potentials (0,

-0.3 and -0.6 MPa, according to Michel 1983), in three

replications of 50 seeds each (30/20 �C, 16/8 h light/dark),

for 10 days. Water potentials were checked using a vapor

pressure osmometer (Wescor model Vapro 5520) cali-

brated against NaCl standards. Before the test, seeds were

immersed in 0.25 % natamycin suspension for 1 h to

eliminate pathogenic fungi from the surface. Germination

was registered at 4, 8, 12, 16 or 24 h intervals, depending

on germination rate. The dishes were placed in transparent

plastic bags to prevent evaporation, and they were

subsequently incubated in a low-temperature incubator

(Heraeus BK 6160). Ungerminated seeds were transferred

to fresh solutions at 48-h intervals to maintain constant w in

the dishes. Protrusion of the radicle was the criterion for

germination. Ungerminated seeds were considered viable if

firm when squeezed with forceps. Tetrazolium tests con-

firmed that firm embryos were viable, but soft ones were

not. Seed germination time courses in water and osmotic

solutions were analyzed according to the population-based

hydrotime model and the computational procedure pro-

posed by Bradford (1990, 1995) and Gołaszewski and

Bochenek (2008). The hydrotime model defined by Gum-

merson (1986) has the following form:

hH ¼ w� wb gð Þð Þ � tg ð1Þ

GRg ¼ 1
�
tg ¼ w� wb gð Þð Þ=hH ð2Þ

where hH is the hydrotime constant in a seed population, w
is the water potential of a seed population, wb gð Þ is the

water potential threshold of a specific germination fraction

g, tg is the germination time of the corresponding fraction

g, GRg is the germination rate of a given seed fraction. This

procedure was used to calculate hydrotime parameters hH ,

wb 50ð Þ and rwb
of the seed population. Germination time-

course curves for the seed population were developed by

repeated probit regression according to the following

equation:

probitðgÞ ¼ ½w� ðhH=tgÞ � wb 50ð Þ�=rwb
ð3Þ

The values of three hydrotime model parameters, hH ,

wb 50ð Þ and rwb
, are useful indicators of changes in the

physiological properties of the examined seed lot. The

hydrotime constant hH is an indicator of the overall rate of

germination. The lower the value of hH , the higher the

germination rate. This parameter can also be an indicator of

seed aging. The value of wb 50ð Þ is an indicator of stress

tolerance and general vigor, whereas rwb
provides infor-

mation about the uniformity of germination (Bradford

2002). The hydrotime model supports accurate predictions

of the proportion of seeds which have entered dormancy.

Dormancy level and external factors, such as temperature

and water potential, simultaneously influence germination

(Larsen et al. 2004; Bradford and Still 2004).

Analysis of soluble carbohydrates

The content of soluble carbohydrates was analyzed by high

resolution gas chromatography on a ZEBRON ZB-1 cap-

illary column (Phenomenex, USA), according to the

method developed by Lahuta and Górecki (2011). Soluble

carbohydrates were extracted from 40 mg of seed meal

with 800 lL of ethanol–water mixture (1:1, v/v, at 90 �C
for 30 min) containing 100 lg of xylitol (internal
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standard), which was centrifuged, deionized and evapo-

rated in a speed vacuum rotary evaporator to dryness. Dry

residues were derivatized with 200 lL of the TMSI and

pyridine mixture (Sigma, St. Louis, USA) at 70 �C for

45 min. The content of soluble carbohydrates was calcu-

lated from the ratios of peak area for each known carbo-

hydrate to peak area for internal standards. Carbohydrate

standards were purchased from Sigma (USA). The quan-

tities of soluble carbohydrates (in lg mg-1of dry weight,

DW) were expressed as means for three replications ± SE.

Data were processed by analysis of variance (ANOVA) and

means were compared by Tukey’s test (P\ 0.05).

The sensitivity of seeds to gibberellins and abscisic

acid

Germination tests were performed in 9 cm Petri dishes on

filter paper moistened with (3.5 mL) distilled water or

aqueous solutions of 100 and 1000 mM gibberellic acid

4 ? 7 (Duchefa Biochemie, The Netherlands) or 10 and

100 lM paclobutrazol (Duchefa Biochemie, The Nether-

lands), or 10 and 100 lM abscisic acid (Olchemim, Czech

Republic), or 10 and 100 lM fluridone (Olchemim, Czech

Republic), in three replications of 50 seeds each (30/20 �C,

16/8 h light/dark) for 10 days. Fluridone solution was

prepared by dissolving the substance completely in 0.5 mL

of 95 % ethanol (v/v) and adding 0.2 mL of Tween 20

(Sigma Aldrich, Germany) before combining with distilled

water (Ober and Sharp 1994). Gibberellins, paclobutrazol

and abscisic acid solutions were prepared by dissolving the

substances completely in 0.5 ml of 95 % ethanol (v/v) and

combining with distilled water. Preliminary analyses

revealed that neither ethanol nor Tween 20 [at final con-

centrations of 0.05 and 0.02 % (v/v), respectively] had a

discernible effect on seed germination. Data were pro-

cessed by analysis of variance (ANOVA), and means were

compared by Tukey’s test (P\ 0.05). Germination per-

centages were arcsine transformed to stabilize variances.

Results

Dry storage of seeds at 12, 19 and 26 �C had a minor

influence on final germination (FG) and the parameters of

the hydrotime model of S. gigantea achenes. Seeds ger-

minated rapidly and with nearly 100 % success regardless

of temperature and storage time. The sensitivity of achenes

to lower water potentials (-0.3 and -0.6 MPa) did not

change (Fig. 1). Only long-term storage at 19 �C decreased

final germination percentage by around 9 % due to the

movement of Wb distribution to less negative values

(Fig. 1m, n). Insignificant changes in the values of FG and

the parameters of the hydrotime model were reflected in

low values of the coefficients of variation (CV). Depending

on storage temperature, the values of CV reached 0.4–5,

10–17, 7–14 and 7–17 for FG, Wb(50), rWb and hH in dry-

stored seeds, respectively (Table 1).

Moist storage of seeds resulted in rapid and high (ap-

proximately 100 %) germination which increased with the

period of storage at 5 �C and 12 �C. The distribution of Wb

values moved to the left, hH values decreased, and minor

fluctuations were noted in rWb values (Fig. 2; Table 2). At

19 �C, final germination was also rapid and marked by

nearly 100 % success. The values of Wb(50) increased after

short-term storage and decreased after long-term storage.

The hydrotime constant decreased after both short-term

and long-term storage (Table 2), whereas the distribution

of base water potential in the seed population did not

change. Only minor differences were observed in final

germination values at different temperatures (CV 1).

Depending on storage temperature, the values of CV

reached 11–19, 5–14 and 20–27 for Wb(50), rWb and hH in

moist-stored seeds, respectively (Table 2), which suggests

that changes in the mean base water potential and hydro-

time constant were somewhat greater in moist-stored seeds

than in dry-stored seeds.

The coefficient of determination R2 for all treatments

ranged from 0.705 to 0.934, which indicates good fit of the

model to experimental results (Tables 1, 2).

A total of 13 soluble carbohydrates and their derivatives

were identified in S. gigantea seeds. The main sugar was

sucrose whose content was determined at 6.49 mg g-1

DW. The remaining soluble carbohydrates were present in

significantly smaller quantities. The content of raffinose,

the second most abundant sugar, reached 4.25 mg g-1

DW. Stachyose, another raffinose family oligosaccharide

(RFO), was found in trace amounts. The analyzed seeds

also contained polyhydric alcohols mannitol and arabitol

(2.07 and 0.74 mg g-1 DW, respectively). The content of

trehalose, a non-reducing disaccharide, was determined at

0.9 mg g-1 DW. The presence of two unidentified com-

pounds was observed. Their positions in the chromatogram

suggest that unknown compound 1 (UNK-1) was a trisac-

charide (the content of UNK-1 was determined relative to

the content of raffinose, its nearest neighbor in the chro-

matogram), and unknown compound 2 (UNK-2) was a

tetrasaccharide (the content of UNK-2 was determined

relative to the content of stachyose) (0.69 and 1.66 mg g-1

DW, respectively). Trace amounts of monosaccharides—

cFig. 1 Germination time courses of S. gigantea seeds after dry

storage for 0, 7, 20 and 80 days in 12, 19 and 26 �C. a, c, e, g, i, k, m,

o, q, s Germination time courses of seeds at 0 (circles), -0.3

(triangles) and -0.6 (rhombuses) MPa. b, d, f, h, j, l, n, p, r,

t Normal distribution showing the relative frequencies of Wb values of

seeds
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glucose and fructose, cyclitols—D-chiro-inositol and myo-

inositol, and a mono-galactosyl cyclitol—galactinol, were

also determined (Fig. 3). Sucrose and raffinose were

rapidly degraded during the first 3 days of seed germina-

tion, which coincided with an increase in the levels of

monosaccharides (glucose and fructose), mannitol, myo-

inositol and trehalose (data not shown).

Solidago gigantea achenes from the control group ger-

minated in 98 %, and their germination rates were not

affected by differences in the concentrations of gibberellins

4 ? 7. Paclobutrazol visibly inhibited germination—by up

to 75 % at a concentration of 10 lM and by up to 97 % at a

concentration of 100 lM %. Abscisic acid also signifi-

cantly inhibited germination—by up to 56 % at a concen-

tration of 10 lM and by up to 88 % at a concentration of

100 lM. Incubation in a 10 lM fluridone solution did not

significantly inhibit germination relative to the control

treatment. Fluridone at a concentration of 100 lM signif-

icantly decreased germination, but the observed reduction

was less pronounced than that caused by paclobutrazol and

abscisic acid (Fig. 4).

Discussion

Solidago gigantea produces huge amounts of small and

light seeds equipped with dispersal mechanisms (Weber

and Jacobs 2005), which could suggest that generative

reproduction is very important for both regeneration and

propagation in the species.

Solidago gigantea seeds did not display symptoms of

innate dormancy. In the analyzed species, high seed vigor

was maintained after storage in a wide range of

temperatures, in both dry and moist conditions, which is an

important physiological trait of this invasive weed for the

formation of a viable seed bank.

Stratification and after-ripening had only a minor effect

on germination rate and final germination percentage.

Hydrotime model parameters were not significantly affec-

ted either. However, the seeds of native weed species of the

family Asteraceae were clearly sensitive to the above

treatments (Bochenek et al. 2009, 2010). In the seeds of

Matricaria maritima subsp. indora (scentless mayweed),

innate dormancy was broken by cold stratification (Boch-

enek et al. 2010). The seeds of Cirsium arvense (creeping

thistle) broke primary dormancy under the influence of

moderate thermal stratification, whereas dry storage

induced secondary dormancy (Bochenek et al. 2009).

Similar responses to stratification and after-ripening were

observed in the seeds of Taraxacum officinale (common

dandelion) and Centaurea cyanus (cornflower), but in this

case, changes in dormancy had a different physiological

background because hydrotime model parameters changed

in a different manner (Bochenek 2010). In comparison with

the seeds of C. cyanus, T. officinale or M. maritima subsp.

inodora, goldenrod seeds were highly resistant to envi-

ronmental stressors. Features such as very high germina-

tion capacity, which was preserved regardless of storage

conditions, provide seeds with competitive advantage over

species that remain dormant for a large part of the year and

require specific conditions to break dormancy. Seeds that

do not lose viability germinate rapidly when supportive

environmental conditions arise. Such conditions may

appear both in the established vegetation and in new

habitats invaded by Solidago, as long as openings in the

existing vegetation support seedling emergence and

Table 1 Parameters of the

hydrotime model and indices of

goodness of fit characterizing

germination of S. gigantea seeds

after dry storage for 0, 7, 20 and

80 days in 12, 19 and 26 �C

T (�C) t (days) FG (%) Wb(50) (MPa) rWb (MPa) hH (MPa h) R2

Fresh seeds 0 98.5 20.47 0.18 21.6 0.848

12 7 99.3 20.38 0.13 19.9 0.923

12 20 99.4 20.47 0.16 19 0.825

12 80 98.8 20.45 0.17 21.8 0.867

Mean (CV) 99 (0.4) -0.44 (10) 0.16 (14) 20.6 (7) –

19 7 98.9 20.47 0.17 24.8 0.873

19 20 98.2 20.46 0.19 19.6 0.705

19 80 89.9 20.32 0.2 17.3 0.906

Mean (CV) 96.4 (5) -0.43 (17) 0.19 (7) 20.8 (15) –

26 7 99.9 20.58 0.16 27.5 0.877

26 20 98.5 20.41 0.16 18.1 0.876

26 80 96.8 20.41 0.18 22.2 0.878

Mean (CV) 98.4 (1) -0.47 (17) 0.17 (7) 22.3 (17) –

T storage temperature, t storage time, FG final germination in water, Wb(50) mean base water potential, rWb

standard deviation of base water potential, hH hydrotime constant, CV coefficient of variation expressed as a

percentage of the mean, R2 coefficient of determination of probit regressions
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establishment (Meyer and Schmid 1999b; Goldberg and

Werner 1983). According to these authors, many seedlings

are lost after dispersal, but those losses are not significant

for the population which is characterized by extremely high

fecundity and very light seeds. Resistance to changes in

seed viability under the influence of various environmental

factors may be attributed to different internal causes.

This study aimed to determine the biochemical or

physiological traits which make goldenrod seeds more

resistant than the seeds of other native species of the family

Asteraceae. A knowledge of such traits could be helpful in

developing new methods for controlling and minimizing

damages caused by weed invasions. According to Pyšek

and Richardson (2007), invasive organisms are character-

ized by unique traits which enable them to successfully

colonize new habitats, such as morphological and physio-

logical traits, reproductive parameters or specific responses

Table 2 Parameters of the

hydrotime model and indices of

goodness of fit characterizing

germination of S. gigantea seeds

after burial for 0, 7, 20 and

80 days in 5, 12 and 19 �C

T (�C) t (days) FG (%) Wb(50) (MPa) rWb (MPa) hH (MPa h) R2

Fresh seeds 0 98.5 -0.47 0.18 21.60,945 0.848

5 7 97.1 -0.45 0.21 16.2 0.789

5 20 99.6 -0.54 0.18 12.7 0.773

5 80 100.0 -0.61 0.15 12.4 0.831

Mean (CV) 98.8 (1) -0.52 (14) 0.18 (14) 15.7 (27) –

12 7 99.4 -0.54 0.18 18 0.802

12 20 100.0 -0.6 0.16 14.7 0.828

12 80 99.9 -0.6 0.18 14 0.778

Mean (CV) 99.4 (1) -0.55 (11) 0.18 (6) 17.1 (20) –

19 7 98.9 -0.49 0.18 13.7 0.809

19 20 99.9 -0.66 0.19 16.3 0.79

19 80 98.28 -0.44 0.17 15.3 0.792

Mean (CV) 98.9 (1) -0.52 (19) 0.18 (5) 16.7 (21) –

The symbols as Table 1
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Fig. 3 The content of soluble sugars, cyclitols and galactosyl

cyclitols in S. gigantea seeds. Data are presented as the means of

three replications ± SE. Bars with the same letters are not signifi-

cantly different (P\ 0.05) after Tukey’s test (ANOVA)
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to environmental factors. Those traits may be difficult to

identify (Alpert et al. 2000), but they could explain the

mechanisms of invasiveness. According to Pyšek and

Richardson (2007), traits such as high germination capacity

and low dormancy level contribute to invasiveness.

Seed resistance to abiotic stresses could be linked with

the content of soluble carbohydrates. According to Alpert

et al. (2000), invasiveness is related to resistance to envi-

ronmental stressors. In plants, the mechanisms responsible

for stress tolerance are regulated by hormones, and they are

determined by the levels of stress hormones and sensitivity

to those hormones.

The authors assumed that in the analyzed seeds, resis-

tance to abiotic stresses could be attributed to their unique

content of soluble carbohydrates. Goldenrod seeds contain

disaccharides (sucrose and trehalose) and raffinose (RFO)

which, next to fructans, are the basic soluble sugars

responsible for plant responses to stress. Those carbohy-

drates are osmoprotectants which stabilize cell membranes

during desiccation stress (Keunen et al. 2013). Disaccha-

rides, galactinol, RFOs and sugar alcohols (arabitol and

mannitol) can also scavenge free radicals in plants (An-

gelovici et al. 2010). Cyclitols and ether derivatives of

cyclitols can also play important roles in resistance to

abiotic stresses (Obendorf and Gorecki 2012). In low-

temperature acclimation, soluble carbohydrates participate

in osmotic adjustment and cryoprotection of cellular

structures (Travert et al. 1997). It was found, however, that

the composition of soluble carbohydrates in S. gigantea

Aiton seeds is comparable to that of other species of the

family Asteraceae and other plant families (Pennycooke

et al. 2003; Bochenek 2010; Obendorf et al. 2013, own

unpublished data), although in the family Asteraceae, the

concentrations of soluble sugars were determined only in

the seeds of several species (Bochenek 2010; Bochenek

unpublished data). In the analyzed seeds, the high sucrose-

to-hexose ratio could switch the specific sucrose signal to

the induction of genes encoding the synthesis of secondary

metabolites involved in defense responses (Kwon et al.

2011). Sucrose, the most abundant disaccharide in S.

gigantea seeds, is presently regarded as the prime candi-

date for a signal molecule in the innate immunity of plants

(Gómez-Arisa et al. 2007). An effective stress response is

probably possible due to coordinated interactions between

hormone and sugar signaling pathways. Cross-talk was

observed in sugar and plant hormonal signaling networks to

modulate processes such as embryo development and seed

germination (Eveland and Jacson 2012). The above applies

particularly to abscisic acid, a hormone which is respon-

sible for the induction and maintenance of dormancy as

well as the stress resistance of plants. For this reason, the

observed high resistance of S. gigantea seeds before dor-

mancy could be attributed to their unique sensitivity to the

major hormones regulating seed dormancy and germina-

tion. It has been demonstrated that the phytohormonal

balance between abscisic acid and gibberellins integrates

external cues for inducing or maintaining dormancy (ab-

scisic acid) and for breaking dormancy or inducing ger-

mination (gibberellins) (Arc et al. 2013). Dormant seeds

treated with fluridone, an abscisic acid synthesis inhibitor,

broke dormancy, which indicates that de novo biosynthesis

of abscisic acid is required to maintain dormancy in

imbibed seeds (Hu et al. 2012). Seed treatment with

paclobutrazol, a gibberellins synthesis inhibitor, inhibited

seed germination, which suggests that continuous synthesis

of gibberellins is required during imbibition (Hu et al.

2012). The abscisic acid/gibberellins equilibrium theory is

commonly used to explain the mechanisms of dormancy

and germination regulation (Nambara et al. 2010). The

theory has been confirmed by molecular analyses which

revealed that regulation of sensitivity to abscisic acid runs

contrary to the control of sensitivity to gibberellins (Ya-

maguchi 2008). The cross-talk between abscisic acid and

gibberellin signaling pathways can involve several factors,

including FUS3 transcription factor or DELLA proteins

(Nambara et al. 2010). The processes regulating seed

dormancy during stratification and after-ripening are

mostly related to changes in sensitivity to abscisic acid and

gibberellins, but the concentrations of those hormones also

change in seeds during those processes (Linkies and

Leubner-Metzger 2012). Paclobutrazol significantly

impaired the germination of goldenrod achenes, which

suggests that gibberellins were synthesized de novo during

imbibition, similarly to the achenes of T. officinale, a

common native weed of the family Asteraceae, as well as

other species, such as Leymus chinensis (Hu et al. 2012).

Similarly to L. chinensis, but unlike T. officinale, the seeds

of S. gigantea were also highly sensitive to abscisic acid

(Bochenek 2010), and this trait could be related to stress

resistance. The fact that S. gigantea did not enter dormancy

during stratification or after-ripening could suggest that

abscisic acid synthesis was not induced under those con-

ditions or that seed sensitivity to this hormone was reduced.

In conclusion, it appears that long-term maintenance of

seed viability and vigor, the absence of dormancy and resis-

tance to environmental stressors are traits which, in addition

to the previously investigated features, could be responsible

for the invasiveness of S. gigantea transferred by seeds. The

physiological mechanisms behind those traits have not yet

been fully explored, but they could be associated with the

relatively high sucrose-to-hexose ratio in seeds and significant

sensitivity to ABA. More extensive research is required to

explain the internal causes for the atypical behavior of gold-

enrod seeds during dry and moist storage, especially in the

context of its invasiveness, because the species has a prefer-

ence for sites located close to river banks.
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