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Summary
To contribute to the understanding of ecological differentiation in speciation, we compared salinity
responses of the halophytic diploid hybrid species Helianthus paradoxus and its glycophytic
progenitors Helianthus annuus and Helianthus petiolaris.

Plants of three populations of each species were subjected to a control (nonsaline) and three salinity
treatments, including one simulating the ion composition in the habitat of H. paradoxus.

Relative to the control, saline treatments led to a 17% biomass increase in H. paradoxus while its
progenitors suffered 19–33% productivity reductions and only in H. paradoxus, leaf contents of
potassium, calcium, and magnesium were strongly reduced. Under all treatments, H. paradoxus
allocated more resources to roots, was more succulent, and had higher leaf contents of sodium (>
200 mmol l−1 tissue water) and sulfur than its progenitor species.

These results suggest that salt tolerance and thus speciation of H. paradoxus is related to sodium
replacing potassium, calcium and magnesium as vacuolar osmotica. The evolutionary and genetic
mechanisms likely to be involved are discussed.
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Introduction
Apart from geographic or spatial isolation, ecological divergence has long been suspected to
play an important role in plant speciation (Stebbins, 1950; Grant, 1981) and new experimental
studies implicate ecological differences as drivers of speciation (reviewed by Coyne & Orr,
2004; Levin, 2004; Gross & Rieseberg, 2005). In homoploid hybrid speciation in particular,
ecological divergence is believed to be instrumental to the speciation process: only by acquiring
new ecological attributes can incipient hybrid species colonize novel habitats and escape
interbreeding and competition with parental genotypes (Rieseberg & Carney, 1998; Buerkle
et al., 2000; Rieseberg et al., 2003). Genetic methods to study genes involved in ecological
adaptation have recently become available. To render such studies meaningful it is vital to first
investigate ecological responses on a whole-plant basis. This study contributes such a
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comparative assessment of the response to saline conditions in the halophytic sunflower hybrid
species Helianthus paradoxus and its glycophytic progenitor species Helianthus annuus and
Helianthus petiolaris.

Molecular evidence indicates that the highly salt-tolerant H. paradoxus has arisen rapidly
through natural hybridization of a moderately salt-tolerant species, H. annuus, and a salt-
sensitive species, H. petiolaris, without a change in ploidy (Rieseberg, 1991; Welch &
Rieseberg, 2002b). These data are also consistent with a single origin of H. paradoxus rather
than multiple hybridization events throughout its range (Welch & Rieseberg, 2002b).
Helianthus paradoxus occurs exclusively in salt seeps and has a limited range in the south-
western USA whereas both parental species have broad ranges in North America and are found
in comparatively mesic habitats (Rogers et al., 1982). Helianthus annuus and H. petiolaris
cannot survive in the habitat of the hybrid species (Lexer et al., 2003b) and both parental species
are competitively inferior to the hybrid species under saline conditions (Bush & Van Auken,
2004). Investigating the responses to salinity in H. paradoxus and its progenitors is therefore
an important step toward understanding the origin of the ecological differences that allowed
the hybrid species to become reproductively isolated from its progenitors.

Responses to salinity in H. paradoxus and its progenitors have previously been compared by
Welch & Rieseberg (2002a) and by Lexer et al. (2003b). The two studies highlight different
aspects of the salinity response. Welch & Rieseberg (2002a) conducted a growth chamber
experiment with the H. paradoxus and its parental species, and suggested that the ability to
grow in the presence of high leaf sodium contents is crucial for the salt tolerance of the hybrid
species. Lexer et al. (2003b) transplanted the three species and a back-cross generation between
the parental species into the saline habitat of H. paradoxus and concluded that sodium exclusion
and high calcium uptake might be important for salt tolerance in Helianthus (Lexer et al.,
2003b). The divergent conclusions of the two experiments are likely related to differences in
conditions and procedures, but, because each experiment used different populations, the
discrepancies could also result from differences among populations within species. In cultivars
of H. annuus, a wide range of responses to salinity has been reported (Ashraf & Tufail,
1995) implying that wild Helianthus populations could also differ in salt tolerance. Differences
in the response to salinity between populations of the parental species would suggest that only
certain preadapted populations could have given rise to H. paradoxus. In both previous
experiments the parental species exhibited severe growth reductions and high mortality (Welch
& Rieseberg, 2002a; Lexer et al., 2003b) demonstrating that they are ecologically excluded
from the habitat of H. paradoxus. However, such severe conditions are not ideal for
investigating the reaction to saline conditions in the glycophytic parental species. When
experimental conditions jeopardize survival, phenomena occurring near plant death are
difficult to distinguish from genuine responses to salinity (Munns, 2002).

Salinity can adversely affect plant growth by reducing water availability and causing ion
toxicity, as well as by inducing nutrient deficiencies, particularly of potassium and calcium
(Greenway & Munns, 1980; Niu et al., 1995; Maathuis & Amtmann, 1999; Cramer, 2002;
Munns, 2002). Moderate potassium supplements can alleviate the effects of salinity in various
crops, such as spinach and lettuce (Kaya et al., 2002). On a functional level, salinity-induced
potassium deficiency has been related to the uptake of sodium through a high-affinity
potassium uptake system in roots (Yeo, 1998). In halophytes, however, a sharp decrease in
potassium levels can occur without signs of potassium deficiency as sodium is thought to
replace potassium as a vacuolar osmoticum in these plants (Munns et al., 1983). In many
cultivated plants, including wheat, bean and tomato calcium is also used to mitigate the effects
of salt stress, but such calcium–sodium interactions are not observed universally (Cramer,
2002). High sodium concentrations reduce calcium activity both in the external medium and
at membranes, and can disturb calcium functions in turgor maintenance, cell elongation,

Karrenberg et al. Page 2

New Phytol. Author manuscript; available in PMC 2008 October 7.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



membrane stabilization, and signaling (Bressan et al., 1998; Liu & Zhu, 1998; Cramer,
2002). Moreover, nitrogen and phosphate supplementation improve salt tolerance in some
species and various interactions between multiple nutrients and salinity have been reported
(Niu et al., 1995; Cramer, 2002).

Salt tolerance in plants is often related to the storage of excess ions, namely sodium, in the
vacuole rather than in the cytoplasm (ion compartmentation; Niu et al., 1995). As a result,
halophytes can support much higher vacuolar (and thus total) leaf sodium loads than
glycophytes (Greenway & Munns, 1980). Plant cytoplasm generally has low sodium–
potassium ratios and sodium can disturb the function of potassium-activated enzymes as well
as protein synthesis (Wyn Jones & Gorham, 2002; Tester & Davenport, 2003). In addition to
cellular processes, transport mechanisms on a larger scale, such as sodium extrusion by roots,
sodium retention at xylem loading, and sodium recirculation via the phloem can contribute to
salt tolerance (Munns, 2002; Tester & Davenport, 2003). Furthermore, an important role for
calcium-dependent signaling pathways has recently been suggested (Liu & Zhu, 1998; Tester
& Davenport, 2003).

In the present study, we examine the salinity response of the hybrid species H. paradoxus and
its progenitors H. annuus and H. petiolaris using three populations per species. In many saline
habitats, ions other than sodium and chloride (namely calcium, magnesium and sulfate)
contribute to salinity or interact with the salinity response (Cramer, 2002; Tanji, 2002; Bush
& Van Auken, 2004). For this reason, we simulated the ion composition of the soil solution of
the H. paradoxus habitat (Lexer et al., 2003b; Bush & Van Auken, 2004) rather than using a
sodium chloride solution to induce salinity responses. To further emulate field-like conditions,
we exposed plants to salinity at germination and slowly increased salt concentrations. In salt
marshes, decreasing precipitation and rising temperatures lead to an increase in salt
concentrations in the soil solution, particularly of sodium, over the season (Tanji, 2002). In
order to avoid mortality and near-fatal stress in the parental species, we used moderate final
salinities, comparable to field conditions during the establishment phase of H. paradoxus.
Specifically, our study addresses the following questions: (1) How do H. paradoxus, H.
annuus and H. petiolaris respond to saline conditions, in terms of growth and leaf ion contents?
(2) Do saline conditions cause potassium deficiency in these taxa? (3) Do the high calcium
concentrations observed in the H. paradoxus habitat improve salt tolerance? (4) Does the
response to salinity differ among populations of each species? (5) What are the implications
of these salinity responses for the evolution of salt tolerance in H. paradoxus?

Materials and Methods
Plant material, growth conditions, and experimental design

Seeds from three populations of each of the study species, H. annuus L., H. paradoxus Heiser
and H. petiolaris Nutt., were used in the experiment (Table 1). We selected populations from
locations that were well distributed across the ranges of each species. The experiment was
conducted within the natural growing season in the glasshouse at Indiana University,
Bloomington, IN, USA, using ambient light and climate. Seeds were germinated on 14 June,
2004 in the four treatment solutions with 0.5 or 25 mmol l−1 NaCl (see later) and were otherwise
treated according to the protocol of Schwarzbach et al. (2001) that involves scarification and
hull removal. On June 18, 2004 germinants of each population were planted into 10 × 10 × 10
cm pots filled with a 1 : 2 mixture (by volume) of compost soil and sand. Thirty-four plants
that died within the first week after planting were replaced by extra or new germinants. Each
pot received treatment solution (see later) every third day until 10 d after planting and on
alternate days thereafter. In order to replace the larger part of the substrate solution, we applied
approx. 75 ml of the treatment solution to each pot, resulting in considerable flow-through.
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Between treatments, distilled water was given approximately to saturation to avoid increased
salt concentrations caused by evaporation from the substrate.

Plants were arranged in split-plot design with 17 randomized complete blocks (whole plots)
of four treatments (see later). Plants of the same treatment were grouped in rows (subplots)
with each row containing a random array of one plant of each of the nine populations with a
total of 612 plants. The experiment was set up along a single, south-facing glasshouse bench.

Treatment solutions
To develop treatment solutions, we compared soil analyses from the habitats of the three
species. Soil samples were collected in November 2002 in the Southern Great Plains region
within seven populations of H. annuus (Colorado, Kansas and Texas, USA) and six populations
of H. petiolaris (Colorado, Nebraska and Texas, USA) with a soil auger (25 cm). Three samples
from each population were pooled and analysed for total ionic strength (electrical conductivity,
EC) using a 1 : 1 water–soil extract and for exchangeable cations and sulfur using ammonium
acetate extraction followed by inductively coupled argon plasma (ICAP) detection (Midwest
Laboratories, Omaha, NE, USA). Similar results for a H. paradoxus habitat (Bitter Lake, NM,
USA) from March and May 2002 were already available (Lexer et al., 2003b; C. Lexer,
unpublished). Soil extracts from the H. paradoxus habitat had a higher EC, higher contributions
of sodium, calcium, and magnesium to the cation exchange capacity (CEC) and higher sulfur
contents than soil extracts from H. annuus or H. petiolaris habitats (Table 2). Furthermore, EC
and the contribution of sodium to CEC strongly increased over the season in the saline habitat
(Table 2), as is characteristic of many saline soils (Tanji, 2002). Note that for the May
measurements of the H. paradoxus habitat, CEC is unreasonably high, possibly owing to the
extraction procedure and ion percentages must therefore be interpreted with caution (K. Tanji,
pers. comm.). Similar results were found in analysis of spring water from a H. paradoxus
habitat (Bush & Van Auken, 2004).

We developed treatment solutions (Table 3) to simulate nonsaline conditions (nonsaline
treatment) and field-like conditions of the salt-tolerant hybrid species H. paradoxus, high in
sodium, calcium, magnesium, and sulfate (field-like treatment). To investigate whether
potassium deficiency contributes to salt stress we used a field-like solution with added
potassium (K addition treatment). To test whether the high calcium concentrations in the H.
paradoxus habitat improve salt tolerance, we used a field-like solution with reduced calcium
and magnesium concentrations (Ca & Mg reduction treatment). Both calcium and magnesium
concentrations were reduced in this treatment because maintaining the high magnesium
concentrations of the field-like treatment in a low-calcium treatment would lead to potentially
harmful magnesium–calcium ratios (Madhok & Walker, 1969). Because ion balance had to be
maintained when preparing treatment solutions from salts, the K addition and the Ca & Mg
reduction treatment solutions differed slightly from the field-like solutions also in Cl− and
concentrations SO4 (Table 3). All solutions contained the following micronutrients (μmol
l−1): CuSO4, 0.5; FeSO4, 40; H3BO4, 25; H2MoO4, 0.5; MnSO4, 2; ZnSO4, 2.

Concentrations of sodium chloride were increased from 28 mmol l−1−40, 70 and 90 mmol−1

beginning 14, 19 and 25 d after planting, respectively. Until NaCl concentration were raised
to 70 mmol l−1, calcium and magnesium concentrations in the field-like and K addition
treatments were kept at 11 mmol l−1 and 6 mmol l−1 to avoid large differences in osmotic
potential in comparison to the field-like treatment. After reaching the final concentrations the
experiment was continued for two more weeks.
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Measurements
Plant heights were measured 13, 21, and 27 d after planting and at harvest, 40–42 d after
planting. Upon harvest, the six oldest turgid leaves were sampled. Their fresh mass was
determined and the combined area of these six leaves was measured using a Li-Cor 1300 area
meter (Li-Cor Biosciences, Lincoln, NE, USA). Shoots were cut off at the root–shoot transition
zone and roots were thoroughly cleaned. Six-leaf samples, shoots with all remaining leaves,
and roots were oven-dried in paper bags at 75°C for 3 d and their dry mass was determined.
Ten entire blocks were chosen from the 17, and their six-leaf samples from all population-by-
treatment combinations were analysed for sodium, potassium, calcium, magnesium and sulfur
contents, determined by ICAP detection (Midwest laboratories).

Losses caused by mortality were minimal in this experiment: 13 out of 612 plants died after
the first week (six of H. annuus and seven of H. petiolaris); all but one H. annuus were from
salt treatments. Six of these plants died within the first 3 wk of the experiment, before final
salt concentration had been reached. In addition, two plants of H. paradoxus were excluded
from the dataset because they appeared to be infected with a virus.

Data analysis
Four growth traits were calculated from the measurements: height growth rate, total plant
biomass, root mass fraction and leaf succulence. Height growth rates (hGR) were calculated
over the last 2 wk of the experiment (when the final salt concentrations were applied), as (height
at harvest − height day 27)/number of days. Total plant biomass was obtained by adding dry
masses of the six-leaf sample, remaining shoot and root. Because the harvest took place over
3 d and 34 plants had been replaced within the first week, biomass values were linearly adjusted
to 45 d of growth using (biomass/days of growth) ×45. We determined the root mass fraction
as root mass/total biomass. Leaf succulence was expressed as the amount of tissue water per
leaf area in the six-leaf sample as (fresh mass − dry mass) leaf−1 area (compare Reimann &
Breckle, 1995).

Ion contents expressed as mmol g−1 DW were used for further analysis, because this allows
comparison with most other studies. We also calculated sodium, potassium and sulfur
concentrations in tissue water (mmol l−1) using the water content of the six-leaf sample. To
investigate whether sodium or potassium was preferentially transported to the leaves we
determined potassium–sodium selectivity as sK,Na = (potassium/sodium leaf concentrations)/
(potassium/sodium concentrations in the treatment solution) (compare Pitman, 1976; Wilson
et al., 2002).

Plant growth traits and ion contents were analysed with hierarchical linear models and a two-
level error structure according to the split-plot design of the study (Cochran & Cox, 1957;
Venables & Ripley, 2002). Using the entire dataset, the effects of treatments, species, species-
by–treatment interaction, and population nested in species on growth traits and leaf ion contents
were analysed. The treatment effect was tested over the mean square of the treatment-by-block
interaction (errorwhole plot), the species effect over the population mean square and all other
effects over the subplot error mean square (errorsubplot, Venables & Ripley, 2002). The block
effect, and all other effects were treated as fixed (Newman et al., 1997). The distribution of
the residuals of these models was tested for normality with the Wilk–Shapiro test (Zar,
1999). Root mass fraction, and contents of sodium, magnesium and sulfur were log-
transformed before analysis to yield residuals that conformed to the normal distribution. Means
and 95% confidence intervals of these log-transformed data were back-transformed to the
original scale (corresponding to medians on the original scale). Missing values were predicted
according to Cochran and Cox (1957) and degrees of freedom reflect the actual number of data
points (Cochran & Cox, 1957). Because treatment-by-species interaction effects were
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significant in most cases, separate models for each species were calculated in a second step.
Where the population-by-treatment interaction was significant, models for individual
populations were calculated in a third step. Following these analyses, multiple comparisons of
treatment means on the level of species and population, where needed, were performed using
multiple t-tests with P-value adjustment to an overall α = 0.05 by the Benjamini and Hochberg
procedure (Verhoeven et al., 2005).

To investigate relationships between leaf contents of the three main ions – potassium, sodium
and calcium – and between contents of these ions and total biomass, we calculated Pearson
product-moment correlations. The false discovery rate for significance tests of correlation
coefficients was controlled at α = 0.05 following the Benjamini and Hochberg procedure
(Verhoeven et al., 2005). All analyses were performed in the program R 2.10 (R Development
Core team, 2005).

Results
Response to saline conditions

All four growth traits – height growth rate, biomass production, root mass fraction, and leaf
succulence – were significantly impacted both by experimental salt treatments and by
constitutive differences between species (Table 4a). The interaction effect of species and
treatment was significant in all cases, indicating that the species differed in their reaction to
salt treatments. Significant treatment effects remained when each species was analysed
separately (Table 5a).

The response to salt treatment in terms of height growth rate (hGR) and biomass production
differed sharply between the three species (Fig. 1a,b, Table 4). Height growth rates over the
last 2 wk of the experiment, when final salt concentrations had been reached, were largest in
H. petiolaris and smaller in H. paradoxus and H. annuus. In the parental species, a considerable
reduction in hGR occurred under the field-like salt treatment compared with nonsaline
conditions; this decrease was more severe in H. petiolaris (42%) compared with H. annuus
(26%). In H. paradoxus, by contrast, hGR did not change significantly in response to conditions
resembling its habitat, leading to similar growth rates for all three species under these
conditions. Comparable results were obtained when hGR was calculated over different periods,
including the 4-wk period from 1 wk after transplantation to the end of the experiment (data
not shown). Similar to results for hGR, total biomass production decreased in both parental
species in response to saline conditions (Fig. 1b). This decrease was smaller in H. annuus (19%)
compared with H. petiolaris (33%). The hybrid species, by contrast, produced approx. 17%
more biomass after treatment with saline treatment than under nonsaline conditions.

The growth reduction in H. annuus and H. petiolaris affected roots more than shoots, as
indicated by a decrease of root mass fraction (Fig. 1c). Helianthus petiolaris generally allocated
fewer resources to roots than the other two species under nonsaline conditions, and further
reduced biomass allocation to roots under saline conditions. In H. paradoxus, root biomass
allocation did not change in response to the field-like treatment (Table 5a). Leaf succulence
was much greater in H. paradoxus than in either parental species regardless of the treatment
(Fig. 1d). In all three species, the succulence ratio increased significantly after saline treatment.

Leaf contents of sodium, potassium, magnesium and sulfur were significantly affected by
treatment and species identity, and by the interaction effect between species and treatment
(Table 4b). In a model for leaf calcium content, treatment and the treatment-by-species
interaction effect were significant, but not the overall species effect. In individual models for
each species, the salt treatments significantly impacted leaf contents of all ions except for
potassium and magnesium in H. petiolaris and calcium in H. annuus (Table 5b).
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Under nonsaline conditions, average leaf sodium contents (mmol g−1 DW) in H. paradoxus
were more than nine times higher than in H. annuus and nearly six times higher than in H.
petiolaris (Fig. 2a). Results were similar when using sodium concentrations in tissue water
(mmol l−1; compare Appendix, Table A1). In response to the field-like treatment, a surge in
sodium content was observed in all three species; sodium content (mmol g−1 DW) increased
approximately fourfold in H. annuus, more than 11-fold in H. petiolaris, and 14-fold in H.
paradoxus. Average potassium contents under nonsaline conditions were higher in H.
petiolaris and H. paradoxus than in H. annuus (Fig. 2b). In reaction to salt treatment H.
annuus exhibited moderately elevated potassium contents (by 12%) and H. petiolaris did not
show a significant change in potassium content with salt treatment. In H. paradoxus, by
contrast, we observed a significant reduction in potassium content (by nearly 60%). Similar
results were obtained using potassium concentrations in tissue water (compare Appendix,
Table A1). Potassium–sodium selectivity was highest in H. annuus and lowest in H.
paradoxus (Table 6). In all three species potassium–sodium selectivity increased in response
to saline conditions but this increase was larger in the parental species. Leaf calcium contents
under nonsaline condition were c. 30% higher in the hybrid species compared with the parental
species (Fig. 2c). Under salt treatment, however, leaf calcium contents in the hybrid species
dropped significantly to concentrations similar to the parental species. Helianthus petiolaris
also had slightly, but significantly reduced calcium levels under salt treatment while H.
annuus exhibited no significant change in calcium levels. Magnesium levels under nonsaline
conditions were higher in H. petiolaris than in H. annuus and exceeded levels of both parental
species in H. paradoxus (Fig. 2d). In both parental species, the field-like treatment led to an
increase in magnesium contents. In H. paradoxus, by contrast, magnesium levels decreased
significantly in response to salt treatment. Sulfur levels were generally elevated by a factor of
four to five in H. paradoxus, compared with the parental species (Fig. 2e). While sulfur levels
in the parental species decreased in response to salt treatment, we observed significantly
increased sulfur levels in the hybrid species. Results were similar when sulfur concentrations
in tissue water were considered (compare Appendix, Table A1).

K addition and Ca & Mg reduction treatments
The K addition treatment had little effect on growth traits and leaf ion composition in
comparison to the field-like treatment (Figs 1 and 2). The Ca & Mg reduction treatment
generally produced results similar to the field-like treatment in H. annuus (Figs 1 and 2). In
H. paradoxus, hGR and biomass remained unchanged with Ca & Mg reduction, but root
biomass allocation was significantly increased and leaf magnesium content was significantly
reduced (Figs 1c and 2d). Unlike H. annuus and H. paradoxus, H. petiolaris exhibited a
significantly elevated hGR, produced significantly more biomass and had significantly reduced
leaf sodium content under the Ca & Mg reduction treatment compared with the field-like
treatment (Figs 1a,b and 2a).

Population differentiation
The effect of population identity varied between species and traits. Helianthus annuus
populations were not differentiated in terms of hGR or biomass, while H. paradoxus exhibited
a significant population effect for biomass but not for hGR, and H. petiolaris for biomass and
hGR (Table 5a). For H. paradoxus, we also detected a significant population-by-treatment
interaction for biomass (Table 5a). The overall H. paradoxus pattern of increased biomass
production in reaction to all three salt treatments (Fig. 1b) was present only in populations
PAR3, whereas in population PAR2, biomass was lower in both the nonsaline treatment and
field-like treatment compared with the two other saline treatments and population PAR1
exhibited no significant differences in biomass caused by saline treatments (Fig. 3a). In all
three species, root mass fraction exhibited strong population differentiation. Population
differentiation in leaf succulence was also strong in H. annuus and H. paradoxus.
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Contents of all five ions measured differed significantly between populations of H. annuus
(Table 5b), especially sodium content. In the field-like treatment sodium contents were five
times higher in population ANN3 than in population ANN1 (Fig. 3b). Moreover, populations
of H. annuus differed in their reaction to treatments in terms of sodium content, indicated by
the significant population-by-treatment interaction (Table 5b, Fig. 3b).

Populations of H. paradoxus showed significant differences in potassium, magnesium and
sulfur contents, whereas H. petioaris populations differed significantly only in calcium content.
In H. paradoxus a significant population-by-treatment interaction for sulfur content was
detected (Table 5b). Salt treatment did not have a significant effect on sulfur content in two
H. paradoxus populations (PAR1 and PAR3), whereas sulfur content increased with salt
treatment the third population, PAR2 (Fig. 3d).

Correlations among leaf ion contents and between ion contents and biomass production
Under nonsaline conditions, we detected no significant correlations among ion contents in any
species after correction for false discovery rate (Table 7a). Saline conditions produced negative
associations of potassium content with either calcium content (H. annuus) or sodium content
(H. paradoxus and H. petiolaris). In H. annuus, the negative correlation of potassium and
calcium content occurred only after treatment with a field-like solution, but not in the other
two saline treatments. Helianthus paradoxus exhibited the sodium–potassium correlation in
all three salt treatments, while this correlation was detected in H. petiolaris only in the field-
like and the Ca & Mg reduction treatment but not in the K addition treatment.

Under nonsaline conditions, total biomass was not significantly correlated with any of the ion
contents (Table 7b). In plants grown under saline conditions, however, we a detected significant
association between ion content and biomass that differed between species and treatments
(Table 7b). Under the field-like treatment, calcium was positively associated with biomass in
all three species, whereas potassium content was positively correlated with biomass in H.
paradoxus and H. petiolaris but negatively correlated with biomass in H. annuus. Sodium
content was negatively correlated with biomass under all three salt treatments in H.
paradoxus and in the field-like treatment in H. petiolaris. In H. annuus, sodium content and
biomass were not significantly associated.

Discussion
Helianthus paradoxus performs best in saline conditions

The hybrid species H. paradoxus produced, on average, 17% more biomass under moderately
saline conditions compared with nonsaline conditions, but its parental species, H. annuus and
H. petiolaris, suffered 19% and 33% reductions in productivity (Fig. 1a). These results show
that optimal conditions for H. paradoxus, as for many other halophytes, include some degree
of soil salinity (Greenway & Munns, 1980;Flowers et al., 1986) and corroborate results of
Welch & Rieseberg (2002a) and of Bush & Van Auken (2004). Moreover, the hybrid species
was distinguished from its progenitors by a higher root biomass allocation and higher leaf
succulence indicating that anatomical differences might allow H. paradoxus, like many other
halophytes, to increase water use efficiency under saline conditions and to support large sodium
loads (compare Flowers et al., 1986;Rosenthal et al., 2002;Welch & Rieseberg, 2002a).

Biomass produced in H. annuus and H. paradoxus is roughly comparable across the studies of
Welch & Rieseberg (2002a), that of Bush & Van Auken (2004), and our experiment but the
productivity of H. petiolaris in the present study is three- to four-fold higher under nonsaline
conditions and more than 20-fold higher under saline conditions. We used top watering and a
sandy substrate, while the other two experiments used conditions more similar to the wet clay
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soils of H. paradoxus habitat (i.e. subirrigation) (Welch & Rieseberg, 2002a) or clayey soil
from a H. paradoxus site (Bush & Van Auken, 2004). Thus, our results do not necessarily
reflect the growth potential in the H. paradoxus habitat, particularly for H. petiolaris, but
conditions are ideal to compare responses to salinity among the three species. Under such
moderate stress physiological integrity is preserved and near-death phenomena, such as a
sudden massive increase in leaf sodium content, can be avoided (Greenway & Munns, 1980).

Ion contents suggest that sodium replaces potassium, calcium and magnesium as vacuolar
osmotica in H. paradoxus but not in H. annuus and H. petiolaris

The hybrid species H. paradoxus appeared to achieve greater salt tolerance than its parental
species by increasing leaf contents of sodium and sulfur and decreasing leaf contents of
potassium, calcium and magnesium under saline conditions as opposed to nonsaline conditions
(Fig. 2). These results are similar to findings in other halophytes and suggest that sodium
replaces potassium, and possibly calcium and magnesium as vacuolar osmotica (Greenway &
Munns, 1980;Munns et al., 1983;Reimann & Breckle, 1995;Köhl, 1997;Wyn Jones & Gorham,
2002). This interpretation is corroborated by two other results: a negative correlation of sodium
and potassium under saline conditions only (H. paradoxus and H. petiolaris,Table 7a) and high
sodium concentrations in tissue water in H. paradoxus (> 200 mmol l−1, compare Appendix,
Table A1). Sodium concentrations above 100 mmol l−1 are thought to inhibit protein synthesis
in most plants when present in the cytoplasm (Flowers et al., 1986;Munns, 2002).

Sulfur contents are high only in the hybrid species
In addition to high sodium concentrations, the H. paradoxus habitat and the treatment solutions
used in this study (Tables 2 and 3) were also high in sulfate, which can itself be toxic (Harborne,
1975;Tanji, 2002;Rajakaruna et al., 2003). In H. paradoxus, sulfur levels were generally
elevated four to five times above the levels of the parental species (Fig. 2e), suggesting that
sulfate uptake also plays a role in the salinity response. Sulfate detoxification through the
production of sulfated flavonoids that are stored in the vacuole has been suggested for plants
from sulfate-rich saline habitats (Harborne, 1975;Rajakaruna et al., 2003), but further studies
are needed to investigate whether this is the case in H. paradoxus but not its parental species.

Potassium deficiency or high calcium concentrations do not play a role in the salinity
responses of H. paradoxus and its progenitor species

A major aim of this study was to elucidate mechanisms of salt tolerance by amending field-
like treatment solutions with added potassium or reduced calcium and magnesium. Potassium
deficiency did not appear to contribute to growth reduction in the parental species under the
saline conditions in this experiment as it does in other salt-sensitive species (Maathuis &
Amtmann, 1999; Kaya et al., 2002) and neither species exhibited an increase in potassium
content in the potassium addition treatment compared with the field-like treatment (Fig. 2b).
However, all three species increased their selective uptake of potassium under saline conditions
(sNa,K, Table 6). Similar results were reported for sunflower cultivars (Ashraf & Tufail,
1995) but not for wheat and quinoa (Wilson et al., 2002).

Calcium contents in H. paradoxus and H. petiolaris but not in H. annuus were reduced under
saline compared with nonsaline conditions (Fig. 2c), indicating that in the first two species
saline conditions interfered with calcium nutrition, possibly by reducing calcium activity or
by impacting calcium uptake (Cramer, 2002). Positive associations of calcium contents and
biomass under saline conditions but not under nonsaline conditions (Table 7b) further suggest
that calcium might be involved in the response to salinity, as has been suggested by Lexer et
al. (2003b). Nevertheless, a calcium concentration of 1.75 mmol l−1 (= 3.5 meq l−1,Table 3)
in the Ca & Mg reduction treatment was sufficient for calcium nutrition under saline conditions
in all three species as no biomass or hGR reductions were observed under this treatment
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compared with the field-like treatment. In most other species tested at similar salinities, the
calcium concentration needed for maximal growth in moderately saline conditions was 4.5
mmol l−1 or more (Cramer, 2002). In our experiment, any adverse effects of low calcium
concentration might have been balanced by growth increases caused by the lower total salinity
in the Ca & Mg reduction treatment and this effect could have been responsible for the growth
increase in the Ca & Mg reduction treatment observed in H. petiolaris. Experiments with a
large range of both total salinities and sodium–calcium ratios are needed to further resolve the
role of calcium for salt tolerance in the three species.

Patterns of population differentiation are consistent with specific parental populations
giving rise to H. paradoxus and with further evolution of H. paradoxus after speciation

Population differentiation was most pronounced in H. annuus and H. paradoxus, whereas H.
petiolaris populations were more uniform (Table 5, Fig. 3). Of the nine traits measured in this
study, seven differed significantly between populations in H. annuus and six differed
significantly between populations of H. paradoxus, but only four exhibited significant
differences between populations of H. petiolaris. However, salt tolerance did not appear to
differ between populations of H. annuus as hGR and biomass did not exhibit population
differences or population-by-treatment interactions. Similar results of population differences
in leaf ion contents without differences in salt tolerance have been reported for Armeria
maritima (Köhl, 1997) and for sunflower cultivars (Ashraf & Tufail, 1995). Differences
between populations in the three species may be the result of local adaptation to edaphic and
climatic conditions or caused by selectively neutral population divergence. However, we
cannot exclude maternal effects, because we have not controlled the maternal environment for
the seeds used. Similarly, differences in the maternal environments could also have influenced
our results on the species level. Only experiments with seeds produced in multiple
environments could reveal whether maternal effects are important for the salt stress response
in Helianthus species.

Population differentiation in H. annuus and, to a lesser extent, in H. petiolaris, leaves open the
possibility that only certain – and presumably rare – combinations of parental populations could
have given rise to H. paradoxus by hybridization. Indeed, more salt-tolerant populations of the
parental species than those investigated here may remain to be discovered, as broad population
and habitat surveys are not available for either species. The involvement of preadapted
populations of the parental species in the hybrid origin of H. paradoxus is consistent with
molecular data indicating a single origin of H. paradoxus in contrast to apparent multiple
origins of the two other sunflower hybrid species, H. anomalus and H. deserticola
(Schwarzbach & Rieseberg, 2002; Welch & Rieseberg, 2002b; Gross et al., 2003). Moreover,
morphological and genetic analyses indicate that the multitrait H. paradoxus phenotype is only
rarely recovered in artificial crossing experiments between the parental species (Rieseberg et
al., 2003; Rosenthal et al., 2005). This is due both to problematic genetic correlations and to
the fact that certain extreme phenotypes in H. paradoxus occur only rarely (or not at all) in
synthetic hybrids. Conversely, population differentiation in H. paradoxus is suggestive of
further adaptive or neutral evolution of H. paradoxus after hybrid speciation was completed.
This constitutes an alternative explanation for the lower congruence in the genomic
composition of artificial hybrids and H. paradoxus and the difficulty of recreating the H.
paradoxus phenotype.

Helianthus paradoxus differs from its progenitor species both in constitutive trait expression
and in reaction norms

For many traits likely to be relevant for salt tolerance, such as leaf succulence, leaf sodium
content (Greenway & Munns, 1980; Flowers et al., 1986), and leaf sulfur content, H.
paradoxus trait values were not similar to or intermediate between the parental species (Figs
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1 and 2). Rather, the mean values of these traits in H. paradoxus exceeded levels of trait
expression in both parental species regardless of the treatment (transgressive traits; Rosenthal
et al., 2002; Lexer et al., 2003b). Such transgressive trait expression is thought to be the result
of the segregation of genes of opposing effects (de Vincente & Tanksley, 1993), a prediction
recently confirmed in Helianthus (Rieseberg et al., 2003). Potassium, calcium and magnesium
contents have also previously been described as transgressive traits in H. paradoxus (Rosenthal
et al., 2002; Lexer, 2003b). In this study, calcium and magnesium contents were positively
transgressive under nonsaline conditions only and potassium content was negatively
transgressive under saline conditions indicating that for these traits the reaction norm (rather
than constitutive trait expression) differentiates H. paradoxus from its progenitor species. Such
differences in reaction norms point to the physiological mechanisms involved in the salt stress
response of H. paradoxus, as discussed above, and might allow this species to outcompete its
progenitors in saline habitats (Bush & Van Auken, 2004). Constitutive responses that likely
promote salt tolerance of H. paradoxus, such as high sodium uptake, might involve a
physiological cost under nonsaline conditions and thus contribute to the lower competitive
ability of this species under nonsaline conditions (Bush & Van Auken, 2004). These results
underline the importance of using multiple and realistic conditions when making comparisons
of species from divergent habitats.

Implications for the molecular basis of salt tolerance in H. paradoxus
The salinity response in H. paradoxus parallels findings in other halophytes despite its
evolution via hybridization of two nonhalophytic species. Thus, it may be possible to make
inferences about the likely molecular basis of salt tolerance in H. paradoxus based on studies
of salt tolerance in other plants. In particular, we expect increased activity of tonoplast ion
carriers leading to sodium compartmentation in H. paradoxus compared with the parental
species. Such ion carriers might influence contents of other positively charged ions directly or
indirectly through altered osmotic gradients (Yeo, 1998). This notion is supported by
correlations between ion contents in this study (Table 7a) and in a study by Lexer et al.
(2003b), as well as by the detection of quantitative trait loci (QTL) with pleiotropic effects on
contents of several ions in a backcross between H. annuus and H. petiolaris (Lexer et al.,
2003a; Rieseberg et al., 2003). The system of a halophytic hybrid species with salt-sensitive
progenitors provides a promising avenue of research to determine which genetic changes are
required to produce salt tolerance and thus speciation of H. paradoxus. Candidate genes for
salt marsh adaptation in H. paradoxus, including a calcium-dependent protein kinase and a
transcriptional regulator, have recently been proposed (Lexer et al., 2004), and gene expression
studies in the three species are currently underway.
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Appendix
Table A1

Concentrations in tissue water of sodium,
potassium, and sulfur in a salt tolerance
experiment with the hybrid species Helianthu
s paradoxus and its progenitors Helianthus
annuus and Helianthus petiolaris

H. annuus H. paradoxus H. petiolaris

Sodium (mmol l−1)
Nonsaline 2.608 (1.816–3.745) 16.28 (13.66–19.40) 4.298 (3.107–5.944)
Field-like 11.818 (8.239–16.842) 242.1 (216.2–271.1) 52.435 (41.312–66.552)
K addition 8.059 (5.380–12.073) 252.0 (219.6–289.4) 45.908 (30.570–68.492)
Ca & Mg reduction 9.675 (6.966–13.437) 268.6 (238.7–302.3) 31.197 (23.164–42.015)
Potassium (mmol l−1)
Nonsaline 369.5 (323.8–415.3) 286.6 (251.3–321.8) 430.7 (394.4–467.0)
Field-like 492.1 (420.3–563.9) 121.3 (96.4–146.2) 503.7 (452.6–554.8)
K addition 493.9 (432.9–555.0) 145.4 (116.0–174.7) 497.2 (455.0–539.4)
Ca & Mg reduction 470.3 (402.3–538.4) 106.3 (84.9–127.8) 481.5 (444.0–520.0)
Sulfur (mmol l−1)
Nonsaline 18.95 (15.27–23.50) 64.68 (57.40–72.90) 24.54 (21.77–27.66)
Field-like 16.33 (13.37–19.94) 77.09 (67.00–88.70) 15.97 (14.29–17.86)
K addition 16.50 (13.41–20.30) 85.66 (72.55–101.15) 16.54 (15.64–18.69)
Ca & Mg reduction 15.57 (12.88–18.82) 82.78 (72.45–94.58) 15.16 (13.55–16.95)

Means (potassium) or medians (sodium and sulfur) are given with 95% confidence intervals.
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Fig. 1.
(a) Height growth rate (hGR, (b) biomass, (c) root mass fraction and (d) leaf succulence in the
hybrid species Helianthus paradoxus and its progenitors Helianthus annuus and Helianthus
petiolaris as affected by four treatments in a salt tolerance experiment. Means (a, b, d) or
medians (c) are given with 95% confidence intervals. Within species, different letters denote
significant differences between means or means of log-transformed data (= medians of original
data).
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Fig. 2.
(a) Leaf contents of sodium, (b) potassium, (c) calcium, (d) magnesium and (e) sulfur in the
hybrid species Helianthus paradoxus and its progenitors H. annuus and H. petiolaris as affected
by four treatments in a salt tolerance experiment. Means (b,c) or medians (a,d,e) are given with
95% confidence intervals. Within species, different letters denote significant differences
between means or means of log-transformed data (= medians of original data).
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Fig. 3.
(a) Total plant biomass and leaf contents of (b) sodium and (c) and sulfur for different
populations of Helianthus annuus or H. paradoxus in a salt tolerance experiment. For these
parameter-species combinations significant population-by-treatment interaction effects were
detected (compare Table 5). Means (a) or medians (b,c) are given with 95% confidence
intervals. Within populations, different letters denote significant differences between means
or means of log-transformed data (= medians of original data). Population-level anova results
for treatment effects are given above each group of columns. Significant effects levels: ***,
P < 0.001; **, P < 0.01; *, P < 0.05; ns, P > 0.05.

Karrenberg et al. Page 17

New Phytol. Author manuscript; available in PMC 2008 October 7.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Karrenberg et al. Page 18
Ta

bl
e 

1
Po

pu
la

tio
ns

 
of

 
th

re
e 

an
nu

al
 

su
nf

lo
w

er
 

sp
ec

ie
s, 

th
e 

hy
br

id
 

sp
ec

ie
s 

H
el

ia
nt

hu
s 

pa
ra

do
xu

s 
an

d 
its

 
pr

og
en

ito
rs

 
H

el
ia

nt
hu

s
an

nu
us

 a
nd

 H
el

ia
nt

hu
s p

et
io

la
ri

s t
ha

t w
er

e 
us

ed
 in

 sa
lt 

to
le

ra
nc

e 
ex

pe
rim

en
ts

; a
ll 

ar
e 

fr
om

 w
ith

in
 th

e 
U

SA

N
am

e
R

ef
er

en
ce

N
ea

re
st

 lo
ca

tio
n

C
ou

nt
y

St
at

e

H
. a

nn
uu

s
A

N
N

1
EJ

B
 2

00
3

H
er

m
os

a
C

us
te

r
So

ut
h 

D
ak

ot
a

A
N

N
2

PI
 4

13
02

4
Li

m
on

Li
nc

ol
n

C
ol

or
ad

o
A

N
N

3
A

m
es

 1
44

00
Tu

cs
on

Pi
m

a
A

riz
on

a
H

. p
ar

ad
ox

us
PA

R
1

LH
R

 1
30

0
G

ra
nt

s
C

ib
ol

a
N

ew
 M

ex
ic

o
PA

R
2

LH
R

 1
30

2
Sa

nt
a 

R
os

a
G

ua
de

lo
up

e
N

ew
 M

ex
ic

o
PA

R
3

LH
R

 1
30

3
B

itt
er

 L
ak

e
C

av
es

N
ew

 M
ex

ic
o

H
. p

et
io

la
ri

s
PE

T1
PI

 5
86

91
2

Te
rr

y
Pr

ai
rie

M
on

ta
na

PE
T2

PI
 5

86
92

0
C

ar
r

W
el

d
C

ol
or

ad
o

PE
T3

PI
 4

35
80

9
C

ha
nn

in
g

H
ar

tle
y

Te
xa

s

Po
pu

la
tio

ns
 A

N
N

2,
 A

N
N

3,
 a

nd
 P

ET
1–

3 
w

er
e 

ob
ta

in
ed

 fr
om

 th
e 

N
at

io
na

l G
er

m
pl

as
m

 R
es

ou
rc

es
 L

ab
or

at
or

y 
(B

el
ts

vi
lle

, M
D

, U
SA

); 
A

N
N

1 
w

as
 c

ol
le

ct
ed

 b
y 

Er
ic

 J.
 B

aa
ck

 (I
nd

ia
na

 U
ni

ve
rs

ity
), 

an
d

PA
R

1–
3 

ar
e 

co
lle

ct
io

ns
 o

f L
or

en
 H

. R
ie

se
be

rg
.

New Phytol. Author manuscript; available in PMC 2008 October 7.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Karrenberg et al. Page 19

Table 2
Electrical conductivity (EC), cation exchange capacity (CEC) with contributions of four cations, and sulfur
concentrations for habitats of Helianthus annuus, Helianthus paradoxus and Helianthus petiolaris

H. annuus (n = 7) H. paradoxus, March (n =
4)

H. paradoxus, May (n =
20)

H. petiolaris (n = 6)

EC (dS m−1) 0.2 (0.1–0.4) 4.6 (2.7–5.8) 22.9 (17.0–34.0) 0.1 (0.1–0.2)
CEC (mEq (100 g)−1) 14.0 (8.7–21.4) 42.4 (32.4–55.7) 91.5 (74.9–99.9) 7.5 (4.6–8.8)
% Na 2.4 (0.5–11.7) 22.6 (11.2–31.4) 46.6 (40.8–58.0) 0.6 (0.5–0.9)
% K 6.0 (2.4–9.4) 1.2 (0.7–1.6) 0.5 (0.4–0.8) 4.7 (2.2–9.7)
% Ca 69.4 (47.9–89.1) 67.6 (6.5–82.3) 44.0 (31.4–51.1) 79.6 (69.2–90.3)
% Mg 22.1 (7.8–38.0) 8.6 (5.8–10.6) 8.9 (6.9–12.1) 15.1 (6.1–21.2)
Sulfur (p.p.m.) 28.7 (10.0–96.0) 95.5 (94.0–97.0) na 10.5 (10.0–13.0)

Values are means and range in parentheses; n, total number of samples analysed; na, not available.
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Table 3
Composition of final treatment solutions with the estimated electrical conductivity (EC, Tanji, 2002) used in an
experiment on the salt tolerance mechanism of the hybrid species Helianthus paradoxus and its progenitors Helianthus
annuus and Helianthus petiolaris

Composition (mEq l−1) Nonsaline Field-like K addition Ca & Mg reduction

Na+ 0.5 90 90 90
K+ 1 1 4 1
Ca2+ 3.5 16 16 3.5
Mg2+ 1 11 11 1
NH4

+ 0.5 0.5 0.5 0.5
Cl− 2.5 97 100 78.5
SO4

2− 1 16 16 12
HCO3

− 0.5 3 3 3
NO3

− 2 2 2 2
PO4

3− 0.5 0.5 0.5 0.5
EC (dS m−1) 0.65 11.85 12.15 9.60
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Table 6
Potassium-sodium selectivities (sK,Na) calculated from ion concentrations in tissue water in a salt tolerance experiment
with the hybrid species Helianthus paradoxus and its progenitors Helianthus annuus and Helianthus petiolaris

H. annuus H. paradoxus H. petiolaris

Nonsaline 262 (197–348) 34 (27–41) 196 (141–272)
Field-like 3409 (2295–5065) 39 (31–49) 836 (627–1116)
K addition 1287 (850– 1948) 11 (9–14) 238 (157–360)
Ca & Mg reduction 3971 (2708–5823) 30 (23–40) 1354 (986–1859)

Medians with 95% confidence intervals are given.
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