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Sustainable Use in Agriculture and Degraded Land Reclamation 

 
Guangyou Hao 

 
Abstract 

 
This paper seeks to analyze the impact of ploidy level (chromosome size of cells) on drought 
tolerance of four-wing saltbush in its native habitat of western US with an aim to inform a more 
successful introduction of this species to arid region of Northern China. A suite of 
ecophysiological traits related to xylem water transport and drought tolerance were investigated 
in populations of three dominant cytotypes, i.e. diploid (2X), tetraploid (4X) and hexaploid (6X). 
The results show that four-wing saltbush of the three cytotypes have contrastingly different traits 
related to drought tolerance, which is related to their habitat differentiation in their native 
environment of western US. This study indicate that genetic variation related to ploidy change in 
four-wing saltbush is one basis for the adaptation of this species to heterogeneous environments 
with strong drought stress, which strongly suggests the importance of taking account genetic 
variation for the introduction of this species to arid regions with high environment heterogeneity.   
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Introduction  

Land degradation and desertification are among the most serious challenges facing the 

sustainable development of society and human well-being. Such problems are especially severe 

in arid regions with extensive agricultural activity. Drought tolerant plants are widely used in 

desertification control and degraded land recovery. Four-wing saltbush (Atriplex canescens), a 

C4 shrub native to western US (Fig. 1), has been recently introduced to Northwest China for 

these purposes as well as for livestock breeding in the arid region. The present research 

addresses whether genetic variation within native populations of A. canescens provides an 

important and unexploited opportunity to promote sustainable use of this species in this region.  

As a C4 species from arid habitats, A. canescens has high water use efficiency and is 

highly stress tolerant. It tolerates heavy browsing and provides valuable forage to wildlife and 

domestic livestock even in years when annuals fail. In its native habitats of Southwest US, this 

species exhibits high genetic variation, which is usually related to ploidy levels (chromosome 

number). Cytotypes with different ploidy levels have different geographical distributions and 

vary in morphology, physiology and ecology. However, this variation has not been taken into 

account in efforts to introduce this species to China. The present study investigated 

ecophysiological traits that contribute to drought tolerance among different cytotopes in their 

native habitats, with the goal of informing the introduction of these species to the 

heterogeneous environments of Northwest China.  

Polyploidy produces significant anatomical and physiological changes in plants (Warner 

and Edwards 1989, Senock et al. 1991, Warner and Edwards 1993), which apparently confers 

adaptive advantages. Polyploidy can increase resistance to drought in some wild plants and 

crops (Nassar 1992, Pustovoitova et al. 1996, Nassar 2006). But the mechanism involved is not 

well studied. The most immediate effect of chromosome size increase is an increase in cell size 

(Masterson 1994). For example, the hexaploid wheat has much larger leaf cell than the diploid 

ones (Jellings and Leech 1984). The proportional increase in cell volume with increase of 

chromosome size was attributed to a balanced cell growth through maintenance of a constant 

ratio between the nuclear volume devoted to transcription and the cytoplasmic volume devoted 

to protein synthesis (Cavalier-Smith 1985). Studies on C4 species have found that cytotypes of 
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higher polyploidy levels have larger cells in vascular bundle sheath but mesophyll cell volume 

did not vary as much among cytotypes (Warner and Edwards 1989).  

Polyploidy also affect xylem properties, such as lignin content and cell wall thickness and 

may affect xylem hydraulic conductivity (Nassar et al. 2008, Maherali et al. 2009). Pentaploids 

and hexaploids of Betula papyrifera (paper birch) are more tolerant of water deficit than 

diploids of the same species (Li et al. 1996). The polyploids showed smaller stomatal indices, 

lower osmotic potential at saturation, thicker epidermis and more pubescence, which tend to 

reduce water loss or to maintain turgor in case of lower water potential. The polyploids can 

also maintain photosynthesis, although at a low level, under low water potentials where 

photosynthesis of diploid completely ceased (Li et al. 1996).  

Understanding the structural and functional adaptation of polyploids to water deficits is 

an important aspect in determining the role of polyploidy in habitat differentiation and 

adaptation. Furthermore, knowledge about differences in physiology, especially stress 

tolerance, would provide guidance in breeding fine varies of crops suitable for different 

environmental conditions or managements. This is especially true considering that numerous 

crops and economically important plant species have different cytotypes including both natural 

polyploids and induced polyploids. Most importantly, changes in chromosome size even, it is 

induced, would have immediate effects in plant’s structure and function that apparently affect 

their adaptation. Many examples have suggested that the diploids are more sensitive to 

competition and drought (Lewis 1980, Lumaret et al. 1987, Li et al. 1996). 

Habitat differentiation between cytotypes increases the species’ colonizing ability and 

amplifies divergence in reproductive strategy, which permits them to coexist in sympatry 

(Lumaret et al. 1987). Higher genetic diversity of polyploids is often related to high variety in 

morphology and physiology, which consequently contributes to their wider distribution range 

and microhabitat differentiation (Hayman 1960, Brittain and Grant 1965a, b, 1966, 1967a, b, 

1968a, b, 1969, Dunford 1984, Senock et al. 1991, Li et al. 1996, Maherali et al. 2009).  

In the present study, we investigated ecophysiology of three dominant cytotypes (diploid, 

tetraploid and hexaploid) of a C4 saltbush (Atriplex canescens) in New Mexico. Functional 

traits related to xylem water transport and drought tolerance were compared between the three 
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cytotypes to address three major scientific questions: 1) whether the three cytotypes differ in 

xylem hydraulic conductivity? 2) whether the three cytotypes differ in drought tolerance? 3) is 

there a trade-off between xylem water transport efficiency and drought tolerance across 

cytotypes? 

Materials and Methods 

Study area and plant materials  

Our study area located on the northern part of Chihuahuan Desert in the southern part of 

New Mexico (Fig. 2). This area includes the flood plain of the Rio Grande and adjacent 

slopes and mesas. Elevation of the area ranges from 1100m in the valley to 1300m on the 

mesas. The area is dominated by an arid subtropical climate with annual precipitation of 

24 cm and maximum temperatures average 13 °C in January and 36 °C in June.  

This area has extensive populations of A. canescens with diploids, tetraploids and 

hexaploids being the major cytotypes (Stutz et al. 1975, Stutz and Sanderson 1979, 

Dunford 1984). The most obvious habitat difference between the three cytotypes is soil 

texture although the mechanism of adaptation is not known (Dunford 1984). Tetraploid 

populations were the most common and widely distributed cytotypes and they typically 

occupy fine textured soils. The diploids are associated with sand dunes and the 

hexaploids are limited to the flood plain, where the soils are medium to fine textured silts 

and clay. Ecophysiological measurements related to plant water relations were made on 

three typical populations for each of three cytotypes, respectively.  

Ecophysiological measurements  

Leaf water potential—Midday leaf water potential (Ψ) was measured using a 

Scholander pressure chamber (PMS Instrument, Corvallis, Oregon, USA) in December 

2010 and July 2011. Two shoot tips from each of eight plants were collected for each 

population at midday (1200-1400). Immediately after excision, the shoot tip was sealed in 

a plastic bag containing a moisture paper towel and placed in a cooler to avoid solar 
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heating and transported shortly back to the laboratory located at New Mexico State 

University for leaf water potential measurement.  

Stem hydraulic conductivity—Stem hydraulic conductivity was measured on eight 

branches with each from a different individual for each of the three cytotypes. Branches 

with diameter between 5 to 8 mm were cut using a clipper. Segments about 30 cm and all 

terminal were sealed separately in numbered plastic bags with moist tissue papers. 

Materials were kept in a moist container and transported to the laboratory at Harvard 

University. All hydraulic conductivity measurements were made within 10 days from 

sampling and measurements on a subset of samples did not show significant change in 

hydraulic conductivity within the experimental period. In the laboratory, stem segment of 

15 cm were cut off from the middle part of the originally sampled stem segments under 

water. Both ends of the segment were then shaved with a sharp razor blade immediately 

before measurement of flow rate. One end of the segment was then connected to a silicon 

tubing apparatus that was connected to a reservoir containing degassed and filtered water 

placed on a sartorius analytical balance, which is connected to a computer. The reservoir 

was 50 cm above the horizontal branch segment to provide a relatively low hydraulic 

head. The reservoir was large enough and thus during the measurement the change of 

water level was negligible. The mass of the reservoir was logged using LabVIEW 

(National Instruments Corp., Woburn, USA) every second and the rate of water flow 

through the stem segment was calculated as the change rate of reservoir mass after an 

equilibration was reached. Hydraulic conductivity (kg m s-1 MPa-1) of each segment was 

calculated as:  

)//( LPJK vh ∆∆=  

where Jv is flow rate through the segment (kg s-1) and ΔP/ΔL is the pressure gradient 

across the segment (MPa m-1). Sapwood area was determined at 1 cm from both ends of 

the segment using the dye staining method and the two values were averaged. Image of 

the stained wood was taken under a dissecting microscope under magnification of 10 and 

stained area was calculated suing ImageJ.  
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From each branch, 30 leaves were randomly selected and the total area was 

measured using a LI-3000 leaf area meter (Li-Cor, Lincoln, NE, USA). Leaves were then 

dried in an oven at 60 °C for 48 hours before dry mass determination.  Leaf mass per area 

(LMA; g m2) was calculated as total leaf area divided by total leaf dry mass of the 30 

leaves. Dry mass of the rest leaves was also measured and the total leaf area of the whole 

branch was calculated as the total leaf dry mass divided by LMA.  Sapwood-specific 

hydraulic conductivity (Ks; kg m-1 s-1 MPa-1) was calculated as the ratio of Kh to sapwood 

area, and leaf-specific hydraulic conductivity (Kl, kg m-1 s-1 MPa-1) was calculated as the 

ratio of Kh to total area of leaves distal to the segment. Leaf area to sapwood area ratio 

(LA/SA) was calculated as the total area of leaves distal to the segment divided by 

sapwood area.  

Native embolism measurement—We measured native embolism as the loss of stem Kh 

associated with in situ cavitation relative to maximum Kh, which was measured after 

flushing the stem with degassed 10 M KCl solution at 200 kPa for 40 min.  

Stem vulnerability curves—Vulnerability of stem to cavitation was estimated using an 

air-injection method (Sperry and Saliendra 1994).  Stem segments 15 cm in length were 

flushed with degassed 10M KCl solution at 200 kPa for 40 min and maximum Kh was 

determined. The flushed segment was then inserted through a double-ended pressure 

sleeve with both ends protruding. An airtight seal was formed by placing rubber 

compression gaskets and steal caps at both end of the pressure sleeve so that air pressure 

could be increased around the stem through a pipe connected to a high pressure nitrogen 

tank. Hydraulic conductivity was measured after the segment was exposed to 

progressively higher air-injection pressure (0.5, 1, 1.5, 2, 3, 4, 5, 6, 7, 8 MPa). Elevated 

pressure was held constant using a gas pressure regulator for 10 min and then allowed 10-

30 min equilibrium before determination of Kh. The vulnerability curve was plotted as 

percentage loss of hydraulic conductivity vs. air pressure inside the sleeve during air 

injection.  
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Results  

Field observations and ploidy test using flow cytometry showed that tetraploid is the 

most common cytotype distributed throughout the study area. The diploid plants are 

relatively rare and prefer to grow in habitats with sandy soil. In some sites the diploids 

and tetraploids are found growing in mixed populations. The hexaploid is the most rare 

cytotype that are limited to the valley of Rio Grande and sites with heavy clay soil in the 

White Sands National Monument (WSNM). Most interestingly, on sand dues of WSNM 

only tetraploid plants were found while on the clay soil sites right next to the sand dunes 

only hexaploids can be found (Fig. 2).  

The three cytotypes have contrastingly different leaf morphology. The diploids have 

thin and long leaves and smallest leaf area, the tetraploids have shorter and wider leaves 

and larger leaves than diploids, while the hexaploids have much larger leaves than 

diploids and tetraploids (Fig. 3). Cytotypes with higher ploidy levels tends to have leaves 

with lower leaf mass per area. The diploids have the largest plant size (1.5-2 m in height) 

while the tetraploids and hexaploids usually exhibit dwarf stature that is less than 1 m.  

The diploids and hexaploids were not significantly different in midday leaf water 

potential (-5.24 and -5.17 MPa, respectively). The tetraploids from the Jornada 

Experimental Range with clay soil had significantly lower midday leaf water potential 

than the diploid and hexaploid populations (-5.91 MPa) while the population from the 

sand dunes of WSNM had significantly higher leaf water potential (-3.84 MPa).  

Leaf area to sapwood area ratio (LA/SA) differed substantially among cytotypes. 

Plants of higher ploidy level had larger leaf area per unit sapwood area (Fig. 4).   

Sapwood specific hydraulic conductivity was not significantly different among the three 

cytotypes but the leaf specific hydraulic conductivity was higher in cytotypes of lower 

ploidy levels (Fig. 5). Vulnerability curves of diploid and tetraploid are not significantly 

different, while the vulnerability of hexaploid showed a more negative water potential at 

50% loss o hydraulic conductivity (P50) indicating stronger resistance to drought induced 

loss of hydraulic conductivity (Fig. 6).   
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Discussion  

The present study showed that different cytotypes of four-wing saltbush are significantly 

different in a suite of ecophysiological traits including leaf morphology, xylem hydraulic 

conductivity and resistance to drought-induced cavitation. These differences may have 

strong impact on the water relations of these plants and resulted in habitat differentiation 

in natural environments.  

Leaf morphology and biomass allocation between leaf and stems are important 

traits related to plant water relations and drought tolerance. Smaller leaf and larger 

sapwood cross-sectional area per unit leaf area contribute to the maintenance of water 

balance and are favorable in drought-prone environments (Hamann 1979, Cunningham et 

al. 1999, Fonseca et al. 2000). However, in the present study variation in leaf size among 

cytotypes of four-wing saltbush seems to be contrary to this trend; cytotypes that are 

more tolerant to drought-induced cavitation have larger leaves and smaller LA/SA. The 

increase in cell size and leaf size is the most common and immediate effect of 

chromosome size increase (Masterson 1994). It was not evolved as a response to 

environments after the formation of polyploids but occurred simultaneously as 

chromosome doubling happened, which has been demonstrated in many species by 

experimentally induced polyploids. In C4 plants, the effect of chromosome doubling on 

leaf morphology is more complex than in C3 plants. The larger impact of chromosome 

doubling on the increase of vascular bundle sheath cell volume than on mesophyll cell 

volume may affect CO2 concentration in these cells and affect the leaf photosynthetic 

water use efficiency (Warner and Edwards 1989). In fact, it has been found that higher 

ploidy level is related with higher photosynthetic water use efficiency in four-wing 

saltbush (Senock et al. 1991). 

Results of the present study suggest that polyploidy does not affect stem xylem 

transport efficiency as indicated by similar Ks between cytotypes; however, due to its 

significant influence on leaf size and total leaf area chromosome doubling strongly 

affects water availability and water use at the leaf level. Higher water use efficiency in 

higher ploidy cytotypes may have negative effect on plant CO2 assimilation and growth 
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although it might be positively related to drought tolerance. Our growth experiments 

showed that diploids have the highest growth rate and the hexaploids have the lowest 

growth rate (unpublished data). Growth of stress-adapted species appears to be less 

plastic in response to increased resource availability than growth of species adapted to 

high resource levels (Chapin 1980, Bloom et al. 1985). A trade-off between leaf water 

use efficiency and growth rate is likely exist across cytotypes and may have contributed 

to their habitat differentiation.   

In Jornada Experimental Range, the diploid populations are usually related to sandy 

soil or even active sand dunes. It has been indicated that in the arid region of western US 

plants grown on sandy soil have better water availability than plants grown on clay soil 

(Sperry and Hacke 2002). Rainfall can penetrate sandy soil relatively easily compared to 

clay soil. Also, sandy soil is relatively easy for roots to penetrate than clay soil and thus 

diploids grown on sandy soil can reach water in depth. The hexaploids are limited to 

heavy clay soil and exhibit dwarf growth form. The slow growth rate of the hexaploids 

may have excluded them from habitats with better water availability, where they can not 

compete with diploids or tetraploids that have higher growth rates.  

 The relatively large ecophysiological flexibility of tetraploid A. canescens may be 

responsible for its wide distribution in the studied region. In Jornada Experimental Range, 

the tetraploids showed water potential that are more negative than diploids and 

hexaploids but when grown on the sand dunes of WSNM they have the lowest water 

potential and low resistance to drought-induced cavitation. The sand dunes in WSNM 

have higher water table than neighboring clay soil; however, due to the movement of 

sand dunes plants adapted to this habitat need to have relatively higher growth rate to 

avoid burying by sand. Even the tetraploids have relatively higher growth rate, the major 

part of the plants are buried in the sand when grown on the sand dunes and only the tips 

of the fast growing shoots are out side of the sand. The hexaploids do not have the ability 

of fast growth even under favorable water conditions and thus can not grow on the active 

sand dunes; however, their stronger drought tolerance enabled them to outcompete the 

tetraploids in the neighboring drought-prone clay soil.  
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Based on geological distribution of A. canescens (including available data of all 

subspecies and varieties of all ploidy levels), a niche modeling analysis was conducted 

based on global climate data (Fig. 7). The results showed that arid and semiarid regions, 

including northern China, are potential habitats for this species. Specifically it is highly 

suitable for the region eastern to the barren deserts of Northwestern China, which 

suggests its potentials use in desert control and degraded land reclamation in this arid 

region. Despite the overall drought tolerance to this species, one cannot ignore the 

genetic variation within this species, which can significantly affect their adaptation to 

environments. Although the nature of ecophysiological variation and differences in 

geological distribution among cytotypes are not clear, it is obvious that different 

cytotypes are related to soil texture and water availability. Considering the high 

environmental heterogeneity of northern China, might be important to take into account 

the genetic variation for a more successful introduction of this species. Multi-time 

introduction of different varieties maybe needed to fulfill requirements in different 

environments.  
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Fig. 1 World distribution map of Atriplex canescens. 
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Fig. 2 Tetraploid Atriplex canescens growing on the slopes of sand dunes and hexaploid 

growing on clay soil right next to the sand dunes in White Sands National Monuments.  
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Fig. 3 Photos and bar graphs showing the differences in leaf form among diploid (2X), 

tetraploid (4X) and hexaploid (6X) Atriplex canescens.  
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Fig. 4 Photos and bar graphs showing the differences in branch morphology among 

diploid (2X), tetraploid (4X) and hexaploid (6X) Atriplex canescens. Cytotypes of higher 

ploidy levels had significantly larger leaf area to sapwood area ratios (LA/SA).  
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Fig. 5 Specific hydraulic conductivity (Ks) and leaf-specific hydraulic conductivity (Kl) of 

diploid (2X), tetraploid (4X) and hexaploid (6X) Atriplex canescens. 
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Fig. 6 Percentage loss of stem hydraulic conductivity (PLC) versus air injection chamber 

pressure for diploid (2X; A), tetraploid (4X; B) and hexaploid (6X; C) Atriplex canescens. 

Solid vertical lines show PLC of 50% and dashed vertical lines show mid-day leaf water 

potentials measured during the dry season.  
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Fig. 7 Potential niches of Atriplex canescens modeled using current climate data. 
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