
Summary Elucidation of the mechanisms of dehydration
tolerance in poplar (Populus sp.) trees will permit development
of biochemical and molecular indicators to identify dehydra-
tion-tolerant genotypes during genetic selection. The objec-
tives of this study were to characterize the degree of phenotypic
variation in osmotic potential (a determinant of dehydration
tolerance), determine the relationship between osmotic poten-
tial at full turgor and relative growth rate, and identify quantita-
tive trait loci (QTL) for osmotic potential in an advanced-gen-
eration, interspecific poplar pedigree established in contrasting
environments. A three-generation, sib-mated black cotton-
wood (Populus trichocarpa Torr. & Gray) and eastern cotton-
wood (P. deltoides Bartr.) segregating F2 family (Family 331)
was analyzed at a dry site east of the Cascade Mountain Range
(Boardman, OR) and at a wet site west of the mountains
(Clatskanie, OR). At the Boardman site, 2-year-old trees
(59 clones) were either irrigated everyday (wet) or every other
day (dry), whereas 3- and 4-year-old trees (58 clones) at the
Clatskanie site were unirrigated.

At the Boardman site, the typically narrow range of osmotic
potentials exhibited by grandparents and parents was greatly
expanded in the F2 population, spanning from –1.38 to
–2.35 MPa under wet conditions, with a similar range under
dry conditions (–1.40 to –2.15 MPa). Clones that had osmotic
potentials ≤ –1.90 MPa generally displayed full maintenance
of stem relative growth rates under dry conditions in contrast
to clones with osmotic potentials that were ≥ –1.60 MPa, in
which stem relative growth rates were reduced by an average
of 38% in the dry treatment relative to the wet treatment. Al-
though osmotic adjustments of 0.13 to 0.36 MPa were ob-
served in nine out of 59 clones, adjustment typically occurred
from relatively high baseline osmotic potentials. The range in
osmotic potential at the wetter Clatskanie site at age three was
higher (–1.27 to –1.84 MPa) and was further expanded the fol-
lowing year (–1.14 to –1.94 MPa), which had a wetter spring
than the previous year, followed by a typically dry July. Seven
QTL for osmotic potential were identified that each explained
> 7.5% of the variation in osmotic potential. Given that four

clones (7%) had osmotic potentials of –2.00 MPa or less and
that QTL for osmotic potential have been identified, we sug-
gest that there are opportunities to extend the limit of dehydra-
tion tolerance in Populus.

Keywords: dehydration tolerance, drought, osmotic adjust-
ment, Populus deltoides, Populus trichocarpa, QTL, water
potential.

Introduction

Plant growth rarely occurs at full potential for extended peri-
ods in field conditions and growth is often limited by drought
in temperate regions. Use of woody crops for Quad-level
(1015 BTU) energy production will require use of marginal ag-
ricultural lands (Tuskan 1998) where the occurrence of water
stress will be recurrent, especially given the predictions of in-
creased frequency and severity of droughts associated with the
greenhouse effect (Neilson et al. 1989). For woody biomass to
be a commercially viable energy source for biofuel produc-
tion, a feedstock production goal of 20 Mg ha–1 year –1 of dry
aboveground biomass is required to reduce the cost of the en-
ergy source to $2 GJ–1 (109 J) (Tuskan and Walsh 2001). Such
aboveground productivities are currently obtainable in the Pa-
cific Northwest, where cottonwood hybrids (Populus tricho-
carpa Torr. & Gray × P. deltoides Bartr.) are grown, and in
subtropical regions, where Eucalyptus spp. are grown. Success
in the Pacific Northwest is chiefly the result of a comprehen-
sive genetic improvement program and nearly ideal water and
nutrient conditions. The ability of Populus clones to tolerate
drought is critical to the wood products industry, which must
use combinations of silvicultural treatments to obtain high dry
mass yields over a typical 6–7 year rotation length (up to a
maximum of 12 years), which captures the maximal produc-
tivity of the trees in their juvenile growth phase. A long-term
goal of the commercial poplar industry is to increase the limits
of dehydration tolerance of poplar to maintain productivity on
drought-prone sites, thereby expanding the land base suitable
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for short-rotation woody crops with and without irrigation.
Some plant species, and some individuals within a species,

can tolerate increasing water deficit stress by maintaining low
osmotic potential at full turgor (πo) or by accumulating solutes
in tissues, thereby lowering πo (osmotic adjustment; Morgan
1984), or both. Tyree and Jarvis (1982) suggested that low πo

should enhance the ability of plants to take up water from dry
soils and may be as important as root growth in facilitating wa-
ter uptake. Whether such mechanisms promote growth during
drought stress or simply minimize the impact of drought on
productivity and facilitate recovery from drought is unclear.
There are few assessments of the fundamental relationship be-
tween πo or osmotic adjustment and growth of trees under field
conditions. With values of leaf πo typically stabilizing from
the third growing season on, assessments of these variables at
3–4 years of age would provide a good representation of val-
ues at rotation age (6–7 years). Many poplar clones currently
being established as short-rotation crops are not drought toler-
ant; however, there is evidence of genetic variability (Tyree et
al. 1978, 1979, Tschaplinski and Tuskan 1994, Tschaplinski et
al. 1994) implying that drought-tolerant clones can be identi-
fied and established as crops. The possibility of establishing
drought-tolerant clones in drier areas of the United States,
such as the east of the Cascade Mountain Range in Washington
and throughout the Midwest, will increase the amount of land
with the potential to support short-rotation biomass planta-
tions.

Low πo is indicative of dehydration tolerance and also oc-
curs as part of a generalized stress response, suggesting that a
common genetic or biochemical regulatory network may be
involved. Elucidation of the mechanisms involved in regulat-
ing πo will permit development of biochemical and molecular
indicators that can be used during genetic selection for rapid
stress tolerance screening in traditional breeding programs.
The rapid development of genomic tools (Tuskan et al. 2004b),
coupled with the establishment of multiple generation poplar
pedigrees and a marker-saturated genetic linkage map for pop-
lar (Yin et al. 2004), permits the identification of quantitative
trait loci (QTL) and eventually, the genes controlling traits
such as dehydration tolerance. Establishment of the pedigrees
at different sites allows an assessment of QTL detection in
contrasting environments. The main objectives of this study
were to: (1) characterize the phenotypic variability and range
of πo in an interspecific, multiple-generation poplar pedigree
grown under contrasting field conditions; (2) determine the
correlation between πo and productivity in that pedigree; and
(3) identify QTL for πo.

Materials and methods

Germplasm and site description

Boise Cascade Corp. (BCC) established a large drought stress
facility at Boardman, OR (45.8° N, 119.5° W), in which poplar
trees could be subjected to various degrees of water stress to
determine the effects on productivity. The BCC established
cuttings of 59 clones from the University of Washington’s

(UW) black cottonwood (Populus trichocarpa) and eastern
cottonwood (P. deltoides) F2 Family 331, including the two
grandparents (P. trichocarpa ‘93–968’ (female), P. deltoides
‘ILL-129’ (male)), two F1 hybrid parents (53–246 (female),
53–242 (male)) and 55 full-sib F2 progeny. Two ramets per
clone per block were established from cuttings planted on
May 18, 1993 at a spacing of 1.5 m (within row) by 3.0 m (be-
tween rows). Operational irrigation/fertilization regimes, pest
control measures and site tending were applied. The character-
istics of the site have been described previously (Gebre et al.
1998). Briefly, the soil classification is Kimberly-Quincy-Xe-
ric Torriorthens, which is well- to excessively-drained (USDA
1983). Annual maximum and minimum air temperatures at the
site from May through October were 26.9 and 10.5 °C, respec-
tively. The site typically receives ~20 cm of precipitation an-
nually with most of that occurring as snowfall. Site fertiliza-
tion requirements were determined weekly by complete foliar
nutrient analyses.

The same clones of Family 331 were additionally estab-
lished and maintained by James River Corp. at a hydric site
west of the Cascade Mountains at Clatskanie, OR (46.1° N,
123.3° W) on April 23, 1993, with cuttings also planted at a
1.5 m × 3.0 m spacing. Being in the Columbia River delta, this
high fertility site required no additional inputs of water or nu-
trients to achieve high aboveground growth rates. Mean annual
precipitation is 161 cm. Mean daily maximum and minimum
temperatures for the area during the growing season (May–
October) from 1993 through 1996 were 23.4 and 11.5 °C, re-
spectively. The January through May period was wetter
(+28 cm) in 1996 than in 1995 and the temperature in May was
on average 5 °C less in 1996 than in 1995. At the time of leaf
sampling for osmotic potential in late July, the site had
received only 2 cm of precipitation that month.

Water treatments

Soil water content at the drier Boardman site was determined
by neutron probe analysis. Trees in three of the four replicate
blocks at the Boardman site received the daily operational irri-
gation at a rate of ~91 cm during the growing season. Trees in
the fourth replicate block received one-half of this rate (i.e.,
water was turned off every other day) to mimic drought condi-
tions. A soil water-release curve was generated to determine
the soil matric potentials achieved by the different irrigation
treatments to 35 cm depth (Figure 1). The soil matric potential
of the drought treatment was below –0.30 MPa on four sam-
pling dates and reached a minimum of –0.56 MPa on Day 262
(August 10), compared with –0.11 MPa and generally stable
values for the well-irrigated, wet treatment. Midday tempera-
tures exceeded 40 °C during the first week and were only
slightly lower (~5 °C) in the second week.

Growth measurements

Tree height (H) and stem diameter at breast height (D) were
determined annually before leaf flush and at the end of the
growing season in October of each year for the Boardman site
(two ramets per clone). Additionally, D was determined for a
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2-week period (June 13–30) preceding the leaf sample collec-
tions for the determination of πo. The D of clones at the
Clatskanie site was determined on June 4 and 56 days later on
July 30, 1996 (six ramets per clone). Periodic and annual di-
ameter and height measurements were used to calculate D2H
and stem diameter relative growth rate (RGR) estimates for
clones under each treatment. We calculated RGR as the differ-
ence in natural log of D2H at two points in time divided by the
interval between the measurements.

Determination of osmotic potential

We measured πo to assess the degree of dehydration tolerance
among clones in the different irrigation treatments. Trees were
sampled in their second growing season at Boardman and in
their third and fourth growing seasons at Clatskanie. Leaves
(leaf plastochron index (LPI) 9–11) on fully exposed lateral
shoots of two ramets per clone from one block were collected
(1000–1600 h local time) to determine πo with a Wescor vapor
pressure osmometer (Wescor Inc., Logan, UT). All clones of
the F2 Family 331 were sampled within a 2-week period (July
28–August 11, 1994) at Boardman. The shoots were
rehydrated overnight in distilled water, after which one leaf
per shoot was removed, frozen in dry ice, thawed and πo of the
extracted sap measured with an osmometer.

The 3- and 4-year-old trees of the same 58 clones from Fam-
ily 331 were studied at Clatskanie in 1995 and 1996, respec-
tively. Six ramets per clone were sampled on July 15 and 16,
1995, and six additional ramets per clone were sampled the
following growing season on July 30 and 31, 1996, a year with
a cooler and wetter spring than the preceding year, followed by
a typically dry summer. Comparison of the 2-year-old “wet”
and “dry” data from the Boardman site with the 3- and
4-year-old data from the Clatskanie site provided an initial as-
sessment of the environmental effect on πo, with Boardman
having more sunny, low humidity, hot and dry days during the
growing season than the cooler, wetter and cloudy coastal
Clatskanie site.

Genetic data and map construction

In a concurrent study (Sewell et al. unpublished data),
genotypic segregation data from simple sequence repeat
(SSR) and amplified fragment length polymorphism (AFLP)
markers were used to construct a sex-average framework map
for the F2 Family 331. Evenly spaced markers were selected
from a previous mapping study of Family 331 (Tuskan et al.
2004a). Fully informative markers (i.e., a marker that is het-
erozygous for different alleles in each of the F1 parents) were
preferentially chosen when available. The framework map was
constructed at LOD 5 using MapMaker (Lander et al. 1987)
and JoinMap (Stam 1993). Briefly, the map has 637 SSRs and
533 AFLPs, an average marker interval of 3.8 cM and linkage
disequilibrium occurring over relatively small regions. Meth-
ods pertaining to SSR and AFLP analyses for Populus fol-
lowed Tuskan et al. (2004a) and Yin et al. (2004), respectively.
Map construction followed Sewell et al. (1999).

Data analysis

Osmotic potentials presented are clonal means of two ramets
per clone per treatment at Boardman and six ramets per clone
per year at Clatskanie. Significant (P < 0.05) osmotic adjust-
ment to drought stress treatment for each clone, was deter-
mined by Student’s t tests. The relationships between osmotic
potential parameters and growth parameters at each site and
between sites were determined by correlation analyses.

A web-based interval mapping program (http://qtl.cap.ed.
ac.uk/; Seaton et al. 2002) was used to detect associations be-
tween the segregation of genetic markers and phenotypic vari-
ability for πo. This method uses a least-squares approach
(Haley and Knott 1992) to simultaneously analyze multiple
markers of an outbred pedigree (Knott et al. 1997). Each link-
age group was scanned at 1-cM intervals for locations explain-
ing a high proportion of the phenotypic variance (i.e., evidence
for a QTL) with a conventional interval analysis. The QTL
were reported at two thresholds, a significant level (P = 0.01)
and a suggestive level (0.05 = P > 0.01), for linkage group-
wise tests. Separate thresholds were used in an attempt to
avoid Type I and II errors associated with point-wise versus
genome-wide analyses (Lander and Kruglyak 1995). Initially,
the data sets from each of the four water treatments (i.e., wet
and dry conditions from 1994 at Boardman and untreated con-
ditions from 1995 and 1996 at Clatskanie) were analyzed indi-
vidually (results not shown). These treatments were then orga-
nized into a data set for each site (i.e., two treatments per site)
and a single data set including all four treatments, and re-ana-
lyzed with “treatment” as a fixed effect. Additive and domi-
nance effects were calculated for each data set with an F2

model (Seaton et al. 2002).

Results

Osmotic potential of F2 Family 331 at Boardman (1994)

The survey of osmotic potential at full turgor (πo) of F2 Fam-
ily 331 at Boardman demonstrated tremendous variability
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Figure 1. Soil matric potential of the wet (�; operational irrigation re-
gime of 91 cm) and dry (�; 50% of the irrigation of the operational re-
gime) treatments at Boardman, OR during the 1994 growing season.
Trees were sampled in their second growing season.



among the full-sib progeny, with πo ranging from a high of
–1.38 MPa (least tolerant) for Clone 1120 to a low of
–2.35 MPa (most tolerant) for Clone 1087 under well-watered
conditions (Table 1). Of the grandparents and parents, P. del-
toides ‘ILL-129’ (male) had the lowest πo (–1.90 MPa), P. tri-

chocarpa ‘93–968’ (female) had the highest πo (–1.55 MPa)
and the F1 hybrid parental clones 53–246 (female), 53–242
(male) were intermediate (–1.84 and –1.71 MPa, respective-
ly). A paired t test revealed a significant difference in πo be-
tween trees in the wet and dry treatments, but the mean πo of
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Table 1. Mean osmotic potential at full turgor (πo) for clones of Family 331 under wet and dry conditions at Boardman, OR during the 1994 grow-
ing season. Abbreviations: OA = osmotic adjustment (i.e., the difference between πo-Dry and πo-Wet); and D2H = ratio of stem diameter at breast
height squared times height. Relative growth rate (RGR) of stem diameter at breast height (June 13 to June 30) is shown, including the propor-
tional maintenance of RGR Dry/Wet as an indication of drought tolerance.

Clone πo-Wet πo-Dry OA RGR-Wet RGR-Dry RGR D2H-Wet D2H-Dry
(MPa) (MPa) (MPa) day–1 × 100 day–1 × 100 (Dry/Wet) (cm3) (cm3)

ILL-129 –1.90 –1.88 –0.02 0.576 0.564 0.980 10980 16876
53-242 –1.71 –1.63 –0.08 0.558 0.443 0.794 22176 20696
53-246 –1.84 –1.75 –0.09 0.633 0.440 0.695 18865 19861
93-968 –1.55 –1.49 –0.06 0.764 0.351 0.459 27514 8171
1059 –1.59 –1.73 0.14 0.836 0.544 0.650 12030 8528
1060 –1.56 –1.68 0.12 0.721 0.623 0.865 9839 4915
1061 –1.62 –1.62 0.00 0.719 0.537 0.747 9035 8765
1062 –2.04 –1.90 –0.14 0.737 0.566 0.767 20506 12417
1064 –1.61 –1.76 0.15 1.103 0.781 0.708 10878 6286
1065 –1.82 –1.65 –0.17 0.785 0.746 0.950 12964 12638
1067 –1.68 –1.82 0.14 0.927 0.812 0.877 8622 8523
1068 –1.90 –1.74 –0.16 0.596 0.733 1.229 9138 11883
1069 –1.60 –1.60 0.00 0.986 0.564 0.572 9564 5613
1071 –1.52 –1.60 0.08 0.739 0.644 0.871 2905 2664
1072 –1.65 –1.76 0.11 0.847 0.639 0.755 8619 8633
1073 –1.59 –1.48 –0.11 0.709 0.504 0.711 9388 7967
1075 –1.85 –2.15 0.30 0.794 0.425 0.535 12754 11917
1076 –1.56 –1.87 0.31 0.656 0.498 0.759 7012 10248
1077 –1.66 –1.80 0.14 0.787 0.404 0.513 5695 4249
1078 –1.69 –1.62 –0.07 0.761 0.611 0.803 7616 11650
1079 –1.76 –1.74 –0.02 0.829 0.688 0.830 8947 9364
1084 –1.84 –1.85 0.01 0.995 0.558 0.561 9533 5875
1086 –1.87 –1.84 –0.03 0.447 0.649 1.452 5154 4212
1087 –2.35 –2.08 –0.27 0.313 0.696 2.223 7169 10263
1090 –1.47 –1.63 0.16 0.818 0.574 0.702 10632 7245
1093 –1.58 –1.87 0.29 0.750 0.665 0.886 11950 8857
1095 –1.67 –1.67 0.00 0.728 0.677 0.930 10995 8789
1101 –1.52 –1.66 0.14 1.079 0.369 0.342 5451 4335
1102 –1.56 –1.82 0.26 0.962 0.589 0.612 3110 3648
1103 –1.87 –1.92 0.05 0.281 0.494 1.758 5047 8141
1104 –1.76 –1.66 –0.10 0.508 0.504 0.992 6912 7407
1106 –1.63 –1.85 0.22 0.813 0.468 0.575 3873 6626
1112 –1.70 –1.50 –0.20 0.770 0.473 0.614 9416 11007
1114 –1.88 –1.98 0.10 0.699 0.698 0.998 16018 12965
1118 –1.70 –1.93 0.23 0.787 0.728 0.925 10407 6514
1120 –1.38 –1.40 0.02 0.874 0.620 0.710 5290 2205
1121 –1.50 –1.70 0.20 0.944 0.521 0.553 10741 9249
1122 –1.70 –1.69 –0.01 0.876 0.625 0.713 13200 21188
1126 –1.83 –1.87 0.04 0.767 0.422 0.550 8707 3056
1127 –1.62 –1.71 0.09 0.941 0.922 0.980 3078 10257
1128 –1.69 –2.04 0.35 0.813 0.600 0.738 13334 16248
1130 –1.96 –1.96 0.00 0.535 0.791 1.479 3354 5323
1131 –1.60 –1.74 0.14 1.536 0.448 0.292 14035 4219
1133 –1.41 –1.53 0.12 0.845 0.495 0.585 6880 2251
1136 –1.69 –1.60 –0.09 0.803 0.692 0.861 7348 7934
1140 –1.72 –1.83 0.11 0.716 0.462 0.645 13334 12773
1149 –2.17 –1.99 –0.18 0.616 0.513 0.832 22261 17164

Continued on facing page



all clones was similar under both well-watered and dry condi-
tions (–1.71 versus –1.76 MPa, respectively), and πo under dry
conditions was positively correlated with that under wet con-
ditions (r2 = 0.45; P = 0.01; d.f. = 57).

Under dry conditions, πo ranged from a high of –1.40 MPa
for Clone 1120 to a low of –2.15 MPa for Clone 1075, as a re-
sult of a 0.30 MPa adjustment relative in the wet treatment in
the case of the latter clone. Of the nine F2 progeny of Fam-
ily 331 that displayed statistically significant osmotic adjust-
ments of 0.13–0.36 MPa (Clones 1128 (0.36 MPa), 1075
(0.30 MPa), 1102 (0.27 MPa), 1118 (0.23 MPa), 1106
(0.22 MPa), 1121 (0.20 MPa), 1587 (0.18 MPa), 1090
(0.17 MPa) and 1101 (0.13 MPa)), eight were in the top 45%
(26/59) of the fastest growing clones under well-irrigated con-
ditions. However, these eight clones were also in the top 41%
(24/59) of clones with the greatest proportional reductions in
stem diameter RGR in the dry versus wet treatments (Table 1).
They were also generally in the bottom half of RGR rankings
under drought conditions, averaging a 42% reduction in RGR.
With the exception of Clone 1075, all clones that displayed os-
motic adjustment to water stress did so from a high πo under
well-watered conditions (greater than –1.70 MPa). As such,
the degree of osmotic adjustment under dry conditions was
positively correlated with πo under wet conditions (r 2 = 0.31;
P = 0.01; d.f. = 57).

In contrast with the poor growth of clones displaying os-
motic adjustment during drought, nine of the 12 clones with
the lowest πo (less than –1.88 MPa) under dry conditions were
in the top half of clones with RGR that was least affected by
drought, with RGR maintained at > 80% of that in the wet
treatment (Table 1). Overall, only 13% of the variation in pro-
portional reduction in RGR was explained by the regression
with πo (r 2 = 0.13; P = 0.01; d.f. = 57). However, RGR of
clones with πo greater than –1.75 MPa was reduced by 25%,
and was significantly (P = 0.04) different from the 5% reduc-
tion in RGR in clones with πo less than –1.75 MPa. Of the six
clones that were least affected by drought, four maintained low

πo, and all were –1.82 MPa or less. Based on the observed dis-
tribution, a low πo under dry conditions was advantageous at
the Boardman site, i.e., mean RGR of clones that had πo of
–1.90 MPa or lower was 12% greater in the dry treatment than
in the wet treatment, whereas mean RGR of clones that had πo

of –1.60 MPa or greater was reduced by 38% in the dry treat-
ment relative to that in the wet treatment.

There was also considerable clonal variation in morphology.
For example, Clone 1120 was a slow-growing clone at Board-
man with the highest πo, bronzing leaf margins of the upper
leaves, heavy interveinal chlorosis of the lower leaves and the
underside of leaves exuding water. Clone 1087 was an average
productivity clone that had thick xeromorphic leaves, the low-
est πo and displayed only minor leaf loss of the lowest leaves.
Clone 1075 was a fast-growing clone, displaying only minor
leaf loss under stress. The hot (about 40 °C), dry weather in
July resulted in considerable leaf loss in many clones, whereas
it caused only minimal loss of lower leaves in other clones
(e.g., Clone 1087).

Osmotic potential of clones of F2 Family 331 at Clatskanie
(1995–1996)

The mean πo of all clones was 0.19 MPa higher at Clatskanie
than at Boardman (–1.52 versus –1.71 MPa, Figure 2). Al-
though the trees at Clatskanie were 3 years old, they were
about the same size as the 2-year-old trees sampled at Board-
man. Despite the contrasting environments between sites,
clonally replicated πo data collected at the cooler and wetter
Clatskanie site was positively correlated with πo at the drier
and sunnier Boardman site (r 2 = 0.36; P = 0.01; d.f. = 56).
However, year-to-year variation was high at the Clatskanie
site: the coefficient of determination was lower between years
3 and 4 (r 2 = 0.20; P = 0.01; d.f. = 56) than between sites. Al-
though the individuals with above average πo had a higher πo

in 1996 (–1.40 to –1.49 MPa) than in 1995 (–1.50 to
–1.59 MPa), the distribution of πo values was flatter in 1996
with more clones having lower πo, whereas the mean family πo
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Table 1 Cont’d. Mean osmotic potential at full turgor (πo) for clones of Family 331 under wet and dry conditions at Boardman, OR during the 1994
growing season. Abbreviations: OA = osmotic adjustment (i.e., the difference between πo-Dry and πo-Wet); and D2H = ratio of stem diameter at
breast height squared times height. Relative growth rate (RGR) of stem diameter at breast height (June 13 to June 30) is shown, including the pro-
portional maintenance of RGR Dry/Wet as an indication of drought tolerance.

Clone πo-Wet πo-Dry OA RGR-Wet RGR-Dry RGR D2H-Wet D2H-Dry
(MPa) (MPa) (MPa) day–1 × 100 day–1 × 100 (Dry/Wet) (cm3) (cm3)

1151 –2.06 –1.94 –0.12 1.009 0.804 0.796 11335 10761
1158 –1.77 –1.80 0.03 0.855 0.834 0.975 6733 2554
1162 –1.48 –1.61 0.13 0.906 0.514 0.567 5003 3049
1163 –1.72 –1.80 0.08 0.665 0.743 1.117 13903 11665
1169 –1.60 –1.77 0.17 0.579 0.562 0.971 14943 11944
1173 –1.78 –1.78 0.00 0.942 0.841 0.893 24017 13698
1174 –1.74 –1.65 –0.09 0.702 0.726 1.035 15149 13353
1182 –1.72 –1.67 –0.05 0.687 0.721 1.050 2031 1613
1186 –1.69 –1.82 0.13 0.344 0.700 2.036 2096 5906
1580 –1.92 –2.01 0.09 0.438 0.577 1.316 18377 19006
1582 –1.52 –1.64 0.12 0.861 0.647 0.751 11864 8265
1587 –1.58 –1.77 0.19 0.695 0.155 0.223 7803 4032



was similar (–1.52 MPa) in both years (Figure 2).

Correlation of stem D and RGR with osmotic potential

At Boardman, D2H at the end of the first growing season (i.e.,
before bud flush of the second growing season) was negatively
correlated with πo (r2 = 0.22; P = 0.01; d.f. = 57) for the trees in
the wet treatment (Table 2). Stem D2H for the same trees mea-
sured during the second growing season was not significantly

correlated with πo, but RGR was negatively correlated with πo

(r2 = 0.20, P = 0.01, d.f. = 57). Stem D2H of the clones in the
dry treatment was also correlated with πo in year 2, but the re-
lationship was weak (r 2 = 0.077; P = 0.01; d.f. = 57), and RGR
was not correlated with πo. At Clatskanie, D2H and RGR dur-
ing the fourth growing season were correlated with πo, but πo

explained only 14 and 15% of the variation in these growth
variables, respectively (Table 2). Overall, the relative clonal

600 TSCHAPLINSKI, TUSKAN, SEWELL, GEBRE, TODD AND PENDLEY

TREE PHYSIOLOGY VOLUME 26, 2006

Figure 2. Distribution of osmotic potential at full turgor (πo) of 2-year-old clones of Family 331 in the wet and dry treatments at the dry Boardman,
OR site in 1994, and 3- and 4-year-old clones sampled at the wetter Clatskanie, OR site in 1995 and 1996, respectively. Clones were grouped into
0.1 MPa bins. Grandparents and parents are located in each figure.

Table 2. Correlation coefficients (r) and coefficients of determination (r2) for the regressions of osmotic potential at full turgor (πo) with the
growth variables, stem diameter at breast height (D), relative growth rate (RGR) of stem diameter at breast height, and stem volume (D2H; stem di-
ameter at breast height squared times height). Growth data for Family 331 were collected at Boardman, OR (BR) and Clatskanie, OR (CL) field
sites with the age of the trees indicated in parenthesis. The probability (P) that the slopes of the regressions are significantly different from zero at
the given degrees of freedom (d.f.) are shown.

Growth variable Site Treatment r r2 P, d.f.

D2H (end Year 1) BR Wet –0.472 0.223 0.01, 57
D2H (Year 2) BR Wet –0.240 0.058 > 0.05, 57
D2H (Year 2) BR Dry –0.277 0.077 0.05, 57
RGR (Year 2) BR Wet –0.443 0.196 0.01, 57
RGR (Year 2) BR Dry –0.115 0.001 > 0.05, 57
D2H (June Year 4) CL Wet –0.369 0.136 0.01, 56
RGR (Year 4) CL Wet –0.387 0.149 0.01, 56



growth performance was similar between sites. Stem diameter
in June of the third growing season at Boardman was corre-
lated with that in June of the fourth growing season at Clat-
skanie (r2 = 0.45; P = 0.01; d.f. = 56).

QTL identification

Twelve QTL (seven significant and five suggestive) were iden-
tified for πo, where individual QTL accounted for 5.5 to 19.1%
of the variation in πo (Table 3). Eight of these QTL (QI.1, I.2,
II, III, VI, VIII, XII and XV ) were detected using the pooled
data across all treatments (QTL detected at the significant
threshold are in bold type). The remaining four QTL were de-
tected only at a single site. Of these, one QTL (QXIII.1) was
detected using the 1994 wet and dry treatment data from
Boardman and three (Q XI, XIII.2 and XVIII ) using the 1995
and 1996 untreated data from Clatskanie. Each QTL, whether
detected from data pooled across all treatments or pooled
across each site, was also detected using the data analyzed
from each individual treatment within that site.

An interspecific cross between two highly divergent species
allows for the assumption that the alleles at the QTL may be
fixed in alternate forms within each parental species (Brad-
shaw and Stettler 1995). Under this assumption, an F2 model
was used to evaluate gene action from the additive and domi-
nance effects (Table 3). Seven of the twelve QTL exhibited a
dominance effect significantly different from zero for at least
one of the treatments, which suggests a deviation from add-
itivity. Five of these QTL (QII, VI, XI, XII and XV ) exhibited a
positive effect (indicating some degree of dominance or over-
dominance) and two (QXIII.1 and XIII.2) a negative effect (in-
dicating some degree of underdominance).

The direction of effect (i.e., the parental species that contrib-
uted the superior allelic effect) for each QTL was determined
from those estimated additive effects that were significantly
different from zero for at least one of the treatments. The supe-
rior allelic effect arose from the parent with the lowest value of
πo (P. deltoides ‘ILL-129’ (male) for six QTL (QI.1, I.2, II,
III, XIII.2 and XVIII ) and the parent with the highest value of
πo (P. trichocarpa ‘93–968’ (female)) for three QTL (QVIII,
XII and XIII.1).

Discussion

Although stem diameter growth of clones was correlated be-
tween the Boardman and Clatskanie sites, most clones did not
grow as well at Clatskanie and clonal rankings shifted between
sites. These subtle differences suggest that care must be exer-
cised in extrapolating growth classifications from one environ-
mental condition to another, such as found in the hot, dry and
sunny continental climate at the Boardman site and the cooler,
humid and cloudy coastal climate at the Clatskanie site. Re-
sults of several poplar clonal trials at multiple field sites have
also provided evidence of genotype × environment interac-
tions in growth responses (Mohn and Randall 1973, Riemen-
schneider et al. 2001).

Maintenance of RGR during drought varied between clones
and can be considered a general measure of drought tolerance.

However, the capacity for osmotic adjustment did not facilitate
maintenance of RGR under drought stress in our study. Al-
though a positive relationship between osmotic adjustment
and the stability of grain yield during drought has been demon-
strated in wheat, chickpea, and sorghum (Morgan 1983,
Wright et al. 1983, Ludlow et al. 1990, Morgan et al. 1991,
Blum et al. 1999), there have been fewer examples where RGR
of aboveground biomass (e.g., stem or leaves) was positively
correlated with osmotic adjustment (Munns 1988, Passioura
1988). Exceptions include the studies of Wright et al. (1996)
and Tangpremsri et al. (1995) on sorghum and of Morgan
(1995) and Blum et al. (1999) on wheat that suggest a positive
relationship between osmotic adjustment and shoot growth.

The poor growth response of clones displaying osmotic ad-
justment to reduced irrigation may be associated with their
high RGR when irrigated, resulting in low concentrations of
tissue organic solutes and high πo, making them the most vul-
nerable to subsequent drought. Among the F2 clones that dem-
onstrated osmotic adjustment, almost all declined from a high
πo and osmotic adjustment was generally accompanied by a
marked decline in RGR. Such reductions in RGR would make
more organic solutes available for osmotic adjustment that
would have otherwise have been consumed in growth. Munns
(1988) suggested that osmotic adjustment competes with
growth processes for organic solutes. Osmotic adjustment and
low πo are typically considered together as drought tolerance
traits; however, our results indicate that these traits can be un-
coupled. Although osmotic adjustment did not sustain RGR
during drought, the maintenance of low πo was characteristic
of clones that maintained RGR during drought.

The relatively low degree of phenotypic variation in D2H
and RGR explained by the correlation with πo was predicted,
because full sib-mating produces many allelic combinations
that result in growth depression (i.e., inbreeding depression).
Given the observed relationship between low πo and the main-
tenance of growth during drought, and that turgor maintenance
is required to survive dehydration, it is evident that low πo is a
key determinant of dehydration tolerance. Therefore, the vari-
ability in πo observed in this interspecific hybrid pedigree can
be exploited, especially given the identification of several
QTL for πo. Seven percent of clones exhibited a value of πo

that is considered extremely low (less than –2.0 MPa), espe-
cially for a fast-growing hardwood species. Among the woody
species that we have studied, such low values are typically ex-
hibited by dehydration-tolerant oak species, such as chestnut
oak (Quercus prinus L.) (Tschaplinski et al. 1998). Further re-
search will involve conducting candidate gene studies in the
marker intervals of interest, with the search narrowed by sub-
jecting the grandparent clones to drought and using Nimble-
Gen’s Populus whole-genome microarray to determine which
transcripts are up-regulated in the marker interval. Subsequent
up- and down-regulation of the target genes, followed by
phenotypic validation of transgenic transformants, will pro-
vide information on the functional role of the candidate genes
that underlie the identified QTL.

Eight QTL were identified from the data set pooled across
all treatments and sites (Table 3), indicating that these QTL
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were consistently expressed regardless of treatment or site.
However, the finding that four additional QTL were only de-
tected at a single site was unsurprising, because the ability to
detect the QTL may depend on an environment allowing those
QTL full expression. Although πo was correlated between
sites, differences between environmental conditions between
sites and even between years at the same site introduced con-
siderable variability that reduced the magnitude of these rela-
tionships. That is, a generally wet site that experiences a wetter
than normal period followed by a dry period will affect πo of
some clones differently than a period of typically high water
availability followed by a similarly dry period. Precondition-
ing, whether in response to drought, excessive water or pro-
tracted shade will affect the observed clonal πo.

This is not the first study that has detected QTL for dehydra-
tion tolerance in plants, but it is the first study involving a
long-lived woody perennial species. The QTL for dehydration
tolerance in rice (Oryza sativa L.) have been detected by Lilley
et al. (1996), who reported five QTL for lethal osmotic poten-
tial, and Zhang et al. (2001) who identified five QTL for os-
motic adjustment. The biochemical networks that result in
high concentrations of solutes contributing to low πo likely
function as generalized stress responses. Maintenance of low
πo is a key characteristic that contributes to drought tolerance,
but other characteristics such as foliar morphological charac-
teristics that minimize water loss, reduced stomatal conduc-
tance and root growth during drought also contribute to the
overall drought tolerance of a clone. The F2 progeny segre-
gated for an extensive array of characteristics that can play a
role in drought tolerance, and some of these traits have been
mapped in woody species. For example, Brendel et al. (2002)
identified and mapped four significant and four suggestive
QTL in maritime pine (Pinus pinaster) for wood cellulose car-
bon isotope composition, a time-integrated measure of wa-
ter-use efficiency. Similarly, Casasoli et al. (2004) reported
detecting 17 QTL for carbon isotope discrimination of leaves
in Castanea sativa, explaining 4.1 to 13.2% of the phenotypic
variation.

Seven QTL for πo were identified that each explained
> 7.5% of the variation in osmotic potential in our study. The
ability to consistently detect QTL across sites and treatments
and the observation that both parents contribute superior
allelic effects at different QTL, suggest that osmotic potential
is heritable in Populus. With further work, these markers may
prove useful in traditional genetic selection or genetic manipu-
lation of targeted genetic loci, or both. Furthermore, the newly
available genomic sequence for Populus (http://genome.jgi-
psf.org/) will facilitate the identification of genes associated
with these QTL. These genes can then be exploited through
transgenesis to enhance dehydration tolerance in elite clones
that are highly productive when irrigated, but are currently rel-
atively drought intolerant. The large individual effect of a QTL
indicates that a gene may be influencing several subcom-
ponents of osmotic potential. Such responses may be regulated
by a single transcription factor or other regulatory steps within
specific biochemical pathways. As a cautionary note, the mag-

nitude of the effect of a QTL may have been overestimated in
this study because of the small population size.
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