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Semidwarfism has been used extensively in row crops and horticulture to promote yield, reduce lodging, and improve
harvest index, and it might have similar benefits for trees for short-rotation forestry or energy plantations, reclamation,
phytoremediation, or other applications. We studied the effects of the dominant semidwarfism transgenes GA Insensitive
(GAI) and Repressor of GAI-Like, which affect gibberellin (GA) action, and the GA catabolic gene, GA 2-oxidase, in nursery beds
and in 2-year-old high-density stands of hybrid poplar (Populus tremula 3 Populus alba). Twenty-nine traits were analyzed,
including measures of growth, morphology, and physiology. Endogenous GA levels were modified in most transgenic
events; GA20 and GA8, in particular, had strong inverse associations with tree height. Nearly all measured traits varied
significantly among genotypes, and several traits interacted with planting density, including aboveground biomass, root-
shoot ratio, root fraction, branch angle, and crown depth. Semidwarfism promoted biomass allocation to roots over shoots
and substantially increased rooting efficiency with most genes tested. The increased root proportion and increased leaf
chlorophyll levels were associated with changes in leaf carbon isotope discrimination, indicating altered water use efficiency.
Semidwarf trees had dramatically reduced growth when in direct competition with wild-type trees, supporting the hypothesis
that semidwarfism genes could be effective tools to mitigate the spread of exotic, hybrid, and transgenic plants in wild and feral
populations.

Semidwarfism is a valuable trait in many crop spe-
cies and agricultural environments. In cereal crops, it
can result in decreased lodging, increased yield, and
improved harvest index (Dalrymple, 1985; Hedden,
2003). Therefore, it was a critical foundation of the
“Green Revolution” that resulted in large improve-
ments of yield in wheat (Triticum aestivum) and rice
(Oryza sativa; Hargrove and Cabanilla, 1979; Perovic
et al., 2008). Semidwarfism has had substantial benefits
for fruit tree production, where it enables earlier fruit
bearing, higher yields, and easier harvests in orchards
(Battisini and Battisini, 2005). Semidwarf woody spe-
cies are also extensively used in ornamental horticul-
ture, where they allow more compact forms to be fit
into small areas around homes and on streets and re-
duce the need for pruning to avoid interference with
structures and transmission lines (Busov et al., 2003).

Although against the current orthodoxy of forest
tree breeding, where height growth is emphasized,
semidwarfism might also have benefits for wood and
biomass production (Bradshaw and Strauss, 2001).
Such trees could be useful if they were less prone to
wind throw due to their shorter, stockier forms and
expected greater allocation to roots. Reduced stature
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could also result in less bending and slanting of trunks
in the face of wind and gravity on hillslopes and thus
reduce the extent of reaction wood formation, which
degrades the performance and value of solid wood
and pulp products. Reduced height and increased al-
location of growth to roots might enhance stress toler-
ance, soil nutrient uptake, bioremediation, and carbon
sequestration.
Semidwarfism can be achieved by the modification

of several types of genes and physiological mecha-
nisms, but the most prevalent and advanced forms in
agriculture affect GAs or their signaling (for review,
see Busov et al., 2008). GAs are endogenous plant hor-
mones that influence several aspects of plant growth
and development, including seed germination, leaf ex-
pansion, shoot growth, cell division, flower induction,
and fruit development (Sun and Gubler, 2004; Fleet and
Sun, 2005; Swain and Singh, 2005). With respect to shoot
growth, the most obvious effect of GA is its promotion
of stem elongation by stimulating both cell elongation
and division (Marth et al., 1956). GA modification also
has significant effects on plant biochemistry, changing
the amounts and distribution of a wide variety of me-
tabolites in shoots and roots (Rossetto et al., 2003; Chen
et al., 2004; Busov et al., 2006).
Little is known about how semidwarfism affects

belowground growth. GA has been shown to play a
controlling role in lateral root development (Gou et al.,
2010), and GA and ethylene synergistically promote
both the initiation and growth of adventitious roots
(Osmont et al., 2007). In tomato (Solanum lycopersicum),
isogenic GA-deficient mutants (gib) allocate more bio-
mass to roots compared with shoots (Nagel et al.,
2001). In poplar (Populus spp.), semidwarf transgenic
plants grown in vitro had a lower shoot-to-root ratio,
which was at least partly due to proliferation of lateral
roots (Busov et al., 2006; Gou et al., 2010).
As a domestication trait, semidwarfism has been

proposed as a means for mitigating the spread of
transgenic plants within and outside of crop environ-
ments (Al-Ahmad et al., 2005). The genetic dominance
of most semidwarfism transgenes would cause re-
duced height growth in transgene-containing progeny,
reducing their ability to compete for light. Moreover,
because of the close linkage of the semidwarfism genes
to other genes that were cointroduced on the same
plasmid, they would also powerfully retard their
spread or introgression, even in cases where the linked
transgene would, on their own, impart a selective ad-
vantage. However, there have been very few plant
species where this concept has been explicitly tested
(Al-Ahmad and Gressel, 2006; Gressel and Valverde,
2009), and we know of no examples in woody or pe-
rennial plants.
To study the effects of semidwarfism genes in a

woody plant grown under field conditions, we in-
serted a number of dominant GA-modifying transgenes
into hybrid poplar (Populus tremula 3 Populus alba), the
widely recognized model woody plant for genomics
and biotechnology (Herschbach and Kopriva, 2002;

Brunner et al., 2004a; Tuskan et al., 2004). Most of the
genes studied were overexpressed forms of GA 2-
oxidase, GA-Insensitive (GAI), or Repressor of GAI-Like
(RGL), all known to cause semidwarfism in other plant
species. GA 2-oxidase is a major GA catabolic enzyme in
plants, and GAI and RGL are negative regulators of the
GA signal transduction pathway (Appleford et al., 2007;
Busov et al., 2008). The transgenic trees were first ana-
lyzed in the greenhouse (Busov et al., 2006) and then
assayed for their effect on height growth in a 2-year
field trial (Zawaski et al., 2011), from which we selected
10 transgenic events that grew at approximately three-
quarters the rate of wild-type trees. The goal was to
select semidwarf trees whose phenotype was not so
severe as to be irrelevant to possible crop uses but
strong enough to give a clear phenotype in a field
study. In this study, we analyzed changes in a number
of morphological, physiological, and growth traits and
investigated the prospect for semidwarfism to be used
as a mitigation tool to reduce the frequency of spread of
transgenic and exotic species.

RESULTS

Gene Expression Analysis

Quantitative real-time PCR (qPCR) analysis showed
evidence of transgene expression for all six studied
constructs, and the level varied widely among them
(Supplemental Table S1). All of the constructs showing
very high expression, including GA2, GAI-M, and
RGL-1, were driven by the 35S promoter; in contrast,
events driven by the native Arabidopsis (Arabidopsis
thaliana) GAI promoter had much lower expression
levels (Fig. 1). The strongest detected expression from
the native GAI promoter was with the wild-type GAI
gene (GAI-D); expression was considerably lower with
the mutant gai gene (GAI-X).

Figure 1. Variation in transgene expression among constructs,
arranged in ascending order, and by promoter type (Arabidopsis native
or 35S). Values are means 6 SE and were calculated from pooled bi-
ological replications and insertion events within construct types.
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GA Analysis

The endogenous GAs occurred in generally de-
creasing abundances as follows: GA8 . . GA20 .
GA34 = GA29 . GA1 . GA4 (Fig. 2). ANOVA revealed
that the GA quantities varied significantly across the
different events for GA1, GA8, and GA34 (all P , 0.01)
and for GA20 (P , 0.05). When log-transformed GA
values for individual transgenic events were compared
with the control, GA1 and GA8 were significantly
greater in the RGL-1 event (P , 0.01) and GA20 was
significantly greater in the GA2-C-1 event (P , 0.05).
The GA1 precursor, GA20, was generally elevated across
the semidwarfs, and GA34, the 2-hydroxylated catabo-
lite from the alternative GA1 precursor, GA4, was
somewhat elevated. The pattern for the bioeffector
GA1 varied across the transgene types. It was ele-
vated in some DELLA events and dramatically in the
single RGL event, but it was unaltered in the GA2ox
semidwarfs. The abundant GA1 catabolite, GA8, was

elevated in the DELLA-type events, especially in RGL,
and also in the most dwarfed GA2ox event, GA2-C-1.

The ordering of events by height showed that GA
levels were positively correlated with the extent of
dwarfism and, thus, inversely correlated with plant
height (Fig. 2). The strongest associations with height
were observed for GA20 and GA8 (Fig. 2F), and a sig-
nificant but moderate association was also observed
for GA34 (r2 = 0.35; P , 0.05). A strong association
between increased GA1 and decreased height was
specifically displayed for the GA-insensitive DELLA
events (r2 = 0.61; P , 0.01). Comparative values of GA
levels and heights of transgenic events, versus those of
the control, are provided in Supplemental Table S2.

Rooting Efficiency

To propagate sufficient material for our field ex-
periments, we used two commercial nurseries as well

Figure 2. A to E, Levels of endogenous
GAs (means 6 SE) for GA20 (A), GA1

(B), GA34 (C), GA29 (D), and GA8 (E).
The lines are grouped by transgene
type and then sequenced by declining
height in the field study; shaded bars
indicate significant (P , 0.05) differ-
ence from the control (regarding GA34,
see “Materials and Methods”). F, Field
study heights versus the levels of GA20

or GA8, with a logarithmic scale. For
clarity, the GA8 position for GAI-D-1
was slightly offset. For the GA20 re-
gression, r2 = 0.68, P = 0.002; for the
GA8 regression, r

2 = 0.46, P = 0.023.
Supplemental Table S2 presents ratios
of GA levels and heights compared
with the control.
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as our own greenhouse at Oregon State University
(OSU) in 2005, and then a single commercial propa-
gator in 2006. Rooting efficiency of transgenic events
was higher in all locations (P , 0.001), and the trend
was repeated in 2006 (Fig. 3). When constructs were
considered individually, all of the transgenic events
rooted with higher efficiency than controls (P , 0.001)
based on results at the Broadacres Nursery in 2006. On
a genotype basis, however, the plants that rooted most
strongly tended to have GA profiles most similar to

that of the control and little to modest dwarfism (GAI-
D, GA2, and GAI-M), whereas the transgenic plants
that rooted most poorly had the highest GA levels and
among the strongest dwarfism (GA2-C and RGL-1;
compare Figs. 4 and 5). However, all the transgenic
plants tested were substantially superior to controls in
rooting ability.

Raised-Bed Study

We employed raised beds to study the allocation of
growth in small trees because nearly complete root
biomass harvests were feasible (see “Materials and
Methods”). We analyzed the results from two harvests
in the raised beds; trait means are given in Figure 4
and Supplemental Table S3. Beds were not statistically
significant (P , 0.05) as main effects or interactions for
harvest 1 (data not shown), but they were for several
traits in harvest 2 (Table I). Events were a significant
source of variation for most size and mass traits in
both harvests 1 and 2. Transgenics as a group were
statistically different from controls only for height in
harvest 1 but were differentiated also for height, di-
ameter, stem weight, stem fraction, and leaf fraction in
harvest 2. Events varied significantly for all traits ex-
cept root weight and leaf weight in harvest 2. At final
harvest, the transgenic events that showed the greatest
degree of semidwarfism also tended to have the largest
root weights, a higher proportion of root biomass, a
lower proportion of stem biomass, and a higher pro-
portion of leaf biomass (Fig. 4).

High-Density Field Study

We evaluated tree physiognomy through a wide
variety of measurements of plant stature, volume, bio-
mass, and crown form taken during or at the conclusion
of the second year of growth (Fig. 5; Table II; trait
means and SE values are given in Supplemental Tables
S4 and S5). Unsurprisingly, most of the growth and
yield types of traits were strongly affected by block in
this agronomic field site as well as by plant spacing. The
denser of the two plantings tended to give trees that

Figure 3. Rooting efficiency was increased in all semidwarf transgenic
events. A, Plants were sent to two commercial propagators (Broadacres
Nursery [BA] and Premier Botanicals [PB]) or rooted in our greenhouse
at OSU (OS) in 2005. B, Results from 2006 at Broadacres Nursery are
shown by construct.

Table I. Summary of results from ANOVA based on the raised-bed study

** P , 0.01; * P , 0.05; –, not significant.

Variable
Harvest 1 Harvest 2

Event Transgenic Versus Control Event Bed Transgenic Versus Control

Height (cm) ** ** ** ** **
Diameter (cm) ** – ** ** **
Volume (cm3) ** – ** ** **
Stem weight (g) ** – ** ** **
Root weight (g) ** – – ** –
Leaf weight (g) * – – ** –
Stem fraction * – ** – **
Root fraction – – ** ** –
Leaf fraction – – ** ** *
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Figure 4. Growth and allocation of biomass in the raised-bed study during early (harvest 1; A, C, E, and G) and later growth
stages (harvest 2; B, D, F, and H); only results from statistically significant effects are shown. The bars represent means (least
square) 6 SE. Supplemental Figure S1 shows dry weight and height allocation among roots, stems, and leaves. Black bars are
controls; white bars are transgenic events; and gray bars are statistically significant (P , 0.05) events compared with controls.
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were smaller, had shorter live crowns, and steeper
branch angles. Events were significantly different for
every trait measured, with the exception of root dry
weight (Table II). For example, the most dwarfed
events tended to have lower shoot weights, shorter
live crowns, steeper branch angles, and substantially
higher root fractions.
Events and spacing interacted significantly in deter-

mining stem and shoot weight, branch angle, crown
depth, and root-shoot and root-total fractional bio-
mass ratios (Table II; Fig. 5). The changes in shoot
weight and crown depth between spacings were larger

for the control plants than for the transgenic plants,
showing a greater tolerance to variation in spacing
by the semidwarf transgenic plants. In contrast,
branch angle of the transgenic events became steeper
in the higher planting density more so than did the
control plants. Likewise, root fraction, which was
nearly twice as large in the transgenic as in the
control plants at high density, was reduced much
more in the transgenic plants than in the control
plants at low density, although it was still approx-
imately one-third greater than for the nontransgenic
controls.

Figure 5. Growth and allocation of biomass in relation to density in the high-density field study. Spacing is given in feet as per
the original study (where 1.5 feet = 0.45 m, 3.0 feet = 0.91 m). The bars represent means (least square)6 SE. A and B represents
height and stem density, respectively, for all events, where black bars are controls; white bars are transgenic events; and gray
bars are statistically significant (P, 0.05) events compared with controls. C to F represent the transgenic pool versus control for
shoot dry weight, crown depth, root fraction, and branch angle, respectively. Supplemental Figure S2 presents dry weight
partitioning among roots and stems and height differences between high- and low-density plantings.
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The transgenic events varied widely in shoot mor-
phology and physiology, as shown by significant dif-
ferences in chlorophyll, branch angle, petiole angle,
leaf blade area, and carbon isotope discrimination in
leaf tissue (D13C; Table II). Although based on a small
number of data points, for GA2ox there was a very
strong association between D13C and height (Fig. 6A)
and chlorophyll (Fig. 6B). Chlorophyll and height were
also strongly associated (r2 = 0.98; P = 0.008 [data not
shown]). Thus, the more severely dwarfed events had
darker green leaves with increased chlorophyll and
reduced D13C. In contrast, for the DELLA events, there
was no consistent association between D13C and height
or chlorophyll (Fig. 6, B and D). For those GA-
insensitive dwarfs, there was increased D13C accom-
panying the increase in the ratio of root dry weight to
leaf area, which could provide a measure of the po-
tential balance between water uptake and transpira-
tional water loss.

To summarize and integrate the extensive variation
among transgenic events, we conducted a principal
components analysis (PCA; Table III). The first PCA
vector (PC1) accounted for approximately one-quarter
of the variance and was strongly related to above-
ground growth traits such as shoot dry weight, vol-
ume, and crown depth, but it also reflected variation in
leaf and shoot morphology, but to a lesser extent. PC2
accounted for approximately one-fifth of the total
variance and was strongly related to stem density,
chlorophyll concentration, and leaf blade area. PC2
also reflected leaf and branch morphological traits
such as midvein angle, petiole angle, petiole length,

and branch length. PC3 accounted for 15% of the
variance and reflected D13C strongly. PC3 was posi-
tively related to growth rate and mass traits and neg-
atively related to some aspects of leaf and branch
morphological traits such as midvein angle, leaf blade
area, and branch angle. The distinct combinations of
characteristics from the different transgenic events
were evident in the relationship of D13C to other traits
(Fig. 6). RGL-1 was often distinctive and had the
greatest increase in the root-leaf ratio, a slight change
in chlorophyll, and increased D13C. The GA2ox mu-
tants GA2-1 and especially GA2-C-1 had elevated
chlorophyll, little change in the root-leaf ratio, and

Table II. Summary of ANOVA from the high-density field study

**P , 0.01; * P , 0.05; –, not significant; NA, not applicable.

Variable
Effect

Estimates,

High Density (1.5 Feet)

Estimates,

Low Density (3 Feet)

Block Event (E) Spacing (S) E 3 S Transgenic Control Transgenic Control

Shoot height (cm) ** ** ** – 241 321 290 412
Shoot diameter (cm) ** ** ** – 1.77 2.02 2.40 3.15
Volume index (cm3) ** ** ** – 802 1,345 1,571 4,149
Crown depth (cm) ** ** ** ** 116 136 115 178
Crown volume (m3) ** ** ** – 0.535 0.460 0.552 1.93
Branch length (cm) ** ** – 46.3 41.9 58.2 72.8
Stem dry weight index (kg) ** ** ** ** 0.03 0.04 0.07 0.10
Root fraction ** ** ** ** 0.192 0.130 0.216 0.127
Root dry weight (g) – – ** – 99.9 116 326 347
Shoot dry weight (g) ** ** ** ** 30.4 41.1 71.3 97.0
Root-shoot dry weight ratio ** ** ** ** 3.5 2.824 4.65 3.62
Stem density (g/cm3) ** ** ** – 0.574 0.594 0.591 0.592
Branch angle (rad) ** ** ** ** 48.8 51.2 52.4 53.6
Midvein angle (rad) – ** – – 81.6 85.1 82.5 85.3
Petiole angle (rad) – ** – – 52.1 51.1 53.1 49.6
Petiole length (cm) * ** NA NA 3.90 4.16 NA NA
Leaf blade area (cm2) – ** NA NA 75.1 77.3 NA NA
Chlorophyll concentration (mg L21) – ** NA NA 10.5 8.99 NA NA
D13C ** ** NA NA 17.6 17.9 NA NA
PC1 ** ** NA NA 1.714 0.343 NA NA
PC2 ** ** NA NA 0.105 20.021 NA NA
PC3 ** ** NA NA 0.972 20.194 NA NA

Table III. Eigenvectors (multiplied by 100) from PCA, based on the
high-density field study

Variable PC1 PC2 PC3

Stem dry weight 40.90 216.12 33.23
Root dry weight 27.32 24.76 35.65
Aboveground volume index 41.67 213.14 33.68
Stem density 21.60 43.66 7.97
Midvein angle 25.40 224.90 234.21
Petiole angle 24.73 232.09 219.88
Branch angle 25.98 3.34 230.97
Branch length 16.12 24.36 4.10
Crown depth 41.82 25.60 25.89
Chlorophyll concentration 219.03 243.40 25.95
Petiole length 31.52 32.85 25.79
Leaf blade area 18.77 47.44 229.98
D13C 213.91 11.82 53.70
Percentage variance 27.23% 18.05% 14.60%
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decreased D13C. The mutant GAI-M-1 had the highest
chlorophyll and also substantially elevated root-leaf
ratio, and D13C was similar to that of the control.
When PC1 versus PC2 values were graphed, the unique
characteristics of each construct compared with the
control were clearly visible (Fig. 7). RGL was again
among the most distinctive, and the two GAI and the
two GA2 constructs were clearly differentiated from
each other.
When the transgenic semidwarf trees were inter-

planted with nontransgenic trees, they were ineffective
competitors (Fig. 8). All but two of the events had
significantly reduced height, approximately 60% to
70% that of the control. This difference was increased
further, to 25% to nearly 60% of controls among sig-
nificantly different transgenic events, when stem vol-
ume was analyzed. This indicates that stem volume

was more attenuated than height growth as a result of
competition with taller trees.

DISCUSSION

The main goal of this study was to determine how
transgene-imparted semidwarfism affected growth,
morphology, aspects of physiology, and competitiveness
of a tree under intensive cultivation. Although semi-
dwarfism is widely used to increase yields in rice and
wheat (David and Otsuka, 1994; Perkins, 1997), it has not
been productively employed in maize (Zea mays) or
many other cereals. Yield potential has mainly resulted
from improved harvest index associated with dwarfing
in rice and wheat, whereas in maize, tolerance to closer
planting, not dwarfing, has been the major driver

Figure 6. Leaf carbon isotope discrimination
values for transgenic, semidwarf poplars ver-
sus height (A and B), leaf chlorophyll con-
centration (C and D), and root dry weight-leaf
area, an index of potential transpiration, based
on ratios (E and F). The left panels display the
GA2ox transgenics, and the right panels show
the DELLA-type transgenics. For the GAI semi-
dwarfs, the specific genotypes are abbreviated
(i.e. X3 = GAI-X-3; right panels). Only the sta-
tistically significant linear regression lines are
plotted: A, r2 = 0.95, P = 0.028; C, r2 = 0.96, P =
0.008; F, r2 = 0.68, P = 0.012.
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(Evans and Fischer, 1999). Thus, although reduced
stature of fruit, ornamental, and street trees has clear
value, and it is possible that semidwarf trees could
also have specialized uses such as for bioremediation,
stress tolerance, or carbon sequestration (Ragauskas
et al., 2006) as a result of their increased allocation to
root growth (Busov et al., 2006; Gou et al., 2010), it is
unclear whether semidwarfism could be beneficial in
promoting wood yield in dense plantings. It was also
unclear whether semidwarfism observed in open
grown trees would also obtain in mixed plantings, as
trees compensate strongly to favor height over stem
growth under competition for light. For semidwarfism
to be accepted as a mitigation trait against transgene
spread (Gressel, 1999), it was essential to demonstrate
its effects under strong competition in the field.

As expected, the majority of the selected semidwarf
events had reduced shoot growth (stem volume and
biomass) compared with controls. This was expected
due to the effects of GA inhibition, which is likely to

impact not only height growth but also cambial pro-
liferation and cell development (Eriksson et al., 2000;
Björklund et al., 2007; Mauriat and Moritz, 2009;
Mauriat et al., 2011). It was also expected due to the
short-term nature of the study, where even at high
density trees had nearly full sunlight and moisture
(due to irrigation most of the first growing season),
such that faster growing trees could produce a larger
photosynthetically active canopy and thus produce
more stem mass. The cumulative growth benefit from
the first year of nearly open growth is unlikely to be
diluted away by only a single additional year of
competition for light and moisture. The significant
interaction between shoot dry weight and planting
density (Fig. 5C), where the growth superiority of the
control trees was much reduced at high compared
with low planting density, supports the contention
that had the trees been grown at higher density or for a
longer time period (as might characterize a commercial
stand), the growth advantages could have been much
smaller. The approximately 50% higher root fraction in
the transgenics compared with the controls (Fig. 5E)
also suggests that the growth superiority of the con-
trols at high density might be nullified if total biomass
harvests or total carbon addition to the stand, rather
than shoot harvests, were considered. Finally, for
commercial purposes, it is also possible that a less se-
vere degree of semidwarfism would be desirable. We
had selected genotypes with approximately 75% of
wild-type growth based on a previous study to make it
likely that substantial effects were detectable. A more
mild degree of semidwarfism might be commercially
appropriate, depending on stand density, harvest cy-
cles, the canopy structure of particular genotypes, and
the specific application.

In addition to their semidwarfism, the disadvantage
in shoot growth for the semidwarf transgenics, espe-
cially at low density, is also likely to have been a result
of their distinctive morphology. They had higher
chlorophyll content and steeper angles of their
branches and leaf petioles, which might result in in-
creased photosynthesis and more efficiency at inter-
cepting light, but only under intense competition.

Figure 7. Morphological and growth variation among constructs
based on PCA. Ovals show the main concentrations of points for five
constructs and the nontransgenic control. [See online article for color
version of this figure.]

Figure 8. Growth as a ratio to
nontransgenic controls when trans-
genic events were grown in com-
petition with the wild type. A and B
represent volume and height ratios,
respectively. The bars represent means
(least square) 6 SE. Black bars are
controls; white bars are transgenic
events; and gray bars are statistically
significant (P , 0.05) events com-
pared with controls.
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Higher photosynthetic activity in older leaves of GA-
deficient transgenics was previously reported and as-
sociated with their typical dark green foliage (Biemelt
et al., 2004), which should reflect elevated nitrogen as
well as the increased chlorophyll (Evans, 1989). The
depth of their crowns was much less sensitive to in-
creased competition than it was for the control trees
(Fig. 5D), suggesting less ability to take advantage of
the lower planting density. Finally, their proportion-
ally larger root system might have been more efficient

in reaching and extracting nutrients from the soil, but
it would be a benefit primarily under high root com-
petition. This trait, combined with their potentially
higher water use efficiency (discussed below), could
also be important for many forest and woody energy
plantations on marginal soils with little or no fer-
tilization and irrigation, regardless of the degree of
competition.

One of the major outcomes of this study, consistent
with our previous work under in vitro conditions and

Table IV. Constructs used for transformation

Code for event is given as “construct code-number of event.”

Construct Gene Promoter Terminator Event Code Source of Gene

pLARS124 GA 2-oxidase 35S NOS 96-1, 232 GA2-1, GA2-2 Phaseolus coccineum
pNV17rgl Atrgl-1 35S NOS 175 RGL-1 Arabidopsis
MpG3Ktg62 AtGAI 35S 35S 562-1 GAI-M-1 Arabidopsis
pA27c17-1 PtaGA2- ox 35S OCS 74 GA2-C-1 Hybrid poplar
pG3KD1 AtGAI Native Native 135 GAI-D-1 Arabidopsis
pG3Klg Atgai Native Native 10-2, 102-2, 115, 117 GAI-X-1, GAI-X-2, GAI-X-3, GAI-X-4 Arabidopsis
Control 717-1 Control

Figure 9. Views of the field trials. A, Washing roots
from plants harvested in the raised-bed study. B, View
of plants harvested from raised beds; the left-most
plant is a nontransgenic control, and the two plants
on the right are from construct GAI-X-1. Note the
more stocky and rooty morphology of the trans-
genics. C, Views of plants from the field study during
second growing season (August), GA2-2 on the right
and GAI-X-1 on the left. D, Aerial view of the field
study showing the two densities and randomized 25-
tree plots with differential growth. E and F, View of
trees in the competition study during the first year of
growth (E; arrows identify control trees approxi-
mately 2 m in height, surrounded by semidwarf
transgenic trees) and plantation view during the
second year of growth (F), where the tallest trees are
approximately 5 m in height. [See online article for
color version of this figure.]
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early greenhouse growth (Gou et al., 2010, 2011), is that
root biomass fraction was enhanced in semidwarf trees.
Both in the raised-bed environment, where we could
most fully harvest and thus more accurately measure
woody root biomass, and in the field site, the transgenics
showed a higher fraction of root biomass. Even under
the high-density field planting, where allocation to root
growth was reduced relative to shoot growth among the
transgenics (Fig. 5E), the transgenic trees showed ap-
proximately one-third higher root biomass fraction than
control plants. Thus, GA alteration or insensitivity clearly
and consistently leads to increased partitioning to root
biomass growth, with potential consequences for the use
of trees for carbon sequestration, bioremediation, erosion
control, and moisture or nutritional stress tolerance. Fi-
nally, during propagation, we found that the semidwarf
transgenic plants had consistently higher rates of ad-
ventitious rooting. The mechanisms by which GA affects
lateral rooting in poplar have been described elsewhere
(Gou et al., 2010); our results show that a similar mech-
anism appears to operate under field conditions and thus
may facilitate genotype amplification during breeding
and vegetative propagation.

There was significant genetic variation among
transgenic events in leaf D13C (Table II), which provides
an integrative measure of water use efficiency (the
ratio of photosynthetic carbon uptake to transpira-
tional water loss). There are a number of mechanisms
by which modification of GA physiology could have
given rise to alterations in D13C, including through
elevated nitrogen and foliar enzymes associated with
the observed dark green leaves as well as through
variation in stomatal properties. Stomatal conduc-
tance is a key factor controlling leaf D13C (Farquhar
et al., 1989), and while there is limited evidence for
direct effects of GA on stomatal response, GA in-
hibitors have been shown to decrease stomatal con-
ductance in trees (Guak et al., 2001). GA is typically
an antagonist to abscisic acid, and abscisic acid can
directly influence stomatal function (Acharya and
Assmann, 2009).

The trait modifications that were correlated with
D13C suggest different potential applications for the
different transgenic constructs studied. Particularly for
the GA2ox events, the more severely dwarfed events
had dark green leaves with increased chlorophyll
content that should be associated with increased
photosynthetic capacity (Fig. 6). This was tightly as-
sociated with decreased leaf D13C, indicating increased
water use efficiency. Thus, these semidwarfs might be
better suited to drought-stressed environments and
could have more efficient water use in irrigated plan-
tations. In contrast to the GA2ox semidwarfs, the more
severe DELLA semidwarfs, and particularly GAI-M-1
and RGL-1, had an increased ratio of root mass to leaf
area and thus potentially could sustain higher tran-
spiration rates. This was associated with increased
leaf D13C, as would be predicted from such a change.
This would indicate decreased water use efficiency
and suggests that these semidwarfs (with their

proportionally larger root systems compared with the
wild type) might be well suited for applications such
as phytoremediation, in which increased water uptake
could be desirable.

Our analyses of gene expression and GA levels were
consistent with our previous work with transgenic
semidwarf poplars, known mechanisms of action
of the transgenes, and the tree phenotypes observed.
Transgenes driven by the 35S promoter showed much
stronger expression levels than did those driven by the
GAI promoter; however, the transgenes driven by 35S,
such as the bean (Phaseolus coccineum) GA2ox and the
native GAI coding region, were generally the ones that
we previously found to have weaker dwarfing effects
(Zawaski et al., 2011). Therefore, much higher ex-
pression was needed for these transgenes to achieve
the same level of dwarfing as for the mutant gai
transgene (DELLA-less version, thus much less sus-
ceptible to degradation compared with GAI). Indeed,
several orders of magnitude weaker expression of gai
was able to achieve the same or a stronger level of
semidwarfism than that of native GAI-containing
transgenes.

Analysis of GA levels showed that GA1, GA8, and
GA20 were negatively correlated with height, espe-
cially in the trees with DELLA domain-containing
transgenes. This is a logical outcome because of the
feedback regulation that DELLA domain proteins typ-
ically elicit on GA biosynthesis when overexpressed,
resulting in higher bioactive GA concentrations (Peng
et al., 1997; Cowling et al., 1998; Fu et al., 2001). This

Figure 10. The chemical structure of GA1, with indication of the C-2,
C-3, and C-13 positions (top), and a table displaying the associated
hydroxylations for the different GAs analyzed. The metabolic positions
of the GAs are indicated, along with the alterations by the two trans-
gene types (bottom).
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outcome is consistent with our prior GA analyses with
other DELLA-type semidwarf hybrid poplars (Busov
et al., 2006).
The low number of GA2ox-overexpressing trans-

genics (only three in this study) limited the statistical
analysis of GA levels and height reduction with this
transgene type. Previously, using a much larger
number of independent events with the same trans-
gene, we showed a highly significant, although non-
linear, correlation of transgene expression with height
(Zawaski et al., 2011). Interestingly, despite the in-
creased GA8 levels in the most dwarfed of the GA2ox-
overexpressing transgenics, the bioactive GA1 was not
significantly decreased, possibly due to a feedback
mechanism that results in increased levels of the pre-
cursor GA20. This interpretation is also supported by
the elevated GA29. Thus, the relatively mild phenotype
of some of the GA2ox transgenics could be explained
by feedback regulation compensating for increased
catabolism.
Our study indicates that the different semidwarf

types are not phenocopies of one another but instead
display unique combinations of phenotypic traits.
While all are characterized by depressed shoot elon-
gation, alterations to other aspects of growth and de-
velopment vary, probably reflecting the distinctive
combinations of particular GAs and GA signaling,
along with other interactions such as those between
GAs and other phytohormones (Pearce et al., 2004;
Gou et al., 2010; Zawaski et al., 2011). For example, as
discussed above, we observed opposing responses in
leaf D13C in the catabolic GA2ox semidwarfs versus the
GA-insensitive DELLA dwarfs, despite similar changes
in height. Nonetheless, all of the transgenic events
were reasonably well adapted, surviving and showing
generally normal bud set, cold hardiness, and bud
flushing in spring. It is likely that by studying an even
larger range of constructs and events, even more dis-
tinctive morphological and physiological diversity
could be produced and potentially utilized in hybrid
poplar breeding.
Reduced height growth confers a very significant

disadvantage in the competition for light (Schwinning
and Weiner, 1998), especially in shade-intolerant trees
such as poplars. Thus, dwarfism has been proposed as
a means for mitigating the risk of spread for fitness-
promoting transgenes in annual crops (Gressel, 1999)
and also in trees (Bradshaw and Strauss, 2001; Strauss
et al., 2004). Dominant genes for semidwarfism that
are tightly linked, and preferably flanking, other
transgenes could impart a very strong selective dis-
advantage to all volunteers or progeny resulting from
mating with wild relatives that contain the transgenes.
Because of tight linkage, the rate of segregation of the
dwarfism genes from the transgenes by recombination
should be extremely low. Here, we tested the compet-
itiveness, and thus the prospect for continued transgene
spread in the environment, by interplanting the trans-
genic lines with control plants. We found that, as
predicted, semidwarf transgenics were very poor

competitors when intermixed with control plants. Most
of the semidwarf genotypes grew only 30% to 60% in
stem volume compared with that of the control trees in
this short-term study. This suggests that even if stand
yields of clones of semidwarf trees were similar to those
of taller trees at full rotations, as surmised above,
semidwarf trees would still be unlikely to survive in a
mixed stand. The fitness disadvantage should be far
greater in the wild, where poplar trees are established in
dense patches of seedlings and almost all of these die
during their first growing season (Stettler, 2009). Thus,
our study supports the prospect that semidwarfism
could be used as a mitigating strategy to greatly
reduce the risk and significance of transgene dis-
persal.

CONCLUSION

Our studies suggest that for trees grown for spe-
cialty purposes such as for biofuels, carbon seques-
tration, bioremediation, and under highly stressful
environments, or when they present risks of species
or transgene invasiveness, semidwarfism genes may
be of value. This results from their increased morpho-
logical and physiological diversity, and their high yield
and allocation to root growth, particularly in high-density
plantings.

MATERIALS AND METHODS

Overview of Experiments

We started our experiments in 2003 with a preliminary 2-year field study in
Corvallis, Oregon, with seven constructs, 10 to 30 events per construct, and four
trees per event (Zawaski et al., 2011). A very wide range of effects were seen,
from extreme dwarfism to wild-type growth. From these trees, we vegeta-
tively propagated a number of events with approximately 75% of the growth
of wild-type trees for a raised-bed nursery study that was conducted in 2006
with 11 events derived from six constructs. Based partly on results from these
studies, we selected 10 events from six constructs (Table IV) and used a
commercial propagator to produce a large number of cloned copies of these
events for the two high-density field studies that spanned two growing sea-
sons, 2006 through 2007.

Transformation

We used a single female genotype, 717-IB4 (Populus tremula 3 Populus alba;
provided by INRA-France), for all transformations. Transformation was per-
formed using Agrobacterium tumefaciens strain C58/pMP90 (GV3101) essen-
tially as described by Filichkin et al. (2007). After regeneration in selection
medium, all transgenic events were verified for presence using PCR as de-
scribed previously (Busov et al., 2003, 2006).

Gene Expression Analysis

We used qPCR to confirm the expression of the transgenes. RNA was
extracted from young leaf tissues from two ramets of each transgenic event
growing in a greenhouse in Corvallis, Oregon, using a modified Qiagen RNA
extraction protocol (TURBO DNA-free kit; Ambion). All RNA samples were
treated by DNase I to avoid genomic DNA contamination. First-strand syn-
thesis of complementary DNA was carried out on 1 mg of total RNA using the
SuperScript III First-Strand Synthesis System for qPCR (Invitrogen). The re-
verse transcription reactions were divided into aliquots and diluted three
times, and 2 mL was used as a template for the PCR. Samples were run in
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triplicate with Platinum SYBR Green QPCR Super Mix-UDG (Invitrogen) on
an Mx3000p real-time PCR system (Stratagene). The volume of the reaction
was 20 mL, and the final primer concentration was 0.4 mM (primers are given in
Supplemental Table S6). The best performing UBQ gene was used for nor-
malization as described previously (Brunner et al., 2004b). The conditions for
PCR were as follows: 50°C for 2 min, 95°C for 2 min, followed by 40 cycles of
95°C for 30 s, 58°C for 30 s, and 72°C for 30 s. PCR efficiencies for all primers
were checked by sequential dilution (1:5) of corresponding linearized vectors
and were found to be 97% to 98%. The comparative method, where all data
were presented relative to the UBQ internal control gene, was used for com-
paring the expression of transgenes between different constructs and events.

Rooting Efficiency

The rooting efficiency of transgenic events was tested at two commercial
nurseries in the Willamette Valley of Oregon (Broadacres Nursery and Premier
Botanicals) and at OSU in Corvallis in 2005. Rooting was performed in
greenhouses using 8- to 10-cm-long stem cuttings. At Broadacres Nursery, the
cuttings were placed in a 125-cm2 square pot with bottom heat at a temper-
ature of 43°C. An intermittent mist/sprinkler water system was used for ir-
rigating the cuttings from above, and gaseous CO2 was also pumped into the
greenhouse. While planting, one to three buds were left above the soil for
cuttings, and an approximately 50:50 perlite:pumice mixture was used as
rooting medium. At Premier Botanicals, similar greenhouse and root heating
was used, and the cuttings were also treated using high-phosphorous Peter’s
fertilizer mix (J.R. Peters) and Homox Rooting Powder No. 8 (AgRx) before
planting. A mixture of sand with general plant fertilizer (containing phos-
phorous) was used as rooting medium. At OSU, cuttings were first dipped
into Rootone (rooting hormone with fungicide) and then potted in soil (Sun-
shine Professional Blend with 70%–80% peat moss and perlite) in 270-cm3 rose
pots with heating from below. An intermittent mist system was used for ir-
rigation. The plants were fertilized with 400 mg mL21 20:10:20 (nitrogen:
phosphorus:potassium) weekly after the cuttings were rooted.

Raised-Bed Study

We conducted a raised-bed study to allow the collection of intact root
systems during early growth. The beds, approximately 0.6 m above the ground
and 1.58 m wide and lined with plastic sheets below, could be dismantled and
the soil washed away from seedlings to collect roots during each harvest (Fig. 9,
A and B). The soil was 50% sand mixed with clay loam topsoil and had a
drainage pipe (15-cm-diameter polyvinyl chloride with 1-cm-diameter holes)
placed in the bottom center of each bed. The plants were irrigated to near
saturation with a sprinkler system twice per day.

We took 20- to 30-cm dormant cuttings from stems or branches of trees
growing in the field, stored them at 4°C for about 2 months, and then sent them
to commercial nurseries for rooting and propagation in February 2006. The
rooted plants were returned to OSU, where they were acclimatized in a
shadehouse (approximately 50% shade) for about 20 d before they were
planted in the raised beds in June 2006 at a spacing of 32 3 45 cm. A ran-
domized complete block design with three blocks was employed, so that each
block could be harvested without disturbing the other blocks. Three beds with
dimensions 11 3 22 3 0.6 m, and two beds with dimensions 1.6 3 17 3 0.9 m,
were used for planting. Plants from each block were harvested at an ap-
proximately 40-d interval (mid July and then late August). Plants were sep-
arated into roots, stems, and leaves and then dried in an oven overnight at 60°
C. From the dry weights, the tissue mass fractions (ratio of the weight of
specific plant parts to total weight) were calculated.

High-Density Field Study

To determine how the effects of semidwarfism on yield and morphology
were influenced by variation in stand density, we planted trees of single
genotypes at two high-density spacings (referred to as the “yield study”; Fig. 9,
C and D). In addition, to evaluate the extent to which intergenotypic com-
petition influenced growth, we also planted a mixture of transgenic and wild-
type trees at high density (referred to as the “competition study”; Fig. 9, E and
F). The yield study was composed of trees planted at high (0.5 m 3 0.5 m) and
low (0.9 m 3 0.9 m) spacing, with two blocks at each density where the trees
were roughly grouped according to size at planting (smaller versus larger
trees). Individual transgenic genotypes were grown in two randomly located

25-tree square plots within each block, and the nontransgenic controls were
grown similarly but in four randomly replicated plots within each block. Only
the central three or nine trees in each plot were measured, depending on the
trait. For the competition trial, a similar structure was used but only a single
density was employed (0.9 m 3 0.9 m), and there were five transgenic trees
placed on the diagonals in the center of each plot that were surrounded by
nontransgenic trees on all sides, including a nontransgenic border row. These
plots were replicated at random four times. The trees were planted at the
Hyslop Field Station (Oregon State University College of Agricultural Sci-
ences) in Corvallis (44.626°N, 123.214°W) on a Woodburn silt loam soil. The
trees were grown for 2 years and irrigated during their first year.

Growth Measurements

We measured tree height and crown depth using a height pole and stem
diameter using a caliper. Branch and leaf angles were measured using a ruler
with a weighted string and protractor. The branches measured were the second
and third south-most facing branches, assessed from the apex of the tree. These
branches were also measured for length using a meter stick. On the same two
branches, we measured the size of the first two fully opened leaves below the
tip of the branch, midvein angle, and petiole angle. Petiole length itself was
measured on the same leaves, but only in the high-density blocks. Calculated
variables included stem volume index (height 3 diameter squared) and crown
volume (calculated using crown radius [r] = branch length 3 sine of branch
angle; crown volume = pr2h, where h is the crown depth). For the competition
trial, only height and diameter were measured, and stem volume index was
calculated as a measure of vegetative fitness.

Postharvesting Measurements

Trees were harvested at the end of the second growing season, and we
sampled leaves, roots, and stem sections to assess leaf area, chlorophyll,
carbon isotope composition, wood density, and root dry weight. Two fully
opened leaves were collected from the middle section of each tree in the high-
density plantation, and their leaf area was determined using a leaf area
meter (LI-3100 area meter; LI-COR). Chlorophyll was extracted with N,N-
dimethylformamide (Inskeep and Bloom, 1985) from five randomly taken
leaf discs from each of these leaves. These discs were kept in 5 mL of N,N-
dimethylformamide in 10-mL tubes wrapped in aluminum foil and stored at
4°C for 7 d. After this time period, a Beckman DU-40 spectrophotometer was
used to measure absorbance values at wavelengths ranging from 618 to 665
nm. For all trees, 0.3-m sections of the stem near the base were taken from
the nine inner trees from each plot in early November 2007, dried in an oven
at 38°C for 3 d, weighed, and stem volume was estimated by displacement
of water in a graduated cylinder. From these measurements, stem density
was calculated. All trees were uprooted in late November 2007 after the soils
had saturated with fall rains. We used an excavator machine that allowed
recovery of the woody roots (a modified fork-lift that went into the soil
below the roots for each tree and lifted them out). The roots were then dried
and weighed similar to the stem sections. Stem dry weight index was esti-
mated from the product of stem volume index and wood density. For
comparing allocation among genotypes, we calculated the root mass fraction
(root dry weight-total dry weight) and root-shoot dry weight ratios. d13C
(a measure of the ratio of stable isotopes 12C and 13C) was measured on leaf
samples taken from the high-density plantation using the stable isotope
facility at the University of Wyoming (Finnigan D Plus XP online, with
Costech EA 1108 Element Analyzer) and expressed relative to the Vienna
Pee Dee Belemnite standard. Carbon isotope discrimination (D) was calculated
from leaf sample d13C, where D = (dair – dplant)/(1 + dplant), assuming an atmo-
spheric source d13C of28‰ relative to Pee Dee Belemnite (Farquhar et al., 1989).

GA Level Determinations

We analyzed endogenous GAs in the latter part of the metabolic pathway
around GA1, the bioactive GA for shoot growth in angiosperms (Fig. 10).
These seven GAs have been characterized from Populus spp. and include
2-hydroxylated GAs that are abundant in shoots and altered by GA2ox (Pearce
et al., 2002; Busov et al., 2003, 2006). GA levels were analyzed from two ramets
per event from the high-density field studies; for each tree, dormant shoots
were taken and rooted in a greenhouse, then after plants were approximately
0.5 m in height and growing well, two to five young leaves were collected just
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below the shoot tip. These were freeze dried, stored, and then ground and
extracted in 80% methanol with 2H2-labeled internal standards of GA1, GA4,
GA8, GA19, GA20, GA29, and GA34 (from L.N. Mander, Australian National
University). The GAs were purified and measured essentially as described by
Busov et al. (2006) except that the methylated samples were trimethylsilylated
and analyzed by gas chromatography with selected ion monitoring after NH2–

Solid Phase Extraction, without intervening HPLC. This permitted simulta-
neous gas chromatography with selected ion monitoring analysis of the GAs
and was successful except for GA19, which was not consistently or reliably
quantified and thus was excluded from analyses. Also, GA4 occurred at only
trace levels that were insufficient for confident comparison across the events,
but the consistent detection of the [2H2]GA4 demonstrated the GA4 scarcity
relative to the other GAs.

Statistical Analysis

A fixed-effect one-way ANOVA was used for the raised-bed study, where
the effect of interest was genotype in replicated blocks. The linear model was:

yjkl ¼ mþ bj þ dk þ «jkl ð1Þ

where yjkl is the response of the l
th plant in the kth block of the jth event; m is the

overall mean; bj is the jth event effect; dk is the kth block effect; and «jkl is the
experimental error, «jkl ; N(0, s2). For the high-density field study, we ana-
lyzed data as a two-factor factorial in a randomized complete block with two
factors, event and planting density, randomized in each of two blocks. The
linear model was:

yijkl ¼ mþ ti þ bj þ ðtbÞij þ dk þ «ijkl ð2Þ

where yijkl is the response of the l
th plot in the kth block in the jth event in the ith

density; ti is the ith density effect; (tb)ij is the interaction effect between event
and planting density; and «ijkl is the experimental error, «ijkl ; N(0, s2). In-
teractions between block and treatment factors were assumed to be negligible
based on preliminary statistical analysis (data not shown) and thus are in-
cluded in the experimental error term.

For the completely randomized competition study, we used a fixed-effect
ANOVA. The linear model was:

yjl ¼ mþ bj þ «jl ð3Þ

where yjl represents the response of the lth plant in the jth treatment; and «jl
represents experimental error «il ; N(0, s2). All response variables were first
tested for assumptions of homogeneity of variance and normality by plotting
residuals, and all were found to follow the assumptions. We used PCA to
examine associations among traits and to reduce the dimensionality of the
data, using plot means within the high-density treatment to derive PCA load-
ings. The Proc GLM procedure and the Proc Princomp procedure in SAS/STAT
version 9.2 (SAS Institute) were used for performing ANOVA and estimating
least-square means, SE values, multiple comparisons using Bonferroni tests, and
PCA loadings. Least-square mean estimates and SE values for each variable are
given in Supplemental Tables S3 to S5.

Because endogenous GAs vary exponentially in plant tissues, values were
log transformed (base 10) prior to statistical analysis with one-way ANOVAs.
These were undertaken for each GA and followed by posthoc Dunnett t tests,
comparing each transgenic event with the control.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Shoot heights from both harvest 1 and harvest 2;
root, stem, and leaf biomass from harvest 1 and root, stem, and leaf
biomass from harvest 2.

Supplemental Figure S2. Shoot height and shoot-root ratios in the high-
density field study.

Supplemental Table S1. Variation in relative transgene expression among
transgenic constructs.

Supplemental Table S2. Levels of GAs and height ratio for events relative
to the control.

Supplemental Table S3. Raised-bed study trait means.

Supplemental Table S4. Field study trait means and SE.

Supplemental Table S5. Field study trait means and SE (variables mea-
sured only in higher density blocks).

Supplemental Table S6. Primers used for qPCR; adaptor sequences are
underlined.
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SUPPLEMENTAL MATERIAL 

 

Supplemental Table S1.  Variation in relative transgene expression among transgenic constructs. 

Means and standard errors are based on pooling of biological replications and insertion events 

within construct types   

Construct Mean SE 

GAI-X 0.006 0.001 

GAI-D 0.019 0.001 

GA2 0.164 0.067 

RGL 0.599 0.222 

GAI-M 0.697 0.134 

GA2-C 1.000 0.304 

 

 

 

 

 

 

Supplemental Table S2.  Levels of GAs, ordered by height ratio, for transgenic events relative to 

control 

Events GA1 GA8 GA20 GA29 Height ratio 

GA2-C 1.24 4.04 6.14 3.50 0.588 

RGL 22.4 3.82 5.26 2.22 0.594 

GAI-3 4.03 1.45 3.89 1.98 0.605 

GAI-M 2.10 1.98 1.58 0.98 0.660 

GAI-2 3.73 1.67 4.79 1.25 0.666 

GAI-1 3.84 1.72 3.55 1.32 0.675 

GAI-4 2.75 1.42 2.82 1.23 0.676 

GA2-1 1.25 0.54 0.85 1.16 0.776 

GAI-D 1.05 1.01 1.28 0.94 0.980 

Control 1 1 1 1 1 

GA2-2 1.75 1.12 1.14 1.58 1.03 
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Supplemental Table S3.  Raised bed study trait means  

 

 

Event 
Height 

(cm) 

Diameter 

(cm) 

Volume 

(cm
3
) 

Stem wt 

(g) 

Leaf wt 

(g) 

Root wt 

(g) 

Stem 

fraction 

Leaf 

fraction 

Root 

fraction 

Harvest 1 Control 47.1 0.428 9.07 3.37 2.50 1.55 0.577 0.345 0.243 

 

GA2-1 41.9 0.436 8.28 2.49 2.02 1.55 0.566 0.320 0.242 

 

GA2-2 49.7 0.446 10.11 3.03 2.36 1.62 0.567 0.337 0.228 

 

GA2-C-1 36.5 0.527 10.42 3.42 3.06 2.60 0.522 0.379 0.245 

 

GAI-X-1 37.9 0.388 5.97 2.71 2.27 1.60 0.540 0.375 0.213 

 

GAI-X-2 44.3 0.492 11.29 3.66 2.67 2.03 0.576 0.335 0.244 

 

GAI -X-3 34.5 0.429 6.61 3.52 2.73 1.85 0.559 0.337 0.231 

 

GAI-X-4 34.9 0.404 5.88 2.14 2.17 1.40 0.498 0.305 0.229 

 

GAI-D-1 50.1 0.431 9.60 2.60 2.36 1.34 0.526 0.339 0.217 

 

GAI-M-1 43.6 0.525 12.58 4.15 2.71 2.04 0.605 0.337 0.286 

 

RGL-1 34.5 0.484 8.62 4.31 3.42 2.49 0.540 0.333 0.256 

 
 

         Harvest 2 Control 145.8 0.9646 142.67 22.80 15.05 17.72 0.616 0.264 0.312 

 

GA2-1 111.67 0.8636 90.28 14.06 9.06 12.12 0.615 0.258 0.327 

 

GA2-2 134.04 0.8495 103.6 17.48 11.70 13.83 0.605 0.273 0.310 

 

GA2-C-1 101.02 0.9974 104.57 19.72 14.90 17.02 0.573 0.291 0.315 

 

GAI-X-1 107.54 0.802 74.21 15.22 13.59 16.66 0.552 0.294 0.344 

 

GAI-X-2 106.63 0.8639 84.82 16.59 12.43 16.87 0.589 0.267 0.349 

 

GAI-X-3 100.4 0.854     80.77 16.84 15.64 16.87 0.554 0.296 0.338 

 

GAI-X-4 100.1 0.7728 62.56 12.04 10.38 12.68 0.547 0.295 0.349 

 

GAI-D-1 131.02 0.828 97.61 17.30 12.48 14.64 0.591 0.281 0.313 

 

GAI-M-1 108.71 0.9379 101.96 20.11 12.98 14.93 0.616 0.266 0.307 

 

RGL-1 79.31 0.8055 52.94 12.35 10.53 14.92 0.537 0.279 0.393 

 



3 
 

Supplemental Table S4.  Field study trait means and standard error.  Spacing given in feet as per original study (where 1.5 ft =0.45 

m, 3.0 ft = 0.91 m) 

  

Shoot height 

(cm) 

Shoot 

diameter (cm) 

Volume 

index (cm
3
) 

Crown depth 

(cm) 

Crown volume 

(m
3
) 

Event  Spacing  Mean SE Mean SE Mean SE Mean SE Mean SE 

Control 1.5 321 10 2.02 0.05 1345 106 136 8 0.460 0.052 

Control 3 412 13 3.15 0.06 4149 254 178 9 1.930 0.172 

GAI-D-1 1.5 320 9 1.98 0.10 1286 156 108 7 0.465 0.018 

GAI-D-1 3 398 15 3.03 0.07 3719 284 160 13 1.939 0.193 

GA2-2 1.5 333 10 1.96 0.09 1313 148 140 13 0.725 0.282 

GA2-2 3 423 18 3.16 0.08 4258 401 129 8 0.741 0.202 

GA2-1  1.5 261 9 1.98 0.08 1067 107 144 16 0.945 0.310 

GA2-1  3 308 13 2.94 0.17 2730 407 143 18 1.014 0.397 

GA2-C-1 1.5 193 7 1.78 0.07 631 68 108 3 0.202 0.019 

GA2-C-1 3 239 11 2.82 0.05 1934 151 112 12 0.666 0.129 

GAI-M-1 1.5 223 7 1.88 0.05 814 52 107 3 0.155 0.030 

GAI-M-1 3 261 14 2.90 0.11 2259 285 123 8 0.512 0.193 

RGL-1 1.5 203 11 1.56 0.07 508 60 90 9 0.267 0.049 

RGL-1 3 232 12 2.34 0.04 1297 107 106 7 0.764 0.135 

GAI-X-1  1.5 224 7 1.58 0.05 566 55 98 13 0.177 0.042 

GAI-X-1  3 271 9 2.55 0.06 1771 117 128 6 1.079 0.134 

GAI-X-2 1.5 223 6 1.69 0.03 644 33 124 7 1.094 0.263 

GAI-X-2 3 266 5 2.66 0.04 1890 83 105 3 0.578 0.201 

GAI-X-3 1.5 207 9 1.64 0.07 574 68 111 4 0.424 0.101 

GAI-X-3 3 237 8 2.51 0.04 1536 73 150 9 1.812 0.385 

GAI-X-4 1.5 228 4 1.64 0.05 621 41 129 13 0.899 0.284 

GAI-X-4 3 267 8 2.40 0.07 1571 134 115 15 0.552 0.313 
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Supplemental Table S4 (cont.) 

Event Spacing 
Branch 

length (cm) 

Root 

fraction 

Root dry 

weight (g) 

Stem dry 

weight(g) 
R:S ratio 

  

Mean SE 
 

Mean SE Mean SE Mean SE 

Control 1.5 41.9 2.5 0.130 116.1 6.7 41.1 2.0 2.82 0.13 

Control 3 72.8 3.0 0.127 346.8 18.4 97.0 5.2 3.62 0.23 

GAI-D-1 1.5 54.1 1.9 0.137 109.6 8.6 38.4 4.5 2.94 0.24 

GAI-D-1 3 79.8 2.1 0.131 332.5 23.2 88.0 6.1 3.81 0.16 

GA2-2 1.5 48.9 10.1 0.116 102.6 15.4 38.6 3.3 2.85 0.20 

GA2-2 3 52.5 7.3 0.122 351.1 21.6 100.6 7.4 3.58 0.17 

GA2-1  1.5 58.7 6.1 0.171 114.2 15.6 34.0 3.7 3.53 0.12 

GA2-1  3 58.5 9.5 0.193 345.6 25.3 76.7 10.3 4.43 0.35 

GA2-C-1 1.5 29.6 2.5 0.215 89.6 5.8 27.6 2.3 3.19 0.24 

GA2-C-1 3 48.9 4.8 0.224 295.2 19.1 69.8 3.8 4.23 0.33 

GAI-M-1 1.5 32.4 4.0 0.153 80.2 8.3 32.4 1.9 2.44 0.18 

GAI-M-1 3 45.8 8.5 0.217 316.6 32.2 74.0 6.6 4.36 0.22 

RGL-1 1.5 44.4 2.2 0.300 122.7 15.0 24.8 2.5 4.83 0.33 

RGL-1 3 66.4 4.5 0.289 291.1 20.1 52.9 1.4 5.45 0.17 

GAI-X-1  1.5 31.9 3.4 0.221 94.7 4.0 25.7 1.8 3.67 0.20 

GAI-X-1  3 59.3 3.4 0.245 356.8 33.7 64.2 2.2 5.63 0.14 

GAI-X-2 1.5 61.4 8.4 0.191 100.9 4.2 29.7 0.7 3.69 0.18 

GAI-X-2 3 51.6 8.4 0.216 327.4 21.4 68.2 1.4 4.68 0.38 

GAI-X-3 1.5 44.8 2.9 0.195 83.5 10.9 26.3 1.4 3.16 0.28 

GAI-X-3 3 73.6 5.4 0.254 307.8 34.4 61.7 2.8 4.72 0.31 

GAI-X-4 1.5 56.9 9.3 0.222 101.7 6.2 26.3 1.5 4.72 0.71 

GAI-X-4 3 45.3 8.6 0.266 337.5 35.9 57.4 4.5 5.65 0.20 
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Supplemental Table S4 (cont.) 

  

Stem density 

(g/cm
3
) 

Branch angle  

(rad) 

Midvein angle 

(rad) 

Petiole angle 

(rad) 

Event Spacing Mean SE Mean SE Mean SE Mean SE 

Control 1.5 0.594 0.013 51.2 1.8 85.1 3.9 51.1 3.8 

Control 3 0.592 0.010 53.6 1.6 85.3 4.6 49.7 3.6 

GAI-D-1 1.5 0.550 0.014 43.6 1.5 87.7 1.9 50.0 5.9 

GAI-D-1 3 0.594 0.011 51.3 1.8 89.5 6.2 52.8 2.8 

GA2-2 1.5 0.589 0.008 52.8 2.4 85.7 4.5 65.4 7.2 

GA2-2 3 0.603 0.011 52.0 0.8 100.5 5.6 74.5 3.1 

GA2-1  1.5 0.512 0.011 47.5 1.8 88.8 4.3 57.6 5.6 

GA2-1  3 0.545 0.006 47.6 2.0 87.4 6.4 55.1 4.5 

GA2-C-1 1.5 0.531 0.023 56.2 2.4 97.5 6.3 54.0 6.8 

GA2-C-1 3 0.532 0.011 61.7 1.0 93.0 5.1 54.8 6.9 

GAI-M-1 1.5 0.541 0.023 40.9 1.1 77.2 8.2 55.6 7.5 

GAI-M-1 3 0.514 0.007 49.5 1.9 85.8 5.3 62.4 4.5 

RGL-1 1.5 0.567 0.029 43.1 1.3 63.4 4.2 40.8 3.6 

RGL-1 3 0.555 0.012 45.5 1.1 61.6 3.1 39.8 2.5 

GAI-X-1  1.5 0.602 0.017 48.9 2.1 91.4 8.5 56.2 6.6 

GAI-X-1  3 0.619 0.013 60.6 2.4 78.5 6.1 55.5 7.5 

GAI-X-2 1.5 0.672 0.028 57.0 1.1 73.5 2.2 47.2 2.5 

GAI-X-2 3 0.632 0.009 51.7 2.1 73.7 6.6 46.4 1.3 

GAI-X-3 1.5 0.601 0.013 49.6 2.7 68.8 3.6 43.1 6.9 

GAI-X-3 3 0.585 0.009 55.5 0.5 71.7 1.1 41.0 3.0 

GAI-X-4 1.5 0.578 0.026 48.6 3.2 82.0 2.9 50.8 0.8 

GAI-X-4 3 0.591 0.007 49.0 0.8 83.0 3.6 48.1 2.3 
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Supplemental Table S5.  Field study trait means and standard errors of variables measured only in higher density blocks 

 

Chlorophyll 

 (mg/L) 

Petiole length 

(cm) 

Leaf area  

(cm
2
) 

Δ
13

C (‰) 

Event Mean SE Mean SE Mean SE Mean SE 

Control 8.99 0.45 4.17 0.14 77.3 4.2 17.9 0.2 

GA2-1 11.14 0.29 4.56 0.07 70.9 3.5 17.1 0.1 

GA2-2 9.13 0.51 4.19 0.05 75.9 5.5 17.8 0.2 

GA2-C-1 12.79 0.91 3.62 0.09 64.2 3.5 16.7 0.1 

GAI-D-1 8.65 0.33 4.12 0.22 73.3 8.4 18.0 0.2 

GAI-M-1 13.53 0.49 3.33 0.07 30.7 3.1 17.8 0.3 

GAI-X-1 8.60 0.83 3.88 0.09 91.9 7.1 17.7 0.3 

GAI-X-2 10.44 0.59 3.93 0.08 84.1 3.5 17.7 0.1 

GAI-X-3 9.43 0.84 4.24 0.12 118.4 5.5 17.5 0.4 

GAI-X-4 8.45 0.62 4.06 0.24 101.9 6.5 17.4 0.1 

RGL-1 11.17 0.56 3.13 0.12 39.8 0.9 18.6 0.4 
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Supplemental Table S6.  Primers used for RT-PCR; adaptor sequences are underlined 

Construct Forward primer Reverse primer 

pLARS124 CAGTGATGTTAAAAGGAGAGGAGTG TACTCGCAAGACCGGCAACAG 

pNV17rgl CTGATCTCTCTGGTTGGGTCGAA GAATCCAAAACCACCACAGAGC 

MpG3Ktg62 AAATCGGGTGGAGGAGAGTGAC GATAGATTTGTAGAGAGAGACTGGTG 

pA27c17-1 CAGGATGGAAGAATATGAGCAAG AAGAGAATACAACGTGCACAACAGA 

pG3KD1 ATAATAATACACACGACCGCTCATAG ATTCGCTACTTCTATTTCTGCCTATC 

pG3Kλg ATAATAATACACACGACCGCTCATAG ATTCGCTACTTCTATTTCTGCCTATC 
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Supplemental Figure S1.  A) shoot heights from both harvest 1 and harvest 2;  B) root, stem 

and leaf biomass from harvest 1; and harvest 2 (C).  Numbers below the stacked bars in (B) and 

(C) indicate root: shoot ratios.  * indicates significant difference from control for root dry 

weights and height for harvest 1 
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Supplemental Figure S2.  Shoot height and shoot: root ratios in the high density field study; 

bars are means ± SE. (A) Shoot height from both spacing treatments; (B) shoot and root biomass 

from high density planting (1.5 ft spacing, 46 cm) with shoot biomass above  and root biomass 

below; (C) biomass from low density planting (3 ft spacing, 91 cm). Numbers below the bars 

indicate root to shoot ratio 


