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Abstract Plants influence soil carbon (C) formation
through the quality and quantity of C released to soil.
Soil type, in turn can modify a plant’s influence on
soil through effects on plant production, tissue quality
and regulation of soil C decomposition and stabiliza-
tion. Wild-type aspen and three transgenic aspen lines
expressing reduced stem lignin concentrations and/or
increased syringyl (S) to guaiacyl (G) ratio lignin
were grown in greenhouse mesocosms containing a
sandy loam, a silt loam, or a clay loam soil for
6 months in order to examine the effects of altered
lignin biosynthesis and soil type on biomass parti-
tioning (above vs. belowground) and soil C processes.
Results indicated that soil type significantly affected

plant performance. Aspen grown in soils with high sand/
low clay content accumulated the most total biomass,
while aspen grown in soils with high clay content
accumulated the least total biomass. These reductions in
growth combined with specific soil characteristics led to
differences among soil types in soil C formation.
Transformed aspen expressing high syringyl/guaiacyl
(S/G) lignin accumulated less total plant C and
subsequently accumulated less aspen derived C in soil.
Reduced lignin content alone in aspen did not affect
plant growth or soil C formation. There were significant
soil type × genetic line interactions indicating that
growth and soil C formation for transgenic and wild
type aspen lines varied among the different soil types.
Given these interactions, future investigation needs to
include long-term field studies across a range of soil
types before transgenic aspen are widely planted.

Keywords Biomass allocation . Growth physiology .

Plant productivity . Soil carbon formation . Soil
texture . syringyl to guaiacyl ratio

Introduction

Populus tremuloides (aspen) is one of the most widely
distributed native trees in North America (Barnes and
Wagner 2004). Aspen is fast growing, easily propa-
gated, and the genus serves as a model for tree
molecular biology (Bradshaw et al. 2000; Brunner et
al. 2004). The genetic transformation of both lignin
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quantity and syringyl/guaiacyl (S/G) lignin can now
be achieved in Populus spp. (Tsai et al. 1998; Hu
et al. 1999; Harding et al. 2002; Li et al. 2003), and
aspen with altered lignin biosynthesis, particularly
genetic lines with low lignin content and high S/G
lignin, could be beneficial to Kraft pulping by
reducing economic costs while improving the envi-
ronmental impacts of the process (Baucher et al.
1996; Chen et al. 2001; Strauss et al. 2001; Pilate
et al. 2002; Baucher et al. 2003). Furthermore,
manipulation of lignin biosynthesis in Populus has
provided a useful tool for investigating the potential
enhancement of C sequestration by forests, which
account for 60% of terrestrial C (Atjay et al. 1979;
Jobbagy and Jackson 2000; Herrera 2005; Lorenz and
Lal 2005; Pilate et al. 2002; Tilston et al. 2004;
Halpin et al. 2007). Most recently, lignin manipulated
transgenic aspen have also been used to understand
how changes in plant growth and tissue chemistry can
affect aspen growth physiology and soil C formation
rates (Hancock et al. 2007), as well as composition of
soil microbial communities and soil enzyme activity
(Bradley et al. 2007).

Lignin, a key structural element in plants, is the
second most abundant polymer on Earth, and lignin
concentrations in plant litter strongly control their
decomposition rates (Meentemeyer 1978; Melillo
et al. 1982; Berg and Lundmark 1985; Hobbie et al.
2006). While litter decomposition rates are increasing-
ly well understood (Parton et al. 2007), the relationship
between plant properties, such as tissue quality and
quantity, and soil C formation and decomposition
rates are less well understood (Giardina et al. 2001;
Russell et al. 2007).

Similarly there is a poor understanding of how
transgenic changes in tissue quality impact plant
growth and the allocation of C above and below-
ground. In the only field study of transgenic aspen,
Pilate et al. (2002) found that aspen with reduced
lignin content or reduced S/G did not perform
differently from control aspen. Pilate et al. (2002)
did, however, find that transgenic aspen had signifi-
cantly higher rates of root decomposition compared to
control aspen. Further investigation of coarse wood
decomposition from this field trial found no effects of
altered lignin biosynthesis on decomposition rates
(Tilston et al. 2004).

We have developed a successful greenhouse ap-
proach to quantify the effects of altered lignin biosyn-

thesis in aspen on tissue chemistry, growth, above and
below biomass allocation and soil C formation
(Hancock et al. 2007). We determined that under
conditions of non-limiting water or nutrients, reductions
in lignin biosynthesis in stem tissue were not translated
to leaves or roots (the major source of detrital inputs to
soil). However, in contrast to Pilate et al. (2002), we
found that altered lignin biosynthesis did significantly
affect above and belowground biomass allocation and
also reduced root growth in all transgenic lines,
particularly in aspen with large increases in syringyl
lignin (Hancock et al. 2007). Through the use of 13C
isotope techniques and greenhouse mesocosms with
soils sampled from C4 dominated grasslands, we were
also able to examine the effects of altered lignin
biosynthesis in aspen on soil C formation rates and
found that reductions in root growth due to altered
lignin biosynthesis corresponded to reductions in
aspen-derived soil C (Hancock et al. 2007).

Given the potential effects of lignin modification on
plant primary production and soil organic C storage,
there is a strong need to continue evaluating the
performance and ecological impacts of lignin modified
transgenic aspen before these modified trees are widely
planted in the field. Soil type may have a significant
impact on ecosystem C through its influence on plant
growth (Fisher and Binkley 2000; Silver et al. 2000;
Bouma and Bryla 2000; Cox et al. 2006). Furthermore,
soil type—especially clay mineralogy and content—
can control soil C decomposition, formation and
stabilization through its physical and structural proper-
ties (Sorensen 1972; Christensen 1987; Schimel et al.
1994; Hassink 1997; Torn et al. 1997; Gale et al. 2000;
Six et al. 2002). However, we know of no study
designed to understand how lignin-modified transgenic
aspen may perform in different soil types.

In the current study, we expanded upon our
previous greenhouse experiment by growing control
and transgenic lines of aspen in three different soil
types. Our objectives were to understand the inde-
pendent and interactive effects of altered lignin
biosynthesis and soil type on plant growth and above
and belowground biomass partitioning as well as to
understand the subsequent effects on soil C formation.
In designing this experiment, we developed several
hypotheses about the effects of soil type and altered
lignin biosynthesis on aspen plant growth (hypothesis
1) and on soil C formation (hypothesis 2). In addition,
few studies of lignin-modified aspen have examined
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trait stability through micro-propagation and estab-
lishment, and so we included two modified lines from
our previous experiment to examine the reproducibil-
ity of trait expression between experiments.

Although the structural and physical properties of
our soils varied greatly (Table 1), we expected that
plant growth would not differ between soil types due
to an optimal supply of fertilizer and H2O through
regular additions (hypothesis 1a). Based on our
previous results, which showed that genetic modifi-
cations to lignin biosynthesis reduced belowground
biomass in transgenic aspen but not aboveground
biomass (Hancock et al. 2007), we anticipated that
aboveground biomass would not differ among low
lignin lines and control aspen, but that root biomass
would be reduced in low lignin lines (hypothesis 1b).
Including two lines from the previous experiment
allowed us to assess consistency of these trait
expressions between experiments and soil types. As
part of the test of this hypothesis, we expected the
effects of altered lignin on plant growth and C
allocation to be constant over time. Second, given
that aspen with greatly increased syringyl content had
less above and belowground biomass compared to
other transgenic lines, we expected that the new high
S/G line utilized in the current experiment would also

have reduced above and belowground biomass com-
pared to control aspen (hypothesis 1c). While our
previous experiment found this to be true for one line
of high S/G aspen, we had no basis for extrapolating
findings to other high S/G lines.

While we expected that plant growth would be
similar across soil types (hypothesis 1a), we hypoth-
esized that soil C formation would be highest in soils
with the highest clay contents (clay loam) and lowest
in the soil with the highest sand content (sandy loam;
hypothesis 2). Finer texture soils with higher clay
contents have higher capacity to chemically stabilize
organic matter (Stevenson 1994; Hassink 1997; Six
et al. 2002), and also to physically protect organic
matter through the formation of aggregates (van Veen
and Kuikman 1990; Jenkinson 1988). Thus, soils with
more clay than sand tend to have slower rates of soil
C loss (Bonde et al. 1992; Desjardins et al. 1994).
Finally, we previously have demonstrated that soil C
formation rates are positively related to total root
biomass (Hancock et al. 2007). Therefore, we
anticipated that transgenic aspen lines with the lowest
root biomass (high S/G line) would have the lowest rates
of soil C formation, while aspen with the highest root
biomass (control aspen) would have the highest rates of
soil C formation.

Table 1 Summary of climatic characteristics, dominant plant species, and soil properties of the three soils used in this study

Central Plains Experimental
Range, Colorado

Konza Prairie, Kansas Blackland Prairie
Temple, Texas

Latitude (N) 40°48′ 39°05′ 31°6′
Longitude (W) 104°46′ 96°35′ 97°21′
Ecosystem Shortgrass steppe Tallgrass prairie Tallgrass prairie
Mean annual precipitation (mm) 307 835 877
Mean annual temperature (°C) 8.9 12.8 25.8
Dominant perennial grasses Bouteloua gracilis Andropogon gerardii Bothriochloa ischemum

Buchloe dactyloides Schizachyrium scoparium
Percent sand by mass 73a 27b 30c

Percent silt by mass 16a 52b 35c

Percent clay by mass 11a 21b 35c

pH in water 6.4a 7.7b 7.9c

Percent C by mass 0.9a 3.4b 2.4c

Percent N by mass 0.1a 0.3b 0.2c

Available P (g/kg) 0.227a 0.525b 0.484c

Available K (g/kg) 2.334a 7.768b 3.967c

Available Ca (g/kg) 2.201a 13.982b 141.444c

Available Mg (g/kg) 1.951a 7.058b 3.974c

Means are given for soil physical and chemical properties. Values followed by different letters indicate significant differences by LSD
test (p<0.05).
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Materials and methods

Overview

For 6 months (May 2005–November 2005), we grew
a control line of aspen and three transgenic lines
derived from the control in three soil types including
clay loam, silt loam, and sandy loam textured soils.
We used the two low lignin lines described in our
previous experiment (lines 23 and 141; Hancock et al.
2007). However, because the high S/G aspen (150%
increase in S/G) line from our previous experiment
performed poorly, we utilized a new line of aspen that
expressed a 60% increase in S/G (line 72). In order to
examine the effects of altered lignin biosynthesis and
soil type on plant performance we measured maximum
photosynthetic rates throughout the summer. Then at
harvest, we measured total plant leaf area, height, and
above and belowground biomass. Furthermore, by
growing aspen (C3-based photosynthesis) in soils that
had supported grasses relying on C4-photosynthesis,
we were able to utilize 13C isotope tracing techniques
to understand how altered lignin biosynthesis and soil
texture affected soil C formation (Hancock et al. 2007).

Soil collection

We sampled soils from three C4 dominated grassland
sites: the Pawnee National Grassland near the
Colorado Central Plains Experimental Range (CPER)
northeast of Fort Collins, Colorado; the Konza Prairie
Biological Station, Kansas; and the Blackland Prairie
at the USDA Grassland Station in Temple, Texas. The
climatic conditions and dominant vegetation differ
among the three soil types, but these soils were
selected for this experiment primarily based on their

texture differences (Table 1). The Colorado soil is an
Olney series fine sandy loam (US Soil Taxonomy:
fine-loamy, mixed, superactive, mesic Ustic Haplar-
grid). The Kansas soil series is a Reading silt loam
(fine-silty, mixed superactive, mesic Pachic Argiu-
doll). The Texas soil series is Austin silty clay (fine
silty, carbonatic, thermic Udorthentic Haplustoll).

In May 2005, approximately 250 kg of mineral soil
was collected from each of the grasslands. At each
randomly selected sampling site, plants and the
surface mineral soil up to 5 cm depth were removed
and the underlying soil was sampled to a depth of
30 cm. Soils were immediately shipped to Houghton,
MI and each soil type was individually twice-sieved
through two offset layers of 4-mm mesh to remove
roots and rocks and was then further homogenized
through repeated mixing. Any visible remaining roots
or detritus were removed by hand during this
homogenization step as well as during creation of
the mesocosms (see below). We did not construct
control mesocosms—that is “soil only” mesocosm
without plants. Soils were not sterilized or treated
additionally before out-planting several weeks later.

Transgenic aspen

Transgenic trembling aspen (Populus tremuloides)
lines were generated by Agrobacterium-mediated
transformation (Tsai et al. 1994, 1998; Ho et al.
1998; Hu et al. 1999). We used a single control aspen
line and three transgenic aspen lines derived from this
control line (Table 2). Antisense suppression of the
gene encoding 4-coumarate-CoA ligase (4CL),
resulted in a line with a 35% reduction in stem lignin
concentration and an associated 8% increase in stem
cellulose concentration (line 23; Hu et al. 1999).

Table 2 Aspen (Populus tremuloides) stem tissue chemistry of transgenic and control plants used in the greenhouse trials (From
Bradley et al. 2007)

Line 72 Line 141 Line 23 Line 271
(Control)

Description 40% decrease in lignin,
60% increase in S/G

50% decrease in lignin,
20% increase in S/G

35% decrease in
lignin, normal S/G

Normal lignin,
normal S/G

Stem percent lignin 13.7 10.7 14.4 22.2
Syringyl/guaiacyl monomers
in lignin (S/G ratio)

3.6 2.7 2.2 2.2

Stem percent cellulose 49.2 53.3 44.8 41.4
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Over-expression of the gene encoding coniferalde-
hyde 5-hydroxylase (CAld5H) increases stem
syringyl/guaiacyl ratio (Li et al. 2003). Thus, simul-
taneous suppression of 4CL and over-expression of
CAld5H led to lines with a 50% reduction in stem
lignin concentrations and a 20% increase in stem
lignin S/G (line 141) or a 40% reduction in lignin
with a 60% increase in S/G (line 72).

Transgenic and control aspen were micropropa-
gated and regenerated in March 2005. In May 2005,
rooted micropropagates were transferred from sterile
culture to small containers (∼230 g soil) containing
one of the three soil types and maintained in mist
chambers for 3 weeks. Eight plants per line were
repotted in 2.5 l containers filled with one of the three
soil types (N=96) and were then transferred to
greenhouse benches in June 2005. The greenhouse
trial was a full factorial experiment (four genetic lines
× three soil types). Aspen were grown under natural
light conditions through July, after which (August
through November) we supplemented light to main-
tain a 16-h photoperiod from. Plants were watered
daily to soil moisture capacity with an automated
irrigation system. Complete fertilizer (NPK + micro-
nutrient; 0.02% B, 0.07% Cu, 0.15% Fe, 0.05% Mn,
0.00005% Mo, 0.06% Zn) was applied at a rate of
0.06 mg N, 0.09 mg P, and 0.06 mg K per plant once
a week throughout the experiment. In November
2005, plants were harvested for total above (leaves,
stems) and belowground (roots) biomass.

Photosynthesis

Maximum photosynthetic rates (Amax) were measured
on five plants per genetic line × soil type treatment
(N=60) on July 27–31, August 23–26, and September
18–23, 2005. Measurements were made using a LiCor
6400 portable photosynthesis system (LiCor, Lincoln,
NE, USA). At least one plant of each treatment was
sampled each day, and plants from different treat-
ments were sampled randomly to minimize confound-
ing treatment effects due to variations in weather
conditions and diurnal patterns. Amax was measured
on the youngest fully expanded leaf of each plant.
Light was controlled with a red-blue light-emitting
diode and light levels were set at a photosynthetic
photon flux density of 1,200 μmol m−2 s−1. Relative
humidity was set at 55–65% by a combination of
removing water vapor from incoming air and re-

humidification during transpiration. Temperature was
not regulated, with measured greenhouse temper-
atures ranging from 26–31°C during July measure-
ments, 27–29°C during August measurements, and
24–29°C during September measurements.

Plant growth and biomass allocation

Plants were harvested from November 8–16, 2005.
One plant per treatment was harvested each day to
avoid confounding harvest time and treatment effects.
At harvest, tissues were separated into leaves, roots,
and stems. At this time, the height and total leaf area
of each plant was measured. For total plant leaf area,
we measured the leaf area of all leaves with a LiCor
3100C leaf area meter. Individual leaf area was
calculated for each plant as the total leaf area divided
by the number of leaves per plant. We also cal-
culated specific leaf area (SLA) for each plant as
total leaf area at harvest divided by total leaf dry
mass.

To quantify root biomass, excess soil was shaken
gently off of the root mass, and the root mass and any
remaining soil were placed in a de-ionized water bath
and washed by hand to completely remove soil from
roots. During our single season experiment, our
watering regime resulted in plants that generally were
not “root-bound”, though the largest plants did fully
occupy soil with some roots beginning to form more
densely on the outside of the containers. All tissues
and subsamples were immediately frozen (−80°C),
and then lyophilized and weighed to obtain dry
weights of each tissue component. Leaves that
senesced during the experiment were collected, dried,
weighed and added to total leaf biomass. Subsamples
of roots from each individual plant were ashed in a
countertop furnace at 450°C to determine mineral
content. Thus, root biomass is expressed on a mineral-
free basis.

Tissue samples were ground through a Wiley Mill
and then subsamples were taken and bulked for each
genetic line × soil type treatment. Bulked treatment
tissue samples were further ground in a ball mill and
analyzed for 13C and percent C using an elemental
analyzer (Costech 4010, Costech Analytical Technol-
ogies, Inc., Valencia, CA, USA) connected to the
Isotope Ratio Mass Spectrometer (DeltaPLUS, Finni-
gan MAT, Bremen, Germany) by a Conflo III
interface (Finnigan MAT).
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Soil carbon formation

Subsamples of soil were collected from each 2.5 l pot
initially before trees were transplanted in June and
again at harvest in November. Roots were handpicked
from soil subsamples to ensure that all visible fine
roots were removed. Initial and post-harvest soils
were ground and analyzed for percent C and 13C
following acid vapor fumigation to remove all
carbonates (See Hancock et al. 2007 for details).
The percentage soil C derived from aspen plants was
estimated using the following equation:

% C from C3¼ δ�δ0=δ1�δ0ð Þ � 100 ð1Þ
where δ is the δ13C of the soil sample, δ0 is the initial
δ13C of soil from C4 grassland, and the δ1 is the δ

13C
of C3 plant material (aspen roots and leaves). No leaf
litter accumulated in the pots during the experiment as
all senesced leaf material was immediately collected
to estimate aboveground plant production.

Statistical analysis

Two -way ANOVAs, with soil type and genetic line as
fixed effects, were used to test for differences in plant
growth, biomass allocation, and soil C formation. We
also performed one-way ANOVAs to examine the
effects of genetic line on plant growth, biomass
allocation, and soil C formation within each soil type.
All analyses were performed with the GLM univariate
procedure in SPSS (SPSS, Inc., Chicago, IL, USA),
and an alpha=0.05 was used to protect against type I
errors. Where our F-test showed significant differ-
ences, we used a Fisher (restricted) least significant
difference post hoc test to determine significant
differences between treatments.

Results

Plant growth—Amax, plant leaf area and height

Maximum photosynthetic rates (Amax) peaked in July
and declined to the lowest rates in September
(Table 3). In July and August, there was a significant
effect of genetic line on Amax (p<0.01), but by
September, genetic line effects on Amax disappeared.
There was no effect of soil type on Amax in any month
and the genetic line × soil type interaction was not

significant. In July, across soil types, line 72 main-
tained significantly higher rates of Amax than line 141
and control aspen (Table 3). In August, Amax for the
control line was significantly less than the other three
lines (Table 3).

Although we did not identify a significant genetic
line × soil type interaction for Amax, variation was
high and so we examined the effect of genetic line on
Amax within each soil type to identify whether patterns
in the overall analysis were consistent across soil
types. These additional analyses showed that in the
Colorado soil, line 23 maintained the highest rates of
Amax, while in the Kansas soil, line 72 maintained the
highest rates of Amax (Table 3). In the Texas soil, there
were no effects of genetic line at any date (Table 3).

There was a significant effect of soil type (p<
0.001) and genetic line (p<0.001) on total leaf area
and total height, and the genetic line × soil type
interaction was significant (p<0.05). Total leaf area
and height were highest in the Colorado soil and
lowest in the Texas soil (Table 4). Across soil types,
line 72 had significantly smaller total leaf area and the
smallest stature compared to the other three aspen
lines (Table 4). Because of a significant genetic line
by soil type interaction, we examined the effect of
genetic line on height and total leaf area within each
soil type and determined that the same trends of
genetic line were generally observed within each soil
type (Table 4).

There was a significant effect of soil type (p<
0.001) and genetic line (p<0.001) on individual leaf
size, but the genetic line × soil type interaction was
not significant. Plants in the Colorado soil had the
largest individual leaves, while plants in the Texas
soil had the smallest individual leaves (Table 4).
Despite smaller total leaf area, across soils, line 72
had larger individual leaves compared to lines 141
and 23 (Table 4), but did not differ significantly from
control aspen (Table 4). Line 23 had the smallest
individual leaves, differing significantly from all other
lines (Table 4). The same trends of individual leaf size
among genetic lines were consistent within each soil
type (Table 4) with one exception. In the Kansas soil,
line 72, in addition to having significantly larger
leaves compared to line 23 also had significantly
larger leaves compared to control aspen (Table 4).

There was a significant effect of genetic line (p<
0.01) on specific leaf area (SLA), but there was no
effect of soil type and the genetic line × soil type
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interaction was not significant. Across soil types, the
SLA for line 72 averaged 181±2 cm2 g−1 and was
significantly lower than the SLA of other lines of
aspen (192±2 cm2 g−1), which did not differ
significantly from each other.

Plant growth—accumulation and partitioning
of carbon

Overall, there was a significant effect of soil type (p<
0.001) and genetic line (p<0.001) on total plant C,

Table 4 Height (cm), plant total leaf area (cm2), and individual leaf size (cm2) of transgenic and control aspen (Populus tremuloides)
grown in three soil types after 6 months of growth

Line 72 Line 141 Line 23 Control p Soil means

Height (cm)
Colorado 146a (2.3) 189b (1.9) 170c (5.0) 182b (3.4) <0.001 172a (3.3)
Kansas 149a (2.6) 172b(4.5) 162c (1.8) 167bc (1.8) <0.001 162b (2.1)
Texas 126a(4.1) 157bc (1.9) 151c (3.0) 162b (3.4) <0.001 149c(2.9)
Line means 140a (2.7) 172b (3.2) 161c (2.5) 169b (2.4)
Total leaf area (cm2)
Colorado 3,149a (135) 4,404b (103) 3,530a (240) 4,454b (174) <0.001 3,884a (129)
Kansas 3,285a (87) 4,096b (79) 3,500a (99) 3,888b (96) <0.001 3,692b (71)
Texas 2,861a (62) 3,376b (119) 3,188b (74) 3,843c (115) <0.001 3,317c (78)
Line means 3,099a (66) 3,959b (106) 3,406c (92) 4,062b (93)
Individual leaf size (cm2per leaf)
Colorado 62a (1.2) 60a (1.9) 52b (2.7) 64a (1.8) 0.001 60a (1.2)
Kansas 61a (1.0) 59ac (1.1) 51b (1.1) 56c (1.73) <0.001 57b (0.9)
Texas 56a (1.6) 50b (1.2) 47b (1.1) 56ca (1.1) <0.001 52c (0.9)
Line means 60a (0.2) 56b (0.3) 50c (0.2) 59a (0.2)

For overall soil means, n=32; for overall genetic line means, n=24; for treatment means, n=8. p values displayed in the table were
generated from one-way ANOVA examining the effect of genetic line within each soil type. Least significant difference post hoc
results are displayed for p<0.05. Post hoc comparisons for genetic line are made across rows. Post hoc comparisons of soil means are
made within columns for each variable measured.

Table 3 Maximum photosynthetic rates (μmol CO2 m
−2 s−1) of transgenic and control aspen (Populus tremuloides) grown in three

soil types

Line 72 Line 141 Line 23 Control Line p values in each soil Soil means

July
Colorado 16.6 (0.9)a 15.2 (0.6)ab 16.7(0.6)a 13.3 (0.3)b 0.006 15.4 (0.4)a

Kansas 16.4 (0.7)a 15.0 (0.6)ab 16.0 (0.7)a 13.8 (0.3)bc 0.062 15.4(0.4)a

Texas 17.1 (1.1) 15.8 (0.9) 15.3 (1.5) 15.2 (0.8) 0.6 15.9 (0.5)a

Line mean 16.7 (0.5)a 15.3 (0.4)bc 16 (0.5)ab 14.1 (0.4)c

August
Colorado 11 (0.8)a 11.4 (0.7)ab 12.9 (0.6)b 10.1 (0.5)ac 0.05 11.3 (0.4)a

Kansas 13.5 (0.6)a 11.9 (0.7)ab 13 (1.2)a 9.7 (0.7)bc 0.07 12.3(0.5)a

Texas 11.7 (1.3) 12.2 (0.4) 12.5 (0.8) 10.9 (0.5) 0.6 11.8 (0.4)a

Line mean 12.1 (0.5)a 11.8 (0.4)a 12.8 (0.5)a 10.3 (0.3)b

September
Colorado 9.2 (0.9) 8.7 (1.0) 10.1 (0.9) 8.8 (1.6) 0.8 9.2 (0.5)a

Kansas 9.6 (1.5) 10.6 (1.2) 8.3 (0.5) 11.5 (0.6) 0.2 10.0 (0.6)a

Texas 10 (1.2) 11.1 (0.4) 9.9 (1.3) 11.3 (1.0) 0.7 10.6 (0.5)a

Line mean 9.6 (0.6) 10.1 (0.7) 9.4 (0.5) 10.5 (0.7)

For overall soil means, n=20; for overall genetic line means, n=15; for treatment means, n=5. p values displayed in the table were
generated from one-way ANOVA examining the effect of genetic line within each soil type. Least significant difference post hoc
results are displayed for p<0.05. Post hoc comparisons for genetic line are made across rows. Post hoc comparisons of soil means are
made within columns for each measurement date.
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total stem C, total leaf C, and total aboveground C
(stem C + leaf C), and the genetic line × soil type
interaction was significant (p<0.05) Furthermore,
there was a significant effect of soil type (p<0.001)
and genetic line (p<0.001) on total root C; the
interaction was not significant. Above to below-
ground biomass C ratios were significantly affected
by genetic line (p<0.001), but were not affected by
soil type; again the genetic line × soil type interaction
was not significant.

Total plant C, total stem C, and total aboveground
C of transgenic and control aspen differed signifi-
cantly in all three soil types, with plants accumulating
the most biomass C (total and components) in the
Colorado soil and the least biomass C in the Texas
soil (Fig. 1a). Aspen grown in Colorado soil
accumulated significantly more total root C compared
to the other two soil types, and aspen grown in Texas
soil accumulated significantly less total leaf C
compared to the other two soil types.

Across soils, line 72 accumulated 20% less total
plant C, 20% less total stem C, 11% less total
aboveground C, and 52% less total root C compared
to all other genetic lines (Fig. 1b). Line 72 and line 23
had 10% less total leaf C compared to line 141 and
control aspen, which did not differ significantly from
each other (Fig. 1b). Line 72 also had the highest
above to belowground C ratio (4.8) compared with
ratios of other genetic lines (2.5; p<0.001), which did
not differ significantly from each other.

Because of a significant genetic line by soil type
interaction, we examined genetic line effects on
biomass C within each soil type. The genetic line
effects on total root, whole plant, and above/below-
ground C within soil types generally followed the
trends from overall ANOVA (Fig. 1b; Table 5).
Across soil types, line 72 accumulated significantly
less stem C, leaf C, and total aboveground C than
control aspen and similar patterns were observed for
the Colorado and Texas soils. However, this was not
the case in the Kansas soil, where there were no
significant differences among genetic lines for above-
ground biomass components (leaf C and aboveground
C; Table 5).

Soil C formation

There were significant effects of soil type (p<0.001),
genetic line (p<0.001), and a genetic line by soil type

interaction (p<0.01) on soil C formation. Across
genetic lines, we found the highest percentage of
aspen-derived soil C in the Colorado soils, which
were twice that of the Kansas and Texas soils (p<
0.001). Aspen derived soil C in the Kansas and Texas
soils did not differ significantly (Fig. 2a). Across soil
types, line 72 accumulated 35% less new aspen-
derived soil C compared to soil C formation under
other genetic lines, which did not differ significantly
from each other (Fig. 2b).

Because of the genetic line by soil type interaction,
we examined differences in soil C formation among
genetic lines in each soil type. For the Colorado soil,
line 72 accumulated the lowest percentage of aspen-
derived soil C and differed significantly from the
other genetic lines (Fig. 3a). Line 141 and control
aspen accumulated the highest percentages of aspen-
derived soil C formation and differed from lines 23
and 72 (Fig. 3a). In the Kansas soil, there was no
effect of genetic line on soil C formation (Fig. 3b).
However, in the Texas soil, line 72 again accumulated
the lowest percentage of aspen-derived soil C and
differed significantly from all other genetic lines
(Fig. 3c). Root biomass explained 48% and 29% of
the variation in soil C formation in the Colorado and
Texas soils (Fig. 4), respectively. There was not a
significant linear relationship between root biomass
and soil C formation in the Kansas soil (Fig. 4).

Discussion

Hypothesis 1: Effects of soil type and altered lignin
biosynthesis on plant growth

Contrary to our first hypothesis (1a), soil type did
significantly influence plant growth and biomass
allocation, despite optimal fertilization and watering
(Table 4, Fig. 1a). Though soils were selected
primarily for their textural differences, they varied
widely in several characteristics, including average
pH, N content and C content (Table 1). Nonetheless,
compared to other studies (Pastor and Post 1986;
Silver et al. 2000; Anderson et al. 2006; Bouma and
Bryla 2000), patterns were counter-intuitive. The
Colorado soil had the highest sand content, the lowest
clay content (Table 1) and was poorest in terms of
extractable and total nutrients. However, plant growth
rates were the highest in Colorado soils (Fig. 1a).
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Perhaps the negative surface charge of clays and the
formation of aggregates in high clay content soils
retained nutrients making them inaccessible to plant
roots (Brady and Weil 2002). Additionally, nutrient
availability, especially phosphorus is highest in a pH
range of 6.0 to 7.0. At pH values higher than this,
phosphorous is fixed into calcium phosphates and tends
to be unavailable to plants (Brady and Weil 2002). The
availability of iron also declines with increasing pH.
The Colorado soil had a pH of 6.4, while the Kansas
and Texas soils had pH values of 7.7 and 7.9, res-
pectively (Table 1). Finally, aspen are known to be

sensitive to poorly drained soils (Graham et al. 1963;
Gustafson et al. 2003). The Texas soil had 40% more
clay than the Kansas soil and 69% more clay than the
Colorado soil (Table 1) and drained more slowly after
watering (personal observations, J.H. and K.B.), perhaps
resulting in periods of sub-optimal (high) soil moisture.

Based on our previous results, we anticipated that
aboveground biomass would not be affected in low
lignin lines, but that root biomass would be reduced
(hypothesis 1b). While low lignin aspen (lines 23 and
141) accumulated similar amounts of total above-
ground C compared to control aspen, root biomass
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did not differ between control aspen and low lignin
lines (Fig. 1b). A goal of our second experiment was
to assess the trait stability of the lignin modified
plants, and our results suggest that growth character-
istics may vary across trials and so may depend on or
be influenced by several factors other than the genetic
modification. Subtle variation in micro-propagation
techniques or propagate handling between experi-
ments or inter-annual variation in greenhouse climate
may have affected plant performance. There was
variation in the growth and biomass allocation
patterns of individual lines in our previous study,
and it could be that modified aspen are somewhat plastic
in their response to subtle changes in environmental
conditions. For example, out-planting in the current
experiment occurred 30 days later than our first
experiment and the current experiment was 30 days
shorter (harvest occurred on similar dates). To the

fullest extent possible, we attempted to control for all
other aspects of the two experiments: both relied on the
same greenhouse facility for the experiments, the same
water and nutrient amendment regimes, and for the
Kansas soils, a sampling area <20 m from the sampling
area used for the previous experiment.

We hypothesized, based on previous results (Hancock
et al. 2007), that high S/G aspen (line 72) would have
reduced aboveground and belowground biomass
(hypothesis 1b). Our results supported this hypothesis
(Table 4, Fig. 1b). As discussed in Hancock et al.
(2007), the C cost of syringyl production is higher
compared to guaiacyl production (Amthor 2003).
However, this increased cost of higher S/G cannot
fully explain the large reductions in growth and
alterations to biomass accumulation in high S/G aspen,

Table 5 Distribution of total carbon (g C) in aboveground and
belowground pools in transgenic and control aspen (Populus
tremuloides) after 6 months of growth

Line 72 Line 141 Line 23 Control

Root
Colorado 4.4 (0.46)a 10.8 (0.83)b 9.4 (0.70)b 9.9 (0.67)b

Kansas 4.7 (0.14)a 9.3 (0.41)b 8.9 (0.4)b 8.7 (0.70)b

Texas 3.4 (0.67)a 8.3 (0.41)b 7.7 (0.22)b 7.5 (0.48)b

Stem
Colorado 7.2 (0.35)a 10.0 (0.23)b 9.4 (0.62)b 9.6 (0.40)b

Kansas 7.9 (0.32)ab 8.5 (0.25)a 9.2 (0.17)c 7.9 (0.15)b

Texas 4.8 (0.38)a 7.1 (0.22)b 8.0 (0.21)c 7.2 (0.27)b

Leaf
Colorado 13.5 (0.31)a 15.4 (0.59)b 12.9 (0.68)a 15.2 (0.56)b

Kansas 14.0 (0.29)a 14.1 (0.26)a 12.9 (0.17)a 13.7 (0.57)a

Texas 11.8 (0.17)a 12.8 (0.36)b 12.1 (0.25)ab 13.9 (0.34)c

Total aboveground
Colorado 20.7 (0.56)a 25.3 (0.52)b 22.3 (1.26)a 24.8 (0.93)b

Kansas 21.9 (0.56)a 22.7 (0.50)a 22.1 (0.31)a 21.6 (0.60)a

Texas 16.6 (0.36)a 19.9 (0.50)b 20.1 (0.44)b 21.1 (0.55)b

Total plant
Colorado 25.1 (0.85)a 35.7 (0.86)b 31.7 (1.72)c 34.7 (1.55)bc

Kansas 26.6 (0.57)a 32.0 (0.53)b 31.0 (0.60)b 30.3 (0.91)b

Texas 20.2 (1.00)a 28.1 (0.80)b 27.8 (0.50)b 28.6 (0.89)b

Aboveground to belowground ratio
Colorado 5.1 (0.58)a 2.4 (0.22)b 2.4 (0.13)b 2.6 (0.12)b

Kansas 4.7 (0.20)a 2.5 (0.12)b 2.5 (0.10)b 2.6 (0.32)b

Texas 5.6 (0.55)a 2.4 (0.11)b 2.6 (0.09)b 2.9 (0.17)b

Values are treatment means ± SE (n=8). p values for values in the
table were generated from one-way ANOVA examining the
effect of genetic line within each soil type. Least significant
difference post hoc results are displayed across rows for p<0.05.
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and likely relates to manipulations of S/G biosynthesis
having unintended consequences for plant growth and
biomass allocation (Hancock et al. 2007).

Genetic line effects on above and belowground
biomass allocation were generally consistent within
the Colorado and Texas soil types (Table 5). In
particular, aboveground C of line 72 was significantly
reduced in the Texas and Colorado soils, but there
were no differences in aboveground C among genetic
lines in the Kansas soil. This contrasting trend in the
Kansas soil could be attributed to larger individual
leaf size of line 72 when compared to control aspen
(Table 4). Larger leaves of line 72 combined with
higher photosynthetic rates in the Kansas soil could
have led to increased C growth and led to a lack of
differences among genetic lines in this soil.

Hypothesis 2: Effects of soil type and genetic line
on soil carbon formation

We hypothesized that plant growth would not differ in
the three soil types used in this experiment, and that
detrital inputs to soil would be similar among soil
types. Therefore, we predicted that soil properties
would control soil C formation in this study and that
the Colorado soil, which had the lowest percent clay
content and highest percent sand content (Table 1),
would have the lowest rates of soil C formation (Six
et al. 2002), while the Texas soil, which had the
highest percent clay content, would have the highest
rates of soil C formation (hypothesis 2). Instead, we
observed that the Colorado soil had a significantly
higher percentage of new aspen-derived soil C
compared to the Kansas and Texas soils, which did
not differ significantly from each other (Fig. 2a).

The differences we found in soil C formation
among soil types can be attributed to observed
differences in plant biomass and allocation across soil
types, differences in clay content, and to differences
in microbial biomass (Fig. 1b). Using a method
adapted from Frostegård et al. (1991), we estimated
soil microbial biomass in each soil type using total
phospholipid fatty acid (PLFA) analysis (Bradley et al.
2007). The Colorado soil had the least total microbial
biomass (PLFA=48±2.5 nm C g−1 soil), the Texas
soil had intermediate values of microbial biomass
(PLFA=131±4.8 nmol C g−1 soil), and the Kansas
soil had the highest microbial biomass (PLFA=160±
4.1 nmol C g−1 soil; Bradley et al. 2007). Thus,
although we expected higher decomposition rates in
the Colorado soil due to ideal physical conditions
(aeration, moisture), the high percentage of new

Line 72 Line 141 Line 23 Control

S
o

il 
C

a
rb

o
n

 F
o

rm
a

ti
o

n
 (

%
)

0

2

4

6

8

10

12
A) Colorado

B) Kansas

Line 72 Line 141 Line 23 Control

S
o

il 
C

a
rb

o
n

 F
o

rm
a

ti
o

n
 (

%
)

0

2

4

6

8

10

12

C) Texas

Line 72 Line 141 Line 23 Control

S
o

il 
C

a
rb

o
n

 F
o

rm
a

ti
o

n
 (

%
)

0

2

4

6

8

10

12

  a 

     b 

   c  c 

  a 

 

       a 

  a 

a 

  a 

 b  b                      

   b 

Fig. 3 Estimates of percent new soil carbon (C) derived from
isotope mixing models of transgenic and control aspen grown for
6 months in a Colorado soil, b Kansas soil, and c Texas soil. Post
hoc (least significant difference) results are significant at p<0.05

Plant Soil (2008) 308:239–253 249



aspen-derived C in the Colorado soil can most likely
be attributed to lower heterotrophic decomposition
and respiration, combined with greater C root inputs
relative to the other two soil types (Fig. 1a). This is
supported by findings of Zak at al. (1994), which
showed higher incubation-based respiration rates at
similar Kansas sites than similar Colorado sites.
Kansas had high silt and clay content (Table 1) and
intermediate C inputs (Fig. 1a). However, high
microbial biomass in these soils (Bradley et al.
2007) most likely led to high rates of heterotrophic
decomposition of C inputs and thus to the lowest rates
of soil C formation of the three soil types. Finally,
while Texas soil had the lowest belowground root
mass (Fig. 1a), these soils supported intermediate
values of microbial biomass (Bradley et al. 2007),
which when combined with the physical protection of
aggregates in the Texas soil may have led to less
microbial decomposition of C inputs and slightly
higher (but not significantly so) soil C formation rates
(Fig. 2a).

In our previous study (Hancock et al. 2007), soil C
formation was significantly related to root biomass,
with large reductions in root biomass in high S/G
aspen resulting in 70% less new aspen derived soil C
compared to the control lines. Additionally, 15–17%
reductions in root biomass in low lignin lines
contributed to 33–43% less new soil C (Hancock et al.
2007). In the current experiment, we also found that
aspen with a 60% increase in S/G (line 72) accumu-

lated 35% less new soil C compared to control aspen
(Fig. 2b). However, we did not observe differences in
belowground biomass in lines 23 and 141. New soil C
in these low lignin lines also did not differ from control
aspen (Fig. 2b). Overall, it appears that rates of new
soil C formation were related to differences in root
biomass, but reductions in root biomass were not
consistent across experiments despite utilizing the
same low lignin lines (23, 141). Again, subtle differ-
ences across experiments with respect to micro-
propagation, study length, greenhouse environment
could explain these differences across studies.

Genetic line effects were generally consistent in the
Colorado and Texas soils (Fig. 3a and c) with line 72
having significantly less new soil C compared to other
lines of aspen. However, in the Kansas soil, there was
no effect of genetic line on soil C formation (Fig. 3b).
Growth performance and soil C formation of the high
S/G line used in this experiment differed from the
high S/G line used in our previous experiment
(Hancock et al. 2007) in which aspen were also
grown in the Kansas soil. In contrast to the high S/G
line used in this experiment, which had a 60%
increase in S/G accompanied with a 40% decrease
in lignin content, the high S/G lignin line (93) used in
our previous experiment had a 150% increase in S/G
with no modifications to lignin content. Therefore, the
less dramatic changes in lignin quantity combined
with a smaller increase in S/G in line 72 appear to
have resulted in better growth in Kansas soil

Root biomass (g C)

0 2 4 6 8 10 12 14 16

S
oi

l C
ar

bo
n 

F
or

m
at

io
n 

(%
)

0

2

4

6

8

10

12

14
Colorado
R2 = 0.48
p < 0.0001

Texas
R2 = 0.29
p < 0.01

Kansas
R2 = 0.01
p = 0.54

Colorado
Kansas
Texas

Fig. 4 Soil carbon (C) for-
mation as a function of root
biomass (g C) in each soil
type. Post hoc (least signif-
icant difference) results are
significant at p<0.05

250 Plant Soil (2008) 308:239–253



compared to the high S/G line used previously
(Hancock et al. 2007; line 93).

Despite reduced belowground inputs in the Kansas
soil, line 72 had larger individual leaf size (Table 4),
higher photosynthetic rates (Table 3), and did not
have reduced aboveground biomass compared to
other lines in the Kansas soil (Table 5). Given these
characteristics, this high S/G line may have been able
to allocate more photosynthate belowground to root
exudates (Kuzyakov and Domanski 2000; Thornton
et al. 2004) resulting in similar rates of soil C
formation compared to other lines of aspen in the
Kansas soil. Overall, however, variation in root
biomass was not related to rates of soil C formation
in the Kansas soil (Fig. 4), suggesting that the lack of
difference between the four lines may have resulted
for other reasons. For example, Bradley et al. (2007)
showed that the activities of two enzymes responsible
for the degradation of cellulose (cellubiohydrolase
and β-glucosidase) were lower in lines 72 and 141
than in the control line in the Kansas soil. Further the
abundance of fungal biomarkers (neutral lipid fatty
acids) associated with decomposers were also reduced
in line 72. These reductions in turn would lower C
decomposition rates in line 72 and141 compared to
the other lines. Overall, the reduction in the abun-
dance of organisms and enzymes associated with
decomposition in the Kansas soil may have offset
lower root inputs and resulted in similar rates of C
formation across the four lines. Unfortunately, we do
not have similar analyses for the original experiment.

Conclusions

We found a strong relationship between root biomass
and soil C formation across two of the three soil
types. As with our earlier study, modified aspen
expressing increased S/G lignin (line 72) had signif-
icantly reduced height, leaf area, and total biomass as
well as reductions in aspen-derived soil C. In contrast
to our previous experiment, there were no negative
impacts of reduced lignin biosynthesis (lines 23 and
141) on plant growth or soil C formation suggesting
that expression of traits is highly sensitive to subtle
differences in propagation techniques or environment.
Alternatively, expression of traits may not be stable
over time. Future efforts should work towards a more
complete understanding of the stability of genetic

transformation through micropropagation and plant
establishment.

Our work also demonstrates that transgenic aspen
performance and subsequent effects on soil C forma-
tion are affected by soil type, and long-term field
studies across a broad range of soil types are
necessary before genetically modified trees are
deployed for commercial purposes. Overall, because
the wild type line was generally the best performer
across soils, and there is tremendous genetic variation
within aspen, it would be valuable to examine diverse
naturally occurring lines of aspen for both tissue
quality and growth characteristics. It may be possible
to identify aspen lines that naturally express both
reduced lignin properties but higher growth rates.
Although altering lignin biosynthesis in aspen could
be a potential tool for reducing the economic and
environmental costs of Kraft pulping, particularly the
high S/G aspen lines, our limited studies suggest that
genetic modification of aspen may lower growth
performance compared to wild-type aspen.
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