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Abstract

Global atmospheric CO, levels are expected to double
within the next 50 years. To assess the effects of increased
atmospheric CO, on soil ecosystems, cloned trembling
aspen (Populus tremuloides) seedlings were grown indi-
vidually in 1 m’ open bottom root boxes under either
elevated (720 ppm, ELEV) or ambient CO, (360 ppm,
AMB). After 5 years, soil cores (40 cm depth) were col-
lected from the root boxes and divided into 0-20 cm and
2040 cm fractions. ELEV treatment resulted in signifi-
cant decreases in both soil nitrate and total soil nitrogen in
both the 0-20 cm and 20-40 cm soil fractions, with a 47%
decrease in soil nitrate and a 50% decrease in total soil
nitrogen occurring in the 0-20 cm fraction. ELEV treat-
ment did not result in a significant change in the amount
of soil microbial biomass. However, analysis of indicator
phospholipid fatty acids (PLFA) indicated that ELEV
treatment did result in significant increases in PLFA
indicators for fungi and Gram-negative bacteria in the 0—
20 cm fraction. Terminal restriction fragment length
polymorphism (T-RFLP) analysis was used to analyze the
composition of the soil bacterial communities (using
primers targeting the 16STRNA gene) and the soil fungal
communities (using primers targeting the intergenic
transcribed spacer region). T-RFLP analysis revealed shifts
in both bacterial and fungal community structure, as well
as increases in both bacterial and fungal species richness
with ELEV treatment. These results indicated that in-
creased atmospheric CO, had significant effects on both
soil nutrient availability and the community composition
of soil microbes associated with aspen roots.

Correspondence to: John J. Kelly; E-mail: jkelly7@luc.edu

Introduction

Global atmospheric CO, levels are presently accumulat-
ing at their highest rate [20] and are expected to double
within the next 50 years [50] owing to the continued
burning of fossil fuels and changes in land use patterns
[1]. To predict the global and ecosystem-level effects of
increased atmospheric CO,, an understanding of the
biological effects of CO, enrichment is needed. The im-
pact of CO, enrichment on plants has been studied
extensively for over 20 years. Researchers have demon-
strated that elevated CO, can substantially affect the leaf
chemistry of plants through increased carbon fixation [6,
41, 51], which can result in increased carbon allocation to
structural and nonstructural carbohydrates, lignin, and
secondary phenolic defense compounds like tannins, as
well as an increase in the carbon to nitrogen ratio of
leaves [e.g., 46].

Microbes are critical to the cycling of carbon and
inorganic nutrients in soil ecosystems, and so insight
into the soil microbial responses to elevated atmo-
spheric CO, is critical for improving our understand-
ing of global carbon and nutrient cycling [39]. Because
the concentration of CO, in soil is 10 to 15 times
higher than in the atmosphere, elevated atmospheric
CO, would not be expected to have a direct effect on
soil microorganisms [22]. Indeed, Koizumi et al. [27]
observed no change in soil microbial activity with
atmospheric CO, levels ranging from 100 ppm to 1000
ppm. However, elevated atmospheric CO, may affect
the soil ecosystem indirectly through CO,-induced
plant responses that influence below-ground processes.
For example, CO,-induced biochemical changes in
plant leaves slowed the decomposition of leaf litter by
terrestrial microbes [1, 5, 8] and by microbes in stream
ecosystems [38], suggesting that alterations in leaf litter
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quality could have significant effects on nutrient cy-
cling.

The physiological changes in plants caused by ele-
vated CO, might also affect the interactions between
plant roots and soil. It has been suggested that CO,-
stimulated plant growth might result in an increased
uptake of mineral nutrients such as nitrogen from the
soil, possibly leading to decreases in soil nitrogen [20],
and data from several researchers has supported this
theory [19, 21, 33]. CO, enrichment can also increase the
input of organic carbon to soils by increasing plant root
biomass [3, 32, 47, 56] as well as root exudates [35, 39].
Because plant roots are often the single largest source of
organic carbon for soil microbial metabolism [4], in-
creases in carbon inputs could have significant effects on
the soil microbial communities. For example, several
studies have reported significant increases in microbial
biomass [37, 56] and microbial activity [37] in soils
under elevated CO,.

Most of the work on microbial responses to elevated
CO, has focused on total microbial biomass or gross
measures of microbial activity [26]. These quantitative
measures do not provide insight into population
dynamics within soil microbial communities. It has been
demonstrated that changes in specific microbial popula-
tions can occur even when total microbial community
biomass remains unchanged [36], suggesting that mea-
sures of microbial community composition may be more
sensitive to disturbance than assays that quantify biomass
or cumulative microbial activity [24]. Despite the eco-
logical significance of microbial community composition,
community assessment techniques have received limited
application to the analysis of elevated CO, impacts [26].

This study examined the effects of atmospheric CO,
concentrations predicted for the year 2050 on the
chemical and biological properties of soil in the vicinity
of roots of trembling aspen (Populus tremuloides). The
hypothesis that growth of trembling aspen under elevated
atmospheric CO, would result in a decrease in the con-
centration of inorganic soil nutrients, an increase in
microbial biomass, and a shift in the composition of soil
microbial communities, was tested. Two methods were
used to analyze the composition of microbial commu-
nities; phospholipid fatty acid analysis (PLFA) and ter-
minal restriction fragment length polymorphism analysis
(T-RFLP). Both of these methods avoid the limitations of
culture-based techniques by using signature molecules as
indicators of microbial community composition, and
both methods have been widely applied to the analysis of
microbial community composition in complex habitats.
In the current study T-RFLP was used to examine both
the soil bacterial communities (using primers targeting
the 16SrRNA gene) and the soil fungal communities
(using primers targeting the intergenic transcribed spacer
region).
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Methods

Aspen Growth under Elevated Atmospheric CO.. In
June 1996, 16 cloned trembling aspen (Populus
tremuloides) seedlings were individually planted in 1 m’
open-bottom root boxes at the University of Michigan
Biological Station (UMBS) in northern lower Michigan
(45°34'N, 84°4034’'W). Trembling aspen was chosen
because it is the most abundant tree species in Mich-
igan [40] and is easy to grow. The root boxes con-
tained a soil homogenate of 80% native rubicon sand
and 20% topsoil. Topsoil was added to augment the
low nutrient levels of the native granitic sand. The soils
were homogenized in a cement mixing truck and
backfilled into the soil boxes. Each tree was enclosed
within an above-ground clear plastic open-top chamber
(1 m Xx 1 m X 2 m) and half of the trees were
fumigated with 2x ambient CO, (ELEV = 720 ppm)
while the other 8 trees were treated with unenriched
air (AMB =360 ppm) as per Tuchman et al. [46].
ELEV or AMB air was delivered to the trees between
May and leaf senescence in November from 1996 to
2002, and leaves were collected and removed from the
chambers after leaf senescence each year. During the
treatment periods, all chambers were watered twice
weekly with equal volumes provided to each tree. Well
water from UMBS, which contained non-detectable
levels of total inorganic nitrogen and orthophosphorus
(R. VandeKopple, UMBS Resident Biologist, unpub-
lished data), was used for watering.

Soil Sampling.  Soils were sampled during leaf
senescence in November 2001 after leaf and plant debris
was removed from the soil surfaces. Three replicate soil
samples were collected from each of three ELEV cham-
bers and three AMB chambers. Soil samples were col-
lected to a depth of 40 cm with a soil corer and
immediately separated into 0-20 cm and 20-40 cm
fractions. Root and plant debris was removed and each
soil sample was well mixed. Subsamples of approximately
1 g were taken from each soil sample, placed on dry ice,
and shipped to Loyola University where they were stored
at —80°C. Bulk soil samples for soil nutrient analysis were
shipped on wet ice and stored at 4°C.

Soil Analysis.  In the laboratory all bulk soil sam-
ples were sieved through a 2-mm sieve and stored at 4°C.
Soil moisture content was determined gravimetrically by
drying at 100°C [15], organic matter content was deter-
mined by loss on ignition at 500°C [2], and pH was
determined in a 1:1 soil:distilled water slurry [43]. Total
nitrogen was extracted by acid digestion (EPA Method
3050) [11] and measured by the Kjeldahl method (EPA
Method 351.2)[10]. Soil nitrate was determined by
extraction with deionized water and measurement with a
nitrate electrode [16]. Total phosphorous was extracted
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by acid digestion (EPA Method 3050) [11], available
phosphorous was extracted by the Mehlich 3 method [12],
and phosphorous levels in both extracts were determined
by inductively coupled plasma-atomicemission spectro-
metry (ICP-AES) (EPA Method 6010) [11]. Total
microbial biomass was determined by measurement of
total phospholipids using the Lipid Phosphate Assay [13].
Soil data were analyzed by analysis of variance (ANOVA)
with the SPSS software package (SPSS Inc., Chicago, IL).

PLFA Analysis.  Fatty acids were extracted from
all soil samples using a modification of the method of
White et al. [52] as previously described [25]. Fatty acids
were prepared according to the MIDI protocol [31] and
analyzed using the MIDI Sherlock Microbial 19 Identi-
fication System (MIDI Inc., Newark, DE). Fatty acids
with carbon chain lengths between 9 and 20 carbons were
identified. Individual phospholipid fatty acid (PLFA)
values were expressed as a percentage of the total PLFAs
in the sample. The total PLFA data set was analyzed by
principal component analysis (PCA) with the SAS soft-
ware package (SAS Institute Inc., Cary, NC). Signature
PLFAs were analyzed by ANOVA with the SPSS software
package (SPSS Inc).

T-RFLP Analysis

PCR for Bacterial Community Analysis. ~ Soil genomic DNA
and DNA of a bacterial reference culture (Pseudomonas
aeruginosa PAO1) were isolated with the UltraClean Soil
DNA Kit (MoBio Laboratories, Salana Beach, CA). DNA
was amplified with polymerase chain reaction (PCR) using
primers 8F and 926R [29] targeting the 16S rRNA gene.
Primer 926R was synthesized by Operon, Inc. (Alameda,
CA) and 8F was synthesized and labeled at the 5" end with
dye IRD-800 by LI-COR, Inc. (Lincoln, NE). Each 25 pL
PCR reaction contained 0.4 pM forward primer, 4.0 pM
reverse primer, 200 pM deoxynucleoside triphosphates
(Amersham Biosciences, Piscataway, NJ), 0.2 mgmL_1
bovine serum albumin (Amersham Biosciences), 1X PCR
buffer (Promega, Madison, WI), 2.5 mM MgCl, (Pro-
mega), 1.5 units of Tag DNA polymerase (Promega), and
1.0 pL of template DNA. For these samples and this primer
pair, a 1:10 dilution of DNA extract was found to be
optimal for amplification. The PCR reactions were run in a
DNA thermal cycler (PTC-100, MJ Research, Waltham,
MA) with the following cycling parameters; initial dena-
turation at 94°C for 2 min, followed by 30 cycles of dena-
turation at 94°C for 15 s, annealing at 56.4°C for 20 s, and
extension at 72°C for 30 s, followed by a final extension step
for 3 min at 72°C. Four replicate reactions were run for
each soil sample and the products were pooled.

PCR for Fungal Community Analysis. Soil genomic
DNA and DNA of a fungal reference culture (Cortinarius
multiformis) were isolated with the UltraClean Soil DNA
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Kit (MoBio Laboratories). DNA was amplified with PCR
primers targeting the intergenic transcribed spacer re-
gion, ITS1-F and ITS4 [14]. ITS4 was synthesized by
Operon and ITS1-F was synthesized and labeled at the 5’
end with dye IRD-800 by LI-COR. The PCR reactions
were set up as described above for bacterial community
analysis. Cycling parameters were as descibed previously
[14]. Four replicate reactions were run for each sample
and the products were pooled.

PCR Product Cleanup and Digestion. The PCR
products were purified with the UltraClean PCR Clean-
up DNA Purification Kit (MoBio Laboratories) and
quantified based on analysis of agarose gel band inten-
sities with Quantity One Software (BioRad, Hercules,
CA). The PCR products (25 ng) were digested individ-
ually with Mspl, Alul, and Haelll (New England BioLabs,
Beverly, MA) according to the manufacturer’s instruc-
tions. To verify complete digestion, DNA isolated from
pure culture controls was amplified and digested in
parallel with soil samples.

T-RFLP Analysis. After denaturation at 94°C for 2
min, digested DNA samples were electrophoresed on a
5.5% acrylamide gel in DNA Sequencer Model 4000L (LI-
COR). The size and intensity of the TRFs were deter-
mined with Quantity One Software (BioRad). Fungal and
bacterial T-RFLP data were analyzed separately by PCA
with the SAS software package (SAS Institute, Inc.). For
PCA analysis, each individual, terminal restriction frag-
ment (TRF) was scored as present or absent and analyzed
as binary data [26], and only TRFs that were present in at
least four samples were included. For both the bacterial
and fungal data sets, the scores for each sample on PCl
and PC2 were analyzed by ANOVA with the SPSS soft-
ware package (SPSS Inc).

Results

CO, enrichment resulted in no significant changes in soil
moisture content, pH, or levels of organic matter as
compared to AMB in either the 0-20 cm or the 20-40 cm
fractions (Table 1). Soil pH decreased significantly with
depth in both treatments (P < 0.0001), whereas moisture
content and organic matter content showed no change
with depth (Table 1). Total soil phosphorous showed no
CO, treatment effect, and no change with depth (Ta-
ble 1). Extractable phosphorous showed no change with
CO, treatment but did increase significantly with depth
(P < 0.0001; Table 1). Total soil nitrogen decreased sig-
nificantly with ELEV treatment by 50% in the 0-20 cm
fraction (P < 0.05) and 34% in the 20-40 cm soil frac-
tions (P < 0.05; Fig. 1A). Soil nitrate also decreased sig-
nificantly with ELEV treatment by 47% in the 0-20 cm
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Table 1. Soil physical and chemical parameters
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CO, treatment  Depth (cm)  Moisture content (%) pH Organic carbon (%) Total P (mg kg™')  Extractable P (mg kg_l)
AMB 0-20 14.7 £ 0.9 7.5 £ 0.1* 29 £ 0.1 642 + 108 15.3 + 63*
ELEV 0-20 14.9 + 2.0 7.5 £ 0.1° 29 +0.1 579 + 137 22.8 £ 5.6
AMB 20-40 13.9 £ 0.7 6.4 +0.1° 29 + 0.1 582 + 103 341 + 1.3°
ELEV 20-40 143 £ 0.8 6.3 £ 0.1° 3.1 £0.0 783 £ 216 36.9 + 1.3°

Different letters indicate significant differences (P < 0.0001) based on ANOVA (n = 3).

fraction (P < 0.05) and 20% in the 20—40 cm soil fraction
(P < 0.05; Fig. 1B).

Microbial biomass was not significantly altered by
CO, enrichment in either the 0-20 cm or the 20-40 cm
fractions (Fig, 2). However, within the ELEV soils, there
was a significant (P < 0.01) decrease in microbial biomass
with depth, which was not seen in the AMB soils (Fig. 2).

Phospholipid fatty acid data was used to look for
shifts in major microbial groups within the soils based on
depth and/or CO, treatment. Principle component
analysis of PLFA data did not reveal shifts in PLFA
profiles with treatment or depth (data not shown).
However, analysis of several indicator PLFAs did reveal
shifts in specific microbial populations. Based on previ-
ously published data, four PLFAs were used as indicators
for major microbial groups: 18:2 ®6,9¢ [18] and 18:109¢c
[54] for fungi, 15:0 iso for Gram-positive bacteria [28],
and 18:1w7c for Gram-negative bacteria [28]. The data
for these indicator PLFAs revealed that, as a percentage of
the total microbial community, fungal and Gram-nega-
tive bacterial PLFAs decreased significantly with depth
(P < 0.001; Fig. 3), and Gram-positive bacterial PLFAs
increased significantly with depth (P < 0.01) (Fig. 3).
Indicator PLFAs also revealed shifts in microbial com-
munity composition with CO, treatment in the 0-20 cm
fraction, where both fungal PLFAs (18:206,9c and
18:1m9¢) and the Gram-negative bacterial PLFA
(18:1m7¢) increased significantly (P < 0.05, P < 0.05 and
P < 0.01, respectively) with CO, enrichment (Fig. 3).

The T-RFLP analyses revealed some significant dif-
ferences in the number of TRFs observed for both fungi
and bacteria. The total number of fungal TRFs increased
significantly with ELEV treatment by 51 % in the 20-40

cm fraction (P < 0.05), but showed no treatment effect in
the 0-20 cm fraction (Fig. 4A). The total number of
bacterial TRFs increased significantly with ELEV treat-
ment by 37% in the 0-20 cm fraction (P < 0.002) and 5%
in the 20-40 cm fraction (P > 0.05; Fig. 4B).

Principal component analysis of fungal T-RFLP data
revealed a shift in fungal community composition with
CO, treatment (Fig. 5A). ANOVA indicated a significant
effect of the elevated CO, treatment on PC1 (P < 0.01),
but no significant effect of depth on PC1 or PC2. Prin-
cipal component analysis of bacterial T-RFLP data also
revealed strong shifts in bacterial community composi-
tion with CO, treatment and with depth (Fig. 5B).
ANOVA indicated significant effects of elevated CO,
treatment on PC, (P < 0.01) and significant effects of
depth on both PC1 (P < 0.05) and PC2 (P < 0.05). The
fact that the elevated CO, treatment did not have a sig-
nificant impact on PC1 indicates that depth had a more
significant effect on bacterial community composition
than the CO, treatment.

Discussion

Previous phytochemical analyses of the Populus
tremuloides seedlings used in this study demonstrated
that CO, enrichment resulted in significant increases in
C:N ratio and an increase in the levels of lignin and
secondary phenolic defense compounds like tannins [38,
44-46]. The results of the present study indicated that the
5-year seasonal CO, treatment also had a significant
impact on the soil ecosystems in which these Populus
tremuloides seedlings were grown. The increase in
atmospheric CO, resulted in large decreases in soil nitrate

Figure 1. Total Kjeldahl nitrogen (A) and extractable
nitrate (B) in soil samples. Each data point represents
mean of three replicate chambers = 1 S.E. Asterisks
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and ELEV treatments within soil depths.
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Figure 2. Total microbial biomass as measured by the total lipid
phosphate method. Biomass indicated as nmoles phospholipid
phosphate per gram of dry soil. Each data point represents the
mean of three replicate chambers + 1 S.E.

and total soil nitrogen that were most pronounced in the
soil fraction closest to the soil surface (0—20 cm). These
decreases in soil nitrate and total nitrogen are extremely
important because net primary productivity in most soil
ecosystems is nitrogen limited [48]. Decreases in soil
nitrogen could thus have negative impacts on biological
productivity in both natural and agricultural ecosystems
and could necessitate the increased use of nitrogen fer-
tilizer in agricultural soils. These decreases in soil nitro-
gen could also have effects on the global carbon cycle. It
has been suggested that as atmospheric CO, levels con-
tinue to rise, carbon sequestration in soils might increase
[5]. Thus soils could serve as a valuable sink for carbon,
helping to moderate the impacts of increased CO,
emissions. However, if soil nitrogen is decreased by ele-
vated CO,, as was observed in this study, this could se-
verely limit biological productivity which could limit the
ability of soils to sequester carbon.

The elevated CO, treatment also had significant
impacts on the soil microbial community. Although the
ELEV treatment did not have a significant effect on the
biomass of the soil microbial community (Fig. 2), the
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Figure 3. Levels of indicator phospholipid fatty acids. Each data
point represents the mean of three replicate chambers + 1 S.E.
Asterisks designate significant differences between AMB and ELEV
treatments (*P < 0.05; **P < 0.01).

PLFA data indicated that the ELEV treatment resulted in
a shift in the composition of the communities. The PLFA
data indicated a significant increase in fungi as a per-
centage of the overall microbial community in the 0-20
cm soil fraction (Fig. 3). Other researchers have also re-
ported increases in fungi with elevated CO, based on
ergosterol content [26] and plate counts [17]. Zak et al.
[55] did not observe an increase in fungal PLFAs when a
tree species from the same genus, Populus grandidentata,
was grown under elevated CO, for one growing season.
However, when Populus tremuloides were grown under
elevated CO, for two growing seasons, Zak et al. [54] did
report an increase in fungal PLFA 18:2w6,9c. These re-
sults suggest that the CO,-induced increase in fungal
PLFAs observed in our study and by Zak et al. [54] may
have been slow to develop.

The increase in fungi with elevated CO, documented
in the present study may be connected to the observed
decreases in total and available soil nitrogen. Nitrogen
limitation tends to favor fungi over bacteria because
fungal biomass has a higher C:N ratio and because fungal
hyphae are efficient at nitrogen uptake [19]. The increase
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2 30 ] Figure 4. Total number of terminal restriction fragments
I 2 2% (TRFs) observed using fungal ITS primers (A) and
B 20 ] § fung P
= E bacterial 16S rRNA primers (B). Each data point
10 10 represents the mean of three replicate chambers + 1 S.E.
0 0 Asterisks designate significant differences between AMB
AMB 0- ELEV 0- AMB 20- ELEV 20- AMB 0- ELEV 0- AMB 20- ELEV 20- and ELEV treatments within soil depths (*P < 0.05;
20cm 20cm 40cm 40cm 20cm 20cm 40cm  40cm > P < 0.002; *** P < 0.05).



L.R. Janus T AL.: ELEvaTED CO, ALTERS SOIL MicroBIOL COMMUNITIES

>
°© o o
S (o)) @

o
»
>

o
[ ]
[
> o

Principal Component 2

o
N

-0.4
O

08 06 04 02 0 02 04 06
Principal Component 1

02| ©

Principal Component 2
o
>

0.4

0.6 - -
-0.8 -0.6 -0.4 -0.2 0 0.2 0.4

Principal Component 1
Figure 5. Principal component analysis of T-RFLP data, open
circle: AMB 0-20 cm; solid circle: ELEV 0-20 cm; open triangle:
AMB 20-40 cm; solid triangle: ELEV 20-40 cm. Fungal data (A):
principal component 1 accounted for 19.9% of the variability in
the data. Principal component 2 accounted for 14.7% of the var-
iability in the data. Bacterial data (B): principal component 1 ac-
counted for 41.7% of the variability in the data. Principal
component 2 accounted for 17.0% of the variability in the data.

in fungi may also be related to an increase in plant root
biomass. Several previous studies have demonstrated
increased plant root biomass [3, 7, 32] and increased fine
root production [7, 53] under elevated CO, conditions.
These increases in root biomass and fine root production
would be expected to favor the growth of mycorrhizal
fungi, which form symbiotic relationships with plant
roots, and indeed several researchers have observed in-
creased mycorrhizal infection of plant roots [9, 34] and
increased arbuscular mycorrhizal root mass [30] under
elevated CO,. The increase in fungi may also be related to
lignin production by the trees. Lignin, an integral com-
ponent of plant cell walls, is a complex aromatic polymer,
and fungi are the major microbial group involved in
lignin degradation [49]. Lignin is a significant compo-
nent of root biomass, so an increase in root biomass
would result in more lignin in the soil, which would favor
the growth of fungi. An increase in fungi as a percentage
of the microbial community could be significant to
ecosystem function, as fungi play important roles in
organic matter degradation, nutrient cycling, and the
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formation of soil aggregates. Mycorrhizal fungi in par-
ticular contribute to nutrient and water uptake by plant
roots [42], so increases in these fungi could increase the
uptake of these resources from the soil.

Although the PLFA data did not indicate any change
in fungal community size in the 20-40 cm fraction
(Fig. 3), the fungal T-RFLP data indicated that there was
a significant increase in fungal species richness in the 20—
40 cm soil fraction, as reflected by the increased number
of TRFs observed (Fig. 4A). Although the T-RFLP assay
generally provides an underestimate of biodiversity, as it
is biased toward the numerically dominant organisms,
the number of TRFs produced for a set of samples is a
useful indicator of changes in species richness [26].
Principle component analysis of the fungal T-RFLP data
also indicated that the ELEV treatment caused a shift in
the composition of the fungal communities in both the
0-20 cm and the 20-40 c¢m soil fractions (Fig. 5A). These
shifts in the size, species richness, and composition of the
fungal communities may be related to the decrease in soil
nitrogen levels or to possible changes in soil root bio-
mass. These shifts suggest that the altered soil conditions
caused by ELEV treatment resulted in the stimulation
and/or inhibition of certain subsets of the fungal com-
munity. Klamer et al. [26] recently used the T-RFLP
technique to examine the impact of elevated CO, on soil
fungal communities in a scrub oak ecosystem, and they
did not see an effect of the CO, treatment on fungal
community composition after 3 years. The difference in
results between our study and the Klamer et al. study [26]
may be related to the difference in the duration of CO,
treatment (5 years and 3 years, respectively) or to dif-
ferences in the ecosystems studied.

The PLFA data also indicated that the ELEV treat-
ment resulted in an increase in Gram-negative bacteria as
a percentage of the overall microbial community in the 0—
20 cm soil fraction (Fig. 3). An increase in Gram-negative
bacterial PLFAs was not observed in previous work by Zak
et al. [54], who used the same tree species in very similar
soils, but as discussed above, their samples were collected
after two growing seasons whereas our samples were
collected after five growing seasons, suggesting that this
shift in bacterial populations may have been slow to de-
velop. The observed increase in Gram-negative bacteria
may be related to an increase in root biomass, as the
growth of Gram-negative bacteria is favored in the rhi-
zosphere [42] and the Gram-negative bacterial PLFA
(18:1w7c) has been shown previously to be higher in
rhizosphere soils than in non-rhizopshere soils [55].

The bacterial T-RFLP data showed an increase in
bacterial species richness in both the 0-20 cm and 20-40
cm soil fractions, as reflected by the increased number of
TRFs observed (Fig. 4B). This increased diversity may be
related to the increase in Gram-negative bacteria, as an
increase in root biomass may have favored the prolifer-
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ation of a variety of different Gram-negative bacteria.
Principle component analysis of the bacterial T-RFLP
data also revealed shifts in bacterial community compo-
sition with CO, treatment In both the 0-20 cm and 20—
40 cm soil fractions (Fig. 5B). These community shifts
revealed by PCA may be related to the observed differ-
ences in richness, as the lowest richness samples (AMB 0-
20 cm) are clearly separated from the other samples on
PC1. However, the separation of samples observed in the
PCA cannot be completely explained by richness differ-
ences, because when all of the samples are examined there
is no significant correlation between richness and PC
scores (data not shown). In addition, ANOVA indicated
significant effects of both elevated CO, treatment and
depth on the PC scores.

Conclusions

The results of this study demonstrated that a long-term
increase in atmospheric CO, had significant effects on both
soil nitrogen levels and soil microbial community com-
position. These findings suggest that rising levels of
atmospheric CO, could have significant impacts on soil
ecosystems as well as on global carbon and nutrient cycling.
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