Plant DNA: A new substrate for carbon stable isotope analysis and

a potential paleoenvironmental indicator

A. Hope Jahren*

Department of Earth and Planetary Sciences, Johns Hopkins University, Baltimore, Maryland 21218, USA

Gitte Petersen
Ole Seberg

Botanical Institute, Department of Evolutionary Botany, University of Copenhagen, Gothersgade 140,

DK-1123 Copenhagen K, Denmark

ABSTRACT

The 813C value of fossil plant materials can be used to gain insight into the dominant
photosynthetic pathway, as well as other environmental attributes, of ancient plant eco-
systems. Nucleotide sequences from land plant nucleic acids extracted from 400 ka fossil
sediments have been recognized as the oldest authenticated fossil deoxyribonucleic acid
(DNA), making the inference of plant taxonomy possible in substrates devoid of plant
macrofossils and microfossils. If the C isotope relationship between bulk plant tissue and
associated plant nucleic acids were known, fossil plant nucleic acids could be analyzed for
813C value and used as land plant isotopic substrates within mixed organic material.
Toward this end, we present §13C analyses of nucleic acids isolated from 12 higher plant
species that span the full phylogenetic diversity of seed plants. Extracted nucleic acids
were dominated by double-stranded DNA containing fragments of rbcL gene ~350 base
pairs in length. The C isotope compositions of plant nucleic acids were found to be en-
riched in 13C relative to bulk plant tissue by a constant value = 1.39%.. This study rep-
resents the first comparison of the 813C value of nucleic acids to the 813C value of bulk
tissue for multicellular organisms; our results contrasted with the minimal fractionations
reported for microorganisms. Because the isotopic enrichment is constant acr oss tracheo-
phytes, the 813C value of fossil plant DNA can be used as a paleoenvironmental indicator,
eliminating the need for morphological recognition of fossil plant material in paleoenvi-

ronmental studies.

Keywords: carbon isotope, nucleic acid, DNA, land plant.

INTRODUCTION

Nucleic acids are macromolecules of nucle-
otide monomers, known as deoxyribonucleic
acid (DNA) and ribonucleic acid (RNA). Se-
quences of nucleotides from portions of the
genome can be used to indicate the taxonomic
position of organisms and to establish their
phylogenetic relationships. Willerslev et al.
(2003) successfully isolated land plant nucleic
acids from Holocene and Pleistocene sedi-
ments, and used them to taxonomically char-
acterize the ancient plant community, thus
yielding a detailed picture of the ancient ter-
restrial ecosystem from a substrate that was
otherwise devoid of fossil information. We
sought to determine if such extracted nucleic
acids could also be used as a substrate for
d13C analysis, making ancient plant DNA a
potential paleocenvironmental indicator.

Studies of modern plants have revealed that
plant tissue 313C values are highly sensitive
to environmental parameters (reviewed in
Dawson et a., 2002). There is broad appli-
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cation of 813C anaysis of plant tissues to
problems in paleoclimatology; plant fossil ma-
terial 813C vaue has been used to determine
the shifts from C3 to C4 vegetation in ancient
environments (Scott, 2002) and to infer cli-
mate change (Boom et al., 2002). Changing
d13C value of fossil plant organic material has
also been used to suggest changes in the car-
bon isotope composition of atmospheric CO,
(Jahren, 2002), and to identify what type of
photosynthetic organism a fossil once was
(Jahren et a., 2003). If nucleic acids could be
isolated from mixed fossil organic materials,
and verified molecularly to be of land plant
origin, knowledge of the relationship between
the 813C value of plant nucleic acids and the
d13C vaue of bulk plant tissue would expand
the application of plant tissue $13C analysis to
a plethora of geologic substrates.

MATERIALS AND METHODS

Plant leaf tissues were collected from 12
species selected to reflect the full phylogenetic
diversity of seed plants (Table 1). The data set
contained three gymnosperms (all conifers)

and nine angiosperms (all dicots). Within the
angiosperms, the magnoliid group as well as
the core eudicots (including the rosids and as-
terids) were represented, effectively sampling
across the dicots. This study focused on trees,
which have been the main subjects of plant C
isotope studies (Dawson et al., 2002). Because
all sampled plants were under cultivation, they
were largely shielded from stress. In order to
eliminate intraspecific variation, each sample
contained material from between 2 and 10 in-
dividuals. Leaf tissues from each species were
clipped and packed as tightly as possible into
10 22 mL borosilicate vias. In the laboratory,
samples were lyophilized for 24 h, ground to
a fine uniform powder, then returned to
refrigeration.

All living plant cells contain nucleic acids,
as well as a large amount of membrane ma-
terial, proteins, carbohydrates, and other sub-
stances. We sought to extract plant nucleic ac-
ids (particularly genomic DNA) from cells,
and to isolate them from all other cell sub-
stances, as well as from all chemicals added
during the process. The literature is devoted
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TABLE 1. 3'3C VALUES OF PLANT SPECIES AND EXTRACTED NUCLEIC ACIDS

Taxonomic group Site of Latin name Common name AseolAzgo 313C of 313C of
collection* bulk plant nucleic acids
tissue +a (%o)"
*o (%o)T
Conifers STR Cupressus sempervirens L. Italian cypress 1.38 —28.54 = 0.59 —29.68 = 0.07
ucb Pinus canariensis C. Smith Canary Island pine 1.27 —26.11 = 0.40 —27.40 = 0.14
UCR Pinus halepensis P. Mill. Aleppo pine 1.60 —27.90 = 0.29 —28.97 = 0.06
Angiosperms
Magnoliids UCR Laurus nobilis L. Sweet bay 1.15 —27.67 = 0.06 —28.25 = 0.17
ATL Magnolia virginiana L. Umbrella tree 1.61 —27.38 = 0.06 -29.19 = 0.11
Rosids ATL Carya alba L. Mockernut hickory 1.60 —26.29 = 0.10 —28.15 = 0.04
UCR Cneoridium dumosum Nultt. Bush rue 1.47 —29.41 = 0.24 —30.74 = 0.06
ATL Acer campestre L. Hedge maple 1.71 —29.25 = 0.08 —31.31 = 0.05
ATL Aesculus sylvatica Bartr. Painted buckeye 1.59 —29.79 = 0.07 —31.85 = 0.14
Asterids ATL Kalmia latifolia L. Mountain laurel 1.26 —28.91 = 0.04 —29.83 = 0.11
FTG Manilkara zapota L. Sapodilla 1.60 —29.25 = 0.04 —30.25 = 0.13
Other Eudicots ATL Hamamelis virginiana L. American witch hazel 1.47 —28.75 = 0.47 —30.26 = 0.06

*Samples were collected at the following arboreta and botanical gardens during 2001: Atlanta Botanical Gardens (ATL), Fairchild Tropical Gardens (FTG), Strybing
Arboretum and Botanical Gardens (STR), University of California at Davis Arboretum (UCD), University of California at Riverside Botanical Garden (UCR).
o is the standard deviation seen in three replicates of the sample.

to the development of methods that extract the
small amount of nucleic acids sufficient for
amplification by the polymerase chain reac-
tion (PCR). For example, Burr et al. (2001)
extracted between 50 and 200 ng of DNA
from a portion of leaf only 550 um X 550
pm in size. This yield contrasts sharply with
the 14,300 ng of DNA required for one carbon
stable isotope measurement using an automat-
ed combustion system or a dual inlet intro-
duction to the mass spectrometer. For this rea-
son, we turned to the classic literature (e.g.,
Doyle and Doyle, 1987) to develop a method
suitable for large-sized samples of plant tissue.
We note that gas chromatography (GC) in
combination with stable isotope mass spec-
trometry could require as little as 2900 ng of
DNA for $13C analysis, another group has
pursued the analysis of organismal 16S rRNA
and other nucleic acids using this approach
(Pearson et al., 2002; Sessions et al., 2002).
Methods to extract nucleic acids from plant

Figure 1. Precipitated nucleic acids of Cneo-
ridium dumosum suspended in ethanol.
Spectrophotometric scans revealed nucleic
acid samples to be dominated by double-
stranded deoxyribonucleic acid (dsDNA).

242

material consist of three main steps. homog-
enization of plant cells, deproteinization of
DNA, and precipitation of nucleic acids. Dur-
ing homogenization, lipid membranes and
plant cell walls are split, liberating nucleic ac-
ids from nuclei, mitochondria, chloroplasts,
and ribosomes. We performed homogenization
by digesting samples in an extraction buffer
based on the solution described in detail by
Lodhi et a. (1994). The extraction buffer was
made by combining 20 mM sodium ethylene-
diaminetetraacetic acid (EDTA) with 100 mM
Tris-HCI and then adjusting the pH to 8.0 us-
ing HCI. After this adjustment, 1.4 M NaCl
and 2.0% (by weight/volume, w/v) cetyltri-
methylammonium bromide (CTAB) were add-
ed. The solution was kept at 60 °C in order
to dissolve the CTAB, and 0.2% (by w/v) B-
mercaptoethanol was added just before use.
Previous studies led us to expect that 1 g of
dried plant leaf tissue would yield ~10 g of
nucleic acids (Zhang and Stewart, 2000).
Therefore, we began by digesting 1.5 g of ly-
ophilized, ground leaf material in 10 mL of
extraction buffer for 1 h at 60 °C. After di-
gestion, the resultant cell slurry was centri-
fuged for 5 min at 13,000 rpm and the clear
supernatant was drawn off and isolated in a
new centrifuge tube. Nucleic acids were sep-
arated from soluble proteins and carbohy-
drates via extraction with dichloromethane af -
ter the procedure described by Petit et al.
(1993). In this step, 5 mL of dichloromethane
was added to the supernatant, gently mixed,
and centrifuged at 8000 rpm. The top, clear
layer was drawn off, placed in a new centri-
fuge tube, and the extraction step was repeat-
ed. We then added 2X this volume of cold
(=20 °C) ethanol, mixed by inversion, and
placed the solution in the freezer for 10 min
after the method described by Porebski et al.
(1997) in order to initiate the precipitation of
nucleic acids. The resulting precipitate was

centrifuged at 3000 rpm, followed by 2 appli-
cations of a wash solution containing 76%
ethanol and 0.2 M NH,4OAc (by w/v) after the
method of Doyle and Doyle (1987). Finaly,
the precipitated white, stringy nucleic acids
were thoroughly washed in ethanol, and
spooled out with a glass hook (Fig. 1).
Before extracted nucleic acid samples were
analyzed for 813C value, nucleic acid content
was verified two ways: by spectrophotometry
and through amplification of PCR products.
For both approaches, extracts were redis-
solved in TE (1 mM TrissHCI and 0.1 mM
EDTA buffered to pH = 8.0) at a concentra-
tion of 50—100 ng/pL. The results of absor-
bance measurements across wavelengths 220
to 320 nm performed on all samples are sum-
marized in Table 1. Absorbance scans of sam-
ples and of pure double-stranded DNA (ds-
DNA) show a symmetric peak centered at
~260 nm. The ratio of absorbance at 260 nm
to the absorbance at 280 nm (Aogo/Asgg) IS
commonly used as an indicator of the purity
of dsDNA in a sample. Values of Asgy/Asgg
= 1.0 are found for solutions sufficiently pure
in dsDNA for PCR amplification; preparations
of absolutely pure dSDNA show A,gp/Asgy =
1.70. Values of Agy/Asgy determined for sam-
plesindicated that extracts were dominated by
dsDNA: Asg/Asgy ranged from 1.15 to 1.71
with a mean value of 1.48 (Table 1).
Workers often perform PCR to demonstrate
that a nucleic acid extraction method has suc-
cessfully isolated DNA (eg., Burr et a.,
2001). Nucleic acids suspended in TE were
amplified in a total volume of 50.2 pL con-
sisting of 1 wL sample, 20 pL deoxynucleo-
tide triphosphates, 5 wL of Taq buffer, 0.2 pL
of Taq polymerase, 14 pL of sterilized dis-
tilled deionized water, and 10 pL of primer.
The following primers were used: Hv890
(5'-TGCATGCAGTTATTGATAGAC-3')
and Z1204RS
(5'-CCCTAAGGGTGTCCTAAAGTT-3').
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Figure 2. Amplifica-
tion of ~350 bp frag-
ment from rbcL gene
within plant nucleic
acids also analyzed
for 8°C value; ali-
quots were stained
with ethidium bro-
mide and resolved by
gel electrophoresis in
3.0% agarose gels.
Resulting polymer-
ase chain reaction
products were visu-
alized under 302 nm
light at intensity of
800 nW/cm?2. A—Acer
campestre, B—Aes-
culus sylvatica; C—
Carya alba; E—Cneo-
ridium dumosum; F—
Cupressus sempervi-
rens; G—Hamamelis
virginiana; H—Kalmia
latifolia; |—Laurus
nobilis; 3—Magnolia
virginiana, K—Manil-
kara zapota, L—Pi-
nus canariensis; M—

Pinus halepensis. Size marker is PhiX174, and last lane is negative control (blank).

These amplified the fragment between 890 and
1204 base pairs upstream from the rbcl start
codon (Petersen and Seberg, 2003). The
gene rbcL codes for a large subunit of
ribulose-1,5-bisphosphate carboxylase/oxygen-
ase (Rubisco), and is shared by all photosyn-
thetic organisms. Sequences of rbclL have been
extensively used to investigate the phylogeny
of land plants (e.g., Chase et a., 1993); a 130
bp fragment of rbcL was recovered from 400-
k.y.-old sediments and used to infer the taxo-
nomic status of ancient plants (Willerdev et al.,
2003). We performed amplification using 35
cycles, each consisting of 1 min at 94 °C, 1
min at 57 °C, and 3 min at 72 °C. All of the
DNA templates produced clear, sharp, and re-
producible bands ~350 bp in length (Fig. 2),
confirming the presence of nucleic acids in
each sample that can potentially be sequenced.

Plant nucleic acid samples and bulk leaf tis-
sues were analyzed for 813C value using a Eu-
rovector automated combustion system in
conjunction with an Isoprime stable isotope
mass spectrometer at the Johns Hopkins Uni-
versity. Table 1 presents the 813C values of all
plant tissues sampled and of the nucleic acids
extracted from these tissues in triplicate. Stable
isotope values are reported in standard delta-
notation: § = (Rsample — Ryandard/Retandard) X
1000 (%o0). The reporting standard is the Pee-
dee belemnite (PDB) with R = 13C/12C =
0.011237. Analytical uncertainty associated
with each measurement was *0.05%.. Com-
bustion also resulted in a quantification of per-
cent C in each sample (=1% C analytica un-
certainty). Bulk leaf tissue samples had a
mean value = 46.0% C, which agreed with
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the well-established range seen in plant tissues
(45%-50% C; Reichle et al., 1973). Extracted
nucleic acids had a mean value = 30.0% C,
which was close to the theoretical C calculated
for the nitrogen bases (adenine = 38.45% C;
cytosine = 37.50% C; guanine = 36.60% C;
thymine = 39.60% C).

RESULTS AND DISCUSSION

The $§13C vaue of the bulk leaf tissue
ranged from —31.85%0 to —27.40%. with a
mean vaue of —29.66%. (n = 12); these val-
ues coincided with 813C values classically re-
ported for C3 plants (Smith and Epstein,
1971). Because these plants all shared the C3
photosynthetic pathway and were subject to
approximately the same value of 313CO,, spe-
cies differences in bulk leaf tissue 31°C value
were likely a reflection of species differences
in the ratio of intercellular to atmospheric
pCO, (Ehleringer, 1993). The 313C value of
nucleic acids extracted using the methods de-
scribed here ranged from —29.79%. to
—26.11%o, with a mean value of —28.27%o (n
= 12). Figure 3 presents the 513C value of
bulk leaf tissue plotted against the $13C value
of nucleic acids extracted from the same plant
species. The carbon isotope difference be-
tween bulk leaf tissue and nucleic acids (A =
8:I'Scplant - 8:I'Scnucleic acids) S€en in the species
studied ranged from —2.06%. to —0.58%o
with a mean value of —1.39%. (n = 12; ¢ =
0.48%0). The data showed a strongly linear
trend: Blscnucleic acids = 0-85'813Cplmt - 3.10
(%o; R2 = 0.87). However, since the nucleic
acids resulted from identical biochemical
pathways in each plant species, a standard iso-
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Figure 3. 8*3C value of bulk leaf tissue vs.
81°C value of nucleic acids extracted from
same plant species.

topic offset between bulk leaf tissue and nu-
cleic acids is more likely than 313C,, qeic acids
being dependent on 313C,,y. From the data
displayed in Table 1 and Figure 3, this isoto-
pic offset is best characterized by A =
8:I'Scplant — 33Chugeic acids = —1.39%o.

Carbon stable isotopic offsets have been re-
ported between a variety of extracted com-
pounds and higher plant bulk tissue. Cellulose
is the main polysaccharide found in plant tis-
sues; 313C values to 4%o higher than bulk tis-
sue have been reported for isolated cellulose
(Marino and McElroy, 1991). In contrast, lig-
nin has been found to have lower 313C value
than the bulk tissue from which it was isolat-
ed: 313C values to 4.2%. lower than bulk tis-
sue have been reported for isolated lignin
(Benner et al., 1987). Chloroplasts isolated
from Fagus sp. were found to have a 313C
value 0.7%o higher than the bulk plant tissue
(work of Takigiku, 1987; discussed in Hayes,
2001). The carbon isotope compositions of
mixed plant lipids were found to range from
5%o to 10%o less than bulk tissue $13C values
(Park and Epstein, 1961), and subsequent in-
vestigations of specific plant lipids have re-
inforced the finding that lipids have lower
313C value than bulk plant tissue (e.g., Lock-
heart et al., 1997). Plant lignin and cellulose
are much more stable molecules than DNA
and can therefore be isolated in large amounts
from older sediments, DNA, however, carries
with it the advantage of specific taxonomic in-
formation that cannot be gained from plant
lignin or cellulose.

The nucleotides that comprise nucleic acids
each consist of a phosphate group, a pentose
sugar and a nitrogen base (a purine or a py-
rimidine). The biosynthetic processes that give
rise to nucleic acids are known in detail (e.g.,
Sugiura and Takeda, 2000), but little has been
determined about associated isotopic fraction-
ations (discussed in Hayes, 2001). The only
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published studies that assess the 313C values
of nucleic acids report on heterotrophic bac-
teria, which were found to closely reflect the
d13C values of bulk cellss A = 313Cyy —
613Cnuc|eic acids = —0.6%0 to —0.3%0 (Blair et
al., 1985; Coffin et a., 1990). Our results sug-
gest that a different relationship applies for
higher plants, probably because bacterial cells
lack nuclear compartmentalization, whereas
tracheophyte cells and their included nucleic
acids are highly compartmentalized. The frac-
tionation resulting from the biosynthesis of
higher plant nucleic acids is consistently re-
flected in the relatively low values of A =
d13Cpiant — d13Chycteic acids We Observed in this
study (Fig. 3), compared to the minimal frac-
tionation that has been observed for bacteria.

CONCLUSIONS

The isolation of nucleic acids such as DNA
from geologic materials has resulted in a new
source of fossil information. If nucleic acids
could be isolated from the geologic record in
sufficient quantity, and shown to be of land
plant origin, their carbon isotope composition
could be used to gain insight into the domi-
nant photosynthetic pathway and the paleo-
ecological status of the ancient plant com-
munity. The oldest authenticated DNA
sequences known come from plant DNA iso-
lated from sediments 400 k.y. to 10 k.y. old
(Willerdev et al., 2003). Note that the amount
of DNA isolated from each 2 g sample col-
lected by Willerslev et al. (2003) was at most
1/1000 of the mass required for $13C analysis.
Nevertheless, there is reason to think that spe-
cific plant compounds could be incorporated
in large amounts into the sedimentary record:
Fogel and Tuross (1999) demonstrated that
high molecular weight subunits of Rubisco
can be found in degraded higher plant material
after 12 months of decomposition, and the to-
tal amount of remaining Rubisco was more
than 50% of the original amount in some spe-
cies. Because living and dead plant tissues
comprise the vast majority of organic carbon
input to soils and to many nearshore sedi-
ments, nucleic acid extraction from large sam-
ples (i.e., kilograms) of Holocene—and per-
haps older—sediments could yield sufficient
amounts for C isotope analysis. On the basis
of the results presented here, we think that the
d13C value of land plant nucleic acids isolated
from geologic sediments and sedimentary
rocks would reflect the 813C value of the an-
cient plant community, after the demonstrated
isotopic enrichment (= 1.39%o0 = 0.48%0) was
subtracted. This technique could be particu-
larly important to validate Holocene shifts be-
tween C3 and C4 photosynthesis widely sug-
gested for specific taxonomic groups, based
on inference from mixed organic substrates
(e.g., Nordt, 2003).
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