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Abstract—The oxygen-18 signal of soil and leaf water are both recorded in heterotrophically synthesized
plant stem cellulose. Presently, these signals can only be teased apart with modeling and assumptions on the
nature of the isotopic enrichment of leaf water. A method by which these two signals are chemically separated
and analyzed is tested here. Heterotrophically synthesized cellulose from germinating seeds having a mixture
of isotopic signals from the reserve carbohydrate (starch) and that of the water during cellulose synthesis was
hydrolyzed and the resulting glucose converted to glucose phenylosazone. The analysis of the '%0/'°O ratios
of cellulose and of glucose phenylosazone were used to calculate the oxygen isotope ratio of the oxygen
attached to the second carbon of the glucose moieties of the cellulose molecule. The calculated 8'%0 value of
this oxygen was highly correlated with that of the water available for cellulose synthesis showing a nearly
one-to-one relationship (slope = 1.027) and leading to the conclusion that it completely exchanges with water
during heterotrophic cellulose synthesis. Once this method is refined so as to increase precision, it will be
possible to derive the 8'%0 values of soil water available to plants from the oxygen isotope analysis of stem

cellulose and its derivative.

1. INTRODUCTION

Stable oxygen isotope analysis of plant celluose has the
potential of providing a valuable tool in the study of paleocli-
mate, ecology, hydrology and other fields. Several investigators
have used 8'%0 values of fossil wood cellulose to infer past
climate (Epstein et al., 1977; Gray and Thompson 1977; Ed-
wards et al., 1985; Jahren and Sternberg 2002). The basic
principle behind the utility of this technique is that the oxygen
isotope ratio of precipitation is related to temperature and
atmospheric circulation patterns (Dansgaard 1964). It was first
proposed that the isotopic signal of plant cellulose could be
correlated with the isotopic ratios of soil water which is ulti-
mately derived from precipitation, hence the utility of §'*0
analysis of cellulose (Epstein et al., 1977). However, it was
quickly realized that there are several unknown biochemical
and physiochemical processes occurring during transpiration,
biochemical fixation of carbon dioxide, and post photosynthetic
biochemical reactions during cellulose synthesis which alter the
soil water isotopic signal in the cellulose molecule. Therefore,
inference of climate based on oxygen isotope ratios of tree ring
cellulose has mostly been of an empirical nature (Saurer et al.,
1997; Anderson et al., 1998, Anderson et al. 2002 and several
others).

Physiologists and paleoclimatologists are attempting to de-
rive mechanistic models to explain the process of '*0 incor-
poration in stem cellulose (Epstein et al., 1977; Burk and
Stuiver 1981; Roden et al., 2000). These models should con-
sider all the biophysical and biochemical processes occurring
during transpiration, photosynthesis and heterotrophic cellulose
synthesis in non-photosynthetic tissues. The long range goal is
that once all of these processes are understood, isotopic ratios
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of soil water and ambient relative humidity can be “back-
calculated” from the 8'®0 values of stem cellulose. Much
progress has been made and the major observations relevant to
these models are:

1. There is no oxygen isotopic fractionation during water up-
take by plants; i.e., the isotopic composition of stem water is
the same as that of the water in the soil (Gonfiantini et al.,
1965; Dawson and Ehleringer 1993; Lin and Sternberg
1993). Presumably the isotopic composition of this water is
the closest to the meteoric water and contains global or
regional climate information (Burns and McDonnell 1998;
Tang and Feng 2001).

2. There is isotopic enrichment of leaf water relative to stem
water for leaves undergoing transpiration. This enrichment
is complicated by several factors such as the isotopic com-
position of atmospheric vapor, relative humidity, and back
diffusion of H3®O from the leaf mesophyll to vascular tissue
(Farquhar et al., 1998).

3. 8'80 values of cellulose synthesized autotrophically is ap-
proximately 27%o more enriched than the 8'®0 of water
available during photosynthesis. Autotrophic cellulose syn-
thesis is defined as the cellulose synthesized in photosyn-
thetic tissues (Roden et al., 2000). This finding is based on
the observations of §'®0 values of cellulose from sub-
merged photosynthesizing aquatic plants which do not tran-
spire (DeNiro and Epstein 1981; Sternberg et al., 1984).
Evidence that sucrose translocated from leaves also has
8'80 values 27%o above that of modeled leaf water was
presented in an elegant experiment by Barbour et al. (2000)
where the 8'®0 values of sucrose from phloem of photo-
synthesizing leaves were compared with the 8'%0 values of
leaf water.

4. About 40% of the sucrose oxygen atoms that are incorpo-
rated in the cellulose molecule will exchange with water
during heterotrophic cellulose synthesis. Heterotrophic cel-
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lulose synthesis is defined as cellulose synthesized in non-
photoysnthetic tissues such as plant stems, roots, and tree
trunks (Roden et al., 2000). This conclusion is based on
several experiments done with tissue cultures (Sternberg et
al., 1986), germinating seeds (Luo and Sternberg 1992) and
aquatic plants grown in the dark supplied with sucrose
(Yakir and DeNiro 1990). Evidence that these in vitro
systems are realistic simulators of processes occurring dur-
ing the translocation of sucrose from the leaf to the trunk for
heterotrophic cellulose synthesis was presented by Roden et
al. (2000) showing a good agreement between experiments
with hydroponic tree cultures and previously presented in
vitro studies. Therefore, plant stem cellulose contains a
mixture of isotopic signals from leaf (autotrophic) and stem
(heterotrophic) cellulose synthesis.

As such, the ambiguity of 'O analysis of plant stem cellu-
lose is whether a high §'®0 value of the cellulose is caused by
either an increase in the §'®0 value of precipitation (making
stem water isotopically more enriched), a decrease in relative
humidity or an increase in the isotopic composition of atmo-
spheric vapor during photosynthesis (making leaf water isoto-
pically more enriched). Using seed germination experiments
we demonstrate here a method which can potentially dispose of
this ambiguity. Heterotrophically synthesized cellulose is hy-
drolyzed and converted to glucose phenylosazone. The §'%0
values of cellulose and its derivative are used to calculate the
8'80 value of one of the oxygen atoms in cellulose that com-
pletely exchanges with water during heterotrophic cellulose
synthesis. Since there is no discrimination during plant water
uptake it will be possible to calculate the §'®0 value of soil
water using this technique.

2. THEORY

Cellulose is a long polymer of glucose moieties. The oxygen
attached to the first carbon of glucose is lost during the poly-
merization of glucose by condensation reactions (Farquhar et
al., 1998). Therefore oxygen atoms present in a cellulose mol-
ecule are attached to carbon 2, 3, 4, 5 and 6 of the glucose
moieties (Fig. 1). The 8'%0 value of a cellulose molecule
(8" 0 ceiutose) 18 the average of the 8'®0 values of the oxygen
atoms attached to these carbons and approximated by the
following equation:

6
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where 8'®0" pertains to the 8'®0 value of the oxygen at-
tached to the i™ carbon. The above equation can be modified to:

6
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During hydrolysis of cellulose carbon 1 regains oxygen from
the hydrolysis solution, but this oxygen as well as the oxygen
attached to the second carbon is eliminated during the glucose
phenylosazone reaction (Fig. 1). Therefore, the 8'%0 value of
glucose phenylosazone (BISOp_g) represents the average 8'%0

sisk|oJpAH

GLUCOSE PHENYLOSAZONE

Fig. 1. Chemical derivatization of cellulose by hydrolysis and the
phenylhydrazine reaction to produce glucose phenylosazone. Carbons
are numbered according to standard organic chemistry notation.

value of oxygen attached to carbons 3, 4, 5, and 6 and approx-
imated by the following equation:

6
4% 8"0,, = >.8"0. 3)
i=3

Equations 2 and 3 can be merged and the following equation
derived:

61802 = (5 X 8180Cc]lulosc) - (4 X 81801”5)’ (4)

where 8'807 represents the 8'%0 value of the oxygen at-
tached to the second carbon of cellulose’s glucose moieties. In
other words: 4 times the 8'®0 value of glucose phenylosazone
subtracted from 5 times the 8'%0 value of cellulose will yield
the calculated §'®0 value of the oxygen attached to the second
carbon in a cellulose molecule. We propose that this oxygen,
being a carbonyl oxygen in fructose and easily exchangeable
with water (Sternberg et al., 1986) has the highest probability
of exchanging with water during heterotrophic cellulose syn-
thesis since even if the hexose precursor (glucose and/or fruc-
tose) does not undergo cycling into the triose sugars (Hill et al.,
1995), this oxygen can still exchange with water.

3. MATERIALS AND METHODS
3.1. Growing Cellulose Heterotrophically

The culture media solution consisted of 200 mL of water having a
specific 8'®0 value, 4 g of agar and 0.4 mL of an antifungal agent
(PPM™, Plant Cell Technology). This solution was placed in 1L
Erlenmeyer flasks, plugged with cotton plugs and autoclaved at 120°C
for 20 min. Water enriched in '*O (Icon Services) was used to create
culture solutions having different 8'%0 values (—1.45%0, +5.8%o,
+91.42%0, +97.2%0, +223.2%0 and +326.5%0). We used a large range
of 8'"%0 values to avoid any ambiguity that could be brought about by
the precision of the analytical methods. Approximately 100 mL volume
of wheat seeds (Triticum aestivum) acquired from the local health food
store was sterilized by soaking in a 20% solution of commercial
unscented bleach for a period of one hour. After soaking, seeds were
rinsed with 1L of sterilized distilled water in a laminar flow hood and
soaked overnight in 200 mL of 0.2% PPM™ solution having the same
8'"80 values of the culture medium solution. The following day the
seeds were strained and placed in culture media under sterile conditions
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Fig. 2. Procedure for the chemical reactions shown in Figure I,
starting from heterotrophically synthesized cellulose to the synthesis of
glucose phenylosazone.

in a laminar flow hood. All culture flasks were kept in the dark at 25°C
to force cellulose synthesis to be solely heterotrophic; i.e., the sole
source of glucose moieties are from starch reserves in the seed en-
dosperm. Seedlings were allowed to grow for approximately 8 d until
sufficient cellulose was heterotrophically synthesized (approximately
1.5 g).

3.2. Cellulose Extraction

A small aliquot of the agar medium was removed from each culture
after 8 d and stored in sealed glass tubes for water extraction and
isotopic analysis (Fig. 2). Seedlings were separated from agar and
endosperms containing old seed coat removed. Leaves, stems and roots
were washed several times with hot distilled water and dried at 60°C
for 1 week. Seedlings from each culture were ground in a Wiley mill
(Mesh #40) and cellulose extracted according to previous methods
(Sternberg 1989). A small aliquot (~ 20 mg.) of the extracted cellulose
was saved for oxygen isotope analysis of cellulose (Fig. 2).

3.3. Cellulose Hydrolysis

The rest of the cellulose was autoclaved with 25 mL of distilled
water at 120°C for 20 min to soften the cellulose micro-fibrils. After
cooling, 0.5 g of cellulase, an enzyme which hydrolyzes cellulose (EC
3.2.1.4 from Penicillium funicolosum, 9.4 U/mg solid, Lot 58H3291,
Sigma Chemicals), was added to the flask and incubated overnight at
36°C with a constantly stirring magnetic stir-bar (Fig. 2). After hydro-
lysis, 75ml of 95% methyl alcohol (MetOH) was added to the hydro-
lysis solution and the solution boiled for 15 min (Fig. 2). The hot
alcohol caused the cellulase enzyme to denature and precipitate. The
solution containing glucose from hydrolysis, alcohol, water and coag-
ulated cellulase was centrifuged, the supernatant decanted into a 200
mL round bottom flask, and the cellulase pellet discarded. The glucose
solution in the round bottom flask was roto-evaporated to a syrup and
freeze dried to solid glucose for several days. The only oxygen of the
glucose molecule that can exchange with water is the carbonyl oxygen

attached to the first carbon, whereas all other oxygens, which are
hydroxide oxygens, do not exchange with water (Sternberg et al.,
1986). Since the oxygen in the first carbon is eliminated by the glucose
phenylosazone reaction, it was not necessary to monitor the oxygen
isotope ratios of the hydrolysis solution or that of any other subsequent
reaction.

3.4. Glucose Phenylosazone Reaction

The glucose in the 200 mL round bottom flask was diluted with 8.5
mL of distilled water and heated to circa 80°C in a water bath to which
1 g. of sodium acetate and 0.33 mL of 12N HCI was added. 1.83 g of
phenylhydrazine hydrochloride was diluted in 15 mL of hot distilled
water and added to the glucose solution. This mixture was allowed to
react for 20—30 min after which the glucose phenylosazone formed a
precipitate. The reaction mixture was vacuum filtrated in a scintered
glass filter funnel (Pyrex, 40—60 C) and the glucose phenylosazone
precipitate washed several times with water. The glass funnel was
plugged with a small septum and the precipitate soaked in MetOh for
a few minutes and refiltered. This washing with MetOH was repeated
once more. The filter funnel was covered with a perforated aluminium
foil and freeze dried. Dried filtrate was scraped from funnels and used
for isotopic analysis (Fig. 2).

3.5. Isotope Analysis

Oxygen isotope analysis of culture media water was done by the CO,
equilibration method (Epstein and Mayeda 1953). §'%0 value of puri-
fied CO, from the equilibration was measured in a dual inlet isotope
ratio mass spectrometer (Prism, Micromass) at the University of Mi-
ami.

Isotope ratios of '*0/'°O in cellulose and glucose phenylosazone
were measured on CO gas produced via a high temperature conversion/
elemental analyzer system coupled to a stable isotope ratio mass
spectrometer (TC/EA, manufactured by ThermoFinnigan®), similar in
approach to the methods of Farquhar et al. (1997) and of Saurer et al.
(1998). Cellulose or glucose phenylosazone (1.3—1 mg) enclosed in a
silver cup was introduced into carbon lined ceramic reaction oven filled
half-way with glassy carbon. The reaction furnace was held at a
temperature of 1350°C under a continuous flow of ultra pure He gas at
120 mL/min (TriGas ultra-pure carrier grade), where the introduced
sample undergoes thermal decomposition forming CO, the thermody-
namically preferred molecule (Santrock and Hayes, 1987). CO pro-
duced in the reaction tube was then transferred to the mass spectrom-
eter after passing through a 1 m long Molecular Sieve 5A packed gas
chromatograph column (70°C) under a continuous flow via an open
split valve (this separates from the main CO peak any trace amounts of
N,, which has the same mass as CO). The relative isotopic ratio of the
sample was measured against a reference gas pulse of CO (Messer CO
4.7) from a gas injector system (ConFlow II). All isotopic measure-
ments are reported in the standard delta notation:

8"°0 (%0) = {(Ruumpie/Ryanaara) =1} X 1000 (&)

The 8'®0 value for each sample-run was standardized to Vienna
SMOW (VSMOW) using three previously used cellulose standards:
Sigma Cellulose, Merck standard and IAEA C-3 (see Saurer et al.,
1998). Internal standards (Sigma Cellulose and Merck standard) were
measured with a standard off-line CO, method and another CO on-line
method, respectively measured at the University of Cambridge and the
Paul Scherrer Institute (Saurer et al., 1998). All samples for this study
were measured on a ThermoFinnigan Delta C IRMS at the Southeast
Environmental Research Center at Florida International University.
The §'®0 value of IAEA CH-3 (formerly IAEA C3) from this study
was determined to be 32.8 * 0.74%o0 (n=7), which falls within the
range of previously published values from both on-line and off-line
methods (Buhay et al. 1995; Saurer et al., 1998). Analytical reproduc-
ibility for this method is about =0.36%o (10) based on n=21 measure-
ments of the Merck cellulose standard.

4. RESULTS

8'80 values of heterotrophically synthesized cellulose and
its derivative, glucose phenylosazone were highly correlated
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Fig. 3. A—3"80 values of cellulose (full circles) and glucose phe-
nylosazone (empty circles) versus the 8§'%0 values of water available
during heterotrophically synthesized cellulose. One sample of glucose
phenylosazone could not be recovered in sufficient quantities to ana-
lyze its oxygen isotope ratios. B—Calculated §'®0 values of the
oxygen atoms attached to the second carbon of glucose moieties in the
cellulose molecule versus the §'%0 value of the water available for
heterotrophic cellulose synthesis. One extrapolated value of cellulose
was used to calculate the §'%0? value of the seed culture having water
with a §'%0 value of —1.45%c. Dashed line shows a relationship having
a slope of 1 and intercept of 0.

with the §'%0 values of water available during cellulose syn-
thesis, showing a correlation coefficient of 1.00 (P<<0.01) and
0.98 (P<<0.01) respectively (Fig. 3A). The percentage of oxy-
gen labeled by water in the cellulose molecule is approximately
twice as much as that of the glucose phenylosazone as evi-
denced by the slopes of the linear regressions (0.426 vs 0.265)
respectively. The calculated §'®0 values of the oxygen in the
second carbon of the heterotrophically synthesized cellulose
are highly correlated with the 8'®0 values of the water avail-
able for cellulose synthesis (r=0.98, P<<0.01) having a slope
nearly equal to 1 (slope = 1.027) and an intercept of +48.8
+20%o (standard error of the estimate, Fig. 3B).

5. DISCUSSION

The results presented here have implications in two impor-
tant areas of biogeochemistry. The first is in the understanding

of mechanisms whereby organic matter incorporates '*O dur-
ing its synthesis. The second area is the potential application of
the analytical techniques presented here in paleoclimatology,
hydrology, and other studies interested in integrating water and
carbon cycles at the ecosystem level.

Current understanding of how cellulose in plant stems is
labeled by environmental water indicates that an average of
42% of the oxygen atoms in the stem cellulose exchanges with
trunk water during its synthesis (Roden et al., 2000). This value
is consistent with studies using tissue cultures (Sternberg et al.,
1986) and heterotrophic aquatic plant cultures using sucrose as
a substrate (Yakir and DeNiro 1990), as well as germinating
seeds (Sternberg et al., 1986; Luo and Sternberg 1992). There-
fore all these systems, including the germination experiments
shown here, can be used as model systems to study oxygen
isotope labeling of plant stem cellulose during its synthesis.

The results of the experiments presented here yielded a slope
of 0.42 for the linear regression between 8'%0 values of het-
erotrophically synthesized cellulose and that of water which is
consistent with the studies cited above. The fractionation fac-
tors for the exchange between oxygen in water and metabolites
during carbohydrate metabolism are relatively small (Sternberg
et al., 1986). Therefore, we interpret the slope of the relation-
ship between 8'0 values of metabolites and those of water as
the proportion of oxygens in the metabolite that exchanged
with water (Sternberg et al., 1986, Yakir and DeNiro 1990; Luo
and Sternberg 1992; Roden et al., 2000). Since there are 5
oxygen atoms per glucose moiety in cellulose molecules, one
can conclude that on average 2 out of the 5 oxygen atoms in the
cellulose molecule have exchanged with water during its syn-
thesis (2/5 ~ 0.42). The linear regression between 8'%0 values
of glucose phenylosazone and that of water yielded a slope of
0.265. Therefore, on average 1 of the oxygens attached to
carbons 3, 4, 5 and 6 of the cellulose molecule has undergone
isotopic exchange with water during its synthesis (1/5 =~
0.265). Although current hypothesis suggests that labeling of
oxygen in cellulose occur by some of the glucose moieties
cycling between fructose 1,6-bisphosphate, glyceraldehydes
3-phosphate and dihyroxyacetone phosphate (Hill et al., 1995),
the results presented here suggest that very specific oxygen
atoms in the cellulose molecule have exchanged with water
during cellulose synthesis. Particularly interesting is the obser-
vation that the numbers of oxygen atoms in cellulose and
glucose phenylosazone that exchange with water during cellu-
lose synthesis are close to whole numbers (2 and 1 respective-
ly). We have shown here that one of the oxygen atoms that
exchanges with water during cellulose synthesis is located on
the second carbon (8'%0?). Since the slope of the linear regres-
sion of 8'*07 versus 8'0 values of water is 1.027 we conclude
that this oxygen completely exchanges with water during cel-
lulose synthesis. It remains to be shown whether the second
oxygen that exchanges during heterotrophic cellulose synthesis
represents a specific oxygen (for example: oxygen in the 4™
carbon of the glucose moieties) or the average exchange for
oxygen atoms attached to carbon 3, 4, 5 or 6.

Fractionation factors for the exchange between oxygens and
water during heterotrophic cellulose synthesis range from 15%o
to 27%o0 (Sternberg et al., 1986; Yakir and DeNiro 1990; Luo
and Sternberg 1992). There are two possible ways in which the
exchangeable oxygen atoms during heterotrophic cellulose syn-



Separating intramolecular isotopic signals in cellulose 2565

thesis could have a particular fractionation factor relative to the
'80/'°0O of water. First, the fractionation factors for oxygen
exchange during cellulose synthesis are all similar regardless of
the location in the molecule. Second, the net fractionation
factor for the exchangeable oxygen atoms of heterotrophically
synthesized cellulose is an average of different fractionation
factors for oxygen atoms in different locations of the molecule
that have exchanged with water during cellulose synthesis.
Since there is complete exchange between oxygens attached to
the second carbon and water during heterotrophic cellulose
synthesis, the fractionation factor for this exchange is approx-
imated simply as the intercept of the linear regression of §'%0?
on the 8'®0 value of the water available for exchange (Fig. 3B).
For the regression shown here, the intercept yields a fraction-
ation factor for the exchange between oxygen in the second
carbon of glucose moieties and water of 48.8%o, supporting the
second case. Our precision of analysis, however, will have to be
improved before we can firmly assert this.

The methods reported here can have important applications
in the field of paleoclimatology, hydrology, and plant ecology
for they potentially allow us to determine the integrated §'*0
values of the soil water available to plants. This cannot be done
with oxygen isotope analysis of stem cellulose and currently
available models. To calculate the §'®0 values of water avail-
able to plants based on 8'®0 values of stem cellulose and
currently available models one has to assume the following
parameters: 8'%0 values of atmospheric vapor, relative humid-
ity, and temperature. In addition, one has to model how leaf
water becomes enriched in '®0 when subjected to these as-
sumed parameters. This modeling, in turn, would have to
assume factors such as compartmentation and back diffusion of
'80. With the method reported here, once the techniques are
refined so as to increase precision, 880 values of soil water can
be derived from the 8'%0 values of stem cellulose with the
simple equation:

SISOsoil water 81802 - A (6)

where A represents the fractionation factor between *C-OH
and water. As pointed out earlier, however, improvements in
this analytical procedure will have to be made to increase
precision before it can be applied. There are several steps in this
analysis which could be more rigorously standardized and
therefore increase the precision of measurements. First the
enzymatic hydrolysis of cellulose can introduce contaminants
from the enzyme preparation. Glucose from enzymatic cellu-
lose hydrolysis can be purified from this mixture by high
pressure liquid chromatography. Acid hydrolysis of cellulose
may be an alternative which presents fewer contaminants.
Secondly the phenylhydrazine reaction can be standardized to a
more precisely controlled temperature. Thirdly, the isotopic
analysis of the glucose phenylosazone can be improved since
the amount of oxygen in the molecule is only 18% compared to
49% for cellulose and large samples may have interference
from the nitrogen peak. Presently the analytical technique pre-
sented here is geared towards large samples (~1.5 g cellulose)
and not amenable to batch analysis. Therefore, until the tech-
niques are improved in the above aspects, it will not be appli-
cable for the study of narrow tree rings.

Even if the analytical precision is improved, however, there

is still a maximum precision limitation based on the fact that
8'80%and 8'%0,;; y . Will be calculated from measurements
having errors and these errors are propagated during the cal-
culations. The error for the calculation of §'%0, in Eqn. 4 is
given by the following equation:

SdZ = \(5 X Sdcellulose)2 + (4 X Sdp—g)Zy (7)

where sd,, $d gjjui0se and sd,, , represent the standard deviation
of 8'%0 values of oxygen in the second carbon of the glucose
moieties, in cellulose and glucose phenylosazone respectively
(Taylor 1997). With an optimistic standard deviation of =
0.2%o (10) for oxygen isotope ratio measurements of cellulose
and glucose phenylosazone the best precision for §'*0* would
be * 1.28%o0 (10). When these values are used to calculate the
8'80 values of water there will be the additional error associ-
ated with A and further propagation of errors. Therefore, at best
there will be a 1 to 2%o error in the estimation of soil water
using the techniques presented here. Using the relationship
between 8'%0 values of precipitation and temperature (Burk
and Stuiver 1981), and the assumption that the isotope ratios of
soil water integrate the 8'%0 values of precipitation, the above
precision would translate to an error of 0.5 to 1.0°C.
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