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Profiles of small polar metabolites from aspen (Populus tremuloides Michx.) leaves spanning the sink-to-source transition zone
were compared. Approximately 25% of 250 to 300 routinely resolved peaks were identified, with carbohydrates, organic acids,
and amino acids being most abundant. Two-thirds of identified metabolites exhibited greater than 4-fold changes in abundance
during leaf ontogeny. In the context of photosynthetic and respiratory measurements, profile data yielded information
consistent with expected developmental trends in carbon-heterotrophic and carbon-autotrophic metabolism. Suc concentration
increased throughout leaf expansion, while hexose sugar concentrations peaked at mid-expansion and decreased sharply
thereafter. Amino acid contents generally decreased during leaf expansion, but an early increase in Phe and a later one in Gly
and Ser reflected growing commitments to secondary metabolism and photorespiration, respectively. The assimilation of
nitrate and utilization of stored Asn appeared to be marked by sequential changes in malate concentration and Asn
transaminase activity. Principal component and hierarchical clustering analysis facilitated the grouping of cell wall maturation
(pectins, hemicelluloses, and oxalate) and membrane biogenesis markers in relation to developmental changes in carbon and
nitrogen assimilation. Metabolite profiling will facilitate investigation of nitrogen use and cellular development in Populus sp.
varying widely in their growth and pattern of carbon allocation during sink-to-source development and in response to stress.

Quaking aspen (Populus tremuloides Michx.) is an
ecological keystone species, an important component
of the wood products industry, and a useful experi-
mental model system for the study of woody plant
development (Bradshaw et al., 2000). We are interested
in using metabolic profiling to characterize the
sink-to-source transition in developing aspen leaves.
The approach is expected to provide a basis for more
extended studies analyzing the effects of various
carbon sinks on aspen development and growth. An
illustrative example is the regulation of phenolic sinks
in leaves of aspen and close relatives in the genera
Populus and Salix (Orians and Fritz, 1995; Lindroth
and Hwang, 1996; Kao et al., 2002). Phenolic deposi-
tion is very characteristic of these species, exhibits
wide genetic variation, can begin early during aspen
leaf expansion (Kleiner et al., 1999; Kao et al., 2002),
and can reach levels that negatively affect aspen stem
and branch growth (Lindroth and Hwang, 1996). The
allocation of metabolic carbon into such sinks is
influenced by plant nutrient status and photosynthesis
rate (Bryant et al., 1983; Hemming and Lindroth, 1999;
Mansfield et al., 1999) and in young leaves, therefore,
may be linked to metabolic development.

Metabolic profiling of plants is generally geared
toward the extraction of a broad spectrum of bio-
chemical information from multiple sample types by
relatively direct analytical means (for review, see Fiehn
and Weckwerth, 2003; Sumner et al., 2003). The reso-
lution and precision of gas chromatography-mass
spectrometry (GC-MS)-based metabolic profiling for
identifying uncommon metabolites and analyzing
perturbations in plant metabolism have been demon-
strated and promise to be widely accessible (Fiehn
et al., 2000b; Roessner et al., 2000). In tandem with
statistical data-mining tools, such as principal compo-
nent analysis (PCA) and hierarchical clustering anal-
ysis (HCA; Eisen et al., 1998; Valafar, 2002), metabolic
profiling has yielded informative biochemical pheno-
typing of Arabidopsis ecotypes and mutants (Fiehn
et al., 2000a), as well as of experimentally and genet-
ically manipulated potato (Solanum tuberosum) and
tomato (Lycopersicon esculentum; Roessner et al., 2001;
Roessner-Tunali et al., 2003). The application of pro-
filing to whole-plant physiology was recently demon-
strated in a study of the dynamics of pumpkin
(Cucurbita maxima) phloem sap metabolism during
transport (Fiehn, 2003).

Quaking aspen will likely be one of the first woody
species to yield marker metabolic data that can be
analyzed in a transcriptional context. Genome se-
quencing of Populus trichocarpa, a close aspen relative,
is near completion (Wullschleger et al., 2002), and
well over 150,000 Populus expressed sequence tags
are available in public databases. To date, there are
no reports describing the application of metabolic
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profiling and data-mining techniques to a woody spe-
cies. As a first step, we have profiled extracts from a
developmental gradient of aspen leaves undergoing
transition from a sink-to-source organ. We monitored
photosynthetic and respiratory development so that
metabolic profile data could be interpreted in the
context of the sink-to-source transition. Large fluctua-
tions in malate and the malate-to-citrate ratio, as well
as a switch in Asn homeostasis, were indications of
broad changes in metabolism during rapid leaf ex-
pansion. Shifts in fatty acid-lipid intermediates, pectin
residues, and carbohydrate composition marked
membrane biogenesis/turnover and cell wall matura-
tion in relation to the metabolic transients.

RESULTS

Photosynthesis and Respiration during Leaf Expansion

Leaves at leaf plastochron index (LPI) 0, 4, and 9 of
the aspen used in this study, referred to as young (YL),
expanding (EL), and mature leaves (ML), respectively,
have typically expanded to 2% to 5%, 30% to 40%, and
.90% of their mature size. YL are partially unfurled.
During YL-to-ML expansion, aspen leaves undergo
a number of structural changes consistent with the
accumulation and export of photosynthate and the
transition into source organs (Isebrands and Larson,
1973; Isebrands et al., 1976; Dickson and Larson, 1981;
Dickson and Shive, 1982). The development of photo-
synthesis and respiration is integral to this process and
should provide a framework for interpreting changes
in metabolite profile during the sink-to-source transi-
tion (Table I). The rate of leaf disc O2 consumption in
dark decreased by .50% from YL to ML and was
considered to reflect a decline in resting respiration.
Maximum photosynthetic rates were obtained in
10 mM sodium bicarbonate and were 1.7 and 2.4 times
higher from EL and ML discs, respectively, than from
YL discs (Table I). Dark respiration rates measured
before and immediately after photosynthesis were

highest, relative to photosynthesis, in YL (Table I).
We consider this to indicate that a greater fraction of
recent photosynthate was metabolized for oxidative
phosphorylation in YL than in EL or ML. In sum, the
physiological changes are consistent with the expected
YL-to-EL-to-ML transition from net metabolic sink
(low photosynthetic capacity and high respiratory
flux) to net source or carbon exporter.

The developmental course of leaf photorespiration
has been well documented and provides another
physiological marker by which to assess metabolic
profile data (Lennon et al., 1995; Thompson et al.,
1998). Photorespiration depends on assembly of the
mitochondrial Gly decarboxylase complex, which nor-
mally occurs late relative to other mitochondrial
components during monocot and dicot leaf develop-
ment (Lennon et al., 1995; Thompson et al., 1998). In
order to gauge photorespiratory activity, we moni-
tored light-dependent O2 evolution as a function of
increasing CO2 concentration (Table II). At very low
CO2 concentration prior to sodium bicarbonate addi-
tion, light-dependent O2 evolution was 1.5 and 2 times
higher from YL discs than from EL and ML discs,
respectively. At 1.5 mM sodium bicarbonate, photo-
synthesis rates were 1.4 and 2 times higher from EL
and ML, respectively, than from YL discs. This repre-
sented increases of 9-fold, 4.7-fold, and 1.3-fold byML,
EL, and YL discs, respectively. The trend continued
when the concentration of sodium bicarbonate was
doubled to 3.0 mM. The photosynthetic response of YL
discs to added CO2 was therefore much weaker than
that of EL or ML discs. The lower rates of O2 evolution
byML and EL discs in the absence of added CO2 could
reflect greater stomatal resistance to CO2, or higher
photorespiratory activity in those moremature tissues.
Photorespiratory Gly supports high rates of mitochon-
drial O2 uptake by isolated mitochondria (Kromer and
Heldt, 1991), and the stimulation of mitochondrial
respiration by photorespiratory Gly has been mea-
sured in leaf discs (Dutilleul et al., 2003).

Metabolite Abundance Trends during Leaf Expansion

We next sought to determine whether methanol
extracts would yield signature compositional changes
consistent with, and supplemental to, the measured
physiological parameters. More than 250 peaks were

Table I. Photosynthesis and dark respiration of aspen leaf discs

Photosynthetic O2 evolution and respiratory (dark) O2 consump-
tion by low-light-adapted discs before and immediately following
photosynthesis of YL, EL, and ML discs. Values represent the mean6 SE

(n 5 6).

Leaf

Stage

Initial

Respirationa
Post-Photosynthesis

Respirationb
Maximum

Photosynthesisc

mM O2 m22 s21

YL 2.2 6 0.28 4.6 6 0.50 2.4 6 0.35
EL 1.6 6 0.24 3.6 6 0.42 4.1 6 0.16
ML 0.8 6 0.07 3.7 6 0.58 5.9 6 0.49

aDark respiration measured for a period of 10 min using discs from
2-h low-light-adapted plants. bDark respiration measured for a pe-
riod of 10 min immediately following a 30-min period of photo-
synthesis. cMaximum rate of photosynthesis during a 30-min
period following the addition of 8 mM sodium bicarbonate.

Table II. Response of leaf disc photosynthetic O2 evolution to
added bicarbonate

Each measurement was obtained over a 15-min period beginning
10 min after addition of bicarbonate or equal volume of water. Values
represent means 6 SE (n 5 6).

Leaf Stage 0 mM HCO3 1.5 mM HCO3 3.0 mM HCO3

mM O2 m
22 s21

YL 0.53 6 0.03 1.2 6 0.16 1.6 6 0.12
EL 0.36 6 0.04 1.7 6 0.04 2.5 6 0.16
ML 0.26 6 0.05 2.4 6 0.11 3.9 6 0.19

Profiling the Sink-to-Source Transition in Aspen Leaves

Plant Physiol. Vol. 136, 2004 3365



typically resolved from each extract. Sixty-four metab-
olites were identified with a high level of certainty
(Table III), and these were arranged in a histogram
according to decreasing normalized peak area in YL
(Fig. 1). Overall, two-thirds of identified metabolites
varied more than 4-fold between YL, EL, and ML
tissues. Although the majority of metabolites de-
creased in abundance as leaves expanded, about one-
third exhibited increased abundance in EL and/or ML
compared to YL tissue.

Amino acids, dicarboxylic organic acids, and sugars
comprisedmore than 40% of themetabolites displayed
in Figure 1. The 11 common amino acidswe detected in-
clude all of the amino acids detected in light-adapted
Arabidopsis, with the exception of Lys (Fig. 2A; Lam
et al., 1995). Those we did not detect, such as His, Arg,
Tyr, Trp, Met, Ile, and Leu, are only readily detected in
dark-adapted Arabidopsis (Lam et al., 1995). The
primary amino acids Asn, Glu, Asp, and Gln, de-

creased systematically to less than one-half their initial
YL concentration by EL and to ,15% by ML (Fig. 2A).
Asn, a storage amino acid with low carbon-to-nitrogen
ratio, exhibited the sharpest decrease and was not
detected in ML. With the exception of Phe, concen-
trations of all detected amino acids decreased during
YL-to-EL growth (Fig. 2A). Following this stage of leaf
expansion, all amino acids except Gly and Ser exhibi-
ted a decrease in abundance. Gly and Ser are photo-
respiration intermediates, and their increase in leaves
such as ML is consistent with the expected timing of
photorespiratory development (Lennon et al., 1995;
Thompson et al., 1998). The use of Gly-to-Ser ratios as
markers of photorespiration in profiling studies has
been described recently (Novitskaya et al., 2002).

Dicarboxylic acids known to be by-products of
fatty acid oxidation in animals (glutaric, adipic,
suberic, and azelaic acids; Passi et al., 1983; Tserng
and Jin, 1991) increased during the leaf expansion

Table III. List of 64 metabolites identified in YL, EL, and ML

No. Metabolite tR No. Metabolite tR

min min

1 Malatea 20.495 33 Galactarate 31.272
2 Citratea 27.859 34 Propionate 16.237
3 Phosphorate 14.864 35 Gal 29.418
4 Inositol 31.637 36 Suberate 25.447
5 Asna 24.847 37 Palmitate 31.042
6 Trihydroxybutyrate 22.238 38 Glc-6-Pa 34.334
7 Glua 23.666 39 Anthraquinone

derivativeb
40.524

8 Suc 37.042 40 Vala 13.346
9 Aspa 21.293 41 Valerate 13.652
10 Proa 21.391 42 Fumaratea 16.921
11 Methylphosphorate 12.287 43 Erythritol 20.975
12 Sera 17.215 44 Maltose 35.510
13 Shikimate 27.642 45 Phenylacetate 15.459
14 Glca 29.127 46 Glycolate 9.534
15 Glutarate 18.158 47 Catechin (flavan) 38.897
16 Thra 17.902 48 Malonate 12.988
17 Alaa 10.266 49 Oxalate 10.985
18 Ethanolamine 14.758 50 Azelate 27.454
19 Dimethylethanolamine 5.671 51 Glya 15.838
20 o-Hydroxyphenol 16.154 52 Arabinitol 25.965
21 Adipate 20.929 53 Nicotinamide 6.833
22 Glucosone 20.261 54 Phea 23.890
23 Succinatea 15.980 55 Glycerol

galactopyranoside
35.376

24 Galactonate 30.484 56 Nicotinate 15.556
25 Xylitol 25.450 57 Noradrenaline 26.316
26 Frua 28.732 58 Glucarate 30.756
27 Hexadecenyl alcohol 32.482 59 Mannitola 29.704
28 Benzoate 14.304 60 Gluconate 30.716
29 Glna 27.039 61 Xyl 24.444
30 Norvaline 21.999 62 Cadaverine 13.800
31 Stearate 33.113 63 Man 32.580
32 a-Sitosterol 45.904 64 Putrescine 26.192

aVerified by authentic standards. bRefers to a compound with a MS signature most similar (match
score of 865 out of 1,000) to that of 1,2,8-trihydroxy-6-methoxy-3-methylanthraquinone in the NIST
database.
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from YL to EL (Fig. 2B). TCA and glyoxylate cycle
intermediates malate, succinate, and fumarate ex-
hibited a similar trend, but citrate decreased quite
sharply during YL-to-EL expansion, especially in
relation to malate (Fig. 2B). Using our protocol,
several common TCA cycle intermediates, including
isocitrate and a-ketoglutarate, were not consistently
detected in the aspen leaf extracts. There was a nearly
4-fold increase in malonate used for synthesis of
flavonoids, membrane lipids, and lipoate cofactor for
photorespiration (Gueguen et al., 2000). The synthe-
sis of flavonoids is identified with membrane pro-
tection from the harmful effects of UV light (for
review, see Winkel-Shirley, 2002). The correlative
increase of malonate with dicarboxylate lipid oxida-
tion products we observed in EL may reflect mem-
brane repair and turnover specific to rapidly
expanding leaves (Fig. 2B). The removal and pro-
cessing of plastoglobuli rich in fatty acids is thought
to prevent chloroplast membrane destabilization in
active leaves (Ghosh et al., 1994; Smith et al., 2000).
Turnover of phospholipids in plasma membrane
vesicles of active plant tissues has also been reported
(Madey et al., 2001).

Many of the nonstructural carbohydrates were most
abundant in EL (Fig. 2C). At this early stage of
analysis, we were interested in whether Glc, Fru, and
Suc concentrations varied according to patterns ex-
pected during a sink-to-source transition. Glc levels
were 4-fold higher in EL than YL tissues, consistent
with increased photosynthetic capacity compared to
YL and lower conversion to Suc compared to ML
(Table I). In addition, the ratio of Glc to Fru was nearly
2-fold higher in EL than YL, a tendency that hinted at
decreased provision of hexose sugars from Suc catab-
olism (Suc yields Glc and Fru in a 1:1 ratio) in EL and
an increased reliance on photosynthesis. This trend in
Suc utilization continued into ML, where Suc in-
creased further, but Glc and Fru levels actually de-
creased sharply. It appeared that, as leaves expanded
and gained photosynthetic capacity, an increasing
fraction of their photosynthate was maintained as
Suc for export.

Tissue Clustering Analysis by PCA

In general, the comparisons shown in Figure 2 point
to differential trends in amino acid, fatty acid, TCA/

Figure 1. Histogram of metabolites recovered in methanolic extracts from YL (A), EL (B), andML (C) tissues of aspen. Metabolites
are shown in order of decreasing normalized peak area in YL tissue (A). White histogram bars are scaled against the left axis, and
black bars are scaled against the right axis. Numbers correspond to metabolites listed in Table III. Error bars represent SE of means
of n 5 30 determinations.
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glyoxylate cycle, and hexose metabolism in expanding
aspen leaves undergoing photosynthetic develop-
ment. The trends in mean metabolite levels provided
the first indication that the aspen leaf profiles would
offer a rational snapshot of changes in leaf chemistry
during the sink-to-source transition. To determine
whether the profiles contained sufficient information
to metabolically distinguish YL, EL, and ML tissues,
we analyzed the pattern of association among all
metabolites using PCA (Fig. 3). YL, EL, and ML
samples formed distinct clusters based on the first
two components, which explained 55% (x axis) and
11% (y axis) of overall metabolite variance. YL and EL
formed clusters that weremuchmore closely related to
each other than to the distantly clustered ML samples.
PCA was used to calculate the loading (contribution)
of individual metabolites to the clustering of the leaf
tissues (Fig. 4). Metabolites plotting near the zero
intercept of the axes contributed in a relatively small
way, while a number of the more widely scattered
metabolites, including Asn, oxalate, galactarate, nico-

tinamide, Glc-6-P, glycolate, malate, malonate, Xyl,
and glucarate, contributed specifically to the separa-
tion of YL from EL tissue clusters as indicated (Fig. 4).

Metabolite Clustering Based on Tissue Distribution

ANOVAwas performed to determine whether mean
normalized peak areas of individual metabolites dif-
fered significantly (P , 0.05) between leaf stages. By
this criterion, 51 of the identified metabolites differed
significantly in their abundance among YL, EL, and
ML leaves, and 48 of those differed at P , 0.01. The
metabolites were grouped according to their relative
abundance in YL, EL, and ML tissues using Fisher’s
LSD mean comparison. HCA was then used to cluster
the metabolites according to significant differences in
distribution between YL, EL, and ML tissues (Fig. 5).

Metabolites that clustered as (YL . EL . ML and
YL5 EL.ML) collectively exhibited a strong associa-
tion with development of immature leaf tissues (Fig.
5). The decrease in methylphosphoric and phosphoric

Figure 2. Histogram of highly represented
metabolite classes in YL (white bars), EL (gray
bars), and ML (black bars) aspen tissues. A,
Amino acids; B, carboxylic acids; C, soluble
carbohydrates. Solid-shade bars are scaled
against the left axis and dotted histogram bars
are scaled against the right axis. Error bars
represent SE of means of n 5 30 determi-
nations.
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acids is consistent with a decrease in high-energy
phosphorylated compounds during leaf expansion.
Also decreasing with leaf age, nicotinamide (YL .
EL 5 ML) and nicotinic acid (YL 5 EL . ML) are
structural and precursor components, respectively, of

cofactors NAD(P)H. The photorespiratory substrate
glycolate (YL . EL . ML) decreased in accordance
with increased photorespiratory activity (Table II) and
anticipated the earlier noted trends in photorespira-
tory intermediates Gly and Ser (Fig. 2A). Interestingly,
in this respect, Ser and Gly clustered separately from
all other amino acids into the YL 5 EL 5 ML group.

A number of metabolites can be associated with
development of cell structures. Dimethylethanolamine
was present in the YL . EL . ML group and is an
intermediate during biosynthesis of phosphatidylcho-
line from Ser (McNeil et al., 2000; Rontein et al., 2001).
Phosphatidylcholine comprises 40% to 60% of non-
plastid membrane lipid in plants (Moore, 1990). Oxa-
late and galactarate in the YL . EL . ML group are
identifiedwith juvenile cell wall development. Oxalate
produced from ascorbate sequesters calcium and is
thought to inhibit calcium-dependent cross-linking of
pectins in young cell walls (for review, see Smirnoff,
1996). Oxalate, in turn, is degraded by an oxalate
oxidase activity associated with increased cell wall
cross-linking (Lane et al., 1993). Galactarate, derived
from the pectin subunit galacturonate (Kessler et al.,
1961), may indicate a higher percentage of pectina-
ceous cell wall material or greater extractability of
pectins due to stronger oxalate inhibition of cross-
linking in YL than older tissues (Lin and Varner, 1991).
In addition, glucarate (YL5 EL.ML) is derived from
pectin units (Bean et al., 1961; Kessler et al., 1961).
Consistent with increased cell wall integrity after YL

Figure 3. Formation of YL, EL, and ML tissue sample clusters by PCA.
Principal component vectors 1 (x axis) and 2 (y axis) describe 55% and
11%, respectively, of total sample variance.

Figure 4. Scatter plot representation of the
contribution of individual metabolites to prin-
cipal component clustering of YL, EL, and ML
tissue samples. Metabolites plotting farthest
from the intersection of the principal compo-
nent axes contributed most to tissue clustering
and were identified by common name. Metab-
olites marked YL, EL, or ML were most abun-
dant in those tissues, respectively.
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growth, hemicellulose-forming sugars Xyl, Gal, and
Man grouped into EL-associated clades.

Benzoate (YL . ML . EL), along with an anthro-
quinone derivative (metabolite no. 39 in Table III; YL.
EL . ML), decreased sharply in abundance after YL
and may signal a spike in certain shikimate (YL 5
EL . ML)-dependent pathways specific to YL de-
velopment. The sustained abundance of shikimate,
Phe, and catechin (YL 5 EL . ML) beyond the YL
stage, along with the 4-fold increase in malonate (EL.
YL . ML), is consistent with continued synthesis of
flavonoid derivatives thought to be important for
defense (Lindroth and Hwang, 1996) and protection

from the harmful effects of UV light (for review, see
Winkel-Shirley, 2002). It should be noted that Phe was
the only consistently detected amino acid that trended
higher during YL-to-EL growth (Fig. 2A).

In more mature leaves, the polyamines cadaverine
(YL 5 EL 5 ML) and putrescine (ML . YL 5 EL)
trended upward (Fig. 1). ML tissues were metaboli-
cally active and exhibited higher photosynthetic rates
than YL or EL, but the only primary metabolites
comparatively abundant with respect to YL and EL
were Suc and inositol. The relative abundance of these
export/storage forms in ML is consistent with an
export-oriented metabolism.

Figure 5. HCA dendrogram grouping of metabolites based on significant differences in relative abundance in YL, EL, and ML
tissues. Fisher’s LSD mean comparison was used to rank the tissue abundance of each metabolite (see text). The average linkage
method was used to group data by Euclidian distance relatedness.
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DISCUSSION

The initial technical challenge was to determine
whether reproducible profiles could be obtained from
a clonal population of n 5 10 trees, logistically a man-
ageable experimental unit size.Wewere concerned that
slight differences in early growth due to micropropa-
gation and establishment protocols might have cumu-
lative effects on source-to-sink and root-to-shoot ratios
that could contribute to variation among large, albeit
genetically identical, plants. Our target variance was
based on RSDs (SD as a percentage of themean) ranging
from 20% to 50%, and averaging 40% in informative
Arabidopsis, potato, and pumpkin profiling studies
(Fiehn et al., 2000a; Roessner et al., 2000; Fiehn, 2003).
Following protocol optimization steps in which the
chromatogram data from triplicate 10-mg aliquots of
each leaf powder were pooled, average RSDs were
38%, 43%, and 56% for YL, EL, and ML, respectively.
The second challenge was to construct a develop-

mental scenario from the relatively small portion of the
metabolome that was identified. In this study, LPI
0 (YL) represents a 2-d postemergent leaf. Since the
interval between leaf emergences was approximately
40 h, LPI 4 (EL) was only 8 to 9 d postemergent, while
LPI 9 (ML) was 16 to 17 d postemergent. Organelle
biogenesis and the acquisition of functional maturity
occur over a 7- to 14-d period in emerged leaves and
cotyledons of various species (Titus and Becker, 1985;
Lennon et al., 1995; Thompson et al., 1998) and could
reasonably be expected to leave signature marks on
cellular homeostasis during that period. As in the
cases of other GC-MS profiling studies utilizing meth-
anolic extracts (Fiehn et al., 2000a; Roessner et al., 2001;
Roessner-Tunali et al., 2003), comparison of small
assemblages of low-Mr polar metabolites yielded dis-
tinct biochemical phenotypes among the contrasted
tissues (Fig. 3). In addition, we were able to detect leaf-
stage-specific metabolite clusters indicative of tran-
sitions in cell membrane (dimethylethanolamine,
malonate, fatty acid-derived dicarboxylic acids) and
cell wall (pectin derivatives, oxalate, hemicellulose
component sugars) biogenesis.

Malate as a Developmental Marker

Of particular interest were the oscillations in malate
(EL.YL5ML) and malate-to-citrate ratio during leaf
expansion (Fig. 2B). Malate can comprise the largest
fraction of the leaf metabolite pool in leaves of C3
species (Gerhardt and Heldt, 1984; Muller et al., 2001),
and its dynamic partitioning within the cell is essential
for osmotic, turgor, charge, and pH control through-
out the diurnal cycle (for review, see Martinoia and
Rentsch, 1994). As reductant shuttle and counter
anion, malate is important to the coordination of pho-
tosynthesis, glycolysis, TCA activity, glyoxysomal/
peroxisomal activity, and nitrate assimilation (Hanning
and Heldt, 1993; Martinoia and Rentsch, 1994;
Champigny, 1995; Scheible et al., 2000; Muller et al.,
2001).

Speculating about the causes of malate dynamics in
developing tissues is made difficult by increasing
vacuolization in expanding cells. Although cellular
homeostasis ofmalate depends on largevacuolar stores
(Martinoia and Rentsch, 1994), large transients in
cellular malate content occur diurnally (Scheible et al.,
2000) and, according to our data, during development
(Fig. 2). Thus, shifts in malate content probably reflect
changes in specific, malate-requiring cellular activities.
Malate concentrations are known to rise in response to
surplus photosynthetic electron transport (Backhausen
et al., 1998) and as an outcome of anaplerotic CO2
fixation outside the chloroplast (Melzer and O’Leary,
1987), especially during periods of nitrate assimilation
(Scheible et al., 2000). Anapleurotic NADH-dependent
malate dehydrogenase (MDH) activity was at its peak
in EL (Table IV), where leaf malate concentrations also
peaked (Fig. 2). As cells, and presumably vacuoles,
continued to expand, malate levels and MDH activ-
ity decreased. Chloroplast NADPH-dependent MDH
activity exhibited a more sharply defined transient,
increasing 2.4-fold during the period of YL-to-EL
expansion (Table IV). However, NADPH-dependent
MDH constituted a relatively minor activity and de-
creased rapidly, consistentwith aprotective roleduring
surplus photosynthetic electron transport, as described
in potato (Backhausen et al., 1998).

Malate Homeostasis and Nitrogen Assimilation

In Populus, nitrogen taken up by the roots is trans-
ported in the xylem to shoot tissues primarily in the
nitrate- and amino-nitrogen forms (Siebrecht and
Tischner, 1999; Black et al., 2002). The transported
nitrate is then reduced and assimilated, primarily in
young leaves (LPI 3), where nitrate reductase activity
is most highly concentrated (Black et al., 2002). In C3
species like spinach (Spinacia oleracea) and tobacco
(Nicotiana tabacum), nitrate reduction stimulates the
anapleurotic production of malate to counter the
imbalances in charge and pH caused by its assimila-
tion (for review, see Martinoia and Rentsch, 1994;
Chollet et al., 1996; Scheible et al., 2000; Muller et al.,
2001). Consistent with this, we suggest from the
correlation between MDH activity, malate content,

Table IV. Comparison of MDH and Asn transaminase activities in
developing aspen leaves

Values represent the means 6 SE (n 5 5).

LPI
Malate Dehydrogenase

Asn Transaminase
NADH NADPH

nkat g fresh weight21

0 3.03 6 0.06 0.11 6 0.01 ,0.1
1 3.54 6 0.18 0.19 6 0.03 0.33 6 0.03
3 3.95 6 0.13 0.27 6 0.06 NDa

5 3.46 6 0.03 0.26 6 0.02 0.91 6 0.17
8 2.77 6 0.12 0.17 6 0.02 15.0 6 1.70

aND, Not determined.
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malate-to-citrate ratio (Table IV; Fig. 2), and nitrate
reductase activity (Black et al., 2002) that the peak in
malate concentration in EL was associated with a peak
in anapleurotic activity for nitrate assimilation. Based
on the reported preferential expression of nitrate
translocators in newly emerging leaves of Arabidopsis
(Guo et al., 2002), nitrate was probably also delivered
to YL. However, the 2-fold malate increase in EL
compared to YL suggests that nitrate was more ac-
tively assimilated in EL, where chloroplasts weremore
mature.

Amino acids typically comprise more than 50% of
xylem nitrogen in Populus (Siebrecht and Tischner,
1999), and their delivery in the transpiration stream
probably contributed heavily to leaf nitrogen status.
Asn, with its two amino groups and very low carbon-
to-nitrogen ratio, was at its highest level in YL. This is
consistent with a surplus of available nitrogen relative
to photosynthetic capacity or available carbon in YL
(for recent discussion of Asn regulation, see Thum
et al., 2003). We determined that Asn was probably
being synthesized in YL from xylem-delivered Gln.
Reverse transcription-PCR of apex, YL, and EL tissues
using primer sequences based on a conserved region
of Arabidopsis class II Asn synthetase genes, and
sequences (e.g. CA930978) from our aspen expressed
sequence tag database (Ranjan et al., 2004), revealed
that expression of Asn synthetase genes decreased 1 to
2 orders of magnitude between apex and EL tissues
(data not shown). GC-MS of xylem tissue extracts
confirmed (using authentic Gln and Asn standards for
quantitative evaluation) that Gln was by far the major
transport amino form delivered in the xylem stream.
While Gln was readily detected at levels similar to Gln
levels seen in YL (Fig. 2), the other major transport
amino acid, Asn, was barely detected in xylem extracts
(data not shown). This is in line with reports that Gln
and Asn comprise nearly 100% of Populus xylem sap
amino acids and occur in a Gln-to-Asn ratio of 3:1 to
10:1 (Dickson, 1979; Schneider et al., 1994; Siebrecht
and Tischner, 1999). Thus, it would appear that nitrate
and Asn accumulated in YL but that nitrate was much
more actively assimilated in older leaves (EL).

The Metabolic and Developmental Fate of Asn

The catabolism of Asn has been characterized in
legume species and is considered to proceed primarily
by two routes (for review, see Ireland and Lea, 1999).
Asparaginase yields Asp and ammonia-nitrogenwhile
Asn transaminase (AT) yields hydroxysuccinamate
and an amino acid (Lloyd and Joy, 1978). Substantial
amounts of AT activity have also been reported in leaf
extracts of the nonlegume species spinach and lettuce
(Meister, 1952). We detected increasing AT activity
with leaf age in aspen. Activity increased slowly in LPI
1 to 5 but increased rapidly in LPI 5 to 8 (Table IV). AT
activity in MLwas 15-fold greater than in EL andmore
than 100-fold greater than in YL. Several protocols
were used to evaluate asparaginase activity (see ‘‘Ma-

terials and Methods’’), but it was difficult to detect
asparaginase-mediated catabolism of Asn at any leaf
stage (data not shown). The contribution of AT to Asn
turnover appears to correlate with the maturation of
photosynthetic and, interestingly, photorespiratory ac-
tivity. Increases in Ser and Gly abundance relative to
other amino acids and in Gly-to-Ser ratio, like those we
observed during the EL-to-ML transition (Fig. 2), are
consistent with increased photorespiratory activity
(Novitskaya et al., 2002). In this context it is perhaps
noteworthy that the preferred substrate of AT is
glyoxylate (Cooper, 1977), and its amination yields Gly.

The developmental pattern of Asn utilization we
observed may represent a route for the attenuation of
surplus Asn to lower steady-state levels via photores-
piration, once nitrogen requirements for rapid growth
are largely met. This pattern could vary, depending on
the stress and nutritional status of expanding leaves.
The aspen plants in this study were nitrogen sufficient
and raised in a relatively stress-free environment. Had
nutrient, moisture, or other stresses altered the timing
or duration of nitrate assimilation relative to Asn
stores and photorespiratory development, a different,
and perhaps diagnostic, pattern of Asn, Gly, Ser, and
malate might have developed.

Diurnal effects (Scheible et al., 2000) and phenolic
sink formation would provide additional layers of
complexity. In addition, phloem development substan-
tially affects the movement of photosynthate within
and between leaves in aspen (Isebrands and Larson,
1973; Isebrands et al., 1976; Dickson and Larson, 1981),
and could certainly affect changes in malate accumu-
lation and transport associatedwith nitrate uptake and
assimilation (Martinoia and Rentsch, 1994). The extent
to which Asn homeostasis in shoot tips senses and
participates in the development of photosynthetic,
photorespiratory, and nitrate-assimilating competence
presents itself as an interesting topic with respect to
metabolic development in aspen. Aspen leaf chemistry,
as well as that of other Populus sp., varies widely by
genotype and affects growth of individual trees
(Lindroth and Hwang, 1996), as well as the productiv-
ity and carbon-sequestering capacity of temperate
forest ecosystems. The ability to profilemetabolic shifts
that reflect photoassimilate utilization, transport, and
storage in developing leaves will be an important step
toward understanding the genetic basis for the wide
pattern of carbon partitioning and growth in these
species. In addition, markers of cell wall and mem-
brane biogenesis can be integrated with profile data on
carbon and nitrogen utilization to support analysis of
secondary carbon sink effects on Populus growth.

MATERIALS AND METHODS

Plant Material

Quaking aspen (Populus tremuloides Michx.) plants were micropropagated

from surface-sterilized stem sections, transferred to 3-inch pots filledwith a 1:1

peat:perlite, and acclimated in a mist chamber for 1 week prior to greenhouse

Jeong et al.
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planting. Acclimated plantlets were potted in 2-L containers filled with 2:1:1

(v/v/v) topsoil:peat moss:perlite, watered daily, and fertilized biweekly with

Miracle-Gro (15-30-15 with micronutrients; Marysville, OH) and Fe-chelate.

Plants were grown to a height of approximately 1 m during late summer

(August through October). Supplemental lighting (200 mE m22 s21 photosyn-

thetically active radiation, 10 cm above shoot tips) was provided to maintain

a 16/8-h photoperiod during October. These plants typically had a plastochron

index (Larson and Isebrands, 1971) of 30 to 35. Emerged leaves at LPI positions

0 (YL, 2–3 cm in length and 75% unfurled), 4 (EL, 8–10 cm in length), and 9

(ML, 13–16 cm in length) were harvested at midday into aluminum foil

packets, flash frozen, and ground under liquid nitrogen. Tissue powders (10.0

6 0.1 mg) were weighed into liquid nitrogen-cooled microcentrifuge tubes

and stored at 280�C for no more than 1 week prior to analysis.

Chemicals

Methanol was HPLC grade and was purchased from Fisher Scientific

(Hanover Park, IL). Ribitol (99%) was obtained from Sigma (St. Louis).

Methoxyamine hydrochloride was purchased from Acros (Hanover Park, IL)

and N-methyl-N-(trimethylsilyl)-trifluoroacetamide (MSTFA), N,O-bis(trime-

thylsilyl) trifluoroacetamide (BSTFA), and N-methyl-N-tert-butyldimethylsi-

lyltrifluoroacetamide (MTBSTFA) were purchased from Aldrich (Milwaukee,

WI). All other chemicals were from Acros.

Extraction and Derivatization

The extraction protocol was modified from Roessner et al. (2000). Briefly,

frozen aspen leaf tissue powders (10 mg) were extracted in 1.4 mL of 80%

(v/v) aqueous methanol in a 2.0-mL microcentrifuge tube for 2 h under 200

rpm at ambient temperature. Ten microliters of ribitol solution (2 mg mL21

water) were added as an internal standard prior to incubation. Endogenous

ribitol was not detected in the aspen leaf extracts. The mixturewas centrifuged

at 13,000 rpm for 3 min, and 1 mL of the supernatant was evaporated to

dryness (5 h) in a vacuum concentrator (Eppendorf, Hamburg, Germany). The

dry residue wasmodified for GC-MS analysis according to Fiehn et al. (2000a).

Three derivatization reagents, MSTFA, BSTFA, and MTBSTFA, were com-

pared in preliminary experiments using authentic standards Gly, Glc, man-

nitol, myoinositol, ribitol, malate, and salicylate. Overall, MSTFAwas found to

be superior to BSTFA and MTBSTFA. Carbonyl moieties were methoximated

with methoxyamine hydrochloride at 30�C for 90 min and derivatized with

MSTFA (37�C for 30 min). The mixture was left undisturbed for 2 h at room

temperature to allow complete derivatization. Derivatized samples were

diluted with 2 volumes of methylene chloride and analyzed within 24 h.

Chromatographic changes indicative of deterioration were noted only after

derivatized samples had been stored for more than 30 h.

GC-MS Analysis

GC with quadrupole mass spectrometric detection was performed using

a 6890 GC/5973N system (Agilent Technologies, Wilmington, DE). Deriva-

tized extract (1 mL) was injected using splitless mode and split/splitless

single-tapered liners (4 mm i.d.) packed with deactivated glass wool

(Superlco, Bellefonte, CA), onto a 30 m 3 0.25 mm (i.d.), 0.25-mm film

AT-5MS column fitted with a deactivated guard column (Alltech Associates,

Deerfield, IL). The inlet temperature was set at 250�C. After a 5-min solvent

delay, oven temperature was increased from 70�C to 200�C (5�Cmin21), 200�C
to 260�C (10�C min21), and 260�C to 310�C (20�C min21) and maintained at

310�C for 12 min. Helium was used as the carrier gas at a flow rate of 1 mL

min21. The interface temperature was maintained at 310�C. The ion source

was adjusted to 230�C.Mass spectra were recorded at 2.69 scan s21 with a scan

range of 50 to 600 m/z. Chemstation software (Agilent Technologies) operated

the system and validated chromatogram and spectrum output. Perfluorotri-

butylamine (PFTBA), with m/z of 69, 219, and 502, was used for autotuning.

The mass spectrum was deconvoluted, and peaks were assigned identities

using the automated mass spectral deconvolution and identification system

(AMDIS) and the National Institute of Standards and Technology (NIST)

library (version 98). Peaks that were at least 70% pure were automatically

assigned identities, depending on the presence of a corresponding mass

signature (match) with a similarity score (match factor) of 80 (out of 100) or

higher in the NIST library. Matches for peaks below 70% purity were verified

by manual analysis of the mass spectrum, and peaks with signal-to-noise ratio

smaller than 75 were discarded. Care was taken to minimize carry-over

effects, and column performance was monitored in preliminary experiments

to establish a schedule for guard column trimming during sample analysis.

Liners were replaced every 10 to 15 injections, and 10 cm of guard column

were trimmed every 30 injections. For backgroundmonitoring, method blanks

were run every 20 injections, and for sample reproducibility, a sample blank

was injected every 10 samples. Because we did not include the chloroform

phase extraction step in our sample preparation, we compared column

performance after 20 injections of phase-partitioned or nonpartitioned meth-

anol extracts and observed no systematic difference with regard to the

metabolites we report. Samples were prepared and loaded in random order

with respect to YL, EL, and ML tissues, according to a schedule that allowed

us to analyze an equal number of each tissue group per day.

Data Analysis

Metabolite peak areas were divided by peak area of the internal standard,

ribitol, to correct for recovery differences, and then normalized on the basis of

sample fresh weight. All data were log10 transformed for statistical calcula-

tions. One-way ANOVAwas performed by SAS/STAT software (version 8.2;

SAS Institute,Cary, NC). Multiple means comparison of normalized metabo-

lite peak areas was performed using Fisher’s LSD method. PCA and HCAwere

performed using the R statistical package (http://www.r-project.org). PCA

was used to calculate the contribution, or loadings, of specific metabolites to

the formation of leaf sample clustering. HCA separated metabolites into

clusters on the basis of their abundance ranking by LSD in YL, EL, and ML

tissue. Euclidean distance was used as the metric of data relatedness and the

average linkage method was used for data clustering.

Photosynthesis and Respiration Assays

Plants were preconditioned under indoor lighting (20 mE m22 s21) for 2 h

prior to leaf disc assays. O2 consumption (dark respiration) and CO2-

dependent photosynthetic O2 evolution were monitored in a water-jacketed

Hansatech (King’s Lynn, UK) Clark-type oxygen electrode using 1-cm2 discs

from leaves at LPI 0 (YL), 4 (EL), and 9 (ML). Discs were cored under buffer

(0.3 M sorbitol containing 25 mM HEPES, pH 7.5) and suspended in 0.5 mL of

the same buffer in the electrode chamber by use of a nylon basket affixed to the

bottom of the chamber plunger. Actinic light (1,000 mE m22 s21) was supplied

fiber-optically from a halogen lamp.

Enzyme Assays

Soluble protein for all assays was obtained by extracting liquid nitrogen

leaf powders twice with 5 volumes of 50 mM potassium phosphate, pH 7.4,

0.5 mM DTT, 1 mM phenylmethylsulfonylfluoride, and 1 mg mL21 leupeptin.

Polyvinylpolypyrollidone (5% [w/v]) was included in the first extraction.

Extraction and all subsequent operations were conducted at 4�C. The two

extracts were pooled and debris removed by centrifugation at 24,000g for

10 min. Clarified extracts were desalted by low-speed centrifugation through

25 volumes of appropriately equilibrated and buffered Sephadex G25. Protein

was quantified using the procedure of Bradford (1976), and extracts were then

supplemented with 0.1% (w/v) BSA fraction V. Asparaginase activity in 1-mL

assay mixtures (30 min at 30�C) containing 100 mg protein, 100 mM potassium

phosphate, pH 8.0, and 20 mM L-Asn was estimated in three ways: (1) by

colorimetric detection of chloroamine following the Bertholet reaction to

measure ammonia released (Vorwerk et al., 2001); (2) by direct measurement

of Asp produced from Asn following diode array detection (435 nm) of

dabsylated (dimethylaminoazobenzene sulfonyl) amino acids eluting from an

HPLC C-18 column (Stocchi et al.,1989); and (3) methoxymation and MSTFA

derivatization of dried assay aliquots for GC-MS. Asp transaminase activity

with glyoxylate was estimated following a 30-min incubation of 100 mg of

protein in a 1-mL assay mixture containing 100 mM Tricine-KOH, pH 8.1, 2 mM

DTT, 10 mM sodium-glyoxylate, 20 mM L-Asn, and 20 mM pyridoxal-5-

phosphate. Assay aliquots (10 mL) were dried down under vacuum and

derivatized in methoxamine hydrochloride and MSTFA, as above, for GC-MS

detection of Gly. NADH-dependent MDH activity was measured following

modifications of the procedure of Egli et al. (1989) in 1-mL assays containing

15 to 20 mg of crude protein, 100 mM potassium phosphate, pH 7.4, 1 mM

EDTA, 10 mM DTT, 1 mg mL21 leupeptin, 200 mM oxaloacetate, and 250 mM

NADH. Activity was estimated at 25�C by the change in A340 during the first

2 min of the reaction. NADPH-dependent MDH activity was measured

essentially according to the procedures and recommendations of Hatch and
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Agostino (1992). Protein (50 mg) was activated for 30 min at 25�C in 100 mL

containing 50 mM Tricine-KOH, pH 8.8, 100 mM DTT, 0.4 mM EDTA, 100 mM

KCl, 1 mg mL21 pepstatin, 1 mg mL21 leupeptin, and 0.0025% (v/v) Triton

X-100. Assays were conducted by diluting the 100-mL aliquot of activated

protein in a 1-mL reaction containing 25 mM Tricine-KOH, pH 8.3, 100 mM

KCl, 10 mM DTT, 200 mM NADPH, and 2 mM oxaloacetate, and measuring the

change in A340 over the first 2 min of the reaction. NADPH-dependent MDH

activity was also measured in the absence of an activation step and found to

yield rates that were 20% to 40% of those obtained from activated protein (data

not shown).
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