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When whole-cell extracts are analyzed, proton nuclear magnetic resonance ("H NMR) spectroscopy provides biochemical pro-
files that contain overlapping signals of the majority of the compounds. To determine whether cyanobacteria could be taxo-
nomically discriminated on the basis of metabolic fingerprinting, we subjected whole-cell extracts of the cyanobacteria to 'H
NMR. The "H NMR spectra revealed a predominance of signals in the aliphatic region. Principal component analysis (PCA) of
the data then enabled discrimination of the cyanobacteria. The hierarchical dendrogram, based on PCA of the aliphatic
region data, showed that six cyanobacterial taxa were discriminated from two eukaryotic microalgal species, and that the six
taxa could be subsequently divided into three groups. This agrees with the current taxonomy of cyanobacteria. Therefore, our
overall results indicate that metabolic fingerprinting using '"H NMR spectra and multivariate statistical analysis provide a sim-
ple, rapid method for the taxonomical discrimination of cyanobacteria.
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Cyanobacteria (blue-green algae) comprise a large and
diverse group of organisms in the prokaryotic kingdom.
They are widely distributed in freshwater, marine, and ter-
restrial habitats (Brock et al., 1994). As important ecosystem
components, cyanobacteria constitute more than 30% of
the total planetary biomass (Beardall et al., 2002), and are,
therefore, a major source of food and energy.

Cyanobacterial identification and classification have relied
upon morphological characters, chemical markers such as
lipids, polyamines, and carotenoids, and macromolecular
methods, such as protein electrophoresis patterns, phycobil-
iprotein patterns, immunological studies, and 16S rDNA
sequence analysis (Wilmotte and Golubic, 1991; Henson et
al., 2004; Song et al., 2004).

Since DNA sequencing has become readily available, the
tendency has been to determine their classification based
solely on 16S rDNA data, which is considered to reflect
phylogenetic classification. However, such classification is
now questionable because of recent studies demonstrating
the widespread occurrence of horizontal gene transfer in
bacterial genomes (Ragan, 2001). Therefore, any phyloge-
netic classification based on DNA sequence analysis should
be confirmed by phenotypic studies that include compari-
sons of cell wall composition, fatty acid and protein profil-
ing, and isoprenoid quinone.

Whole-cell extracts subjected to '"H NMR (proton nuclear
magnetic resonance) analysis provide an overview of hydro-
gen-containing compounds. Consequently, an NMR spec-
trum is more representative of the physiology of the cell
(metabolite pools) than of the structure (comprising immo-
bile components such as the cell wall). Therefore, NMR-
based metabolic fingerprinting (pattern recognition of meta-
bolic fingerprinting data using multivariate statistical analysis)

*Corresponding author; fax +82-42-860-4608
e-mail jrliu@kribb.re.kr

271

has been used to discover new metabolic biomarkers from
urine (Gavaghan et al., 2000) and to screen for drug toxicity
(Robertson et al., 2000; Nicholson et al., 2002). Likewise,
this "H NMR-based metabolic fingerprinting method has
enabled researchers to discriminate various ecotypes of Ara-
bidopsis thaliana, and has revealed the possible components
that contribute most to the discrimination of those ecotypes
(Ward et al., 2003).

Current phenotypic studies for bacterial classification,
e.g., comparisons of cell wall composition, fatty acid and
protein profiling, and isoprenoid quinone are time-consum-
ing and tedious. The objective of our study was to deter-
mine whether metabolic fingerprinting of cyanobacteria is
an available alternative to those conventional approaches.
Here, we attempted to demonstrate that "H NMR-based
metabolic fingerprinting of cyanobacterial  whole-cell
extracts could discriminate between cyanobacteria, thereby
providing quantitative data for their classification. Using pat-
tern recognition methods, Fourier transform infrared spec-
troscopy (FTIR) has previously heen applied to distinguish
closely related microbial strains (Helm et al., 1991; Nau-
mann et al., 1991; Freeman et al., 1994; Goodacre et al.,
1998), cyanobacteria (Kansiz et al., 1999), and flowering
plants (Kim et al., 2004).

MATERIALS AND METHODS

Cyanobacteria

Six cyanobacteria (Microcystis aeruginosa UTEX2388, M.
aeruginosa PCC7806, Anabaena sp. PCC7120, Synechocys-
tis sp. PCC6803, Synechoccus lividus PCC6715, and Oscilla-
toria planctonica), plus two eukaryotic microalgae (Navicula
sp. and Scenedesmus sp.), were used in this study (Table 1).
Their cultures were not axenic, although the levels of con-
taminants were low (<1% by microscopic examination) and
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Table 1. Eight cyanobacteria used in the experiment.
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Number Family Taxa Superkingdom
1 Chroococcaceae Microcystis aeruginosa UTEX2388 Prokaryote
2 Chroococcaceae Microcystis aeruginosa PCC7806
3 Nostocaceae Anabaena sp. PCC7120
4 Chroococcaceae Synechocystis sp. PCC6803
5 Chroococcaceae Synechococcus lividus PCC6715
6 Oscillatoriaceae Oscillatoria planctonica
7 Naviculaceae Navicula sp. Eukaryote
8 Scenedesmaceae Scenedesmusp sp.

would not be expected to have a significant effect on the
spectra. Each cyanobacterial strain was transferred to a lig-
uid medium and cultured on a gyratory shaking incubator
(150 rpm) under a cool-white fluorescent lamp (25°C,
approximately 30 mol m™s™"). At their exponential and sta-
tionary growth phases, the strains were collected by centrif-
ugation (3000 rpm for 10 min), then rinsed twice with
sterile distilled water before being frozen in liquid nitrogen
container. Frozen cyanobacterial strains were freeze-dried
and stored at -70°C until use.

"H NMR Analysis

Freeze-dried cells (15 mg) were placed in sterile 2-mL
microvial tubes equipped with screw-caps and neoprene o-
rings. One mlL of D,0O:CD;0D (viv, 80:20} containing
0.005% (w/v) TSP-d, (sodium salt of trimethylsilylpropionic
acid) was added to each sample. The cells were homoge-
nized six times using a mini bead beater (zirconia silica
bead: 0.1 mm in diameter; 4600 rpm for 30 s). These cell
mixtures were blended thoroughly and heated at 50°C in a
water bath for 10 min. After cooling, the samples were cen-
trifuged at 13,000 rpm for 5 min. The supernatant (700 ul)
was transferred to a 5-mm NMR tubes. Each NMR sample
was stored at 4°C until analysis. All NMR spectra were col-
lected on a Varian UNIT 500 NMR spectrometer (VARIAN,
USA) at 298°K; a pre-saturation pulse was used for water
suppression. Each spectrum consisted of 60 scans of 32 k
data points, and the '"H NMR chemical shifts in the spectra
were referenced to TSP-d,; at 0.00 ppm. Whole-peak inten-
sities in every 0.005 ppm of the "H NMR spectra (range of
0.5~12.5 ppm) were used as the variables, and TH NMR
spectra were collected from three different runs.

Data Normalization and Statistical Analysis

PCA and hierarchical analysis of these NMR data were
conducted using Matlab (vers. 6.5). The NMR spectra were
automatically converted to ASCII files via ADVASP Lite
(short version of ADVASP package; Umatek, USA). Spectral
intensities were scaled to TSP-dy and integrated regions of
equal width corresponding to the region of 12.0 to 0 ppm.
The residual proton signal corresponding to TSP—d, (5 0.0)
was removed at this stage. The generated ASCII file was
imported into Matlab (vers. 6.5) for PCA analysis according
to NIPALS algorithm (Wold, 1966). "H NMR spectra for the
total metabolite (0 to 12 ppm), carbohydrate (3 to 6 ppm),
aliphatic (1 to 3 ppm), and aromatic (6 to 9 ppm) regions
from each spectrum were divided, and the resulting
reduced data set was then normalized to unit variance. Fol-

lowing this processing, PCA and hierarchical clustering anal-
ysis were conducted separately for those four regions. A
hierarchical dendrogram was generated to display the rela-
tionship among cultures from PCA of the "H NMR spectral
data using the unweighted-pair group method and arith-
metic mean (UPCMA) analysis with a multivariate statistical
package (MVSP 3.13; Kovach Computing Services, UK).

RESULTS AND DISCUSSION

Representative 'H NMR spectra of the total regions from
six cyanobacterial cultures and two eukaryotic microalgal
cultures are presented in Figure 1. The spectra obtained
from the cyanobacteria showed a preponderance of signals
comprising several sharp peaks in the aliphatic region. To
investigate the spectral region representing the most relevant
taxonomic relationship among cyanobacteria, our NMR
spectral data were analyzed in four different ways: total (0
to 12 ppm), carbohydrate (3 to 6 ppm), aliphatic (1 to 3 ppm),
and aromatic regions (6 to 9 ppm). Our displays included a
PCA plot of spectral data for the aliphatic region from the
exponential growth phase (Fig. 2A) and the stationary phase
(Fig. 2C). The PCA plot of the aliphatic region from the
former phase (Fig. 2A) revealed that the prokaryotic taxa
were clustered in a group whereas the two eukaryotic taxa
were located at the opposite extreme. However, a PCA plot
of the aliphatic region from the stationary phase (Fig. 2C)
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Figure 1. Representative 'H NMR spectra of Scenedesmus sp. at
exponential growth phase.
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Figure 2. Two-dimensional PCA plot and enlarged view of NMR aliphatic region spectrum from eight cyanobacteria. A, PCA plot for expo-
nential growth phase; B, Enlarge(fview of NMR aliphatic region spectrum at exponential growth phase; C, PCA plot for stationary phase; D,
Enlarge§ view of NMR aliphatic region spectrum at stationary phase. The first two principal components in each plot are displayed. Percent-
ages in parentheses account for partition of each principal component of total variation. Averaged spectra of prokaryotic taxa (solid line) and
eukaryotic taxa (dashed line) are presented. Each number in PCA plot indicates individual cyanobacterium: 1, M. aeruginosa UTEX2388; 2,
M. aeruginosa PCC7806; 3, Anabaena sp. PCC7120; 4, Synechocystis sp. PCC6803; 5, S. lividus PCC6715; 6, O. planctonica; 7, Navicula
sp; and 8, Scenedesmus sp. Duplicated numbers indicate three replicates for each sample. Arrows show peaks assigned to compounds from

NMR spectrum database.

did not show a discrete discrimination pattern. Replicated
samples of each cyanobacterial culture were also grouped
into discrete clusters, indicating that the PCA was able to
discern the cyanobacteria of one taxon from another.

Figure 2B presents an enlarged view of the aliphatic
region from our '"H NMR spectra. These data revealed peaks
as the major contributor to the discrimination of cyanobac-
teria between prokaryotic and eukaryotic cultures, with two
major peaks being found at 2.396 ppm and 1.3 ppm. Rela-
tively clear peaks in the aliphatic region could be assigned to
particular amino acids (e.g., acetate at 1.907 ppm; alanine
doublet at 1.47 ppm; lactate at 1.317 ppm). In addition, the
'H NMR aliphatic-region data gave evidence of metabolic
changes during the exponential growth phase against the
stationary phase (Fig. 2D). Because of the limit of the
deconvolution of "TH NMR spectra by reference, we were
unable to fully assign these peaks to specific compounds.
However, this region contained many peaks attributable to
amino acids, thereby providing us with possible clues as to
the variance of free amino acids between prokaryotic and
eukaryotic cyanobacteria.

Cyanobacteria at the stationary phase also werc sub-
jected to NMR, using metabolic fingerprinting. However,
dendrograms based on PCA scores at that phase did not
agree with our results for the exponential growth phase
(data not shown). A similar approach involving FTIR has
been taken with bacterial cells collected from the exponen-
tial to the stationary phase (Helm et al., 1991; Naumann et

al., 1991; Curk et al., 1994; Goodacre et al., 1996).

Dendrograms were constructed based on PCA scores of
the NMR total (Fig. 3A), aliphatic (Fig. 3B), carbohydrate
(Fig. 3C), and aromatic regions (Fig. 3D). There, most of the
cultures could be divided into two major groups -- cyano-
bacterial and eukaryotic cultures. However, PCA scores for
the aromatic region failed to discriminate between these
two types, perhaps because of the low level of signals in that
region.

Cyanobacteria are currently divided into five subsections,
based on their morphological and developmental features
(Rippka and Herdman, 1992). In general, molecular phylog-
enies support the monophyly of subsections Il, IV and V,
whereas subsections | and Ill are not considered monophyl-
etic (Turner, 1997). Our dendrogram based on total regions
was able to group Oscillatoria, belonging to subsection 1lI,
with Synechococcus, Synechocystis, and Microcystis, which
belong to subsection I. In contrast, dendrograms based on
the aliphatic and carbohydrate regions could be divided into
three distinct groups, a conclusion that agrees with the cur-
rent taxonomy of cyanobacteria. However, the dendrogram
based on the carbohydrate region failed to group two strains
of Microcystis at the highest degree of similarity. The den-
drogram based on the aliphatic region showed that the
cyanobacterial cultures were further divided into Anabaena
and the other five cultures. Furthermore, O. planctonica was
divided into a cluster separate from the other four. Among
those, Synechococcus and Synechocystis could be clustered
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Figure 3. Hierarchical dendrograms based on PCA of NMR data from six cyanobacterial and two eukaryotic microalgal cultures. A, Dendro-
gram based on PCA of NMR total region; B, Aliphatic region; C, Carbohydrate region; D, Aromatic region.

together while the two strains of M. aeruginosa were clus-
tered individually. In that dendrogram, Synechococcus and
Synechocystis exhibited the highest degree of similarity, fol-
lowed by the two strains of M. aeruginosa.

Kansiz et al. (1999) have used metabolic fingerprinting of
FTIR spectroscopy to discriminate five taxa of cyanobacteria.
However, their dendrogram does not support the current
taxonomy, i.e., three strains that belong to subsection | are
clustered into two different groups with strains befonging to
subsections Il and IV. However, in our study, the dendro-
gram of six taxa were based on metabolic fingerprinting
using 'H NMR data in the aliphatic region spectra. Our
results were in agreement with the current taxonomy, i.e.,
those six taxa could be divided into three groups, thereby
indicating that metabolic fingerprinting with "H NMR spec-
tra and multivariate statistical analysis provides a simple,
rapid method for the taxonomical discrimination of cyano-
bacteria. Therefore, this method can be used as an alterna-
tive to time-consuming, tedious phenotypic studies of
cyanobacteria, such as comparisons of cell wall composi-
tion, fatty acid and protein profiling, and isoprenoid
quinone.

Recent studies have demonstrated that horizontal gene
transfer occurs between unrelated bacterial taxa via recom-
bination or transduction events. Most strikingly, Sneath
(1993) has suggested that parts of the 165 rRNA sequences
are transferred between genomic species in Aeromonas.
Furthermore, the highly conserved state of 165 rRNA makes
it a prime candidate as a vector for gene transfer (Doolittle,
1999; Ragan, 2001). Because evidence for its recombina-
tion {Wang et al., 1997; Yap et al., 1999} is especially com-
pelling, one must be cautious in making monophyletic
interpretations, especially those based on the analysis of sin-

gle sequences. Other multiple-character tests should sup-
port any DNA sequence-based phylogenetic classification.
Therefore, we conclude that our metabolic fingerprinting
method, using '"H NMR, can be used to justify the phyloge-
netic classification of cyanobacteria, especially when based
solely on 165 rDNA sequence analysis.
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