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T
o demonstrate that a toxin or
other natural product serves as
a predator or pathogen deter-
rent requires that (i) the de-

fined compound in question have the
requisite biological activity, (ii) the com-
pound is present at levels capable of
eliciting an effect in the target organ-
ism, (iii) there is a physical mechanism
for the substance to interact with its tar-
get before death of the producer, and
(iv) the avoidance behavior in the target
organism actually occurs. Although
many highly-unique natural products
have been defined from the marine en-
vironment, and they appear to serve as
predator and pathogen deterrents, it has
been extremely challenging to establish
their quantity and physical location in
the producing organism’s tissues, thus
leaving uncertainty about their true nat-
ural function. However, in this issue of
PNAS, Lane et al. (1) have used a novel
mass spectrometric approach [desorp-
tion electrospray ionization (DESI)]
(Fig. 1) to sensitively, yet precisely, mea-
sure the physical location and quantities
of antifungal natural products in the
surface tissues of a tropical red alga.
This advance, combined with other ana-
lytical MS developments as described
below, is allowing more definitive identi-
fication of the physical location of natu-
ral products within biological tissues,
cells, or even complex mixed-species
assemblages (2, 3) and represents a dra-
matic technological advance for studying
such phenomena.

Since the development of devices that
could first measure the mass of mole-
cules, the technology of MS has contin-
ued to enjoy an exponential growth. In
the last 5 years much of this growth has
been in the development of new ioniza-
tion methods, primarily serving the
needs of forensic, proteomic, and
metabolomic investigations. MALDI or
ESI are currently the most common
methods by which to ionize biomol-
ecules. Because MALDI and ESI are
soft ionization methods they allow for
routine MS on biologically-relevant mol-
ecules and have become the standard in
the life sciences. It was therefore no sur-
prise that the development of soft de-
sorption ionization methods was recog-
nized with the Nobel Prize in 2002 (4,
5). However, since the development of

MALDI and ESI, other modes of ion-
ization and improvements to existing
techniques are providing a rich suite of
complementary methods. These new
methods enable MS to be used in a vari-
ety of new and innovative applications.
Many of these newer methods are well
suited to analyzing surfaces, are tolerant
to impurities, and do not require extensive
sample preparations. Examples include
low-temperature plasma ionization (LTP),
direct analysis in real time (DART), elec-
trospray desorption/ionization (ELDI),
DESI, and many others (6–9). Collec-
tively, these approaches are called ambient
ionization methods, a term first intro-
duced by Graham Cooks’ laboratory in
2004 with the introduction of DESI (8).

DESI ionizes molecules by spraying a
physical surface with charged droplets
of solvent containing various ionic spe-
cies. On impact, molecules present on
the surface are ionized and then intro-
duced into a long (�30 cm) transfer line
connected to the atmospheric inlet of a
mass spectrometer. In the initial report
on DESI (8) it was demonstrated that
the technique could observe chemical
warfare agents, explosives, and over-the-
counter drugs from different surfaces
such as plastics, leather, and human

skin. In addition, the report by Cooks
and colleagues (8) demonstrated that
DESI could measure different quantities
of a natural product metabolite through
a cross-section of a plant stem, thus en-
abling DESI imaging as well. DESI im-
aging is accomplished by moving a sam-
ple in an x–y direction under the DESI
ionization source in a predefined fash-
ion. Throughout the raster grid, differ-
ent mass spectra are acquired and the
ions of interest are displayed in color
and superimposed onto a picture of the
sample. The greater abundance the mo-
lecular ion at a given position of the
raster, the higher the intensity of color
displayed, allowing for visualization of
the distribution of ions (10–13). The
DESI methodology used in Lane et al.’s
study (1) has been described in greater
detail in a parallel technical report by
Nyadong et al. (14).

Members of the Kubanek laboratory
(15–17) reported a series of novel, bio-
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Fig. 1. An overview graphic of the DESI MS approach for determining the heterogenous distribution of
2 antifungal natural products across the surface of the marine alga C. serratus. The capillary on the left
emits a solvent stream aimed at one of the light-colored patches found across �5% of the surface of the
algae sample. Molecules contained in the targeted area are ionized and absorbed by the MS inlet. In this
case, m/z values consistent with bromophycolides A (Left) and B (Right) are detected only in the patches.
In separate experiments, antifungal IC50 values and naturally-occurring whole tissue concentrations of
bromophycolides were determined in these samples.
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active diterpene natural products from
the Fijian seaweed Callophycus serratus.
In the new study (1), they explore the
possible natural roles of these mole-
cules, termed the bromophycolides, cal-
lophycoic acids, and callophycols. Using
18S rRNA phylogenetic and liquid chro-
matography (LC)MS analysis of 10 dis-
tinct collections of the seaweed they re-
veal 2 probable clades of C. serratus,
with the ‘‘callo’’ compounds associated
with one group and the bromophycol-
ides associated with the other. More-
over, in a standard growth inhibition
assay, both of these families of com-
pounds strongly inhibit the marine
pathogenic fungus Lindra thalassia but
show little to no activity toward the ma-
rine pathogenic bacterium Pseudoaltero-
monas bacteriolytica.

Next, the antifungal activities of whole
algal extracts to L. thalassia were mea-
sured at naturally-occurring whole-cell
concentrations. Only 2 of the callophy-
coic acids, C and G, had IC50 values at
or below the naturally-occurring concen-
trations of 100–200 �M, whereas all of
the bromophycolides encountered had
significant antifungal activity at these
concentrations and were generally more
potent. Thus, in principle both sets of
compounds could act as effective anti-
fungal deterrents against L. thalassia.

Having established the chemical iden-
tity, whole algal concentrations, and bio-
logical properties of the putative anti-
fungal compounds, it was necessary to
demonstrate their physical locations and
tissue concentrations. To accomplish
this, Lane et al. (1) used DESI MS,
which, as noted above, is superbly suited
to surface chemical analysis. The work
focused on bromophycolides A and B
because they were the most potent anti-
fungals and most abundant metabolites.
Using pure bromophycolide A and a
synthetic surface, they determined the
limit of detection (LOD) in this analysis
and found it to be highly sensitive with
an LOD of 0.9 pmol/mm2. Then, DESI

was used to probe the surfaces of 6 algal
samples and resulted in the finding that
bromophycolides A and B are exclu-
sively concentrated on distinct, but ran-
domly scattered, light-colored patches of
tissue that cover �5% of the algal sur-
face. By rastering the DESI probe along
the surface of whole samples, DESI im-
ages of the surface distribution of bro-
mophycolides A and B were obtained
and confirmed that these antifungal
agents are found only in the light-
colored patches. In 3 tested patches, the
combined bromophycolide concentra-
tions were more than sufficient to dis-
play an effective antifungal activity.
Light microscopy of algal surfaces be-

fore and after DESI imaging revealed
no physical damage to subtending cells
from this analysis, and thus the bro-
mophycolides analyzed were located in
the outermost portions of the tissue.

Next, the distribution of bromophycol-
ides in cells of light-colored patches and
nonpatch regions was determined. The
patch and nonpatch locations were first
mechanically damaged, and then exam-
ined by DESI. Bromophycolides A and
B were observed by DESI in both re-
gions of the thallus, which was con-
firmed by LC-MS, suggesting that their
detection in undamaged light-colored
patch regions is caused by a specific re-
lease mechanism. Lane et al. (1) pro-
pose 2 scenarios consistent with these
findings: first, the surface presence of
the bromophycolides exclusively in the
patch regions may indicate a response to
microbial infections in these areas. How-

ever, light and epifluorescence micros-
copy in combination with DAPI staining
for microbial DNA failed to show con-
clusive evidence for the presence of mi-
crobes in the patches. A second specula-
tion proposed that the patches are sites
of damage and enhanced vulnerability to
pathogen attack. In response, C. serratus
secretes the antifungal bromophycolides
into these damaged areas as a defense
mechanism.

As illustrated by Lane et al. (1), a
highly-creative interface is formed be-
tween the confluence of natural prod-
ucts chemistry, biology, and ecology and
new advances in MS. These MS imaging
techniques are enabling a precise view
of the location of natural products in
biological tissues, as if at long last we
had ‘‘molecular eyes’’ with which to see
these unique substances. The degree of
innovation occurring with developing
various direct soft and ambient ioniza-
tions is spectacular, including LTP,
DESI, MALDI, ESI, secondary ioniza-
tion MS, DART, surface-enhanced laser
desorption/ionization, nanotechnology-
assisted laser desorption/ionization, and
others, and they are creating a new defi-
nition for the ‘‘chemistry–biology inter-
face’’ concept. Overall, this collaborative
effort provides a superb example of how
a MS laboratory and a biology labora-
tory have crossed paths to use a new
MS tool that provides insight into the
antifungal roles of natural products in
seaweeds. Indeed, Lane et al.’s article
(1) is one of the very first applications
of MS imaging to provide a functional
and ecological understanding of natural
products.
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MS imaging techniques
are enabling a precise
view of the location of

natural products.
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