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Abstract

Two fractions of earthworm humic substances, differing in nominal molecular weight, containing a very
low amount of free IAA, and exhibiting auxin-like properties, were prepared and characterised by infrared
and 1H-NMR spectroscopy. In this study we investigate their effects on stomatal opening, as influenced by
phospholipase A2, in leaf of the Argenteum mutant of pea (Pisum sativum L.) Both of the humic fractions
caused stomatal opening in the epidermal peels. The response showed a broad biphasic dose dependence
and the effective concentrations were similar for the two fractions. The maximal stomatal apertures in
response to both humic substances were similar to that caused by IAA and somewhat less than the response
to white light or fusicoccin. Two inhibitors of phospholipase A2 selectively blocked the response of stomata
to both IAA and humic substances, without affecting the response to light or fusicoccin. We conclude that
stomatal opening in response to auxin and humic substances involves activation of a phospholipase A2 that
is not involved in signalling the response to light or fusicoccin.

Introduction

Humic substances (HS), the major components
of soil organic matter, have multiple roles in
plant growth (Tan, 1998) and are consequently
the subject of study in various areas of agricul-
ture, such as soil chemistry, fertility, plant physiol-
ogy and environmental sciences. Humic matter
has a very complex biological activity, depending
on its origin, molecular size, chemical character-
istics and concentration. Many of the most
important functions of HS will remain obscure

until the nature of these substances are eluci-
dated. Considering that the genesis of HS in-
volves combinations of several reaction pathways
and a wide variety of chemical binding systems,
it is very difficult to define a clear concept on
their composition (Hayes, 1997). Considerable
progress has been made in providing an aware-
ness of some of the gross features of HS
(Stevenson, 1994), by employing various spectro-
scopic procedures and Nuclear Magnetic Reso-
nance spectroscopy. They are commonly believed
to consist of high molecular weight and highly
polydisperse heterogeneous molecules (Stevenson,
1994). Recent studies obtained by size exclusion
chromatography (Conte and Piccolo, 1999a, b;
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Piccolo et al., 1996a, b) suggested an alternative
model in which relatively small and heteroge-
neous humic molecules self-assemble in supramo-
lecular conformations stabilised only by weak
forces and hydrogen bonding. This novel inter-
pretation implies that root-exuded organic acids
present in soil solution may affect the stability of
humic conformation and hence their effect on
permeability of root membranes (Nardi et al.,
1996).

In the rhizosphere, an interaction between the
root system and humic matter is possible when
humic molecules present in the soil solution are
small enough to flow into the apoplast and reach
the plasma membrane. A low molecular size humic
fraction (Hef), extracted from earthworm faeces,
has been shown to accumulate in the apoplast and
at least some components are able to reach the
plasma membrane (Muscolo and Nardi, 1999;
Vaughan, 1986). This event occurs in the vicinity
of the root surface, where the simultaneous release
of protons and organic acids by both the root and
microbes enables the dissociation of the humic
macrostructures and the subsequent release of the
otherwise unavailable bioactive fractions (Piccolo
et al., 1992). These substances may enter the plant
and affect plant metabolism by either inducing or
repressing protein synthesis (Dell’Agnola et al.,
1981; Vaughan and MacDonald, 1971), by enzyme
activation or inhibition (Muscolo et al., 1993;
1996), and by inducing morpho-functional changes
in root architecture (Canellas et al., 2002).

Low molecular size fractions of HS can selec-
tively affect ion uptake (nitrate, sulphate and
phosphate) in a manner that is related to the con-
centration of HS and the pH of the medium (Chen
and Aviad, 1990; Clapp et al., 2001; Varanini
and Pinton, 2001; Vaughan and Malcolm, 1985).
Such effects are far from being fully understood
and may be related to a syndrome of physiologi-
cal effects on plant metabolism involving modu-
lation of ion uptake, either directly or indirectly.
Pinton et al. (1999) showed that a low molecular
weight water-extractable humic fraction (WEHS)
affected nitrate uptake and plasma membrane
(PM) H+-ATPase activity in maize roots. The
authors demonstrated that maize seedlings ex-
posed to WEHS have a higher capacity to
absorb NO�3 and a faster induction of nitrate
uptake. Since the activity of the PM H+-ATPase
also increased, the authors proposed a possible

role of WEHS in the modulation of nitrate up-
take via an interaction with the PM H+-ATPase.
Quaggiotti et al. (2004) showed that Hef may ex-
ert direct effects on gene transcription in roots,
as shown for the Mha2 gene encoding an isoform
of H+-ATPase, as well as long-distance effects
in shoots, as observed for the ZmNrt2.1 gene,
encoding a nitrate transporter. More recently
Canellas et al. (2002) showed that a high molecu-
lar weight fraction of humic acids, isolated from
earthworm compost, also increased maize H+-
ATPase activity by enhancing the content of the
enzyme.

Activation of the H+-ATPase and induction
of genes encoding this enzyme have also been re-
ported in response to auxins. Indeed activation
of this pump (together with other associated
changes in membrane permeability) is one of
the most rapid changes that can be measured
following treatment with auxin, occurring within
ten minutes (reviewed by Barbier-Brygoo, 1995).
Longer term auxin treatment also induces genes
encoding particular isoforms of the H+ATPase
(Frias et al., 1996). A variety of other auxin–like
activities have been suggested for humic frac-
tions. For example, Nardi et al. (1994) demon-
strated that both IAA and Hef stimulated root
growth on leaf explants of Nicotiana plumbagini-
folia and that two inhibitors with anti-auxin
activity (TIBA=2,3,5-triiodobenzoic acid and
PCIB=4-chlorophenoxy-isobutyric acid) could
block these effects. Muscolo et al. (1999) demon-
strated auxin-like effects of HS on cell growth
and nitrate metabolism.

There is good evidence to suggest the
involvement of a phospholipase A2 (PLA2) in
auxin signalling leading to activation of the
H+-ATPase (reviewed by Macdonald, 1997;
Scherer, 2002). Rapid activation of PLA2 by
auxin has been demonstrated in isolated micro-
somes and cultured cells (Paul et al., 1998;
Scherer and André, 1989, 1993). In addition,
inhibitors of animal PLA2 blocked auxin-in-
duced growth of Zucchini hypocotyls and
maize coleoptiles (Scherer and Arnold, 1997; Yi
et al., 1996). A PLA2 enzyme is defined by its
ability to catalyse the hydrolysis of the middle
(sn-2) ester bond of substrate phospholipids to
release lysophospholipids and free fatty acids.
These lipid products are thought to be respon-
sible for transmitting signals needed for the
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induction of functional responses. Both fatty
acids and lysophospholipids have been shown
to produce auxin-like effects in maize coleop-
tiles (Yi et al., 1996) and to activate the H+-
ATPase in vitro (Palmgren et al., 1988). How-
ever, only fatty acids accumulated significantly
after treatment of cultured plant cells with
physiologically relevant concentrations of auxin
(2 lM); lysophospholipids did not accumulate
at auxin concentrations below 100 lM (Paul
et al., 1998).

In animal systems, the PLA2 superfamily in-
cludes a broad range of enzymes which have
been extensively studied, classified and character-
ised (Six and Dennis, 2000). The 85 kDa cyto-
solic PLA2 (cPLA2) group has an important
signalling role in animal cells, but no structural
homologue of cPLA2 has been found in the
Arabidopsis genome (Holk et al., 2002). A group
of calcium-independent, cytosolic phospholipases
A2 (iPLA2) have been reported to have roles in
phospholipid re-modelling and in signalling in
animals (Winstead et al., 2000). Four cDNA
sequences with homology to animal iPLA2s have
been isolated from Arabidopsis and two of them
have been expressed in Escherichia coli and
shown to have PLA activity in vitro (Holk et al.,
2002; Rietz et al., 2004).

Activation of the plasma-membrane H+-
ATPase in guard cells causes proton extrusion
and plasma-membrane hyperpolarization, driving
uptake of K+ via inward-rectifying potassium
channels (K+

IN) and uptake of Cl) anions lead-
ing to stomatal opening. As well as auxins, red
and blue light and the fungal toxin fusicoccin all
activate H+-ATPase and cause stomatal opening
(reviewed by Schroeder et al., 2001). The mecha-
nism is best understood for fusicoccin; it is
thought that the toxin binds directly to a com-
plex of the H+-ATPase and a 14-3-3 protein, fix-
ing the complex into a stable high activity state
(Sze et al., 1999). The signalling pathways lead-
ing to stomatal opening in response to blue light
have also been the subjects of much recent re-
search. Stimulation of proton extrusion by phos-
phorylation of the C-terminus of the H+-ATPase
appears to be a key component of the response,
but regulation of K+

IN channels may also be
important (reviewed by Assman and Shimizaki,
1999; Schroeder et al., 2001).

Stomatal opening can be observed in detached
leaf epidermis, which consists of only two cell
types, guard cells and epithelial cells in a single
cell layer, which can be removed easily with a
high percentage of both epidermal cells and guard
cells remaining viable (Jewer et al., 1982). Be-
cause humic substances have been reported to af-
fect the H+-ATPase, and stomatal opening is an
auxin response that involves activation of the
H+-ATPase, we hypothesised that HS might
show auxin-like activity in this system. Since
PLA2 is a likely component of auxin signalling,
and the single layer of cells in epidermal peels is
readily accessible to lipid-soluble compounds, we
went on to investigate the effect of inhibitors of
PLA2 on stomatal responses to auxin and HS. Fi-
nally, other stimuli that cause stomatal opening
were used to discover whether the observed ef-
fects were specific. Our study demonstrates that
two fractions of earthworm faeces humic sub-
stances, differing in nominal molecular weight
and characterised by infrared and 1H-NMR spec-
troscopy, exhibit auxin-like effects on stomatal
opening as influenced by phospholipase A2. It is
relevant to validate the auxin-like action of humic
matter extracted from earthworm faeces, because
they produce castings with hormone-like activity
and are the largest biomass of soil fauna, with a
relevant ecological role in soil processes.

Materials and methods

Earthworm culture conditions

By grinding and mixing mineral constituents and
organic matter with substances secreted by the
gut, earthworms modify the composition of
microbial communities and speed up the humifi-
cation of organic matter, improving the quality
of humus increasing the amount of organic car-
bon, humic carbon and C/N ratio (Dell’Agnola
and Nardi 1987). The faeces of Nicodrilus Allol-
obophora (Eisen), Aporrectodea (Oerley) caligino-
sus (Savigny) and Allolobophora rosea (Savigny)
(Minelli et al., 1995) were collected from the sur-
face of the uncultivated couchgrass (Agropyron
repens) fields, in the College of Agriculture
Farm (University of Padua). Earthworm faeces
were air-dried, cooled in a desiccator, and
weighed.
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The soils were classified as Calcaric Cambisol
(CMc-FAO classification).

Preparation of humic fractions

The humic substances were extracted from the
air-dried earthworm faeces with 0.1 M KOH
(1:20 w/v) at room temperature for 16 h under a
N2 atmosphere and were freed from suspended
material by centrifugation at 7000 g for 20 min.
Purification and separation into fractions were as
described by Nardi et al. (1991). Two fractions
were obtained with low (<3500, Hef) and high
(>3500, Hsp) nominal molecular weight.

Infrared spectroscopy

For each analysis, 2 mg of dried sample was
mixed with 148 mg KBr (FT-IR grade, Aldrich
Chemical Co. Milwaukee, WI), so that the mix-
ture became homogeneous. After grinding, the
sample mixture was heaped over the top of the
micro sample cup. Any excess material was re-
moved with a straight-edged tool. For the back-
ground, a micro sample cup of pure KBr was
prepared. Diffuse reflectance infrared fourier
transform (DRIFT) spectra were recorded with
200 scans collected at 4 cm)1 resolution using a
Nicolet Impact 400 FT-IR Spectrophotometer
(Madison, WI) and fitted with an apparatus for
diffuse reflectance (Spectra-Tech. Inc., Stamford,
CT). Spectra were collected and manipulated
using the Omnic (3.1) software supplied from the
manufacturer of the instrument.

1H NMR spectroscopy

For each fraction, 20 mg were dissolved in
0.5 mL D2O (Deuterium oxide). The spectra
were recorded with a Bruker ACF 250 spectrom-
eter using a 5-mm multinuclear probe. 1H spectra
were accumulated with 16 K data point, one
pulse sequence, 40� pulse angle, 3 s relaxation de-
lay and a sweep width of 2.5 kHz. To obtain a
satisfactory signal to noise ratio 1000–2000 scans
were needed. Gated irradiation was applied be-
tween acquisitions to pre saturate the residual
water peak. Sodium 3-trimethylsilyl-propionate-
2,2,3,3-d4 (TSP) was added to the samples to
provide a chemical shift standard.

Gas chromatography-mass spectroscopy
(GC-MS) analysis

The sample (0.1–6 mg) was added to 1 mL of
methanol and centrifuged at 10,000 rpm before
the liquid phase (2 lL) was injected into the GC-
MS system for IAA detection. All measurements
were performed using an HP 6890 Gas Chro-
matograph coupled with an HP 5973 N Quadru-
pole. Chromatographic separation of analytes
was obtained with an HP 5MS capillary column
with the following dimensions: length 30 m;
internal diameter 0.25 mm and film thickness
0.25 lm. The column had a constant helium flow
of 0.7 mL min)1 and the temperature regime was
1 min at 150 �C followed by an increase of
10 �C/min to 250 �C, which was held for 15 min.
The injector temperature was 250 �C. All injec-
tions were performed in splitless conditions for
0.5 minutes. The mass spectrometer was in
SCAN acquisition mode to detect the ions pro-
duced by electron ionisation (70 eV) at the ion
source temperature of 230 �C, in the mass range
from 50 to 350 Daltons, with a scan rate of 4.72
scan sec)1.

Plant material

Seeds of Pisum sativum L. Argenteum were sown
in Levingtons F2S compost and grown under
conditions of 16 h light, 22 �C and 8 h dark,
15 �C.

Tissue treatment and measurement of stomatal
aperture

Epidermal peels were removed from the underside
of fully expanded mature leaves of 3–5 week-old
plants and floated cuticle side up in MES buffer
solution (0.01 M 2-Morpholinoethanesulfonic
acid-KOH, 0.05 M KCl, pH 6.15). Samples of
peels were incubated in the dark for 1 h before
treatment. The PLA2 inhibitors 7,7-dimethyl-5,8-
eicosadienoic acid (ETYA) (Sigma, Poole,
UK) and Arachidonyltrifluoromethyl ketone
(AACOCF3) (Calbiochem, Nottingham, UK) were
added at the same time as the treatment to a final
concentration of 2.5 lM. For auxin-induced open-
ing, 1 lM indole-3-acetic acid (IAA) was added to
the buffer solution and peels were maintained in
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the dark. Fusicoccin (Sigma, Poole, UK) was used
at a concentration of 500 nM in the dark. Hsp
and Hef were dissolved in water and used in the
dark at concentrations between 0.01 and
100 mg C L)1. For light-induced stomatal open-
ing, peels were exposed to white light at
380 lmol m)2 s)1. Measurements of stomatal
aperture were made using a light microscope with
bright-field illumination and an eyepiece graticule
calibrated with a 100�10 lm slide micrometer
scale. Experiments were performed three times,
measuring between 25 and 30 stomatal apertures
for each treatment. Where the percentages of open
and closed stomata are recorded, stomata with
apertures less than 2 lm were considered to be
closed. IAA and inhibitor stock solutions were
made up in ethanol and diluted to give a final sol-
vent content of less than 0.02%. Ethanol at up to
0.5% has no effect on stomatal movement.

Viability tests

The viability of the epidermal tissue in the pres-
ence of inhibitors was tested by incubating peels

in MES buffer solution containing fluorescein di-
acetate (0.01% w/v) for 5 min. The stain was vis-
ualised under UV light using a Nikon fluorescent
microscope.

Results

Humic fraction characterization

1H NMR spectroscopy
The spectra were divided into three main regions:
aromatic hydrogens from 6.0 to 8.0 ppm; H
attached to oxygen groups in carbon a (defined
as sugar-like) from 4.2 to 3.0 ppm, and aliphatic
H from 3.0 to 0.5 ppm. Distinct spectroscopic
patterns were observed for the two humic frac-
tions (Figure 1). Hsp showed a poorly resolved
aromatic proton region and an intense and broad
region attributed to sugar-like and polyether
components (Wilson et al., 1983; Wershaw,
1985). Inspecting the aliphatic region revealed an
intense doublet at 1.33 ppm that was identified
as protons of the b CH3 in lactate (Fan, 1996;
Francioso et al., 2000; Wilson et al., 1988). Other
broad and intense resonances at 0.83 ppm and

1H ChemicalShift(ppm)

8.0     7.0    6.0     5.0     4.0     3.0    2.0     1.08.0     7.0    6.0     5.0     4.0     3.0    2.0     1.0

H-aromatic

Water
supressed

Aliphatic ether

Acetoacetate

Lactate

-CH2n

-CH3

Hsp Hef

Acetoacetate

Acetate
Lactate

H-sugar-like

-CH3

Figure 1. 1H NMR spectrum of Hef and Hsp humic fractions extracted from earthworm faeces in D2O. The spectra show an Ha

region (6.0–8.0 ppm) poorly resolved, a Hc–o broad region (4.2–3.0 ppm) attributed to sugar-like components, polyether materials
or methoxy groups, and an Hal region (3.0–0.5 ppm) with a finer proton structure which may correspond to low molecular weight
organic acids.
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1.3 ppm are due to the protons of terminal me-
thyl groups of methylene chains, respectively
(Malcolm, 1990). Two further intense resonances
appeared at 2.9 ppm and 3.40 ppm and were as-
signed to protons in a CH3 of acetoacetate and
ether aliphatics, respectively (Aldrich, 1993; Fan,
1996). In contrast, Hef did not show resonances
due to aromatic protons and was characterised
by a broad unresolved region assigned to sugar-
like components. However, the spectrum also
contains some resonances due to the presence of
low molecular weight organic substances such as
lactate (1.33 ppm) and acetoacetate (2.9 ppm)
and a singlet at 1.47 ppm assigned to proton in
bCH3 of alanine.

FT-IR spectroscopy
The spectra are shown in Figure 2. There were
few significant differences between the spectra for
the two humic fractions. The major bands were
assigned as follows: a broad band around at
3200 cm)1 is attributed to O–H stretching of car-
boxylic and alcoholic groups in different electro-

static environments (Bellamy, 1975); around at
2940 cm)1 the band is assigned to asymmetric C–
H stretching of aliphatic groups. The band
appearing at 1719 cm)1 is characteristic of undis-
sociated carboxyl groups (C=O) vibrations (Nie-
meyer et al., 1992; Rao, 1963). The bands at
1660 and 1514 cm)1 likely correspond to car-
bonyl C=O stretching and both N–H deforma-
tion and C–N stretching vibrations. Moreover,
these bands are due to C=C and C–C vibrations
in aromatic rings, respectively. The region
around at 1400–1300 cm)1 correspond to CH2

asymmetric bending and carboxylate symmetric
stretching motions (Bellamy, 1975; Niemeyer
et al., 1992; Stevenson, 1994) the band appearing
around 1230 cm)1 can be attributed to C–O
stretch vibrations in alcohols, phenols and car-
boxyl groups. The strong band appearing around
at 1043 cm)1 is attributed to C–O stretching of
carbohydrates and alcohols (Bellamy, 1975; Ste-
venson, 1994), as well as to C–C stretching mo-
tions of aliphatic groups, and in-plane C–H
bending of aromatic rings. The broad band at
2626 cm)1 in Hef is consistent with the forma-
tion of intermolecular hydrogen bonding between
OH groups in oxygenated compounds (Rao,
1963). In addition the intense bands in Hef at
1718 and 1223 cm)1 confirmed the presence of
COOH groups in acid dimers (Rao, 1963). These
data were supported by NMR spectra that
showed intense chemical shift of the b-CH3 pro-
tons assigned to lactate.

GC-MS analysis
The IAA standard showed a GC retention time
of 14.56 min in the GC/MS conditions and the
mass spectrum had a base peak at 130 m/z, con-
sistent with the ion formed by elimination of the
-CO2Me radical from methylated IAA. This sig-
nal was not detectable in the spectrum for
methylated Hef (data not shown).

Stomatal opening experiment

Optimisation of auxin-induced stomatal opening
To determine the optimum concentration of IAA
for induction of stomatal opening in the Argente-
um mutant of P. sativum, epidermal peels were
incubated in buffer in the dark for one hour and
then exposed to different concentrations of IAA
or to a buffer control for a further hour. Peels

32
09

29
40

26
26

14
13

12
17

10
80

15
38

A
bs

or
ba

nc
e

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm-1)

17
20

16
60

Hsp

Hef

Figure 2. DRIFT spectra of Hef and Hsp humic fractions
extracted from earthworm faeces. The bands correspond to m
(O–H) vibration of carboxylic and alcoholic groups
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(1220 cm)1); C–O stretching of carbohydrates and alcohols,
as well as C–C stretching motions of aliphatic groups
(1083 cm)1).
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exposed to 1 lM IAA had 68% of stomata open
in comparison to only 15% in controls. Peels ex-
posed to 0.1, 10, and 100 lM IAA all showed
less than 20% of open stomata after the same
incubation period (data not shown). IAA was
used at 1 lM in all subsequent experiments. Ben-
zoic acid (a weak acid which has structural simi-
larity to IAA, but no auxin activity) had no
effect on stomatal aperture at these concentra-
tions (data not shown).

Stomatal opening in response to humic substances
The humic substances Hef and Hsp were tested
for their effect on stomatal aperture at concentra-
tions between 0.01 mg C L)1 and 100 mg C L)1

(Figure 3). Epidermal peels treated with IAA,
white light or maintained in the dark were in-
cluded as controls. Both humic fractions caused
stomatal opening at concentrations between
0.1 mg C L)1 and 10 mg C L)1. Concentrations
below (0.01 mg C L)1) and above (50 and
100 mg C L)1) this range were ineffective. The
mean stomatal apertures obtained with Hef or
Hsp at 1 mg C L)1 were not significantly differ-
ent from that obtained with 1 lM IAA, but
somewhat lower than that obtained in white light.

Effect of animal PLA2 inhibitors on stomatal
opening
Inhibitors of animal PLA2 activity were used to
investigate the involvement of PLA2 in stomatal
opening in response to auxin, light, HS and the
fungal toxin fusicoccin. Epidermal peels were
pre-incubated in the dark for one hour to ensure

closure of stomata, then inhibitors were added
and the peels were subjected to the appropriate
stimulus. Figure 4a shows the mean stomatal
aperture in peels treated with each of the stimuli,
with or without the inhibitor AACOCF3, a pref-
erential inhibitor of cPLA2 and iPLA2 in ani-
mals. Before treatment, stomata were closed
(aperture less than 1 lm). After treatment with
IAA, Hef and Hsp in the absence of inhibitor,
stomata opened to a mean aperture of between
2.7 and 2.9 microns. However, when AACOCF3

was included, stomata remained closed with a
mean aperture equivalent to that of the dark
control. In contrast, light and fusicoccin caused
stomata to open to somewhat larger apertures
and this response was not affected by the pres-
ence of AACOCF3. Similar results were obtained
using another inhibitor, ETYA (Figure 4b). The
mean stomatal apertures in peels treated with
IAA, Hef or Hsp were significantly reduced when
the inhibitor was present, but the responses to
light or fusicoccin were not affected.

The inhibitors were tested for their effects on
the viability of guard cells and epithelial cells as
judged by staining of treated epidermis with fluo-
rescein diacetate. No effects were seen at concen-
trations up to 50 lM (data not shown).

Discussion

Activation of the PM H+-ATPase is a key step
leading to stomatal opening in response to a
variety of stimuli including auxin (reviewed by
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Schroeder et al., 2001). Since this enzyme has
been shown to be activated by HS (Canellas
et al., 2002; Pinton et al., 1999; Quaggiotti et al.,
2004) and HS have been suggested to have aux-
in-like activities in a number of systems, it
seemed likely that HS would stimulate stomatal
opening. Both of the humic fractions tested here
were indeed able to cause stomatal opening in
epidermal peels of pea. The maximal extent of
stomatal opening was similar for the two humic
fractions and for IAA, somewhat lower than the
maximal stomatal aperture obtained when either
white light or fusicoccin was the stimulus. The

two humic fractions were effective in promoting
stomatal opening at similar concentrations, with
a broad biphasic dose response. Concentrations
over a 100-fold range between 0.1 mg C L)1 and
10 mg C L)1 were effective for both Hef and
Hsp, while higher and lower concentrations were
ineffective. A biphasic dose response curve is typ-
ical for many auxin responses and stomatal
opening in response to IAA is no exception.
However, the range of effective concentrations is
narrower than for the humic substances – con-
centrations 10-fold lower or higher than the opti-
mum of 1 lM are significantly less effective.

There is good evidence that a PLA2 is in-
volved in transmitting the auxin signal leading to
activation of the PM H+-ATPase (reviewed by
Macdonald, 1997; Scherer, 2002). We tested two
inhibitors of PLA2 (ETYA and AACOCF3) at
low concentrations and showed that they were
able to block the response of stomata to both
HS and IAA. However, they did not block open-
ing by light or fusicoccin at these concentrations,
showing that they are not inhibiting any process
required for stomatal opening per se. This also
rules out a more general toxic effect on the cells,
in agreement with our observation that the inhib-
itors had no effects on cell viability at concentra-
tions up to 20-fold higher than those used here.
These observations suggest that the signalling
pathway(s) activated by IAA and humic acids
and leading to stomatal opening involve a PLA2

that is sensitive to ETYA and AACOCF3. In
animals, AACOCF3 is often reported to be selec-
tive for cPLA2, but also inhibits iPLA2. Holk
et al. (2002) showed that activity of an iPLA2

homologue from Arabidopsis thaliana is sensitive
to both AACOCF3 and ETYA, thus these en-
zymes are candidates for involvement in auxin
and HS signalling. However, the inhibitors do
not affect the response to light and fusicoccin,
suggesting that these stimuli do not signal
through the same pathway as auxin. In agree-
ment with these data, Scherer and Arnold (1997)
demonstrated that ETYA was able to block elon-
gation of zucchini hypocotyls in response to aux-
in, but not in response to FC.

Our data show that Hef and Hsp have similar
effects on stomata, whereas previous studies of
the effect of HS on plants have suggested rather
different activities for Hef and Hsp. Indeed
auxin-like effects have been mainly attributed to
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Figure 4. The effect of PLA2 inhibitors on IAA-, Hef, Hsp,
light- and fusicoccin- induced stomatal opening. Epidermal
peels were pre-incubated in the dark for one hour and then
treated as follows in the dark: no treatment (C), 1 lM IAA
for 1h, 1 mg C L)1 Hef for 1 h, 1 mg C L)1 Hsp for 1 h, or
0.5 lM FC for 30 min (all in the dark) or placed under white
light (380 lM m)2 s)1) for 1 h. (a) Where indicated (+), AA-
COCF3 (2.5 lM) was added at the same time as the other
treatments. Mean stomatal apertures before treatment were
0.23 ± 0.37. (b) Where indicated (+), ETYA (2.5 lM) was
added at the same time as the other treatments. Mean stoma-
tal apertures before treatment were 0.15±0.21. Bars represent
the mean stomatal aperture±SE (n=75).
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the low molecular weight components of HS,
such as Hef, in part because of the ability of Hef
to reach the plasma membrane of cells (for re-
view, see Nardi et al., 2002), whereas Hsp has
been reported to be tightly bound to the cell wall
(Vaughan, 1986). There are also differences in
the structure of the two humic fractions. Carbon-
13 NMR spectroscopy has been successfully
applied to humic substances and represents a
powerful technique for structural investigations
of humic substances (Piccolo and Conte, 1998;
Preston, 1996). Quantitative 13C NMR spectra
(Muscolo et al. 1996) showed clear differences
between the two humic fractions Hef and Hsp.
The Hef fraction (low molecular weight) was rich
in aliphatic- and carboxylic-C groups, whereas
the Hsp fraction had a higher content of pep-
tidic-, carbohydratic- and aromatic-C groups.
There were no significant differences in the
amount of phenolic-C groups, between the Hef
and Hsp humic fractions. Here we have com-
pared the FT-IR DRIFT and 1H NMR spectra
of the two fractions. The DRIFT spectra showed
few significant differences between the two frac-
tions, but there were clear differences in the 1H
NMR spectra, in particular the higher content of
aromatic groups in Hsp was confirmed. The 1H
NMR spectra also suggested the presence of low-
molecular weight substances, such as lactate and
acetoacetate, in both Hsp and Hef. In Hsp (frac-
tion retained after dialysis), these substances are
presumed to be bound to the macrostructure.

We were unable to detect IAA in Hef using
GM-MS with samples of up to 6 mg. Callenas
et al. (2002) previously reported detection of
IAA in a 30 mg sample of humic acids, although
the signal was only about twice the noise level.
The limit of detection of the method would be
expected to be of the order of a few ng, thus
both sets of data are consistent with an IAA
content of less than 0.001% w/w in HS. Previ-
ously, Muscolo et al. (1998) detected IAA at
about 0.5% in both Hef and Hsp by radioim-
mune assay (RIA). The different IAA contents
estimated by RIA and GC-MS may reflect the
ability of the RIA to detect IAA bound to the
HS macro structure, whereas GC-MS would only
detect free IAA in the solvent. In any case, even
the higher estimate of IAA content (by RIA) is
too low to account for the auxin-like activity of
HS on stomata at most of the concentrations

used in this study. The highest concentration of
Hef and Hsp that caused stomatal opening
(10 mg C L)1) would contain 0.45 lM IAA. This
would be expected to cause some stomatal open-
ing, since the optimal concentration of IAA is
1 lM with a greatly reduced effect at 0.1 lM.
However, Hef and Hsp still caused stomata to
open when used at 0.1 mg C L)1, corresponding
to an IAA concentration of only 4.5 nM. Even if
the IAA content of the HS has been underesti-
mated by the RIA, the results cannot be simply
explained by free IAA in the samples, since the
dose response to HS is much broader than for
IAA. Similar apertures are produced over a 100-
fold concentration range with HS, whereas the
response to IAA decreases significantly at con-
centrations 10-fold lower or higher than the opti-
mum. Thus, the two humic fractions exhibit
auxin-like activity that cannot be fully explained
by their content of IAA. It is possible that the
HS also contain other auxins, such as phenylace-
tic acid and indole butyric acid in addition to
IAA. The spectroscopic analysis confirmed the
presence of low molecular weight organic acids
in both fractions. Alternatively, there may be
some other unknown component of HS that has
auxin-like activity. All known auxins contain a
carboxyl group in addition to a hydrophobic ring
and the DRIFT analysis indicated a high content
of free carboxyls in both fractions. Finally, it is
possible that IAA may be produced, either chem-
ically or enzymatically, from HS in contact with
the plant cell wall.

In conclusion, the results give strong evidence
that both high and low molecular weight frac-
tions of HS promote stomatal opening in pea
with a broad biphasic concentration dependence
in spite of their low content of free IAA. The ex-
tent of opening is similar to that produced by
auxin, and a component sensitive to inhibitors of
iPLA2 is involved in signalling the response to
auxin and HS, but not the response to white
light or fusicoccin.
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