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Abstract The open photoacoustic cell technique was used to measure tomato leaves
from plants with and without mycorrhizal fungi (Glomus fasciculatum). Based on
measurement of the photobaric contribution of the photoacoustic signal, the expo-
nential parameter of the diffusion behavior for this contribution was calculated. From
this value, the oxygen diffusion coefficient was derived. The changes in the oxygen-
diffusion-coefficient-dependent exponential parameter are statistically significant
(p < 0.05) and are consistent with the expected benefits of mycorrhizal symbiosis.
Potentially similar results obtained from the photothermal contribution are discussed.

Keywords Mycorrhiza · Oxygen diffusion coefficient · Photoacoustic · Thermal
diffusivity · Tomato

1 Introduction

Mycorrhiza is a symbiotic association between plants and fungi, in which the fungi
colonize the cortical tissue of roots [1]. This relationship benefits both organisms. In
the case of the plant, it improves mineral uptake, particularly the uptake of phosphorous
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(P) [2,3]. The association increases the drought resistance of the plant and its pho-
tosynthetic rate, among other benefits that have been previously studied and are still
under investigation [4–7]. Most of the studies regarding the symbiosis between mycor-
rhizal fungi and plants have been performed using conventional techniques (e.g., gas
exchange techniques such as infrared gas analysis (IRGA) [8]).

The use of photothermal techniques, particularly the use of photoacoustic (PA)
cells, for research in plants is very well known [9–12]. The conventional PA cell uses
a closed chamber connected internally to a microphone. A small sample of a detached
leaf is placed inside the chamber and is studied by monitoring its response when illumi-
nated by a modulated light beam [9,10]. The open photoacoustic cell (OPC) technique
uses the same kind of microphone; however, in OPC, the microphone is sealed at the
surface of the intact, still attached leaf [13,14]. The modulated light beam hits the leaf
in the same place where the microphone is attached. The main advantage of the OPC
as opposed to the conventional PA cell for plant measurements is that the OPC can
be used as an in vivo measurement technique, allowing for multiple measurements of
the same leaf, and thus facilitating reproducibility studies.

In both the conventional cell and the OPC, the leaf response to the modulated light
beam is detected by the microphone as a pressure change around the measured region.
This response is composed of two elements: the photothermal (Pt) response and the
photobaric (Pb) response. The Pb contribution consists of pressure changes due to the
output of modulated oxygen from the leaf. In the case of OPC, the Pt contribution
comes from the pressure changes due to the thermal fluctuations of the air in the PA
chamber after the absorption of the light by the sample.

Some studies have used the OPC technique in plants with mycorrhiza, including that
of Acosta-Avalos et al. [14], which considered the evolution of the PA signal ampli-
tude as a function of time after dark adaptation. Their measurements were performed
in maize plants with and without mycorrhiza. They found differences in the rising
time of the Pb component of the signal in one variety of maize (of three considered).
Recently, Sanchez-Rocha et al. [15] analyzed tomato plants using the same technique
and found qualitative differences in the oxygen evolution rate between preparation
with and without mycorrhiza.

In an unpublished work [16] where the leaf anatomy of strawberry plants with and
without mycorrhiza was analyzed, no differences were found in the total thickness
of the leaves among preparations; however, the palisade parenchyma was found to
be thicker than the phloem parenchyma in the plants with mycorrhiza. The palisade
parenchyma is a less porous tissue than the phloem parenchyma, and a larger palisade
parenchyma allows for a higher maximum rate of photosynthesis [17].

The oxygen diffusion coefficient, also known as the oxygen permeability, is widely
used in models as a parameter for understanding different physiological phenomena
[18]. This parameter has been measured by the PA technique to estimate, for example,
CO2 internal resistance [19].

In this study, the diffusion behavior of both PA contributions (Pt and Pb) was
analyzed using the OPC technique in tomato plants with and without mycorrhiza.
The signal dependent on the modulation frequency, obtained from the Pt and Pb
contributions of the PA signal, was examined to identify the benefits of the mycor-
rhizal symbiosis to the plant. We hypothesized that the benefits of the mycorrhizal
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symbiosis could be monitored by assessing the changes in the internal composition of
the leaves, through the relative values of the oxygen diffusion coefficient and thermal
diffusivity in the leaves of plants with and without mycorrhizal associations.

2 Materials and Methods

All tomato plants were grown in a sterilized 1:1 loam soil and sand mixture under
comparable environmental conditions. Two weeks after seeding, half of the plants
were inoculated with Glomus fasciculatum (GF) fungi during transplantation. All the
plants were watered with distilled water two to three times per week, depending on the
environmental temperature and relative humidity. They were fertilized weekly with
a Long Ashton nutrient solution containing 22 and 44 parts per million (ppm) of P.
In this study, we evaluated the response of tomato plants grown under four different
experimental conditions: (1) tomatoes with GF fungi and 22 ppm of P (TG2), (2) toma-
toes with GF fungi and 44 ppm of P (TG4), (3) tomatoes without GF fungi and 22 ppm
of P (TC2), and (4) tomatoes without GF fungi and 44 ppm of P (TC4). At the age
of 8 to 9 weeks, the plants were transported to the laboratory for measurements. Two
hours before measurement, the plants were moved to an environmentally controlled
cabinet (controlled temperature and luminosity), to allow adaptation of the plants to
the cabinet conditions. We placed a 1 KW high-pressure sodium lamp 50 cm above the
top of the plants to simulate sunny noon light conditions. Each of the four treatment
groups comprises six plants chosen randomly from a group of more than 20 plants of
each preparation, as all plants were subsequently chosen in reproducibility tests.

In previous studies, the entire plant was kept in dark conditions during the mea-
surements, with the exception of a 3 mm diameter area of illumination on the leaf area
being studied [13,14]. It is important to note that in our work, the entire plant received
full illumination while the measurements were being taken. The area of the leaf that
was measured received light between 600 and 730 nm (modulated light), comparable
in amount to that of the sun’s irradiation at noon.

The experimental setup [20] (Fig. 1) comprises two types of LED light sources with
minimal infrared radiation: a red light (modulated) and a white light (not modulated).
They were used to saturate the photosynthetic process. We made ten holes in a 2.54 cm
diameter stainless-steel semi-hemisphere and randomly placed the LED lights within
the holes. This was done to concentrate the light around the desired region. The open
half of the hemisphere was placed on top of a metal plate with a circular hole 3 mm
in diameter cut in the center. Control of the LEDs was achieved through the lock-in
amplifier, which was controlled by a PC.

The irradiation levels were 55 W · m−2 (for modulated red light) and 235 W · m−2

(for non-modulated white light). It was advantageous to use the third or fourth youn-
gest leaf so as to have a good photosynthetic rate, but also to avoid thick leaf veins
(vascular bundles) and very rough surface regions. The leaf area studied was illu-
minated such that its upper epidermis faced the incident light. While avoiding any
damage to the leaf, it was held between two copper plates that were also used as the
LED and microphone holders. As mentioned, the OPC signal generated in the leaf
by the modulated red-light excitation is the result of two main contributing factors. It
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Fig. 1 Experimental setup: cross section of the LEDs holder is shown and two kinds of LEDs are indicated
by white and gray ellipses (corresponding to white and red lights) which are controlled by the PC through
the lock-in amplifier. Leaf holder consists of two thin copper plates

is important to note that these components are out of phase, and therefore their sum
should be regarded as a vectorial quantity.

A preliminary assessment was performed on each plant to establish a baseline
photoacoustic signal, so as to standardize conditions and assure that all further changes
were not due to environmental changes. After reaching stable PA signal levels, we
measured the PA signal as a function of frequency.

To discern both PA contributions (either in time or frequency domain), we used the
following procedure. A measurement at frequencies above 200 Hz with modulated red
light was used to estimate the Pt contribution. At these frequencies, a percentage of the
red light is used for photosynthesis, but its contribution to the PA signal is dampened
due to exponential attenuation. This damping is stronger than that of the Pt contri-
bution. A second measurement using intense continuous white light was also done.
This saturating continuous light satisfies the energy needs for photosynthesis, and thus
almost all the modulated red light can be converted into the Pt signal (and therefore,
the signal increases with saturation). Together, these two measurements give the per-
centage of red light used for photosynthesis (photochemical loss), which remains the
same for low frequencies [21]. A third measurement is performed at low frequencies
(below 200 Hz) with saturated white light. Again, the energy for photosynthesis is
completely supplied by the continuous white light and the percentage of red light used
for photosynthesis is known, so the Pt contribution (before saturation) can be deter-
mined. The last measurement is performed, still at low frequencies without saturating
continuous light, to measure the Pb contribution due to photosynthesis.

At low frequencies, both PA contributions were partially derived from diffusion
phenomena (in addition to other Pt contributions, discussed below), which exhibit the
following behavior:

S = Ae−B
√

f , (1)
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where S is the PA signal (Pb or Pt), A is a constant, f is the modulation frequency,
and B is a value inversely proportional to the square root of the diffusion coefficient
(D) and directly proportional to a length (�) (Eq. 2);

B = π

(
�√
D

)
. (2)

In the case of the Pb signal, the length is the oxygen mean path through photosystem II
into the stomatal chamber, within the chloroplasts in the cells of the leaf [9,19]. In the
case of the Pt signal, � is the total thickness of the sample. Because we are interested
in the B parameter, the absolute value of the signal (proportional to the A parameter
in Eq. 1) is non-essential.

3 Results and Discussion

We separated the PA signal vector into its component parts (Pt and Pb) in the frequency
domain (see Fig. 2 for the amplitude). The Pb contribution to the PA signal clearly
exhibits the exponential behavior mentioned above (line fitted to Pb in Fig. 2) when
Eq. 1 is applied to the data. For the Pt signal, the general behavior does not follow that
of diffusion, rather, it follows f −1 (Fig. 3). This can be explained by thermoelastic
bending, which is seen at high frequencies when there is a strong thermal gradient
along the sample thickness in the thermally thick region [22]. If we look at the fre-
quency range where the microphone responds linearly (>10 Hz), but before the f −1

behavior begins (up to 30 Hz), we can identify clear diffusion process behavior. In this
frequency range, the thermoelastic bending contribution is comparable in magnitude
to that of the thermal diffusion, but is almost frequency independent, so the general
behavior of the signal resembles that of the thermal diffusion because we use behav-
ior instead of absolute values. We estimated the photothermal B parameter from this
small region between 10 and 30 Hz (Fig. 4). Our confidence in these photothermal B
parameters is discussed below.

The set of B values from each treatment group, considering both Pb and Pt contri-
butions independently, does not show a normal distribution (using Shapiro-Wilk’s W
normality test). Therefore, a non-parametric analysis was used to look for statistical
differences. Data were analyzed with a Kruskal–Wallis ANOVA by ranks’ test. Dif-
ferences between groups were obtained using a Mann–Whitney U test, and the results
for Pb contributions (Fig. 5) were presented as medians, 25 and 75% quartiles (boxes
in Fig. 5), and minimum and maximum values (bars in the same figure). Statistical
analysis was performed with STATISTICA, Stat-Soft, Inc., Tulsa, Oklahoma.

Statistically significant differences (p < 0.05) for the B parameters were found
between TG2 and the control samples for both P levels (TC2 and TC4) (Fig. 5). The
other sample (TG4) did not show differences, due to the high variability of the data.
Values of p for pairs of data sets with statistically significant differences are included.
Remembering that p < 0.05 is a measure of probability, our claim that these data sets
have different B values has a 5% margin of error. Similar results were found in the
case of the photothermal parameter B (not included in the figures).
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Fig. 2 Typical behavior of frequency dependence for the two PA contributions (Pt and Pb). Linear response
of the microphone starts at 10 Hz. Pb contribution varies exponentially with the square root of the frequency.
Pt contribution was analyzed mainly in the frequency range marked with a line above its plot

Fig. 3 Behavior of the Pt contribution: signal behaves as f −1 due to thermoelastic bending in thermally
thick samples at high frequencies

Gorton et al. [19] in 2003, working with Alocasia brisbanensis, measured the
oxygen diffusion distance in palisade and spongy regions, and found it equal for
both structures. We assumed that this fact is also valid in the case of the tomato plants,
additionally, based on unpublished results mentioned in the introduction [16], we
assumed that the palisade parenchyma structure is bigger (although the total thick-
ness of the leaf remains the same) for tomato plants with mycorrhiza. In fact, in
our study, the thickness of the leaf samples was measured in individual leaves and
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Fig. 4 Data detail at middle frequencies (10–40 Hz) show exponential behavior as a function of the square
root of the frequency (diffusion process) for Pt contribution

Fig. 5 Photobaric B exponential parameter from tomato plants for four treatments: controls with 22
and 44 ppm of P (TC2 and TC4, respectively) and plants with GF fungi with 22 and 44 ppm of P (TG2 and
TG4, respectively). The results are shown as medians, 25 and 75% quartiles (boxes), and minimum and
maximum values (bars) from samples measured in each preparation. The value p denotes error probability
(probability that there were no statistically significant differences between the sets of values considered)

showed non-significant differences among the different preparations (Table 1). These
two assumptions are consistent with B changes.

Due to the first assumption, the possible differences in the thickness of the paren-
chyma structure, which are due to the mycorrhiza, are inconsequential in the variation
of the B parameter of the Pb component. Therefore, B would change as a result of
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Table 1 Average and standard error of leaf thickness (�), oxygen diffusion coefficient (DO2 ) estimated
with an oxygen mean path of 2 µm, and thermal diffusivity (Dth) determined using the measured thickness
of each sample

Treatment � ± SE DO2±SE (estimated) Dth ± SE
(10−4m) (10−10m2·s−1) (10−6m2 · s−1)

TG2 2.2 ± 0.1 0.8 ± 0.1 1.1 ± 0.1
TG4 2.1 ± 0.2 1.0 ± 0.2 0.9 ± 0.2
TC2 2.4 ± 0.1 1.5 ± 0.2 2.3 ± 0.2
TC4 1.9 ± 0.2 1.8 ± 0.4 1.8 ± 0.4

Preparations used were TG2 for tomatoes with GF and 22 ppm of P, TG4 for tomatoes with GF and 44 ppm
of P, TC2: tomatoes without GF and 22 ppm of P, and TC4, tomatoes without GF and 44 ppm of P

changes in the diffusion parameter at the cellular level. If we use an oxygen mean path
on the order of µm (2µm used in Table 1 calculations), the estimates of the oxygen
diffusion coefficients (DO2) are an order of magnitude lower than that of pure water
(1.0 × 10−9 m2·s−1). This finding resembles the results of Gorton et al. [19] in their
work with Alocasia brisbanensis. More importantly, the coefficients from plants with
mycorrhiza have lower values than those from plants without mycorrhiza (Table 1).
According to the same authors [19], this type of difference indicates a greater viscosity
at the cellular level, which gives a greater resistance to the propagation of the oxygen
fluctuations.

In the case of the thermal B parameter, Eq. 1 is the PA approximation for a homo-
geneous, isotropic, and linear sample in the thermally thick region (low frequencies).
In this instance, as the thickness of the samples (�) remains the same, all changes of
B are due to changes in thermal diffusivity (Dth).

The calculated values of Dth are between those for water and air, which is consistent
with the porous structure of the leaf. The plants with mycorrhiza show a thermal-dif-
fusivity value closer to that of water (Table 1). These results show a direct relationship
between the size of the palisade parenchyma (a less porous structure) and the Dth
values.

Although the results from the Pt contribution measurements seem consistent with
our hypothesis, we are uncertain of the effects of the substantial thermoelastic bending
occurring at low frequencies, the behavior of which was not measured. Therefore, we
must consider the results of the photothermal contribution as only preliminary and
perform further thermoelastic discrimination analyses.

4 Conclusions

The OPC technique was used to estimate the exponential parameter of the Pb con-
tribution of the PA signal in tomato plants with and without mycorrhiza, based on
diffusion behavior.

The estimate of the oxygen diffusion coefficient is lower in value for plants with
mycorrhiza than those for plants without mycorrhiza. This result concurs with previ-
ous findings that there is an incremental difference in the viscosity of the cytosol at
the cellular level in plants with mycorrhiza as opposed to those without.
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Based on the fact that the thickness of the sample does not vary with treatment,
the Pt contribution demonstrates similar results in the frequency range of 10 to 30 Hz.
This is consistent with the direct relationship between the thermal diffusivity and the
size of the palisade structure in plants with and without mycorrhiza; however, the
strong thermoelastic bending behavior forces us to consider the results from the Pt
contribution of the PA signal as only preliminary.

The results show that the OPC technique is highly sensitive in detecting differences
among oxygen diffusion coefficients and is therefore useful in assessing internal struc-
tural differences between tomato plants with and without mycorrhiza.
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