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Abstract Citral refined from Litsea cubeba oil has been found to have a strong influence on fungi,
especially Aspergillus flavus. Multiplex microanalysis and quasi-elastic light scattering techniques were
applied to study the effects of citral on Aspergillus flavus spores from the levels of membrane, organelle and
intracellular macromolecule. It was found that citral injured the wall and the membrane of A. flavus spore,
resulting in decrease of its elasticity. After entering the cell, citral not only influenced the genetic expression
of mitochondrion reduplication and its morphology, but also changed the aggregation of protein-like
macromolecules. As a result, cells, organelles and macromolecules lost their normal structures and functions,
eventually leading to the loss of germination ability of A. flavus spores. Since Litsea cubeba oil as food
additive and antifungal agent is safe and less poisonous, it is important to elucidate the inhibitory mechanisms

of Litsea cubeba oil on the germination ability of A. flavus spore.

Key words
scattering technique

Litsea cubeba (Lour.) Pers. is a kind of medicinal plant
in China. The first report about the antibacterial and anti-
phlogistic function of Litsea cubeba (Lour.) Pers. and its
oil appeared in the Zhong Yao Da Ci Dian [1]. Since 1980s,
many studies showed that Litsea cubeba oil had wide
antibacterial and antifungal activity [2—4]. The antibiotic
functions of Litsea cubeba oil are attributable mainly to
citral [5—7], which amounts to 60%—80% of the essential
oil [8]. Pattnaik [9] reported that citral could effectively
inhibit 14 bacteria and 12 fungi. Zhou et al. [10] studied
the antibacterial mechanism with isotope labeling. We
reported that when A4. flavus spores (AFS) were treated
by citral, the germination percentage of AFS decreased
remarkably, and even AFS germinated and grew, its mycelia
produced no conidiospores [11]. The underlying mecha-
nisms of the inhibitory effects of citral on the germination
of AFS remain unclear.
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In this study, quasi-elastic laser light scattering tech-
nique was used to determine the size and distribution of
particles in the extracts of AFS treated by citral. Multiplex
microanalysis techniques were used to obtain absorption
spectrum from a micro region of 1 pm in living AFS cell to
determine the membrane elasticity and morphological para-
meters of the spores. Moreover, transmission electron
microscopy was employed to observe the ultrastructure
of spore treated by citral and the mitochondrion in the
mycelium, which germinated from AFS damaged by citral.
With such data, we tried to elucidate the mechanisms of
citral inhibition on AFS germination at the levels of cell,
sub-cell and molecule, and to provide theoretic basis for
efficient utilization of Litsea cubeba (Lour.) Pers..

Materials and Methods

Strain and citral

Aspergillus flavus (A. flavus) strain No. 3.2758 was
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supplied by the Institute of Microbiology, Chinese Aca-
demy of Sciences. It was cultured on Potato dextrose agar
(PDA; Difco, France) at 29 °C.

Citral was extracted from Litsea cubeba oil by distil-
lation with a purity of 97.7% [12]. The concentrations of
citral used in this study were 0.5, 1.0, 1.5 and 2.0 mg/ml
of phosphate buffer (pH 7.2, containing 0.1% glycerol).

Multi-dimensional microscopy system

The system installed on an inverted microscope (Nikon
TE2000) consists of three parts: a multi-channel micro-
spectrophotometer (MCMS), a cell culture mini-chamber,
and a multifunctional micro-image processor and analyzer.
The system is capable of performing non-invasive, in
situ, real time measurement on the multiple parameters
of a single cell with high sensitivity. The MCMS was
composed of a monochromator, a linear array CCD
(charge coupled device), and a computer. With MCMS,
the multi-spectrum measurement was carried on 1 pm
region (350—800 nm, with a resolution of 0.2 nm). The
multifunctional micro-image processor and analyzer
subsystem is capable of capturing hundreds of cell frames
in a few seconds. In addition to its common functions
(e.g. static and dynamic analysis of point, line, area and
volume), the subsystem also has some specially designed
software for cell classification, measurement of the
visco elastic properties of the cell membrane, and ana-
lysis of single cell gel electrophoresis (SCGE) to obtain
quantitative information about the DNA damage of
eukaryote.

Preparation of samples

A. flavus spores (AFSs) harvested from the culture
grown in PDA medium for 5 days, were washed 3—4
times with phosphate buffer (pH 7.2) containing 0.1%
Tween-20. The suspension was centrifuged at 3000 rpm
for 10 min at 4 °C. The spores were collected and treated
with citral solutions of different concentrations. Three
hours later, the spores were centrifuged at 3000 rpm for
10 min and kept at 4 °C for use.

A. flavus mycelia (AFM) used in this study were pre-
pared according to the following procedure. The spores
from the culture grown for 5 days in PDA medium
containing 0.5 mg/ml citral (minimal inhibitory
concentration, MIC) were washed with physiological
saline, and then inoculated onto fresh PDA medium and
incubated at 29 °C for another 5 days. Finally, the ultra-
structure of mycelia was examined under transmission
electron microscope (Philips Tecnai 10, Netherlands) at
80 kV.

Analysis of a single living AFS with multi-dimensional
microscopy system

The above prepared AFS samples were suspended in
phosphate buffer (pH 7.2, containing 0.1% glycerol) to a
density of 5000 spores in 1 ml, and added into the culture
chamber. After 10 minutes, the multi-dimensional micro-
scopy system was used to measure the morphological
parameters of AFS, the elastic parameters of membrane
(e.g. bending modulus K¢ and shear modulus p)[13,14]
and the absorbance in continuous spectrum of a single
living AFS[15,16]. The control group was incubated in
the PB buffer for another 3 h after it was already treated
by citral for 3 h.

Determination of particle diameter size of AFS
extracts and its distribution

The spore sample was suspended in Tris-HCI buffer
(pH 7.2) to a concentration of 10° spores per ml of the
buffer, broken by ultrasonic apparatus (JY92-II SCIENTZ,
made in China), and centrifuged at 6000 rpm, 4 °C for
45 min. The supernatant was used for the determination
of the diameter size of particles and its distribution in the
solution through the quasi-elastic laser light scattering
instrument (BI 2000, BI9000 AT model, Brookhaven Corp.,
USA) [17].

Transmission electron microscope observation of AFS
and AFM

The above treated AFS were embedded in 0.7% agar
gel, and 1 mm tablet containing AFS was obtained by
slicing. The AFS tablet and the AFMs were fixed in 0.1 M
cacodylate buffer (pH 7.2, containing 3% glutaraldehyde)
at room temperature for 4 h, and washed three times with
cacodylate buffer, each time for 20 min. Specimens were
post-fixed in cacodylate buffer containing 2% OsO, at
room temperature for 2 h, and dehydrated in a gradual
ethanol series (30%, 50%, 75%, 85%, 95%, twice at each
concentration of alcohol for 20 min). Finally, they were
dehydrated twice in pure ethanol (each for 1 h), embed-
ded in Spurr resin and incubated at 65 °C for 16 h. They
were trimmed, sliced and stained with uranium acetate
and lead citrate, and examined under transmission elec-
tron microscope at 80 kV.

Results

Change of AFS morphology
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Surface structure under optical microscope The micro-
image of AFS was taken by Multi-dimensional microsco-
py system (with oil immersion objective, 100x) (Fig. 1).
It was observed that the surfaces of the AFS treated by
citral became rough in contrast to the control group. As
the concentration of citral increased, some bulges occurred
on the surface. Subsequently, the cell gradually became
smaller. When the concentration of citral was higher than
5.0 mg/ml, the AFS were broken into pieces.

Surface structure under transmission electron microscope

Compared with the control group, when the concen-
tration of citral was low (0.5 mg/ml), the outside wall of
cell was partially shelled off. Though the wall was little
expanded, its electron density was lower than that in the
control, indicating that the wall structure became loose
(Fig. 2). However, the electron-thin in the periplasmic space
still existed. The cytomembrane was infolded markedly.
When the concentration of citral was 2.0 mg/ml, most of

Control 1.0

2.0

Concentration of citral (mg/ml)

Fig. 1

Effects of citral on the surface structure of AFS

The magnification is 8000x.

0.5

Concentration of citral (mg/ml)

Fig. 2

Effects of citral on the wall and membrane of AFS

OW, outside wall of cell; W, the wall of cell; PS, the periplasmic space; M, the membrane; Mt, the mitochondrion; N, the nucleus; V, the vesicles. Top row pictures:

magnification x27,000; bottom row pictures: magnification x40,500.
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the outside cell wall was broken and the brink of wall
surface become rough and villiform, and the density of its
electron-dense significantly decreased. Furthermore, the
AFS cytomembrane was partially collapsed or degraded
and its periplasmic space became electron-dense, sugges-
ting that the degraded product entered the periplasmic space
from the wall and membrane. All above proved that citral
could injure AFS wall and membrane to a certain extent.

Morphological parameters of AFS More than 200 AFSs
were selected for measuring morphological parameters.
Their mean values of morphological parameters (such as
area, perimeter, major axis, and minor axis) were ana-
lyzed with multi-dimensional microscopy system. Com-
pared with the control group, the parameter values of the
test groups were lower, especially the values of area and
perimeter (Fig. 3). It was shown that these parameters
decreased with increasing concentration of citral. Similar
results were obtained when spores treated with citral were
retransferred to phosphate buffer without citral, so citral
brought about irreversible changes of these parameters.

Elasticity of membrane The bending modulus Kc and
the shear modulus [ are important elasticity parameters of
membrane representing incompressibility and rigidity
respectively. As Kc and [ increase, the elasticity of mem-
brane decreases whereas the rigidity of membrane
increases, that is, cell is prone to crash. At 25 °C, the elas-
ticity parameter of membrane of a single intact AFS was
measured with multi-dimensional microscopy system and

AFM-ck AFM-test group

/. i

.

Fig. 4

AFM-ck, A. flavus mycelium that germinated from normal conidia, and was cultured on PDA without citral at 29 °C for 5 d. AFM-test group, the 4. flavus mycelium

that germinated from conidia, which was treated by 0.5 mg/ml citral and then was cultured on PDA without citral at 29 °C for 5 d. Mt-ck, magnification (x15,000) of

AFM-test group

Effects of citral on AFM’s Mt in both number and shape

-e- Area

-O0- Perimeter
-= Major axis
-0~ Minor axis

Value (um/pum?)
Iy

0 T T T 1
0 0.5 1.0 1.5 2.0
Citral (mg/ml)
Fig. 3 Effects of citral on the morphological parameters
of AFS

dynamic image analyzing technique. Regression analysis
showed that a linear relationship existed between Kc
and Y of AFS membrane and the concentration of citral
(for Kc: Kc=73.88+179.46x[citral], r*=0.99, P<0.001; for
M p=—78.48+1115.67%[citral], =0.94, P<0.01).

Change of mitochondrion in AFM

Luo et al. [18] reported that irregular proliferation,
abnormal shape and disordered structures occurred in
the mitochondrion (Mt) extracted from AFM damaged
by citral under scanning electron microscope. Similar
changes were also observed under transmission electron
microscope, and the number of Mt increased. Mitochon-
dria of irregular shapes were found in the injured AFM
(Fig. 4). Therefore, citral caused changes of Mt in both

mitochondrion in 4. flavus mycelium of AFM-ck; a, b, ¢, d, e, fand g, 4 times corresponding magnifications of mitochondrion in 4. flavus mycelium of AFM-test group.
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numbers and shapes.
Change of AFS photoabsorption

The absorption spectrum of a single living AFS at 350-
750 nm is shown in Fig. 5. The spectrum of the test group
was similar to that of the control group. Compared with
the control group, the absorbance at 350-750 nm of the
test groups increased. The absorbance integral values at
350-750 nm, 350-410 nm, 410-630 nm and 630-750 nm
were calculated with multi-dimensional microscopy
system. The following linear relationships were found
between the absorbance integral value (XAbs.) and the
concentration of citral:
for 350—750 nm: ZAbs.=207.54+33.14x]citral]
(#=0.96, P<0.001);

for 350410 nm: ZAbs.=103.00+17.76x][citral]
(#=0.92, P<0.01);

for 410-630 nm: >Abs.= 47.02+7.96x[citral]
(#2=0.97, P<0.001);

A. flavus CK group
0.80 1

0.70 ]
0.60 ]
0.50 ]
0.40 ]
0301 JJVA
0.20]

350 390 430 470 510 550 590 630 670 710 750

Wavelength (nm)

Absorbance

Fig. 5

Table 1

for 630-750 nm: ZAbs.= 61.58+6.76x][citral]
(> =0.96, P<0.001).

There were two possible explanations for the increase
of absorbance. The first was the increase of the total con-
centration of molecules in AFS, suggesting that the AFS
volume became smaller. The second was the aggregation
of the molecules entering from the outside of tested region.
It is known that monomer A and B of citral absorbs the
light of 230 nm and 330 nm, respectively [19], So citral
itself could absorb no light at 350—750 nm. Therefore,
citral is involved in the decrease of AFS volume and the
aggregation of molecules in AFS.

Particle diameter size and its distribution in AFS

With quasi-elastic laser light scattering technique, the
particle diameter size in AFS extract and its distribution
were obtained (Table 1). It can be seen that there were 10
types of particles in the control group and their contents
were more than 1%. The diameter size of particle with the

A. flavus test group
0.85 4

0.75 ]
0.65
0.55
0.45 |

Absorbance

0.35

025 A T T L T T L! L ! T T T T L T T T T T T T

350 390 430 470 510 550 590 630 670 710 75
Wavelength (nm)

Intracellular photoabsorption in a single AFS by MMSP

Effects of citral on the particle diameter size in AFS extract and its distribution

Citral concentration (mg/ml)

0 (Control group) 0 (Control group) 0 (Control group) 0 (Control group) 0 (Control group)
D (nm) Content (%) D (nm) Content(%) D (nm) Content(%) D (nm) Content(%) D (nm) Content (%)
51.46 85 72.34 76 73.86 78 76.31 65 84.14 68
54.86*% 100 76.87 68 87.48* 100 89.78* 100 98.67* 100
58.48 80 81.68*% 100 103.61 67 105.62 68 115.71 85
62.35 45 86.80 43 122.72 24 124.26 26 135.68 43
66.47 18 92.23 31 145.35 146.19 2 159.11 13
210.31 1 243.80 4 203.91 202.34 4 256.56 7
22421 2 259.07 7 241.51 238.04 9 300.05 40
239.02 3 275.30 12 286.05 15 280.05 16 352.79 42
254.82 3 292.54 11 338.80 47 329.47 82 413.70 3
271.66 2 310.86 11 401.28 1 387.61 2 485.12 1

* indicated the soluble particle with the highest content, which was set to 100%.
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largest content was 54.86 nm. Since its diameter size fell
within the range of colloidal particle size (1-100 nm), the
particle might be the main dispersal phase in the colloidal
dispersion of AFS extract. It can be also seen from Table
1 that as the citral concentration increased, the diameter
size of particle with the largest content increased also.
Regression analysis showed that there was a better
linear relationship between the diameter size and the
concentration of citral (D=53.79+9.57x][citral], 7=0.83,
P<0.05), suggesting that citral is capable of inducing the
aggregation of macromolecules in AFS.

Discussion

Concerning the effects of citral on physiological func-
tion of A. flavus cell, Luo et al reported that in the pre-
sence of citral, the electric conductivity of 4. flavus mem-
brane increased, the activity of [Na*,K*]-ATPase of A.
flavus membrane decreased, and the utilization rate
of protein and sugar decreased [11]. But the correlative
evidence of citral damage on cellular structure was rarely
reported. In this paper, results from optical microscope
and transmission electron microscope indicate that citral
causes a direct damage to the AFS wall and membrane.
The analysis of morphological parameters suggested that
the decrease in AFS volume was related to citral. The
volume-adjusting mechanisms need intact structure of the
ion channel of transmembrane transport [20]. Therefore,
the decrease in AFS volume reflects the weakening in
volume-adjusting function of membrane. Non-invasive
measurement on the elasticity parameters of AFS revealed
that citral resulted in an increase in the membrane rigidity
and a decrease in its flexibility. In order to explain this,
thiobabituric acid (TBA) colorimetry was used to detect
malondialdehyde (MDA ) content in AFS treated with
citral. The TBA colorimetry experiment showed that citral
resulted in an obvious increase of MDA content (data
unpublished). MDA tends to interact with the amino group
of membrane lipid and membrane proteins to increase the
membrane rigidity and decrease its flexibility [21].

After entering the cell through its damaged membrane,
citral affects the systems of biological oxidation and tri-
carboxylic acid cycle. Luo et al.[11] reported that with
succinate, pyruvate and o-ketoglutarate as substrates,
the respiratory rate and oxygen consumption of Mt, and
the activity of malate dehydiogenase and succinicate
dehydiogenase decreased obviously. These data are in
accordance with the observation of morphological struc-
ture under transmission electron microscope, implying that

the injury of its shape led to the decrease of Mt function.
We have reported that citral damages the nuclear DNA of
AFS [22]. The shape and quantitative change of Mt were
caused by citral during sporing. Therefore, nuclear DNA
injury in AFS might be involved in the genes related to Mt
duplication and its morphogenisis.

Recently, more and more molecular biologists pay close
attention to intracellular macromolecule crowding. There
is a higher-ordered macromolecule crowding in cell [23].
It not only determines the conformation of all macro-
molecules and affects their association and dissociation
[24,25], but also plays an important role in all biological
processes relying on non-covalent union and/or confor-
mational change (e.g. synthesis of protein and nucleic acid,
intermediary metabolism, cell signals, genetic expression,
and the function of dynamic motile systems) [26-31]. Our
results from the non-invasive measurement of the mor-
phological parameters and absorption of a living AFS
showed that citral made AFS smaller, so the concentra-
tion of its macromolecules increased and they became
overcrowded. In macromolecule overcrowding, a non-
functional aggregation occurred, as shown in quasi-
elastic laser light scattering. In conclusion, citral damages
the structure of cell wall and membrane, leading to the
loss of membrane functions. After entering the cell, citral
not only influences the nucleus DNA and Mt, but also
produces crowding, which causes non-functional aggre-
gation of macromolecules, leading to metabolic disorder.
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