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ABSTRACT

The effects of the benzene compounds from plants, respectively cinnamic acid, coumaric acid, ferulic acid,
caffeicacid, and cinnamic al dehyde on growth and hyphal morphology of Neurospora crassa, wereinvestigated.
Cinnamic acid, ferulic acid and cinnamic aldehydeinhibited colony growth, but produced no visible alterations
on hyphae. Caffeic acid and coumaric acid did not inhibit growth, but changed hyphal morphology. The
results suggest that caffeic and coumaric acids probably affect polarity maintenance (the continued deposition
of wall material at the extending tip), while cinnamic a dehyde, ferulic and cinnamic acids decrease growth
rate, but did not change hyphal polarity. The actin cytoskeleton and the Spitzenkérper appeared diffuse and
not clearly visible when one of the benzene compounds was present in the culture.
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INTRODUCTION

In nature, free benzene compounds are products of microbial
wood degradation, but are also present in many chemical
industrial wastes. Activities against microorganisms, including
some phytopathogenic fungi, have been attributed to them
(27,28). These compounds can bind to arabinoxylansand pectins
inthecell wall of plants(9). Ferulic acid esterases, enzymesthat
hydrolyzethe ester bond linking ferulic acid to polysaccharides
bound to plant cell walls, have been identified in many fungi
(7,6,31), which works in synergy with cell wall degrading
enzymes, such asxylanases, releasing ferulic acid (2).

It is known that benzene compounds present in many
vegetable essential oils, have a preservative effect (15). Most
studies of these compounds have been developed in bacteria,
and few infungi (3,5,23). Themicrobial cell growth inhibition
mechanism by these compounds has not been elucidated. The
objective of this study was to examine the effect of sub-
inhibitory concentrations of some benzene compounds on
germination, growth, branching and the cytoskeleton of
Neurospora crassa. The Ascomycete N. crassa belongs to the

Sordariaceae family and is a filamentous fungus with many
properties that are advantageous for studying development.
This eukaryotic organism can be grown in a defined medium
under controlled conditions and it iswell characterized from a
genetic, biochemical and morerecently molecular biology stand
point, becoming it an attractive model organism for many
different researches (24).

MATERIALS AND METHODS

Srain and growth conditions

Thewild type Neurospora crassa (74 OR 8-1a, ATCC) was
used throughout this work. Fungus was maintained on slopes
of Vogel’sminimal medium (MM), supplemented with 2% (w/v)
glucose and stored at 4°C. For the experimentsthey were grown
insemi-solid (SMM) or liquid (LMM) Vogel’sminimal medium.
Cinnamic, p-coumaric, ferulic and caffeic acidswere purchased
from Sigma; cinnamic aldehyde from Aldrich. The compounds
were dissolved in 20.8% (w/v) dimethylsulfoxide (DM SO)
solution and added to steriled SMM or LMM at 250 pug/mL.
The final concentration of DM SO in the medium was never
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higher than 0.1%; appropriate controls with DMSO were
prepared.

Ger mination and colony growth analysis

To evaluate the effects of benzene compounds on N. crassa
germination, LMM containing or not benzene compounds, were
inoculated with 1x10°conidia/mL andincubated at 30°C inarotary
shaker at 110 rpm. At different period of time germlings were
collected, fixed for 15 minwith 3.7% paraform-aldehyde, 10 mM
Triton X-100 and 0.01% glutaraldehyde in 60mM Pipes buffer
(pH 6.8) with 10mM MgSO,and 10 mM EGTA (buffer A). After
beingrinsed at least 3timeswith buffer A, germlingswere stained
for 15 minin Calcofluor White (1 mg/mL distilled water), rinsed
again with the same buffer and mounted in glycerol 1 mg/mL p-
phenylenediaminein PBS. PhotographsweretakenwithaTMAX
400 film, under afluorescence microscope (ZeissAxioskop) using
ZeissMC 80 microscope camerasystem and 100x oil objective.
Colony growth was evaluated by central inoculation of 1x10°
conidia/mL onto SMM in Petri dishes; thecolony diameterswere
measured with aruler after 18 and 24 hours of incubation at 30°C.

Hyphal mor phology analysis

The analyses of hyphal morphology was performed
inoculating and spreading approximately 50 conidia on sterile
dialysismembrane placed on the surface of SMM supplemented
or not, with a benzene compound and after incubation at 30°C
for different time the hyphae were examined and photographed
using a Zeiss binocular stereomicroscope with
transmitted light. For actin cytoskeleton analysis by

Effect of benzene compounds on N. crassa

were diluted in buffer A, containing 1% (v/v) BSA. Following
final incubation, cells were again rinsed several timesin buffer
A, mounted and registered as described previously.

RESULTSAND DISCUSSION

Effectsof benzenecompoundson ger mling polarization, colony
growth and hyphal mor phology

Colony growth of N. crassa decreased |essthan 8% inmedia
supplemented with caffeic or coumaric acids when compared
with control culture; however, after 24hinferulicacid or cinnamic
acid, growth was inhibited by respectively 20 and 94% (22).
Cinnamic aldehydea so inhibited 40% the colony growth (result
not shown). In order to investigate whether these effects were
due to alterations in N. crassa germination, conidia were
inoculated with these compounds, and the initial steps of
germination followed. Normally, apolarized germ tubewas present
in 94% of N. crassa germlings after a5 h incubation period in
LMM at 30°C; however at the same conditions, but in the
presence of 250 pg/mL cinnamic aldehyde or cinnamic acid, it
was 19% and 43% respectively. No significant differences in
germ tube emergence times were observed when other benzene
compounds were tested. After 10 hours of incubation in the
control and other cultures supplemented with benzene
compounds, asferulic acid, all conidiahad germinated and long
hyphae could be visualized while in those supplemented with
cinnamic aldehydeit was 70% and with cinnamic acid it was 75%

indirect immunofluorescence Tynsey’s method (30),
was adapted as follows: approximately 100 conidia
wereinocul ated and spread on sterilestripsof dialysis
membranes (1 cm x 2 cm) overlying SMM

supplemented or not, with a benzene compound and 100+
incubated at 30°C for different periodsof time. Hyphae =
werethentreated for 1I5mininthefixingsolution,and ~ |E 80
rinsed at least 3timeswith buffer A. Thenthecell wall E 60
was permeabilized for 10 min at room temperature £ ]
using an enzymatic digestion solution containing 30 g 40
nM MES, 1.0mg/mL BSA, 9.0mg/mL Driselase, 1.0 5 |
mg/mL Novozyme 234, 1.0 uL of proteaseinhibitors 2\2 20
solution (1.0 mM Antipain, 1.0mM Chymostatin, 1.0

mM Pepstatin) plus1.0mM PM SF. After several rinses

with buffer A, cellswereincubated for 45 minwith the
primary antibody (C4-monoclonal mouse anti-chicken
gizzard actin 1gG1, diluted 1:100), under humid
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conditions at 30°C, in the dark. After thisincubation
and several rinses with solution A, the cellswerere-
incubated, under the same conditions, with the
secondary antibody (Cy3-conjugated goat anti-
mouse 1gG), diluted 1:50). Both antibodies had been
obtained from Cedarlane; Hornby, Ont., Canada and

Figure 1. Effectsof some benzene compounds on the Neurospora crassa
germination. Conidiawere incubated at 30°C in liquid Vogel's minimal
media supplemented or not with 250 ug/mL benzene compounds and
incubated for 3; 5; 10 and 15 hours. Germlings were counted under light
microscope. Values are the average of at least 2 replicates.
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(Fig. 1). In these two last conditions most of cells was yet
germlings and interestingly about 7% presented bipolar
germination (Fig. 2). These results suggest that 250 pg/mL of
cinnamic acid or cinnamic aldehyde del ayed the germination as
well asdisturbed the establishment of polarity (the choice of the
place where the germ tube will emerge) in 7% of the cells.
According to Momany et al. (17), multiple germ tubes detected
on the Aspergillus nidulans mutant swoA, could be due to
overproductionor diffusion of thesigna for germ tubeemergence.
On the other hand, the sphingolipid pathway is recognized as
being an important signaling system preserved from fungi to
humans; metabolites derived from its breakdown are bioactive
molecules, considered to be implicated as second messenger
mediators of various cell functions. Sphingolipid biosynthesis
in A. nidulans has been reported as being essential for the
establishment of polarity, because the inactivation of inositol
phosphorylceramide synthase or serine pa mitoyltransferase,
enzymes involved in sphingolipid biosynthesis, prevent
polarized growth during spore germination (4). Here, benzene
compounds could have acted either on the signal for germ tube
emergence or on sphingolipid biosynthesis proper.

Itisknownthat after germination, N. crassa germlingsundergo
polarized growth through tip extension and branching at irregular
intervals (16). When media were supplemented with benzene
compounds, the cells became abnormally branched (Fig. 3). In
thepresenceof cinnamic aldehyde (Fig. 3C), ferulicacid (Fig. 3B)
or cinnamic acid (Fig. 3D), hyphae were shorter than those of
controls(Fig. 3A) and colony growth wasdamaged. Considering
that benzene compounds may betoxicto cells, the dower-growing
hyphae detected in treated cultures, may have resulted from
biochemical disturbances caused by these compoundsin one or
more metabolic pathways. This subject has not been clarified
yet, athough these compound’s antimicrobial activities against
many microorganismsareknown (29,15,28). Growthinhibitionin
N. crassa has been reported to be consequent to kinesin,
calcineurin or dynein deficiencies (25,18,21), or to increased
cytosol calcium levels (20). Cinnamic aldehyde, ferulic and
cinnamic acids may have inhibited Neurospora crassa growth
by disturbing the synthesis of a cell component involved in
cytoskel eton devel opment or intheregulation of thecell calcium
gradient. Caffeic (Fig. 3E) and coumaric acid (Fig. 3F) produced
splitted tips, a'so known as dichotomous branching; however
no significant differences in colony growth were caused by
these compounds. Dichotomous branching has also been
detected in A. nidulans following inhibition of inositol
phosphorylceramide (IPC) synthase activity, demonstrating that
sphingolipidsare essential for cell polarity (4).

Another aspect to be regarded in this subject, is that
intracellular osmolarity in fungi is higher than in the
environment. This leads to a positive turgor pressure, which
hasafundamental rolein determining how the cell wall expands
in space (1). Glycerol appears to be responsible for adjusting
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Figure 2. Effect of cinnamic acid and cinnamic aldehyde on the
germtube polarity establishment in Neurospora crassa. Conidia
wereincubated at 30°C inVogel’sminimal mediafor 5h (A) or
for 5hinmediasupplemented with 250 ug/mL cinnamic acid or
cinnamic adehyde(B). Germlingswerefixed and cell wall stained
with Cacofluor. Bar, 5.0 um.

intracellular solute concentration (19). Abnormal hyphal
morphology has been reported in a null mutant of A. nidulans
glycerol 3-phosphate dehydrogenase that had reduced glycerol
3-phosphatelevels(8). Han and Prade (11) have suggested that
tip splitting observed in an A. nidulans mutant, in which the
salt stress gene was deleted, is a consequence of the cell’s
inability to maintain turgor pressure. Thus any alteration in
systemsresponsiblefor maintaining intracellular osmolarity, can
lead to tip splitting.

These results suggest that caffeic and coumaric acids
probably affect polarity maintenance (the continued deposition
of wall material at the extending tip), while cinnamic al dehyde,
ferulic and cinnamic acids decrease growth rate, but did not
change hyphal polarity.



“

Figure 3. Alterationsinduced by benzene compounds on the hyphal
branching and colony growth. Conidiawereinoculated ondialysis
membrane placed on solid Vogel'sminimal media(A) or on media
supplemented with 250 pg/mL ferulic acid (B), cinnamic aldehyde
(C), cinnamic acid (D), caffeic acid (E) or coumaric acid (F). The
cultures were incubated at 30°C for 17 h and photographs were
taken using astereomicroscope. Magnification, x 125.

Effect of benzene compounds on N. crassa

Analysisof actin distributionin treated hyphae

It is known that in many fungi actin, as well as
microtubules, areinvolved in cytoplasmic migration and
organelle movement during hyphal elongation; alterations
in these components of the cytoskeleton change growth
rates and hyphal morphology (12,13,14). We therefore
decided to analyze whether the effects of benzene
compounds on mycelium growth, and maintenance of
polarity were related to actin distribution. We observed
that actin immuno-staining at the tip of hyphae grown in
presence of cinnamic aldehyde (Fig. 4B), ferulic acid (Fig.
4C), cinnamic acid (Fig. 4D), coumaric acid (Fig. 4E) or
caffeic acid (Fig. 4F), appeared to be weaker than in the
control culture; Spitzenkdrper were diffuse and not as
clearly visible as in untreated hyphae (Fig. 4A).
Spitzenkdrper isastructure characterized by many vesicles
localized in the apical dome of growing hyphal tipsfound
in higher fungi (10,25). In N. crassa hyphae, actinisseen
in Spitzenkorper and in fine peripheral plagues associated
with the plasmamembrane and clustered subapically (14).
Evidences have suggested that kinesin, the microtubule-
dependent mechanochemical enzyme, plays animportant
roleinintracellular movements associated with membrane
organelles (25, 26). In the kinesin-deficient mutant, growth
was inhibited by 24% and many alterations in cell
morphogenesis were detected, including absence of
Spitzenkorper (25). Cinnamic aldehyde, ferulic acid and
cinnamic acid reduced colony growth and since the
Spitzenkdrper iscorrelated with hyphal extension (10), one
may concludethat our results are consequences of growth
inhibition. Interestingly, eveninthe presence of coumaric
or caffeic acid, which induced dichotomoustipsformation,
the actin staining presented as in the other three
compounds. Concluding, cinnamic aldehyde, ferulic acid

.I

Figure 4. Distribution of actin in cultures cultivated in benzene compounds presence. Conidia were inoculated on dialysis
membrane placed on solid Vogel’sminimal media(A) or on mediasupplemented with 250 ng/mL cinnamic aldehyde (B), ferulicacid
(C), cinnamic acid (D), coumaric acid (E) and caffeic acid (F). The cultureswereincubated at 30°C for 24 h. Spitzenkérper isshowed

by arrowsinA. Bar, 5.0 um.
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and cinnamic acid appear to affect cytoskeleton components
or the calcium gradient, leading to a decreased growth rate,
while the effects of caffeic and coumaric acid may be mainly
on sphingolipids or glycerol synthesis.

In nature, more than one benzene compound are present in
plants; synergistic effects are maybe a strategy of the plant to
protect itself against most of the fungi by inhibiting, delaying
and altering their growth rate; however, somefungi may escape
from this control, probably in consequence of the presence of
enzymes which degrade or transform benzene compounds as
related to N. crassa (22).
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RESUMO

Efeito de compostos benzénicos de plantas sobre o
crescimento eamorfologia das hifas em
Neurospora crassa

Os efeitos de compostos benzénicos de plantas,
respectivamente écido cinémico, &cido coumérico, &cidoferdlico,
&cido cafeico e aldeido cinmico, sobre o crescimento dacoldnia
e a morfologia das hifas de Neurospora crassa foram
investigados. Acido cinamico, &cido ferdlico e aldeido cindmico
inibiram o crescimento colonial, masndo produziram diferencas
visiveis sobre as hifas. Acido cafeico e &cido coumérico n&o
inibiram o crescimento, mas alteraram a morfol ogia das hifas.
Osresultados sugerem que os &cidos cafei co e coumérico afetam
provavelmente a manutencdo da polaridade (a continua
deposicéo de material da parede na ponta em extensdo),
enquanto aldeido cindmico e os &cidos cindmicos e ferdlico
diminuem a velocidade de crescimento, mas ndo ateram a
polaridade das hifas. Actinano citoesquel eto e no Spitzenkorper
apareceu difuso e ndo estava claramente visivel napresencade
um dos compostos benzénicos na cultura.

Palavras-chave: &cido cinamico, acidoferdlico, deido cindmico
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