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The plant signals strigolactones activate seed germination of
the parasitic weeds (Striga and Orobanche), growth of arbuscular
mycorrhizal (AM) fungi and have recently been described as a new
class of plant hormones that inhibit shoot branching. In AM fungi,
the synthetic strigolactone analogue GR24 rapidly stimulates mito-
chondrial metabolism (within minutes) and biogenesis (within one
hour). New gene expression, more active nuclear division and cell
proliferation occur later (within days). By using pharmacological
approaches to inhibit the mitochondrial ATP synthesis, various
steps of the respiratory chain and the mitochondrial protein
translation, we further describe the mechanisms underlying the
mitochondrial response to GR24. We show with SHAM and KCN
inhibition treatments that the respiratory chain of Gigaspora rosea
is branched and includes an alternative oxydase. The two electron
transports can be used for GR24 activation of hyphal branching
but only the alternative one is used for spore germination. By using
the inhibitors Oligomycin, Rotenone, Antimycine A and KCN,
we show that indirect (proton pumping) and direct inhibition of
ATP synthase does not completely abolish the activation of hyphal
branching by GR24. However, hyphal branching was totally inhib-
ited with the suppression of mitochondrial biogenesis, confirming
the essential role played by mitochondria to amplify the strigolac-
tone response of AM fungi.

Strigolactones are plant signal molecules initially characterized as
seed germination stimulants of the parasitic weeds Orobanche and
Striga.! Recent findings have revealed that natural strigolactones
or the synthetic strigolactone analogue GR24 can also elicit hyphal
branching of arbuscular mycorrhizal (AM) fungi, a cellular response
typically observed when these fungi grow close to a living root.?
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Moreover when plants are affected in strigolactone production their
capacity to be mycorrhized is strongly reduced.>* An additional
role of strigolactones, as possible novel plant hormones inhibiting
shoot branching, has recently been discovered.*> The cellular modes
of action of strigolactones on seeds of parasitic weeds and on plant
axillary buds are not known. In previous studies we showed, on the
AM fungus Gigaspora rosea, that GR24 elicits a fast (within minutes)
synthesis and utilisation of NADH by mitochondria. This boost
of mitochondrial activity was correlated, after one hour of GR24
treatment, with an enhancement of cellular ATP production. This
enhancement of oxydative metabolism precedes active mitochondrial
proliferation.6’7 Taken together, these results suggested that mito-
chondrial activation is a key event required for switching the fungus
to a pre-symbiotic stage, characterized by a more active nuclear
proliferation, an upregulation of several genes and an activated cell
proliferation (the so called branching response).”

In order to clarify the role of mitochondria in the GR24 response,
we carried out a series of pharmacological experiments where
different steps of the oxidative phosphorylation were specifically
inhibited. We first inhibited mitochondrial ATP synthesis with
oligomycin, an inhibitor of ATP synthase subunit Fo, or with a
cocktail of Rotenone, Antimycine A and KCN (inhibitors that block
the proton pumping from the matrix to the inter membrane space)
(Fig. 1). Surprisingly only 36.7% to 50% of the hyphal branching
response was suppressed. Hyphal elongation (not shown) was not
affected by the treatment with the cockrail of the 3 last inhibitors
suggesting that catabolic pathways other than the mitochondrial
oxidative phosphorylation produced enough ATP to sustain normal
hyphal activity. The same hypothesis can be proposed to explain
that the GR24 branching response was only partially reduced. As
triglycerides are the main carbon storage form in AM fungi,® lipid
catabolism, in the absence of oxidative phosphorylation, can only
provide ATP (actually GTP) during the oxidation of acetyl CoA in
the citric acid cycle. Under normal condition we can postulate that
most ATP production associated with lipid degradation is sustained
in mitochondria by the respiratory chain. Thus, if the citric acid
cycle still works in mitochondria despite the inhibition of the respi-
ratory chain, it implies that mitochondria are able (i) to achieve
the reoxydation of NADH (produced during the B-oxidation of
fatty acids and the citric acid cycle) in the absence of a fonctional
complex I and (i) to transfer electrons from NADH to O, in the
absence of a functional cytochrome ¢ oxidase. This would be possible
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Figure 1. Inhibition of the ATP synthase or loss of proton gradient is not suffi-
cient fo tofally suppress the hyphal branching activation by GR24. Spores of
Gigaspora rosea were grown for six days on solid M medium in the dark at
28°C under 2% CO, and then treated with 107 M GR24 alone or simultane-
ously with the various inhibitors. A 28 uM oligomycin treatment was applied
to specifically inhibit ATP synthesis. H* pumping activities by the respiratory
complexes |, Il and IV were inhibited by treating the germinated spores with
a mix of 20 uM Rotenone, 19 uM antimycin A and 1.5 mM KCN. After 24
h, the number of new apices formed was counted. Values are the mean of
three biological replicates. Thirty spores were used in each experimental con-
dition. Means with the same letter are not significantly different (ANOVA test
and Tuckey posthoc Analysis). Data were computed with the R software.

if the respiratory chain of G. rosea contained an alternative NADH
dehydrogenase and alternative oxidase (AOX) as already described
in other fungi.? To investigate the hypothesis that G. rosea possesses
a mitochondrial alternative oxydase, single and double inhibitions
of the AOX and the cytochrome ¢ oxidase were carried out. Only
a simultaneous inhibition of AOX and cytochrome ¢ oxidase by
SHAM and KCN, respectively, led to a reduction of 57% of the
branching response intensity (Fig. 2). This result strongly suggests
that G. rosea mitochondria have a ramified respiratory chain and
that the role of O, as a final electron acceptor is important to get
the GR24 branching response. In contrast with the GR24 branching
response, germination of G. rosea spores could be completely inhib-
ited with a SHAM treatment, suggesting that spore germination is
exclusively dependent on the activity of AOX (data not shown), as it
is for seed germination of Orobanche sp.'°

The other catabolic pathway that could produce ATP other than
in mitochondria is the glycolytic pathway. AM fungi, like plants, can
also degrade fatty acids through the glyoxylate cycle and produce
succinate.!! Succinate can thereafter serve as a biosynthetic interme-
diate and be later oxidized through the glycolytic pathway. Another,
more likely, possibility is that the catabolism of glycogen, an addi-
tional form of carbon storage in AM fungi,12 is also stimulated by
strigolactones.

Whereas we can speculate that strigolactones do not directly
stimulate oxidative phosphorylation (otherwise inhibition of oxida-
tive phosphorylation would have had more impact on GR24-induced
hyphal branching), mitochondrial complete oxidation process seems
necessary to geta maximal hyphal branching response. This was further
demonstrated by an inhibition experiment of mitochondrial biogen-
esis. This biogenesis requires mitochondrial protein biosynthesis,!314
a process that can be specifically inhibited with chloramphenicol.
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Figure 2. Partial inhibition of the hyphal branching activation by GR24
requires conjugated action of KCN and SHAM. Spores of Gigaspora rosea
were grown for six days on solid M medium in the dark at 28°C under 2%
CO, and then treated with 107 M GR24 and with 1.5 mM KCN, 5 mM
SHAM or both. After 24 h, the number of new hyphal apices formed was
counted. Values are the mean of three biological replicates. Twenty to 30
spores were used in each freatment. Means with the same letter are not
significantly different (ANOVA test and Tuckey posthoc Analysis). Data were
computed with the R software.
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Figure 3. Inhibition of the synthesis of mitochondrial proteins in Gigaspora
rosea affects hyphal branching activation by GR24. Spores of Gigaspora
rosea were grown for six days on solid M medium in the dark at 28°C under
2% CO, and then treated with 107 M GR24, 1 mg/ml chloramphenicol or
both. After 24 h, the number of new hyphal apices formed was counted.
Values are the mean of three biological replicates. Ten to 20 spores were
used in each treatment. Means with the same letter are not significantly
different (ANOVA test and Tuckey posthoc Analysis). Data were computed
with the R software.

Preliminary assays showed that after a chloramphenicol treatment,
mitochondria of GR24 treated hyphae did not change their shape or
movements like normally observed in GR24-treated hyphae” (data
not shown). This indicates that, at this concentration, chloramphen-
icol was able to inhibit mitochondrial biogenesis in the fungus. When
germinated spores of G. rosea were treated with both chloramphenicol
and GR24 for 24 h, GR24-induced branching was decreased by
46.8%, whereas no significant effect was visible on control hyphae

not treated with GR24 (Fig. 3).
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In conclusion, our data suggest that Gigaspora rosea possesses a
ramified respiratory chain with an alternative NADH dehydrogenase
and an AOX, the activity of the latter being essential for spore germi-
nation. They also suggest that, in the activation of hyphal branching
by strigolactones in AM fungi, upstream catabolic processes, such
as the B-oxidation of fatty acids (followed by the citric acid cycle)
or glycogen degradation (followed by glycolysis), could be activated
before oxidative phosphorylation. This is in agreement with a recent
report!® which showed that lipid catabolism of Glomus intraradices is
enhanced in response to root exudates. The stimulation of mitochon-
drial biogenesis that occurs later would be a consequence of these
first metabolic activations and would then largely amplify them.

Similar mechanisms of catabolic activation could be involved in
the strigolactone induction of seed germination of parasitic weeds
by strigolactones.'® In contrast, it is more difficult to imagine that
strigolactone inhibition of plant lateral bud outgrowth also requires
an activation of ATP synthesis. In order to evaluate to which extent
they are conserved, the mode of action of strigolactones on the three
biological systems need to be further investigated.
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