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Inoculations with saprophytic fungus Trichoderma spp. are
now extensively used both to promote plant growth and to
suppress disease development. The underlying mechanisms
for both roles have yet to be fully described so that the use
of Trichoderma spp. could be optimized. Here, we show
that Trichoderma asperelloides effects include the manipu-
lation of host nitric oxide (NO) production. NO was rapidly
formed in Arabidopsis roots in response to the soil-borne
necrotrophic pathogen Fusarium oxysporum and persisted
for about 1 h but is only transiently produced (approxi-
mately 10 min) when roots interact with 7. asperelloides
(T203). However, inoculation of F. oxysporum—infected roots
with T. asperelloides suppressed F. oxysporum—initiated NO
production. A transcriptional study of 78 NO-modulated
genes indicated most genes were suppressed by single and
combinational challenge with F. oxysporum or T. asperel-
loides. Only two F. oxysporum-induced genes were sup-
pressed by T. asperelloides inoculation undertaken either
10 min prior to or after pathogen infection: a concanavlin
A-like lectin protein kinase (A#4g28350) and the receptor-
like protein RLP30. Thus, T. asperelloides can actively sup-
press NO production elicited by F. oxysporum and impacts
on the expression of some genes reported to be NO-respon-
sive. Of particular interest was the reduced expression of
receptor-like genes that may be required for F. oxysporum-—
dependent necrotrophic disease development.

Trichoderma spp. are versatile opportunistic plant symbionts
that can colonize the apoplast of plant roots. Trichoderma spp.
limit the growth and activity of plant-pathogenic fungi by
direct mycoparasitism. Some Trichoderma strains are capable
of colonizing the entire root surface of different plant species,
with a range of beneficial effects such as increases in growth,
nutrient uptake, fertilizer efficiency utilization, seed germina-
tion, and establishing induced systemic resistance (Brotman et
al. 2010, 2012; Shoresh et al. 2010). The wide range of effects
caused by Trichoderma has led to the extensive use of Tricho-
derma-based agricultural formulations as a cost-effective ap-
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proach to protect and improve yields of vegetable, ornamental,
and fruit plantations (Viterbo and Horwitz 2010). The ability
of Trichoderma to alleviate abiotic stresses is known, although
specific knowledge of mechanisms through which multiple plant
stress factors are affected is still lacking. Recently, Mastouri
and associates (2012) demonstrated that 7. harzianum T22-
treated tomato seedlings exhibited improved tolerance to water
deficit by enhancing the antioxidant defense mechanisms
through a higher activity of ascorbate and glutathione-recycling
enzymes. Hence, it is likely that, at least in some Trichoderma
strains, increased seedling vigor and amelioration of stress arise
through increased protection from oxidative damage. Recently
Brotman and associates (2013) demonstrated that salt stress
tolerance induced by T. asperelloides (T203) is also dependent
on activation of the plant antioxidant defense machinery,
including an increased pool of reduced ascorbic acid.

Trichoderma penetration into the root tissue is usually lim-
ited to the first or second layers of cells and only to the inter-
cellular spaces, leading to a strong defense response and pro-
grammed cell death (Yedidia et al. 1999). Using microarray
analysis, Moran-Diez and associates (2012) recently showed
global gene expression changes in aerial parts of Arabidopsis
24 h after root inoculation with 7. harzianum T34. Most of the
detected Arabidopsis defense-related genes were regulated by
either jasmonic acid or salicylic acid and appeared to be down-
regulated by T. harzianum T34. T. harzianum—suppressed
genes included those considered to be markers of systemic ac-
quired resistance, e.g., FMOI1 (flavin monooxygenase 1) and
PR-1 (pathogenesis-related protein 1) (Pieterse et al. 1996). This
suggests that Trichoderma spp., like the plant-beneficial fungus
Piriformospora indica, suppress certain defense responses to
allow its own colonization of Arabidopsis roots (Jacobs et al.
2011). It is relevant to note that certain “defense” responses are
manipulated by some pathogens to promote disease (Pieterse
et al. 2009); thus, counter-manipulation by Trichoderma spp.
could suppress infection and disease development by certain
pathogens.

Nitric oxide (NO) is important for regulation of numerous
plant processes, such as growth and development, stomata func-
tion, adaptation to low or elevated temperatures, salt and water
stress, and also in the induction of defense responses, (Besson
Bard et al. 2008; Gupta 2011; Gupta et al. 2011a; Moreau et
al. 2010). Along with the generation of ROS (reactive oxygen
species) (Lamb and Dixon 1998), NO is rapidly generated in
both incompatible and compatible plant-pathogen interactions
(Delledonne et al. 1998; Mur et al. 2005; Zeidler et al. 2004).
As with ROS, NO has also been linked to resistance against
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necrotrophic pathogens (Asai and Yoshioka 2009; Yoshioka et
al. 2009), but with cell death being a feature of disease devel-
opment by these pathogens—as is the case with Fusarium oxy-
sporum (Bae et al. 2006)—NO generation could also act as a
virulence effector (Turrion-Gomez and Benito 2011). More
widely, NO is also generated during nonpathogenic plant micro-
bial interactions, e.g., in nitrogen-fixing nodules forming during
symbiotic interactions (Baudouin et al. 2006). For example,
Medicago roots emit NO in contact with mycorrhizal exudates
(Calcagno et al. 2012).

Different biosynthetic pathways for NO production are uti-
lized in various compartments of the cell and under specific con-
ditions (Gupta et al. 2011a). The most intensively studied
enzyme involved in NO production is the cytosolic nitrate reduc-
tase (NR). The reaction of NR-dependent NO is NAD(P)H +
3H;0" + 2NO,” — 72 NAD* + 2NO + 5H,0. Various studies
suggested that NR-mediated NO play a role in plant defense to
various bacterial and fungal pathogens and elicitors (Gupta et al.
2011a; Shi and Li 2008; Srivastava et al. 2009, Yamamoto-
Katou et al. 2006). In Arabidopsis, NR is encoded by two genes,
NIAI and NIA2. NR double nia mutants generate considerably
less but still some NO, indicating the existence of other genera-
tion mechanisms. These alternative mechanisms include a root
plasma membrane nitrite NO reductase (PM-NINOR) (Stohr
and Ulrich 2002) or nitrite to NO reduction via complex IV
cytochrome c oxidase (Gupta et al. 2011b, 2012). Plants are also
known to produce NO by oxidative pathways such as the nitric
oxide synthase (NOS)-like pathway or currently cryptic poly-
amine- and hydroxylamine-based routes (Corpas et al. 2009;
Riimer et al. 2009; Tun et al. 2006). NOS-like activity has been
shown during plant interaction with other microbes, especially
with pathogens (Besson-Bard et al. 2008; Delledonne et al.
1998) and in plant development (Corpas et al. 2006).

Given the importance of NO in governing plant-pathogen
interactions (Mur et al. 2005), we investigated its possible
roles in the interaction of Trichoderma spp. with Arabidopsis
roots and in combination with the important root pathogen F.
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oxysporum. We found a rapid and transient pattern of NO pro-
duction in roots following contact with Trichoderma asperel-
loides that appeared to be dependent on NR. This pattern was
markedly different from that elicited by the necrotrophic patho-
gen F. oxysporum. Coinoculation of 7. asperelloides and F. oxy-
sporum resulted in greatly reduced NO formation, which could
be linked with a failure of the pathogens to initiate disease
symptoms. This active repression of T. asperelloides—induced
NO production was linked to key transcriptional changes on
NO-responsive genes. This work provides key insights into the
mechanisms of Trichoderma action to allow the optimal use of
this beneficial fungus in sustainable agricultural practice.

RESULTS AND DISCUSSION

T. asperelloides induces NO during early stages of contact.
Inoculation of Arabidopsis roots with Fusarium oxysporum
f. sp. lentis led to the formation of necrotic symptoms and ex-
tensive colonization within 3 days of infection (Supplementary
Fig. 1A). Such necrotic symptoms are often linked to the initi-
ation of plant defense and generation of ROS in early stages
(Lamb and Dixon 1997; Zhu et al. 2013) and this was assessed
by 2’,7’-dichlorofluorescin diacetate (DCF-2DA) fluorescence
at 10, 30, 60, and 120 min following challenge. Roots infected
with F. oxysporum led to a rapid and persistent generation of
ROS (Fig. 1A). By 3 days after challenge, Arabidopsis roots
infected with T. asperelloides (a nonpathogen) displayed rela-
tively minor browning. Examining early responses in Arabi-
dopsis roots to T. asperelloides suggested less ROS generation
compared with that observed with F. oxysporum (Fig. 1B) that
correlated with the lesser root necrosis seen at 3 days. Only a
weak DCEF signal was observed in uninfected roots (Fig. 1C).
NO and ROS are often simultaneously generated during
plant-fungal interactions (Scheler et al. 2013). Thus, the pat-
terns of NO production were determined in 7. asperelloides
and F. oxysporum interactions with Arabidopsis roots. Arabi-
dopsis roots were infected with 7. asperelloides, and NO pro-

120 min

Fig. 1. Reactive oxygen species (ROS) levels visualized by 2’,7’-dichlorofluorescin (DCF) fluorescence from Arabidopsis roots. ROS generation following
infection with either A, Fusarium oxysporum or B, Trichoderma asperelloides at different time points as indicated in the figure. C, Fluorescence from untreated
control and ROS scavenger ascorbate incubated F. oxysporum—infected roots. Pictures show one independent representative of four biological replicates. Bars,

100 pm.
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duction pattern was monitored at various time intervals (10,
30, 60, and 120 min) by fluorescence microscopy using NO-
specific diaminofluorescein diactate (DAF-2DA). Intense fluo-
rescence was observed after 10 min and was localized to dis-
crete cells but was only weakly detected at 30 min and not at
all thereafter (Fig. 2A). This pattern contrasted with that seen
when challenging with F. oxysporum, when a steady NO fluo-
rescence was observed over wide portions of the roots (Fig. 2B).
Very low fluorescence was observed in the untreated control
(Fig. 2C). Incubation of roots with 100 uM cPTIO (2-(4-car-
boxyphenyl)-4, 4, 5, 5-tetramethylimidazoline-1-oxyl-3-oxide)
abolished fluorescence induced by T. asperelloides, confirming
that NO production was, indeed, being measured (Fig. 2C).
Our inoculation techniques involved the addition of both fungal
spores and mycelium, so the observed patterns of NO could, at
least in part, be originating from the fungi. To check whether
the observed NO was derived from T. asperelloides or F. oxy-
sporum alone this was assessed using DAF2-DA staining
(Supplementary Fig. 2). No NO production was observed from
isolated T. asperelloides or F. oxysporum hyphae, suggesting
that the NO observed in Figure 2A and B is derived from roots
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and not from the microorganism. Interestingly, weak DAF-2DA
fluorescence was observed when both fungal species were com-
bined, which could be the result of the production of antimicro-
bial compounds from 7. asperelloides (Harman et al. 2004),
initiating stress-associated NO production from F. oxysporum.

We sought to confirm the pattern of NO production induced
by T. asperelloides and F. oxysporum by an alternative assay
method. Thus, we measured nitrite content as an indirect meas-
ure of NO content using the Griess reagent assay. Arabidopsis
roots exhibited a threefold increase in nitrite content in
response to 7. asperelloides the first 10 min, before returning
to background levels after 30, 60, and 120 min following inoc-
ulation (Fig. 3A), whereas F. oxysporum_inoculation led to a
steady increase in nitrite over the 120-min experimental period
(Fig. 3B). This pattern of NO production closely conformed to
that seen when using the DAF-2DA assay.

NR and not NOS is responsible for NO production
in response to 7. asperelloides.

Previously, it was described that NR or NOS-like enzyme
was responsible for NO production during plant-microbe inter-
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Fig. 2. Visualization of nitric oxide by diaminofluorescein (DAF) fluorescence at different time points. A, Nitric oxide (NO) production from wild-type (WT)
(Col-0) roots treated with Trichoderma asperelloides. B, NO production from WT (Col-0) roots treated with Fusarium oxysporum. C, DAF fluorescence
from untreated control and WT roots infected with 7. asperelloides for 10 min in the presence of cPTIO. D, NO production from nitrate reductase double
mutant (nial/nia2) treated with T. asperelloides. E, NO production from roots of WT grown on L-NAME. One independent representative of four biological
replicates is shown. Right side of each panel of figures shows a quantitative view of fluorescence from pictures. Bars, 200 um.
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actions (Gupta et al. 2011a). In order to test if NR activity was
the source of NO production in roots in contact with 7. asperel-
loides (Fig. 2A), we monitored NO production in the nial/nia2
double mutant at various time intervals matching those shown
in Figure 2A. No detectable NO product occurred in nia double
mutant roots, suggesting that NR might be responsible for the
NO production (Fig. 2D). To ascertain if there was a contribu-
tion from a NOS-like enzyme to 7. asperelloides—induced NO
production, plants were treated with L-Arginine substrate ana-
logues, which inhibit mammalian NOS activity. Application of
2.5 mM L-NAME failed to significantly suppress NO forma-
tion in roots, clearly suggesting that NOS-like enzyme is not
involved in NO production elicited by 7. asperelloides (Fig.
2E). Our results show that, at least in the case of root infections
with T. asperelloides, NR is responsible for NO production.

T. asperelloides represses F. oxysporum—induced NO.

Initial experimentation sought to establish that 7. asperel-
loides could suppress F. oxysporum—associated disease devel-
opment. Coinfection of Arabidopsis roots with T. asperelloides
and F. oxysporum resulted in no significant disease symptom
development after 3 days. Given these observations, the effects
of T. asperelloides on F. oxysporum—elicited patterns of NO
production were investigated.

Initially, roots were inoculated with 7. asperelloides and F.
oxysporum simultaneously, and NO generation assessed after 10
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and 120 min (Fig. 4C and D, respectively). Although F. oxy-
sporum induced NO production for at least 120 min (Fig. 2B),
this was hardly detectable if the roots were coinoculated with 7.
asperelloides. However, at 10 min, NO generation was detected,
although this appeared to match the cell-specific pattern seen
with T. asperelloides rather than the more intense diffusion pat-
tern elicited by F. oxysporum (Fig. 4A compared with B). Griess
assays were used to confirm this pattern of NO production.
Incubation of roots with T. asperelloides plus F. oxysporum led
to a threefold increase in nitrite levels, which returned to back-
ground levels after 30, 60, and 120 min following inoculation
(Fig. 3C), consistent with nitrite levels observed in the presence
of T. asperelloides alone (Fig. 3A). To further investigate
whether this residual NO production was an elicitory effect of 7.
asperelloides or F. oxysporum, a series of staggered inoculations
were undertaken. Thus, Arabidopsis roots were inoculated with
T. asperelloides, and then, after 10 min, with F. oxysporum, and
NO production was assessed after a further 120 min. At this time
point, any T. asperelloides—elicitory events would have expected
to have dissipated (Fig. 2A) but would be maintained if F. oxy-
sporum were influencing the pattern of NO generation. At the
30-min time point (10 min T. asperelloides + 20 min F. oxy-
sporum), some NO production was detected (Fig. 4E) but it was
greatly reduced compared with F. oxysporum alone (Fig. 2B).
This greatly suppressed pattern of NO production was main-
tained until at least 120 min following a second inoculation with
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Fig. 3. Griess assays reporting nitric oxide production in the interactions of Trichoderma asperelloides and Fusarium oxysporum with Arabidopsis roots.
Nitrite content in roots infected with A, T. asperelloides, B, F. oxysporum, and C, T. asperelloides plus F. oxysporum at 0, 10, 30, 60,120 min. Results
showing a significant (P < 0.05) increase in 10 min is indicated by double asterisks (**).
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F. oxysporum (Fig. 4F as compared with B). These results sug-
gest that T. asperelloides can suppress NO production and block
the elicitation of NO by F. oxysporum.

In order to test if an early F. oxysporum NO-elicitory mecha-
nism was blocked, we performed a reciprocal study in which
we elicited NO formation by F. oxysporum infection followed,
after 20 min, by T. asperelloides inoculation. In this case, NO
production induced by F. oxysporum was also suppressed (Fig.
4G and H), indicating that T. asperelloides was acting by
blocking the generation of NO following recognition of F. oxy-
sporum by the host. Given the rapidity of these responses, it
seems likely that they, at least in part, reflect responses to
preformed elicitors on the fungal spores, hyphal, or secreted
elicitors (Bae et al. 2006; Hanson and Howell 2004; Woo et al.
2006), which would not be distinguished by our inoculation
technique.

To assess whether T. asperelloides—mediated suppression of
NO production was effective against other pathogens, we tested
NO levels in response to two different pathogens, i.e., Verticil-
lium dahlia and virulent Pseudomonas syringae pv. tomato
DC3000, that can attack roots. In both cases, NO levels rapidly
increased in 10, 30, 60, and 120 minutes (Supplementary Fig.
3A and B). Simultaneous inoculation of 7. asperelloides with
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either Verticillium dahlia or P. syringae pv. tomato DC3000
led to a suppression of NO, suggesting that 7. asperelloides
has the ability to suppress NO production induced by a wide
range of pathogens.

T. asperelloides can actively suppress NO production elicited
by F. oxysporum to perturb NO-regulated genes linked
to infection with F. oxysporum.

To characterize the T. asperelloides suppressive mechanism
on NO effects, we analyzed the expression of 78 genes that had
been shown to be induced by either NO gas or NO donors
(Palmieri et al. 2008, Parani et al. 2004; Polverari et al. 2003)
(Supplementary Table 1). These genes included many genes in-
volved in metabolite detoxification (such as glutathione S-trans-
ferases) and the production of secondary metabolites or have
established functions in defense. To bias the analyses towards T.
asperelloides suppressive events, our gene-expression screen
were based on our experimental staggered T. asperelloides and
FE. oxysporum inoculation approach. The expression level of
these NO-modulated genes was followed using quantitative re-
verse transcription-polymerase chain reaction (qQRT-PCR) in
Arabidopsis roots elicited with either i) T. asperelloides for 10
min, ii) . oxysporum for 10 min, iii) 7 asperelloides for 10 min,

rusarium 1u min

Simultaneous Trichoderma +Fusarium 120 min

200um 200um

Trichoderma 10 min + 120 min Fusarium

Fusarium 10 min + Trichoderma 120 min

Fig. 4. Nitric oxide (NO) production from Arabidopsis following coinoculation with Trichoderma asperelloides and Fusarium oxysporum. NO production in
wild-type (WT) roots in 10 min treated with A, T. asperelloides or B, F. oxysporum. C, NO production from WT roots simultaneously treated with F.
oxysporum and T. asperelloides at 10 min and D, 120 min. E, NO production from WT roots treated with 7. asperelloides followed at 10 min by F.
oxysporum assessed at 20 min and F, 120 min. G, NO production from WT roots treated with F. oxysporum followed at 10 min by 7. asperelloides with NO
production assessed at 20 min and H, at 120 min.One independent representative of four biological replicates in all treatments is shown. Bars, 200 pm.
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followed by F. oxysporum for 60 min, and iv) F. oxysporum for
10 min, followed by T. asperelloides for 60 min. Hierarchical
clustering (Fig. 5A) indicated considerable variation in the ex-
pression of these NO-regulated genes that did not always match
the observed patterns of NO generation (Fig. 2). This indicated
that NO was not the sole factor governing their relative tran-
scriptional patterns. Most of the assessed genes exhibited a re-
duction in gene expression following interaction with either
microbial species. Those genes displaying the most differential
responses to the various treatments are displayed in Figure 5.
Examining distinctive transcriptional responses to F. oxy-
sporum, it was noted that alternative oxidase 1A (At3g23370)
and Fe (II)-dependent oxygenase superfamily protein
(At5g05600) were rapidly (10 min) but transiently (i.e. not
expressed at 60 min) expressed (Fig. 5). A jasmonate-synthe-
sizing lipoxygenase 3 (LOX3; Atlgl742) was induced only by
F. oxysporum at 60 min (Fig. 5). A toll interleukin 1 receptor-
nucleotide binding site-leucine-rich repeat disease-resistance
gene (Atl1g63750), 2-oxoglutarate (20G; At2g38240), a stress
responsive phloem protein 2 A5 (At1g65390), and a FAD-
binding Berberine family protein (At4g20830) were transiently
(i.e., expressed only at 10 min following interaction) expressed
with T. asperelloides. At 60 min, T. asperelloides—induced

(At3g02230), a tau-class glutathione S-transferase (At2g29940),
and a stress-regulating chaperone DnaJ-domain superfamily
protein (Chen et al. 2010). Such patterns were consistent with
complex responses to individual inoculation with each fungal
species that have been explored elsewhere (Moran-Diez et al.
2012; Zhu et al. 2013).

Most relevant to this current study were those genes whose
expression was modulated by F. oxysporum but whose expres-
sion was either countered by either prior or postinoculation
with T asperelloides (Fig. 5). LOX3, (Atlg17420), previously
induced by F. oxysporum, was now suppressed with 7. asperel-
loides infection. Expression of the glycine decarboxylase P-
protein 1 (GLDPI; At4g33010) was suppressed by both F. oxy-
sporum and T. asperelloides alone but dual inoculation with
both fungal species elevated expression. In the case of alterna-
tive oxidase (AOXIa), prior inoculation with T. asperelloides
led to increased expression after 60 min following infection
with F. oxysporum.

Interestingly, all of the genes that were induced at 60 min
after inoculation with 7. asperelloides—At4g36040, At3g19010,
At2229440, At3g02230—were apparently suppressed by prior
or postinoculation with F. oxysporum. With Atg21870 (a mem-
ber of the Hsp20 family of proteins) and At5g53450 (an ACC

transcripts were a different 20G gene (At3g19010), RGPI oxidase), both genes were induced by dual inoculations, whereas
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Fig. 5. Transcriptional regulation of various genes in response to inoculation by Trichoderma asperelloides and Fusarium oxysporum. Arabidopsis roots were
incubated with one or both 7. asperelloides or F. oxysporum and were sampled at different times: i) inoculating with T. asperelloides and sampling after 10
min; ii) inoculating with F. oxysporum and sampling after 10 min; iii) inoculating with T. asperelloides and sampling after 60 min; iv) inoculating with F. oxy-
sporum and sampling after 60 min; v) inoculation first with 7. asperelloides, followed at 10 min by inoculation with F. oxysporum and sampled at 60 min. A,
The expression of NO-regulated genes were derived following quantitative reverse transcriptas-polymerase chain reaction and were used in a hierarchical
cluster analysis. Gene expression values (log,) of the genes are indicated using a heat map. B, Clusters of genes color coded to highlight the patterns of gene
expression across the treatments.
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these were suppressed when inoculating with T. asperelloides
alone after 60 min. Taken together, these patterns could sug-
gest that dual inoculations reduced stress-linked events with
possibly increased ethylene but less production of jasmonates.
Of special interest was the induction of At4g28350 and
At3g05360, both of which are defense-associated receptor ki-
nases (Navarro et al. 2004; Wang et al. 2008), by F. oxysporum
after 60 min. The expression of both was reduced by prior or
postinoculation with 7. asperelloides. This was consistent with
the elicitation by F. oxysporum of certain defense-associated
events being blocked or suppressed or both by 7. asperelloides.
Our observations provide novel insights into the interactions
of Trichoderma spp. with its plant host and competition with
other interacting microbes that should stimulate further work
by ourselves and other groups. An important finding was that
T. asperelloides has the ability to switch off NR-linked NO
production elicited by F. oxysporum. The timings of these
events could suggest that mechanisms that initiate or maintain
F. oxysporum—elicited NR production are being modified by T.
asperelloides inoculation. Undoubtedly, these will include
altered signaling events focusing on NR activation, which we
will focus upon in subsequent studies. Our strategy was to ex-
amine the immediate (10 min) and longer term (60 min) effects
on NO-mediated gene expression in an attempt to assess the
NO component in the T. asperelloides—disease suppression.
The definition of NO-responsive genes that are suppressed by
T. asperelloides represents an initial stage in understanding a
previously unsuspected facet of its action. These genes could
also act as biomarkers in the development of new and more
effective pathogen-suppressive T. asperelloides strains or even
plant germplasm that is either more tolerant of F. oxysporum
infections or represent better hosts for 7. asperelloides.

MATERIALS AND METHODS

Plant cultivation and inoculation.

Arabidopsis thaliana (Col-0) plants were grown, horizontally,
for 12 days under long day conditions, on Murashige Skoog
1.5% agar plates. T. asperelloides T203 and F. oxysporum f. sp.
lentis were grown on potato dextrose agar plates. Plant inocu-
lation involved taking a loop-full of inoculum, consisting of
both mycelium and spores, which was added to a 2-ml micro-
centrifuge tube in which the plant intact root system was
placed. The experiment included the following treatments: i)
untreated plants (control); ii) plants challenged with 7. asperel-
loides for 10, 20, 30, 60, or 120 min; iii) F. oxysporum—treated
plants for 10, 20, 30, 30, 60, or 120 min; iv) plants simultane-
ously challenged with T. asperelloides and F. oxysporum; V)
plants challenged with F oxysporum for 10 min, and then,
with T. asperelloides; vi) plants challenged with T. asperel-
loides for 10 min, and then, with F. oxysporum. For gene
expression analysis by qPCR, roots were collected at the dif-
ferent time points and shock-frozen with liquid nitrogen.

Expression profiling by qRT-PCR.

Expression analyses were performed using an expression
profiling platform covering 78 genes that were selected fol-
lowed a literature survey for NO-responsive genes in Arabi-
dopsis (Besson-Bard et al. 2009; Palmieri et al. 2008). Primer
sequences were designed using the QuantPrime online tool.
Roots were collected and pooled from 20 plants in each treat-
ment. Total RNA was purified using the RNeasy mini kit (Qia-
gen, Hilden, Germany) and DNasel digestion was performed
with the Turbo DNA-free Kit (Ambion, Austin, TX, U.S.A.).
Four micrograms of total RNA were used as template for first-
strand cDNA synthesis with the RevertAid cDNA synthesis kit
(Fermentas, Vilnius, Lithuania) cDNA (20 ng) was used for

gPCR with Power SYBR Green reagent performed on an ABI
PRISM 7900HT sequence detection system (Applied Biosys-
tems, Foster City, CA, U.S.A.). Data were analyzed with the
7900 V2.0.3 evaluation software (Applied Biosystems). The
fold change in the target genes was normalized to ACTIN2 and
GADPH reference genes. Fold expression relative to control
plants was determined using the cycle threshold method
(AACT) as described in Libault and associates (2007). Three
biological experiments (with two independent replicates for
each experiment) were performed for each treatment. Compari-
sons of the gene expression between the different treatments to
control used the Tukey multiple pairwise comparison test
using Minitab v.14 (Minitab Ltd, Coventry, U.K.). Differences
with P < 0.05 were considered significant.

Measurement of ROS and NO.

Roots were incubated in 1 ml of detection buffer DB (2.5
mM HEPES, pH 7.4) containing 10 uM DAF-2DA (ENZO
Biosciences, Farmingdale, NY, U.S.A.).The formation of
DAF-2T following NO reaction with DAF-2DA was visualized
at different time points, using a Leica fluorescent microscope
upon excitation at 488 nm with an Argon 2 laser. Fluorescence
emission was recorded using a 505- to 530-nm band-pass filter
coupled with a 515-nm long-pass filter. Images were analyzed
using the Meta software. To measure DCF fluorescence, in-
fected roots were taken, 10 uM DCF-2DA fluorescent dye
(Invitrogen, Carlsbad, CA, U.S.A.) was added to the roots in
the detection buffer, and the images were checked at various
times as described for NO. To demonstrate NO was being
measured, 200 uM of the NO scavenger cPTIO was used as
control. To determine if NOS-like enzyme was generated NO,
2.5 mM arginine analogs NG-nitro-L-arginine methyl ester (L-
NAME) or L-NG-monomethyl-arginine monoacetate (L-
NMMA) were added to the medium of plant culture medium
and, then, were transferred for 3 to 4 days into the inhibitor
and fluorescence was quantified as described above. To con-
firm ROS generation, 10 uM ascorbate was added to roots
prior to the infection.

Nitrite levels from Arabidopsis roots treated
with T. asperelloides (Griess assay).

Nitrite levels were measured according to Planchet and asso-
ciates (2005). Aliquots of the above roots were sampled and
quickly mixed with a reaction mixture containing 600 pl of
sulphanilamide (1%), 600 pl of N-(1)-(naphthyl) ethylene-
diaminedihydrochloride (0.02%), and 300 pl of zinc acetate
(0.5 M). After 25 min of incubation at 24°C, the mixture was
cleared by centrifugation (16,000 X g, 5 min), and the nitrite
content from the supernatant was determined with a spectro-
photometer.
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