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Pontecagnano Faiano, Italy

Research has been increasingly focusing on the selection of novel and effective biological
control agents (BCAs) against soil-borne plant pathogens. The large-scale application of
BCAs requires fast and robust screening methods for the evaluation of the efficacy of high
numbers of candidates. In this context, the digital technologies can be applied not only for
early disease detection but also for rapid performance analyses of BCAs. The present
study investigates the ability of different Trichoderma spp. to contain the development
of main baby-leaf vegetable pathogens and applies functional plant imaging to select
the best performing antagonists against multiple pathosystems. Specifically, sixteen
different Trichoderma spp. strains were characterized both in vivo and in vitro for their
ability to contain R. solani, S. sclerotiorum and S. rolfsii development. All Trichoderma
spp. showed, in vitro significant radial growth inhibition of the target phytopathogens.
Furthermore, biocontrol trials were performed on wild rocket, green and red baby lettuces
infected, respectively, with R. solani, S. sclerotiorum and S. rolfsii. The plant status was
monitored by using hyperspectral imaging. Two strains, TI35 and Ta56, belonging to
T. longibrachiatum and T. atroviride species, significantly reduced disease incidence
and severity (DI and DSI) in the three pathosystems. Vegetation indices, calculated
on the hyperspectral data extracted from the images of plant-Trichoderma-pathogen
interaction, proved to be suitable to refer about the plant health status. Four of them
(OSAVI, SAVI, TSAVI and TVI) were found informative for all the pathosystems analyzed,
resulting closely correlated to DSI according to significant changes in the spectral
signatures among health, infected and bio-protected plants. Findings clearly indicate the
possibility to promote sustainable disease management of crops by applying digital plant
imaging as large-scale screening method of BCAs’ effectiveness and precision biological
control support.

Keywords: BCAs, Sclerotinia sclerotiorum, Sclerotium rolfsii, Rhizoctonia solani, Diplotaxis tenuifolia, Lactuca
sativa, fresh-cutting vegetables, plant reflectance
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used to visualize and extract the hypercube dataset, successively
elaborated into a typical spectral graphic. The unsupervisioned
classification of the images was performed with Cluster R package
to remove background once separated the objects “X” into “K”
clusters. K-means clustering algorithm is a partitional or non-
hierarchical clustering method (MacQueen, 1967; Anderberg,
1973), that here highlighted two clusters, background and plants
(Figure 1). Then, the background cluster was deleted from the
image, while the plant cluster was submitted to the extraction of
the 46 hyperspectral VIs by imaging, averaging the pixel values
for each replicate per treatment.

FIGURE 2 | Colony appearance of the 16 Trichoderma strains used in this
study after 7-days growth on PDA medium at 25°C. T. atroviride Ta100 (A); T.
atroviride Ta104 (B); T. atroviride Ta104C (C); T. atroviride Ta104S (D); T.
atroviride Ta105 (E); T. atroviride Ta116 (F); T. atroviride Ta117 (G); T.
longibrachiatum TI35 (H); T. atroviride Ta56 (l); T. atroviride TalC12 (J); T.
atroviride Tat11 (K); T. atroviride Tat3C1 (L); T. harzianum ThCB (M); T.
harzianum ThRP (N); T. harzianum Th23 (O); T. longibrachiatum Ti41 (P).

Hyperspectral Vegetation Indices and

Statistical Analysis

Measurements of the pathogen growth inhibitions in vitro,
disease incidence and disease severity percentages, were
subjected to the statistical analysis by GraphPad Prism Software.
Ordinary one-way ANOVA was applied to test the effects
of the Trichoderma strains on the assessed parameters. In
all cases, the statistical analysis of variance was corrected
for multiple comparisons by the Bonferroni hypothesis
test, considering a p-value < 0.05. Since experiment effect
was not observed, data from the repeated experiments
were pooled.

The same procedure was applied to evaluate the indices
calculated on the hyperspectral dataset. Moreover, in order to
select the most informative ones, they were analyzed, in relation
to the observed disease severity in each pathosystem, by Multiple
Variable analysis, applying the Pearson’s correlation coefficient.
The high-performing VIs that resulted commons to all the
three host-pathogen target systems, were filtered on the base
of a stringent statistical grid (p-value < 0.05 and RZ > 0.5)
and highlighted by using Venn diagram (http://bioinformatics.
psb.ugent.be/webtools/Venn/). The heatmap visualization and
the hierarchical clustering analysis of the selected indices were
obtained applying ClustVis online software (https://biit.cs.ut.
ee/clustvis). Unit variance scaling was applied to rows and
columns and they were clustered using correlation distance
and average linkage. Furthermore, the Principal Component
Analysis (PCA) of vegetative indices / disease index for each
pathosystem was performed with the pca function of the R
Factoextra package (Kassambara and Mundt, 2017). Data were
log-normalized and disease severity index was converted to
“factor” by grouping in classes according to the following 0-
4 scale: 0 = 0 < DSI < 0.2; 1 = 021< DSI < 04; 2 =
041 < DSI < 0.6; 3 = 061 < DSI < 08, 4 = 081 <
DSI< 1. Then, Im function (R package) was applied to fit
linear models.

RESULTS

Colony and Conidium Morphological

Characteristics

The morphological characterization of the sixteen Trichoderma
isolates studied in this work was carried out based on the
inoculated medium appearance and pigmentation, color
and edge of colonies, culture smell, shape and size of the
conidia. After 5-days incubation at 25°C, the growth and
sporulation patterns of the Trichoderma isolates showed
significant differences. During the growth, due to the
release of secondary metabolites, medium pigmentation
varied significantly among the Trichoderma isolates, ranging
from colorless to bright yellow and yellow-brownish to
amber. Some of them showed a profuse production of
conidia with coloration ranging from white to dark green
(Figure 2). Furthermore, microscopic observations allowed
highlighting differences in terms of conidia size and shape.
In fact, the conidia of Ta56, Tall7, Tal05, ThRP, and Tat3Cl
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TABLE 2 | Main morphological features of colonies (medium pigmentation, color, edge and smell) and conidia (length, width, length-to-width ratio and shape) of the

Trichoderma strains used in this study.

Strains Colonies Conidia
Medium pigmentation Color Edge Smell Length (um) Width (um) L/W ratio Shape

Ta100 Uncolored White Smooth - 45+ 0.3 4.09 £ 0.2 1.13 £ 0.20 Ellipsoidal
Ta104 Uncolored Dull green to bluish green Smooth - 39+02 3.3+03 1.22 + 0.31 Ellipsoidal
Ta104C Uncolored Dull green to bluish green Smooth - 45+ 0.3 41 +0.3 1.16 £ 0.22 Ellipsoidal
Ta104S Uncolored Dark green Smooth - 43+£0.3 3.77 £ 0.4 117 £0.16 Ellipsoidal
Ta105 Uncolored Dull green to bluish green Smooth - 3.8+ 0.3 3.8+0.3 1.02 + 0.21 Sphaeric
Ta116 Uncolored Yellow to dark green Smooth - 45 +03 3.6 £04 1.27 £0.24 Ellipsoidal
Ta117 Uncolored Dark green Smooth - 43 +0.2 42+03 1.04 + 0.21 Sphaeric
TI35 Yellow-greenish Dark green-white tufts Smooth - 47 £ 05 3+0.1 1.39 + 0.28 Ellipsoidal
Ta56 Uncolored Dull green to bluish green Smooth coconut 404+04 414+0,3 1.00 £+ 1.15 Sphaeric
TalC12 Uncolored Dull green to bluish green Smooth coconut 46+ 04 41+03 117 £ 0.27 Ellipsoidal
Tat11 Uncolored Dull green to bluish green Smooth coconut 54 +03 48 £0.2 1.14 £ 0.24 Ellipsoidal
Tat3C1 Uncolored White-green Wavy - 4.2 +£ 0.1 44+0.2 1.09 + 0.21 Sphaeric
ThCB Amber Scattered in tufts, yellow green Wavy - 3.7+ 0.2 3.3+02 1.14 £ 0.24 Ellipsoidal
ThRP Yellow-brownish Dark green Smooth - 49 +£05 48 £05 1.05 £ 0.26 Sphaeric
Th 23 Bright yellow Dark green-white tufts Smooth - 41+£02 3+04 1.41 +£0.25 Ellipsoidal
Ti41 Yellow-orange Dark green Smooth - 44+04 3.5+03 1.20 £ 0.32 Ellipsoidal

isolates, showed spherical shape with length-to-width ratio
around 1, while the conidia of all the remaining strains,
resulted ellipsoidal with length-to-width ratio > 1. The
morphological colony and conidium features are summarized in
Table 2.

Determination of Trichoderma Species

The multi-locus sequence analysis is suggested for a better
distribution of Trichoderma spp. in a phylogenetic tree (Samuels
et al., 2010). Therefore, in the present work, concatemers of
the ITS-TEF1 genes were used to contract the phylogenetic tree
inferred by neighbor-joining method, as reported by Ospina-
Giraldo et al. (1999). rDNA region and partial translated
elongation factor locus amplifications, yielded products of
~600 and 800 bp, respectively, as estimated by agarose
gel electrophoresis. Loci were analyzed separately, aligned
and manually adjusted. Sequences were then grouped in
concatamers and subjected to the phylogenetic analysis. This
analysis involved 26 nucleotide sequences with a total of 1,667
positions in the final dataset. Based on the bootstrap values,
the 16 Trichoderma strains were arranged into three distinct
groups, belonging to T. atroviride, T. longibrachiatum and
T. harzianum species (Figure 3). The strains Tal00, Tal04,
Tal04C, Tal04S, Tal05, Tall6, Tall7, Ta56, Tatll, TalCl2,
and Tat3Cl, clustered within the T. atroviride clade, resulting
aligned with the reference strains (DAOM 233966, DAOM
231423, and DAOM 233456). On the other hand, TI35 and
TI41 strains were identified as T. longibrachiatum, showing a
strictly association with the reference isolates (DAOM 231854,
DAOM 232019, and DAOM 231850), while the strains Th23,
ThRP and ThCB clustered in the T. harzianum clade. These
identifications resulted well-supported by bootstrap tests, with
values >60%.

In vitro Dual Challenge Assay

The dual culture assay was optimized to compare the inhibition
activity of the 16 Trichoderma strains against the three soil-
borne fungal pathogens. Since no significant differences were
observed in the timing of growth among Trichoderma strains,
S. sclerotiorum, R. solani, and S. rolfsii, the fungi were co-
inoculated. As reported in Figure4, all Trichoderma strains
determined around 60% inhibition of S. sclerotiorum and R.
solani radial growth. Only slight differences were observed
among the different Trichoderma strains in inhibiting those
phytopathogenic fungi. Furthermore, all the biocontrol strains,
except Tal00 and Th23, reached the pathogen in 4-5 days and
overgrew it in 9-10 days. On the other hand, most of the
Trichoderma strains showed the ability to inhibit S. rolfsii radial
growth up to 70%. Additionally, significant differences were
observed among the different Trichoderma strains in containing
this pathogen. In fact, a profuse overgrowth was observed for
Tall6, ThRP, Tal05, Tatll, ThCB, Tal04C, Ta56, TaIC12, and
Tal04S after 9 days, while T135 and Th23 resulted less effective
in reducing the in vitro fungus development.

In vivo Biocontrol Activity

The ability of the different Trichoderma strains to protect plants
was investigated by in vivo assays with R. solani on wild rocket,
S. sclerotiorum on green baby lettuce and S. rolfsii on red baby
lettuce. On all cases, disease incidence percentages (Figure 5
left) and disease severity index (Figure 5 right) were assessed.
Overall, a significant Trichoderma treatment effect was found
(p-value < 0.001), as well as the interaction between factor
Trichoderma strain x plant/pathogen system (p-value < 0.001).
The application of Tall6, TI35, Ta56, TalCl2, Tat3Cl, and
TI41, on wild rocket significantly reduced the percentage of
Rhizoctonia disease incidence detected 120 h post-inoculation, in
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FIGURE 3 | Phylogenetic relationships among the 16 strains of Trichoderma spp. inferred by analysis of rDNA (ITS) and translation elongation factor 1-a (TEF1)
concatemers. The evolutionary history was inferred using the maximum likelihood method. The optimal tree is shown. The percentage of replicate trees in which the
associated taxa clustered together in the bootstrap test (1000 replicates) are shown next to the branches. The evolutionary distances were computed by applying
Tamura-Nei model. DAOM 233966. DAOM 231423 and DAOM 233456 (T. atroviride); DAOM 231854. DAOM 232019 and DAOM 231850 (T. longibrachiatum); DAOM

233458. DAOM 232032 and DAOM 232055 (T. harzianum) are the reference sequences.

comparison with the infected control. In fact, only the 60% of
TI35 treated plants showed disease symptoms; for all the other
treatments, the disease incidence was around 80%. Interestingly,
all Trichoderma strains, except for Tatll and Th23, contained
the severity of the disease: the bio-treated plants displayed mild
disease symptoms or were almost healthy.

On the other hand, the BCAs reduced Sclerotinia disease
incidence on green baby lettuce, excepted for Tal04, Tal04S and
ThRP; the number of plants with symptoms was significantly
lower than that observed in the infected control and a consistent
reduction in the disease severity index was also observed.

Trichoderma harzianum Th23 resulted the best one in
containing Sclerotinia disease development. The strains Tal00,
Tal04, Tall7, TI35, Ta56, Tatll, ThCB, ThRP, and Th23, were
able to control S. rolfsii on red baby lettuce determining a

meaningful reduction of disease incidence. Furthermore, all
Trichoderma treated plants, excepted for Tal04S, TaIC12, and
Tatll interactions, showed a significant lower disease severity
index than the infected control.

Hyperspectral Imaging

Plants infected with the three soil-borne pathogens and exposed
to the biocontrol treatment with Trichoderma, were subjected
to hyperspectral imaging analysis in order to capture the
spectral changes that occurred during the plant-pathogen-
antagonist relation. As reported in Figure 5A, out of the 46
analyzed hyperspectral indices, 13 significantly cross-correlated
with Rhizoctonia disease on rocket, 26 with Sclerotinia drop
on green baby lettuce and 7 with Sclerotium rotting on red
baby lettuce. Interestingly, four indices, OSAVI, SAVI, TSAVI
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FIGURE 4 | R. solani. S. sclerotiorum and S. rolfsii radial growth inhibition
observed in dual culture assay. Values are expressed as inhibition percentage
of pathogen radial growth. Each value is the average of three replicates. Bars
with different letters are significantly different (p-value < 0.05) according to
ANOVA and Bonferroni correction test for multiple comparisons.

and TVI, resulted shared by the three assayed pathosystems.
The Multiple Variable analysis showed the score of their
negative cross-correlation with the disease severity index for
each plant/pathogen systems, with samples distributing between
the two extremes, full healthy and full diseased (Figure 6B),
coherently with changes visualized in the spectral signatures
among non-inoculated, infected and infected but bio-treated
plants (Figure 7A). Hence, heatmap visualization of the VIs/DSI
hierarchical clustering quickly identified the most effective

biocontrol agents in relation to the specific pathosystem
(Figure 7B).

PCA analysis of VIs detected in the three different
pathosystems showed their consistent ability to discriminate
among different disease levels (Figure 8). Furthermore, OSAV],
SAVI and TSAVI resulted quite redundant, probably due to they
differ only in the algorithm used for combining spectral data,
while the distinct contribution in explaining the variance along
PC1 (93.9%) was associated to TVI (Figure 8).

In order to fit a linear model, DSI data and selected indices
were analyzed for multiple regression (Table 3). Based on the
PCA results, SAVI indices (OSAVI, SAVI and TSAVI) computed
together and TVI were submitted to linear regression analysis.
OSAVI index was excluded since OSAVI:TVI interaction was
found not significant in the resulting linear model. Results
showed that F-statistic was highly significant (< 3.5e-10)
meaning that at least, one of the predictor is significantly
related to the outcome variable. All the coefficients, including
the interaction term coeflicients, were statistically significant,
suggesting that there is an interaction between the two predictor
variables TSAVI + SAVI and TVI. On the other hand, these last
are able to provide information about the biological observations
although R-squared value was low. Thereby, statistical outputs
corroborated the visualization by VIs images of the effects of
Trichoderma strains on the disease symptom expressions over
the cultivars.

Differences between healthy and diseased controls resulted,
actually, perceptible on OSAVI, SAVI, TSAVI and TVI images,
and the BCA treated plants displayed intermediate collocations
(Figures 9-11). However, the correlational analysis identified
disease-specific indices as reported in Figure 6A. Indeed, MCARI
and SRPI resulted effective to track the R. solani/wild rocket
interaction, other 15 indices (ARI, CAR, LRDSI, msr705, NDVI,
PRI, PSSRc, R705, RDVI, RGRen, RVI, RSVI, SIPI, TCARI,
VARI-Green) were found significantly correlated to the S.
sclerotiorum infection degree of green baby lettuce, while LIC3,
VOG2, VOG3 were found suitable for following the S. rolfsii/red
baby lettuce interaction. A summarization of Pearson’s analysis
involving all the Vs, is reported in Table 4.

DISCUSSION

Trichoderma spp. include a plethora of isolates with biocontrol
activity against phytopathogens (Kumar et al., 2017) that can
also give additional benefits to the plants, such as increase
the nutrient uptake, enhance the photosynthetic activity and
stimulate different metabolic processes that positively affect
yields and quality of the treated crops (El Enshasy et al,
2020). Recently, it has been shown that soil treatment with
Trichoderma gave biostimulant effects on wild rocket and baby
lettuce, ranging from the increase of leaf yield, fresh and dry
weight, to the improvement of leaf nutritional status, resulting
in a premium quality of the fresh-cuttings with higher lipophilic
antioxidant activity and total ascorbic acid content (Fiorentino
et al., 2018; Caruso et al., 2020; Di Mola et al., 2020; Rouphael
et al.,, 2020). However, expressing the full biocontrol potential
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in these contexts, Trichoderma-based formulates can successfully
integrate disease management protocols for producing baby leaf
vegetables with high added value in terms of sustainability,
decreasing the dependence on synthetic fungicides.

This study recruited sixteen new Trichoderma antagonistic
strains assigned, on the base of the variations of the rRNA ITS
and translation elongation factor 1-a gene partial sequences, to
three different species, T. longibrachiatum, T. atroviride, and
T. harzianum. Several stains of these species are well-known
as BCAs of many pathogens affecting vegetables, including our
targets (Bastakoti et al., 2017): they are proposed alone, being part
of complex microbial consortia or activating suppressive organic
amendments (Kareem et al., 2016; Wang et al., 2019; Chilosi et al.,
2020). The macroscopic and microscopic examination of the
selected strains showed interesting characters such as the profuse
sporulation, the ability to secrete secondary metabolites in the
medium changing its pigmentation and the capability of some
to produce a volatile compound with the typical coconut-like

aroma. This last specific character was detected in the strains
Ta56, TaIC12, and Tatll and could be putatively associated to
the production of 6-pentyl-a-pyrone, a bioactive unsaturated
d-lactone with interesting properties involved in the microbial
antagonism (Bonnarme et al., 1997; Serrano-Carredn et al., 2004;
Longo and Sanroman, 2006; Ramos et al., 2008; Penha et al., 2012;
Pascale et al., 2017). However, to clarify these aspects, further
metabolomic investigations are necessary.

All the new identified antagonists significantly inhibited
the mycelial growth of the pathogens in the dual culture
assay. The main mechanism of control resulted to be the
mycoparasitism, highlighted by the overgrowth of the BCAs
onto the pathogen mycelia, observed already after 9-10 days
of incubation. Mycoparasitism is one of the major weapons
displayed by Trichoderma spp. against phytopathogens (Sachdev
and Singh, 2020) allowing them to parasitize and kill the
fungal host after the direct contact. During this intimate
interaction, the beneficial fungus produces antibiotics and a
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hyperspectral vegetative indices (OSAVI. SAVI. TSAVI and TVI) and DSIs. Non-inoculated healthy controls (red); infected plants (black); infected plants treated with

huge array of cell degrading enzyme (protease, as B-glucanase,
chitinase) necessary for the parasitism process (Steyaert et al.,
2003).

In vivo biocontrol assays classified the Trichoderma BCA-
candidates for the substantial ability to protect wild rocket, red
and green baby lettuces from their most feared telluric fungal
pathogens. Contrary to what was observed in in vitro assays,

the in planta trials showed meaningful differences in biocontrol
intensity among the strains in relation to the target pathosystem.

Specifically, T135, Ta56, Tall6, TaIC12, and Tat3Cl1 resulted
the most effective strains in controlling Rhizoctonia damping-
off of wild rocket, determining a significant reduction in terms
of DSI (roughly 60%) compared with infected control under
high disease pressure (100%). Rhizoctonia crown and root rot
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FIGURE 7 | (A) Spectral signatures of wild rocket (a). green baby lettuce (b) and red baby lettuce (c) assayed with R. solani. S. sclerotiorum and R. rolfsii. respectively.
and treated with the Trichoderma strains (blue). compared to the non-inoculated (red) and infected (black) controls. (B) Hierarchical clustering of OSAVI. SAVI. TSAVI.

TVIin relation to the observed disease severity index (DS) in the systems R. solani-wild rocket (a). S. sclerotiorum-green baby-lettuce (b). and S. rolfsii-red

baby-lettuce (c). Rows were centered and unit variance scaling was applied. Columns were clustered using correlation distance and average linkage. Analysis was

performed by ClustVis software.
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FIGURE 8 | Principal component analysis of OSAVI. SAVI. TSAVI and TVI
indices measured in wild rocket/R. solani. green baby lettuce/S. sclerotiorum
and red baby lettuce/S. rolffsii pathosystems associated to the relative DSI.
PC1 and PC2 explain the 93.9% and 5.8% of the total variability. respectively.
Col indicate the distribution of DSI values in classes as follow: 0 = 0 < DSI <
0.2;1=021<DSI <04;,2=0.41<DSI <0.6;,3=0.61<DSI <0.8.4=
0.81 <DSI< 1.

TABLE 3 | Summary of statistical values associated to linear regression model for
prediction of DSI using SAVI (OSAVI, SAVI and TSAVI) and TVI vegetative indices.

Residuals
Min 1Q Median 3Q Max
—0.563359 -0.24166 —0.02817 0.22259 0.63078
Coefficients

Estimate  Std. Error tvalue Pr(>[t]) Signif.
(Intercept) 0.23261 0.05218 4.458 1.15E-05 x
TSAVI —14.1965 4.65149 —3.052 0.002465 >
SAVI 10.91309 2.58815 4.217 3.24E-05 o
VI 0.06265 0.02652 2.362 0.018777 *
TSAVI: 1.56296 0.61288 2.55 0.011235 *
VI
SAVI: —1.45497 0.4281 —3.399 0.000763 x
VI

Residual standard error: 0.2812 on 318 degrees of freedom.
Multiple R-squared: 0.1526. Adjusted R-squared: 0.1393.
F-statistic: 11.46 on 5 and 318 DF. p-value: 3.5e-10.

*P < 0.05; *P < 0.01;, **P < 0.001.
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FIGURE 9 | Hyperspectral vegetative indices (OSAVI. SAVI. TSAVI and TVI) images of wild rocket plants infected with R. solani and treated with Trichoderma strains
(c—) compared to non-infected (a) and infected (b) controls. acquired by Specim 1Q hyperspectral camera. The description of the vegetative indices features are
reported in Table 2. The list of Trichoderma treatments is as follow: T. atroviride Ta100 (c); T. atroviride Ta104 (d); T. atroviride Ta104C (e); T. atroviride Ta104S (f); T.
atroviride Ta105 (g); T. atroviride 116 (h); T. atroviride Ta117 (i); T. longibrachiatum TI35 (); T. atroviride Ta56 (k); T. atroviride TalC12 (I); T. atroviride Tat11 (m); T.
atroviride Tat3C1 (n); T. harzianum ThCB (o); T. harzianum ThRP (p); T. harzianum Th23 (q); T. longibrachiatum TI41 (r).

is a problematic disease of wild rocket for the ready-to-eat
produces in the Italian cropping areas (Nicoletti et al., 2004).
For their biological control, only the hyperparasite Clonostachys
rosea has been noticed in literature (Nicoletti et al., 2007). Genetic
resistance to this pathogen is not available yet (Pane et al., 2017),
while wild rocket waste meals are proposed as amendments to
promote the soil general suppressiveness providing antifungal
molecules contained into the grounded plant tissues (Schlatter
etal., 2017). Our results suggest that Trichoderma spp. can reduce
the incidence and the severity of the disease and earn a chance as
effective antagonist in Rhizoctonia damping-off management.
On the other hand, the biological control of Sclerotinia
species, in particular S. sclerotiorum, has received increasing
attention on adult lettuce inasmuch as chemical control of
this pathogen is usually difficult, because the ascospores can
infect any part of the head and sclerotia resist in the soil and
can occur after prolonged wet periods (Patterson and Grogan,

1985; FElias et al., 2016; Subbarao et al., 2017). Therefore, the
antagonists play a crucial role in the lettuce drop management
because of their ability to parasitize the sclerotia in deep soil
layers (Subbarao, 1998). As Sclerotinia drop biocontrol agents,
Coniothyrium minitans Campbell, Clonostachys rosea (Schroers
et al., 1999) and Trichoderma spp. resulted effective either in
laboratory or in soil assays (Turner and Tribe, 1976; Phillips,
1989; Whipps and Budge, 1990; Jones et al., 2003, Bonini et al.,
2020). Furthermore, against the compatible interaction between
Sclerotinia spp. and adult lettuces, Trichoderma biocontrol agents
have been reported to effectively reduce the seedlings drop (Elias
etal,, 2016), promote plant growth under infection (da Silva et al.,
2019) and delay the symptoms appearance by emitting volatiles
(da Silva et al., 2021). Accordingly, our results on baby lettuces
demonstrated that Trichoderma strains Tal00, Tal04C, Tall7,
TI35, Ta56, TalC12, Tat3Cl1, ThCB, and Th23, belonging to
different species, can contain Sclerotinia drop disease, reaching a
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FIGURE 10 | Hyperspectral vegetative indices (OSAVI. SAVI. TSAVI and TVI) images of green baby-lettuce plants infected with S. sclerotiorum and treated with
Trichoderma strains (c-r) compared to non-infected (a) and infected (b) controls. acquired by Specim IQ hyperspectral camera. The description of the vegetative
indices features are reported in Table 2. The list of Trichoderma treatments is as follow: T. atroviride Ta100 (c); T. atroviride Ta104 (d); T. atroviride Ta104C (e); T.
atroviride Ta104S (f); T. atroviride Ta105 (qg); T. atroviride 116 (h); T. atroviride Ta117 (i); T. longibrachiatum TI35 (); T. atroviride Ta56 (k); T. atroviride TalC12 (I); T.
atroviride Tat11 (m); T. atroviride Tat3C1 (n); T. harzianum ThCB (0); T. harzianum ThRP (p); T. harzianum Th23 (q); T. longibrachiatum TI41 ().
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significant reduction of DSI (around 30%) compared to untreated
control (DSI 100%).

Many previous studies reported the effectiveness of
Trichoderma volatile compounds in inhibiting S. rolfsii growth
(Hirpara et al., 2017; Marques et al., 2018; Sridharan et al., 2020).
The culture filtrates with the highest antifungal effect against S.
rolfsii were those of T. brevicompactum (Marques et al., 2018), T.
harzianum (Saxena et al., 2014), T. viride (Darvin, 2013) and T.
virens (Srinivasa and Devi, 2014). Wonglom et al. (2019) selected
a Trichoderma strain with higher biocontrol properties against
Sclerotium stem rot on red oak lettuce, due to its capability to
produce volatile antifungal compounds (phenylethyl alcohol and
epi-cubenol) and the cell wall degrading enzyme B-1,3-glucanase.
Similarly, our results showed that Trichoderma strains Tal00,
Tal04, Tall6, Tall7, TI35, Ta56, ThCB1, and ThRP, highly
suppressed lettuce Sclerotium rotting with a reduction of DSI
around 50%, on average, compared to untreated infected control.

Interestingly, T. atroviride strain TA56 and T. longibrachiatum
strain TA35 resulted to be multi-suppressive, namely highly
effective in containing all the three diseases of the baby-leaf
vegetables, demonstrating positive performances both in vitro
and in vivo. The ability of these two BCAs to control the main
disease of baby leaf make them promising candidates for a
wide-spectrum application in preventive and/curative biological
control practices in fresh-cut salad cropping, especially under soil
sickness conditions.

Hyperspectral imaging was used here to objectively assess
the biocontrol effectiveness of the comparing Trichoderma
spp., interpreting the canopy reflectance response to the bio-
treatments acquired by a hyperspectral sensor and summarized
by VIs, thus, quantifying the functional effects. Four out of the
46 tried VlIs, previously calibrated on plant physiological and
structural shifts (Mishra et al., 2017), displayed significant (p-
value < 0.05, highest coefficient of determination R?) positive
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FIGURE 11 | Hyperspectral vegetative indices (OSAVI. SAVI. TSAVI and TVI) images of red baby lettuce plants infected with S. rolfsii and treated with Trichoderma
strains (c-r) compared to non-infected (a) and infected (b) controls. acquired by Specim IQ hyperspectral camera. The description of the vegetative indices features
are reported in Table 2. The list of Trichoderma treatments is as follow: T. atroviride Ta100 (c); T. atroviride Ta104 (d); T. atroviride Ta104C (e); T. atroviride Ta104S (f); T.
atroviride Ta105 (g); T. atroviride 116 (h); T. atroviride Ta117 (i); T. longibrachiatum TI35 (j); T. atroviride Ta56 (k); T. atroviride TalC12 (I); T. atroviride Tat11 (m); T.
atroviride Tat3C1 (n); T. harzianum ThCB (o); T. harzianum ThRP (p); T. harzianum Th23 (q); T. longibrachiatum TI41 (r).

relationships with plant health, as variably modulated by the
biological control treatments contemporary in all the three target
systems. The indices OSAVI, SAVI, TSAVI and TVI were able
to highlight the most effective BCAs in controlling multiple soil-
borne diseases of baby leaf vegetables. This result confirmed that
selected indices can be applied as highly-informative tool for both
BCA selections and disease monitoring in the presence of soil-
borne pathogens generally associated to root and collar rot and,
in advancing, leaf withering and plant death.

Therefore, the disease progression significantly affects the
vegetation vitality and also the chlorophyll content. OSAVI, SAVI
and TSAVTI are soil adjusted vegetation indices, also defined
as soil-line indices descriptive for sparse vegetation covering
(Ren et al.,, 2018) as baby-leaf crops are. They have been used
for grading wheat powdery mildew disease severity trough
satellite-acquired scenes (Groll et al, 2007; Feng et al., 2016;
Ma et al.,, 2018). Recently, SAVI has been applied for the field

Phymatotrichopsis omnivo

2012). On the other hand,

caused by Puccinia triticin

estimation of the severity of cotton root rot caused by the fungus

ra (Zhao et al., 2020), while OSAVT has

been used to sense Fusarium Head Blight on wheat by computing
Sentinel-2 multispectral data (Liu L. et al., 2020). Similarly to
our findings, OSAVI has been found highly correlated with
Rhizoctonia crown and root rot severity on sugar beet assessed
with a non-imaging remote sensing approach (Reynolds et al.,

TVI is the triangular vegetation index

associated to leaf chlorophyll content (Cui et al.,, 2019) and plant
vitality (Broge and Leblanc, 2001). It has been calibrated for the
leaf area index estimation (Xing et al., 2020) and is also known
for describing spectral variations due to wheat leaf rust symptoms

a (Ashourloo et al., 2014a,b).

To the best of our knowledge, this is the first study that
retrieved hyperspectral VIs with high discriminatory capability
for the biocontrol ability of Trichoderma against developing soil-
borne diseases of leafy vegetables. Previously, Silva et al. (2018)
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TABLE 4 | List of the hyperspectral vegetation indices from the literature that were used in this study for estimating their informative degree about disease severity.

Index Formula Target References Significance on Significance on Significance
R. solani/Wild S. sclerotiorum/ on
rocket Green baby S. rolfsii/

lettuce Red baby
lettuce

Al Anthocyanin index (Al) (Rs00-Re99)/(Rs00-Rsg9) Anthocyanin Gamon and Surfus, ns ns ns

1999
ARI Anthocyanin Reflectance (1/Rs50)-(1/R700) Carotenoids Gitelson et al., 2001 ns ok ns
Index (ARI)
CAR Simple ratio 515/570 Rs15/Rs70 Carotenoids Hernandez-Clemente ns e ns
etal, 2012
DVI Difference Vegetation Index  Rzgo- Rers Plant vitality. Tucker, 1979 e o ns
Chlorophyll

FWBIH Floating-position water band  Rggo/min (Raszo-Roso) Water Harris et al., 2006 ns ns ns

index (FWBI1)

FWBI2 Floating-position water band  Rgoo/min (Reso-R1000) Water Harris et al., 2006 ns ns ns

index (FWBI2)
G Simple Ratio 550/670 Rss0/ Re7o Plant vitality. Smith et al., 1995 Hx e ns
Greenness Index chlorophyll

Gl Greeness index Rsz9/ Res2 Plant vitality Zarco-Tejada et al.,,  *** ok ns

2005

Green- NDVI Green Normalized Difference (Rzs0- Rsso)/(R7s0+ Rsso)  Vegetation Buschmann and ns ns ns
Vegetation Index Nagel, 1993

HVI Hyperspectral Vegetation R743/ Regz Plant vitality Gitelson et al., 1996 ns ns ns
Index

LIC3 Simple Ratio 440/740 Ra40/R740 Carotenoids Lichtenthaler et al., ns ns rrx
Lichtenthaler indices 3 1996

LRDSI Leaf rust disease severity 6.9 x (Reos/Rass)—1.2 Rust severity Ashourloo et al., ns e ns

index (LRDSI) 2014b

MCARI Modified Chlorophyll R712X(R712- Chlorophyll Daughtry, 2000 e ns ns

Absorption in Reflectance Res2)—0.2%(R712- Rsag)] /
Index Res2
MCARI1 Modified Chlorophyll 1.2 x [2.5 x (Rsoo- Plant vitality. Haboudane, 2004 ns ns ns
Absorption in Reflectance Re70)—1.3 X (Rsoo- Rsso)]  Chlorophyll
Index 1
MSAVI Modified Soil Adjusted 0.5x[2 x Rgoo+ 1 —/(2x  Healthy Qiet al., 1994 o o ns
Vegetation Index hyper Rsoo+1)x 2 — 8 x (Rspo- vegetation.
Re70)] Reduces soil noise
mSR705 Modified Simple Ratio 705  (R7s0- Raas)/(R7os+ Rass)  Vegetation Wu et al., 2008 ns HrRx ns
NDVI Normalized Difference (Rsoo0-Rs70)/(Rsoo+Re70) Plant vitality. Rouse et al., 1973 ns e ns
Vegetation Index (NDVI) Chlorophyll
NPQI Normalized Difference Ra415-Rass/ Ra15+Rags Vegetation. Barnes et al., 1992 ns ns ns
415/435 Normalized Chlorophyll.
Phaeophytinization Index Stress
OSAVI Optimized Soil Adjusted (1+40.16) x(Rsoo-Re70) / Relatively sparse  Rondeaux et al., e x e
Vegetation Index (Rsoo+ Rero+ 0.16) vegetation 1996

PRI Photochemical reflectance  (Rsz1-Rs70)/(Rs31+Rs70)  Photochemical Gamon et al.,, 1992 ns e ns

index (PRI) activity

PRI515 Normalized Difference (Rs15- Rs31)/ (Rs15+Rs31)  Carotenoids Hernandez-Clemente *** e ns

515/531 Photochemical etal., 2011

Reflectance Index 515/531
PSSRa Pigment-specific simple ratio Rgoo/Reso Chlorophyll a Blackburn, 1998 e e ns

(PSSR)
PSSRb Pigment-specific simple ratio Rgoo/Ress Chlorophyll b Blackburn, 1998 ns ns ns

(PSSR)
PSSRc Pigment-specific simple ratio Rgpo/Raro Carotenoids Blackburn, 1998 ns x ns

(PSSR)
PVI Perpendicular Vegetation (Rs00-0.2Re70-0.6)/1.019  Vegetation Wiegand and ns ns ns

Index Hatfield, 1988

(Continued)
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TABLE 4 | Continued

Index Formula Target References Significance on Significance on Significance
R. solani/Wild S. sclerotiorum/ on S. rolfsii/
rocket Green baby Red baby

lettuce lettuce
R705/ New vegetation index R705/(R717+Rag1) Vegetation. Tian et al., 2011 ns o ns
(R7174+R491) Chlorophyll
RARS Simple Ratio 760/500 Ratio  R746/Rs13 Carotenoids Chappelle et al., 1992 ns ns ns
Analysis of Reflectance
Spectra

RDVI Renormalized Difference (Rsoo- Plant vitality. Roujean and Breon, ns e ns
Vegetation Index Re70)/(Rsoo+Re70)" 0.5 Chlorophyll 1995

Red Edge Red Edge Normalized R750-R705/ R7s0+R705 Vegetation Gitelson and ns ns ns

NDVI Difference Vegetation Index Merzlyak, 1994

RGRen Red green ratio chlorophyll  (Re12+Res0)/(Rs10+Rseo) ~ Chlorophyll Steddom et al., 2003 ns b ns

content (RGRcn) content

RVI Ratio vegetation index (RVI)  Rag3/Re7s Plant vitality Tilley et al., 2003 ns i ns

RVSI Red-Edge Stress Vegetation  Rgpo-Re70/(Rsoo+ Re70)0.5 Plant vitality Roujean and Breon, ns i ns

Index 1995
SAVI Soil Adjustment Vegetation  ((R7g2- Crop Parameters  Baret and Guyot, e i e
Index Re75)/(R72+Re75+0.2)) 1991
(1.2)
SIPI Structure Intensive Pigment  Rspo- Ra45/Rsoo/Reso Vegetation. Pefiuelas et al., 1995 ns e ns
Index 1 Chlorophyll
SRI Simple Ratio Index Rsoo/Rsso Vegetation. Jordan, 1969 e o ns
Chlorophyll.
Leaf area index
SRPI Simple Ratio Pigment Index  Ra430/Reso Vegetation. Pefiuelas et al., 1994 *** ns ns
(SRPI) Chlorophyll
TCARI Transformed Chlorophyll 3 x [(R700-Re70)—0.2 x Plant vitality. Haboudane et al., ns e ns
Absorbtion Ratio (R700- Rss0) X Rroo/ Re7o)]  Chlorophyll 2002
TSAVI Trasformed Soil Adjustment  R7go-Re7s Crop Parameters  Baret and Guyot, o ok rrx
Vegetation Index 1991
TVI Triangular Vegetation Index 0.5 x [120 x Plant vitality. Broge and Leblanc,  *** e e
(R750*R550)—200 X (R670* Chlorophyll 2001
Rss0)]

VARIgreen  Visible atmospherically (Rareen- Vegetation Gitelson et al., 2002 ns e ns

resistant index (VARIgreen) RRed)/(Rareen+Rred-Raive)
VOG1 Simple Ratio 740/720 R740/R720 Plant vitality. Vogelmann et al., ns ns ns
Chlorophyll 1993

VOG2 Simple Ratio 734/747 (R734-R747)/(R715+ R72s)  Plant vitality. Vogelmann et al., ns ns o
Vogelmann indices Chlorophyll 1993

VOG3 Simple Ratio 734/747 (R734-R747)/(R715+ R720)  Plant vitality. Vogelmann et al., ns ns o
Vogelmann indices 3 Chlorophyll 1993

WBI Water band index (WBI) Ros0/Raoo Water Pefuelas et al., 1993 ns ns ns

WI Water Index Raoo/Re7o Water Pefiuelas et al., 1997 ns ns ns

ZTM Zarco - Tejada - Miller Index  Ryzs0/R710 Chlorophyll Zarco-Tejada etal., ns ns ns

2001

For each one the formula, functional target, literature reference and the significance level (ns: P > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001) of the cross-correlation

with disease severity index for the three different pathosystems were reported.

have tried to apply a laser speckle based on a light signal at
632nm to assess the efficacy of maize seed treatments with T.
harzianum on the germination, vigor and sanitation of seedlings.
Instead, Pishchik et al. (2016) have calculated VIs on VIS, RED
(red-edge), NIR and MID (middle infrared) spectral information
acquired with a field pulse photometer, to tentatively track
the synergistic effect of the plant growth promoting bacteria,

Bacillus subtilis and a humic fertilizer on lettuce plants quality
and vitality.

The four indices of this study, each applying its own peculiar
algorithm, work in the spectral range 550-800 nm, just on the
border between VIS and NIR regions, suggesting that this part of
the spectrum could be sensitive to the reflectance shifts occurring
at canopy level during the plant-pathogen-antagonist interaction.
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Marin-Ortiz et al. (2020) have found in the VIS/NIR range
448-995nm the distinctive spectral response of tomato to the
Fusarium oxysporum infection that has been also associated to
changes in the leaf concentration of chlorophyll and carotene.
Similarly, the soil-borne pathogens studied in our systems could
bring to the decline of chlorophyll and other pigments, as-well-as
growth reduction conditioning the reflectance reaction.

As a matter of fact, decreases in chlorophyll content has been
noticed in Rhizoctonia diseased carrot (Ahmad et al., 2019), in
cucumber affected both by R. solani and S. rolfsii (Kotasthane
etal., 2015) and in soybean attacked by S. sclerotiorum (Vitorino
et al, 2020). On the contrary, Trichoderma can enhance
the phothosynthetic performances of the colonized plants by
increasing their chlorophyll content and, at the same time,
determining an improvement of their general physiological status
(Singh et al., 2013; Doley et al., 2014; Kotasthane et al., 2015)
exerting an antagonistic action with respect to the pathogen
in promoting the vitality of the plant. Therefore, according to
these inferences the plant functional imaging as applied here
may return valuable information about how the biocontrol agents
is working.

Findings of the present study indicate the potential to boost
the sustainability of disease management protocols trough high-
performing hyperspectral VIs that can drive the biocontrol
practices, such as, for example, the microbial augmentation,
based on the early recognition of the worsening of the plant state
and of the possible effectiveness reduction of the adopted plant
protection strategy. Functional plant imaging can be used to track
the plant progression under biocontrol effect using a restricted
number of bands. The digital imaging has been proposed for the
early diagnosis of plant diseases (Lowe et al., 2017), for the real-
time field estimation of phytopathological conditions (Golhani
et al, 2018) and to provide useful information for pest and
disease control (Yao et al., 2011). Here, it helped to scout effective
biological control agents against baby-leaf salad pathogens,
demonstrating the potential to sense the biocontrol making on
developing soil-borne diseases. The association between BCAs
and hyperspectral imaging, concurring at reducing chemical
pressure of fungicides on the environment and avoiding crop
losses for uncontrolled pathogenic attacks, opens to the concept
of precision biological control. The availability of digital tools for
the automatized large-scale evaluation of biocontrol evolution
will be useful both in field/greenhouse systems to rapidly
assess the success of biological measures against phytopathogens
as well as Susi¢ et al. (2020) have recently pointed up for
pest control.

CONCLUSIONS

The high-effective Trichoderma strains identified in this study are
able for protecting baby-leaf vegetables from a wide-spectrum
of soil-borne pathogens, such as R. solani, S. sclerotiorum,
and R. rolfsii. Strains belonging to T. longibrachiatum, T.
atroviride, and T. harzianum are suitable for large-scale
preventive applications in greenhouses that host wild rocket
and baby-lettuces in succession and/or in rotation and have

a perspective to work in consortia since they sourced from
a unique niche. The scenario of applying digital imaging
as innovative scheme to boost biological control, from
the high throughput screening of the microorganisms to
their field application, is highlighted. OSAVI, SAVI, TSAVI,
and TVI, that were found highly correlated to disease
severity, are promising and informative hyperspectral VIs
to track biological control activity against multiple soil-borne
pathogens of baby leaf vegetables. In future studies, digital
imaging will be able to integrate metabolomic linked to
transcriptomic analyses, which, supported by machine learning
processing, can contribute to further improve the accuracy
of the forecasting models by imaging applied to the plant
protection practices.
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