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Fusarium head blight (FHB), caused by the hemibiotrophic

fungus Fusarium graminearum, is one of the major threats to

global wheat productivity. A wheat pore-forming toxin-like

(PFT) protein was previously reported to underlie Fhb1, the

most widely used quantitative trait locus in FHB breeding

programs worldwide. In the present work, wheat PFT was

ectopically expressed in the model dicot plant Arabidopsis.

Heterologous expression of wheat PFT in Arabidopsis provided

a broad-spectrum quantitative resistance to fungal pathogens

including F. graminearum, Colletotrichum higginsianum, Scle-

rotinia sclerotiorum, and Botrytis cinerea. However, there was

no resistance to bacterial or oomycete pathogens Pseudomonas

syringae and Phytophthora capsici, respectively in the transgenic

Arabidopsis plants. To explore the reason for the resistance

response to, exclusively, the fungal pathogens, purified PFT

protein was hybridized to a glycan microarray having 300 dif-

ferent types of carbohydrate monomers and oligomers. It was

found that PFT specifically hybridized with chitin monomer,

N-acetyl glucosamine (GlcNAc), which is present in fungal cell

walls but not in bacteria or oomycete species. This exclusive

recognition of chitin may be responsible for the specificity of

PFT-mediated resistance to fungal pathogens. Transfer of the
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atypical quantitative resistance of wheat PFT to a dicot system

highlights its potential utility in designing broad-spectrum

resistance in diverse host plants.
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Plants encounter various microbial pathogens in their environ-
ment, including fungi, bacteria, viruses, and nematodes. Plant
resistance to pathogens is conferred by an elaborate, sophis-
ticated, and multilayered system of defense (Dangl et al. 2013;
Dodds and Rathjen 2010; Zhou and Zhang 2020). The first tier of
plant defense is pathogen-associated molecular pattern (PAMP)-
triggered immunity (PTI) mediated by the pattern recognition
receptors on the cell surface and occurs during the early phase
of host-pathogen interactions. The second tier of plant defense is
the effector-triggered immunity mediated by plant resistance (R)
genes, most of which encode cytoplasmic receptor proteins with
nucleotide-binding leucine-rich repeat (NLR) domains (Jones
and Dangl 2006; Zhou and Zhang 2020). The resistance genes
other than the R genes are often referred to as atypical resistance
genes (Sinha et al. 2022; Yan et al. 2022; Zhao et al. 2018). The
atypical resistance genes are diverse and may confer a broad-
spectrum resistance (BSR) against two or more pathogen species
or even against the majority of races of the same species (Kou
and Wang 2010; Li et al. 2020). Given their wider applicability,
such atypical BSR genes are ideal candidates for engineering
disease resistance in crop plants (Li et al. 2020; Ning and Wang
2018). A better mechanistic understanding of the modes of ac-
tion of the atypical BSR genes will facilitate their wider usage
in plant breeding and agriculture (Tian et al. 2020; Zhao et al.
2018).

Wheat is one of the most important food crops cultivated
globally (Bentley et al. 2022; FAOSTAT 2020). Fusarium head
blight (FHB), caused by the ascomycete fungus Fusarium
graminearum, is one of the most devastating diseases of wheat
(Goswami and Kistler 2004; McMullen et al. 2012). Several
quantitative trait loci (QTL) providing resistance to FHB have
been mapped in wheat, out of which Fhb1, located on chromo-
some 3B of wheat cultivar Sumai 3, is the most widely deployed
QTL in wheat cultivars worldwide (Buerstmayr et al. 2020).
Previously, using mutation analysis, gene silencing, and over-
expression, Rawat et al. (2016) showed a pore-forming toxin-
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like (PFT) protein to underlie the Fhb1-mediated resistance in
wheat. PFT is a chimeric plant lectin with two amaranthin do-
mains (agglutinin domains of Amaranthus caudatus) and one
bacterial toxin domain of the aerolysin pore-forming toxin fam-
ily (Rawat et al. 2016). Lectins are proteins that bind reversibly
to specific carbohydrates and perform diverse biological func-
tions in organisms (Franck et al. 2018; Peumans and Van Damme
1995; Tsaneva and Van Damme 2020). Lectins with amaranthin
domain have been reported to provide resistance against insects
(Wu et al. 2006; Xin et al. 2011) and bacteria (Chavonet et al.
2022). Chimeric lectins with domain architecture of two amaran-
thin domains and an aerolysin pore-forming toxin domain have
been partially characterized in wheat (Puthoff et al. 2005), flax
(Faruque et al. 2015), cucumber (Dang and Van Damme 2016),
and Rumex acetosa plants (Manzano et al. 2017). However, the
range and mode of action of wheat PFT against fungal pathogens
is not known yet.

The goal of the present work was to test if the wheat PFT-
mediated resistance could be ectopically transferred to a di-
cot plant system. If yes, was the resistance conferred spe-
cific to F. graminearum or was it broader against several fun-
gal pathogens? Does PFT provide resistance against bacterial
and oomycete pathogens? If differences in response to vari-
ous classes of pathogens occur, what could be the underlying
reasons?

Results

Phylogenetic analysis of PFT.

Phylogenetic analysis of wheat PFT across multiple monocots
and dicot plant species revealed scattered distribution of PFT or-
thologs in them. In monocots, PFT orthologs were found present
in Zea mays, Hordeum vulgare, and Brachypodium distachyon,
whereas they were absent in Oryza sativa and Musa acuminate
(Supplementary Fig. S1). Among the eudicots searched, Vitis
vinifera, Ricinus communis, Prunus armeniaca, Gossypium hir-
sutum, and Beta vulgaris showed the presence of PFT orthologs,
whereas Solanum lycopersicum, Solanum tuberosum, Populus
deltoids, Phaseolus vulgaris, Medicago truncatula, Glycine
max, and Arabidopsis thaliana lacked PFT orthologs (Supple-
mentary Fig. S1). The absence of PFT orthologs in A. thaliana
makes this model plant more suitable to study the heterologous
expression of PFT and generate stable transgenic lines.

Generation of GFP:PFT transgenics in Arabidopsis.

Previous studies by Urban et al. (2002) and Chen et al. (2006)
have shown Arabidopsis ecotype Landsberg erecta (Ler) to be
more susceptible to F. graminearum infection than the most fre-
quently used ecotype in plant molecular biology, i.e., Columbia
0. Therefore, in this study, we used Arabidopsis ecotype Ler to
test the response of wheat PFT to F. graminearum and other
pathogens upon its ectopic expression. For generating PFT-
expressing transgenic plants in Arabidopsis, we developed a fu-
sion construct with enhanced green fluorescent protein (GFP)
domain fused at the N terminus of the wheat PFT coding se-
quence. The expression of PFT was driven by the 35S cauliflower
mosaic virus (CaMV) promoter and kanamycin resistance was
used as a selectable marker (Fig. 1A). The selection efficiency
with kanamycin resistance ranged from 2 to 4% in the T1 gen-
eration. Kanamycin-resistant T1 plants were further screened
for GFP signal under an epifluorescence microscope (Fig. 1C).
Fifty percent of the kanamycin-resistant T1 plants had a GFP
signal. The remaining 50% with no GFP signal were discarded.
T1 plants with GFP signal were grown for seed increase and
their T2 families were tested for segregation. Ultimately, two in-
dependent nonsegregating homozygous T2 families (AT46 and
AT58) were used for disease bioassays in this study. Analysis

of the relative expression of PFT using reverse transcription-
quantitative PCR (RT-qPCR) showed a high level of PFT ex-
pression in both the T2 transgenic families (AT46 and AT58)
(Fig. 1B).

The fusion protein in the selected T2 plants was confirmed
via Western blot analysis with an anti-GFP antibody (Fig. 1D).
A specific band of approximately 79 kDa was detected in the
GFP:PFT-fused transgenic plants. The size of PFT in sodium do-
decyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
is approximately 52 kDa and the size of GFP is approximately
27 kDa. Therefore, the presence of a unique approximately
79 kDa band only in transgenics and not in wild type (WT) con-
firmed the production of complete fusion protein in GFP:PFT
transgenics.

In addition to T2 families, four different T3 families derived
from the selected T2 plants were further selected and screened
for GFP signal and were assessed for their response to different
fungal pathogens.

PFT confers resistance to F. graminearum in Arabidopsis

detached leaf assays and in-planta floral assays.

The selected GFP:PFT transgenic plants were used for both
leaf and floral bioassays with F. graminearum. Detached leaf as-
says were performed twice on four fully expanded leaves taken
from the rosettes of 10 transgenic plants when they were 4 to
5 weeks old. At 5 days postinoculation (dpi), chlorosis, water-
soaking, and lesions were observed in the infiltrated area WT
controls (Fig. 2A). In contrast, the T2 (AT46 and AT58) trans-
genic plants expressing PFT exhibited smaller chlorotic areas,
water-soaking and lesion symptoms (Fig. 2A). Further, new sets
of detached infected leaves were studied with trypan blue stain-
ing to observe cell death and fungal progression in them (Take-
moto et al. 2005). At 4 dpi with F. graminearum, dense clus-
ters of blue-stained plant cells were observed in the WT Ler
leaves, indicative of extensive cell death, while both the AT46
and AT58 transgenic plants showed very few scattered patches
of blue-stained cells (Fig. 2B). The containment of cell death in
the transgenic plants indicates a moderate to high degree of resis-
tance to F. graminearum provided by the ectopic PFT expression
in the transgenic Ler plants.

The disease severity (DS) index was calculated, on infected
leaves 5 dpi, according to Chen et al. (2006). The mean DS in-
dex score for WT Ler was found to be 75%, while for GFP:PFT
transgenics, it was 58% for AT58 and 63% for AT46, which
was significantly lower at 0.01 and 0.005 significance levels, re-
spectively (Fig. 2D). Using a more sensitive assay, we measured
the biomass of F. graminearum on the infected leaves, based
on the DNA quantity of a trichothecene biosynthesis pathway
gene, Tri6. GFP:PFT transgenic plants had significantly lower
(P < 0.001) Tri6 DNA compared with WT (Fig. 2E). Compared
with WT, Tri6 DNA quantity in AT46 and AT58 was 58 and
67% lower, respectively. Taken together, PFT ectopic expression
significantly reduced F. graminearum infection in inoculated
Arabidopsis leaves.

Since F. graminearum infects wheat at the flowering stage
in natural conditions, we further analyzed our transgenic
Arabidopsis families to test if PFT expression confers in planta
floral disease resistance. We spray-inoculated WT and trans-
genic T2 plants with F. graminearum spores, following Urban
et al. (2002). After 8 days of inoculation, in the WT plants,
flowers completely collapsed with necrotic peduncle and exten-
sive necrosis of young siliques occurred (Fig. 2C). On the other
hand, the PFT transgenics had an intact peduncle and no silique
necrosis was observed. To quantify the disease response in the
floral tissue, we measured F. graminearum fungal biomass by
measuring the DNA quantity of the fungal Tri6 gene at 8 dpi
(Fig. 2F). Tri6-based DNA quantification showed 51 and 70%
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lower F. graminearum biomass in AT46 and AT58, respectively,
compared with the WT, which was significantly (P value <

0.05) lower in both the transgenic families compared with WT.
These results demonstrate that wheat PFT ectopic expression in
Arabidopsis provided resistance in the floral tissue similar to that
in wheat spikes in its natural form.

PFT confers resistance to several fungal pathogens

in T2 transgenic Arabidopsis plants.

To study if the resistance conferred by PFT is broad-spectrum
against fungal pathogens, we challenged the transgenic plants
along with the WT plants with the following fungal pathogens
of Arabidopsis: Colletotrichum higginsianum, Botrytis cinerea,

Fig. 1. Generating and selecting GFP:PFT transgenics in Arabidopsis. A, Map of pore-forming toxin-like (PFT) protein cloned in pK7FWG2. Scale units in
base pairs (bp). LB = Luria-Bertani; NOS = nopaline synthase. B, Relative expression of PFT in T2 Arabidopsis transgenic lines AT46 and AT58. Relative
expression of the PFT gene was measured by the 2−��CT method by normalizing data with the Arabidopsis UBC gene and using wild type (WT) as reference,
using reverse transcription-quantitative PCR. Data represent means with standard error from five biological replicates. Asterisks (****) indicate statistical
differences from WT at P < 0.00001. C, Screening of GFP:PFT transgenics using an epifluorescence microscope. Panel i shows WT Arabidopsis root and
panel ii the root of a kanamycin-resistant, green fluorescent protein (GFP)-expressing T2 Arabidopsis seedling. Scale bar = 50 µm. D, Western blot analysis of
GFP:PFT expressed in Arabidopsis transgenic plants. The membrane was probed with anti-GFP antibody followed by anti-goat anti-rabbit immunoglobulin G
and was detected using alkaline phosphate-based detection. An equal amount of soluble protein was loaded in each lane. M is the protein marker, WT is WT
Arabidopsis Ler, and AT46 and AT58 are T2 Arabidopsis Ler families expressing GFP:PFT. Arrowhead indicates GFP:PFT fusion protein.
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and Sclerotinia sclerotiorum. Detached leaf assays were per-
formed on leaves from ten 4- to 5-week-old plants, each with
the three fungal pathogens. Response of GFP:PFT transgenics
to C. higginsianum, a well-known hemibiotrophic fungus was
assessed based on visual symptoms and fungal biomass. WT
Arabidopsis leaves had larger chlorotic lesions, while GFP:PFT
T2 transgenic plants showed very small lesions at the point of
inoculation (Fig. 3A). Mean DS index scores were 35% and
10 to 12% in WT Ler and the two transgenic families, respec-
tively (Fig. 3B). C. higginsianum biomass was then quantified
by monitoring the relative DNA quantification of the ITS2 (in-
ternal transcribed spacer) gene. The C. higginsianum biomass
was fourfold less in the transgenic plants compared with WT
(Fig. 3C). Statistically, significantly (P < 0.001) lower disease
severity and lower pathogen growth (P < 0.05) demonstrate that
PFT confers resistance against C. higginsianum.

Next, we inoculated the transgenic families as well as WT Ler
Arabidopsis plants with S. sclerotiorum. In the S. sclerotiorum
infection assay, AT46, and AT58 T2 transgenic Arabidopsis
leaves showed smaller necrotic lesions compared with WT (Fig.
3D) 48 h postinoculation (hpi), with the mean DS index for WT
(38%) significantly higher than AT46 (18%) and AT58 (26%)
transgenic families (Fig. 3E). For more precise disease assess-
ment, we then measured the fungal biomass by monitoring the
DNA copy number of Tubulin. Both T2 transgenic families had

significantly (P < 0.01) lower S. sclerotiorum biomass than WT
(Fig. 3F). Compared with WT, S. sclerotiorum biomass was 14-
fold and approximately eightfold lower in AT46 and AT58, re-
spectively.

In the B. cinerea assays, the mean DS index of WT Ler
was 25%, which was significantly (P < 0.05) higher than
the GFP:PFT transgenic families AT46 (9%) and AT58 (12%)
(Fig. 3G and H). The DNA quantity of Cutinase A was measured
to evaluate B. cinerea biomass in the infected leaves 5 dpi, which
showed that, compared with WT, both the T2 transgenic families
had significantly reduced fungal biomass (Fig. 3I).

Response of the T3 families to the hemibiotrophic and

necrotrophic fungal pathogens.

We further tested the stability of PFT expression and the re-
sponse to fungal infection in four T3 transgenic plant families
(AT67, AT68, AT69, and AT70) derived from the tested T2 fam-
ilies (two each from AT46 and AT58), using F. graminearum,
C. higginsianum, S. sclerotiorum, and B. cinerea. The T3 plants
were selected for their kanamycin resistance and GFP signal.
The detached leaf assays showed WT Ler leaves to contain
larger chlorotic lesions, as compared with the T3 transgenic fam-
ilies, after 5 dpi with F. graminearum, C. higginsianum, and B.
cinerea and 48 hpi with S. sclerotiorum (Fig. 4A). Mean DS
index scores for WT Ler ranged between 45 to 75%, while the

Fig. 2. Detached leaf assay and floral
assay of wild type (WT) and trans-
genic T2 Arabidopsis plants express-
ing GFP:PFT. A, Disease symptoms
observed 5 days postinoculation (dpi)
of WT and T2 Arabidopsis leaves
with Fusarium graminearum. B,
Trypan blue staining to visualize dead
cells and fungal mycelium in WT
and transgenic Arabidopsis leaves
after 4 dpi with F. graminearum.
Scale bar = 50 µm. C, Disease symp-
toms observed 8 dpi of WT and T2

Arabidopsis flowers with F. gramin-

earum. Arrowheads (in blue) point
to necrotic siliques growing in WT
control as compared with AT46 and
AT58 plants. D, Disease severity (DS)
index of WT and transgenic lines
measured 5 dpi with F. graminearum.

E, Fungal biomass of F. graminearum

detected by quantitative real-time
PCR (qPCR) on inoculated leaves
3 dpi. Relative DNA quantity of the
TRI6 gene was measured, using the
2−�CT method, by normalizing data
with the Arabidopsis UBC gene.
F, Fungal biomass of F. graminearum

detected by qPCR on inoculated flo-
rets 8 dpi. Relative DNA quantity
of TRI6 gene was measured, using
the 2−�CT method, by normalizing
data with the Arabidopsis UBC gene.
WT = WT Arabidopsis Ler, AT46
and AT58 are T2 Arabidopsis Ler
families expressing GFP:PFT. Data
represent means with standard error
from four biological replicates. One,
two, or three asterisks (*, **, or ***)
indicate statistical differences from
WT at P < 0.05, P < 0.01, or P <

0.001, respectively.
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majority of GFP:PFT T3 transgenics had mean DS index signifi-
cantly lower for all four of the tested fungal pathogens (Fig. 4B).
Finally, fungal biomasses were quantified by monitoring the
DNA quantity of Tri6, ITS2, Tubulin, and Cutinase A in WT
Ler and T3 transgenic families inoculated with F. graminearum,
C. higginsianum, S. sclerotiorum, and B. cinerea, respectively,
which showed significant reduction in fungal biomass (P < 0.05)
with all four fungal pathogen assays (Fig. 4C). Overall, the ec-
topic expression of PFT in T2 and T3 Arabidopsis transgenic
plants significantly reduced disease severity and conferred a
quantitative BSR against all the tested fungal pathogens.

PFT does not confer resistance to bacteria and

oomycete pathogens.

After confirmation of the resistance of PFT Arabidopsis trans-
genics to the different fungal pathogens, we further tested the T2

transgenic plants AT46 and AT58 for their response to the bac-
terial pathogen Pseudomonas syringae pv. tomato DC3000. To
test this, we performed in-planta as well as detached-leaf as-
says. For in-planta assays, we syringe-infiltrated WT Ler and

GFP:PFT T2 transgenic leaves expressing PFT with 1 × 108

colony-forming units (CFU) of bacterial inoculum per milliliter
or 10 mM MgCl2 with 0.02% Silwet L-77 for mock. Detached-
leaf assays were performed by spraying the bacterial inoculum
on the WT Ler and T2 transgenic leaves. Three days after in-
oculation, it was observed that mock inoculations did not show
any visual symptoms whereas WT and both the T2 transgenic
families showed similar water-soaked lesions with bleaching
and cell death in both the in-planta and detached-leaf assays
(Fig. 5A and B). Further, bacterial biomass was calculated in
terms of CFU cm−2 leaf and it was found that for syringe in-
filtration in planta assay, the transgenic plants as well as WT
had approximately 3.57E + 06 CFU cm−2 leaf (Fig. 5C) while
spray inoculated detached WT as well as the transgenic plants
showed 6.56E + 06 CFU cm−2 leaf (Fig. 5D). Both in planta as
well as detached leaf assays for bacterial quantification revealed
no significant difference between WT and transgenic plants in
the disease assessment for P. syringae infection revealing that
PFT is not effective in conferring resistance against bacterial
pathogens.

Fig. 3. Disease assessment of wild type (WT) and transgenic T2 Arabidopsis plants expressing GFP:PFT. A, Disease symptoms observed 5 days postinoculation
(dpi) of WT and T2 Arabidopsis leaves with Colletotrichum higginsianum. B, Disease severity (DS) index of WT and transgenic lines measured 5 dpi with
C. higginsianum. C, Fungal biomass of C. higginsianum detected by quantitative real-time PCR (qPCR) on inoculated leaves 5 dpi. Relative DNA quantity of the
ITS2 gene was measured, using the 2−�CT method, by normalizing data with the Arabidopsis UBC gene. D, Disease symptoms observed 48 h postinoculation
(hpi) of WT and T2 Arabidopsis leaves with Sclerotinia sclerotiorum. E, DS index of WT and transgenic lines measured 48 hpi with S. sclerotiorum. F, Fungal
biomass of S. sclerotiorum detected by quantifying Tubulin DNA, using qPCR on inoculated leaves 48 hpi. The relative DNA quantity of Tubulin gene was
measured, using the 2−�CT method, by normalizing data with the Arabidopsis UBC gene. G, Disease symptoms observed 5 dpi of WT and T2 Arabidopsis

leaves with Botrytis cinerea. H, DS index of WT and transgenic lines measured 5 dpi with B. cinerea. I, Fungal biomass of B. cinerea detected by quantifying
CutinaseA DNA, using qPCR on inoculated leaves 5 dpi. The relative DNA quantity of the CutinaseA gene was measured, using the 2−�CT method, by
normalizing data with the Arabidopsis UBC gene. WT is WT Arabidopsis Ler, and AT46 and AT58 are T2 Arabidopsis Ler families expressing GFP:PFT. Data
represents mean with standard error from 10 biological replicates. Bars with one, two, or three asterisks (*, **, or ***) indicate that corresponding data is
statistically different from WT at P < 0.05, P < 0.01, or P < 0.001, respectively.
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Further, we tested whether PFT is effective in conferring re-
sistance to the oomycete pathogen Phytophthora capsici. WT
Ler and GFP:PFT T2 transgenic Arabidopsis leaves were in-
oculated with 5 × 105 zoospores per milliliter of P. capsici
and disease evaluation was done at 3 dpi. Both WT and trans-
genics showed chlorotic lesions at the site of inoculation to
the same extent visually (Fig. 6A) with an average DS In-
dex of ∼45% for WT, AT46 and AT58 transgenic families
(Fig. 6B). Quantification of the P. capsici biomass by measur-
ing relative DNA quantity of ITS gene in leaves of WT Ler
and the transgenic Arabidopsis at 3 dpi by qPCR revealed sta-
tistically similar levels of the pathogen in all three of them
(Fig. 6C). Similar to bacteria, these results elucidated that
PFT is not effective in imparting resistance against oomycete
pathogens, defining its defensive role against only fungal
pathogens.

PFT binds to chitin monomer GlcNAc.

Domain analysis of PFT protein shows that it is a chimeric
lectin with two agglutinin domains and a toxin domain. Lectins
are proteins that bind to specific carbohydrate molecules (De
Coninck and Van Damme 2021; Van Damme et al. 2004). Based
on our disease assay results, we hypothesized that the agglutinin
domains in the PFT protein may be explicitly binding to a spe-
cific carbohydrate present in the fungal pathogens and absent in
bacterial and oomycete pathogens. To test this hypothesis, we
cloned separately the full-length PFT and its constituent domains
agglutinin and ETX (epsilon toxin) in binary vector pGWB402
with a CaMV 35S promoter. His tags (6X) were attached to the
N-terminus of the proteins and domains and Agrobacterium sp.
strain GV3101 was used for transient expression of the different
constructs in N. benthamiana. PFT protein and the ETX do-
main were isolated and confirmed on Western blot for size and

Fig. 4. Disease assessment of wild type (WT) and transgenic T3 Arabidopsis plants expressing GFP:PFT. A, Disease symptoms observed and B, Disease
severity (DS) index of detached WT and T3 Arabidopsis leaves 5 days postinoculation (dpi) with Fusarium graminearum, Colletotrichum higginsianum,
and Botrytis cinerea and 48 h postinoculation (hpi) with Sclerotinia sclerotiorum. C, Fungal biomass of F. graminearum, C. higginsianum, S. sclerotiorum,
and B. cinerea detected by quantitative real-time PCR. Relative DNA quantity of Tri6, ITS2, Tubulin, and CutinaseA genes was measured, using the 2−�CT

method, by normalizing data with the Arabidopsis UBC gene. WT is WT Arabidopsis Ler, and AT67, AT68, AT69, and AT70 are T3 Arabidopsis Ler families
expressing GFP:PFT. Data represents means with standard error from 10 biological replicates. Bars with one, two, or three asterisks (*, **, or ***) indicates
that corresponding data is statistically different from WT at P < 0.05, P < 0.01, or P < 0.001, respectively.
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quantity (Fig. 7A). The agglutinin domain was present in the
insoluble fraction and, thus, could not be isolated for the down-
stream experiments. The isolated His6-PFT and His6-ETX were
affinity-purified.

The purified proteins were hybridized at a concentration of
2 µg/ml with the RayBio Glycan Array 300 according to the
manufacturer protocol. The array contained 300 glycan (carbo-
hydrate monomers and oligomers) spots in triplicate copies, 12
positive control spots, and six negative control spots. As both
His6-PFT and His6-ETX were isolated and affinity-purified us-
ing the same method, they were expected to have common back-
ground proteins in their solution. Therefore, His6-ETX was used
as a negative control for deducing the glycan-binding affinity of
His6-PFT protein. The experiment was conducted in two in-
dependent copies. The 2-µg/ml sample concentration provided

good signal intensity to compare the relative differences in bind-
ing patterns of His6-PFT and His6-ETX. Of the 300 glycans
tested, 11 showed strong and specific signals for His6-PFT (Fig.
7B). These glycans had relative fluorescent unit (RFU) values of
more than 4,000, indicating a high binding affinity of only PFT to
these 11 glycans (Fig. 7C). The results were in complete agree-
ment between the two replicated experimental runs. Interest-
ingly, all 11 glycans had one or multiple units of monosaccharide
GlcNAc, which is the monomer of the fungal cell-wall compo-
nent chitin (Fig. 7D). Furthermore, although in a comparatively
lower RFU range (962 to 2,164), the binding affinity of His6-
PFT was 26, 24, and 85% higher than His6-ETX for β-GlcNAc-
Sp, GlcNAc-β-1,6-GlcNAc-β-Sp, and chitin-trisaccharide-Sp1
glycans, respectively. Glycan array screening indicated a PFT-
specific affinity towards binding the fungal cell wall–specific

Fig. 5. Disease assessment of wild type (WT) and transgenic T2 Arabidopsis plant families expressing GFP:PFT after bacterial Pseudomonas syringae pv.
tomato DC3000 (Pst) infection. A, Disease symptoms recorded 3 days after syringe-infiltration with 1 × 108 CFU/ml of Pseudomonas syringae pv. tomato

DC3000 in planta WT and T2 Arabidopsis leaves. B, Disease symptoms recorded 3 days after spray-inoculation with 1 × 108 CFU/ml of Pseudomonas

syringae pv. tomato DC3000 on detached WT and T2 Arabidopsis leaves. C, Pseudomonas syringae pv. tomato DC3000 growth (colony-forming units per
square centimeter [CFU/cm2] of leaf) was quantified 3 days after syringe infiltration with 1 × 108 CFU per millimeter of Pseudomonas syringae pv. tomato

DC3000 in planta WT and T2 Arabidopsis leaves. Data represent means with standard error from six biological replicates. D, Pseudomonas syringae pv. tomato

DC3000 growth was quantified (CFU per square centimeter) 3 days after spray inoculation with 1 × 108 CFU per milliliter of Pseudomonas syringae pv.
tomato DC3000 on detached WT and T2 Arabidopsis leaves. Data represent means with standard error from six biological replicates.
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chitin carbohydrate monomers, which may explain the specific
response to fungal pathogens.

Discussion

Breeding crop varieties with BSR to pathogens is a key objec-
tive of crop improvement programs. Most of the major resistance
genes used in crop breeding are NLR immune receptors that rec-
ognize specific effectors (Avrs) of the pathogens. Although these
NLR genes are highly effective, their resistance is limited to one
or more specific races of the pathogen and their durability in
the field is typically short due to emergence of variations in the
Avrs in the pathogen populations (Ning and Wang 2018). The
Fhb1-mediated resistance of wheat to Fusarium spp. is not a typ-
ical NLR-mediated resistance. Previously, Rawat et al. (2016)
demonstrated a PFT-encoding gene to be a major underlying de-
terminant of Fhb1-mediated resistance. PFT is a chimeric lectin
protein with two Amaranthus caudatus agglutinin domains and
a bacterial pore-forming toxin domain (Rawat et al. 2016). In
the present study, we characterized the ability of wheat PFT to
confer BSR against several fungal pathogens in a dicot model
plant system.

Based on the phylogenetic analysis, it is interesting to note that
the dicot model plant Arabidopsis does not have any homolog
or ortholog of wheat PFT in its genome. Wheat PFT was able to
function and provide resistance in a dicot plant background, in
which it is not present naturally, indicating toward either a resis-
tance mechanism independent of extensive signaling pathways
or recruitment of conserved defense players in the model dicot
system towards resistance. Moran et al. (2012) studied the re-
current horizontal transfer of bacterial toxin genes to eukaryotes
and concluded that members of the aerolysin pore-forming toxin
family have undergone frequent horizontal gene transfers (HGT)
to eukaryotes. They suggest that such gene families that are evo-
lutionarily maintained after HGT in their new environment are
most likely self-contained units and do not need other protein
complexes or complicated pathways to function. However, more
follow-up experiments are needed to conclude the extent of in-
volvement of salicylic acid, jasmonic acid, and ethylene defense

response pathways in the wheat-PFT-mediated resistance. Nev-
ertheless, the resistance response of wheat PFT in a dicot system
highlights its potential utility as an atypical BSR gene against
fungal pathogens in multiple monocot and dicot crop plants.

PFT transgenics had significantly reduced disease severity
and fungal biomass accumulation for the four fungal pathogens
tested, showing that wheat PFT provides a BSR against a wide
range of fungal pathogens. However, it was not found to be ef-
fective in imparting resistance against bacterial and oomycete
pathogens, which suggests the selectivity and specificity of this
protein in recognizing the fungal pathogens. To investigate the
specific recognition of the fungal pathogens, we hybridized pu-
rified PFT proteins with an array of 300 different glycans. The
specific binding of PFT to glycans containing single to mul-
tiple monomers of GlcNAc, which is the monomer of chitin,
supports our hypothesis of chitin-specific binding of PFT to un-
derlie its resistance to a wide range of fungal pathogens. Fungal
cell walls are known to have chitin as one of their major con-
stituents, whereas bacterial and oomycete pathogens do not have
chitin in their cell walls (Bartnicki-García 1968; Goldman and
Branstrom 1999; Hardham 2007). Based on this knowledge, the
specificity of fungal recognition by PFT can be credited to chitin,
which is exclusive to the fungal cell walls, among the three types
of pathogens.

Lectin proteins are known to reversibly bind to specific carbo-
hydrates and have been reported to have a role in plant immunity,
stress signaling, and defense (De Coninck and Van Damme 2021;
Peumans and Van Damme 1995). Lectin domains are important
constituents of the lectin-receptor-like kinase (LecRLK) fam-
ily in the PTI defense mechanism of plants (Couto and Zipfel
2016; Vaid et al. 2013). The LecRLKs have three domains: an
extracellular lectin domain, a transmembrane domain, and a
kinase domain (Sun et al. 2020; Zipfel 2014). The extracellu-
lar lectin domain is variable and serves as sensor of the PAMPs
based on their specific binding affinity to different carbohydrate
molecules, whereas the latter two domains of the LecRLKs are
more conserved (Zipfel 2014). In the case of wheat PFT protein
also, the lectin domains seem to be involved in the recognition of
the fungal pathogens. However, instead of kinase domains, here,

Fig. 6. Disease evaluation of wild type (WT) and transgenic T2 Arabidopsis plants expressing GFP:PFT after oomycete (Phytophthora capsici) infection. A,
Disease symptoms observed 3 days postinoculation (dpi) and B, disease severity (DS) index of WT and T2 Arabidopsis leaves with P. capsici. C, Biomass
of P. capsici detected by quantitative real-time PCR on inoculated leaves 3 dpi. Relative DNA quantity of the internal transcribed spacer region gene (ITS)
was measured, using the by 2−�CT method, by normalizing data with the Arabidopsis UBC gene. WT is WT Arabidopsis Ler, and AT46 and AT58T2 are
Arabidopsis Ler families expressing GFP:PFT. Data represent means with standard error from four biological replicates. One or two asterisks (* or **) indicate
that corresponding data is statistically different from WT at P < 0.05 or P < 0.01, respectively.
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the lectin domains are fused to a bacterial toxin domain toward
the ‘C’ terminus of the protein. How the toxin domain functions
in the overall PFT protein activity is an important question that
needs further exploration.

Previously characterized atypical BSR genes in wheat con-
ferring resistance against multiple pathogens of different races
or species belong to various classes, including membrane-
associated pattern recognition receptors and transporters, NLR
proteins with integrated domains, defense signaling proteins,
sucrose transporters, and nonhost resistance proteins (Li et al.
2020; Sinha et al. 2022). The present work adds PFT to this
list of atypical resistance proteins that can be transferred to a
wide range of plant systems for effective resistance against a
number of fungal pathogens. Further domain dissection and do-
main swapping studies could help in a better understanding of
the mechanism of BSR conferred by PFT, further broadening its
application.

Materials and Methods

Phylogenetic tree construction.

Protein sequences of different wheat PFT orthologs were
retrieved from Phytozome-13 (https://phytozome-next.jgi.doe.
gov/). Different monocots (Triticum aestivum, Zea mays, Oryza

sativa, Musa acuminate, Hordeum vulgare, Brachypodium
distachyon) and eudicots (Arabidopsis thaliana, Vitis vinifera,
Solanum lycopersicum, Solanum tuberosum, Ricinus commu-
nis, Populus deltoids, Phaseolus vulgaris, Medicago truncatula,
Gossypium hirsutum, Glycine max, and Beta vulgaris) were used
as target species. Sequences were downloaded and aligned and
alignments were analyzed by the neighbor-joining method in
MEGA-X software version 11.0 (Tamura et al. 2021).

Protein cloning of PFT into a plant expression vector

and plant transformation.

RNA was extracted from the wheat cultivar Sumai 3 and
full-length PFT was amplified and cloned into entry vector
pDONR221, using Gateway BP clonase reaction. PFT was
fused with enhanced GFP at the N terminus and was cloned
into plant expression destination vector pK7FWG2, using LR
clonase reaction (Karimi et al. 2002). The expression of the
GFP:PFT fusion construct was driven by the 35S CaMV pro-
moter. After confirmation with Sanger sequencing, the GFP:PFT
fusion construct was electroporated in Agrobacterium tumefa-
ciens GV3101, which was used for transforming Arabidopsis
thaliana ecotype Ler, using the floral dip method (Clough and
Bent 1998). T0 seeds were plated on Murashige-Skoog media
with kanamycin (50 mg/liter), and the resistant T1 plants were

Fig. 7. Confirmation and binding of His6-PFT and His6-ETX to Glycan array 300. A, Western blot analysis of His6-PFT and His6-ETX expressed in Nicotiana

benthamiana. On the left, immunoblots of soluble fractions of p19 (column 1), His6-PFT (column 2), and His6-ETX (column 3) after protein extraction. On the
right, immunoblots of purified elution fractions of p19, His6-PFT, and His6-ETX (columns 1, 2, and 3, respectively) after affinity chromatography with Ni-NTA
resins. Membranes were incubated with a monoclonal anti-His antibody followed by AP conjugated goat anti-mouse immunoglobulin G. M = ProSignal
full-range prestained protein ladder. Arrowheads indicate the His6-PFT band and arrows indicate the His6-ETX band. B, Binding patterns of His6-PFT and
His6-ETX on the Glycan array 300. Yellow box and red boxes highlight positive and negative controls, respectively. White boxes highlight specific binding
of His6-PFT. C, Mean relative fluorescent units (± standard error of the mean) of 11 of the 300 glycans specifically binding to His6-PFT. D, Identities and
structure of glycans specifically binding to His6-PFT with the highest affinity.
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further screened for GFP signal, using a Nikon Eclipse epifluo-
rescence microscope. T1 plants were grown to produce T2 seeds,
which were further selected for homozygous individuals. Two
independent homozygous T2 families were used for disease as-
says. Further, four T3 plant families were further selected on
kanamycin-supplemented media and for GFP fluorescence and
were subsequently used for disease assays.

Pathogen inocula preparation.

The fungi used for the study were F. graminearum GZ3639,
C. higginsianum, S. sclerotiorum, and B. cinerea B05-10. Macro-
conidial inoculum of F. graminearum was prepared at a con-
centration of to 5 × 105 spores per milliliter, as described in
Chhabra et al. (2021). Conidia production from C. higginsianum
was induced on oatmeal agar and the spores were harvested after
7 days and were diluted, to a concentration of 5 × 105 spores
per milliliter, using sterile water. For S. sclerotiorum inocula-
tions, the fungal mycelia were grown on potato dextrose agar at
room temperature, and mycelial plugs of 5 mm diameter taken
from 7-day-old culture were used as inoculum. B. cinerea was
grown on potato dextrose agar plates for 9 days, after which the
spores were harvested and their concentration adjusted to 5 ×

105 spores per milliliter in sterile water with 0.02% Tween-20.
Oomycete pathogen Phytophthora capsici was cultured in the

dark at 25°C on 20% (vol/vol) V8 juice agar plates. Zoospores for
plant inoculations were obtained by incubating mycelial plugs
from the margin of a 4-day-old growing colony in 10% (vol/vol)
cleared V8 broth in the dark at 25°C for 2 days. The V8 medium
was then replaced with sterilized water and was incubated under
continuous light 25°C for 2 days to get numerous sporangia.
Zoospore release was induced with a cold shock by incubating
at 4°C for 2 hr. Zoospores were filtered through a cheesecloth
and were adjusted to 5 × 105 zoospores per milliliter.

Pseudomonas syringae pv. tomato DC3000 bacterial cells
were grown at 28°C on Luria-Bertani (LB) medium supple-
mented with 100 µg of rifampicin per milliliter and 50 µg
of kanamycin per milliliter. Bacterial suspensions of 1 × 108

CFU/ml were prepared in 10 mM MgCl2, and 0.02% (vol/vol)
Silwet L-77 for inoculations.

Disease assays on leaves.

Detached leaf assays for F. graminearum, C. higginsianum,
B. cinerea, and an oomycete (Phytophthora capsici) were per-
formed on leaves collected from rosettes of 4- to 5-week-old T2

and T3 generation transgenic and WT plants. Point injuries were
made on the adaxial surface at the mid rib with a 10-µl pipette
tip, and 5 µl of inoculum was deposited at the wounded site,
after which the leaves were transferred to clear Petri plates with
base lining of two to three layers of sterile wet Kimwipes. For
F. graminearum inoculation, the inoculum was amended with
75 µM of deoxynivalenol (Sigma Aldrich). For the S. sclero-
tiorum assay, no mid-rib injury was made, and mycelial plugs
of 5 mm diameter were directly placed with the fungal surface
touching the adaxial surface of the detached Arabidopsis leaves
on a Petri plate with base lining of two to three layers of sterile
wet Kimwipes. The Petri plates were then sealed using parafilm
and were placed in a dew chamber maintaining 100% relative
humidity (RH) at 25°C and light intensity of 60 µmol m−2 s−1

with a 12-h light and 12-h dark cycle.
For bacterial assays, in planta infiltration inoculations as well

as spray inoculations were conducted. The bacterial inoculum
was infiltrated with a needle-less syringe into fully expanded
leaves of 4-week-old Arabidopsis plants, after which the plants
were kept in growth chambers under clear plastic domes for
the first 24 h after treatment and were further incubated for
2 more days without plastic domes. For spray inoculations,
whole rosettes of leaves of 4-week-old plants were sprayed with

the bacterial inoculum, after which the leaves were detached and
transferred to a Petri plate with a sterile lining of two to three
layers of wet Kimwipes and were sealed with parafilm. In both
assays, mock inoculations were done with 10 mM MgCl2 and
0.02% Silwet L-77.

F. graminearum floral inoculations.

Floral inoculations of the transgenic Arabidopsis plants were
done following Urban et al. (2002), with a few modifications.
Six-week-old plants with open flowers and developing siliques
were spray inoculated with a macroconidial suspension with 1 ×

105 spores per milliliter in sterile water with 0.001% Silwet L-77.
Seven to ten puffs of fine spray were applied per inflorescence,
while keeping the spray bottle at a 5-cm distance. The inoculated
plants were kept in a large clear plastic box at 23°C for 7 to
8 days, with the base of the box filled with a 5-cm water depth to
maintain 100% RH. For the first 2 days, plants were maintained
in the dark by covering the box with black cover. On the fourth
day, the lid was slightly opened to maintain approximately 80%
RH.

Disease assessment.

Disease severity of detached leaf assays of all the fungal
pathogens and oomycetes was assessed using two methods, the
disease severity (DS) index and fungal or oomycete biomass.
For the DS index measurement, images were collected at 5 dpi,
for F. graminearum, C. higginsianum, and B. cinerea, 48 hpi for
S. sclerotiorum, and 3 dpi for Phytophthora capsici. The disease
was scored using a categorical rating system from 0 (resistant)
to 5 (susceptible), as described by Chen et al. (2006). The dis-
ease scores were based on the symptom severity and scores were
assigned as 0 = no symptoms, 1 = chlorosis/discoloration re-
stricted to the site of inoculation, 2 = less than 25% area with
chlorosis or discoloration, 3 = 25 to 50% area with chlorosis or
discoloration, 4 = 50 to 75% area with chlorosis or discoloration,
and 5 = 100% area with chlorosis or discoloration.

The DS index was calculated based on the following equation:
(

∑

nSi
)

/ (NSm) × 100

where n is the number of leaves with each disease score (Si), N
is the total number of leaves, and Sm is the maximum disease
score possible (i.e., 5).

For PFT gene expression from transgenic lines and wild-type
Arabidopsis plants, five plants of each type were used to col-
lect leaf tissues (100 mg per plant), and RNA was extracted us-
ing the Trizol method. RNA quantity and purity were assessed
by determining the A260/A280 ratio in a NanoDrop (Thermo
Scientific). DNA contamination was removed from RNA sam-
ples, using TURBO DNase (Thermo Scientific) according to the
manufacturer instructions. Complementary DNA (cDNA) was
synthesized from 1 µg total RNA (DNase 1–treated), using the
AzuraQuant cDNA synthesis kit (AzuraGenomics). The result-
ing cDNA was diluted five times and was used for qRT-PCR,
using the AzuraView GreenFast qPCR blue mix LR (AzuraGe-
nomics).

For fungal and oomycete biomass quantification, infected leaf
samples from T2, T3 transgenic, and WT Arabidopsis plants
were collected at 5 dpi for F. graminearum, C. higginsianum, and
B. cinerea, 48 hpi for S. sclerotiorum, and 3 dpi for Phytophthora
capsici. For the floral assays with F. graminearum, tissue was
collected 8 dpi. DNA was extracted and normalized to 20 ng/µl
and was used for qPCR with Tri6, ITS2, Tubulin, and Cutinase
A as target genes for quantifying the DNA content of F. gramin-
earum (Horevaj et al. 2011), C. higginsianum (Salvador-Guirao
et al. 2018), S. sclerotiorum (Wei et al. 2022), and B. cinerea
(Ono et al. 2020), respectively. Primer pair CAP-Fw/CAP-Rv
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was used to target Phytophthora capsici ITS regions (Silvar et al.
2005; Wang et al. 2013). The Arabidopsis ubiquitin-conjugating
enzyme (UBC) gene was used as a reference (Czechowski et al.
2005) (Supplementary Table S1). Primer efficiencies for the tar-
get and reference genes were in the range of 100 to 110%; there-
fore, DNA quantification data was analyzed using the 2−��CT

method (Livak and Schmittgen 2001).
For bacterial biomass evaluation, the inoculated leaves were

harvested 3 dpi, were ground to powder, followed by the addition
of 500 µl of sterile 10 mM MgCl2, and 20 µl of this suspension
was transferred into the first row of a 96-well plate having 180
µl of 10 mM MgCl2. A ten-fold serial dilution was prepared by
transferring 20 µl of liquid into the next row and adding 180 µl of
10 mM MgCl2, repeating this procedure until the sixth dilution.
From each dilution, 10 µl of the suspension was transferred to an
LB plate, which was then dried, inverted, and incubated at 28°C
for 24 to 36 h, until the colonies were visible. Bacteria were
counted under a stereozoom microscope before they overgrew
and colonies fused. Number of CFU per square centimeter leaf)
was determined using the formula

CFU/cm2 leaf =
(

T × 10R/20
)

× 500/2

where T is the number of colonies and R is the dilution row in
96 well plate.

Trypan blue staining.

WT Ler and T2 transgenic (AT46 and AT58) leaves inoc-
ulated with F. graminearum were collected 4 dpi for staining
with trypan blue to reveal fungal growth and its effect in leaf tis-
sue, as previously described (Lee et al. 2022). The leaves were
cleared in acetic acid/ethanol (1:3, vol/vol) solution overnight,
followed by clearing using acetic acid/ethanol/glycerol (1:5:1,
vol/vol/vol) solution for 3 h. The tissue was then stained with
trypan blue (0.01% trypan blue in lactophenol) overnight, was
subsequently rinsed multiple times with distilled water, and was
preserved in 60% glycerol, for microscopic observation using
Nikon ECLIPSE.

PFT transient expression and protein extraction

from N. benthamiana leaves.

For transient expression in N. benthamiana, full-length PFT
cDNA and its agglutinin and ETX domains were ampli-
fied from the reverse-transcribed RNA of the wheat cultivar
Sumai 3. His-tag (6x) was appended at the 5′ end of each of
the amplicons, using primers listed in Supplementary Table
S1, followed by directional TOPO cloning into the pENTR/
D-TOPO vector (Invitrogen). The resulting His6-PFT, His6-
Agg, and His6-ETX amplicons were cloned in a plant ex-
pression vector pGWB402 with a CaMV 35S promoter, using
LR cloning reaction. pGWB402:His6-PFT, pGWB402:His6-
Agg, and pGWB402:His6-ETX vectors were electroporated into
Agrobacterium tumefaciens GV3101 cells, which were grown
on LB agar containing rifampicin (25 µg/ml) and spectinomycin
(50 µg/ml). The bacterial pellets were resuspended and gently
shaken for 4 h at room temperature in an infiltration medium
(10 mM MgCl2, 10 mM MES, pH 5.7, 150 µM acetosyringone)
at 0.7 optical density at 600 nm. Three to four fully expanded
leaves of six-week-old N. benthamiana plants were infiltrated
at the abaxial surface with a 1-ml needle-less syringe. The
leaves were harvested, 4 days postinfiltration, by snap-freezing
in liquid nitrogen. The leaf tissue was ground in liquid nitrogen
and ice-cold protein extraction buffer (50 mM NaH2PO4, pH
8.0, 300 mM NaCl, 10 mM imidazole, 10% glycerol) amended
with 1 µM phenylmethylsulfonyl fluoride, and 0.5× Halt pro-
tease inhibitor cocktail was added to the ground leaf tissue at
a 5:1 (buffer/tissue) ratio. The homogenate was centrifuged at

40,000 × g and 4°C for 30 min, and soluble protein fraction was
collected as supernatant.

Protein purification using nickel resins (immobilized metal

ion affinity chromatography) under native conditions and

quantification.

To purify His6 tagged proteins, affinity purification was
performed using Ni-NTA His-Bind resin and Ni-NTA buffer kit
(Millipore Sigma). Fractions containing the proteins of interest
were pooled and were concentrated using Amicon Ultra-4
centrifugal filters, with a 10-kDa cutoff (Millipore Sigma). The
concentrated protein fraction was dialyzed against protein stor-
age buffer (50 mM Tris-HCl, 1 mM CaCl2, pH 8.0) overnight at
4°C, using a Slide-A-Lyzer mini dialysis device with a 10-kDa
molecular-weight cutoff (ThermoFisher Scientific). Protein
was quantified using a Pierce detergent-compatible Bradford
assay kit, following the manufacturer protocol (ThermoFisher
Scientific).

Protein gel electrophoresis and Western blot analysis.

Protein samples were mixed with Laemmli sample loading
buffer and were heated at 95°C for 10 min, after which they were
resolved on SDS-PAGE, using Novex Wedge Well 10% tris-
glycine gels (Invitrogen), followed by Coomassie-based Sim-
ply Blue staining (Invitrogen). For immunodetection by West-
ern blot, the proteins were blotted to a nitrocellulose membrane
with a pore size of 45 µm (Invitrogen) using the XCell II blot
module (Invitrogen). For blocking, the membrane was treated
with 5% bovine serum albumin (BSA) in Tris-buffered saline
(TBS; 20 mM Tris-HCl, 150 mM, pH 7.6) solution at room tem-
perature for 2 h. The membrane was then probed with a 1:1,000
dilution of monoclonal anti-His antibody (Sigma Aldrich) in an
antibody-diluting solution (TBS containing 0.1% Tween 20 and
2.5% BSA) overnight at 4°C. Subsequently, the membrane was
washed three times with wash buffer (TBS containing 0.05%
Tween 20), for 10 min each, and then, was treated with a 1:5,000
dilution of goat anti-mouse alkaline phosphatase-labeled im-
munoglobulin G in an antibody diluting solution for 2 h at room
temperature (LGC SeraCare, Inc.). After three washes of 10 min
each with wash buffer, the membrane was developed, using the
BCIP/NBT alkaline phosphatase substrate system (LGC Ser-
aCare, Inc.).

Glycan microarray analysis.

To determine the binding specificity of PFT, affinity-purified
His6-PFT and His6-ETX fractions were screened against Ray-
Bio Glycan Array 300, which contains blocks of 300 synthetic
glycan spots, in which each spot is replicated three times along
with positive and negative control spots for normalization. Sam-
ples were biotinylated, and a label-based approach was used.
Each sample was incubated with the array at a 2 µg/ml con-
centration. Data were normalized and analyzed using RayBio
Analysis software. The glycan array screening and analysis was
performed by RayBiotech.

Statistical analysis.

Data were analyzed using GraphPad Prism version 9.3.1
(GraphPad Software). Data sets were checked for the normality
assumption, using Shapiro-Wilk test and Q-Q plots. One-way
analysis of variance, followed by Dunnett’s multi-comparisons
test or Student’s t-tests were performed for declaring statistical
significance.
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