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Abstract

Background: Dwarf bunt, which is caused by Tilletia controversa Kihn, is a soilborne and seedborne disease that
occurs worldwide and can lead to 70% or even total losses of wheat crops. However, very little information is
available about the histological changes that occur in dwarf bunt-resistant and dwarf bunt-susceptible wheat plants
at the tillering stage (Z21). In this study, we used scanning electron microscopy and transmission electron
microscopy to characterize the histological changes at this stage in resistant and susceptible wheat cultivars
infected by T. controversa.

Results: Using scanning electron microscopy, the root, stem, and leaf structures of resistant and susceptible
cultivars were examined after T. controversa infection. The root epidermal and vascular bundles were more severely
damaged in the susceptible T. controversa-infected plants than in the resistant plants. The stem cell and
longitudinal sections were much more extensively affected in susceptible plants than in resistant plants after
pathogen infection. However, slightly deformed mesophyll cells were observed in the leaves of susceptible plants.
With transmission electron microscopy, we found that the cortical bundle cells and the cell contents and nuclei in
the roots were more severely affected in the susceptible plants than in the resistant plants; in the stems and leaves,
the nuclei, chloroplasts, and mesophyll cells changed significantly in the susceptible plants after fungal infection.
Moreover, we found that infected susceptible and resistant plants were affected much more severely at the tillering
stage (Z21) than at the seedling growth stage (Z13).

Conclusion: Histological changes in the wheat roots, stems and leaves were much more severe in T. controversa-
infected susceptible plants than in infected resistant plants at the tillering stage (Z21).
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Background

Wheat is a critical food crop that plays a pivotal role in
worldwide food security [1]. Dwarf bunt of wheat is one
of the most serious diseases of this crop in the world,
and it is a quarantine disease in many countries [2—4].
T. controversa, a soilborne and seedborne fungal patho-
gen, is the causal agent of dwarf bunt of wheat. 7. con-
troversa has a wide host range but primarily damages
the genus Triticum; Hordeum vulgare and rye are also
affected. To date, more than 70 species of plants in 18
genera within the Gramineae family are known to be
affected [5, 6]. Usually, losses due to dwarf bunt reach
10-20%, but under severe conditions, losses can reach
70-80% or even complete crop failure [7].

The plant vascular system performs two vital func-
tions, namely the delivery of resources (essential mineral
nutrients, water, amino acids and sugars) to the various
plant organs and the provision of mechanical support
[8]. In addition, the vascular bundle serves as an effective
long-distance communication system, with the xylem
and phloem bringing in information relating to biotic
and abiotic conditions below and above the ground, re-
spectively [9]. Mesophyll cells contain a large population
of chloroplast organelles and therefore are very import-
ant for photosynthesis in higher plants [10]. The nucleus
contains most of the genetic material of the cell [11],
and chloroplasts play an important role in photosyn-
thesis [12]; both are very important organelles in plants.
The infection of these organelles by fungal pathogens
may lead to damage to their structure and function [13].
Previous studies showed that Verticillium dahliae co-
nidia could not penetrate the cuticles of resistant lettuce
cultivars, but the plasma membrane and cytoplasm were
severely infected in a susceptible cultivar [14]. An oc-
cluding material was produced in inoculated resistant
cultivars (Manteigdo Fosco 11 and VP8) while not found
in inoculated susceptible cultivar (Meia Noite) and
non-inoculated control of both resistant and suscep-
tible cultivars, which may help defend against infec-
tion by Fusarium oxysporum Schlecht. f. sp. phaseoli
in the resistant cultivars [15]. In barley, Rhynchospor-
ium secalis (a smut pathogen) infects the plasma
membrane and the cytoplasmic materials of suscep-
tible cultivars, but a dense osmiophilic layer develops
inside the wall of resistant cultivars [16]. Similarly,
Sphacelotheca reiliana only infects maize seedlings in
susceptible cultivars and creates necrotic symptoms
[17]. Colonization is limited to the lower stem por-
tion in the resistant cultivar, whereas the xylem of
the susceptible cultivar is quickly and intensively col-
onized in other crops [18, 19]. In the resistant culti-
var parenchyma, the cells surrounding the colonized
vascular tissues show rapid cytoplasmic disturbance
and increased metabolic activity [20].
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Hansen et al. [21] studied histopathology in inoculated
wheat plants of both susceptible and resistant cultivars,
they focused on the development of the fungal hyphae
from inoculation of the host plant up to spore formation
and found that the spread of the pathogens leading to
dwarf bunt, rye smut and common smut in resistant
plants was usually retarded compared to the spread and
development of the pathogen in the tissues of suscep-
tible plants. They also reported that the mycelia of dwarf
bunt were able to penetrate wounded seedlings of resist-
ant host varieties and species but fail to spread further
in the tissues. Similarly, Woolman [22] demonstrated
that the process of the infection caused by Tilletia tritici
(leading to wheat common bunt) in resistant cultivars
was usually slow compared to the aggressive spread in
susceptible cultivars, and they were mainly interested in
the three stages of infection: the entrance of the hyphae
into the epidermal cell and its development, the develop-
ment in the deeper parts of the coleoptile and in the
sheath tissues of the earliest true leaves, and the devel-
opment in the very young leaf blades and in the nodes,
internodes, and growing points of the plant. Fernandez
et al. [23] reported on the differences of intercellular hy-
phae that were reamplified throughout the primordial
leaf and nodal tissue and reached the cells of the grow-
ing point between cultivars susceptible and resistant to
T. controversa (the pathogen causing dwarf bunt), and
they found that the development and spread of the hy-
phae is usually slow in resistant cultivars. Those studies
mentioned above used only light microscopy or section-
ing for anatomical investigations. However, in this study,
with scanning electron microscopy and transmission
electron microscopy, we identified the more important
growth stages by analyzing the tillering (Z21) and seed-
ling growth (Z13) [24] stages for histological changes in
the root, stem and leaf cells in response to T. controversa
infection in resistant and susceptible wheat cultivars.

Results

Detection of T. controversa in plants

The stages of seedling growth (Z13) and tillering (Z21)
in both infected and control plants of resistant and sus-
ceptible cultivars were shown in Additional file 1. We
detected the pathogen of T. controversa in the plants by
combining microscopy and molecular detection
methods. For the detection of T. controversa by confocal
laser scanning microscopy, both in the stages of seedling
growth (Z13) and tillering (Z21), we found the hyphae of
T. controversa in both the infected resistant and suscep-
tible wheat cultivars in the roots, stems, and leaves
(Additional file 2). For molecular detection, we extracted
DNA from leaves of the inoculated and control plants of
both cultivars at both stages to detect the pathogen. The
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expected 372bp fragment was detected in the infected
leaf samples (Additional file 3).

Comparison of root, stem, and leaf tissue structures of
resistant and susceptible plants with scanning electron
microscopy

Based on the resistant (Mianyang 26/Yumai 47) and sus-
ceptible cultivar (CU42), in the root cells, as shown in
Fig. 1, there were few differences between the epidermal
cells of the resistant cultivar and those in the mock
treatment (Fig. 1a, b); however, in the inoculated suscep-
tible cultivar, the epidermal cells were severely infected,
and some damage appeared on the epidermal cells (Fig.
1d). In the mock treatment, the epidermal cells were
closely packed (Fig. 1c). We found fungal hyphae in the
cortical parenchyma cells of the infected resistant culti-
var (Fig. 1f) but not in the mock resistant cultivar (Fig.
le). Moreover, we found hyphae in both the vascular
cells and cortical parenchyma cells of the infected sus-
ceptible cultivar (Fig. 1h) but not in those of the mock
susceptible cultivar (Fig. 1g).

For the stem cells, the first internodes (just above the
roots) of the plants were examined. As shown in Fig. 2,
there were no obvious differences in the stem cells be-
tween the infected resistant cultivar and the mock treat-
ments (Fig. 2a, b). By contrast, the stem vascular system
of the inoculated susceptible cultivar was severely af-
fected, and most stem cells changed their shape com-
pared to those in the mock susceptible cultivar (Fig. 2c,
d). We also investigated longitudinal sections of both
cultivars for more detail. In the resistant cultivar,
whether mock (Fig. 2e) or infected (Fig. 2f), the cell
structures were not destroyed by the pathogen. How-
ever, the fungus successfully colonized, ruptured and de-
formed the stem cells in the inoculated susceptible
cultivar (Fig. 2h) but not those in the mock susceptible
cultivar (Fig. 2g).

In Fig. 3, the results showed that the resistant culti-
var tolerated the pathogenic effects of T. controversa,
and few differences were observed in the mesophyll
cells of either the infected resistant cultivar or the in-
fected susceptible cultivar compared to their respect-
ive controls. For the histological characteristics of the
leaves of infected resistant and susceptible cultivars at
the tillering stage (Z21) (Fig. 3b, d), in comparison to
those receiving mock treatments (Fig. 3a, c), few dif-
ferences, including slight deformations of the meso-
phyll cells, were found between the infected
susceptible cultivar (Fig. 3d) and the infected resistant
cultivar (Fig. 3b). All the above results indicated that
T. controversa only slightly infected the susceptible
cultivar. Additionally, the morphology of the resistant
and susceptible cultivar roots, stems and leaves was
examined at the seedling growth stage (Z13).
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However, the growth and development of hyphae in
these tissues were very slow (Additional files 4, 5 and
6). Specifically, we found that the root epidermal cells
in infected resistant and susceptible cultivars did not
show obvious changes compared to those in the mock
treatments (Additional file 4a, b, ¢, d), while the cell
walls of the vascular bundle cells of the infected sus-
ceptible cultivar were uneven compared to those in
the mock treatment, and we also compared the effects
on the infected resistant cultivar and the mock resist-
ant cultivar (Additional file 4e, f, g, h). Some deform-
ities were observed in the stem cells of the infected
susceptible cultivar but not in the mock susceptible
cultivar (Additional file 5), and slight damage oc-
curred in the mesophyll cells of the infected suscep-
tible cultivar, but not in the mock susceptible cultivar
(Additional file 6). Therefore, the results indicated
that the pathogen had much more extensive effects
on the susceptible cultivar at the tillering stage (Z21)
than at the seedling growth stage (Z13).

Another resistant (Yinong 18/Lankao 8) and suscep-
tible cultivars (Dongxuan 3) were also observed. At
the tillering stage (Z21), the root morphology of the
resistant variety showed few differences between the
mock and T. controversa-infected treatments (Add-
itional file 7a, b, e, f). For the susceptible cultivar, the
root cells showed damage in the infected plants (Add-
itional file 7c, d, g, h). The vascular bundle cells, par-
enchyma cells (Additional file 7d), and root epidermal
cells (Additional file 7h) were damaged, the root hairs
were sparse and hyphae were found in the paren-
chyma cells (Additional file 7d). For the stem cells,
the morphology of the resistant cultivar did not dis-
play any differences between the mock and infected
treatments (Additional file 8a, b, e, f), while for the
susceptible cultivar, which showed severely deformed
cells in the infected compared to the mock treatment
(Additional file 8c, d, g, h). The mesophyll cells of
the susceptible and resistant cultivars displayed few
differences (Additional file 9). In addition, at the
seedling growth stage (Z13) in the root cells, both the
resistant and susceptible cultivars showed few differ-
ences between the mock and T. controversa-infected
treatments (Additional file 10a-h). For the stem cells,
the infected susceptible cultivar showed cell abnor-
malities (Additional file 11c, d) that were not found
in the resistant cultivar (Additional file 11a, b). The
mesophyll cells of the susceptible varieties after infec-
tion were abnormal (Additional file 12¢, d), unlike the
resistant varieties, which did not show any differences
after infection (Additional file 12a, b). Therefore, the
results showed that T. controversa had more effects
on the susceptible cultivar at the tillering stage (Z21)
than at the seedling growth stage (Z13).
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Fig. 1 Histological characteristics of the roots of the mock and infected resistant and susceptible cultivars at the tillering stage (Z21) under
scanning electron microscopy. a Epidermal cells of the mock resistant cultivar. b Epidermal cells of the infected resistant cultivar. ¢ Epidermal cells
of the mock susceptible cultivar. d Epidermal cells of the infected susceptible cultivar. e Vascular bundle cells and cortical parenchyma cells of the
mock resistant cultivar. f Vascular bundle cells and cortical parenchyma cells of the infected resistant cultivar. g Vascular bundle cells and cortical
parenchyma cells of the mock susceptible cultivar. h Vascular bundle cells and cortical parenchyma cells of the infected susceptible cultivar. The
resistant cultivar was Mianyang 26/Yumai 47, and the susceptible cultivar was CU42. White arrows in (a-d) indicate epidermal cells, white arrows
in (e-h) indicate cortical parenchyma cells, black arrows indicate vascular bundle cells, white circles in (f and h) indicate hyphae in cortical
parenchyma cells, and black circles in (h) indicates hyphae in vascular bundle cells

Comparison of root, stem, and leaf tissue structures of
resistant and susceptible plants under transmission
electron microscopy

For the resistant (Mianyang 26/Yumai 47) and suscep-
tible cultivar (CU42), in the root cells (Fig. 4), the
cortical parenchyma cells were much more severely

deformed than the vascular bundle cells in infected
plants than in the corresponding mock plants, regardless
of the cultivar (Fig. 4a, b, ¢, d). The pathogen intensively
damaged the root cell contents and cell walls of the di-
minished tissues in the infected susceptible cultivar but
not in the mock susceptible cultivar (Fig. 4g, h); this

Resistant Susceptible Resistant Susceptible
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Infected

Fig. 2 Histological characteristics of the stems of the mock and infected resistant and susceptible cultivars at the tillering stage (Z21) under
scanning electron microscopy. The first internodes (just above the roots) of the plants were examined. a Stem cell structure of the mock resistant
cultivar. b Stem cell structure of the infected resistant cultivar. ¢ Stem cell structure of the mock susceptible cultivar. d Stem cell structure of the
infected susceptible cultivar. e Longitudinal section of the stem of the mock resistant cultivar. f Longitudinal section of the stem of the infected
resistant cultivar. g Longitudinal section of the stem of the mock susceptible cultivar. h Longitudinal section of the stem of the infected
susceptible cultivar. The resistant cultivar was Mianyang 26/Yumai 47, and the susceptible cultivar was CU42. White arrows in (a-d) indicate stem
cells, white arrows in (e-h) indicate longitudinal section stem cells, and white circles in (h) indicate hyphae in the cell
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Fig. 3 Histological characteristics of the leaves of the mock and infected resistant and susceptible cultivars at the tillering stage (Z21) under
scanning electron microscopy. a Mesophyll cells of the mock resistant cultivar. b Mesophyll cells of the infected resistant cultivar. ¢ Mesophyll
cells of the mock susceptible cultivar. d Mesophyll cells of the infected susceptible cultivar. The resistant cultivar was Mianyang 26/Yumai 47, and
the susceptible cultivar was CU42. White arrows in (a-d) indicate mesophyll cells
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phenomenon was not found in infected resistant plants
or in the mock resistant plants (Fig. 4e, f). Moreover, the
root nucleus was degraded and the nuclear envelopes
were ruptured in the inoculated susceptible cultivar but
not in the mock susceptible cultivar; this phenomenon
was not observed in the infected resistant plants or in
the mock resistant plants (Fig. 44, j, k, 1).

In the stem cells (Fig. 5), the tissue morphology did
not show major differences between the inoculated
resistant plants and the mock plants (Fig. 5a, b).
However, in the inoculated susceptible plants, the
cells were deformed, scattered, and ruptured (Fig. 5d)
compared to those in the mock plants (Fig. 5¢). Simi-
larly, the stem nuclei in the resistant cultivar showed
few changes compared to those in the mock treat-
ment (Fig. 5e, f). The nuclei in the inoculated suscep-
tible cultivar were deformed, and the nuclear
envelopes were ruptured and abnormal (Fig. 5h) com-
pared to those in the mock treatment (Fig. 5g). Add-
itionally, there were no obvious differences in the
chloroplasts between the resistant and mock plants
(Fig. 5i, j). However, degraded, and ruptured chloro-
plasts were observed in the inoculated susceptible cul-
tivar but not in the mock treatment (Fig. 5k, 1).

In the mesophyll cells (Fig. 6), the cell space was larger
in the inoculated plants of the resistant cultivar than in
the mock resistant cultivar (Fig. 6a, b). The mesophyll

cells were scattered and deformed in the inoculated sus-
ceptible cultivar compared to those in the mock suscep-
tible cultivar (Fig. 6c, d). Similarly, there were no
significant differences between the nuclei of the inocu-
lated resistant plants and those of the mock resistant
plants (Fig. 6e, f). By contrast, the nuclear envelope was
ruptured in the inoculated susceptible cultivar but not in
the mock susceptible cultivar (Fig. 6g, h). We also found
that the lamellar structure of the chloroplasts lost its ri-
gidity and was deformed compared to that in the mock
susceptible plants (Fig. 6k, 1). However, few damaged
chloroplasts were found in resistant cultivar or the mock
treatment (Fig. 6i, j). All the above results indicated that
T. controversa severely infects the cell tissues of the sus-
ceptible cultivar but not those of the resistant cultivar.
The morphology of the roots, stems and leaves of the re-
sistant and susceptible cultivars was also examined at
the seedling growth stage (Z13) using transmission elec-
tron microscopy. However, smaller changes in the root,
stem and leaf structures were found during the seedling
growth stage (Z13) than during the tillering stage (Z21)
(Additional files 13, 14 and 15). We concluded that the
pathogen infected the susceptible cultivar much more
severely at the tillering stage (Z21) than at the seedling
growth stage (Z13).

Another resistant (Yinong 18/ Lankao 8) and suscep-
tible cultivar (Dongxuan 3) were also used in this study.
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Fig. 4 Histological characteristics of the roots of the mock and infected resistant and susceptible cultivars at the tillering stage (Z21) under
transmission electron microscopy. a Vascular bundle cells and cortical parenchyma cells of the mock resistant cultivar. b Vascular bundle cells and
cortical parenchyma cells of the infected resistant cultivar. ¢ Vascular bundle cells and cortical parenchyma cells of the mock susceptible cultivar.
d Vascular bundle cells and cortical parenchyma cells of the infected susceptible cultivar. e Root cell contents of the mock resistant cultivar. f
Root cell contents of the infected resistant cultivar. g Root cell contents of the mock susceptible cultivar. h Root cell contents of the infected
susceptible cultivar. i Root nucleus of the mock resistant cultivar. j Root nucleus of the infected resistant cultivar. k Root nucleus of the mock
susceptible cultivar. I Root nucleus of the infected susceptible cultivar. The resistant cultivar was Mianyang 26/Yumai 47 and the susceptible
cultivar was CU42. Black arrows in (a-d) indicate cortical parenchyma cells, red arrows in (a-d) indicate vascular bundle cells, black arrows in (e-h)
indicate root cell contents, and black arrows in (i-l) indicate root nuclei (N: Nucleus; M: Mitochondrion; scale bar of (a-f) = 20 um; scale bar of (g
and h) =10 um; scale bar of (i and j) =2 pm; scale bar of (k and 1) =0.5 pm)

At the tillering stage (Z21) in the infected resistant culti-
var, the changes in the roots, stems and leaves did not
display obvious differences (Additional files 16a, b; e, f, i,
j; 17a, b, e, f, i, j; 18a, b, e, {, i, j). However, the paren-
chyma cells in the root cortex of the susceptible cultivar
(Dongxuan 3) were severely deformed compared to the
mock treatment (Additional file 16¢, d), and the root
contents (Additional file 16g, h) and the nucleus (Add-
itional file 16k, 1) were all severely degraded. Stem cells
from infected plants were arranged irregularly compared
to the mock treatment (Additional file 17¢, d), and the
nuclei (Additional file 17g, h), and chloroplasts (Add-
itional file 17k, 1) showed severe deformations compared
to the mock treatment. In the leaf, the mesophyll cells
(Additional file 18c, d), nucleus (Additional file 18g, h)
and chloroplast (Additional file 18k, 1) were all severely
deformed compared to the mock treatment. We also ex-
amined the root (Additional file 19), stem (Add-
itional file 20) and leaf (Additional file 21) cells at the
seedling growth stage (Z13). We found that T. contro-
versa played a much more important role in the infected
susceptible cultivar at the tillering stage (Z21) than at
the seedling growth stage (Z13).

Statistical analysis of the damaged critical corresponding
cells in roots, stems, and leaves

For the seedling growth stage (Z13) and the tillering
stage (Z21), we observed 100 ~ 400 critical correspond-
ing cells from the roots, stems and leaves respectively by
scanning electron microscopy and observed 40 ~ 120
critical corresponding cells separately in roots, stems

and leaves by transmission electron microscopy. The
percentages of damaged critical corresponding cells (the
number of damaged critical corresponding cells /the
total number of observed critical corresponding cells x
100%) were analyzed at the seedling growth stage (Z13)
and tillering stage (Z21). Both results indicated that in
the infected susceptible cultivars, the rate of damaged
critical corresponding cells was significantly different be-
tween the two stages of wheat growth (Z13 and Z21)
with P-values of 0.031, 0.008, 0.0097, 0.012, and 0.004 by
scanning electron microscopy and 0.0277, 0.009, 0.0075,
and 0.0224 by transmission electron microscopy
(Table 1).

Discussion

In this study, we characterized the histological changes
at both the tillering stage (Z21) and the seedling growth
stage (Z13) in resistant and susceptible wheat plants in-
fected by T. controversa using transmission electron mi-
croscopy and scanning electron microscopy, and these
changes will play an important role in exploring the
fungus-host interaction mechanism.

To determine the relative importance of the tillering
stage (Z21) and the seedling growth stage (Z13), based
on the combination of images of disease symptoms
(Additional file 1), microscopic observation and molecu-
lar detection of the infected wheat cultivars
(Additional files 2 and 3), we obtained samples for ob-
servation by scanning electron microscopy and transmis-
sion electron microscopy. According to the results, the
plant histological characteristics at the tillering stage
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Fig. 5 Histological characteristics of the stems of the mock and infected resistant and susceptible cultivars at the tillering stage (Z21) under
transmission electron microscopy. a Stem cell structure of the mock resistant cultivar. b Stem cell structure of the infected resistant cultivar. ¢
Stem cell structure of the mock susceptible cultivar. d Stem cell structure of the infected susceptible cultivar. e Stem cell nucleus of the mock
resistant cultivar. f Stem cell nucleus of the infected resistant cultivar. g Stem cell nucleus of the mock susceptible cultivar. h Stem cell nucleus of
the infected susceptible cultivar. i Stem chloroplast of the mock resistant cultivar. j Stem chloroplast of the infected resistant cultivar. k Stem
chloroplast of the mock susceptible cultivar. I Stem chloroplast of the infected susceptible cultivar. The resistant cultivar was Mianyang 26/Yumai
47, and the susceptible cultivar was CU42. Black arrows in (a-d) indicate stem cells, black arrows in (e-h) indicate stem nuclei, and black arrows in

(i-l) indicate stem chloroplasts (N: Nuclei; CHI: Chloroplast; St: Starch granule; scale bar of (a-d) =10 um; scale bar of (e-) =2 um)

(Z21) were much more affected by the pathogen infec-
tion. Specifically, in the root cells at the tillering stage
(Z21), scanning electron microscopy showed fungal hy-
phae in both vascular bundle cells and cortical paren-
chyma cells of the susceptible cultivars (CU42,
Dongxuan 3) and the cortical parenchyma cells in one of
the resistant wheat cultivars (Mianyang 26/Yumai 47).
Additionally, the morphophysiological characteristics of
the roots of infected susceptible plants were significantly
deformed compared with those of the mock plants (Fig.
1, Additional file 7). At the seedling growth stage (Z13),
we observed few changes by scanning electron

microscopy (Additional files 4 and 10). With transmis-
sion electron microscopy, for the root cells, we observed
cell deformation in the infected susceptible cultivar
plants (Fig. 4, Additional files 13, 16 and 19). We also
found that the root nucleus and the cell wall of nuclear
degraded and ruptured in the inoculated susceptible cul-
tivar; these changes were also found at the seedling
growth stage (Z13), but the degree of damage was lower
than that at the tillering stage (Z21). For the stem cells,
we analyzed the results of the tillering stage (Z21) and
the seedling growth stage (Z13) and found that the fun-
gus successfully colonized, ruptured, and deformed the

Resistant

Susceptible Resistant

45

.,

Mock

Fig. 6 Histological characteristics of the leaves of the mock and infected resistant and susceptible cultivars at the tillering stage (Z21) under
transmission electron microscopy. @ Mesophyll cell structure of the mock resistant cultivar. b Mesophyll cell structure of the infected resistant
cultivar. ¢ Mesophyll cell structure of the mock susceptible cultivar. d Mesophyll cell structure of the infected susceptible cultivar. @ Nucleus of the
mock resistant cultivar. f Nucleus of the infected resistant cultivar. g Nucleus of the mock susceptible cultivar. h Nucleus of the infected
susceptible cultivar. i Chloroplast of the mock resistant cultivar. j Chloroplast of the infected resistant cultivar. k Chloroplast of the mock
susceptible cultivar. I Chloroplast of the infected susceptible cultivar. The resistant cultivar was Mianyang 26/Yumai 47, and the susceptible
cultivar was CU42. Black arrows in (a-d) indicate mesophyll cells, black arrows in (e-h) indicate leaf nuclei, and black arrows in (i-l) indicate leaf
chloroplasts (N: Nucleus; CHI: Chloroplast; St: Starch granule; M: Mitochondrion; scale bar of (a-d) =20 um; scale bar of (e-l) =1 um)

N
Susceptible Resistant Susceptible
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Table 1 Analysis of damaged critical corresponding cells in roots, stems, and leaves at the seedling growth stage (Z13) and tillering
stage (Z21) in infected both wheat cultivars determined by scanning electron microscopy and transmission electron microscopy

Treatments Total cells Damaged cells Rate of damaged cells (%) P-value
Z13 z21 Z13 z21 Z13 Z21

Scanning electron microscopy
S1-root 317 263 98 149 3248 £ 9.55 56.85 + 322 0.0031 *
S2-root 207 367 39 161 1942 £ 255 44.58 + 448 0.008 *
R1-root 394 390 47 41 11.74 £1.69 1051 £ 052 0.5258
R2-root 319 377 23 29 734 £ 157 824 + 334 0.819
S1-stem 102 184 24 62 2350 +3.26 33.07 £ 208 0.0097 *
S2-stem 126 154 22 48 1730 £ 149 31.06 + 2.80 0012 *
R1-stem 164 131 22 16 12.16 £ 363 1191 + 338 0.9617
R2-stem 101 106 7 6 737 £0.10 586+ 1.73 0.488
S1-leaf 120 115 18 47 15.16 £ 1.14 4121 £ 457 0.004 *
S2-leaf 107 126 38 60 37.14 £ 633 4771 £1.27 0177
R1-leaf 108 112 12 1" 12.05 £ 3.28 1050 + 2.13 0.7102
R2-leaf 109 118 6 12 539 + 0.09 10.12 + 063 0.012

Transmission electron microscopy

S1-root 45 137 17 59 36.36 + 2.56 4445 + 591 0.0277 *
S2-root 21 37 7 13 3045 + 3.66 3792 £ 4.10 0.246
R1-root 114 123 13 12 1149 £ 0.71 9.95 + 199 05073
R2-root 70 28 8 7 13.10 £ 2.10 2633 + 1.86 0.009 *
S1-stem 42 44 8 17 1957 £2.20 39.88 + 342 0.0075 *
S2-stem 27 23 5 6 19.53 £ 297 29.75 = 449 0.130
R1-stem 56 58 4 9 711 £1.08 1497 + 154 0.14
R2-stem 41 44 6 7 1411 £ 087 1641 +1.01 0.160
S1-leaf 56 31 8 10 15.79 £ 3.88 34.81 = 3.55 0.0224 *
S2-leaf 43 26 6 9 13.14 £ 043 3879 = 10.96 0.080
R1-leaf 50 34 3 3 7.04 £ 1.03 809 + 197 06615
R2-leaf 74 25 5 4 793 £ 1.59 1519 + 2.28 0.059

Each entry in the table indicates the average cells, with total cells based on 100 ~ 400 critical corresponding cells by scanning electron microscopy and 4 ~ 120
critical corresponding cells by transmission electron microscopy. The percentages of damaged critical corresponding cells = the number of damaged critical

corresponding cells/the total number of observed critical corresponding cells x 100%. The significant P-values were indicated as

wn

for a significance level of 0.05

according to ANOVA (Duncan’s multiple range test). S-root indicates root cells in the susceptible wheat cultivar, R-root indicates root cells in the resistant wheat
cultivar, S-stem indicates stem cells in the susceptible wheat cultivar, R-stem indicates stem cells in the resistant wheat cultivar, S-leaf indicates leaf cells in the
susceptible wheat cultivar, and R-leaf indicates leaf cells in the resistant wheat cultivar. S1, S2, R1, and R2 are CU42, Dongxuan 3, Mianyang 26/Yumai 47, and

Yinong 18/Lankao 8, respectively

stem cells in the inoculated susceptible cultivar (Fig. 2,
Additional file 8). In addition, the chloroplasts were de-
graded and ruptured in the inoculated susceptible culti-
var but not in the mock plants at the tillering stage
(Z21) (Fig. 5, Additional file 17); this change was not
found at the seedling growth stage (Z13) (Add-
itional files 5, 11, 14 and 20). In the leaf cells, even we
found little changes in the cells with scanning electron
microscopy in the infected susceptible cultivar (Fig. 3,
Additional files 6, 9 and 12); while based on transmis-
sion electron microscopy, we observed that the nuclear
envelopes were ruptured in the inoculated susceptible
cultivar at the tillering stage (Z21), and we also found

major changes in the lamella structure of the chloro-
plasts, which lost its rigidity and was deformed com-
pared to that at the seedling growth stage (Z13) (Fig. 6,
Additional files 15, 18 and 21).

In this study, we combined transmission electron mi-
croscopy and scanning electron microscopy to analyze
the histological characteristics of root, stem, and leaf
cells. Based on scanning electron microscopy, the stem
and leaf cells were not highly different between the til-
lering stage (Z 21) (Figs. 2 and 3, Additional files 8 and
9) and the seedling growth stage (Z13) (Additional files
5, 6, 11 and 12). However, major differences were ob-
served between the tillering stage (Z21) (Figs. 5 and 6,
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Additional files 17 and 18) and the seedling growth stage
(Z13) (Additional files 14, 15, 20 and 21) by transmission
electron microscopy. Therefore, it is essential and im-
portant to explore the histological changes using the
combination of transmission electron and scanning elec-
tron microscopy.

Moreover, we found that 7. controversa severely af-
fected some cell organelles in the susceptible cultivar.
For example, the fungal pathogen damaged the meso-
phyll cells of the susceptible cultivars and ruptured their
cell structures (Fig. 6, Additional file 18). Other studies
also observed similar phenomena in other crops due to
different pathogens [25, 26]. Some reports mentioned
that structural alterations were found in the host tissue
of resistant plants, including the formation of gel plugs
[27] or tyloses [27, 28] and the presence of substances in
the xylem vessels [29, 30]. Leaf mesophyll cells play an
important role in the photosynthesis process, which is
also a key part of resistance to fungal pathogen invasion
and expansion [31]. The cell nucleus is another organelle
that changes in response to fungal infection [26]. Fungal
pathogens can destroy the nuclear structures in plants
after interacting with susceptible plants and change the
chromatin condensation forms [32, 33]. Disorders in the
chloroplast lamellae cause necrotic symptoms in plants
and affect the average crop vyields (Fig. 6, Add-
itional files 15, 18 and 21). Chloroplasts are essential ele-
ments of photosynthesis, and chloroplast lamella
infection reduces the plant height and average crop yield
[34]. Ruptured chloroplast walls were observed by trans-
mission electron microscopy in the inoculated suscep-
tible cultivar (Fig. 5). Similar observations were observed
in wheat infected with Mycosphaerella graminicola and
Puccinia striiformis f. sp. tritici [26, 35]. Additionally,
chloroplast content has been found to decrease after
fungal infection [36]. The results revealed that the nuclei
and chloroplasts in the roots, stems and leaves were in-
tensively infected by T. comtroversa in the susceptible
cultivar but not in the resistant plants (Figs. 4, 5 and 6).
Mitochondria also play vital roles in cells and play cru-
cial roles in the early defense responses of muskmelons
against Trichothecium roseum infection through the
regulation of ROS production and energy metabolism
[37]. This finding suggests that mitochondria are very
important in plant defense mechanisms. Our results
showed that T. conmtroversa dramatically affected the
mitochondria in the susceptible cultivar but not those in
the resistant cultivar (Additional file 144, j, k, 1). All these
changes indicate that T. controversa affects cell organs in
susceptible cultivar plants and damages their organelles,
which inhibits the normal function of the plant. Hyphae
invaded the tissue cells of the susceptible cultivar, which
led to cell wall breakage, cell content degradation, and
organelle destruction. The number of intercellular
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hyphae in the resistant cultivar was lower than that in
the susceptible cultivar, which may be due to a defense
mechanism that prevents the expansion of the hyphae
and ensures the integrity of the cells and organelles. For
the statistical analysis, we found that the percentage of
damaged critical corresponding cells in the susceptible
wheat cultivar was significantly different between the
two growth stages of Z13 and Z21 (Table 1).

Some studies have described the root cell response to
specific fungi. For example, a study on watermelon seed-
ling infection by Fusarium oxysporum f. sp. niveum [38]
noted the histological responses of susceptible water-
melon seedlings only; thus, it could not be determined
whether there were any differences between susceptible
and resistant plants. In our study, we analyzed both sus-
ceptible and resistant plants using mock and infected
plants, and we did find differences between them. This
type of information is very important for exploring the
infection mechanism of 7. controversa and contributes
to the effective control of wheat bunt.

In summary, this study reported on the characteristics
of histological changes in resistant and susceptible culti-
vars at the tillering stage (Z21) and seedling growth
stage (Z13), which will contribute greatly to the explor-
ation of the infection mechanism of 7. controversa and
the interaction of this fungus with its host.

Conclusions

The root, stem and leaf organelles of the susceptible cul-
tivar were much more extensively affected by the fungal
hyphae than those of the resistant plants at the tillering
stage (Z21) than at the seedling growth stage (Z13).

Methods

Fungal material and culture

The identified fungal strain 7. controversa was provided
by Blair Goates, United States Department of Agricul-
ture (USDA), Agricultural Research Service (ARS), Aber-
deen, Idaho, USA. Plates containing 7. controversa
teliospores on 2% soil-agar media were incubated for 60
days under 24 h light (60 pmol/m?*/s) at 5°C in an incu-
bator (MLR 352H, Panasonic, USA) after being covered
with parafilm. The teliospore germination was observed
under an automated inverted fluorescence microscope
(IX83, Olympus, Japan). The hyphae were collected for
inoculation at a concentration of 10° spores/mL with an
ODgqo of 0.15 [39].

Plant materials and growth conditions

Four winter wheat cultivars, Mianyang 26/Yumai 47,
Yinong 18/ Lankao 8 as resistant cultivars and CU42,
Dongxuan 3 as susceptible cultivars, were used in this
experiment. The seeds were obtained from the Institute
of Plant Protection, Chinese Academy of Agricultural



Xu et al. BVIC Plant Biology (2021) 21:49

Sciences. The seeds were surface-sterilized with 30%
NaClO for 1 min, washed with sterile water 3 times and
kept on plates on moist filter paper at 5°C for 1 month
to vernalize. Transplantation was performed when the
wheat germ sheath grew to 1 ~ 3 cm (at the germination
stage (Z209)). The seedlings were moved into pots filled
with an organic matter and soil mix (Klasmann-Deil-
mann, Germany) at a ratio of 1:2% and grown in growth
chambers (Percival, ARC-36VL-LT, USA). The wheat
seedlings were grown under a 14 h light (300 umol/m?/
s)/10h dark cycle at 8°C during the seedling growth
stage (Z11 ~ Z13) and at 15 °C during the tillering stage
(Z21). At the seedling growth stage (Z11), the roots of
every wheat seedling were injected with 2 mL of T. con-
troversa inoculum suspension. The suspension contained
infectious hyphae at a concentration of 10° spores/ml
with an ODgg of 0.15, and 2 mL of the suspension was
injected next to the root with a syringe (5 mL) and nee-
dle gauge with diameter of 0.7 mm (Zhiyu, Jiangsu,
China). Inoculation was repeated after 12 h, and the in-
jections continued for 5days. Plants grown under the
same conditions were injected with sterilized ddH,O for
use as the mock treatment. We established four treat-
ments: mock resistant plants, mock susceptible plants,
infected resistant plants, and infected susceptible plants.
Each treatment included 30 wheat plants. For the suc-
cessfully infected wheat plants, 20 plants of both resist-
ant and susceptible cultivars were selected for later
electron microscope observation. Similarly, for the mock
wheat plants, 20 plants of both resistant and susceptible
plants were selected.

Detection of T. controversa in plants

For detection by microscopy, wheat germ agglutinin and
Alexa Fluor 488 conjugate (WGA-AF 488) (Invitrogen,
Eugene, USA) were used to stain the hyphae, and propi-
dium iodide (PI) (Invitrogen, Eugene, USA) was used to
stain the wheat tissues. The procedures were followed in
accordance with Gao et al. [40]. The samples were ob-
served under a confocal laser scanning microscope
(Leica SP8, Germany) with excitation 510 nm/emission
570nm (for WGA-488) and excitation 590/emission
680 nm (for PI).

For detection by molecular methods, genomic DNA
was extracted from the wheat leaves using a plant gen-
omic DNA kit (TianGen, Beijing, China). The sequence-
characterized amplified region (SCAR) marker of T. con-
troversa (ISSR859-140AF- 5'-TGGTGGTCGGGAAA
GATTAGA-3, ISSR859-511AR: 5'-GGGACGAAGG
CATCAAGAAG-3") was used [41] in this study, and the
primers were synthesized by a company (Takara, Beijing,
China). The DNA concentration was 80 ng/uL. The PCR
amplification conditions were as follows: initial denatur-
ation at 94°C for 5min and 35 cycles of amplification
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with denaturation at 94°C for 20s, annealing at 56 °C
for 20's, and extension at 72 °C for 30s with a final ex-
tension at 72 °C for 7 min. After the PCR, 2% agarose gel
electrophoresis was performed at 150 V for 30 min, the
gel was stained with ethidium bromide, and the expected
bands were visualized using the gel documentation sys-
tem (WSE-5200 Printgraph 2M, ATTO, Korea).
Successful infection was indicated by the positive ampli-
fication of the expected 372-bp band.

Sample preparation for scanning electron microscopy
The roots, stems and leaves were collected from inocu-
lated and mock plants of both cultivars. The plants were
washed with ddH,O for further processing. A sterilized
scalpel was used to cut leaf veins quickly, with the mid-
rib as the axis of symmetry and a size of 5 mm x 5 mm
[length x width]. Similarly, the roots and stems were cut
to a length of approximately 5 mm. The pieces of roots,
stems, and leaves were immediately placed in 3% glutar-
aldehyde for 48 h for staining. After staining, the samples
were rinsed 10 times in phosphate buffer (0.1 mmol) and
stored in osmium tetroxide (OsO,) (1%) for 1.5h at
room temperature (25 °C). The samples were dehydrated
in a graded ethanol wash (30, 50, 60, 70, 80, 90 and
100%) for 20 min each. After being dehydrated, the sam-
ples were dried at 40°C on a CO, critical point dryer
(Leica CPD 030, Germany) for 5h. The samples were
placed on conductive, double-sided adhesive tape to en-
sure that the samples did not move or fall and that the
observed part of the sample remained at the same
height. The samples were investigated by scanning elec-
tron microscopy (S-570, HITACHLI, Japan) after spraying
metal film onto the specimen surfaces as reported by
Segado et al. [42].

Sample preparation for transmission electron microscopy
The above method was also used for transmission elec-
tron microscopy, except vacuuming was required for de-
hydration. Once a specimen settled, it was immediately
placed in the fixation solution and left for 48 h. After de-
hydration, the specimens were subjected to gradient in-
filtration with anhydrous acetone and embedded in
epoxy resin. After being embedded, the samples were
placed inside a dryer (Leica CPD 030, Germany) at 45 °C
for 12h and 60 °C for 48 h for polymerization in epoxy
resin and then cut into ultrathin sections with an ultra-
thin slicer (Leica EM UC6, Germany). The sample was
placed on an ultrathin slicer for cutting and double-
stained with uranium acetate and lead citrate as de-
scribed by Carisse et al. [16] and Xu et al. [43]. The sam-
ples were then observed using a transmission electron
microscope (H-7650, HITACHI, Japan).
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Statistical analysis of the damaged critical corresponding

cells in roots, stems, and leaves

The percentages of damaged critical corresponding cells
in the roots, stems and leaves of T. controversa-infected
resistant and susceptible cultivars at the seedling growth
stage (Z13) and the tillering stage (Z21) were calculated.
Twenty plants were selected as biological repeats. We
performed the analyses with Statistical Analysis System
version 6.10 (SAS Institute, Cary, NC) based on 100 ~
400 critical corresponding cells by scanning electron mi-
croscopy and 4-~ 120 critical corresponding cells by
transmission electron microscopy. The P-values were in-
dicated at a significance level of 0.05 according to the
ANOVA (Duncan’s multiple range test).

Supplementary Information
The online version contains supplementary material available at https://doi.
0rg/10.1186/512870-020-02819-0.

Additional file 1: Fig. S1. T. controversa-infected resistant and
susceptible cultivars and the mock treatments at the seedling growth
stage (Z13) and the tillering stage (Z21). (@) The mock susceptible cultivar
at the seedling growth stage (Z13). (b) The T. controversa-infected
susceptible cultivar at the seedling growth stage (Z13). (c) The mock
resistant cultivar at the seedling growth stage (Z13). (d) The T.
controversa-infected resistant cultivar at the seedling growth stage (Z13).
(e) The mock susceptible cultivar at the tillering stage (Z21). (f) The T.
controversa-infected susceptible cultivar at the tillering stage (Z21). (9)
The mock resistant cultivar at the tillering stage (Z21). (h) The T.
controversa-infected resistant cultivar at the tillering stage (Z21). The
resistant cultivar was Mianyang 26/Yumai 47, and the susceptible cultivar
was CU42.

Additional file 2: Fig. S2. The hyphae of T. controversa in the roots,
stems and leaves of infected resistant and susceptible cultivars at the
seedling growth stage (Z13) and tillering stage (Z21) under a laser
scanning confocal microscope. (a)-(f) Indicate the seedling growth stage
(213) and (g)-()) indicate the tillering stage (Z21). (a) (g) T. controversa-
infected roots of the resistant cultivar; (b) (h) T. controversa-infected stems
of the resistant cultivar; (c) (i) T. controversa-infected leaves of the
resistant cultivar; (d) (j) T. controversa-infected roots of the susceptible
cultivar; (e) (k) T. controversa-infected stems of the susceptible cultivar;
and (f) () T. controversa-infected leaves of the susceptible cultivar. The
resistant cultivar was Mianyang 26/Yumai 47, and the susceptible cultivar
was CU42. The red color indicates wheat tissues while the green color
indicates the T. controversa hyphae.

Additional file 3: Fig. S3. Molecular detection of T. controversa in
plants. M: 2000 DNA marker; 1: DNA from a T. controversa teliospore as
the positive control; 2: DNA from mock resistant leaves (Z13); 3: DNA
from mock resistant leaves (Z21); 4: DNA from mock susceptible leaves
(Z13); 5: DNA from infected resistant leaves (Z13); 6: DNA from mock
susceptible leaves (Z21); 7: DNA from infected susceptible leaves (Z13); 8:
DNA from mock resistant leaves (Z13); 9, 10, DNA from infected resistant
leaves (Z21); 12: sterilized ddH,O as the negative control. The resistant
cultivar was Mianyang 26/Yumai 47 and the susceptible cultivar was
Cu42.

Additional file 4: Fig. S4. Histological characteristics of the roots of the
mock and infected resistant and susceptible cultivars at the seedling
growth stage (Z13) under scanning electron microscopy. (a) Epidermal
cells of the mock resistant cultivar. (b) Epidermal cells of the infected
resistant cultivar. (c) Epidermal cells of the mock susceptible cultivar. (d)
Epidermal cells of the infected susceptible cultivar. (e) Vascular bundle
cells of the mock resistant cultivar. (f) Vascular bundle cells of the
infected resistant cultivar. (g) Vascular bundle cells of the mock
susceptible cultivar. (h) Vascular bundle cells of the infected susceptible
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cultivar. The resistant cultivar was Mianyang 26/Yumai 47 and the
susceptible cultivar was CU42. White arrows in (a)(b)(c)(d) indicate
epidermal cells, black arrows in (a)(b)(c)(d) indicate root hairs, and white
arrows in (e)()(g)(h) indicate vascular bundle cells.

Additional file 5: Fig. S5. Histological characteristics of the stems of
the mock and infected resistant and susceptible cultivars at the seedling
growth stage (Z13) under scanning electron microscopy. (a) Stem cell
structure of the mock resistant cultivar. (b) Stem cell structure of the
infected resistant cultivar. (c) Stem cell structure of the mock susceptible
cultivar. (d) Stem cell structure of the infected susceptible cultivar. (e)
Longitudinal section of the stem of the mock resistant cultivar. (f)
Longitudinal section of the stem of the infected resistant cultivar. (g)
Longitudinal section of the stem of the mock susceptible cultivar. (h)
Longitudinal section of the stem of the infected susceptible cultivar. The
resistant cultivar was Mianyang 26/Yumai 47, and the susceptible cultivar
was CU42. White arrows in (a)(b)(c)(d) indicate stem cells and white
arrows in (e)((g)(h) indicate longitudinal section stem cells.

Additional file 6: Fig. S6. Histological characteristics of the leaves of
the mock and infected resistant and susceptible cultivars at the seedling
growth stage (Z13) under scanning electron microscopy. (a) Mesophyll
cells of the mock resistant cultivar. (b) Mesophyll cells of the infected
resistant cultivar. () Mesophyll cells of the mock susceptible cultivar. (d)
Mesophyll cells of the infected susceptible cultivar. The resistant cultivar
was Mianyang 26/Yumai 47 and the susceptible cultivar was CU42. White
arrows in (a)(b)(c)(d) indicate mesophyll cells.

Additional file 7: Fig. S7. Histological characteristics of the roots of the
mock and infected resistant and susceptible cultivars at the tillering stage
(Z21) by scanning electron microscopy. (a) Vascular bundle cells and
cortical parenchyma cells of the mock resistant cultivar. (b) Vascular
bundle cells and cortical parenchyma cells of the infected resistant
cultivar. (c) Vascular bundle cells and cortical parenchyma cells of the
mock susceptible cultivar. (d) Vascular bundle cells and cortical
parenchyma cells of the infected susceptible cultivar. (e) Root epidermal
cells of the mock resistant cultivar. (f) Root epidermal cells of the infected
resistant cultivar. (g) Root epidermal cells of the mock susceptible cultivar.
(h) Root epidermal cells of the infected susceptible cultivar. The resistant
cultivar was Yinong 18/Lankao 8 and the susceptible cultivar was
Dongxuan 3. The white arrows in (a)(b)(c)(d) indicate cortical parenchyma
cells, the black arrows in (a)(b)(c)(d) indicate vascular bundle cells and the
white circles in (d) indicate hyphae in cortical parenchyma cells; the
white arrows in (e)(f)(g)(h) indicate root epidermal cells.

Additional file 8: Fig. S8. Histological characteristics of the stems of
the mock and infected resistant and susceptible cultivars at the tillering
stage (Z21) under scanning electron microscopy. (a) Stem cell structure
of the mock resistant cultivar. (b) Stem cell structure of the infected
resistant cultivar. (c) Stem cell structure of the mock susceptible cultivar.
(d) Stem cell structure of the infected susceptible cultivar. (e)
Longitudinal section of the stem of the mock resistant cultivar. (f)
Longitudinal section of the stem of the infected resistant cultivar. (g)
Longitudinal section of the stem of the mock susceptible cultivar. (h)
Longitudinal section of the stem of the infected susceptible cultivar. The
resistant cultivar was Yinong 18/Lankao 8, and the susceptible cultivar
was Dongxuan 3. White arrows in (a)(b)(c)(d) indicate stem cells and
white arrows in (e)(f)(g)(h) indicate longitudinal section stem cells.

Additional file 9: Fig. S9. Histological characteristics of the leaves of
the mock and infected resistant and susceptible cultivars at the tillering
stage (Z21) under scanning electron microscopy. (a) Mesophyll cells of
the mock resistant cultivar. (b) Mesophyll cells of the infected resistant
cultivar. (c) Mesophyll cells of the mock susceptible cultivar. (d) Mesophyll
cells of the infected susceptible cultivar. The resistant cultivar was Yinong
18/Lankao 8, and the susceptible cultivar was Dongxuan 3. White arrows
in (@)(b)(c)(d) indicate mesophyll cells.

Additional file 10: Fig. S10. Histological characteristics of the roots of
the mock and infected resistant and susceptible cultivars at the seedling
growth stage (Z13) under scanning electron microscopy. (a) Vascular
bundle cells and cortical parenchyma cells of the mock resistant cultivar.
(b) Vascular bundle cells and cortical parenchyma cells of the infected
resistant cultivar. (c) Vascular bundle cells and cortical parenchyma cells
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of the mock susceptible cultivar. (d) Vascular bundle cells and cortical
parenchyma cells of the infected susceptible cultivar. (€) Root epidermal
cells of the mock resistant cultivar. (f) Root epidermal cells of the infected
resistant cultivar. (g) Root epidermal cells of the mock susceptible cultivar.
(h) Root epidermal cells of the infected susceptible cultivar. The resistant
cultivar was Yinong 18/Lankao 8, and the susceptible cultivar was
Dongxuan 3. White arrows in (a)(b)(c)(d) indicate cortical parenchyma
cells, black arrows in (a)(b)(c)(d) indicate vascular bundle cells and white
arrows in (e)(f)(g)(h) indicate root epidermal cells.

Additional file 11: Fig. S11. Histological characteristics of the stems of
the mock and infected resistant and susceptible cultivars at the seedling
growth stage (Z13) under scanning electron microscopy. (a) Stem cell
structure of the mock resistant cultivar. (b) Stem cell structure of the
infected resistant cultivar. (c) Stem cell structure of the mock susceptible
cultivar. (d) Stem cell structure of the infected susceptible cultivar. The
resistant cultivar was Yinong 18/Lankao 8, and the susceptible cultivar
was Dongxuan 3. White arrows in (a)(b)(c)(d) indicate stem cells.

Additional file 12: Fig. S12. Histological characteristics of the leaves of
the mock and infected resistant and susceptible cultivars at the seedling
growth stage (Z13) under scanning electron microscopy. (a) Mesophyll
cells of the mock resistant cultivar. (b) Mesophyll cells of the infected
resistant cultivar. (c) Mesophyll cells of the mock susceptible cultivar. (d)
Mesophyll cells of the infected susceptible cultivar. The resistant cultivar
was Yinong 18/Lankao 8, and the susceptible cultivar was Dongxuan 3.
White arrows in (a)(b)(c)(d) indicate mesophyll cells.

Additional file 13: Fig. 13. Histological characteristics of the roots of
the mock and infected resistant and susceptible cultivars at the seedling
growth stage (Z13) under transmission electron microscopy. (a) Vascular
bundle cells of the mock resistant cultivar. (b) Vascular bundle cells of the
infected resistant cultivar. (c) Vascular bundle cells of the mock
susceptible cultivar. (d) Vascular bundle cells of the infected susceptible
cultivar. (e) Root nucleus of the mock resistant cultivar. (f) Root nucleus of
the infected resistant cultivar. (g) Root nucleus of the mock susceptible
cultivar. (h) Root nucleus of the infected susceptible cultivar. The resistant
cultivar was Mianyang 26/Yumai 47, and the susceptible cultivar was
CU42. Black arrows in (a)(b)(c)(d) indicate vascular bundle cells, and black
arrows in (e)(f(g)(h) indicate root nucleus. (N: Nucleus; M: Mitochondrion;
scale bar of (a)(b)(c)(d) =10 um; scale bar of (e)(f) =1 um; scale bar of
@(h) =2 um).

Additional file 14: Fig. S14. Histological characteristics of stem cells of
the mock and infected resistant and susceptible cultivars at the seedling
growth stage (Z13) under transmission electron microscopy. (a) Stem cell
structure of the mock resistant cultivar. (b) Stem cell structure of the
infected resistant cultivar. (c) Stem cell structure of the mock susceptible
cultivar. (d) Stem cell structure of the infected susceptible cultivar. (e)
Stem cell nucleus of the mock resistant cultivar. (f) Stem cell nucleus of
the infected resistant cultivar. (g) Stem cell nucleus of the mock
susceptible cultivar. (h) Stem cell nucleus of the infected susceptible
cultivar. (i) Stem mitochondrion of the mock resistant cultivar. (j) Stem
mitochondrion of the infected resistant cultivar. (k) Stem mitochondria of
the mock susceptible cultivar. (I) Stem mitochondrion of the infected
susceptible cultivar. The resistant cultivar was Mianyang 26/Yumai 47, and
the susceptible cultivar was CU42. Black arrows in (a)(b)(c)(d) indicate
stem cells, black arrows in (e)(f)(g)(h) indicate stem cell nucleus, and black
arrows in ()()(k)(l) indicate stem mitochondrion. (N: Nucleus; M:
Mitochondrion; scale bar of (a)(b)(c)(d) =10 um; scale bar of (e)(f(g)(h) =

1 um; scale bar of ()()(k)(I) =0.5 pm).

Additional file 15: Fig. S15. Histological characteristics of the leaves of
the mock and infected resistant and susceptible cultivars at the seedling
growth stage (Z13) under transmission electron microscopy. (a)
Mesophyll cell structure of mock resistant plants. (b) Mesophyll cell
structure of infected resistant plants. (c) Mesophyll cell structure of mock
susceptible plants. (d) Mesophyll cell structure of infected susceptible
plants. (e) Nucleus of mock resistant plants. (f) Nucleus of infected
resistant plants. (g) Nucleus of mock susceptible plants. (h) Nucleus of
infected susceptible plants. (i) Chloroplast of mock resistant plants. (j)
Chloroplast of infected resistant plants. (k) Chloroplast of mock
susceptible plants. (I) Chloroplast of infected susceptible plants. The
resistant cultivar was Mianyang 26/Yumai 47 and the susceptible cultivar

was CU42. Black arrows in (a)(b)(c)(d) indicate mesophyll cells, black
arrows in (e)()(g)(h) indicate leaf nucleus, black arrows in (a)(b)(c)(d)
indicate stem cells, and black arrows in ()()(K)(l) indicate leaf chloroplasts
(N: Nucleus; CHI: Chloroplast; St: Starch granule; M: Mitochondrion; scale
bar of (a)(b)(c)(d) =10 um; scale bar of (e)(f)(g)(h) =1 um; scale bar of

MO =0.5 um).

Additional file 16: Fig. S16. Histological characteristics of the roots of
the mock and infected resistant and susceptible cultivars at the tillering
stage (Z21) under transmission electron microscopy. (a) Vascular bundle
cells and cortical parenchyma cells of the mock resistant cultivar. (b)
Vascular bundle cells and cortical parenchyma cells of the infected
resistant cultivar. (c) Vascular bundle cells and cortical parenchyma cells
of the mock susceptible cultivar. (d) Vascular bundle cells and cortical
parenchyma cells of the infected susceptible cultivar. (e) Root cell
contents of the mock resistant cultivar. (f) Root cell contents of the
infected resistant cultivar. (g) Root cell contents of the mock susceptible
cultivar. (h) Root cell contents of the infected susceptible cultivar. (i) Root
nucleus of the mock resistant cultivar. (j) Root nucleus of the infected
resistant cultivar. (k) Root nucleus of the mock susceptible cultivar. (1)
Root nucleus of the infected susceptible cultivar. The resistant cultivar
was Yinong 18/Lankao8 and the susceptible cultivar was Dongxuan 3.
Black arrows in (a)(b)(c)(d) indicate cortical parenchyma cells, red arrows
in (a)(b)(0)(d) indicate vascular bundle cells, black arrows in (e)(f)(g)(h)
indicate root cell contents, and black arrows in (i)()(k)() indicate root
nuclei (N: Nucleus; M: Mitochondrion; scale bar of (a)(b)(c)(d)(g) = 20 um;
scale bar of (e)(f) (h) =10 um; scale bar of ()() (k)(I) =1 pum).

Additional file 17: Fig. S17. Histological characteristics of the stems of
the mock and infected resistant and susceptible cultivars at the tillering
stage (Z21) under transmission electron microscopy. (a) Stem cell
structure of the mock resistant cultivar. (b) Stem cell structure of the
infected resistant cultivar. (c) Stem cell structure of the mock susceptible
cultivar. (d) Stem cell structure of the infected susceptible cultivar. (e)
Stem cell nucleus of the mock resistant cultivar. (f) Stem cell nucleus of
the infected resistant cultivar. (g) Stem cell nucleus of the mock
susceptible cultivar. (h) Stem cell nucleus of the infected susceptible
cultivar. (i) Stem chloroplast of the mock resistant cultivar. (j) Stem
chloroplast of the infected resistant cultivar. (k) Stem chloroplast of the
mock susceptible cultivar. (I) Stem chloroplast of the infected susceptible
cultivar. The resistant cultivar was Yinong 18/Lankao 8, and the
susceptible cultivar was Dongxuan 3. Black arrows in (a)(b)(c)(d) indicate
stem cells, black arrows in (e)(f)(g)(h) indicate stem nuclei, and black
arrows in ()()(K)(l) indicate stem chloroplasts (N: Nuclei; CHI: Chloroplast;
St: Starch granule; scale bar of (a)(@)(h)(j) (I) =2 um; scale bar of (b)(c)(d)
5um; scale bar of (e)(f)(i) =1 um; scale bar of (k) =0.5 um).

Additional file 18: Fig. S18. Histological characteristics of the leaves of
the mock and infected resistant and susceptible cultivars at the tillering
stage (Z21) under transmission electron microscopy. (a) Mesophyll cell
structure of the mock resistant cultivar. (b) Mesophyll cell structure of the
infected resistant cultivar. (c) Mesophyll cell structure of the mock
susceptible cultivar. (d) Mesophyll cell structure of the infected
susceptible cultivar. (e) Nucleus of the mock resistant cultivar. (f) Nucleus
of the infected resistant cultivar. (g) Nucleus of the mock susceptible
cultivar. (h) Nucleus of the infected susceptible cultivar. (i) Chloroplast of
the mock resistant cultivar. (j) Chloroplast of the infected resistant cultivar.
(k) Chloroplast of the mock susceptible cultivar. (I) Chloroplast of the
infected susceptible cultivar. The resistant cultivar was Yinong 18/Lankao
8, and the susceptible cultivar was Dongxuan 3. Black arrows in
(@)(b)(c)(d) indicate mesophyll cells, black arrows in (e)(f)(g)(h) indicate
leaf nuclei, and black arrows in (i)(j)(k)(l) indicate leaf chloroplasts (N:
Nucleus; CHI: Chloroplast; St: Starch granule; M: Mitochondrion; scale bar
of (a)(b) =10 um; scale bar of (c)(d) =20 um; scale bar of (e))(g)(h)(H)(K)(1)
=2 um).

Additional file 19: Fig. S19. Histological characteristics of the roots of
the mock and infected resistant and susceptible cultivars at the seedling
growth stage (Z13) under transmission electron microscopy. (a) Vascular
bundle cells of the mock resistant cultivar. (b) Vascular bundle cells of the
infected resistant cultivar. (c) Vascular bundle cells of the mock
susceptible cultivar. (d) Vascular bundle cells of the infected susceptible
cultivar. (e) Root nucleus of the mock resistant cultivar. (f) Root nucleus of
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the infected resistant cultivar. (g) Root nucleus of the mock susceptible
cultivar. (h) Root nucleus of the infected susceptible cultivar. The resistant
cultivar was Yinong 18/Lankao 8, and the susceptible cultivar was
Dongxuan 3. Black arrows in (a)(b)(c)(d) indicate vascular bundle cells,
and black arrows in (e)(f)(g)(h) indicate root nucleus. (N: Nucleus; M:
Mitochondrion; scale bar of (a)(b) =20 pum; scale bar of (c)(d) =10 um;
scale bar of (e)(f) =1 um; scale bar of (g)(h) =2 um).

Additional file 20: Fig. S20. Histological characteristics of stem cells of
the mock and infected resistant and susceptible cultivars at the seedling
growth stage (Z13) under transmission electron microscopy. (a) Stem cell
structure of the mock resistant cultivar. (b) Stem cell structure of the
infected resistant cultivar. (c) Stem cell structure of the mock susceptible
cultivar. (d) Stem cell structure of the infected susceptible cultivar. (e)
Stem cell nucleus of the mock resistant cultivar. (f) Stem cell nucleus of
the infected resistant cultivar. (g) Stem cell nucleus of the mock
susceptible cultivar. (h) Stem cell nucleus of the infected susceptible
cultivar. (i) Stem mitochondrion of the mock resistant cultivar. (j) Stem
mitochondrion of the infected resistant cultivar. (k) Stem mitochondria of
the mock susceptible cultivar. () Stem mitochondrion of the infected
susceptible cultivar. The resistant cultivar was Yinong 18/Lankao 8, and
the susceptible cultivar was Dongxuan 3. Black arrows in (a)(b)(c)(d)
indicate stem cells, black arrows in (e)(f)(g)(h) indicate stem cell nucleus,
and black arrows in ()()(k)() indicate stem mitochondrion. (N: Nucleus; M:
Mitochondrion; scale bar of (a)(b)(c)(d) =20 um; scale bar of (e)(f)(g)(h) =
2 um; scale bar of ()()(k)(I) =200 nm).

Additional file 21: Fig. S21. Histological characteristics of the leaves of
the mock and infected resistant and susceptible cultivars at the seedling
growth stage (Z13) under transmission electron microscopy. (a)
Mesophyll cell structure of mock resistant plants. (b) Mesophyll cell
structure of infected resistant plants. (c) Mesophyll cell structure of mock
susceptible plants. (d) Mesophyll cell structure of infected susceptible
plants. (e) Nucleus of mock resistant plants. (f) Nucleus of infected
resistant plants. (g) Nucleus of mock susceptible plants. (h) Nucleus of
infected susceptible plants. (i) Chloroplast of mock resistant plants. (j)
Chloroplast of infected resistant plants. (k) Chloroplast of mock
susceptible plants. (I) Chloroplast of infected susceptible plants. The
resistant cultivar was Yinong 18/Lankao 8 and the susceptible cultivar
was Dongxuan 3. Black arrows in (a)(b)(c)(d) indicate mesophyll cells,
black arrows in (e)(f)(g)(h) indicate leaf nucleus, black arrows in (a)(b)(c)(d)
indicate stem cells, and black arrows in (i)()(k)(l) indicate leaf chloroplasts.
(N: Nucleus; CHI: Chloroplast; St: Starch granule; M: Mitochondrion; scale
bar of (a)(b)(c)(d) =20 um; scale bar of (e)(f) =2 um; scale bar of (g)(h) =

1 um; scale bar of (i)(j) =0.5 um; scale bar of (K)() =1 um).
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