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Abstract

To compare the anatomical response of plant stenvgrticillium dahliae infection, two strains of wild eggplast
Verticillium wilt-resistantSolanum sisymbriifolium L a m. (197) adaliyeqgis (229); veeretused ih #his study.
Histological observations were conducted at 0, 14, 28, 40, and 60 days post inoculation, using paraffin slices assessed via
transmitted light microscopy. Quantitative and qualitative differences in stem microstructure were assegseabtured
images. Transverse sections of basal stem showed reduced epidermal cell and parenchyma cell layers and xylem vessel size
in stems of 197 compared with those of 239. In general, the stem microstructure of 197 was more closely arranged compar
to that of 239. During pathogenic infection, similar induced resistant changes were noted in the stem microstructures of 197
and 239. However, increased lignin deposition in xylem vessels of 197 was observed after infection. In addition, stem
growth in 239 was severely inhibited, and stem structure was destroyed upon pathogen infection. These inherent and
induced features associated with resistance provide a more complete understanding of resistance mechanisms of wild
eggplant to Verticillium wilt.
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Introduction susceptible cultivars, but the diameter of vessels
exhibited theopposite trend. Some studies (Mavlangan

Eggplant §olunum melongena L.) is one of the main  al., 2013) indicated that root epidermal cells and vessel
vegetables, widely grow throughout the world. cells per unit area of susceptible cotton varieties were
Verticillium wilt is a soitborne and vascular disease of loosely arranged beforé. dahliae inoculation, and root
eggplant. This disease affects plant growth and finallicortex parenchyma cell number per unitea was
reduce the production in eggplants. Thus, Verticillium wiltreduced compared with the resistant variety. After
is one of most destructive diseases threatening eggplaimoculation, fungal hyphae could grow rapidly in the
production in the world (Fradi& Thomma, 2006). given widened intercellular space. In eggplant, only one

Studies have reported that plant microstructure igeport (Wanget al., 2002) had demonstrated that vessel
related to resistance to Verticillium wilt, and differencestype and diameter, vessel cellall thickness and the
in plant microstructure are associated with differentnumber of crystal c_ells in the plants were closely related
disease resistance levels (HarrisanBeckman, 1982; toV. albo-atrum resistance.

Benhamou, 1995). On one hand, plant disease resistance 1he paraffin section technique is the most widely
is closely related to vessel type, size and thickness; thased in conventional histological observations. It is used
number and arrangement of fibrous cells around thé0 observe the microstructure of nmal tissues and to
vessel; and the number of crystalline cells in plant@nalyze pathologic changes in plant tissues efLal.,
(Wang et al., 2002; Zao et al., 2009). On the other 2017). However, due to the specificity of plant tissue
hand, a series of changes in plant microstructure arstructure, different specific paraffin sectioning methods
induced after pathogen infection, such as epidermadre used in different plant materials. At present, studies on
lignification, corking of internal tissue, proliferation of parafin sectioning technology used in eggplant,
vessel parenchyma cells, and the formation of gelatinousspecially in wild eggplants, are limited because its
substance and tyloses to block the vessel (Sénit sections are incomplete and difficult to observe using
Dubery, 1997). conventional paraffin technique.

To date, reports on plant microstructure in defense |n this study, paraffirsectioning technologies based
responses to Verticillium wilt have mainly focused ongn normal methodsvere explored and optimized for
cotton, and related research on eggplant is limited. ‘]'angggplant basal stems. To obtain clear and complete
et al, (2005) reporied mer p_|th rays, xylem 3ections, the histological changes in stems of wild
parenchyma cells, and vessels with thicker walls an : : : -
reduced diameters in stems and taproots of resistanceggplams with different resistance Ievel; to \-/ert|C|.II|um
wilt were observed and analyzed after infection wWith

upland cotton cultivars compared with susceptible’™ " i )
cultivars, which may facilitate plant resistance to dahliae to reveal anatomical features of wild eggplant and

Verticillium dahliae infection and spreadingGu et al., identify the main anatomical indexes associated with
(2011) also noted that the density of xylem parenchym&gdgplant resistance to the pathogen. These results will
cells and vessel numbers in root and stem of resistamrovide a foundation for studies on the resistance
cotton cultivars were greater compared with those ofnechanisms of eggplant to Verticillium wil
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Materials and Methods ethanol, 50% ethanol, 30% ethanol, 15% ethanol and finally
distilled water, each for 2~3 min. (8ining: Sections were
Wild eggplant materials: The highly resistant wild st ai ned with 1% Safranine T a
eggplant  species Solanum  sisymbriifolium Lam.  sections were successively placed in distilled water, 15%
(germplasm number, 197) and the highly susceptiblethanol, 30% ethanol, 50% ethanol, 70% ethanol, 85%
v ar iddiyegie’ * ( g e r napbera289nwere used in ethanol, and 95% ethanol for 10 s each; 1% Fast green
the present experiments. Seeds were sown in tray®lution for 5 s; 100% ethanol twice, each for 2 s; a mixture
containing a mixture of substrates in the greenhouse undef 100% ethanol and xylene (1: 1) for 2 min each; and
a natural photoperiod and temperature conditions. Plantylene alone twice, each for 3n@in. (9) Mounting: Neutral
seedlings were used for artificial inoculation at the four gum was used to mount the sections on slides. Excess gum
leaf growth stage. was removed with filter paper, and then sections were put
into an oven at 35~40 to dry.
Avrtificial inoculation and sampling: A highly pathogenic
isolate (QZS) of V. dahliae was screened in our previous Photograph and measurement: Slices were examined
study (Wuet al.,, 2017). For inoculum preparation, the and photographed using a compowptical microscope
fungus was grown in Petri dishes on potato dextrose agé&lapan, Nikon, DM500) and camera (China, Shanghai
(PDA) at 25°C in the dark for 3~4 d. The roots of seedlingaiKang, Ck1000). The photos were measured using
were inoculated as described by \Afual., (2017, 2019), two-dimensional measurement software (BO0). The
and water was used in a mock inoculatiehjch served as measurement indexes of sections included the following:
the control. Plants were collected at 0, 14, 28, 40 and 6%lem, vessels, pith rays, apenchyma cells, and
days post inoculation (dpi). Five plants of the same sizepidermal cells (Fig. 1). For each measurement index, 3
were selected for each time point, and each treatment wasferent slices were randomly selected, and 1/12 of the
repeated thrice. Specimens for paraffin sections werarea of each crossection was used to assess the index.
obtained fom the base of the stem.

TEART N
-“‘ " Ol
.

Paraffin sections: (1) Fixation and softening: The plant
basal stem was cut into small sections (approximately 0.5~ * 2
cm) and placed into the 95% FAA fixative (5 mL g7 ¢/
formaldehyde + 5 mL glacial acetic acid + 90 mL 70% ;,.?‘*ﬂk 4
ethanol) and 5% glycerin solution to fix at room temperaturéf } A/ <kt
for 3~5 d. Then, the seotis were placed in the mixture of 50,”,‘ r
glycerin and 70% et hanol ( ",‘ ’,‘
d. (2) Dehydration and transparency: Stem sections were L A5
washed with 30% ethanol 3~5 times and dehydrated wi ’("[ .‘,';r,"
different concentrations of ethanol. First, sectiomsre AR
dehydrated in 50% ethanol for 30 min followed by 70%, f
85% and 95% ethanol solutions for 2 h each. Finallyly )™ 4
sections were dehydrated in 100% ethanol twice, each for & # “g‘g
min. After dehydration, sections were treated with a mixture

of 100% ethanol and »ghe (1: 1) for 1 h followed by xylene *

alone (two treatments for 1.5 h each). \@x filling: Stem _ _ ) ) _
sections were immersed in a proper amount of pure xylerfdd: 1. Microscopic observation (10x and 40x) of paraffin

and placed into an oven &goeddgdstemsectpnsafyildegogiant. o oy opr i at e
amount of wax was added to the xylene solutgery 2 h. Statistical Ivsis: All . i ;

Next, the temperature was .|Zﬁ;ycra gr‘lilag_sbs.dA $§%expfr|~mfnsw§r\<;8e{§;meg~ 12
to 56 in the oven. Pretr & ?8&"0%'88{'@9' tgﬁfgrew:grp%mm#_mgced [
another container with moIWO%k'rPQCV\I/%Q{] ga%ét%ogroli andy, I e'hg wa X
was changed 2~3 times approximately every 12 h. (4 oculation. Data are presented as the means * stan ard
Embedding: Molten waxwas poured into a carton. Then, eviation of 9 replicates and analyzed using SPSS 19.0.

2~4 stem sections were immediately placed into the carto
- gesults

using prewarmed forceps. Then, the wax was allowed to co

at room temperature. (5S)icing: Excess paraffin around the

stem material was removed using a sirgiledblade, and

the trimmed wax block was fixed on a microtome (German

t han

Histological observation of stem in wild eggplants: At
0 dpi, epidermis and parenchyma cells in 197 stems (Fig.

. ) . . YoA) are reduced compared with 239 (Fig. 2B). Larger
Leica, RM 2016). The slice thickness was adjusted to 8~ Izem, an increased nrl)meer of vesselg, ?and I())ngergpith

b m. Seftibn)flattening: Wax tape was placed smoatkle 3y are noted in stems of 197 compared with 239 r%ﬁg
down on water (40-42 ). ThgpyaxialgsiRedatlif Spofe’ (thd Spbrés’we to
glass slidewith forceps, transferred to the oven and thensiained red by Safranine T) invaded the stem phloem cells
stored at 40~ 4Dbwaxing: The glassXshdd o239 (fig/ 2D). At 60 dpi, spores invaded into the center
with wax tape was immediately immersed in xylene for 2Qof the medulla (Fig. 2F). Spores were not found in stems

min then successively in a mixture of 100% ethanol anéf 197 at 14 dpi (Fig. 2C), and spores invaded into the
xylene (1: 1), 100% ethanol, 95% etbhr85% ethanol, 70% phloemin stems of 197 at 60 dpi (Fig. 2E).
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Fig. 2. Cross section of basal stem of wild eggplant 197 and 239 on different days after infectiodabliae (10x and 40x; Red
scale bar is 50 pM).

Epidermal cells in stem: During the 66day period after V. dahliae-inoculated plant stems of 197 also reached
pathogen infection, the layers of epidermal cellsam  the lowest value at 28 dfTable 1)

inoculated197 plant stems (CK) increased slowly from In 239, the layers of epidermal cells ¥h dahliae-
1.67 to 2.33. In contrast, the layers of epidermal cells innoculated plant stems increased gradually f&6v at 0

V. dahliae-inoculated 197 plant stems first decreaseddpi to 6.00 at 60 dpi. However, no significant changes in
and then increased and the lowest value was 1.33 at %%anf‘g’;g \?vii)tlr?iﬁ”:?g (f:ﬁgts ﬁrga;gteﬁﬁhlozudﬁggr of
dp". The humber of epidermal cells per. unit are yers gradually increased to 6.00 in,the later period. The
exhibited the same trend as noted for epidermal ceffmpher of epidermal cells inoninoculatedplant stems
layers. The number of epidermal cellsnarrinoculated  jncreased from 36.56 to 95.00 within 60 days, while the
plant stems of 197 increased from 23.780atlpi to  number of epidermal cell:iv. dahliae-inoculated plant

48.44 at 60 dpi, while the number of epidermal cells ofstems increased from 36.56 to 56.92 within 60 days.
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In general, epidermal cell numbers and layers in thestems of 197 ingased slowly, while the xylem area\of
stems of the resistant strain 197 were reduced comparedhliae-inoculated plants decreased first and then
with the susceptible strain 239, but more epidermal cellincreased, reaching a minimum value at 14 dpi (1.42x10
were nded in stems of 197 compared with 239, indicatingu ). The xylem area in neimoculated plant stems of
that epidermal cells in stems of 197 were arranged in 239 increased slowly during the early stage and iseicta
more compact fashion compared with 239. rapidly during the later stage. However, the xylem area of

V. dahliae-inoculated plants increased first and then
Parenchyma cells in stems: Parenchyma cell numbers decreased, and the maximum area (1.1710f) was
and layers irV. dahliae-inoculated 197 plant stems were attained at 28 dpi (Table 3).
only slightly reduced compared with ndmoculated The xylem area in stems of resistant strain 197 was
plants, but the overall trend was similar. Parenchyma celhcresed compared with the susceptible strain 239. The
numbers and layers in némoculated 239 plant stems growth of xylem in stems of 197 and 239 was inhibited after
were significantly increased compared with dahliae- infection withV. dahliae. Regarding changing trends, extent
inoculated plants. However, no obvioubaoges were of the increase in the xylem area of resistant strain 197 was
observed for 60 days after pathogen infection (Table 2). less than that notddr 239 after pathogen infection.

In general, the number of parenchyma cell layers in
both 197 and 23¥. dahliae-inoculated plant stems were Xylem vessels in stems: Xylem vessel diameters in nen
reduced compared with nénoculated plants. However, inoculated plant stems of 197 and 239 are slightly
parenchyma cell layers istems of 197 were reduced increased compared witN. dahliae-inoculated plants
compared with those of 239. However, more parenchymaith the exception of the value at 40 dpi. The number of
cells were noted in stems of 197 which were more closelyxylem vessels in nofinoculated plant stems was
arranged compared with 239. Thus, parenchyma celhcreased compared with dahliae-inoculated plants. At
growth in stems of 197 was less affected after pathoged dpi, the number and diameter of xylem vessels in stems
infection conpared with 239. of 197 were increased compared with 239. Within 60

days, xylem vessel diameter in stems of 239 \edsiced
Xylem in stems: A significant difference in xylem was compared with 197, but more xylem vessels were noted in
noted between V. dahliae-inoculated and moek stems of 239 compared with 197.
uninoculated plant stems in both 197 and 239 plants. The In general, in both the resistant and susceptible strains,
xylem area in nofinoculated plant stem is increased byno significant changes in xylem vessel diameter in stems
approximately 1.5old compared with V. dahliae- were noted after pathogen infection, but thember of
inoculated plants. Xylem area in stems of 197 is increasexiylem vessels in plant stems increased to varying degrees.
by greater than 2:fbld compared with 239 after Compared with the susceptible strain 239, the number of

pathogen

infection.

During the 4@y period after
pathogen infection, the xylem area in Aapculated plant

xylem vessels in stems of the resistant strain 197 was
slightly reduced, but increased diameters were observed.

Table 1. Epidermal cell measurements in stem cross-sections of wild eggplant species with different levels
of resistance after infection with V. dahliae.

Materials | Time Layer numbers Cell numbers per unit area Average cell numbers per layer
Non-inoculated | Inoculated | Non-inoculated Inoculated Non-inoculated | Inoculated

Odpi 1.67 £0.58b  1.67+0.58d 23.78£2.34d 23.78+2.34d 15.89+3.66ab 15.89% 3.66ab
14dpi 2.33+0.58b 1.67+0.58d 29.89+3.36cd 18.67+1.76de 13.26 +3.20ab 12.17+4.22abc

197 28dpi 2.00+0.00b 1.33t0.58d 38.25+0.35cd 15.56+1.35e  19.13+0.18a 12.72+ 3.69abc
40dpi 2.33£0.58b 1.50+0.50d 24.00+2.00d 23.08+0.37d 21.33+3.7la 16.62+5.60ab
60dpi 2.33£0.58b 2.67+1.53cd 48.44+4.07c  36.89+7.07c  20.67+3.6la 18.47+ 1.50a
Odpi 2.67x0.58b 2.67+0.58cd 36.56+3.53cd 36.56+3.53c 14.04+2.39ab 14.04+2.39abc
14dpi 2.67£0.58b 2.67+£0.58cd 42.00+2.03c 47.83+1.65b 16.28+3.71ab  19.83x0.4la

239 28dpi 2.67£0.58b 4.00£0.00bc 40.17+0.76c 53.00+2.65ab 15.33+0.71ab 13.13+0.88abc
40dpi 5.50+0.71a 5.00+1.00ab 69.08+2.24b 54.61+4.30a 12.69+2.04ab 11.12+1.52bc
60dpi 6.00£0.82a  6.00+1.00a 95.00+4.24a 56.92+0.82a 15.61+3.8lab  10.44+1.49c

Note: The different lowercase letters in the same column indicate a significant difference at the 0.05 level, the dawe as fol

Table 2. Parenchyma cell measurements in cross-sections of wild eggplant species with different levels
of resistance after infection with V. dahliae.

Materials | Time Layer numbers Cell numbers per unit area Average cell numbers per layer
Non-inoculated | Inoculated | Non-inoculated Inoculated Non-inoculated [ Inoculated
Odpi 4.67+0.58bc 4.67+0.58ab 44.67+3.21bcd 44.67+3.21a 9.64x0.96abc  9.64+ 0.96ab
14dpi 4.33+0.58c 4.33+£0.58bc 34.67+3.71le 33.00+ 6.54d 8.14+ 1.73bc 7.78+2.23bc
197 28dpi 450+ 0.71c  4.00+0.00bc 42.50+4.24bcd 33.89+1.92d 9.49+0.55abc  8.47+0.48bc
40dpi 4.00£0.00c  4.00+0.00bc 51.61+3.31ab 38.42+2.73ab 12.90+ 0.83a 9.60+ 0.68ab
60dpi 4.33+0.58c  4.00+1.00bc 38.50+2.00de 41.67+6.44a 8.98+1.22abc  11.01+4.12a
Odpi  5.00%0.00abc 5.00+0.00ab 35.56+2.22de 35.56+ 2.22cd 7.11+0.44c 7.11+0.44bc
14dpi 6.00£0.00a 5.67+0.58a 51.56+3.56ab 37.56+0.77ab  8.59+0.59abc  6.68+ 0.80cd
239 28dpi 6.00+£0.96a 5.00£0.00ab 49.89+1.76bc 39.33+0.00ab  8.83x1.15abc  7.87+0.00bc
40dpi 6.00£0.00a 5.67+0.58a 41.56+3.37cde 37.22+0.69ab 6.93+ 0.56¢C 6.63% 0.84cd
60dpi  5.33+0.58abc  5.33+0.58a 59.33+3.33a  33.78+3.24d 11.18+0.98ab  6.41+1.16cd
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Table 3. Xylem measurements in stem cross-sections of wild eggplant species with different levels
of resistance after infection with V. dahlia.

Materials | Time Area of xylem (x10° s/um?) Diameter of xylem vessels (um) Xylem vessel numbers
Non-inoculated | Inoculated | Non-inoculated [ Inoculated Non-inoculated | Inoculated
Odpi 2.01£0.24cd 2.01+x0.24ab 39.93+3.72a 39.93+3.72a 35.44+2.27ef 35.44+2.27cd
14dpi 2.53+0.22 bcd 1.42+0.08cd 34.64+1.58bc 32.69+ 2.47b 21.89+1.58g 28.56 +1.58e
197 28dpi  3.34+0.13ab 1.72+0.65bc 37.53+1.23ab 33.95+ 1.64b 46.83+ 2.59cde 30.11+ 1.39de
40dpi 3.48+0.33a  2.63+0.24a 33.43%3.14cd 37.76+ 0.60a 50.11+3.95bc 47.17+0.19b
60dpi 3.58+0.13a  2.27+0.25ab  34.33+2.13bc 31.77+3.98b 41.44+ 3.01def 38.67+0.58c
Odpi 0.85+£0.06e  0.85+0.06cd 29.05+2.16d 29.05+ 2.16bc 34.89+1.58f 34.89+1.58cd
14dpi 0.61+0.03e 0.94+0.60d 31.83+2.26cd 31.12+2.38b 33.33+3.61f 34.44+1.84cd
239 28dpi  1.62+0.12de 1.17+0.44cd 30.82+1.30cd 31.50+1.70b 56.22+ 2.62ab 39.33+0.88bc
40dpi 1.03+£0.22e 1.00£0.53d  25.50+2.79% 31.61+2.31b 52.56+1.39bc 50.67+ 1.76a
60dpi  2.94+0.19abc  0.86+0.32d  31.28+0.87cd 26.43+0.93c 62.00+ 3.46a 50.44+3.79a

Table 4. Pith ray measurements in stem cross-sections of wild eggplant species with different levels
of resistance after infection with V. dahliae

. . Length(um) Number
Materials Time Non-inoculated | Inoculated Non-inoculated |  Inoculated

Odpi 553.75 +£17.92a 553.75 £ 17.92ab 7.22 £ 0.51cd 7.22 + 0.51abc
14dpi 193.31 £4.18e 482.98 + 18.32b 6.78+0.19cd 8.22 + 0.69abc

197 28dpi 615.40 £ 29.70a 495.72 + 14.88b 9.33+0.47ab 6.78 £ 0.19abc
40dpi 566.84 + 31.50ab 611.55 = 6.29a 11.78 + 1.54a 8.83 £ 0.60a
60dpi 512.84 + 32.22bc 610.72 £ 59.28a 10.67 + 1.00ab 8.67 £ 4.04ab
Odpi 296.29 + 18.74de  296.29 + 18.74cd 4.67 +£0.67d 4.67 £ 0.67bc
14dpi 220.10 + 14.58de  245.23 + 35.16d 4,78 £ 0.51d 5.44 +0.77c

239 28dpi 419.76 + 22.53c 260.14 + 29.14cd 7.33+ 0.82cd 5.67 £ 0.67bc
40dpi 323.76 + 24.16d 334.76 + 4.61cd 8.44 + 0.19bc 5.61 +0.67bc
60dpi 313.27 +29.32d 293.56 + 15.97cd 11.44 £ 0.69a 6.44 + 0.38abc

Pith rays in stems: At the same time points, pith ray species (or germpbms). This study is the first report on
length inV. dahliae-inoculated plant stems of 197 was anatomical comparisons of wild eggplants in response to
increased compared with namoculated plants with the V. dahliae infection.

exception of that noted on 28 dpi. The number of pith rays V. dahliae typically begins to invadénhe roots of the

in V. dahliae-inoculated plant stems was slightly plant through the soil, and hyphae penetrate the surface of
increased compared with namoculated plants. In 239, the plant roots to cohize the vascular bundles, leading to
pith ray length in plant stems was not significantly alterecplant death (Zhaet al., 2014). Host plants have evolved
after infection, but the number of pith rays\indahliae-  numerous defensive mechanisms to protect themselves
inoculated plant stems was reduced compared with noRygm invading pathogens (Jonathetnal., 2006), and the
inoculated plants. In addition, the length and number °§<ylem vessels of plants are the first and impdrtiefense

pith rays in stems of resisthstrain 197 were significantly parriers. In this study, our findings revealed few but
increased compared with susceptible strain@#le 4)  (|osely arranged epidermal cells and parenchyma cells,

lignified cell walls, large xylem vessels, and numerous
long medullary rays in stems of resistant wild eggplant.
The above parameters ght be used as inherent

Ve”'C'”'“”? wilt of eggplant is ranl_<ed as one of the icragtructure indexes to select plants resistant to
most destructive pathogens worldwide. In fact, MOSY/articillium  wilt. Importantly, some studies also

eggplant cultivars are moderately to highly susceptible o, ) 1trated that parenchyma cell density, vessel number
the Verticillium wilt pathogen. Wild species and relatives . i
and vessel diameter were closely related to plant

of eggplant are highly resistant to Verticim wilt : . i
; ; esistance to Vertidium wilt (Pennypacker, 1993;
(Sakateet al., 1989), and these wild strains are abundan uellette& Chamberland, 2006).

in Yunnan, China. This study assesSedisymbriifolium : i . . .
(197) daliyeyie ‘(239), obtained Aferigegionwidy, dahfige. oy studies showed that
China, were highly resistant and highly susceptibly/.to Stém _tissue growth was inhibited in wild eggplant.
dahliae, respectivly, as reported in our previous study Specifically, thenumber of eplderma_l cells and parepchyma
(Wu et al., 2017). cells, xylem area and vessel diameter \in dahliae-
Most studies focused on physiological or molecularinoculated plants were reduced, and the number and length
genetic factors of pathogenesis that could lead to a bettéf pith rays were reduced compared with iwculated
disease comprehension and eventual production dflants. These stem tissue alterations (especistiyne
resistant plants (Sorgg al., 2020). Pants exhibit complex changes in xylem vessels) might represent an adaptive
anatomical responses to various forms of stress inducedsponse to sustain the supply of both water and nutrients in
by different biotic factors. However, the relationship the presence of the pathogen (Budttal., 2017) and might
between plant microstructure and resistance taoincide with a defensive response that hinders further tissue
Verticillium wilt is unclear, especially in wild eggplant invasion bythe pathogen (Eynak al., 2009).

Discussion
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