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Abstract
Chrysanthemum  black  spot  disease  caused  by Alternaria alternate infestation  is  a  widespread  and  extremely  destructive  foliar  disease  of

chrysanthemums. We compared the resistance of 14 chrysanthemum relatives to chrysanthemum black spot disease, and identified the main

indicators for the evaluation and screening of chrysanthemum disease resistance, which is of great significance in laying the foundation for a

larger-scale  screening  of  chrysanthemum  relatives  for  disease  resistance  and  the  breeding  of  new  disease-resistant  cultivars.  After  artificial

inoculation and identification,  two disease-resistant  germplasm resources,  11 moderately  resistant  materials,  and one sensitive material  were

obtained.  In  both  resistant  and  susceptible  species,  we  found  that  the  trichome  density  and  leaf  wax  content  of  the  resistant  material  were

significantly higher than that of the sensitive material, while the stomata size was smaller than that of the sensitive material. In addition, we found

that the leaf extract of the disease-resistant germplasm effectively inhibited the growth rate of A. alternate mycelium on the plate, and GC-MS

components  found  that  the  leaves  of  resistant  germplasm  contained  more  volatile  antifungal  organic  compounds,  of  which  the  abundant

falcarinol and Germacrene D might play an important role in resistance to chrysanthemum black spot disease. In summary, epidermal trichome

density, wax content and terpene substance content are three important reference indicators for disease resistance evaluation of related genera

of chrysanthemum. The identified resistant germplasm can also be used as parents for future cross-breeding or as rootstocks.

Citation:   Zhan  Q,  Li  W,  Liu  Y,  Zhao  S,  Chen  S,  et  al.  2024.  Genetic  resources  resistant  to  black  spot  (Alternaria alternate)  identified  from
Chrysanthemum-related genera and potential underlying mechanisms. Ornamental Plant Research 4: e001 https://doi.org/10.48130/opr-0023-0023

 
 Introduction

Chrysanthemum is one of the most widely cultivated flowers
worldwide  due  to  its  outstanding  ornamental,  medicinal,  and
beverage value. However, in chrysanthemum planting areas, it
is  easy  to  be  infected  by  bacteria  and  fungi,  which  induces
various  diseases,  among  which  black  spot  disease  caused  by
Alternaria alternate is  one  of  the  main  diseases  of  chrysanthe-
mum. Chrysanthemum black spot disease (hereafter referred to
as  CBS)  causes  black  spots  on  the  leaves,  stunted  plants,
reduced flower production and quality, and in severe cases the
whole  plant  withers  and  dies,  so  this  causes  huge  economic
losses to chrysanthemum growers and companies. As far as we
know,  pesticide  residues  and  environmental  degradation  can
result  from  applying  pesticides  as  a  traditional  method  of
disease  management.  Screening  and  cultivating  resistant
germplasm of chrysanthemums is a friendly way to control CBS.
Resistant  germplasm  can  be  used  as  parents  of  chrysanthe-
mum  hybrid  breeding  and  rootstock  of  chrysanthemum  asex-
ual propagation. Previous studies have shown that chrysanthe-
mum-related  genera  (abbreviated  as  CRG  below)  usually  hold
excellent resistance, including tolerance to salt[1,2],  drought[3,4],
waterlogging[5], heat[6], heavy metals[7], insect resistance[8], and
fungal  suppression[9,10],  among  other  things.  The  lack  of  exce-
llent  germplasm  resources  for  disease  tolerance  continues  to

be  a  constraint  for  disease  resistance  breeding,  and  disease
resistance screening in CRG is still insufficient.

As we know, the main defense mechanisms of plants against
diseases  are  physical  and  chemical  defenses,  among  which
physical  defense mechanisms include trichomes,  stomata,  and
a  waxy  layer.  Trichomes  were  special  structural  appendages
developed from plant epidermal cells, which produced a role in
plant  defense  against  biotic  and  abiotic  stresses  and  were
closely related to plant disease resistance[11]. Stomata were the
main  channels  of  contact  between  plants  and  the  outside
world,  and  their  density,  size,  and  aperture  also  affect  the
successful  invasion  of  pathogenic  bacteria  and  are  closely
related  to  plant  disease  resistance[12,13].  For  example,  research
revealed that trichome density and stomata density were possi-
ble contributors to willow rust resistance[14]. Wax was a class of
secondary  metabolites  that  evolved  during  the  long-term
ecological  adaptation  of  plants  and  was  widely  involved  in
plant  responses  to  biotic  stress  and  abiotic  physiological
processes[15−17]. The epicuticular wax layer functions as a physi-
cal barrier against abiotic stresses and biotic stresses caused by
pathogens or pests[18].

Plant  secondary  metabolites  were  the  chemical  defense
factors  of  plants  against  pathogen  infection,  and  there  were
many  types  of  them.  There  were  three  major  classes  of  plant
antimicrobial secondary metabolites: terpenoids, phenolic, and
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nitrogenous  compounds[19].  Secondary  metabolites  could
perform  as  biochemical  fortresses  to  ward  off  pathogen  inva-
sion  in  plant  disease  resistance,  in  addition  to  functioning  as
signaling substances in the signal transduction of plant disease
resistance[20−22].  A  previous  study  indicated  that  terpenoids
were the main compounds in chrysanthemum leaves[23].

Previous  research  has  examined  the  connection  between
leaf physical defense structures and resistance to black spot in
17  chrysanthemum  cultivars[24].  Another  study  found  that
volatile  terpenoids  released  from  cultivated  chrysanthemum
leaves  increased  after  being  infested  by  pathogenic  fungi[25].
However, there has been inadequate exploration of germplasm
with  superior  resistance  to  black  spot  in  CRG.  Moreover,  the
relationship  between  their  physical  and  chemical  defense
mechanisms and disease resistance remains unclear.

We employed two artificial  inoculation techniques  to  assess
the resistance of 14 CRG against black spot disease and investi-
gate the resistance mechanisms. Our study showed that in vitro
leaf  inoculation  is  a  dependable  and  effective  method  for
quickly  evaluating  the  resistance  of  chrysanthemum  plants
against  black  spot  disease.  Additionally,  we  observed  distinct
differences  in  leaf  structure  between  tolerant  germplasm  and
susceptible  germplasm.  Further  analysis  of  volatile  substances
in  the  leaves  demonstrated  that  disease-resistant  germplasm
exhibited stronger antifungal properties, which were characte-
rized  using  GC-MS  (Gaschromatography-mass  spectrometry)
analysis to identify the composition of these volatile substances.
These results contribute valuable germplasm resources for the
future breeding of disease-resistant chrysanthemums.

 Materials and methods

 Plant materials and inoculation treatment
The  experimental  plant  materials  were  obtained  from  the

'China  Chrysanthemum  Germplasm  Resource  Conservation
Center'  of  Nanjing  Agricultural  University,  and  the  species
names and classifications are shown in Supplemental Table S1
and Supplemental  Fig.  S1.  The rooted seedlings were cultured
in a 3:1 vermiculite mixture. Seedlings were grown in long-day
conditions (16 h light, 25 °C, relative humidity 75%)[26,27]. Plants
with uniform growth were randomly divided into two groups (n
= 15): the control group and the treatment group. The strain (A.
alternata) used in the study was isolated in our laboratory from
leaves  with typical  symptoms of  CBS.  The leaf  inoculation was
carried  out  as  previously  described[27].  The  fungus  used  for
inoculation was grown in potato dextrose broth (PDB) medium
at 28 °C shaking at 200 rpm for 24 h. Then 2 mL of mycelial fluid
was inoculated on the back of  the third fully  expanded leaf  of
the plant, one leaf per plant and two loci. The inoculated leaves
were  covered  with  a  ziplock  bag,  and  the  control  group  was
inoculated  with  PDB.  After  inoculation  was  completed,  the
plants were placed in dark conditions at a temperature of 28 °C
and 80% humidity for 48 h.

At  the  same  time,  we  used  the  method  of  inoculation  with
detached leaves. The simplified detached leaf inoculation assay
was  the  same  as  previous.  We  chose  the  third  fully  expanded
leaf  of  a  fresh  and  healthy  plant,  rinsed  with  sterile  water  and
wrapped with moistened skim cotton on the petiole area, then
the  leaf  was  placed  in  a  clean  Petri  dish  and  inoculated  as
described previously. After the inoculation was completed, the

plants  were  sealed  with  plastic  wrap  and  cultured  in  the  dark
for 7 d.

 Disease statistics
The  severity  of  disease  was  divided  into  0~3  levels:  leaf

health,  no  disease  for  level  0,  lesion  area  accounted  for  less
than 25% of the leaf for level 1,  lesion area accounted for 25%
to  50%  of  the  leaf  for  level  2,  lesion  area  accounted  for  more
than  50%  of  the  leaf  for  level  3.  Counted  the  number  of  inci-
dences at  each level  and calculated the incidence and disease
index (DSI) for each species.

Incidence (%) =
The number of diseased plants
Total number of plants treated

×100

DSI=
∑

(Disease grade×Number of infected plants)
The highest disease grade×The total number of inoculated plants

Disease resistance evaluation levels were classified according
to DSI, with DSI = 0 for immunity (I), 0 < DSI ≤ 30 for resistance
(R), 30 < DSI ≤ 50 for moderate resistance (MR), and DSI > 50 for
susceptibility resistance (S).

 Observation of leaf lower epidermis structure
To  investigate  the  variation  in  physical  defenses  between

resistant  and  sensitive  materials,  we  examined  the  trichomes
and  stomata  present  on  the  lower  epidermis  of  leaves.  We
selected  the  second  fully  grown  fresh  leaf  below  the  upper
portion of the plant and cut it at the same spot on both sides of
the  main  vein,  resulting  in  an  area  of  approximately  3  mm2.
Next, we treated the leaf with a 2.5% glutaraldehyde fixative to
preserve it, and stored it in a refrigerator at 4 °C after leaving it
at room temperature for 2 h. The samples were then observed
and  photographed  using  scanning  electron  microscopy
(SU8100, 3.0 kV, SEM). We analyzed three leaves for each mate-
rial, with six fields of view examined for each leaf.

 Determination of leaf wax content
We investigated the role of leaf wax by measuring the quan-

tity  of  wax  in  the  leaves.  We  determined  the  wax  content
(mg/g)  in  the fresh leaves by accurately  weighing each plant's
fresh leaves. Then, we cut the leaves and soaked them in 10 mL
of chloroform for 2 min. The resulting solution was filtered into
a  beaker  with  a  known  weight.  After  the  chloroform  evapo-
rated,  we  reweighed  the  leaves  and  subtracted  the  weight  of
the  beaker  to  calculate  the  wax  content  (mg/g)  in  the  fresh
leaves. We repeated this process 20 times for each material and
recorded the average value.

 Extraction of leaf metabolites
The second or third fully expanded fresh leaf below the tip of

the  plant  was  taken,  and  five  plants  were  mixed  and  sampled
three  times,  for  a  total  of  15  plants.  Each  0.2  g  of  the  freshly
ground sample was added with 1 mL of ethyl acetate solution,
vortexed and mixed, and then shaken in a shaker at 28 °C and
200  rpm/h  for  1  h.  The  upper  clear  liquid  was  selected  as  the
material to be used[28].

 Determination of antifungal activity
At  a  temperature  of  approximately  50  °C,  500 µL  of  the

extract was placed in an unconsolidated Potato Dextrose Agar
(PDA)  medium.  The  concentration  of  the  preparation  was
extracted  :  PDA  =  1:200.  After  mixing,  the  extract  was  poured
into a sterile Petri dish for solidification. Next, the fungal blocks
were  picked  and  placed  in  the  middle  of  the  treated  PDA
medium,  and  the  test  was  conducted  with  PDA  medium  with
ethyl acetate (control 2) and blank treatment (control 1) as the
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control,  with  15  sample  sizes  set  for  each  treatment.  The
mycelial  extension  diameter  (cm)  was  counted  after  4  d  and
photographed and recorded.

Inhibitionrate (%) =

(Colony diameter of control 2 −
Treated colony diameter of extract)

Colony diameter of control 2
×100%

 Determination of antifungal activity of
Germacrene D

Rapid injection of 500 µL of ethyl acetate (containing 0.002%
ethyl nonanoate as an internal standard) was performed into a
250  mg  vial  of  Germacrene  D.  The  vial  was  quickly  wrapped
with  a  sealing  film  and  shaken  to  mix  well,  and  the  mother
liquor  was  prepared  for  use.  Take  20 µL  of  the  mother  liquor
into a brown bottle containing 200 µL of ethyl acetate, mix well
and seal it as the reagent to be used.

After  placing  the  bacterial  plots  in  the  centre  of  the  plate,
200 µL of  the prepared Germacrene D reagent  was sucked up
and applied onto the PDA plate with the help of an applicator
stick,  avoiding  the  bacterial  plots  when  applying  the  reagent;
the  PDA  plate  coated  with  ethyl  acetate  was  used  as  the
control;  five  replicates  were  set  for  each  treatment.  The
prepared  plates  were  incubated  in  the  dark  at  28  °C  in  a  light
incubator,  and  the  mycelial  growth  diameter  was  measured
after 7 d.

 GC-MS analysis
The  sample  preparation  and  extraction  of  leaf  metabolites

were the same. For each sample, 0.2 g of fresh leaf sample was
mixed  with  1  mL  of  ethyl  acetate  solution  containing  0.002%
nonyl  acetate  as  an  internal  standard.  The  analysis  was
performed using a GC-MS system equipped with an HP-5 capil-
lary column (30 m × 0.25 mm × 0.25 µm, Agilent Technologies,
USA)  and  a  7000  D  mass  spectrometer  (Agilent  Technologies,
USA).  The  carrier  gas  for  gas  chromatography  was  high-purity
helium (He2, 99.999%), with a flow rate of 1 mL/min. The injec-
tion  was  performed  using  a  40:1  split  injection  with  an  injec-
tion  temperature  of  250  °C.  Both  liquid  extraction  and  solid-
phase microextraction (SPME) were used without splitting. The
temperature  gradient  was  set  at  a  rate  of  20  °C/min,  starting
from 40 °C and ramping up to 260 °C, followed by a 5-min hold
at  260  °C.  The  cycle  time  optimization  was  performed  using
rapid  cooling.  The  ionization  mode  of  the  mass  spectrometer
was electron ionization (EI), with an ionization voltage of 70 eV.
The  ion  source  temperature  was  set  at  230  °C,  and  the  ion
source  excitation  energy  was  70  eV.  The  solvent  delay  was  3
min.  The  GC-MS  interface  temperature  was  set  at  260  °C,  and
the  mass  spectrometry  analysis  was  performed  in  full-scan
mode,  with  a  mass  scanning  range  of  20  to  500  atomic  mass
units (amu). The total time required for a single sample analysis
was  40  min.  The  instrument  was  equipped  with  an  automatic
sample injector, and the injection volume was 100 µL.

 Data processing and analysis
The  area  of  each  lesion  was  measured  using  Image  J,  and

data analysis was performed with SPSS 26 software. These data
were  integrated  and  visualized  using  the  R  programming
language  and  GraphPad  Prism  8.0.  The  qualitative  analysis  of
volatile  organic  compounds  (VOCs)  was  identified  by  compar-
ing  the  retention  times  of  substances  in  the  NIST  (National
Institute  of  Standards  and  Technology)  mass  spectrometry
database and the mass spectra of the standards, the quantifica-
tion was based on the peak area of the mass spectra.

 Results

 Differences in resistance to black spot disease
among 14 germplasms

For disease assays, simplified detached leaf inoculation assay
and whole plant inoculation assay were performed. We divided
the 14 germplasms into resistant (R), moderately resistant (MR),
and sensitive (S)  according to the disease index.  The results  of
identification using in vitro leaf inoculation were listed in Table
1. The statistical results after 7 d of inoculation showed that C.
japonese was a resistant material (DSI = 24). Eleven germplasms,
including C.  ornatum and A.  vulgaris,  were  identified  as  MR.
Meanwhile, A.  vulgaris Variegate,  and A.  pacificum had  disease
indices of 55 and 57, respectively, and were both identified as S.
With  the  prolongation of  the  inoculation time,  the  area  of  the
lesion continued to expand, and the lesion spreading speed of
susceptible  germplasms  were  much  faster  than  that  of  resis-
tant germplasms (Fig. 1a).

The results of identification using whole plant inoculation are
shown in Table 2. We performed two independent replicates, at
the  same  time,  and  the  correlation  coefficient  was  0.974**  (**
means p < 0.01) which suggested good reproducibility. Typical
disease  symptoms  appeared  2  d  after  plant  inoculation  (Fig.
1b).  Based  on  the  results  of  the  DSI  division,  two  germplasms
with  'disease  resistance'  grade  were  obtained  as C.  japonese
and A.  parviflora.  Meanwhile,  11  'moderately  resistant'  germ-
plasms  including A.  japonica and A.  vulgaris,  etc. A.  pacificum
were still susceptible. A. pacificum had the largest average spot
area percentage among the test materials, with a mean value of
42.7%,  followed by A.  vulgaris Variegate,  with  an  average spot
area percentage of 20.5%. The top three with a smaller propor-
tion  of  lesion  area  were A.  japonica, A.  parviflora,  and C.
japonese,  which  were  4.2%,  5.7%,  and  6.6%,  respectively.
Although A.  japonica has  the  smallest  mean  lesion  area
percentage, it is not the most resistant.

Comparing  the  results  above  of  the  isolated  leaf  identifica-
tion and plant inoculation identification, it can be seen that the
agreement  of  the  two  results  was  very  good,  with  a  Pearson
correlation  coefficient  for  the  ratios  of  0.872**  (**  means  that
p <  0.01,  data  not  shown).  Combining  the  two  methods, C.
japonese and A.  parviflora were identified as R,  11 germplasms
such as A. japonica, C. ornatum, A. vulgaris, A. vulgaris Variegate
as MR, A. pacificum as S.

Table  1.    Evaluation  of  disease  resistance  after  inoculation  of  isolated
leaves of CRG.

Name Incidence
rate (%)

Percentage of
spot area (%)

Disease
index (DSI)

Resistance
type

C. japonese 73 5.9 24 R
C. ornatum 100 6.7 33 MR
A. vulgaris 100 6.2 33 MR
A. leucophylla 100 7.5 33 MR
A. parviflora 100 16.2 33 MR
A. rubripes 100 15.1 33 MR
A. annua 100 16.0 33 MR
A. sieversiana 100 18.4 33 MR
A. indices 100 24.1 33 MR
A. viridisquama 100 19.3 33 MR
A. yunnanensis 100 26.6 33 MR
A. japonica 100 22.3 36 MR
A. vulgaris Variegate 100 30.7 55 S
A. pacificum 100 52.8 57 S
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 Differences in leaf epidermis structure of resistant
and susceptible germplasms

The  results  of  resistance  identification  prompted  us  to
explore  the  defense  mechanism  of  plant  disease  resistance.
Therefore, we selected three typical species for further analysis
of  leaf  lower  epidermis  structure,  namely  stress  resistant  (C.
japonese,  abbreviated  as  R1  below,  and A.  parviflora,  abbrevi-
ated as R2 below), and sensitive (A. pacificum, abbreviated as S
below).

The  morphology  of  the  lower  epidermal  hairs  under  the
leaves  of  the  three  species  were  found  to  be  quite  different

through leaf  SEM (Fig.  2).  R1 trichomes were long and fine 'T'-
shaped  (Fig.  2a),  while  S  was  short  and  broad  'T'-shaped  (Fig.
2c).  The  trichomes  of  R2  were  mostly  'V'-shaped  (Fig.  2b).  To
determine if the observed CRG resistance phenotype was asso-
ciated  with  trichome  density,  we  quantified  trichomes  on  the
leaves of R and S. The comparison of trichome density showed
that the density of trichome under the leaves of S was 6.2/mm2,
while  the  density  of  trichome  under  R1  was  as  high  as
29.21/mm2, 4.71 times higher than that of S, and the density of
trichome on the leaves of the plants was negatively correlated
with the DSI with a correlation coefficient of −0.998* (Fig. 3f). In
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b

inoculated
C. japones

C. japones

A. parviflora

A. parviflora

A. pacificum

A. pacificum

A. vulgaris Variegate

A. vulgaris Variegate

control inoculated control inoculated control inoculated

1 cm1 cm1 cm1 cm
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Fig. 1    Differences in disease phenotype of different plants after inoculation. From left to right: the disease degree of leaves deepens. n = 15.
(a)  Disease symptoms on 4  and 7  d after  inoculation of  isolated leaves.  (b)  Disease symptoms of  whole plants  at  post  2  d  inoculation.  Scale
bar = 1 cm.

Table 2.    Evaluation of disease resistance after inoculation of whole plants of CRG.

Name
EXP 1 EXP 2 Average percentage

of spot area (%) Average DSI Resistance type
Incidence rate (%) DSI Incidence rate (%) DSI

C. japonese 83 28 92 30 6.6 29 R
A. parviflora 100 32 83 28 5.7 30 R
A. japonica 92 31 100 33 4.2 32 MR
A. vulgaris 100 33 100 33 6.9 33 MR
A. leucophylla 100 33 100 33 15.4 33 MR
A. rubripes 100 33 100 33 10.4 33 MR
A. yunnanensis 100 33 100 33 12.1 33 MR
A. indices 100 33 100 33 19.2 33 MR
A. viridisquama 100 33 100 33 20.1 33 MR
A. sieversiana 100 33 100 33 18.0 33 MR
A. annua 100 36 100 36 18.8 36 MR
C. ornatum 100 40 100 38 16.1 39 MR
A. vulgaris Variegate 100 42 100 44 20.5 43 MR
A. pacificum 100 62 100 57 42.7 60 S
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short, the higher the density of plant trichomes, the greater the
resistance to CBS.

Upon  further  analysis  of  the  stomata,  there  were  marked
differences  in  the  stomatal  aperture,  size  and  density  of  the
three plants (Fig. 3). To quantify the degree of stomatal closure,
we expressed it in terms of stomatal aperture, which was calcu-
lated as the ratio of stomatal width to length. The stomata of S
were mostly open, while the stomata of R1 were largely closed
(Fig. 2, Fig. 3d). Additionally, the stomatal length and width of S
were significantly greater than R1 and R2 (Fig.  3c).  In addition,
we  found  differences  in  stomatal  density  across  species  (Fig.
3b), but no clear correlation with plant resistance.

The next question we wished to address was to understand
whether  plant  wax  content  was  related  to  resistance.  Wax
content  was  significantly  different  in  species  with  different
resistance  levels  (Fig.  3e).  R1  had  the  highest  wax  content  at
28.6 mg/g, whereas S leaves had the lowest at 9.4 mg/g, result-
ing in a 3.04-fold difference between the two.

 Differences of volatile metabolites in leaves of
disease-resistant germplasm and sensitive
germplasm

To further explore the chemical defense mechanism of resis-
tant and sensitive materials, the antifungal activity of plant leaf
extracts was determined by plate inhibition test. The results of
the  experiments  were  calculated  after  4  d  of  treatment.  We
found that A. alternata grew significantly more on PDA without
leaf  extract  (Fig.  4).  Overall,  the  fungal  inhibition  effect  of  the
resistant  material  was  better  than  that  of  the  susceptible

material,  although  the  inhibition  rate  did  not  have  a  regular
correlation with the DSI.  Unexpectedly,  the inhibitory effect  of
R2 leaf extracts was significantly higher than that of R1.

Encouraged by  the  divergence in  vitro antifungal  effect,  the
key  antifungal  substances  were  explored.  Therefore,  GC-MS
was  used  to  analyze  the  composition  of  VOCs.  The  retention
times for each compound separated by GC-MS were showed in
Supplemental  Table  S2,  heat  map  of  the  VOCs via GC-MS  are
shown in Fig. 5. Among the three species, 36 kinds of terpenes
were detected, the main components were monoterpenes and
sesquiterpenes  (Fig.  5b).  In  terms  of  the  content  of  VOCs  in
leaves, the highest concentration was found in sesquiterpenes.
Furthermore, unlike the other two species,  R2 exhibited a very
low  content  of  monoterpenes,  while  other  organic  volatiles
were relatively high; with falcarinol being the main component
(Fig. 5c).

The  study  found  that  disease-resistant  material  had  signifi-
cantly higher terpenoid content than disease-susceptible mate-
rial  (Fig.  6a).  Beta-Ylangene,  beta-Copaene,  Germacrene  D,
gamma-muurolene  and  neophytadiene  were  present  in  all
three materials with relatively high content. Additionally, analy-
sis demonstrated a positive correlation between the content of
these substances and plant disease resistance (Fig. 6g). Interest-
ingly, our experimental materials contained abundant amounts
of  falcarinol  and  Germacrene  D,  which  had  been  identified  as
antifungal substances[29,30].

Considering  that  the  content  of  Germacrene  D  was  signifi-
cantly  positively  correlated  with  plant  resistance,  and  the
relative  content  of  Germacrene  D  was  abundant,  we  further

Lower leaf surface of C. japonese

a

b

c
Lower leaf surface of C. parviflora

Lower leaf surface of A. pacificum 
Fig. 2    Scanning electron microscopy (SEM) images of the lower epidermis of leaves from disease-resistant and susceptible materials.  From
left  to  right,  the  parts  that  were  observed  under  the  scanning  electron  microscope  (red  box  part)  showed  the  distribution  and  shape  of
trichome and stomata respectively. The red arrows indicate epidermal hairs, and the yellow arrows point to the stomata.
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analyzed  the  antifungal  activity  of  Germacrene  D,  and  found
that  it  can  significantly  inhibit  the  mycelia  growth  of A.  alter-
nate (Fig.  7).  Therefore,  we  hypothesise  that  the  strength  of

plant disease resistance is influenced by the terpene content in
the  leaves,  and  that  an  abundance  of  terpenes  contributes  to
the ability of the plant to fight off invading pathogens.
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Fig. 4    Antifungal activity of leaf extracts against A. alternate. (a) The morphology of the colony on the PDA medium after the leaves extracts
were co-cultured with the A. alternate for 4 d. (b) Antifungal rate statistics.
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 Discussion

 Chrysanthemum-related genera responded
differently to simulated disease stress

Excavation of high-quality germplasm resources of wild rela-
tives is an important way to breed chrysanthemums for disease
resistance.  It  was  found  that  the  progeny  of  crosses  between
cultivated chrysanthemums and Artemisia spp. had better black
spot  resistance  than  their  parents[31,32].  In  addition,  grafting
through  superior  germplasm  as  rootstocks  has  become  a
common and effective method of improving disease resistance
in  crops[33].  The  resistant  germplasm  screened  by  this  experi-
ment  can  be  used  as  hybrid  parent  or  grafting  stock  for
resistance  improvement  of  the  chrysanthemum  in  the  future.
However,  when  encountering  large  quantities  of  germplasm
resources,  the  problem  of  accurately  and  efficiently  screening

germplasm  resources  without  destroying  them  is  a  problem
that remains to be overcome. Detached leaf inoculation assays
were used to determine plant germplasm resistance to diseases,
such  as  soybean  germplasm  for  resistance  to Phagophore
pachyrhizi[34],  tomato  germplasm  resistance  to  late  blight[35],
apple  genotypes  resistance  to Alternaria blotch[36] and  oat
(Avena  sterilis)  resistance  to  crown  rust[37].  Among  the  whole-
plant  and exfoliated leaf  screening techniques  for  the  identifi-
cation  of  anthracnose  resistance  in  strawberry  plants,  scholars
noted  that  the  study  was  used  to  develop  an  exfoliated  leaf
curation  method  for  strawberries  that  can  reliably  and  rapidly
determine the degree of resistance of strawberry germplasm to
anthracnose[38].  We  discovered  that  two  inoculation  methods
showed largely  consistent  results  and that  they both reflected
the  differences  in  disease  resistance  between  the  different
materials.  This  means  that  the  isolated  leaf  method  can  be
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Fig. 5    VOCs components identification of leaf extracts. (a) Heat map with major VOCs (above 1% of total VOCs present in chromatograms)
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prioritized  for  primary  screening  when  screening  germplasm
resources in large quantities in the future, which will effectively
reduce  the  workload.  Furthermore,  screening  for  CBS  resis-
tance using isolated chrysanthemum leaves is an alternative to
inoculating  whole  plants  and  may  eliminate  damage  to  the
desired germplasm.

 The association between leaf surface features and
disease tolerance

The trichome of plants not only increases the thickness of the
epidermis but also behaves as a  physical  barrier  against  exter-
nal  invasion.  The results  of  this  study showed that  the species
with the highest trichome height were also the most resistant,
in  agreement  with  Patil  et  al.  findings[39].  At  the  same  time,  R
had the highest density of trichomes, and the large number of
trichomes  enriched  on  the  surface  of  the  plant  leaves  did  not
facilitate  the  invasion  of  the  pathogens  and  thus  reduced  the
disease of the plant, which has also been investigated in other
species[40].  For  example,  highly  resistant  grapes  had  more
trichomes  and  thicker  cuticles  on  the  leaves  than  susceptible
germplasm[41],  and  in  a  study  of  resistance  to  the  fungus
Didymella  bryoniae in  Cucurbitaceae,  it  was  found  that  the
higher  the  density  of  leaf  trichomes,  the  smaller  the  average
leaf necrosis area[42]. However, based on phylogenetic statistics,
the  severity  of  Asteraceae  powdery  mildews  is  not  related  to
trichome  density[43].  In  summary,  the  relationship  between
trichomes  and  plant  resistance  might  be  related  to  plant
species, pathogen species, and mode of invasion.

It is worth noting that the stomatal length, width, and aper-
ture  of  susceptible  materials  are  much  larger  than  those  of
resistant varieties. Stomata are natural openings through which
many pathogenic fungi enter plants and the outside world, and
their  closure  is  the  pivotal  line  of  defense  against  plant
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pathogens[44,45].  These  findings  suggest  that  the  larger  size  of
stomata  and  bigger  stomata  aperture  are  more  conducive  to
pathogen invasion. Although previous studies have shown that
stomatal  density  is  related  to  plant  disease  resistance[46],  this
study  did  not  find  a  clear  regularity  between  resistance  and
stomatal density, consistent with Yang et al.[47].

Waxes played a critical  role in resisting infestation by bacte-
rial  and  fungal  pathogens[48].  Tian  et  al.  showed  that  the  wax
layer  was  a  powerful  physical  structural  barrier  for  plants  to
resist and delay invasion by pathogenic fungi and that the wax
content  and  trichome  density  of  bitter  melon  leaves  can  be
used as reference indicators for the identification of resistance
to  powdery  mildew  in  bitter  melon[49].  Equally,  in  this  experi-
ment, the wax content of R1 was found to be 3.04 times higher
than  that  of  S.  That  means  the  wax  content  of  the  resistant
material was higher than that of the disease susceptible mate-
rial. Combining the leaf trichome and wax content , it could be
assumed  that  the  physical  defense  of  the  leaf  played  an
outstanding role in the resistance of C. japonese to pathogenic
infestation.

 The association between leaf volatile components
and plant tolerance

Plants  respond  to  pathogenic  infestation  by  releasing  high
amounts  of  VOCs,  which  can  either  serve  as  a  direct  defense
against pathogens or as a signal for an antimicrobial response.
According  to  several  studies,  there  was  a  link  between  plant
VOCs[50] release  and  resistant  plant  strains.  Grapevine  geno-
types were resistant to grapevine downy mildew release more
monoterpenes and sesquiterpenes than sensitive genotypes[51].
Additionally,  we  discovered  that  the  composition  and  the
number  of  VOCs  from  plant  leaves  varied  significantly  across
the  range  of  resistance.  Furthermore,  different  species in  vitro
antifungal  activity  of A.  alternata varies,  which  may  be
connected to the part of key antifungal substances.

Moreover,  another  important  finding  was  that  the  R2  has  a
significant  inhibitory  effect  compared  to  others.  It  is  notewor-
thy that the relative contents of Germacrene D and falcarinol in
the leaf VOCs of R2 were high. It had been found that big root
geranium  was  associated  with  the  defense  mechanism  of
cashew  (Anacardium  occidentale)  leaves  in  response  to  inva-
sion  by  the  black  mold  fungus Pilgeriella  anacardii Arx  &
Müller[52]. Germacrene D was a signal molecule that inhibits the
spread  of Phytophthora from  necrotic  parts  of  poplar  bark  to
healthy  living  tissue[53].  In  strawberry  fruit,  methyl  jasmonate
(MeJA) improved resistance to grey mold infection by inducing
FaTPS1 expression  and  rapidly  increasing  terpene  content,
particularly Germacrene D[54]. In addition, Pinus nigra volatile oil
rich  in  terpenoids  (Germacrene  D-4-ol)  and  structurally  similar
terpenoids  (Germacrene  D)  had  inhibitory  effects  against
Aspergillus  niger and Bacillus  subtilis[55].  Falcarinol  was  thought
to act as a plant chemical defense agent to thwart infection by
devastating  pathogens[56].  Falcarinol  was  also  beneficial  to
human  health  because  of  its  outstanding  pharmacological
effects[57−59].  In  addition,  falcarinol  has  excellent  antioxidant
activity  and  antibacterial  activity[60].  Based  on  the  evidence
from this work, it would be seen that Germacrene D and falcari-
nol,  which  had  antifungal  activity  in  R2,  might  play  a  direct
defense role in response to A. alternata mycelial invasion.

Over  a  long  period  of  evolution,  plants  have  developed
complex  disease-resistance  mechanisms  to  resist  pathogenic
fungi.  The organic extracts of  S leaves were relatively effective
in this study, but S showed weak resistance to the disease when
identified  by  artificial  inoculation.  This  might  be  due  to  defi-
ciencies  in  physical  defense,  sparse  epidermal  hairs,  larger
stomata, and few wax contents, which facilitate the invasion of
mycelium. On the contrary, the leaf surface structure of disease-
resistant materials and its antifungal volatile metabolites play a
key role in resisting pathogen infection.

 Conclusions

In  this  study,  we  compared  the  resistance  of  14  species  of
Chrysanthemum-related genera to Chrysanthemum black spot
disease and found that the inoculation of detached leaves can
be used as a favorable adjunct to the primary resistance screen-
ing  of  germplasm  resources.  At  the  same  time,  we  analyzed
the  physical  and  chemical  defense  mechanisms  of  disease-
resistant  and  susceptible  species.  The  superior  tolerance  of C.
japonese was  likely  related  to  its  physical  defense,  a  combina-
tion  of  its  trichome  layer,  its  closure  of  stomata,  and  its  abun-
dant wax content, which reduced the invasion of pathogens. In
contrast,  the  tolerance  of A.  parviflora was  due  to  the  promi-
nent  role  of  its  chemical  defense,  its  high  relative  content  of
VOCs  substances  in  the  leaves,  and  its  significant  fungi
inhibitory  effect,  of  which  two  substances,  Germacrene  D  and
falcarinol,  might  be  the  crucial  inhibitory  substances.  The
density  of  the leaf  trichome and the wax content  can be used
as reference indicators for the identification of resistance to CBS
in  CRG.  The  resistance  of  CRG  to  the  CBS  can  be  partly
explained by differences in physical and chemical defenses. The
evaluation of the disease tolerance of the CRG further enriched
the disease tolerance germplasm resource bank of the chrysan-
themum  and  clarified  the  different  physical  and  chemical
responses  of  three  chrysanthemum-related  genera  with  great
differences  in  disease  tolerance,  and  it  has  certain  reference
significance  for  the  research  of  chrysanthemum  disease  resis-
tance mechanism.
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