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Abstract: Pathogen-associated molecular patterns, PAMPs, are a diverse group of molecules asso-
ciated with pathogenic microbes and are known to activate immune response and in some cases
enhance growth in plants. Two PAMPs, harpin and fIg22, have shown these affects in various plant
species. PAMPs are known to activate basal immunity, the ethylene signaling pathway, alter gene
expression and change plant composition. Pretreatment with harpin enhanced hemp seedling re-
sistance to Pythium aphanidermatum, while flg22 failed to induce the defense mechanism towards
P. aphanidermatum. In the absence of the pathogen, both harpin and flg22 enhanced seedling growth
when compared to the water control. Ethylene is a hormone involved in both plant defense signaling
and growth. Both harpin and flg22 pretreatment induced certain ethylene responsive genes but not
all the genes examined, indicating that harpin and flg22 act differently in ethylene and potentially
defense signaling. In addition, both harpin and flg22 induced CsFRK1 and CsPR1, two marker genes
for plant innate immunity. Both PAMPs can enhance growth but likely induce different defense
signaling pathways.
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1. Introduction

Cannabis sativa is an herbaceous crop with many economical and medicinal benefits.
Understanding cannabis’s internal mechanisms for growth and homeostasis is very impor-
tant for the industry. A range of reports claim that exposing plants to Pathogen-Associated
Molecular Patterns (PAMPs) can enhance growth development and improve disease re-
sistance. PAMPs are molecular structures originating from a vast array of microbes and
have been known to activate immune defense in plants [1]. Administering PAMPs to
various plants has a history of increasing plant growth, germination rate, and disease
resistance [1-4].

Mature plants and young seedlings treated with PAMPs have shown changes in de-
velopment and defense responses. Such studies involve plant species such as Arabidopsis
thaliana [2], Vitis vinifera (grape) [5], and Solanum Iycopersicum (tomato) [6]. When PAMPs
are introduced to plants, plant defense is triggered, regardless if there is an actual pathogen
present. Pattern Recognition Receptors (PRRs), localized on the plant cell plasma mem-
brane, recognize PAMPs and initiate PAMP-triggered immunity (PTI) [7], which allows
plants to protect themselves. A few of the intracellular responses related to PTI include
rapid ion fluxes across the plasma membrane, production of reactive-oxygen species, and
rapid changes in gene expression and cell wall enforcement [8].

Flagellin 22 (flg22), a well characterized PAMP, is a 22-amino-acid peptide from the
bacterial protein, flagellin [9,10]. Flg22 has been known to induce PTI in plants when
administered, resulting in ethylene biosynthesis, activation of mitogen-activated protein
kinase cascades, and changes in gene expression [4].
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Harpins form a family of proteins and originate from various organisms. Harping,, the
protein used in our study, originates from the Gram-negative bacterium, Erwinia amylovora.
E. amylovora causes fire blight in the Rosaceae family of vegetables [11]. Harpin has been
touted anecdotally as a cannabis growth promoter and disease resistance aid; however,
there have been no publications supporting this assertation. Following application to
plants, harpin is thought to induce insect defense, activate the ethylene signaling pathway,
and increase photosynthetic rates [2,3]. A common functionality seen between flg22 and
harpin is that both are thought to activate the ethylene signaling pathway [3,4]. Ethylene
can regulate plant defense responses to both biotic and abiotic stresses [12].

In this report, we used Pythium aphanidermatum as the pathogenic source. Pythium
species are soil-borne plant pathogens classified as oomycetes [13]. They often cause
damping-off and P. aphanidermatum is known to be very aggressive towards plants in their
germination and seedling stages [14,15], hence the use of cannabis in the seedling stage in
this report.

Pathogen-defensive and ethylene-responsive genes, shown in Table 1, were moni-
tored in cannabis seedlings following PAMP incubation. The effects of flg22 and harpin
on indicated genes were compared in the assays to gain a better understanding of how
signaling pathways are affected. PAMPs collectively are understood to enhance growth and
defense toward pathogen infection. While there are countless publications regarding PAMP
interactions with other plant species, there are none regarding cannabis. There is a lack of
publications and experimental evidence supporting the use of PAMPs in cannabis. This
study examines defense response, gene expression, and growth enhancement to further
understand how flg22 and harpin affect cannabis.

Table 1. Summary of homologs of cannabis genes used in qPCR.

Gene

Function PAMP Reference

Ethylene Response Factor 1
[ERF1]

Transcriptional activator which acts downstream of the
ethylene signaling pathway. It mediates development and harpin and flg22 [2,17]
regulates pathogen defense genes [16].

Ethylene Insensitive Protein 5
[EIN5]

Required for plant growth enhancement [2]. Acts
downstream of CTR1, a negative regulator of the pathway.
If ethylene is present, CTR1 does not act, and the pathway

can be activated [3].

harpin [3]

Ethylene Insensitive Protein 2
[EIN2]

Required for insect resistance in plants [2]. Protein located
downstream of CTR1 in the ethylene pathway. If CTR1 is
inhibited, then EIN2 may be activated. It is a Nramp-like harpin [2,18]
protein, meaning it is a natural resistance-associated
macrophage protein [18].

Flg22-Induced

Associated with early defense signaling as well as
mediating senescence. Following flg22 exposure in an

ReceptoEFliéIlzelf inase 1 organism, FRK1 regulation likely increases flg22 (1]
accordingly [19].
. . Gene expression increases following pathogen
Pathogenesis Related Protein 1 detection [20]. It is an indicator of systemic acquired flg22 [21]

[PR1]

resistance.

2. Materials and Methods
2.1. Plant and Microbe Materials

Cannabis seedlings used were a commercially sourced fiber hemp variety. The original
name of the strain was unknown, therefore, plant tissue was sent for genotype testing
at Phylos®. Phylos® is a company based in Oregon that performed genotype testing on
strains of cannabis. The seeds were grown out to full vegetative size under a 16 h light/8 h
dark photoperiod. Plant tissue was prepared as instructed by the company. The results
of the genotype indicated that the variety is closest to Finola Hemp; therefore, we named



Plants 2022,11, 1178

30f9

it Finola2 (Figure S1). Finola is a fibrous strain, oftentimes used to produce hemp oil [22].
It was also found out that Finola2 has a moderate level of genetic variation, low levels
indicate homozygosity and true breeding, while high levels indicate high heterozygosity
without true breeding. Therefore, this strain has a moderate level of true breeding potential
and will not produce offspring with too much variety of physical characteristics.

The Pythium strain used in this study is P. aphanidermatum KOPS, collected from
microgreens (wheatgrass) from Kroppert Cress in NY. The sample was isolated from seeds
in July 2013 and the accession number on NCBI blast is #MG993547.

2.2. Pathogenicity Test

Seeds were separated into two piles: dark colored, viable seeds, versus light colored,
non-viable seeds. Seeds that are darker and more uniform often indicate higher germination
success [23]. Viable seeds were then placed into autoclaved cheese cloths and secured using
zip-ties. Seeds were surface sterilized with bleach and ethanol in a sterile hood. The bags
were submerged into a 70% ethanol solution for 2 min, into a 3% bleach solution for 20 min,
then washed with DI water [24]. Seeds were then imbibed in either DI water, 0.5 g/L harpin
(Axiom, Rx Green Technologies), or a 100 uM flg22 solutions for 48 h in the dark.

The P. aphanidermatum originated from a stock myecelial plate, which was incubated
in the dark at room temperature until needed. To obtain fresh mycelia, an 8 mm plug
was taken from the stock pythium agar and placed on corn meal agar Petri plates (Fisher
Scientific, Hampton, NH, USA). The pythium grew for 3 d in the dark at room temperature
and the fresh mycelial growth was used for inoculation [25].

After 48 h of imbibition in PAMP solution, seeds were removed from the boxes and
spread out on sterile paper towels. Using flame-sterilized forceps, seed coats were removed,
leaving the seed embryos. The embryos were placed onto Petri dishes containing water
agar. Five seeds were placed on each plate, 1 cm from the edge in circle formation. An § mm
plug of agar containing pythium mycelia was placed directly in the center of the plates
containing the seeds [14]. There were three treatments: water soak with pythium, harpin
soak with pythium, and flg22 soak with pythium, with a total of 20 seeds per treatment. The
water treatment was the control. The plates were sealed using parafilm and incubated in
the dark at room temperature for 7 d, in randomized placement design, allowing seedlings
to grow and become infected with pythium. The experiment was repeated twice.

Seeds were removed individually, and each length was measured. The length was
measured in centimeters for each seedling. Each plate comprised one biological replicate
(five seedlings each, as shown in Figure S2). The biological replicates’ measurements were
averaged and separately compared to the control for an analysis of variance.

2.3. Gene Expression Analysis

Viable seeds were surface sterilized, then imbibed in water, harpin or flg22 solutions
containing the same concentrations as indicated previously. These seeds were imbibed in
the dark for 24 h, then seed coats were removed in sterile conditions. The seed embryos
were placed onto water agar Petri dishes (five seeds per plate), allowing the seedlings to
grow for either 24 or 48 h post treatment [26]. Posttreatment time was determined by the
time of seed removal from the PAMP solution. There were four plates per each of the three
treatments for each time point (24- and 48-h post treatment), with a total of 24 plates. The
plates were incubated in the dark in a randomized placement design.

Following PAMP incubation, seedlings were collected, and flash frozen in liquid
nitrogen. Total RNA was isolated from the seedlings using Plant and Fungi RNA Extraction
Kit (Macherey Nagel, Duren, Germany). cDNA was synthesized using iScript Reverse
Transcriptase (Bio-Rad, Hercules, CA, USA).

qPCR was performed using iTaq Universal SYBR Green Supermix (Bio-Rad). Primers
are listed in Supplemental Table S1. The qPCR was run in a CFX Connect Real-Time PCR
System (Bio-Rad). CsUbiquitin10 was used as a housekeeping gene. Cannabis ERF1, EIN2,
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EIN5, PR1 and FRK1 genes were identified using homologous Arabidopsis thaliana genes.
Four biological replicates were analyzed. Primers are listed in Table S1.

2.4. Growth Test

The protocol for seed sterilization, seed imbibition, and seed coat removal remains
the same. Five seed embryos were placed onto their respective Petri plate containing
water agar, equidistant apart and about 1 cm from the edge of the plate. There were three
treatments, water, harpin, and flg22, and a total of 25 seeds per each treatment. The plates
containing the seeds were closed using parafilm, then incubated at room temperature
(~22 °C) in the dark in a randomized placement design for 7 d. At the end of the incubation
period, the Petri plates were removed from incubation and opened. Seeds were removed
individually, and each length was measured. Each plate comprised one biological replicate
(five seedlings each, as shown in Figure S2). The measurements of the biological replicates
were averaged and separately compared to the control for an analysis of variance.

3. Results
3.1. Harpin Induces Resistance to P. aphanidermatum in Hemp Seedlings

Seven days post inoculation (dpi) with Pythium, seedlings imbibed in harpin showed
more resistance (Figure 1a) to P. aphanidermatum infection. The seedling growth was also
significantly enhanced by harpin, with about 2.5-fold more total seedling length than that
of water control and flg22 (Figure 1b). Flg22 imbibition did not improve seedling growth
or trigger defense mechanisms that convey resistance to P. aphanidermatum. The results
suggest that harpin and flg22 may induce different innate immune signaling pathways
in cannabis.
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Figure 1. Effects of harpin and flg22 on seedling growth in the presence of P. aphanidermatum.
(a) Seedlings grown on agar plates for 7 dpi with P. aphanidermatum. 1. water control. II. harpin. III.
flg22. All four biological replicates for each treatment, of one experimental replication, are shown.
(b) Average length of seedlings following a 48 h seed imbibition with harpin or flg22 and then 7 d of
growth, post inoculation. Significance of means was determined using a Student {-test in comparison
to the water control. *** indicates p < 0.001.

3.2. Harpin and FIg22 Upregulate Certain Expression of Ethylene-Responsive Genes and
Defense Genes

Both harpin and flg22 have been shown to be involved in ethylene-associated de-
fense responses [2,3,17-19,21]. We examined how harpin and flg22 induce ethylene-
responsive and defense-related genes. Three ethylene-regulated genes, CsERF1, CSsEINS,
and CsEIN2, were chosen for the analysis. These genes are involved in plant development
and pathogen/insect defense responses [2,3,16] and were upregulated in plants in response
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to harpin or flg22 treatment [2,3,17,18]. Figure 2 shows that harpin and flg22 induced dif-
ferent ethylene responsive genes. Harpin treated seedlings showed significant increase in
CsERF1 expression 48 h post treatment (HPT), while flg22 treatment did not affect CsERF1
expression (Figure 2a). CsEIN5 expression was only upregulated 48 h after flg22 treatment,
while it did not respond to harpin treatment (Figure 2b). Neither treatment altered CsEIN2
expression (Figure 2c).
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Figure 2. Effects of harpin and flg22 on the expression of ethylene responsive genes, CsERFI (a),
CsEINS (b), and CsEIN2 (c), in cannabis seedlings. Cannabis seedings were submerged in water,
harpin, or flg22 solutions for 24 h, then incubated on plates for 24 or 48 h. Statistically significant
difference in comparison to water control was determined using Student ¢-test. * indicates p < 0.05.

We further examined two defense-related genes, CsFRK1 and CsPR1 [19,21]. Increased
expression of both genes by flg22 has been reported [19,21]. In our assay, it is shown that
flg22 significantly increased CsFRK1 expression 48 h after treatment (Figure 3a). Although
there was 2-fold increase 24 h after harpin treatment, the increase was not significant
(Figure 3a). Harpin significantly upregulated CsPR1 expression 24 h and 48 h after treat-
ment, while flg22 increased CsPR1 expression 48 h after treatment (Figure 3b). PR1 is a
marker gene for the salicylic acid (SA) signaling pathway, and the results suggest that both
PAMPs can activate SA signaling and harpin may trigger the response faster than flg22
in cannabis. These results indicate that both harpin and flg22 can induce innate immune
signaling in hemp and may enhance resistance to pathogens.
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Figure 3. Effects of harpin and flg22 on the expression of defense marker genes, CsFRK1 (a) and
CsPR1 (b), in cannabis seedlings. The RNA samples were the same as those shown in Figure 2.
Statistically significant difference in comparison to water control was determined using Student ¢-test.
* indicates p < 0.05. ** indicates p < 0.01.
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3.3. Both Harpin and Fig22 Promote Hemp Seedling Growth

Harpin has been commercialized as a plant growth and health stimulant [2,27,28].
Here, we examined the effects of both harpin and flg22 on hemp seedling growth. Com-
pared to the water control, both harpin and flg2?2 treated seedlings showed more robust
growth (Figure 4a). In addition, harpin showed a 2-fold and flg22 showed a 2.5-fold longer
total seedling length than the control seedlings (Figure 4b). The results indicate that both
harpin and flg22 pretreatments can stimulate hemp growth, which may be due to the
activation of plant hormone signaling to enhance growth.

(b)

Average seedling length (cm)

water harpin flg22

Figure 4. Enhancement of seedling growth by harpin and flg22. Experiments were conducted the
same as shown in Figure 1 but without pathogen. (a) Growth of seedlings after 7 d on Petri plates
with I, water agar, II, addition of harpin and III, addition of flg22. All five replicates for each treatment
were shown. (b) Average seedling length. Statistically significant difference in comparison to water
control was determined using Student ¢-test. ** indicates p < 0.01.

4. Discussion

P. aphanidermatum has been reported to cause crown and root rot in cannabis [29,30].
Research is lacking on the disease control of P. aphanidermatum in cannabis. Harpin and
flg22 are well-studied bacterial PAMPs. They have been shown to trigger plant defense
responses and promote plant growth [3,31,32]. We examined the effectiveness of harpin
and flg22 on the induction of resistance to P. aphanidermatum and the stimulation of plant
growth in cannabis seedlings. Harpin was effective in the resistance to P. aphaniderma-
tum and it enhanced plant growth during infection, while flg22 pretreatment failed to
induce defense responses and promote seedling growth (Figure 1b). It is known that
harpin protein, Hpal, from the bacterial blight pathogen found in rice acts similarly to
the one from E. amylovora, indicating conserved effects among harpin proteins. It is pos-
sible that the defense mechanism induced by flg22 is not efficacious for protection from
P. aphanidermatum infection.

Previous studies showed that flg22, but not harpin, induced jasmonate (JA) accumu-
lation in Vitis rupestris [33]. Defense signaling pathways induced by harpin involve SA,
which leads to systemic acquired resistance [34]. JA and SA signaling pathways have
shown synergistic properties [35]. Flg22 activates PTI, while harpin triggers immunity
like Effector-Triggered Immunity (ETI) [36]. Our results showed that the PTI marker gene,
CsFRK1, was highly induced 48 h after flg22 treatment. Although harpin increased CsFRK1,
there was no significant difference from the control (Figure 3a). PR1 is a marker gene in
the SA-induced signaling pathway [37]. In Arabidopsis, flg22 was also found to increase
SA accumulation [38,39]. Both harpin and flg22 induced CsPR1 expression, and therefore,
activated SA signaling in cannabis seedlings, and harpin showed a faster induction than
flg22 (Figure 3b).
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Following harpin and flg22 imbibition, hemp seedlings showed similar activation of
ethylene signaling as what has been reported in other plant species. However, cannabis
seedlings responded differently to harpin and flg22. While neither harpin nor flg22 induced
CsEIN2 expression, harpin and flg22 activated different ethylene responsive genes examined
in this report (Figure 2). In wheat, harpin only induced EIN2 expression during aphid
feeding [40,41]. It is possible that harpin and flg22 would not induce CsEIN2 in cannabis
under normal growth conditions. In addition, being an early signal molecule in ethylene
signaling pathway, CsEIN2 may be induced at earlier time points than 24 hpt.

There are plenty of management options to prevent pathogens in cannabis, such as
Botrytis cinerea, which causes damping off and bud rot, or Golovinomyces spp., which causes
powdery mildew [42]. Most recommended methods involve prevention or disposal of the
plant. There is no published study as of now on the molecular mechanisms of pathogen
defense responses in cannabis.

Our results provide scientific evidence that harpin and flg22 may activate different
signaling molecules and induce defense responses in cannabis. Harpin is more effective
than flg22 in triggering resistance to P. aphanidermatum in cannabis seedlings. Our findings
provide insights to the disease control strategies of P. aphanidermatum and potentially other
pathogens. Further studies on the effects of harpin on cannabis growth and cannabinoid
and/or terpene biosynthesis may be explored.

Supplementary Materials: The following are available online at: https://www.mdpi.com/article/10
.3390/plants11091178/s1, Figure S1: Genetic examination of hemp strain Finola2; Figure S2: Display
of seed placement; Table S1: Primers used in qPCR.
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PAMP  Pathogen-Associated Molecular Pattern
PRR Pattern Recognition Receptors
FLG22 Flagellin 22
PTI PAMP-Triggered Immunity
ERF1 Ethylene Response Factor 1
EIN5 Ethylene Insensitive Protein 5
EIN2 Ethylene Insensitive Protein 2
FRK1 Flagellin22-induced Receptor-like Kinase 1
PR1 Pathogenesis-Related Protein 1
ETI Effector-Triggered Immunity
JA Jasmonic acid
SA Salicylic Acid
References
1. Livaja, M.; Zeidler, D.; von Rad, U.; Durner, ]. Transcriptional Responses of Arabidopsis thaliana to the Bacteria-Derived PAMPs
Harpin and Lipopolysaccharide. Immunobiology 2008, 213, 161-171. [CrossRef] [PubMed]
2. Dong, HP; Peng, ].; Bao, Z.; Meng, X.; Bonasera, ].M.; Chen, G.; Beer, S.V.; Dong, H. Downstream Divergence of the Ethylene
Signaling Pathway for Harpin-Stimulated Arabidopsis Growth and Insect Defense. Plant Physiol. 2004, 136, 3628-3638. [CrossRef]
[PubMed]


https://www.mdpi.com/article/10.3390/plants11091178/s1
https://www.mdpi.com/article/10.3390/plants11091178/s1
http://doi.org/10.1016/j.imbio.2007.10.004
http://www.ncbi.nlm.nih.gov/pubmed/18406364
http://doi.org/10.1104/pp.104.048900
http://www.ncbi.nlm.nih.gov/pubmed/15516507

Plants 2022, 11,1178 80f9

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.
23.

24.

25.

26.

27.

28.

29.

30.

31.

Li, X;; Han, B.; Xu, M,; Han, L.; Zhao, Y,; Liu, Z.; Dong, H.; Zhang, C. Plant Growth Enhancement and Associated Physiological
Responses Are Coregulated by Ethylene and Gibberellin in Response to Harpin Protein Hpal. Planta 2014, 239, 831-846.
[CrossRef] [PubMed]

Mersmann, S.; Bourdais, G.; Rietz, S.; Robatzek, S. Ethylene Signaling Regulates Accumulation of the FLS2 Receptor and Is
Required for the Oxidative Burst Contributing to Plant Immunity. Plant Physiol. 2010, 154, 391-400. [CrossRef]

Chang, X.; Nick, P. Defence Signalling Triggered by Flg22 and Harpin Is Integrated into a Different Stilbene Output in Vitis Cells.
PLoS ONE 2012, 7, e40446. [CrossRef] [PubMed]

Chuang, H.; Harnrak, A.; Chen, Y.C.; Hsu, C.M. A Harpin-Induced Ethylene-Responsive Factor Regulates Plant Growth and
Responses to Biotic and Abiotic Stresses. Biochem. Biophys. Res. Commun. 2010, 402, 414-420. [CrossRef] [PubMed]

Saijo, Y.; Loo, E.P-L; Yasuda, S. Pattern Recognition Receptors and Signaling in Plant-Microbe Interactions. Plant J. 2018, 93,
592-613. [CrossRef]

Zipfel, C. Pattern-Recognition Receptors in Plant Innate Immunity. Curr. Opin. Immunol. 2008, 20, 10-16. [CrossRef]

Jelenska, J.; Davern, S.M.; Standaert, R.F.,; Mirzadeh, S.; Greenberg, ].T. Flagellin Peptide Flg22 Gains Access to Long-Distance
Trafficking in Arabidopsis via Its Receptor, FLS2. J. Exp. Bot. 2017, 68, 1769-1783. [CrossRef]

Goémez-Gomez, L.; Felix, G.; Boller, T. A Single Locus Determines Sensitivity to Bacterial Flagellin in Arabidopsis thaliana. Plant ].
1999, 18, 277-284. [CrossRef]

Reboutier, D.; Frankart, C.; Briand, J.; Biligui, B.; Sandrine, L.; Rona, J.-P.; Barny, M.-A.; Bouteau, F. The HrpNea Harpin
from Erwinia amylovora Triggers Differential Responses on the Nonhost Arabidopsis thaliana Cells and on the Host Apple Cells.
Mol. Plant-Microbe Interact. 2007, 20, 94-100. [CrossRef]

Chen, Y.-F; Etheridge, N.; Schaller, G.E. 2004 Ethylene Signaling Pathway. Ann. Bot. 2005, 95, 901-915. [CrossRef] [PubMed]

El Ghaouth, A; Arul, J.; Grenier, J.; Benhamou, N.; Asselin, A.; Belanger, R. Effect of Chitosan on Cucumber Plants: Suppression
of Pythium aphanidermatum and Induction of Defense Reactions. Am. Phytophatological Soc. 1993, 84, 313-320. [CrossRef]
Broders, K.D.; Lipps, PE.; Paul, P.A.; Dorrance, A.E. Characterization of Pythium Spp. Associated with Corn and Soybean Seed
and Seedling Disease in Ohio. Plant Dis. 2007, 91, 727-735. [CrossRef] [PubMed]

Punja, Z.K.; Rodriguez, G. Fusarium and Pythium Species Infecting Roots of Hydroponically Grown Marijuana (Cannabis Sativa
L.) plants. Can. ]. Plant Pathol. 2018, 40, 498-513. [CrossRef]

Mao, J.L.; Miao, Z.Q.; Wang, Z.; Yu, L.H.; Cai, X.T.; Xiang, C.B. Arabidopsis ERF1 Mediates Cross-Talk between Ethylene and
Auxin Biosynthesis during Primary Root Elongation by Regulating ASA1 Expression. PLoS Genet. 2016, 12, e1006076. [CrossRef]
Lorenzo, O.; Piqueras, R.; Sanchez-Serrano, J.J.; Solano, R. ETHYLENE RESPONSE FACTORI Integrates Signals from Ethylene
and Jasmonate Pathways in Plant Defense. Plant Cell 2003, 15, 165-178. [CrossRef]

Liu, R,; Chen, L, Jia, Z,; L, B.; Shi, H.; Shao, W.; Dong, H. Transcription Factor AtMYB44 Regulates Induced Expression of the
ETHYLENE INSENSITIVE2 Gene in Arabidopsis Responding to a Harpin Protein. Mol. Plant-Microbe Interact. 2011, 24, 377-389.
[CrossRef]

Janda, M.; Lamparov4, L.; Zubikova, A.; Burketova, L.; Martinec, J.; Kr¢kova, Z. Temporary Heat Stress Suppresses PAMP-
Triggered Immunity and Resistance to Bacteria in Arabidopsis thaliana. Mol. Plant Pathol. 2019, 20, 1005-1012. [CrossRef]
Petenkova, T.; Pleskot, R.; Zarsky, V. Subcellular Localization of Arabidopsis Pathogenesis-Related 1 (PR1) Protein. Int. J. Mol. Sci.
2017, 18, 825. [CrossRef]

Gohre, V.; Jones, A M.E.; Sklendf, J.; Robatzek, S.; Weber, A.P.M. Molecular Crosstalk between PAMP-Triggered Immunity and
Photosynthesis. Mol. Plant-Microbe Interact. 2012, 25, 1083-1092. [CrossRef] [PubMed]

Booth, J.K,; Page, ].E.; Bohlmann, J. Terpene Synthases from Cannabis sativa. PLoS ONE 2017, 12, e0173911. [CrossRef]

Small, E.; Brookes, B. Temperature and Moisture Content for Storage Maintenance of Germination Capacity of Seeds of Industrial
Hemp, Marijuana, and Ditchweed Forms of Cannabis sativa. ]. Nat. Fibers 2012, 9, 240-255. [CrossRef]

Oyebanyji, O.B.; Nweke, O.; Odebunmi, O.; Galadima, N.B.; Nnodi, U.N.; Afolabi, A.S.; Ogbadu, G.H. Simple, Effective and
Economical Explant-Surface Sterilization Protocol for Cowpea, Rice and Sorghum Seeds. Afr. J. Biotechnol. 2009, 8, 5395-5399.
Luecke, N.C.; Crawford, K.M.; Koike, S.T.; Stanghellini, H.; Burkhardt, A. First Report of Root Rot Caused by Pythium dissotocum
on Hydroponically Grown Collard Greens (Brassica oleracea Var. acephala). Plant Dis. 2021, 106, 1075. [CrossRef] [PubMed]
Oliva, M.; Dunand, C. Waving and Skewing: How Gravity and the Surface of Growth Media Affect Root Development in
Arabidopsis. New Phytol. 2007, 176, 37—43. [CrossRef] [PubMed]

Wu, X.; Wu, T;; Long, J.; Yin, Q.; Zhang, Y.; Chen, L.; Liu, R.; Gao, T.; Dong, H. Productivity and Biochemical Properties of Green
Tea in Response to Full-Length and Functional Fragments of HpaG Xooc, a Harpin Protein from the Bacterial Rice Leaf Streak
Pathogen Xanthomonas oryzae pv. oryzicola. J. Biosci. 2007, 32, 1119-1131. [CrossRef]

Dong, Y; Li, P; Zhang, C. Harpin Hpal Promotes Flower Development in Impatiens and Parochetus Plants. Bot. Stud. 2016,
57,22. [CrossRef]

Hu, J.; Masson, R. First Report of Crown and Root Rot Caused by Pythium aphanidermatum on Industrial Hemp (Cannabis sativa)
in Arizona. Plant Dis. 2021, 101, 1038. [CrossRef]

Chen, J.; Li, Z.; Cheng, Y.; Gao, C.; Guo, L.; Wang, T.; Xu, J. First Report of Pythium aphanidermatum Causing Crown and Root Rot
on Industrial Hemp in China. Plant Dis. 2022, 106, 1076. [CrossRef]

Chuang, H.W. The Dual Function of Harpin in Disease Resistance and Growth in Phalaenopsis Orchids. Orchid. Biotechnol. 111
2017, 3, 309-329. [CrossRef]


http://doi.org/10.1007/s00425-013-2013-y
http://www.ncbi.nlm.nih.gov/pubmed/24395199
http://doi.org/10.1104/pp.110.154567
http://doi.org/10.1371/journal.pone.0040446
http://www.ncbi.nlm.nih.gov/pubmed/22792328
http://doi.org/10.1016/j.bbrc.2010.10.047
http://www.ncbi.nlm.nih.gov/pubmed/20951117
http://doi.org/10.1111/tpj.13808
http://doi.org/10.1016/j.coi.2007.11.003
http://doi.org/10.1093/jxb/erx060
http://doi.org/10.1046/j.1365-313X.1999.00451.x
http://doi.org/10.1094/MPMI-20-0094
http://doi.org/10.1093/aob/mci100
http://www.ncbi.nlm.nih.gov/pubmed/15753119
http://doi.org/10.1094/Phyto-84-313
http://doi.org/10.1094/PDIS-91-6-0727
http://www.ncbi.nlm.nih.gov/pubmed/30780482
http://doi.org/10.1080/07060661.2018.1535466
http://doi.org/10.1371/journal.pgen.1005760
http://doi.org/10.1105/tpc.007468
http://doi.org/10.1094/MPMI-07-10-0170
http://doi.org/10.1111/mpp.12799
http://doi.org/10.3390/ijms18040825
http://doi.org/10.1094/MPMI-11-11-0301
http://www.ncbi.nlm.nih.gov/pubmed/22550958
http://doi.org/10.1371/journal.pone.0173911
http://doi.org/10.1080/15440478.2012.737179
http://doi.org/10.1094/PDIS-07-21-1584-PDN
http://www.ncbi.nlm.nih.gov/pubmed/34515513
http://doi.org/10.1111/j.1469-8137.2007.02184.x
http://www.ncbi.nlm.nih.gov/pubmed/17692076
http://doi.org/10.1007/s12038-007-0113-1
http://doi.org/10.1186/s40529-016-0132-z
http://doi.org/10.1094/PDIS-01-21-0065-PDN
http://doi.org/10.1094/PDIS-10-21-2134-PDN
http://doi.org/10.1142/9789813109223_0015

Plants 2022, 11, 1178 90f9

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Akbudak, N.; Tezcan, H.; Akbudak, B.; Seniz, V. The Effect of Harpin Protein on Plant Growth Parameters, Leaf Chlorophyll, Leaf
Colour and Percentage Rotten Fruit of Pepper Plants Inoculated with Botrytis cinerea. Sci. Hortic. 2006, 109, 107-112. [CrossRef]

Chang, X.; Seo, M.; Takebayashi, Y.; Kamiya, Y.; Riemann, M.; Nick, P. Jasmonates Are Induced by the PAMP Flg22 but Not the
Cell Death-Inducing Elicitor Harpin in Vitis Rupestris. Protoplasma 2017, 254, 271-283. [CrossRef] [PubMed]

Dong, H.; Delaney, T.P.; Bauer, D.W.; Beer, S.V. Harpin Induces Disease Resistance in Arabidopsis through the Systemic Acquired
Resistance Pathway Mediated by Salicylic Acid and the NIM1 Gene. Plant J. 1999, 20, 207-215. [CrossRef]

Zhang, N.; Zhou, S.; Yang, D.; Fan, Z. Revealing Shared and Distinct Genes Responding to JA and SA Signaling in Arabidopsis by
Meta-Analysis. Front. Plant Sci. 2020, 11, 908. [CrossRef]

Choi, M.S.; Kim, W.; Lee, C.; Oh, C.S. Harpins, Multifunctional Proteins Secreted by Gram-Negative Plant-Pathogenic Bacteria.
Mol. Plant-Microbe Interact. 2013, 26, 1115-1122. [CrossRef]

Pieterse, C.M.].; Leon-Reyes, A.; van der Ent, S.; van Wees, 5S.C.M. Networking by Small-Molecule Hormones in Plant Immunity.
Nat. Chem. Biol. 2009, 5, 308-316. [CrossRef]

Mishina, T.E.; Zeier, ]. Pathogen-Associated Molecular Pattern Recognition Rather than Development of Tissue Necrosis Con-
tributes to Bacterial Induction of Systemic Acquired Resistance in Arabidopsis. Plant J. 2007, 50, 500-513. [CrossRef]

Tsuda, K.; Sato, M.; Glazebrook, J.; Cohen, ].D.; Katagiri, F. Interplay between MAMP-Triggered and SA-Mediated Defense
Responses. Plant J. 2008, 53, 763-775. [CrossRef]

Xu, M.-Y,; Zhou, T,; Zhao, Y.-Y; Li, ].-B.; Xu, H.; Dong, H.-S.; Zhang, C.-L. Transgenic Expression of a Functional Fragment of
Harpin Protein Hpal in Wheat Represses English Grain Aphid Infestation. . Integr. Agric. 2014, 13, 2565-2576. [CrossRef]

Fu, M,; Xu, M,; Zhou, T.; Wang, D.; Tian, S.; Han, L.; Dong, H.; Zhang, C. Transgenic Expression of a Functional Fragment of
Harpin Protein Hpal in Wheat Induces the Phloem-Based Defence against English Grain Aphid. J. Exp. Bot. 2014, 65, 1439-1453.
[CrossRef] [PubMed]

Punja, Z.K. Emerging Diseases of Cannabis sativa and Sustainable Management. Pest Manag. Sci. 2021, 77, 3857-3870. [CrossRef]
[PubMed]


http://doi.org/10.1016/j.scienta.2006.03.008
http://doi.org/10.1007/s00709-016-0941-7
http://www.ncbi.nlm.nih.gov/pubmed/26769707
http://doi.org/10.1046/j.1365-313x.1999.00595.x
http://doi.org/10.3389/fpls.2020.00908
http://doi.org/10.1094/MPMI-02-13-0050-CR
http://doi.org/10.1038/nchembio.164
http://doi.org/10.1111/j.1365-313X.2007.03067.x
http://doi.org/10.1111/j.1365-313X.2007.03369.x
http://doi.org/10.1016/S2095-3119(13)60735-2
http://doi.org/10.1093/jxb/ert488
http://www.ncbi.nlm.nih.gov/pubmed/24676030
http://doi.org/10.1002/ps.6307
http://www.ncbi.nlm.nih.gov/pubmed/33527549

	Introduction 
	Materials and Methods 
	Plant and Microbe Materials 
	Pathogenicity Test 
	Gene Expression Analysis 
	Growth Test 

	Results 
	Harpin Induces Resistance to P. aphanidermatum in Hemp Seedlings 
	Harpin and Flg22 Upregulate Certain Expression of Ethylene-Responsive Genes and Defense Genes 
	Both Harpin and Flg22 Promote Hemp Seedling Growth 

	Discussion 
	References

