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Abstract
Mexico is considered to be a diversi�cation center for the chili species, but at the same time, these crops
have been susceptible to infection by pathogens, such as Colletotrichum, which causes anthracnose
diseases and postharvest decay in general. Different studies have been carried out with isolated strains
of Colletotrichum in Capsicum plants, however, under growing conditions, the microorganisms are
interacting with others, which can increase or decrease their infective capacity. This study presents the
�rst report between plant-pathogen interactions and their biochemical responses in phospholipid
pathways for C. chinense to microbial consortium with mainly Colletotrichum ignotum pathogen. The
results showed morphological changes in the �rst hours (h) in the presence of the microbial consortium,
and high levels of diacylglycerol pyrophosphate (DGPP) and phosphatidic acid (PA) were found after 6 h
postinoculation (hai). These metabolic changes were correlated with high transcription levels of
diacylglycerol-kinase (CchDGKs) expressed for 3, 6 and 12 hai and related to pathogen gene markers,
such as CchPR1 and CchPR5. Finally, this study shows how the phospholipase C/DGK (PLC/DGK)
pathway offers insight into the microbial infection responses of chili crops with damping-off diseases in
the Yucatan.

Introduction
Chili was domesticated in Mexico, where 4 of the 5 species of Capsicum are cultivated: C. frutescens, C.
annuum, C. pubescens and C. chinense. However, C. chinense is the only species of chili thought to have
originated in Mexico, given the uses and customs by settlers from the Yucatan region. In �eld conditions,
these crops are susceptible to pathogen infections, and special attention has been paid to Colletotrichum
sp. In recent years, there have been numerous anthracnose diseases cases that were related to fungi
belonging to over a dozen species, of the genere Colletotrichum.

Colletotrichum sp. causes anthracnose disease and postharvest decay in a wide range of tropical,
subtropical and temperate fruits, crops and ornamental plants (Damm et al. 2012; Nam et al. 2013; Aiello
et al. 2015; Guarnaccia et al. 2016). Four Colletotrichum species complexes have been described: C.
gloeosporioides, C. acutatum, C. boninense, and C. truncatum are the primary causal agents of these
diseases (Weir et al. 2012; Huang et al. 2013).

Recently, a strain of C. ignotum was identi�ed as part of a microbial consortium isolated from a infected
plant of C. chinense root (unpublished, CIATEJ). In the literature, C. ignotum belongs to the C.
gloeosporioides species complex and has only been associated with generalist endophytes in cacao
plants (Rojas et al. 2010).

In plant-pathogen interactions, a precise signaling process is indispensable to the successful adaptation
and survival of the plant. There are many studies on host plant defense systems and pathogenic invasion
effectors with their phytohormone targets, such as salicylic acid (SA) and/or jasmonic acid (MJ) (Kazan
and Lyons 2104). However, only a few studies have been conducted that relate to the phospholipid signal
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transduction pathway in response to pathogens and, in particular, the pathway that involves
phospholipid-derived molecules as second messengers (Munnik and Testerink 2009). Phosphatidic acid
is a very important signaling molecule that can modulate the activities of kinases, phosphatases,
phospholipases and other proteins involved in membrane tra�c, calcium signaling and biotic and abiotic
stress responses (Testerink and Munnik 2011; Hou et al. 2016; Altuzar-Molina et al. 2011).

In a previous study, we evaluated the effect of SA and MJ on phospholipid signaling in C. chinense Jacq.
suspension cells. Treatments with SA inhibited phospholipase C (PLC) and phospholipase D (PLD)
activities, while treatments with MJ produced increases in PLC and PLD activities (van der Luit et al.
2000). Studies on the transient accumulation of PA and DGPP were conducted in tomato suspension
cells (van der Luit et al. 2000; Yamaguchi et al. 2005). The cells were treated with a pathogenic elicitor,
and high levels of PA were found that were subsequently metabolized to DGPP (van der Luit et al. 2000).
When DGPP and PA were added, there was also an induction of the expression of elicitor-responsive
genes in the absence of the elicitor (Yamaguchi et al. 2005). We can use a C. chinense suspension cell
system to study and correlate phytohormone targets related to plant defense with phospholipid signal
transduction. We propose to �rst correlate the generation of important phospholipid-derived molecules
and the expression of their genetic pathway in response to the microbial consortium in C. chinense plants
to understand the phospholipid signal transduction that occurs in the interaction between C. chinense
suspension cells and a microbial consortium isolated from infected plants that is primarily formed by C.
ignotum.

Materials And Methods

Materials
Radiolabeled [32P] γ-ATP was obtained from Amersham Pharmacia Biotech (UK). Bicinchoninic acid
(BCA) protein assay reagent was purchased from Pierce Chemical Co. Other chemicals were provided by
Sigma Aldrich. Murashige and Skoog (MS) media were supplied by Phytotechnologies Inc. The
commercial kit ZimoBiomics DNA was purchased from Zimo Research. Chloroform, methanol, pyridine,
and formic acid were purchased from J.T. Baker Co. TLC plates were supplied by Merck®.

Biological Material
C. chinense suspension cells were obtained by the disaggregation of callus and cultured in Murashige
and Skoog media (MS) (Murashige and Skoog 1962) at pH 5.6. This media was supplemented with
0.5 mM myo-inositol, 0.02 mM thiamine, 0.2 mM cysteine, 4 µM 2,4-dichlorophenoxyacetic acid and 3%
sucrose. The cells were subcultured every 14 days, as previously reported (Altuzar-Molina et al. 2011),
and grown with shaking (100 rpm) in continuous light at 25 °C.

The consortium was obtained from C. chinense plants isolated from infected crops in the Yucatán region.
The selection method for growing the microbial consortium was used, and the consortium was
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maintained at 20 ºC in the dark on modi�ed agar media (10% vegetable juice*, 2% Bacto agar; *The
vegetable juice was a Herdez V8 juice that contained 8 vegetables, such as carrot, tomato, beetroot,
spinach, kale/leaf cabbage, celery, parsley and lemon juice) (Gou and Ko 1993). The microbial
consortium was cultivated in Petri dishes; this material was �ooded with water and rubbed with a sterile
glass slide. The suspension was �ltered through a 50 µm Miracloth as described in (Sharma et al. 2015),
incubated at 37 ºC for 3 has suggested in (Shipton 1985) and maintained at 4ºC, and the suspension
was �ltered (Kamoun et al. 1993). The �ltrate was called "conidial suspension" (cs). We standardize the
amount of inoculum by quantifying the amount of C. ignotum conidia in the conidial suspension. The cs
were released as it was mentioned above and heated at 85 °C for 5 min.

Analysis of the consortium microbial pro�le by next-
generation sequencing (NGS)
Previously, a microbial consortium had been isolated from the rotted roots of C. chinense seedlings and
routinely maintained as described above. DNA isolation was performed using the commercial kit
ZimoBiomics DNA (Zimo Research). The quality of the extracted DNA was examined by agarose
electrophoresis (1%) with ethyl bromide (0.01%) and visualized under UV light. DNA samples were sent
for analysis to LABSERGEN (CINVESTAV) where ITSs or 16S amplicons were made with 300,000 PE
readings, and MySeq sequences were generated. Bioinformatics analyses were processed using
readpipeline and MG_RAST. The identi�cation of the strains was conducted in the massive BLAST in
MG_RAST, and the taxonomy of each strain was determined using the following databases: the
Encyclopedia of Life (http://www.eol.org/), Global Catalog of Microorganisms (http://www.
//gcm.wfcc.info), Integrated Taxonomic Information System (https://www.itis.gov/) and Livemap
(http://lifemap-ncbi.univ-lyon1.fr/).

Infection assay establishment
One gram of C. chinense suspension cells from 14 days of culture was used to establish the infection
assay, and the cells were subcultured in 25 mL of MS media and kept overnight at 24 ºC on a shaker at
100 rpm for acclimation (Altuzar-Molina et al. 2011). Then, the suspension cells were inoculated using 1 
× 104 of cs and harvested at different inoculation times (indicated for each experiment) like hour after
infection (hai).

Epi�uorescence analysis
Suspension cells of C. chinense were infected (or not) with the consortium and washed three times with
sodium phosphate buffer (PBS) at 0.1 M and pH 5.7, and the suspension was diluted 1:10 in PBS. The
cells were stained with 1 µM of 4′,6-diamidino-2-phenylindole dihydrochloride (DAPI) (Sigma) and
1.76 µM of FM4-64 Dye (N-(3-triethylammoniumpropyl)-4-(6-(4-(diethylamino) phenyl) hexatrienyl)
pyridinium dibromide) (Invitrogen™), 10 µM CellMask™ Plasma Membrane Stains (molecular probes™)
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and 2 µM Calco�uor White Stain (WCF) (Fluka™), and after 30 min of incubation at room temperature, the
�uorescence was observed using epi�uorescence microscopy (Axioplan, Zeiss, Germany).

Cell �xation and scanning electron microscopy
For scanning electron microscopy (SEM), the MS media was discarded, and the C. chinense cells were
washed with PBS (to eliminate the MS media) and incubated with FAA solution (40% formaldehyde, 50%
ethanol, 5% acetic acid, and 5% distilled water) for 72 h at 25 °C with gentle agitation every 3 h. The
samples were washed with PBS to eliminate the FAA solution. The cells were dehydrated in ethanol
solutions in a sequential gradient at 30%, 50%, 70%, 96%, and 100% for 12, 12, 3, 2 and 1 h, respectively.
After the cells were �xed, the samples were dried to the critical point with liquid CO2 using a Sandri-795
critical point dryer (Tousimis), metalized with gold (Denton vacuum Desk II) and observed using SEM
(JEOL JSM 6360LV).

Cell viability assay
C. chinense suspension cells infected with the consortium were washed 3 times with phosphate buffer,
resuspended in 1 mL of PBS and gently mixed. Then, a 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) (Sigma) solution was added to a �nal concentration of 0.5 mg mL− 1

and the mixture was incubated at 25 °C for 8 h in the darkness. The formazan salts were then solubilized
with 1.5 mL of methanol solution (50% �nal concentration) and incubated at 60 ºC for 30 min. Finally, the
cells were centrifuged at 1,500 x g for 5 minutes. The supernatant was recovered, washed 5 or 6 times
with methanol and mixed to quantify the absorbance at 570 nm.

Protein extract preparation
Frozen C. chinense cells, previously infected or not, were macerated in liquid nitrogen and homogenized
with solution A (50 mM HEPES, pH 7.2, 0.25 M sucrose, 5 mM KCl, and 1 mM EDTA) with protease
inhibitors (1 µg mL− 1 leupeptin, 1 mM phenylmethylsulfonyl �uoride (PMSF) and 1 µg mL− 1 aprotinine).
The extract was centrifuged at 20,000 x g for 30 min at 4 ºC, and the supernatant was centrifuged at
105,000 x g for 1 h at 4 ºC. The precipitate obtained (membrane fraction) was resuspended in 200 µL of
50 mM HEPES, pH 7.4. The protein concentration in the extracts was determined with a modi�ed
bicinchoninic acid protein assay reagent (Smith et al. 1985), using bovine serum albumin (BSA) as the
standard.

Lipid kinase activity
Lipid kinases were determined using [γ-32P] ATP incorporation into the corresponding endogenous
substrate (Racagni-Di Palma et al. 2002). The phosphorylation assay was performed using a reaction
mix with 50 mM HEPES at pH 7.4, 1 mM EDTA, 10 mM MgCl2, 1 mM ATP, 0.2 mM sodium vanadate,

0.5 mM DTT, [γ-P32] ATP (370 MBq) and 80 µg of protein membrane fraction. The mixture was incubated
for 2 min at 30 ºC, and the reaction was �nally stopped with 1.5 mL chloroform:methanol (1:2, v/v).

Lipid extraction and separation
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Lipid extraction was conducted as described previously in Racagni-Di Palma et al. (Racagni-Di Palma et
al. 2008). In each sample, 0.5 mL of 2.4 N HCl and 0.5 mL of chloroform were added, and then the
bottom phase was carefully extracted and mixed with 2 mL of 1 N methanol:HCl (1:1, v/v). The lipids
were dried under vacuum and resuspended in 200 µL chloroform:methanol (9:1, v/v). Finally, the lipids
were analyzed using thin layer chromatography (TLC) plates impregnated with solution I [1% potassium
oxalate, 2 mM EDTA, and methanol:water (2:3, v/v)] and activated for 40 min at 110 ºC as described in
Racagni-Di Palma et al. (Racagni-Di Palma et al. 2008) The plates were developed with a solution of
chloroform:methanol:acetone:acetic acid:water (40:15:14:12:7, v/v) and chloroform:pyridine:formic acid
(35:30:7, v/v) for the �rst and second dimension in the TLC, respectively (Racagni-Di Palma et al. 2002).
Positions of radiolabeled lipids were determined by autoradiography.

Phylogenetic analysis
Phylogenetic testing was conducted on DGK proteins using complete amino acid sequences obtained
from the SOL Genomics Network database (https://www.sgn.cornell.edu/). The sequences were aligned
using ClustalW and displayed with MEGA 6 software, and a maximum likelihood method was employed
with a robustness of 1000 bootstrap replicates. The C. chinense DGK homologs CanDGK1, CanDGK2,
CanDGK3, CanDGK5, CanDGK5L, CanDGK6 and CanDGK7 were tested against the predicted protein from
tomato (L. esculentum ITAG release 2.4), coffee (C. canephora v1.0) and Arabidopsis to obtain their
phylogenetic relationship.

Expression gene assay and data analysis
Cultures of C. chinense previously treated with the consortium according to the infection conditions were
used to determine the transcription levels of candidate genes involved in the infection response. For the
expression analysis, RNA was isolated using a TRIZol™ RNA Reagent (Invitrogen™), and the cDNA was
synthesized using 500 ng of total RNA with Revert Aid Reverse Transcriptase (Thermo Scienti�c).
Treatments at 0.5, 1, 3, 6 and 12 h with or without 1 × 104 cs of the consortium were analyzed; the
treatment at 0.5 h was used as the control. For the reverse transcription-quantitative polymerase chain
reaction (RT-qPCR) assays, ampli�cation was conducted using a Maxima SYBR Green/ROX qPCR Master
Mix (Thermo Scienti�c) and a PikoReal 24 real-time PCR system (Thermo Fisher Scienti�c, Ratatsie 2, FI-
01620 Vantaa, Finland). The conditions of the RT-qPCR were as follows: 1) Initial denaturation step at
95 °C for 10 min; 2) Three-step cycling at 95 °C for 40 s and at Tm °C for 40 s with 40 or 45 cycles,
respectively, for each gene; and 3) Final melting curve step from 56 °C to 95 °C. The primers used were
designed based on pepper genome sequences (C. anuum cv. CM334 genome CDS) and tested in C.
chinense (Table S1). Finally, for the fold change determination, a 2−ΔΔ CT method and EF1α as an internal
control were used.

Results
The roots of plants establish a relationship with the microorganisms present in the rhizosphere. This
interaction can occur with bene�cial or pathogenic microorganisms. Both types trigger a complex



Page 7/25

response that will decide the success of the proliferation and development of the plant. In recent years,
the response of plant cells to pathogenic microorganisms has been studied independently; however, the
cellular response is even more complex under �eld conditions, due to the fact that microorganisms form
consortia with compatible microbes (Lamichhane et al. 2017). These microbes may have an inhibitory or
synergistic effect on the development of an infection. In the present work, we propose to study the cellular
and biochemical responses to the microbial consortium isolated from the interaction of rotting roots and
fruits in C. chinense plants.

The isolated consortium of the rotten roots of C. chinense seedlings was characterized by NGS to identify
the microorganisms present in the microbial consortium. The metadata were stored in the database of
the NCBI with the registration number ID PRJNA479448. The bioinformatic analysis of the sequences
enabled the identi�cation of the microorganisms present in this consortium with C. ignotum comprising
most of the eukaryotic microorganisms (Fig. S1), and the predominant genus of prokaryotes was that of
the bacteroids (Fig. S2). The low proportion of readings obtained from 16S compared to the readings
obtained from the ITS amplicon does not limit their relationship with the plant or with the majority strain.
In this sense, we consider the set of identi�ed microorganisms as a consortium.

Infection establishment
To understand the relationship between the host and pathogen, C. chinense suspension cells were
inoculated with the microbial consortium that contains primarily C. ignotum. The most important
challenge to be resolved in this work was to determine the infection conditions and periods that may
provide more information regarding this topic. C. chinense suspension cells were challenged with the
consortium, and different times and conditions were tested until a contrasting response was established
at the morphological level, growth rate and/or exacerbation of death when a known cs concentration was
used.

C. chinense cells that were infected with 1 × 108 cs (empty triangles) showed a decrease of approximately
35% at 12 h and decreases up to 50% and 90% at 24 and 48 h after inoculation, respectively (Fig. 1a).
With 1 × 104 cs (�lled triangles), a decrease of approximately 15%, 30% and 40% at 12, 24 and 48 h after
inoculation was shown, and when cells were inoculated with 1 × 101 cs (open circles), a clear trend was
not obtained (Fig. 1a). The decrease in viability was also correlated with a decrease in the fresh weight
(Fig. 1b). When the cells were exposed to a higher concentration of cs, a larger decrease in viability, as
well as in fresh weight, was observed. Finally, 1 × 104 cs allowed us to generate slight (30%) and/or
severe cell damage (50%) at 24 and 48 h of treatment, respectively.

Images of C. chinense suspension cells in the presence of the microbial consortium showed a blow-up
cell phenotype after 24 h and a clearer one at 48 h after inoculation when compared to the control cells
(Fig. 2, 3). Interestingly, when a viable consortium was compared with the attenuated version, both had
the same response to a blow-up cell phenotype (Fig. 2), which could be related to secreted elicitors, as
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described by (van der Luit et al. 2000). Finally, 1 × 108 cs at 48 h after inoculation showed a null viability
browning culture (data not shown) culture with dark brown colour.

With respect to pathogens, the consortium showed an appreciable amount of growth after 12 h, and
major changes were shown in hyphae abundance to 48 h after inoculation when 1 × 104 cs were used
(Fig. 2, 3) and when 1 × 108 cs showed an exacerbated hyphae abundance (data not shown).

Morphological changes during infection
C. chinense suspension cell morphology was evaluated using a barrier microscope after the cells were
inoculated at 24 and 48 h with 1 × 104 cs from the microbial consortium; all treatments were conducted in
constant light conditions. With 24 h of inoculation, the cells showed changes, such as increased cell
turgescence and low-abundance hyphae, with C. chinense cells and a microbial consortium, respectively
(Fig. 3). Some C. chinense cells began to be broken when inoculated with 1 × 108 cs (6 h after treatment,
data not shown). The broken cells could be caused by programmed cell death in response to inoculation
with the consortium. In contrast at 48 h after inoculation, a complete reversal of the rate for the plant cell
vs hyphae populations occurred, and the C. chinense cells died when the microbial consortium reached
the largest hyphae population (Fig. 3).

On the other hand, the cells were evaluated using �uorophores to observe the cell wall (WCF), cytoplasmic
membrane (Cell Mask), endoplasmic membrane (FM4-64) and DNA integrity (DAPI; Fig. 4). During the
experiments without the consortium, the structure of the C. chinense cells remained unchanged even 24
to 48 h after inoculation with the mock solution (Fig. 4). When the C. chinense cells were inoculated with,
they showed several damages in the plasma and endoplasmic membrane even after 12 h after
inoculation (Fig. 4). However, at 48 h after inoculation, the damage to both membranes (plasma and
endoplasmic) and in the cell wall was severe (Fig. 4).

Based on these results, the damage observed could be associated with DNA integrity as evaluated with
DAPI. The results showed that prior to 24 h after inoculation, the cells accumulated moderate DNA
damage, and the cells had DNA aggregation and fragmentation at 48 h (Fig. 4).

Changes in lipid kinase activity are involved in infection
events
The effect of a microbial consortium on the phospholipid-derived molecules in C. chinense cells was
evaluated in a time-course experiment. Cells were incubated for different times in the presence or absence
of the consortium. Lipid kinases activities were assayed, as described in the Material and Methods
section. We observed that during the inoculation, the levels of PA, lysophosphatidic acid (LPA) and DGPP
increased (Fig. 5 levels showed a rapid increase during the 6 hai) and then decreased until disappeared
(at 48 hai, data not showed) (Fig. 5). In general, the resulting PA can be obtained by two different
pathways: via PLD, which generates PA directly by hydrolysing structural phospholipids, such as
phosphatidylcholine (PC) and others, or via PLC, which generates DAG, which in turn is subsequently
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phosphorylated to PA by DGK (PLC/DGK action (de Jong et al. 2004); and Fig. 6). In the �rst case, the
increase in PA levels resulting from PLD action could be explained by a PLD-speci�c
transphosphatidylation assay (Munnik and Laxalt 2013). However, increasing evidence points to PA
accumulation in relation to the PLC/DGK action in response to pathogen effectors such as bacterial
elicitors (van der Luit et al. 2000; Bargmann and Munnik 2006), speci�c effectors from Pseudomonas
syringae (Anderson et al. 2006) and fungi, such as Cladosporium fulvum (de Jong et al. 2004) and
Botrytis cinerea (Gonorazky et al. 2016). In this manner, PA resulting from PLC/DGK action could only be
produced via PI(4)P conversion in the �rst period (6 h after inoculation), given that the pools of PI(4)P are
higher than those of PI(4,5)P2 at these times (data not show).

PA resulted in PI(4,5)P2 conversion by PLC action that could only happen after a long time, either by direct
turnover of PI(4,5)P2 or via the �rst PI(4)P transformation to PI(4,5)P2 by the action of a
phosphatidylinositol 4-phosphate 5 kinase (PIP5K). However, the levels of LPA did not show signi�cant
changes, and/or minor changes could be generated by phospholipase A (PLA) action in one route that
may involve the turnover of PA (Fig. 5). With all the data, we hypothesized that high PA accumulation was
obtained by coordinated action between the PLC/DGK pathways.

Interestingly, the homologous gene for PA kinases was not found in plants or the Capsicum genome.
Another reason why we postulated that DGK has a function relevant to the plant-host interaction is that
DAG could be processed by diacilglycerol phosphatase (DGPP) via the turnover of PA to add more PA via
the turnover of DAG (Fig. 6). In this we way, we analyzed the transcription pro�le to determine the DGK
genes during the infection events, and a phylogenetic test was also conducted. In an in silico search, at
least 7 DGK homologs, CanDGK1, CanDGK2, CanDGK3, CanDGK6, CanDGK6-L, CanDGK6-L2 and
CanDGK7, were found in the C. anuum genome (C. anuum cv CM334 genome CDS). The phylogenetic
assays for DGK from plants showed 3 well-de�ned phylogenetic groups. The �rst group included DGK1
and DGK2 (Fig. S3, in blue); the second included DGK3 and DGK7 (Fig. S3, in green), and DGK6, DGK6-L
and DGK6-L2 were in a �nal group (Fig. S3, in red). According to these �ndings and literature review,
speci�c genes were chosen, and mRNA levels in C. chinense cells infected with the consortium were
determined by RT-qPCR. We investigated the expression of the genes for DGK homologs primarily in C.
chinense (CchDGK1 and CchDGK3), an unrelated gene for nonspeci�c PLC (CchNPC6) and genes related
to pathogenesis, such as PR (CchPR1a and CchPR5), in infection events, where infection times below
12 h were assayed, given that at this time, the cells showed morphological changes without exhibiting
damage or cell death. The CchDGK1 and CchDGK3 genes showed the highest increase after 1 hour from
inoculation (Fig. 7). However, other unrelated genes, such as CchNPC6, increased as well. This
observation probably indicates a general response due to the manipulations in culture. However, the
expression of the DGKs increased more after 3, 6 and 12 h following inoculation when CchNPC6 was
thoroughly reduced at 3 h and completely disappeared to basal levels at 6 and 12 h after inoculation
(Fig. 7). The pathogenesis-related genes CchPR1a and CchPR5 increased in transcript abundance at 1 h,
were reduced at 3 or 6 h and then once again increased. This pattern demonstrates that the response in
the beginning was a general response, while at 12 h, there was a speci�c response to the microbial
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consortium (Fig. 8). These data supported the concept that higher levels of PA that could be produced by
the action of DGK in the phosphoinositide pathway in C. chinense suspension cells in response to
infection events.

Discussion
The investigation of the mechanisms of interaction between plants with pathogenic microorganisms, has
been pointed by different authors, however, if we want to reproduce in our study model the interactions
that occur in the �eld, we must consider that the roots of plants interact with consortiums of
microorganisms, to have a broader view of the plant-microbiome relationship. In the present work, we
isolated a consortium, which was characterized by metagenomic and applied to a cellular model of C.
chinense, that allowed us to observe the cell signaling activated by the interaction with it. The
metagenomics revealed that a major microorganism, Colletotrichum ignotum, is present, related to the
anthracnose disease in the fruits (Sharma and Shenoy 2014).

In the in vitro infection system established in this study, all C. chinense cells that grow in suspension have
the same possibility of infection. De�ned amounts of cs can be mixed with a standardized amount of C.
chinese cells (Fig. 1) and the infection was followed at different times by microscopy. Shortly after
inoculation, primary infection was observed with the penetration of the hyphae into the cells of C.
chinense (Fig. 2, 3), and effects due to infection such as deterioration in the cell wall, a collapse of the
plasma membrane and, this was followed by a stage where a fragmentation of the nuclei is observed
(Fig. 4).

The changes observed in the main structures of the cells of C. chinense, such as: the cell wall, the plasma
membrane and the nucleus (Fig. 4), may be due to both the infection process by cs, and the response of
the cells themselves.

Damage to the cell wall may be generated due to the fact that the cs secretes proteins with protease
activity and enzymes that degrade the cell wall (cellulases and pectinases), which facilitates the initial
penetration and infection of the host (Fig. 4). Kim and collaborators in 2004 (Kim et al. 2004) observed
nuclear modi�cations and structural changes of hypersensitivity in the fruit of Capsicum annuum cv.
Jejujaerae (susceptible) and Capsicum baccatum cv. PBC80 (resistant), inoculated with the anthracnose
pathogen Colletotrichum gloeosporioidess, where a degradation of the cell wall was observed by
enzymes secreted by the pathogen, in addition the separation of the plasma membrane from the cell wall,
the dilatation of the endoplasmic reticulum was observed, the accumulation of dense inclusions in the
vacuoles and the cytoplasmic vacuolization that accompanies the fragmentation of the cytoplasm and
DNA fragmentation.

Therefore, our results suggest that cell wall damage is a characteristic of pathogen attack (cs) in the cell
suspension model of C. chinense.
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Naton and colleagues in 1996 (Naton et al. 1996), observed a reduction in cell viability and changes in
the morphology of cell suspensions of parsley during infection with P. infestans. These changes in cells
during infection are due to the formation of reactive oxygen species, mainly the highly aggressive oxygen
radicals that produce lipid peroxidation (Sutherland 1991; Tzeng and De Vay 1993). The effect of cs in C.
chinense generated an increase in cell death that became evident over time.

In this study (Fig. 4), the structural damage observed in the cells of C. chinense can be derived from
various biochemical events, which occur primarily in the plasma membrane, for example: unsaturated
fatty acids can be oxidized and eliminated from the lipid bilayer, since ROS (H2O2), which is generated as
an initial response of cells to attack by a pathogen, can trigger the activation of lipoxygenases (Tzeng
and De Vay 1993; Kulkarni et al. 1990). In the study model it can be suggested that lipases would also be
participating in the process of fatty acid degradation. Therefore, these events lead to a deterioration of
the plasma membrane, the cell wall and the nucleus, which would eventually result in a generalized
structural collapse and intracellular metabolism, initially generated by the interaction with the consortium.
In plants, PA and DGPP are well accepted as second messengers in signaling pathways and respond to
biotic and abiotic stress (Hou et al. 2016). As mentioned before, high levels of PA were found when C.
chinense suspension cells were inoculated with a microbial consortium that contains primarily C.
ignotum. These PA levels probably provide a balance between PI(4)P and PI(4,5)P2 as substrates and
coordinate activity to PLC and DGK, where PI(4)P is enriched at short times and PI(4,5)P at late times
after treatment. Many authors have reported that PA is subsequently metabolized to DGPP in response to
many types of biotic or abiotic stress or plant responses, such as water de�ciency (Munnik et al. 2000),
fungal elicitors (van der Luit et al. 2000), osmotic stress (Meijer et al. 2001), Nod factors (den Hartog et al.
2003), and salt stress (Darwish et al. 2009).

However, it is well accepted that in plants, the phosphorylated forms of PA and DGPP have started to gain
importance as signaling molecules in many stress responses (Zonia and Munnik 2006). Here, we report
the presumable action of the phospholipid pathways PLC/DGK and the phospholipid-derived molecules
that are the result of PI(4)P or PI(4,5)P2 hydrolysis to form second messengers, such as PA and DGPP,
which eventually invoke downstream signaling responses to infection.

When these biochemical changes were challenged relative to the DGK transcription pro�le during the
infection events, a strong correlation between PA or DGPP accumulation and the speci�c expression for
DGK (CchDGK1 and CchDGK3) was obtained, in which the results showed the highest accumulation of
transcripts at 1 to 12 h after inoculation (Fig. 7) and were consistent with marker genes related to
pathogenesis (CchPR1a and CchPR5; Fig. 8) when C. chinense suspension cells were challenged with the
microbial consortium. These results supported the hypothesis that higher DGK transcript accumulation
could be related to high PA-DGPP levels in infection events between C. chinense suspension cells and the
microbial consortium.

Recently, (Gonorazky et al. 2016) demonstrated that a PLC/DGK pathway is required to regulate defense
responses to the necrotrophic pathogen B. cinerea by transiently silencing SlPLC2 in tomato plants.
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Zhang et al. (Zhang et al. 2008) reported that the overexpression of a rice DGK in tobacco enhances the
resistance to Phytophthora parasitica var. nicotianae and that the increase in the accumulation of PA
confers disease resistance. In this sense, our work represents an excellent biotechnological tool to
improve pepper crops from the Yucatan by conferring tolerance to the infection of pathogens related to
the microbial consortium associated with the damping-off phenomenon in these regions.
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Supplementary Fig. S2 Relative abundance of bacterial populations; only genera with a relative
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Supplementary Fig. S3  Phylogenetic tree of C. chinense DGK. The phylogeny was reconstructed based
on an alignment of their predicted protein sequences from pepper (Ca), tomato (Sol), coffee (Cc) and
Arabidopsis (At). The tree was made using the maximum likelihood method, testing with 1000 bootstrat
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the branch lengths from the root was displayed  
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Table S1 Primers sets from C. chinense in references with C. anuum homologs

Figures

Figure 1

Evaluation of the optimal infection time using C. chinense cells infected with cs. A) Cells were infected
with different amounts of cs (1x108 = white triangles, 1x104 = black triangles, 1x101 = white circles)
from the consortium during different incuba-tion hours after infection (hai). Cell viability was determined
using MTT. B) Fresh weight of the cells after the infection treatments. Values are the means for three ex-
periments with triplicates +/- SE
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Figure 2

Morphological structure of C. chinense cells after infection with cs. The cells (1 g) were treated for 24 (A)
and 48 hai (B) without cs, with attenuated cs and with cs (1x104), stained with WCF and visualized using
epi�uorescence microscopy. The �gures are representative of three independent experiments with
duplicates
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Figure 3

Morphological effects from the cs treatment. The cells were treated for 24 (A) and 48 hai (B) without and
with cs (1x104). The cells were observed using SEM. The �gures are representative of three experiments
with duplicates



Page 20/25

Figure 4

Cell integrity damage evaluation. The cells were treated as indicated above for 24 and 48 hai with cs. The
left column shows cells with a visible �eld. The cells are stained with DAPI (nuclei in blue), FM4-64 (red
signal), WCF (cell wall) and Cell Mask (cytoplasmic membrane). The �gure is representative of three
experiments with duplicates
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Figure 5

Detection of lipids produced by kinase activity using 2D-TLC. Lipids were extracted and subjected to
alkaline TLC to separate the different phospholipid species. The C. chinense cell cultures were submitted
to infection treatment for 6 h with cs (1x104) and were separated using 2D-TLC. As a control, lipids were
developed from C. chinense cells only (C) or cs only (O). Radioactivity was detected by autoradiog-raphy.
A representative of three experiments is presented
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Figure 6

DGK transcription level during cs infection events. C. chinense cells were infected with 1x104 cs for
different time periods, RNA was extracted and the relative expres-sion of DGK1, DGK3 and NPC6 were
analyzed through real-time quantitative PCR. (blue bar) Mock, (red bar) cs. Error bars indicate standard
error
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Figure 7

Pathogenesis-related transcription level during cs infection events. C. chinense cells were infected with
1x104 cs for different time periods, RNA was extracted and rela-tive expression pathogenesis-related
transcripts (PR1a and PR5) were analyzed through RT-qPCR. (blue bar) Mock, (red bar) cs. Error bars
indicate standard error
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Figure 8

Production of PA and DGPP by different pathways and interconversion reactions by phosphorylation and
dephosphorylation. In green is denoted phosphorylation reac-tions and in red dephosphorylation
reactions. In other colours are denoted key en-zymes in these pathways. In phosphorilation pathway: PI3K
or PI4K, phosphatidyl-inositol 3-kinase or 4-kinase, respectively; PI4P5K, phosphatidylinositol 4-phosphate
5-kinase; PI3P5K, phosphatidylinositol 3-phosphate 5-kinase; ITPK, ino-sitol-tetrakisphosphate 1-kinase;
IPK5, inositol-pentakisphosphate 2-kinase and DGK, diacylglicerol kinase. In dephosphorylation pathway:
PAP, phosphatidic acid phosphatase; 5PTase, inositol polyphosphate 5-phosphatase; PI3P
phosphatidylin-ositol 3-phospathase and PI5P, phosphatidylinositol 5-phospathase. Key enzymes: PLD,
phospholipase D; NPC, non-speci�c phospholipase C; PLC, phosphatidylino-sitol-speci�c phospholipase C
and PLA, phospholipase A. PI, phosphatidylinositol; PIP, phosphatidylinositol phosphate; PIP2,
phosphatidylinositol bisphosphate; PIP3, phosphatidylinositol trisphosphate; DAG, diacylglycerol; PA,
phosphatidic acid; DGPP, diacylglycerol pyrophosphate; IPx, inositol polyphosphates; PC, phosphati-
dylcholine; PE, phosphatidylethanolamine; PG, phosphatidylglycerol and PS, phos-phatidylserine
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