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Abstract

Solanum tuberosum, commonly known as the potato, is a worldwide food staple. During harvest,
storage, and distribution the crop is at risk of mechanical damage. Wounding of the tuber skin can
also become a point of entry for bacterial and fungal pathogens, resulting in substantial
agricultural losses. Building on the proposal that potato tubers produce metabolites to defend
against microbial infection during early stages of wound healing before protective suberized
periderm tissues have developed, we assessed extracts of wound tissues from four potato cultivars
with differing skin morphologies (Norkotah Russet, Atlantic, Chipeta, and Yukon Gold). These
assays were conducted at 0, 1, 2, 3 and 7 days post wounding against the plant pathogen Erwinia
carotovora and a non-pathogenic Escherichia coli strain that served as a control. For each of the
potato cultivars, only polar wound tissue extracts demonstrated antibacterial activity. The polar
extracts from earlier wound-healing time points (days 0, 1 and 2) displayed notably higher
antibacterial activity against both strains than the later wound-healing stages (days 3 and 7). These
results support a burst of antibacterial activity at early time points. Parallel metabolite profiling of
the extracts revealed differences in chemical composition at different wound-healing time points
and allowed for identification of potential marker compounds according to healing stage for each
of the cultivars. It was possible to monitor the transformations in the metabolite profiles that could
account for the phenomenon of temporal resistance by looking at the relative quantities of various
metabolite classes as a function of time.
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1. Introduction

The potato (Solanum tuberosum) is an abundantly consumed food staple that nevertheless
suffers from the loss of nearly half of harvested tubers on the way to market (Schieber &
Saldana, 2008). Wounding of the skin surface represents a significant risk during cultivation,
harvesting, and storage, given the susceptibility of this water-and starch-rich tissue to both
desiccation and microbial invasion (Lulai, 2007). For instance, potatoes suffer from Erwinia
carotovora and Pectobacterium bacterial infections in which pectin breakdown leads to soft
rot or lenticel spot defects (van der Wolf & De Bore, 2007). The current lack of bactericides
to treat these diseases represents a major agricultural concern but arguably also a
phytochemical investigative opportunity, prompting us to seek a molecular-level definition
of the natural defenses that can mitigate the impact of these problems.

Previously, we reported metabolic profiling of wound healing in potato tubers from four
cultivars with contrasting skin characteristics (Dastmalchi, et al., 2014; Dastmalchi, et al.,
2015). Periderm tissues at day 3 and day 7 post wound induction were investigated: the
former time point is associated with the formation of a closing layer consisting of suberized
phellem cells (‘primary suberization’) (Lulai, et al., 2016), whereas the latter time point is
associated with the development of the wound periderm (“secondary suberization’) (Lulai,
2007; Lulai & Corsini, 1998). Using bottom-up metabolomic analyses of polar and nonpolar
wound tissue extracts, it was found that the profiles during closing layer formation at day 3
were quite distinct for four cultivars with skins that exhibited a gradient in russeting
character. Upon initiation of wound periderm development at day 7, however, convergence
rendered these compositional profiles less distinct (Dastmalchi, et al., 2014; Dastmalchi, et
al., 2015). Completing this ‘holistic’ compositional analysis with solid-state 13C NMR of the
suberin-enriched cell-wall layer, significant differences were also observed among the four
cultivars at both time points, with the most-and least-developed suberin biopolymers found
in Yukon Gold and Atlantic cultivars, respectively (Dastmalchi, et al., 2015). During the
course of these studies it became clear that the wound tissue at both healing time points
produces a host of chemicals with established antioxidant, antimicrobial, and insecticidal
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attributes (Dastmalchi, et al., 2014; Dastmalchi, et al., 2015). Some of the polar potato tissue
extracts were found to have significant antioxidant properties, laying the groundwork for
antioxidant fractionation studies of the most potent extracts (Dastmalchi, et al., 2016). Thus
in addition to the suberin deposited within the phellem cells of the periderm (Lulai, 2007),
plant protection could be conferred by the polar and nonpolar metabolites within the wound-
healing tissues.

The hypothesis of early-onset defense by small molecules in potato tubers originated from a
correlation, observed across a diverse series of potato genotypes, between robust temporal
resistance directly after tuber wounding and the speed with which suberization is initiated
(Lulai, 2007). This proposal was recently strengthened by measurements of increasing gene
expression and associated production of particular polyamines during a 7-day time course
after tissue wounding (Lulai, et al., 2015). To obtain a more complete picture of the
chemical defenses and associated antimicrobial capabilities that protect the wounded tissues
during a 2-day time course prior to closing layer formation, the current work applies the
strategy demonstrated previously for tissue extracts from differently russeted cultivars
(Dastmalchi, et al., 2014; Dastmalchi, et al., 2015; Huang, et al., 2017) and genetically
modified potato varieties (Jin, et al., 2018) in conjunction with biological assays against
Gram-negative bacteria.

First, we evaluated the ability of the wound tissue extracts to inhibit £Erwinia carotovora, a
major potato pathogen responsible for crop waste due to soft rot (des Essarts, et al., 2016;
Toth, et al., 2003) and against which no effective controls are currently available
(Czajkowski, et al., 2011). The antibacterial action against £. carotovora cultures was
monitored during the logarithmic phase (log-phase) of growth for polar vs. nonpolar
extracts. These assessments were compared at several post-injury time points leading up to
the initiation of secondary suberization, and also as a function of cultivar in potato tubers
with a gradient of russeting character. In parallel, comparative metabolite profiles were
examined for periderm tissues at both early (days 0, 1 and 2) and late (days 3 and 7) wound-
healing time points within each cultivar. In this way, it was possible to identify the principal
chemical entities and transformations that control the phenomenon of temporal resistance
upon wounding of potato tubers. These potential biomarker compounds can also be of
significant importance in guiding the development of methods that expedite the process of
wound healing in various potato cultivars (Dastmalchi, et al., 2015).

2. Results

2.1. Antibacterial Activity

The diminished absorbance readings at 600 nm for £. coli and E. carotovora bacterial strains
incubated with day-0 polar extracts, with respect to methanol controls, are indicative of
significant antibacterial activity of the Atlantic and Norkotah Russet cultivars, respectively
(Fig. 1). These absorbance trends can be due either to lysis of the bacterial cells and/or
inhibition of growth. Analogous behavior was observed for extracts obtained at days 1, 2, 3,
and 7 after tuber tissue wounding (data not shown). The nonpolar extracts did not
demonstrate antibacterial activity against either £. colior E. carotovora (data not shown). To
make a more quantitative assessment of these polar extract activities, percentage inhibition
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values at the 6-hour exposure point, during the logarithmic phase of bacterial growth, were
plotted for the E. coli (Figs. 1c, 2) and E. carotovora (Figs. 1d, 3) preparations.

For the E. coli standard Gram-negative bacteria the most potent wound tissue extracts
belonged to the day-0 Norkotah Russet cultivar. Regardless of the specific inhibition values,
however, a notable trend in growth inhibition was observed with increasing time after
wounding: for each cultivar, a largely decreasing trend in extract activity was observed from
the early (days 0-2) to late (days 3-7) wound-healing time points. Thus, the antibacterial
capability of the polar wound tissue extracts against £. coliat the stage prior to closing layer
formation generally exceeded the activity of the late wound-healing time points that are
closer to the onset of secondary suberization.

On the other hand, E. carotovora showed a somewhat different pattern of results (Fig. 3).
The most potent extract was derived from the day-0 Atlantic wound tissue. The time-
dependent trend in antibacterial activity observed within each cultivar was more cleanly
monotonic than that observed against £. coli: all cultivars displayed drop-offs at the later
wound-healing stages. The decrease in activity was more pronounced for Atlantic and Yukon
Gold cultivars.

It was also interesting to compare the cultivar-specific antibacterial activities at each wound-
healing time point. Against £. coli, Norkotah Russet showed the highest antibacterial
activity at day 0, whereas Chipeta was most active at days 1, 2 and 3, and Atlantic at day 7.
Against £. carotovora, the most potent cultivar also varied according to wound-healing time
point: highest for Atlantic and Yukon at day 0, highest for Norkotah Russet at day 1, all
similar at day 2, most potent for Norkotah Russet at days 3 and 7. Taken together, these
results demonstrate early and robust antibacterial defense capability prior to protection of the
plant tissues via suberization.

2.2. Microscopic Imaging

Although changes in absorbance of a cell culture are commonly used to assess antibacterial
activity, it was also useful to monitor the cell lysis that underlies this assay and to test for
other possible morphological changes that could result from exposure to the potato wound
periderm extracts. Figs. 4 and 5 illustrate light microscope images obtained from £. coliand
E. carotovora cultures incubated with the most potent antibacterial wound extracts, day-0
Atlantic (WdOA) and day-0 Norkotah Russet (WdOR), respectively. Both cell lysis and
morphological modifications were observed.

For instance, Fig. 4 shows striking bacterial cell elongation and increased cell thickness of
WdOR-exposed £. colieven at the low 8 pg/mL concentration. Fig. 5 reveals lysis of £.
carotovora with both low and high WdOA concentrations; at the higher concentration (Fig.
5b), it is also possible to discern abnormal morphological changes such as cell elongation
and increased cell thickness. For both WdOA activity against £. carotovoraand WdOR
activity against £. coli, use of even higher extract concentrations increased the prevalence of
cell lysis and changes in appearance among the bacterial cells (data not shown). The
morphological changes, which can have disparate effects on the measured absorbance
values, could result from changes in cell permeability and prevention of bacterial division.
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LC-MS Metabolite Profiling: Temporal Variation of Potential Biomarker Compounds

To explore the molecular basis for the observed antibacterial trends, we undertook chemical
characterization of the polar extract mixtures, using LC-MS and multivariate statistical
analysis to focus on their distinguishing features as a function of cultivar or time point after
wounding. The principal component analysis (PCA) plot presented in Fig. 6 illustrates how
the metabolite profiles of the Atlantic cultivar converge (or diverge) during the wound-
healing time course. At earlier wound-healing time points (days 0 and 1), the profiles of the
wound tissue extracts were clearly distinct. However as the wound healing progressed the
metabolite profiles became more similar, though they remained distinct. This result, which
differs from the complete day-7 convergence observed previously under somewhat different
growth, environmental, and analysis conditions (Dastmalchi, et al., 2014). The variables PC1
and PC2 accounted for more than 62% cumulative variation among the samples. The
orthogonal partial least squares discriminate analysis (OPLS-DA) plot of Fig. 6 shows the
clear separation of day 0 from the remaining wound-healing time points, confirmed by R2X
and R2Y values of 0.82 and 0.99, respectively

The potential marker compounds contributing to the compositional differences among the
polar cultivar extracts were derived from OPLS-DA analysis and the associated scatter plots
(S-plots) as described previously (Dastmalchi, et al., 2014; Dastmalchi, et al., 2015). Finally,
a variable line plot was used to verify the specificity of each potential biomarker to the
cultivar type. Fig. 7 and Table 1 reveal intriguing temporal trends for the marker classes that
characterize each cultivar; Table 2 details the LC-MS/MS data used for structural elucidation
of the compounds.

For instance, Norkotah Russet extracts displayed a progression from notably abundant
amino acids, phenolic acids, phenolic amines, and sterols (days 0-3); to more complex
phenolic amines, sterols, glycoalkaloids and esters of fatty acids (day 7) (Fig. 7a, Table 1).
Thus at early wound-healing time points the markers included amino acids (e.g.,
phenylalanine, tyrosine), sterols (e.g., dimethoxy-[trimethyl-(tetramethyl glucopyranosyl)-
glucopyranosyl]oxy-lanost-en-one), phenolic amines (e.g., dihydroferuloylputrescine,
caffeoylputrescine and feruloylputrescine) and phenolic acids (e.g., quinic acid and
caffeoylquinic acid); in contrast the hallmarks of the later wound-healing stages were
glycoalkaloids (e.g., Leptinine I and Solamarine), and feruloyl esters of a fatty acid (e.g.
Dicaffeoyl ester of trihydroxy-6,8,10,12-eicosatetraenoic acid). No amino acid or phenolic
acid markers were detected beyond day 0 and day 1, respectively. The late-stage observation
of a marker which is an ester of phenolic acids and includes a hydroxyfatty acid may suggest
the formation of building blocks for the suberin biopolymer. Analogously, the temporal
marker variations support the formation of glycoalkaloids from sterols that has been reported
independently (Ginzberg, et al., 2009).

For the Atlantic cultivar, day-0 markers included numerous phenolic amines and phenolic
acids (as for Norkotah Russet) as well as significant numbers of glycoalkaloids and feruloxy
fatty acids (Fig. 7b, Table 1). However, we observed a sharp drop in the number of phenolic
amine and phenolic acid markers at subsequent wound-healing time points. No phenolic acid
or sterol markers were detected beyond day 1, and no phenolic amines were present at day 7.
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The sole Atlantic markers that persisted throughout the wound healing period were the
glycoalkaloids.

Chipeta displayed a phenolic acid, an amino acid, and feruloxy fatty acids as markers at day
0; an amino acid and a glycoalkaloid marker also appeared at day 1. Moreover, this cultivar
showed a gradual buildup of phenolic amine markers at later time points (Fig. 7c, Table 1).
No phenolic acid markers were observed after day 0.

Finally, Yukon Gold showed several intriguing ‘all-or-nothing’ trends (Fig. 7d, Table 1).
There were phenolic amine markers observed throughout the wound-healing process but no
glycoalkaloids. Phenolic acid markers were present at the early wound-healing stages, but
none were found beyond day 1.

2.4. LC-MS Metabolite Profiling: Temporal Variation of Percentage Compositions

To complement our accounting of the distinctive chemical compounds present in each potato
cultivar during the course of wound healing, we also monitored shifts in the quantitative
balance among structural classes within each extracted polar metabolite mixture as a
function of time. Phenolic amines and glycoalkaloids were the most dominant metabolite
classes for all four cultivars and at all wound-healing time points (days 0-7). Fig. 8a
illustrates two striking trends for the Norkotah Russet cultivar. First, the percentage of
phenolic amines holds steady from day 0 to day 3 (40.1 £ 1.1%) but decreases sharply (to
7.2%) at day 7. Concurrently, a constant percentage of glycoalkaloid metabolites is found
during the temporal resistance period, whereby no significant changes are observed from
day 0 to day 3 (58.9 £ 1.2%), but a marked increase (to 77.0%) occurs at day 7. Notably
similar trends are observed for Atlantic, a cultivar that also exhibits skin russeting. Thus,
Fig. 8b shows a slight increase in the percentage of phenolic amine content from day 0 to
day 1 but again no significant changes from day 0 to day 3 (41.3 + 1.2%) and then a
significant decrease (to 16.2%) at day 7. For the Atlantic glycoalkaloids, the percentages are
fairly constant through day 3 (53.3 + 3.5%), but again a sharp increase (to 74.4%) is
observed at day 7.

A rather different set of temporal variations is observed for the least russeted Chipeta and
Yukon Gold cultivars. Fig. 8c shows that Chipeta exhibits a doubling of phenolic amine
content from day 0 to day 1 (to 60.5%), followed by a drop below the day-0 percentage at
day 2 and then modest increases to 22.2% on day 7. The trend for Chipeta glycoalkaloids is
quite the opposite: a 35% drop in percentage composition from day 0 to day 1 followed by
more than doubling at day 2 and steady values of ~80% thereafter. Finally, for Yukon Gold
the proportion of phenolic amines stays constant at ~60% from day 0 to day 1, then drops by
half at days 2 and 3 but rises substantially to 33% at day 7 (Fig. 8d). The percentage
composition of glycoalkaloids remains near 38% from day 0 to day 1, then jumps up to its
final values of ~65% at days 2—7.

3. Discussion

The antibacterial activity exhibited against both £. coliand E. carotovoraby polar extracts
from potato periderms shows a consistent decrease from early (days 0-2) to later (days 3-7)
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wound-healing time points, as illustrated in Figures 2 and 3. Significantly, both the
observation of robust antimicrobial activity and its diminishing magnitude occur prior to
formation of the closing layer and development of wound periderm at the tissue surface
(Lulai, et al., 2016; Lulai & Corsini, 1998). It is reasonable, then, to ascribe these defensive
attributes to a stress response that involves a burst in the production of antibacterial
metabolites, which are present during the early phase of the wound-healing process prior to
the formation of a physical periderm barrier. Alternatively it is possible to invoke the
presence of phytoanticipins that predispose the tubers to resist bacterial infection (VanEtten,
et al., 1994). The decreasing trend in antimicrobial action over this time period could be
attributed to the incorporation of these compounds into the developing suberin polymer.
Alternatively, the drop-off in antibacterial activity could represent a negative feedback
mechanism triggered by the formation of these metabolites. The proposed phenomenon of
temporal resistance (Lulai & Corsini, 1998) that precedes tissue sealing and physical barrier
initiation is also supported in molecular terms discussed below: by the identification of
abundant compounds present at key time points during tuber healing and through
quantitative estimation of major metabolite classes common to the four-cultivar study group.

With respect to the specific compounds that distinguish particular cultivars or wound-healing
time points (Table 1), several of the amino acids, phenolic acids, phenolic amines,
glycoalkaloids, sterols, flavonoids, ferulic acids, and feruloxy fatty acids stand out. Among
these classes of metabolites, both phenolic acids and phenolic amines have reported
antimicrobial properties that can offer protection to the wounded surface of the tuber (Back,
2001; Cueva, et al., 2010; Georgiev, et al., 2012). Thus the large numbers (and mass
percentages discussed below) of phenolic amine and phenolic acid markers found in the
extracts at early wound-healing time points, and the disappearance of phenolic acids by day
2, could rationalize the high antibacterial activities of the polar extracts, especially at the
earliest day-0 and day-1 time points (Table 1). Moreover, the presence of numerous phenolic
amine and phenolic acid markers in the day-0 Atlantic extract can explain why it is the most
potent extract against the potato pathogen £. carotovora. For instance, common markers of
wound healing observed for all cultivars include feruloylputrescine and derivatives such as
dihydroferuloylputrescine. These markers are especially prevalent during early wound-
healing time points in the russeted cultivars (Table 1). In Norkotah Russet and Atlantic these
compounds occur as markers at day 0, whereas in other cultivars they appear at later time
points (Table 1). In the same way, the bis(feruloyl)cadaverine and feruloyloctopamine
marker can account for the potency of the Yukon Gold extract against £. carotovora. A fifth
notable marker associated with early wound-healing time points is ferulic acid, identified as
a day-0 marker in all cultivars with the exception of Chipeta. Our antibacterial assessments
demonstrate significant antibacterial activity for both ferulic acid and feruloylputrescine (K.
Dastmalchi and M. Perez Rodriguez, Personal communication), and previously published
data indicate the potential of dihydroferuloylputrescine in treatments to combat the £.
carotovora bacterium (Cueva, et al., 2010), which is a significant contributor to crop waste
(van der Wolf & De Bore, 2007).

In addition to the findings of phenolic amine and phenolic acid marker compounds that help
to explain the observed antibacterial activities, the time-dependent changes in biomarker
structure exhibit distinctive patterns for each cultivar. Thus Norkotah Russet displays a clear
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transition from simple metabolites at earlier wound-healing time points to more complex
structures at later stages. For example, we find a transition from simple amines and amino
acids (phenylalanine and spermine) at day 0 to phenolic amines and glycoalkaloids at later
time points. The observed transition from sterol to glycoalkaloid markers for this cultivar
could indicate biosynthetic incorporation of the former structures into the latter compounds
along with the nitrogen contributed by an amino acid. By contrast, glycoalkaloid markers are
absent at the late wound-healing points or altogether for the least russeted Chipeta and
Yukon cultivars.

Turning to quantitative abundance by metabolite class in the polar tissue extracts, the
phenolic amines constitute a dominant metabolite type for each cultivar until the initiation of
secondary suberization at day 7. As noted above and exemplified by our independent
measurements for the phenolic amines feruloylputrescine and feruloyltyramine against £.
carotovora (K. Dastmalchi and M. Perez Rodriguez, Personal communication), these
metabolites display antibacterial properties (Fewell & Roddick, 1997; Georgiev, et al.,
2012). For the most heavily russeted Norkotah Russet and Atlantic cultivars, the drop-off in
phenolic amine proportions occurs between day 3 and day 7, i.e., at the initiation of wound
periderm formation. In the less russeted Chipeta and Yukon Gold varieties, however, the
phenolic amines decrease sharply at day 2, before closing layer formation. These contrasting
temporal behavior patterns of the phenolic amines align with our prior solid-state 13C NMR
finding of preferential polymeric suberin deposition at days 3 and 7 for the least russeted
cultivars (Dastmalchi, et al., 2015). That is, the burst of antimicrobial metabolites diminishes
for Chipeta and Yukon Gold cultivars just as the barrier layer is becoming established, and
the reduced metabolite quantities are likely linked to their enzymatically catalyzed
incorporation into the developing suberin biopolymer.

Finally, a notable observation concerns the quantitative interplay between the two most
dominant classes of metabolites, phenolic amines and glycoalkaloids, which is observed
consistently at all wound-healing time points and in all four cultivars (Fig. 8). In addition to
the antibacterial defensive function noted above for phenolic amines, antifungal and
insecticidal properties have been reported for the glycoalkaloids (Fewell & Roddick, 1997;
Sanchez-Maldonado, et al., 2016). These latter compounds have been proposed to form in
response to stress (Ginzberg, et al., 2009) and have been found previously in the wound
tissues of potato tubers (Dastmalchi, et al., 2014). As the percentage composition of
phenolic amines decreases temporally, the proportion of glycoalkaloids increases during the
wound-healing process. Thus, even as the burst of antibacterial phenolic amine compounds
dissipates, the already dominant glycoalkaloids “take up the slack” in the mixture
composition.

4. Conclusions

This coordinated functional and molecular investigation of the early temporal course of
potato tuber defense after wounding serves to demonstrate the antibacterial activities,
underlying chemical contributors, and possible relationships of this phenomenon to the
developing suberized cell-wall barrier. Both the generality of the temporal resistance and its
cultivar-specific attributes can inform the design of practical strategies to achieve robust
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plant protection and agricultural hardiness, while also identifying candidates for the
molecular constituents of engineered surfaces with beneficial antimicrobial capabilities.

5. Experimental

5.1 Plant materials

Solanum tuberosum (potato) tubers from Norkotah Russet, Atlantic, Chipeta, and Yukon
Gold cultivars harvested in 2015 were obtained from Dr. David Holm (Colorado State
University, Fort Collins, CO).

5.2 Chemicals

LC-MS grade water and acetonitrile were purchased from J. T. Baker (Center Valley, PA),
MS grade formic acid from Sigma-Aldrich (St. Louis, MO), and Analytical grade
chloroform and methanol from Fisher Scientific (Pittsburgh, PA).

5.3. Sample preparation

Wound induction, isolation of wound tissues at various time points, and subsequent
extractions followed the procedures described previously (Dastmalchi, et al., 2015). First,
the potato tubers were peeled under aseptic conditions; a cork borer and a knife were used to
section the internal tissues longitudinally into 5-mm thick disks. The disks were then placed
in a dark sterile chamber controlled at 25 °C, on a shelf covered with autoclaved paper
towels that was situated above a layer of autoclaved deionized water to maintain humidity.
After specific time periods between 0 and 7 days after wounding, the newly developed fresh
brown skin was harvested with a spatula and ground under liquid nitrogen using a mortar
and pestle. Ground samples were kept frozen for at least 24 hours at =70 °C and then lyo
philized.

For multiphase extraction, 2 mL of 60% (v/v) methanol-water were added to a 10-mg
portion of each lyophilized sample, vortexed for about 5 s, and ultrasonicated (Branson
Ultrasonics, Danbury, CT) for 1 min. A 2-mL portion of chloroform was then added to the
mixture, and the process was repeated. The extracts were incubated at room temperature in a
shaker for 10 min and centrifuged at 1089 g to separate three phases: soluble polar, soluble
nonpolar, and a solid suspension at the interface between the two. A minimum of 1000 uL
from each of the polar and nonpolar phases was extracted into clean vials, carefully avoiding
cross contamination between phases. The solid suspended particles were stored at room
temperature, and the polar extracts were stored at - 20 °C. The soluble nonpolar extracts
were placed inside a fume hood, replacing the caps by clean aluminum foil with small
punched holes to allow for overnight evaporation to dryness and then storage at =20 °C.

5.4. Antibacterial Assays

Bacterial cultures of non-pathogenic £. coli (Strain MG1655) and the potato pathogen £.
carotovora (ECC15), were streaked and diluted into 2 mL of Mueller-Hinton broth, then
shaken at 250 rpm and 30 °C overnight. After incubation, the cultures were diluted in
Mueller-Hinton broth and normalized to achieve an optical density of 0.05 at 600 nm for
subsequent antibacterial and microscopic assays, ensuring that the subsequent spectrometer
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readings would not exceed a reliable range of values. Absorbance at 600 nm was used as a
measure of bacterial cell viability or subsequent lysis. Using a 96-well plate, two replicate 5
mg/mL extracts from each cultivar, at each of five wound-healing time points (days 0, 1, 2,
3, and 7), were selected for testing against the two bacterial cultures together with ampicillin
(positive control, well established antibacterial efficacy toward E. coli (Thonus, et al., 1982))
and 60% (v/v) methanol-water (negative control, the solvent in which the extracts are
reconstituted). Each dried extract was reconstituted in 60% methanol to obtain a
concentration of 10 mg/mL. For activity assessments, each well contained 1 uL of extracts
or a control (methanol, ampicillin) and 99 pL of a bacterial culture, ensuring a reliable
absorbance reading under our previously established growth conditions. The percentage
inhibition for each extract was calculated as:

Abs(negative control) — Abs(sample)

Abs(negative control) x 100

5.5. Microscopic Imaging

For microscopic analysis, diluted overnight cultures were combined with wound periderm
extracts, ampicillin, or 60% (v/v) methanol in a ratio of 1:100 and the mixture was incubated
at 30 °C for 6 hours prior to imaging. A 4-pL aliquot of each growing culture was spotted
onto a pad of 2% (w/v) agarose that was premade on microscopic slides from ThermoFisher
Scientific (Bridgewater, NJ). Cells were imaged using a Nikon Eclipse Ti inverted
microscope with a 100x oil-immersion objective (Nikon Instruments, Melville, NY). Images
were taken utilizing a DS-Qil monochromatic camera and processed using NIS-Elements
BR 3.2 software (both from Nikon Instruments).Throughout the imaging experiments, the
cells were maintained at 30 °C using a TC-500 temperature controller (20/20 Technology,
Nashville, TN).

5.6. Liquid Chromatography-Mass Spectrometry (LC-ESI-MS) Analysis

The polar extracts from the potato wound tissues were analyzed using an Agilent 6550
quadrupole time-of-flight (Q-TOF) mass spectrometer (Santa Clara, CA) equipped with an
Agilent 1290 Infinity high-pressure liquid chromatography (LC) system. A 2.1 mm x 50
mm, 2.7-um reverse phase C18 column (Agilent Poroshell 120) was used with the column
oven set to 30 °C and an injection volume of 20 pL. The mobile phase consisted of (A) water
containing 0.1% (v/v) formic acid and (B) acetonitrile containing 0.1% (v/v) formic acid.
The flow rate was 0.4 mL/min, with gradient elution conducted as follows: 0-6 min: 2% B;
6-25 min: 2-98% B; 25-27 min: 98% B; 27-30 min: 2% B. Electrospray ionization (ESI)
mass spectra were acquired separately in negative and positive ion modes for the range m/z
100-1500. The mass spectrometer parameters were set as follows: gas temperature, 250 °C;
drying gas flow, 17 L/min; nebulizer pressure, 30 psig; sheath gas temperature, 250 °C;
sheath gas flow, 12 L/min; Vcap, 3500 V; nozzle voltage, 2000 V; reference masses for
negative mode (112.9855, 1033.9881) and for positive mode (121.0508, 922.0097). Data
were acquired and processed with Agilent’s MassHunter workstation software, which
includes LC/MS Data Acquisition (vB.05.01) and Qualitative Analysis (vB.06.00).
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Multivariate Statistical Analysis

Simca-P+ software version 13.0 (Umetrics, Umea, Sweden) was used to carry out principal
component analysis (PCA) of LC-MS data processed with MZmine, using Pareto scaling to
improve detection of low-abundance ions (Worley & Powers, 2013). The PCA method
organizes the data by relating the observations, sample types, and variables of the LC-MS
data (retention times and /m/z ratios of the ions), checking the consistency of each set of
biological replicates and discriminating among the different sample types without a priori
knowledge of the metabolites to be compared. The PCA plots used for analyses of LC-MS
data were each validated by calculating the R? and Q2 values, which indicate fitness and
predictive ability, respectively (Dastmalchi, et al., 2015). The Q2 value exceeded 0.5 in all
analyses, thereby cross-validating the PCA models used. For each analysis, the R? value was
larger than the corresponding Q2 value (Dastmalchi, et al., 2015).

OPLS-DA analysis (Wiklund, 2008) of the data followed by the generation of S-plots helps
to identify compounds that account for the differences among cultivars and between various
wounding time points, respectively (Dastmalchi, et al., 2014), where a probablility threshold
of 0.8 was used to assess significance (Fig. 6). OPLS-DA reveals how these two sets of
information vary together and if they are dependent on each other, facilitating classification
schemes and biomarker identification. As outlined previously (Dastmalchi, et al., 2015; Jin,
et al., 2018), the OPLS-DA model was validated using, in addition to the Q2 value, model
diagnostics such as R2X and R2Y which correspond to X and Y variables (Dastmalchi, et al.,
2015). The OPLS-DA results were visualized using an S-plot. The m/zand retention time
variables at the extreme ends of the S-plot, which had probability thresholds of more than
0.8 indicating high reliability, were used to designate biomarkers (Dastmalchi, et al., 2015).
A variable line plot for each selected ion was used to check how specific the biomarker was
to the sample type (Wiklund, 2008). The distinguishing metabolites were identified by
comparison of observed m/zand fragmentation patterns with published results.
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Highlights

1. Polar extracts from potato wound tissues showed antibacterial activity.

2. Temporal resistance was confirmed by high activity of 0-2 day old wound
tissue extracts.

3. Phenolic amines and glycoalkaloids were the dominant metabolite classes.

4, Increasing glycoalkaloid and decreasing phenolic amine proportions
accompanied healing.

5. Metabolite profile changes were distinctive for cultivars with contrasting skin

russeting.
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Fig.1.

Polar extracts from potato tuber wound periderms inhibit the growth of two Gram negative
bacterial organisms. The effects of Escherichia coliand Erwinia carotovora exposure to
polar extracts at the day-0 wound-healing time point are shown for four cultivars with
differing degrees of russeting. a: Light absorbance at 600 nm for £. coli exposed to Norkotah
Russet and a methanol control during a 15-hour experiment. b: Light absorbance at 600 nm
for E. carotovora exposed to Atlantic and a methanol control during a 15-hour experiment. c:
Percentage of growth inhibition for day-0 wound-healing polar extracts against £. colj,
based on optical density readings. d: Percentage of growth inhibition for day-0 wound-
healing polar extracts against £. carofovora, based on optical density readings. Both types of
graphs use the same color scheme: Yukon Gold (gold), Atlantic (red), Chipeta (green),
Norkotah Russet (blue), and Control (gray). Analogous plots were obtained for each of the
time points after wounding (1, 2, 3 and 7; data not shown). Error bars indicate standard error
from the two biological replicates per cultivar.
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Antimicrobial activity against £. coli cultures at 6 hours of exposure drops off for most S.
tuberosum polar extracts at late wound-healing time points. The bar chart uses the color
scheme of Figure 1: Yukon Gold (gold), Atlantic (red), Chipeta (green), and Norkotah
Russet (blue). Error bars indicate standard error from the two biological replicates per

cultivar. NA: not active.
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Norkotah Russet Atlanti Chipeta

Yukon

Antimicrobial activity against £. carotovora cultures at 6 hours of exposure drops off for all
S. tuberosum polar extracts at late wound-healing time points. The bar chart uses the color

scheme of Figure 1: Yukon Gold (gold), Atlantic (red), Chipeta (green), and Norkotah

Russet (blue). Error bars indicate standard error mean from the two biological replicates per

cultivar. NA: not active.
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Fig. 4.

Microscopic images of £. coli cultures incubated with polar day-0 Norkotah Russet (WdOR)
wound periderm extracts at two concentrations. a: 8 pg/mL; b: 80 pg/mL. Cell lysis and
morphological changes are observed at the higher concentration.
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a b
Fig. 5.
Microscopic images of £. carotovora cultures incubated with polar day-0 Atlantic (WdOA)

wound periderm extracts. a: 8 pg/mL; b: 80 pg/mL. Morphological changes and increased
cell lysis are observed at the higher concentrations.
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Fig. 6.

chhematic representation of multivariate statistical analysis including principal component
analysis (PCA), orthogonal partial least squares-discriminate analysis (OPLS-DA), S-plot
and variable line plots of LC-MS data for polar extracts of the Atlantic cultivar (red color
code) obtained at different wound-healing time points: days 0, 1, 2, 3, and 7.

Phytochemistry. Author manuscript; available in PMC 2020 March 01.



Page 21

Dastmalchi et al.

%@@@

_W,321.

MWWYO
5853

© NN

1 S

sJoyJe JO JaquinN

Phytochemistry. Author manuscript; available in PMC 2020 March 01.

Author Manuscript Author Manuscript Author Manuscript Author Manuscript



Page 22

Dastmalchi et al.

SJ9)Jel 4O JaquInN

Phytochemistry. Author manuscript; available in PMC 2020 March 01.

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript



Page 23

Dastmalchi et al.

R

N\
N\
//
N
N\,

Phytochemistry. Author manuscript; available in PMC 2020 March 01.

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Dastmalchi et al.

Page 24

Fig. 7.
Distribution of marker compounds at several time points during the wound healing process.

a: Norkotah Russet b: Atlantic ¢: Chipeta d: Yukon Gold. The bar chart uses the color
scheme of Figure 1: Yukon Gold (gold), Atlantic (red), Chipeta (green), and Norkotah
Russet (blue).
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Fig. 8.
V:riation in percentage composition of major metabolite classes as a function of time point
during the wound healing process. a: Norkotah Russet; b: Atlantic; c: Chipeta; d: Yukon
Gold. The bar chart uses the color scheme of Figure 1: Yukon Gold (gold), Atlantic (red),
Chipeta (green), and Norkotah Russet (blue).

Phytochemistry. Author manuscript; available in PMC 2020 March 01.

100

Page 25




Page 26

Dastmalchi et al.

auiosanndjf1saelhojnia4

aurosannd|AojniayoipAyiq

auiosanndjf1sae|Aojnia4

Jawosl || autundaT

auLlewe|oS

P19k 210UE1}31ES0I1F-AX0IPAYLI} JO 18IS |A0a)eIq
1 suunds

8501110282 |OUdIpPEpPIUR|0S

aullewe|os

Jawosl auiosannd|Aofnia4

auiosannd jAorewnoaig

11-dSV-0ipAyIa

pIoe 210U8R1181eS0013-AX0IPAYLI JO J31S [AoBYRaIQ

8UB08PEINO-8 ‘[OMI-7'E T ‘-OUlle-Z
autlanepes|Aojnia

autosannd|Aojnia4

aurosanndjAojnia4

Jawos| autasannd |Aojnia4

auiosannd jAojniagi

11-dSv-0ipAyia

auiosanndjAolnia4

aulwiads-|Aoayea0IpAyIp-1A0ayed

unewbejAojnia4

aullanepes|Aojniasig

11 8uunde]

11 auunda]

aurosannd jAojnis

autosannd |Aodeuls

auiwedoloojAojnia

pioe ojuinbjAoayed pIoe d1|nJa4
p1oe 910UsR1}BTRS091F-AX0IpAYLI JO Jalse |Aoayedlq

p1oe o1ouaeuadesoola-AxoipAyLi Jo Jalse [Aoayedlq

auue|os-D aulueleAuayd
BUISOIAL p1oe awin®
aje|niay (0:129) 141e AxoIpAH

(0:220) aveinsay 1AMV

apIWessolD

auIuoJeyD-D

aulue|os-D

auiwedoloojAo|nia

aulwiads|AoayeooipAyiplAoged

aujosannd|Aolnia4

auiosanndjAojniayoipAulg

aurosannd [Aosewno)

p1oe ouinbjAojnia

aulwiads-(1A0ayea0pAyIp)enal p1oe oluInbjAorewnod

aU19S01P0I0Id pioe oluinbjAoayed

8UIUOSIBWWO020IpAYaQ proe a1nia4

| sutundaT proe auInd

p1oe oluinbjAosewno) aulueelAusyd

auo-ua-Jsoue|-[Axo[|AsoueiAdoan|B-(1AsouriAdoan|BAyrswens))-|Ayswin]-Axoylswiq

auIuoeYD-D

auiosanndjAojniajoipAyig

p1oe d1nJa4

aulueelAuayd

auiosanndjfoaye) BUISOIAL
p1oe 21D

p1oe ojuinbjAoaye)d aulwiads

PI0D UOXNA

eadiyd

ohuepy

18SSNY YBIoM}JON

1 kea

€ feg

Zfea

1 Ae@ 0 fe@

Author Manuscript

Author Manuscript

‘Tal1qeL

Author Manuscript

wiod awn Bulpeay-punom pue Jeannd Aq spunodwod Jaxtew Jejod jenusiod

Author Manuscript

t; available in PMC 2020 March 01.

1p

mistry. Author manuscr

Phytoche



Page 27

Dastmalchi et al.

aullanepesjAonia-sig

Jouuelesdld

L ke@

€ keg

2feq

1 Ae@

0Aeq

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Phytochemistry. Author manuscript; available in PMC 2020 March 01.



Page 28

Dastmalchi et al.

saulwe d1jousyd

é
HN
(2002
‘spreuag (opM) e1001yD pue (Wdd
7 BueA) (OPA) 19SS YBI0MJON _l_ o O ¥810°59T 2ONHED sulueejAusyd 0zT ¥'2) ©ON°'H®D ,[H+IN] 980°99T I3
N
HN
(200z )
‘spJeuseg (TPA) B38dIyD puE (wdd 9°zT-)
9 Buea) (0PAN) 188SNY Ue10340N HO O €€20'T8T CONTTHED aulsotA L 99T EONHSD L [H+IN] 1620281 Z
SpIoe oUIY
(200z
‘spreuseg (wdd gz1-)
79 Buep) (OPAN) 19SS YBIONAON | 4y gt NS 2512202 YN9eHOTD autwads YN2zZHOTO +[H+IN] S0z2 €02 1
saulwe ajdwis
JaxJe oi10ads (aAnsod) suol -ON DU nodwo
LERTEIETEN 1U10d 3WI| PUNOAA BINWIOH [e4n1onils 1yBIaA\ JBIND3IOIN PUE BINWI0H JaXJewolg juswibead SIN/SIN + [eN+IN] 10 [H-IND/. [H+IN] e ONP 2

swuiod awi Buleay-punom JuaJayIp 1e SJeAn nd noy wouy spunodwod Jaysew Jejod [enusjod Jo uoneziisioereyd SN-I1

Author Manuscript

‘¢ 9|qeL

Author Manuscript

Author Manuscript

Author Manuscript

Phytochemistry. Author manuscript; available in PMC 2020 March 01.



Page 29

Dastmalchi et al.

o0
Hoo,
(86T "Ie =
19 ‘AnBuel (wdd 0'1)
-Ure) (0PM) PI0D UOXNA OFHN A~~~y v.ST'v6¢ "O°NEHSTD sutosasind-|Aodeurs 112 ‘082 YOINEHETD L [H+IN] 5591562 8
HO
fHD0
0]
zfz\.zf\.z.zI
o 0
(c66T
‘SnejoXIN ¢
72 1Bz (epn) e1R0IyD H €100 LT (wdd
-J8ugnaT) pue (EpM) onuepy HO HO STHZ'9T9 PO°NH7ED sutosasnd-AojnasyL ‘392 ‘TT€ '6S€ ‘ST G2-) SOPNLEHTED £€€2°2T9 L
(LPM) PI0D uoXNA
(Z10Z “Ie pue ‘(0pM) dnuepy 81T
18 ‘BuenH) | (OpPM) 18sSNY Ye10340N AN ~~n2u | S29T°992 EO°N%H"TD sutosasind-jAojnisjoapAyiq ‘9T ‘26T ‘Tze ‘6z | (wdd G2'2)"ONYH"™0 60.T°292 9
(L10Z |2
19 ‘BuenH
yT0Z “1e18 | (LPAN) 185Sny Ye10M40N
‘Iyoewnseq) pue (EpM) onuepy N~~~z | 7LPT 792 BOPNOCHPTD Jswost sutosaind-Aojnaed LTT 'VET 'SYT ‘24T (wdd z°2) "O®N™H"'D £95T°59¢2 S
HO
Hoo
(L102 “1e (LPM) PI0D UOXNA
19 ‘Bueny pue (epm) erediyo 5
‘Y10z 130 | ‘(ZPM) 19SSNY YRIONON (wdd g7)
‘1yorewseq) ‘(0P anueY OFHN o~ _~pen Y1¥T¥92 EOCNOCHYTD sulsand-|Aojnaa LTT 'VET 'SVT 'LLT YOZNTH"D L[H+N] eVST 592 4
J9xae|N dy19ads (an1m1sod) suol -oN DU nodwo
ERIIEYETENS| JU10d BWI] PUNopA B|NwI04 [eaNn1onaIs 1YBI19/\\ JBINJBIOIA puUe BINWI0H 48X Jewolg uswbelo SIN/SIN + [eN+IA] 40 [H-]/.[H+IN] e NP o

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Phytochemistry. Author manuscript; available in PMC 2020 March 01.



Page 30

Dastmalchi et al.

(9102 “I2 10 Y e TR (wdd €0-)
‘Ao uAon) (zpm) eediyd MO o 989T°90€ E0"NZHETO unewibejAojnaa 11T 'S6T 102 EONEZHETD L [H+N] ¥92T°208 €1
HO
] \”
(opm) onuepy «
(2102 "[e 10 pue '(Zpn) erediyo " 0 (wdd £'0-) BNYOENTHED
‘o][a1iyedo) (ZPM) PI0D UONA 07 _~_~ 2 | 8ST°90€ YOINZEHETD auiosannd-1A180y-1A0|nJa 68T ‘€l2 [eN+IN] e2vT 628 71
HO
e
O7HN ~~n_o
=
(8T0C (wdd $70)
“le1aur) | (ZPA)18ssny YeloxloN HO TELT°08E YOENYZHEZD auiosannd-jAosewnodiq G/T'Z6T ‘802 'S9E YOINSEHED L[H+IN] £26L0'18E 1
HO
(€661
‘SNeJOXIN
7 1labz1a|\
-Jaugna-] =
¥10¢ “|e19 (wdd z'ot
‘1yofewiseq) (0P onuey O HN A~ ~ntu £9€T €2 SOPNBTHETD aulosauInd-jArewnod 12T ‘SET '6LT CONOTHETD) L[H+W] T2¥T'SET o1
HO
(66T e
‘SNejoxIN
7 196z19|N
-18ugna- %
wT0C “le e (wdd g'0)EOPNETHETD)
‘lyorewsed) | (TPAA) 19ssNY YeloxIoN O7HN A~~~y LTET 062 EOZNSTHE™D ausaind-|Aosyen 12T /€T '€9T ‘6.1 [H+N] 86€T'TST 6
J9xae|N dy19ads (an1m1sod) suol oN pu noduwos
R IEIETEN JUI0d WL PUNOA BINWJ04 [eINIONIS JYBIOAA J8INIB|OIAl PUE BINWI0S J8¥ewolg wiswbel4 SN/SIN + [eN+] Jo[H-WIL[H+W] | ONP

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Phytochemistry. Author manuscript; available in PMC 2020 March 01.



Page 31

Dastmalchi et al.

(rT0z "1 33 9v0Y'858 60€ '6TE (wdd 28'0e-) BNCTOYNSH"D
‘Iyolewiseq) (TPm) onuepy CTOPNESHOYD sulwiads (jAosyyesoapAyip) eas L ‘GvE 'G9€ LYS ‘119 J[eN+IN] T69€T88 81
_.._zz\,f\zz\,r\fz\f\:z..:
0 0
(v10Z “[e 10 (2pM\) PIOB UOSNA hors Zv62°825 90"NEEHED (wdd y'z-)
‘lyolewiseq) pue (0pM) dnuepY > T auiwJads (1A0ayye0-04pAyIp|Aoage) sig-N‘N 60€ ‘6TE ‘SYE ‘G9E S0"NO"H89 L [H+A] 800€ 625 LT
(910Z “Ie 18
‘AUOXIUAOA
6161 “[®
19 “AnBueL (opn) uoxnA
-UIeN) pue (zp) dnuepy 3 " 8602 7Sy 90ZNOEHZZO autianeped-|Aojniay-sig G6T ‘9v (wdd 5'-) YFONPHED 9THZ'SGY 9T
OH
(9102 “[e 18 - [ (wdd
‘AUOYIUAON) (epm) B18d1yD RS _o"(/\Qa ! G29T°8.2 EO°NHSTD sulieneped-Aojnied 11T '6€2 €1'T-) YONPHEBYD 80.T6/2 ol
HO
OH
HN
O
AN
(S00z
‘unoyped HO (wdd 29°7)
7 Bury) (0PM) PI0D UOXNA HO 852T'62€ SONBTHSTO duiwedoloo-|Aojn.ae- 602 ‘62 'STE OTOeNLEH%D L[H+INZ] 2eve 259 v
J9xae|N dy19ads (an1m1sod) suol ‘0N pu nodwio)
ERIIEYETENS| JU10d BWI] PUNopA B|NwI04 [eaNn1onaIs 1YBI19/\\ JBINJBIOIA puUe BINWI0H 48X Jewolg uswbelo SIN/SIN + [eN+IA] 40 [H-]/.[H+IN] e P

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Phytochemistry. Author manuscript; available in PMC 2020 March 01.



Page 32

Dastmalchi et al.

HO
OH
o]
HO
0.0
HO
=z
(rT0Z “le 18 (wdd g1°1-)
‘yofeunsed) | (WIPA ‘0PAN) SnUERY HO 9660°8€€ 80THOTO p1oe o1uInb |Aosewno)d 6T ‘657 ‘€€ 0L0T°6€€ +[H+N] 80°TH™D b
HO O
\
(0PN PIOD UOMNA pue 0D%H
(7102 "1e39 | (OPAN) 19SS YEI0XION (wdd g'5- (BNYOOTHO™D)
‘Iydlewiseq) ‘(opm) dnueny HO 6.50'76T YOTHO™D proe o1n1a4 T¢I 'OvT'0LT J[eN+IN] SOv0° LT 12
HO
OH
0
HO
(op/n) erediyD pue
10z “le38 | (OPM) OnUERY ‘(OPMN) OH (wddz2)
‘Iyoreunseq) 198Ny UeI0I0N HO vE90'26T *0%THAO pI1oe dUIND eIT'sLT [eN+IN] BN®OPTHAO 2650'5TZ 0c
Sp1oe dljousyd
_w_w.
(rT0Z “le 18 (dd/82)
‘lyarewiseq) (opm) onuepy T.¥2 729 B0°NEH0 apiwessol 9TT 'TTZ '69€ 80NLEHD L[H+IA] L9S2'G29 61
J9xae|N dy19ads (9nm1s0d) suol ‘'ON pu hodwo)
ERIIEYETENS| JU10d BWI] PUNopA B|NwI04 [eaNn1onaIs 1YBI19/\\ JBINJBIOIA puUe BINWI0H 48X Jewolg uswbelo SIN/SIN + [eN+IA] 40 [H-]/.[H+IN] e P

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Phytochemistry. Author manuscript; available in PMC 2020 March 01.



Page 33

Dastmalchi et al.

(#66T e S ‘500 8094LE
spasog ot £82v'2€9 FO%HD | pioe (wdd 12)
2 1901Y) (opm) e18d1yD bt 210use)Uades0013-AX0IPAYLI JO J81se [Aoayedld G/ ‘€62 ‘TSE eNBO%HLED L [eN+IN] 85€7°G69 12
...".1.#“\!.»
(v66T e dta st -9/0 829yLEn
0108 A~ TOEE 929 *0%HIED 'PIoe dl0USE1I}es0013 (wdd g5°9)
2 IIY) (EPM) PIOD UOMNA i g ~ZT'01'8'9-Ax01pAYLI3 JO JB1s8 K0B)yROIQ L1z 6z 'eqe '69g | BNPOPHED .[eN+N] TSEY'669 9
sajebnluod joyodje Ane pue spioe Ajre4
HO
OH
L
(102 HO Q (wdd 2z9'2)
“[e 39 'Zn10) (0pPm) oA HO £L0'7¥Z YOPTHTO Jouueiesdld TZT'6vT ‘68T 2620°5vZ L[H+W] YOSTH"™D 5z
HO
OH
%o
0.0
HO
=
(v10Z 1218 02%H 12T ‘€eT (wdd z9°2)
‘Iyoewnseq) (opm) dnuepy HO L0TT°89¢ 60%HLTD proe ounb |AojnuaS ‘GGT ‘24T ‘L1€ ‘S2E 9z0T'T6€ [eN+IA] BNSQ%HLTD vz
HO
OH
Yo
0.__0
HO
=
(TPA) PI0D UOYNA pue
(y10z "2 39 | (TPAN) 19SS YRI0XION OH (wdd /6'7-)
‘1yorewnseq) ‘(opn) onuepy HO T1660'7SE SO8THOTO pioe oluInbjAoayeD €97 '102 SOSTH™D L[H+IN] LTOT'SEE €z
J9xae|N dy19ads (onmms0d) suol "'ON pu nodwo!
SRIUETETEN] 1U10d W1l PUNOAA BINW.I0H [e1N)ONIIS 1YBIAN JBINJ3JOIA PUR BINWI0S J83ewolg juswibel- SIN/SIN + [eN+IA] 40 [H-]/.[H+IN] eONP S

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Phytochemistry. Author manuscript; available in PMC 2020 March 01.



Page 34

Dastmalchi et al.

(9002 "'Ie o 89./¢'STE (wdd £9°0)
10 ‘o¥ireg) (epm) e20d1yD ST | BOPNEEHETD 8Us08peIo0 ‘|OMI-1'E T-8-0uIWe-Z 6T 'Tve EOUNEEHETD L [H+I] ¥¥82'9TE 62
(66T . .
»201509 (opM) B12d1IyD T0EE'929 *0%HD q PrE (wdd 6¢'9)
79 19X01Y) (LPMN) 185SNY Yeiox4oN 210U3R1191850913-AX04PAY1II- JO 181$d |Aoayjedlq 112 'S6Z ‘€GE ‘69E eNBO®HED ,[eN+IN] TSEY 669 8z
J9xae|N dy19ads (9nm1s0d) suol "'ON pu nodwo
RIESETEN| U104 dWI] PUNOAA B|NW.I0H [£4N10N.11S 1YB19/\\ JB[NJ3JON PUE B|NWI0H J3xJewolg juswibel- SIN/SIN + [eN+IN] 20 [H-]/ [H+] e NP 9

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Phytochemistry. Author manuscript; available in PMC 2020 March 01.



Page 35

Dastmalchi et al.

HO
tHO0

(vTOCZ “l2 18 (wdd g°2)

‘yeaBpueT) (opm) onuepy 98¢'88Y YOXHT€D (0:220) 81e|nJa) ||V GBT 'T9E ‘St eNYO%H™D ,[eN+IN] ¥8EETTS 0g
10BN o1y108ds (an11s04) Suol oN bU NoduWo

ERIIEYETENS| JU10d BWI] PUNopA B|NwI04 [eaNn1onaIs 1YBI19/\\ JBINJBIOIA puUe BINWI0H 48X Jewolg uswbelo SIN/SIN + [eN+IA] 40 [H-]/.[H+IN] e NP S

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Phytochemistry. Author manuscript; available in PMC 2020 March 01.



Page 36

Dastmalchi et al.

HO

€
HOO__ _ N
\
=
Z
=N
O O
(vTOCZ “l2 18 758€'70S (wdd €oy)
‘JesBpue) (opm) onuepy OH SO HY™D (0:12D) 8re|nJay |Ax[e AxolpAH G6T ‘TTE ‘ ETH'6EY eN0%H™0 L [eN+IN] 0z6€ L2S 1€
J9xae|N dy19ads (9nm1s0d) suol "'ON pu nodwo
ERIIEYETENS| JU10d BWI] PUNopA B|NwI04 [eaNn1onaIs 1YBI19/\\ JBINJBIOIA puUe BINWI0H 48X Jewolg uswbelo SIN/SIN + [eN+IA] 40 [H-]/.[H+IN] e NP S

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Phytochemistry. Author manuscript; available in PMC 2020 March 01.



Page 37

Dastmalchi et al.

(¥10z “[e 30 (TPM) onUERY 96€ ‘YT (wdd g0'7-
‘Iyoreunseq) | (ZPA) 18sSNy YeI03410N 086298 STONELHSYD | sulundaT ‘€95 '¥0L 22/ ‘0S8 STON"2H0) [H+IA] 7705898 €
(rroz “le18 | (2P onuepy pue 96" YT (wdd z'6-
‘ydrewnsed) | (zpAn) 19ssny YerostaoN 6267'£88 STONELHSD 11 sulundeT ‘915 'v0L'2e. ‘898 STONPEHSYD) L[H+IN] Y267 788 9
(710Z “12 32 (wddy e~
‘Iyofewnseq) (opm) onuepy T£05°T68 PONELHSYD sulu0oeyD-D 86¢€ ‘095 '90/ '22L YTON"HS"D) ([H+IN] 9€TS 258 G
sp1o[ex[e0dA|D
7219726 "FOEBHTED suo
-yz-ua-(TT)6-150ue|-(gg) ‘-[Axo [|AsoueiAdoon|b
(910Z "B 38 -a-g-(1Asouea£doon|b-q-d-1Ayrew-0-en81-9'y (wdd
‘iyoreunseq) | (OPAN) 18SSNY YeI0NI0N '€2)-0-9-1Aysw-O-1-p'e'z]]-e-Axoyrewip-sz'zz | TZT ‘TIE'0EY ‘209689 59'9-) MTO%8H4D 2985°€96 e
(8102

“le1s ‘uip

“LT0Z "I (zPM pue §52 '60€ '€8E (wdd 10'7-) BNE€0%8H™D

18 ‘Buenp) EPM) 185SNY Yel03JoN T9G°0S0T %0 %H 150 11-dSv-04pAyld ‘TOV 'LV ‘SYS ‘L2l LeN+INT 0LvS €L0T €g

(T0z "I 615 (wdd T1°81-)

18 ‘Buen) (TPm) onuepy 7795°870T %0 ¥8H 150 8uI0s01poIoId ‘096G ‘90. ‘€S/ ‘€06 MECOBHD ., [M+IN] 58252801 z€

S|01=1S
J9xae|N dy19ads (an1m1sod) suol -oN DU nodwo

ERIIEYETENS| JU10d BWI] PUNopA B|NwI04 [eaNn1onaIs 1YBI19/\\ JBINJBIOIA puUe BINWI0H 48X Jewolg uswbelo SIN/SIN + [eN+IA] 40 [H-]/.[H+IN] e NP S

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Phytochemistry. Author manuscript; available in PMC 2020 March 01.



Page 38

Dastmalchi et al.

3|qe[1eAR BIBP SU} U0 Paseq spuog ajgnop pue AXolpAY 40 uonsod sy} UIBLISISE 10U PINOD 3M SB BAITRIUS) 818 UMEIP S3INjINIS

q

‘spunoduwiod Jasew PaliuBP! Z Y} JO O 10} PAUILLISIOP Udad aAeY saImonas,

(800z ;
‘3a.eneN : (wdd €oz-)
3 efofeys) (TPm) onuepy 25¥S'SPOT TEONEBHTSD auluosIawiWwod 0dpAyad 0T9'869 ‘TE8 TCON8H™D L[H+A] TSS'970T o
(8002 (Lpm)
‘aaleneN onuepy pue (,pm) 96E' VT (dd z'6-)
9 efeys) 19ssNY YeloxIoN 6261°£88 STONELHSYD sultewe|os '9/G'v0L ‘2. '8€L TONPLH D L [H+IN] vz6t 788 6
(8102
“lels ‘uir
LT0Z IR
10 ‘BuenH
‘v10Z "[e 18 (opm) onueny 86¢ (wdd €0°2-)
‘lyarewiseq) pue (Tpm) erediyd 086%°298 STONELHSYD sulue|0S-D ‘096 90/ ‘zz/ ‘S8 STON"H"D ,[H+IN] £205'898 8¢
10BN o1y108ds (an11s04) Suol oN bU NoduWo
ERIIEYETENS| JU10d BWI] PUNopA B|NwI04 [eaNn1onaIs 1YBI19/\\ JBINJBIOIA puUe BINWI0H 48X Jewolg uswbelo SIN/SIN + [eN+IA] 40 [H-]/.[H+IN] e NP S

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Phytochemistry. Author manuscript; available in PMC 2020 March 01.



	Abstract
	GRAPHICAL ABSTRACT
	Introduction
	Results
	Antibacterial Activity
	Microscopic Imaging
	LC-MS Metabolite Profiling: Temporal Variation of Potential Biomarker Compounds
	LC-MS Metabolite Profiling: Temporal Variation of Percentage Compositions

	Discussion
	Conclusions
	Experimental
	Plant materials
	Chemicals
	Sample preparation
	Antibacterial Assays
	Microscopic Imaging
	Liquid Chromatography-Mass Spectrometry (LC-ESI-MS) Analysis
	Multivariate Statistical Analysis

	References
	Fig.1
	Fig. 2
	Fig. 3
	Fig. 4
	Fig. 5
	Fig. 6
	Fig. 7
	Fig. 8
	Table 1.
	Table 2.

