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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 E. 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 E. 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 E. coli or 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 E. coli at 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 E. 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 E. 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 E. 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 E. coli and 

E. carotovora cultures incubated with the most potent antibacterial wound extracts, day-0 

Atlantic (Wd0A) and day-0 Norkotah Russet (Wd0R), respectively. Both cell lysis and 

morphological modifications were observed.

For instance, Fig. 4 shows striking bacterial cell elongation and increased cell thickness of 

Wd0R-exposed E. coli even at the low 8 µg/mL concentration. Fig. 5 reveals lysis of E. 
carotovora with both low and high Wd0A 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 Wd0A activity against E. carotovora and Wd0R 

activity against E. 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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2.3. 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 E. coli and E. carotovora by polar extracts 

from potato periderms shows a consistent decrease from early (days 0–2) to later (days 3–7) 

Dastmalchi et al. Page 6

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

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



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 E. 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 E. 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 E. 
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 

Dastmalchi et al. Page 7

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

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



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 E. 
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 µL 

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 E. coli (Strain MG1655) and the potato pathogen E. 
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 μL of extracts 

or a control (methanol, ampicillin) and 99 μL 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 × 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-µL 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-Qi1 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-µm reverse phase C18 column (Agilent Poroshell 120) was used with the column 

oven set to 30 °C and an injection volume of 20 µL. 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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5.7. 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 R2 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 R2 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/z and 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/z and 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 coli and 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 E. 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 E. coli, 
based on optical density readings. d: Percentage of growth inhibition for day-0 wound-

healing polar extracts against E. carotovora, 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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Fig. 2. 
Antimicrobial activity against E. 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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Fig. 3. 
Antimicrobial activity against E. 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 E. coli cultures incubated with polar day-0 Norkotah Russet (Wd0R) 

wound periderm extracts at two concentrations. a: 8 µg/mL; b: 80 µg/mL. Cell lysis and 

morphological changes are observed at the higher concentration.

Dastmalchi et al. Page 18

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

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 5. 
Microscopic images of E. carotovora cultures incubated with polar day-0 Atlantic (Wd0A) 

wound periderm extracts. a: 8 µg/mL; b: 80 µg/mL. Morphological changes and increased 

cell lysis are observed at the higher concentrations.
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Fig. 6. 
Schematic 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.
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Fig. 7. 
Distribution of marker compounds at several time points 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).
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Fig. 8. 
Variation 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).
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