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ABSTRACT
METABOLIC PROFILING OF GENETICALLY MODIFIED POTATO
PERIDERM TISSUES
by
Liqing Jin
Advisor: Professor Ruth E. Stark
Potato tubers are protected from dehydration and pathogens by a covering peel (periderm)
impregnated with suberin, a complex cross-linked biopolymer that contains both polyaliphatic
and lignin-like aromatic domains. Current models describing the macromolecular structure of
suberin assume that ferulic acid cross-links both domains as it may form carboxyl ester bonds
with aliphatic monomers and non-ester radical-coupled bonds with phenolics. Ferulic acid also
links by ester bonds to glycans and acts in cross-linking polysaccharides and lignin. Fatty
alcohol/ω-hydroxyacid hydroxycinnamoyl transferase (FHT) is a BADH acyltransferase
responsible for the synthesis of akyl-ferulates that is necessary for suberin biosynthesis. Periderm
from FHT-RNAi tubers showed a significant decrease in suberin ferulate esters and an increase
in soluble phenolic breakdown products. This periderm also showed changes in texture and water
permeability but, surprisingly, the suberin lamellar structure was not altered. The CYP86A gene
is a strong candidate for aliphatic suberin biosynthesis. CYP86A33-RNAi potato periderm had a
striking loss of suberin lamellar structure and diminished -hydroxyacids and ,-diacids.
To obtain a more comprehensive molecular view of the consequences of gene silencing
on potato periderm composition, metabolite profiling was conducted on soluble polar and noniv

polar extracts from native and wound periderms of wild-type (WT) and FHT-RNAi silenced
potato samples using liquid-chromatography mass-spectrometry (LC-MS), gas-chromatography
mass-spectrometry (GC-MS) and 1H nuclear magnetic resonance spectroscopy (NMR). The solid
interface was analyzed by solid-state NMR. FHT deficiency induced significant changes in the
metabolite pool of both polar and non-polar extracts from native periderms. In particular, FHT
silencing

induced

accumulation

of

phenolic

amides

such

as

caffeoylputrescine,

feruloylputrescine, feruloyltyramine, and amide dimers in the polar extracts and long-chain
saturated fatty acids (C22, C23, C24, C27), long-chain primary alcohols (C22, C26, C27, C28,
C29), methyl esters (C17:0, C19:2) and 1-monohexadecanoyl glycerol in the non-polar extracts.
Phenolic acids, glycoalkaloids, alkanes (C21, C23, C25, C27, C29) and fatty acids (C16:0, C18:0,
C18:2) were down-regulated in FHT-RNAi native periderms. For the solid interfacial residue,
the FHT-RNAi variety displayed higher arene-to-(CH2)n and oxygenated alkoxy-to-(CH2)n ratios
compared to WT. In contrast to the native tissues, the WT and FHT-RNAi-silenced tissue
extracts and solid interfacial residues from developing wound periderms each exhibited similar
compositional progressions with time; their initially distinct metabolic profiles became
overlapped and underwent a striking convergence.
An analogous analysis was conducted on CYP86A33-RNAi native periderm. In
CYP86A33 silenced native potato periderms, glycoalkaloids were highly abundant in polar
extracts while polyamides were down-regulated compared with WT. Non-polar extracts are to be
analyzed with GC-MS and LC-MS.
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1.1

INTRODUCTION
Potato, Potato Periderm and Suberin

Potato (Solanum tuberosum L.) is the fifth largest food crop produced in the world after
sugar cane, maize, rice and wheat (FAOSTAT, 2013). It is best known for its carbohydrate
content—starch. A small portion of the starch is resistant to digestion by enzymes in the stomach
and small intestine, reaches the large intestine in intact form, and benefits human health as fiber
(Sievert and Pomeranz, 1989). Potato is relatively low in calories, free of fat and cholesterol, and
high in vitamin C and potassium. It is also high in fiber, especially when served with skin. Potato
also contains a variety of phytonutrients that have antioxidant activity (Camire et al., 2009).
There are many research reports on potato, including biotechnology, breeding and genetics,
metabolites, nutrition and so on. The periderm of potato, which has highly suberized cell walls
described below, forms an effective outer barrier that protects the tuber from infection and
dehydration. Post-harvest conservation of potato poses a major challenge, with periderm
deficiencies responsible for significant economic losses worldwide (FAO, 2001). To gain insight
into the function of the periderm we focus on the secondary metabolite analysis of different
potato varieties including wild type and two genetically modified types.
1.1.1 Periderm of the Potato and Suberin
Periderm of potato consists of phellem (or cork), phellogen (or cork cambium) and
phelloderm as shown in Fig. 1.1A (Serra et al., 2010). The phellogen is a single layer of cells
derived from the hypodermis early during development of the tuber. Both the phellem and
phelloderm are derived from the phellogen. As phellem cells develop, cells become embedded
1

with a suberin biopolyester, die, and form several layers (approximately 4-10, depending on
genotype, environment, and stage of growth) of well-organized rectangular suberized cell walls
that play a vital protective function (Sabba and Lulai, 2002) and allow for storage over long
periods of time without tuber desiccation or decay. Periderm differentiation keeps evolving for
10-15 days and maturation occurs within 14-21 days after harvest (Serra et al., 2010; NarváezCuenca et al., 2013; Graça et al., 2015). To acquire full protective capacity, the native periderm
must reach two benchmarks: resistance to tuber skinning injury (skin-set), and deposition of a
characteristic suberin and wax load (Lulai, 2007). The suberin complex is deposited between the
primary cell wall and plasma membrane, appearing as a layer of alternating light and dark
lamellae as shown in Fig. 1.1 B. Periderm water permeability and mechanical resistance are
attributed to the suberin macromolecule and to waxes that are embedded between the phellem
cell wall and the plasma membrane (Silva et al., 2005; Pereira, 2013).

A

B

Figure 1.1 Periderm structure and ultrastructure of suberized cell wall.

A: Scanning

electron microscope (SEM) micrograph of the periderm from potato. The periderm is made up of
phellem (PM), phellogen (PG) and phelloderm (PD); B: Transmission electron microscopy (TEM)
micrograph of phellem cell wall

of wild type periderm cells showing suberin lamellae. PW,

Primary wall; SW, secondary suberin wall; TW, tertiary wall.
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Suberin, a complex heteropolymer, contains both polyaliphatic domains (SPAD) and
polyphenolic domains (SPPD) which are thought to be cross-linked and contribute the principal
barrier function for water, gas, pathogens and dissolved solutions and ions (Ranathunge et al.,
2011). The chemical composition of suberin is illustrated in Fig. 1.2, including -hydroxyacids,
-diacids, mid-chain epoxide- and di- and tri-hydroxy-substituted octadecanoates, glycerol
and phenolic acids obtained after the breaking of ester linkages by agents such as BF3-MeOH
and NaOCH (Bernards, 2002; Graça and Santos, 2007; Graça, 2015). Suberin oligomeric units
were obtained by suberin partial depolymerization by using calcium oxide and calcium
hydroxide as methanolysis catalysts. Three types of suberin oligomeric structures with two and
three ester-linked monomers were summarized (Graça and Santos, 2007; Graça, 2015): 1) linear
esters: dimeric esters of linearly linked -hydroxyacids and -diacids or -hydroxyacids
forming head-to-tail linear esters; 2) glyceryl esters: glycerol esterified to -hydroxyacids, to
-diacids and to 1-alkanoic acids, with all possible forms of glycerol substitution, namely as
1-, 3- and 2-monoacylglycerols, 1,2- and 1,3-diacyglycerols and 1,2,3-triacyglycerols; (3)
feruloyl esters: -hydroxyacids esterified via their -hydroxyl group to ferulic acid as an
oligomer and this structure esterified to glycerol to form a trimeric diester (Graça and Santos,
2007; Graça, 2015; Graça et al., 2015).

3

Figure 1.2 Structural formulas of the main suberin monomers (Graça, 2015).
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1.1.2 Suberin Structural Models
Although the monomeric composition, such as ω-hydroxyacids, α,ω-diacids, ferulic acid,
and feruloyl esters and oligomer blocks obtained from the partial depolyermerization of suberin
has been reported (Bernards, 2002; Graça and Santos, 2007; Graça, 2015; Graça et al., 2015), the
macromolecular structure and the biosynthesis pathways are still unclear. There are two
proposed structural models based on depolymerization analysis, reported by Bernards in 2002
and Graça in 2007 (extended in 2015), respectively, to help visualize the SPAD and the SPPD, as
well as how they combine to form suberin. Fig. 1.3 is a model based on the evidence presented
primarily for potato tubers, but also for cotton, Quercus suber and Pseudotsuga (Douglas fir). In
the model, the SPPD is restricted to the primary cell wall and covalently linked to carbohydrates;
the SPAD is a linear, glycerol-based polyester, with esterified “suberin phenolics”. The aliphatic
zone would yield the light band and the phenolic rich zone would yield the dark zone
corresponding to the TEM micrographs. The aliphatic monomers shown in this model range
from C16 to C24, but very long chain fatty acids were not represented.

5

Figure 1.3 Provisional model for the structure of the potato suberin. The polyaromatic
domain is shown restricted to the primary cell wall and covalently attached to carbohydrate units.
In the model, the aliphatic zone would yield the light bands while the phenolic rich zone would
correspond to the darker bands, as observed in TEM photomicrographs (Bernards, 2002).

The other model shown in Fig. 1.4 is proposed for suberins in general. There is a
common pattern in suberin composition from different plant sources, but some variability exists.
Douglas fir periderm suberin is dominated by saturated monomers, cork suberin has a high
proportion of mid-chain oxygenated monomers, and potato suberin is high in unsaturated
monomers (Graça and Santos, 2007). In this latter model, the basis of the suberin structure was
-diacids (C18) and their mid-chain substituted derivatives anchored on both sides by glycerol
(glycerol--diacids-glycerol). The glycerol-aliphatic structures are further attached to
polyaromatics. Ferulic acid also serves as a linkage between the suberin polyester and the
polyaromatics. The polyaromatic part would then contribute the dark band and the polyaliphatic
part accounts for the light band in the TEM micrograph.
6

Figure 1.4 Proposed model of the general suberin macromolecular structure (Graça and
Santos, 2007).

Both suberin models help us to visualize the suberin macromolecular structure and to
understand the suberin lamellar structure to some degree. However, these models could not
completely describe the suberin structure since they are based on chemical breakdown products
which only represent less than half the mass of the suberized periderm. These model structures
include only ester linkages and rely on monomers, dimers and oligomers that are assembled
architecturally according to chemical intuition. Moreover, neither model includes aliphatic chain
lengths longer than C24, although the monomers identified after ester breakdown have lengths
up to C30. Conversely, solid-state NMR or FT-IR methods can reveal the identity, proportions,
and flexibilities of major functional groupings for intact native or wound potato periderms
(Garbow et al., 1989; Stark and Garbow, 1992; Mattinen et al., 2009), but these latter methods
7

can provide definitive information regarding spatial arrangements and covalent attachments only
if the plant materials are isotopically labeled (Bernards et al., 1995; Yan and Stark, 2000).
1.1.3 Suberin Biosynthesis Pathway
Suberization requires biosynthesis of phenolic, aliphatic and glycerol monomers, and
assembly of these monomers into SPPD and SPAD to comprise the suberin barrier. Suberin
polyphenolic biosynthesis occurs prior to that of the suberin polyaliphatic domain and follows a
phenylpropanoid pathway to provide phenolic precursors (Kolattukudy, 1980; Bernards, 2002).
NMR analysis of wound periderm confirmed that sinapyl and guaiacyl structures are part of the
SPPD (Yan and Stark, 2000), and metabolic flux analysis by LC-MS showed that N-pcoumaroyloctopamine (p-CO), chlorogenic acid (CGA), N-feruloyloctopamine (FO), Nferuloyltyramine (FT) and putrescine amides including caffeoylputrescine and feruloylputrescine
are involved in the phenylpropanoid pathway (Matsuda, 2003; Matsuda et al., 2005).
Biosynthesis of the SPAD involves fatty acid synthesis including the creation of palmitic (16:0),
stearic (18:0), and oleic (18:1) acids by the plastid enzyme machinery; these acids act as
precursors for the rest of the compounds. C16 and C18 fatty acids are thought to be elongated by
an endoplasmic reticulum (ER) membrane-bound fatty acid elongase (FAE) complex. A part of
the long chain fatty acid will be further modified to obtain the fatty acid derivatives of suberin
and suberin associated waxes. Fatty alcohol and alkyl esters are produced with an acyl-reduction
pathway; alkanes are produced with a decarboxylation pathway; -hydroxyacids and the
corresponding -diacids are produced via an -oxidation pathway by cytochrome-P450dependent (CYP) enzymes on the terminal methyl group of acyl-CoA (Fig. 1.5) (Kandel et al.,
2006; Serra et al., 2009a); and α -hydroxyacids and α,ω-diacids are further desaturated and
oxcidated. The monomers could form ester linkages with glycerol-3-phosphate by glycerol-38

phosphate

acyltransferase

(GPAT)

and

with

feruloyl-CoA

via

fatty

alcohol

hydroxycinnamoyltransferase (FHT) as shown in Fig.1.6.

O

16:0-18:X-CoA

H3C

SCoA
O2
H2O

20:-24:0-CoA

CYP
O

-OH.Acyl-CoA
HO

SCoA
O2
H2O

CYP

O

O

HO

SCoA

-DCAcyl-CoA

Figure 1.5 Reaction scheme proposed for oxidation of fatty acids by a CYP enzyme (Serra
et al., 2009a).

O

-Hydroxypalmitic acid

O

O

OH

+

HO

MeO

FHT

MeO

SCoA

HO

Feruloyl-CoA

O
O

HO

OH

+

HSCoA

-Feruloyloxypalmitic acid

Figure 1.6 Reaction scheme proposed for FHT, representing the transfer of feruloyl CoA to
the alcoholic group of -hydroxyacids (Serra et al., 2010).

9

1.1.4 Genetic Modification of Potato Periderms
In recent years, molecular genetic approaches and mutant analysis have been used to
explore functions such as permeability and the biosynthesis of suberin. For instance, reports have
included the characterization of two suberin mutants (gpat5-1 and gpat5-2) of Arabidopsis
thaliana GPAT5, encoding a protein with acyl-CoA: glycerol-3-phosphate acyltransferase
activity (Beisson et al., 2007). Mutants showed a 50% reduction in total suberin content in young
root and seed coats, mainly reduction in long-chain α,ω-diacids and ω-hydroxyalkanoic acids,
and displayed an increase in permeability to aqueous salts (Beisson et al., 2007). RNAi silencing
of suberin biosynthetic genes could alter barrier function by changing the suberin structure and
molecular constituents. StKCS6, a 3-ketoacyl-CoA synthase gene, is important for the formation
of long-chain monomers of suberin (Serra et al., 2009b). Aliphatic monomers with length C28 or
higher were significantly reduced, whereas compounds with length C26 or lower accumulated in
StKCS6-silenced potato periderm, which led to increased transpiration and 1.5-fold greater
permeability in the StKCS6-silenced potato. CYP86A33, a fatty acid ω-hydroxylase, is a strong
candidate for aliphatic suberin biosynthesis (Serra et al., 2009a), which has capacity for hydroxylation of C12-C18 fatty acid (Fig.1.5). The CYP86A33-RNAi potato showed no
phenotypic or periderm structural changes but reduction in the thickness of secondary cell wall
(suberin) and loss of the suberin fine structure that comprises the suberin lamellae. Periderm
from CYP86A33-silenced plants revealed a 70-90% reduced level of C18:1 -hydroxyacid and
-diacid monomers and 60% reduction in total suberin by depolymerization analysis. These
changes were accompanied by a 3.5 fold increase in the water permeability of CYP86A33silenced periderm (Serra et al., 2009a). Fatty alcohol hydroxycinnamoyltransferase (FHT) is
thought to play an important role in the cross-linking of the suberin domains (Serra et al., 2010)
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(Fig.1.6). The FHT-RNAi potato skin surface appeared duller, rough and scabby. The thickness
of FHT-RNAi potato skin was more than twice that of WT and showed more phellem cell layers
with less regular cell organization (Serra et al., 2010). FHT-RNAi retained the suberin lamellar
ultrastructure but showed 15 times increased water permeability. C18:1 -hydroxyacids,
ferulates, and primary alcohols (except C20) were reduced 70-90% in this genetically modified
potato. Unlike CYP86A33, FHT, and StKCS6 genes which are involved in suberin deposition,
ABCG1, which encodes ATP binding cassette (ABC) transporters, is required for the export of
suberin components. ABCG1-RNAi tuber skin displayed rough, corky and brownish morphology,
revealed a disorganized phellem cell layer, and suffered severe water loss during 20 days of
storage, resulting in a two folds weight reduction (Landgraf et al., 2014).
1.1.5 Anomalous Periderm Phenotypes
Common scab of potato is a plant disease mainly attributed to infection by soil bacteria of
the Streptomyces genus, especially S. scabies, S. acidiscabies, and S. turgidiscabies (Hiltunen et
al., 2005). The disease mainly affects the quality of the potato by producing superficial, pitted, or
raised lesions on the potato surface (Fig. 1.7) and reduces the marketable yield by affecting the
exterior quality of the tubers. Four feruloyl amides and two cross-linked feruloyl dimers were
isolated from potato common scab lesion, which may function as intermediates in the suberin
polyphenolic domain barrier formation process (King and Calhoun, 2005). In our project, scab
areas were found on both wild type and FHT-RNAi potatoes during harvest. It is expected that
the scab is produced by S. scabies, because this organism is found in soils. To gain further
insight into the metabolite changes in potato scab, metabolomics studies represent a promising
approach.
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Figure 1.7 Superficial scab caused by S. turgidiscabies in potato (Hiltunen et al., 2005).

1.2

Wound Healing

A tuber with damaged skin or a tuber cut for seed will lack the robust protection
provided by the suberized layer of the native periderm and will rapidly develop a wound
periderm to avoid infection and desiccation (Sabba and Lulai, 2002; Lulai et al., 2008). Mature
wound periderm is histologically similar to the native periderm including the same three
different cell layers: phellem, phellogen and phelloderm (Sabba and Lulai, 2002), but it is 100fold more permeable to water (Schreiber et al., 2005). Tuber wound responses and wound
healing involve many biological processes, the most important of which is wound-induced
suberization (Lulai et al., 2008). Rapid suberization is essential for protecting tubers that are
injured during growth, harvest and seed cutting. The wound response starts with the formation of
a closing layer (0-24/48h), which is often referred to as primary suberization. The next stage is
wound periderm development (3-14 days) in which new cells are formed and suberized under the
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closing layer and form a new periderm; this stage also is called secondary suberization (Dean
and Kolattukudy, 1976; Lulai and Crosini, 1998). Wound-healing potato has proven to be a good
model to study the suberization (Bernards et al., 1995). The precursors and monomers of the
suberin polyphenolic and polyaliphatic domains accumulate during the wound-healing time
course; the deposition of the suberin polyphenolic domain occurs earlier than the suberin
polyaliphatic domain (Stark et al., 1994; Lulai and Crosini, 1998). Using a combination of
specific carbon-13 labeling techniques and solid state 13C NMR analysis, Bernards et al. reported
that the phenolic domain of suberin was mainly comprised of a hydroxycinnamic acid-derived
polymeric matrix (Bernards et al., 1995). However, Stark et al. obtained evidence for the
concurrent development of phenolic esters and lignin-related monolignols in potato wound
suberin using ring-labeled phenylalanine precursors and demonstrated a predominance of sinapyl
and guiacyl among suberin’s phenolic moieties (Yan and Stark, 2000).

1.3

Small Metabolites

Metabolites are the end products of gene expression and many of them are produced in
plants in response to pathogen attack or other stresses such as wounding. Potato and other plants
accumulate a variety of secondary metabolites, including glycoalkaloids, phenolic compounds,
polyamines, fatty acids. The concentrations of the small metabolites are related to the cultivar
and genotype, as well as environmental factors during growth, harvest and storage (Machado et
al., 2007; Dobson et al., 2010; Landgraf et al., 2014; Dastmalchi et al., 2014; Dastmalchi et al.,
2015). For instance, the small phenolic metabolites are expected to be precursors of the SPPD
and SPPA, regulators of suberin biosynthesis, and /or compounds related to plant defense. Some
of them may be identified as biomarkers, suggesting alternative molecular pathways accounting
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as a consequence of genetic modification. Glycoalkaloids are reported to be involved in hostplant resistance and to play protective roles as natural defenses of the plant against pests and
insects. The two major glycoalkaloids in the potato are -chaconine and -solanine (Fewell and
Roddick, 1993). Appropriate levels of these metabolites are toxic to bacteria, fungi, viruses, and
insects but may also be toxic to animals and humans (Friedman, 2006). Polyamines play a role in
plant growth and development, and they have been described as plant hormones (Gaspar et al.,
1996; Walden et al., 1997). Phenolic compounds such as chlorogenic acid and caffeic acid from
potato peel were highly correlated with 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical
scavenging activity, which indicates the robust antioxidant activity of potato (Hayase and Kato,
1984). The oxygen radical absorbance capacity (ORAC), DPPH scaveniging, and 2,2'-azinobis
(3-ethyl-benzothiazoline-6-sulfonic acid (ABTS) methods were used to evaluate antioxidant
activity. The ABTS assay is viewed as superior to DPPH when applied to a variety of plant foods
such as the potato which contain highly-pigmented and hydrophilic antioxidants (Dastmalchi et
al., 2014; Dastmalchi et al., 2015)
An increasing number of metabolite profiling reports have appeared for potatoes in recent
years, mainly based on compositional analysis by GC-MS, LC-MS and solution NMR (Fiehn et
al., 2000; Parr et al., 2005; Yang and Bernards, 2006; Yang and Bernards, 2007; Navarre et al.,
2011; Narváez-Cuenca et al., 2013; Dastmalchi et al., 2014; Landgraf et al., 2014; Dastmalchi et
al., 2015). In a study performed by Yang and coworkers, polar and non-polar wound-healing
extracts obtained at different time points from the Russet Burbank cultivar were analyzed using
gas chromatography−mass spectrometry (GC-MS) and metabolomics methods (Yang and
Bernards, 2007). Our research group reported the metabolite differences among wound-healing
periderms from four different potato cultivars (Norkotah Russet, Atlantic, Chipeta and Yukon
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Gold) both polar and non-polar extracts at day-3 and day-7 time points as well as their respective
antioxidant activity (Dastmalchi et al., 2014; Dastmalchi et al., 2015). In the tuber periderm of
ABCG1-RNAi silenced potatoes, metabolomic analysis revealed reduction of esterified suberin
components and hyperaccumulation of putative suberin precursors such as feruloyloxy fatty
acids with chain lengths of C16 to C28 and hydroxycinnamic acid conjugates, supporting the
role of ABC transporters in the export of suberin components (Landgraf et al., 2014).

1.4

Open Questions to Be Addressed

Our metabolomics analysis of genetically modified cultivars complements and augments
the earlier investigations in suberin structure and biosynthesis. Esterifying ferulic acid to the
aliphatic suberin is thought to play an important role in cross-linking to the aromatic domain. In
potato, the FHT gene is a strong candidate for involvement in this process because a feruloylCoA transferase catalyzes the esterification of ferulic acid to aliphatic fatty acids and alcohols.
Serra et al. reported that FHT down regulation did not affect the suberin lamellar ultrastructure
but had significant effects on the anatomy, sealing properties, and maturation of the periderm
(Serra et al. 2010). The reaction proposed for the FHT enzyme is to transfer feruloyl-CoA to the
alcoholic group of the fatty acid derivative -hydroxypalmitic acid (Fig. 1.6) (Serra et al., 2010).
FHT-silenced periderm is supposed to shut off this reaction and accumulate feruloyl-CoA, hydroxypalmitic acid, and their derivatives that affect the metabolism of both phenolic and
aliphatic suberin precursors. We propose that the FHT-silencing will lead to accumulation of
feruloyl-CoA and may further up-regulate the other biosynthesis pathways in which feruloylCoA is involved as a precursor or substrate. The current work focuses on the amount, chemical
composition, and structural organization of the periderms at key stages of their respective
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development with four goals in mind: 1) to contrast the compositions of soluble metabolites and
suberin polymers in wild-type Desirée and FHT-RNAi native periderms; 2) to investigate the
effect of FHT silencing on the wound-healing process; 3) to assess the chemical differences
between native and wound-healing protective plant layers; 4) to test the hypothesis that native
FHT-RNAi periderms have molecular profiles in common with wild-type Desirée wound-healing
tissues. By comparing wild-type and FHT-RNAi potato cultivars, it should be possible to explore
the role of linkages between the suberin polyaliphatic and polyaromatic domains in establishing
both wound closing and hydration barriers of the tuber periderm.
An analogous metabolomics analysis was performed on CYP86A33-RNAi potato
periderm, which is supposed to mainly affect the SPAD. As shown in Fig. 1.5, the CYP86A33
enzyme plays a role in the formation of -hydroxyacids and -diacids, which are important
monomers in the SPAD. The goals in the CYP86A33-RNAi project (restricted to native periderm)
are: 1) to compare and analyze changes in the metabolite pool of both polar and non-polar
extracts in WT and CYP86A33-RNAi potato periderms; 2) to identify the up- and downregulated potential biomarkers in the CYP86A33-RNAi variety, and 3) to connect the altered
metabolites to the suberin biosynthesis pathway.
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2
2.1

INVESTIGATIVE APPROACHES
Introduction

A top-down strategy has been widely used to analyze the solid suberized cell walls of
potato periderm via the soluble aliphatic breakdown products from transesterification or mild
methanolysis (Graça and Santos, 2007; Serra et al., 2010; Serra et al., 2014; Graça et al., 2015)
for many years. The NaOCH3-methanolysis method allowed the depolymerization of ~25% of
potato suberin to soluble monomers, which can be identified by follow-up gas chromatography
coupled to mass spectrometry (GC-MS). Alternatively, the suberin oligomers have been obtained
by partial depolymerization with CaO or CaOH methanolysis, releasing about 10% of suberin
and identified with electrospray ionization coupled to mass spectrometry (EI-MS) analysis
(Graça and Santos, 2007). However, these chemical breakdown products represent no more than
one-fourth the mass of suberized periderms, providing a useful but incomplete accounting of the
suberin structure that includes only ester linkages and relies on chemical intuition to devise a
picture of how these monomers and dimers are assembled architecturally. Conversely and as
noted in section 1.1.2, intact periderms can be characterized according to the identity,
proportions, and flexibilities of major functional groupings by solid-state NMR or FT-IR
(Garbow et al., 1989; Stark and Garbow, 1992; Mattinen et al., 2009), but spatial arrangements
and covalent attachments can be reduced by these latter methos only if the plant materials are
isotopically labeled (Yan and Stark, 2000).
A bottom-up approach in which metabolites are separated into discrete molecular classes,
analyzed by appropriate methods, and reassembled as a complete metabolite data set was used in
the current project to provide a view of suberin composition from a complementary angle.
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Metabolomics seeks an unbiased quantitative and qualitative analysis of all biochemical
intermediates in a sample. In contrast to targeted analysis, which is constrained to one or a few
selected metabolites, metabolomics approaches study a broad group of metabolites in an attempt
to identify up- or down-regulated chemical compounds in the tissues of interest without bias. The
small metabolites involved are expected to be the precursors, intermediates, regulators or end
points of the macromolecular biosynthesis. Therefore, profiling and identification of those
metabolites provide important information to understand the metabolic pathways involved in the
synthesis of macromolecules. The analytical chemistry tools adapted for plant metabolic
profiling include MS-based metabolomics including gas chromatography (GC) and highperformance liquid chromatography (LC), mass spectrometry, and NMR-based metabolomics
using solution-state nuclear magnetic resonance (Roessner et al., 2001; Krishnan et al., 2005;
Ward et al., 2007).

2.2

MS-Based Metabolomics Analysis

2.2.1 Basic Principles of Mass Spectrometry
Mass Spectrometry (MS) measures the mass-to-charge (m/z) ratio to identify the amount
and the type of chemicals present in a mixture. As shown in Fig. 2.1, an MS instrument consists
of three essential parts: ionization source, mass analyzer and ion detector.
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Figure 2.1 Different elements of a mass spectrometer.

Ionization involves the production of molecular ions suitable for resolution in the mass
analyzer, which is the key to determining what type of sample can be analyzed by MS. There are
many ionization methods including electron ionization (EI), fast atom bombardment (FAB),
chemical ionization (CI), electrospray ionization (ESI), atmospheric pressure chemical ionization
(APCI) and matrix-assisted laser desorption ionization (MALDI). EI and ESI are two ionization
methods used, respectively, in the current GC-MS and LC-MS studies. EI is widely used in MS,
particular in GC-MS. The electrons are accelerated to 70 eV in the region between the filament
and the entrance to the ion source block. As a hard ionization technique, EI gives a high
proportion of molecular fragments, yielding highly detailed mass spectra. It is most useful for
compounds or metabolites with relative molecular mass below m/z 600 (after derivatization)
(Wolfram, 2007). ESI generates ions by creating a fine spray of highly charged droplets at
atmospheric pressure in the presence of a strong electric field (1-3 kV). Positive and negative
ions are formed by protonation and deprotonation, respectively. It is mainly applied to LC-MS
and capillary electrophoresis-mass spectrometry (CE-MS).
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Following ionization, ions enter another important component, the mass analyzer, which
separates the ions based on charge-to-mass ratio and outputs them to the detector. The common
mass analyzers include the scanning mass analyzer, magnetic/electrostatic sector mass analyzer,
quadrupole mass analyzer, trapped-ion mass analyzer, quadrupole trapped ion (Q-Trap) mass
analyzer and time-of-flight (TOF) mass analyzer. A quadrupole mass analyzer is a set of four
parallel rods with each opposing rod pair connected together electrically and using a radiofrequency (RF) voltage with a direct current (DC) voltage offset. As mass filters, quadrupoles
work by letting only certain mass-to-charge ratio ions reach the detector for a given ratio of
voltage as shown in Fig. 2.2. Quadrupole mass spectrometry provides good reducibility and
classical mass spectra with m/z range of 4000 but with limited resolution. A Q-Trap mass
analyzer works on the same physical principle as the quadrupole analyzer but the ions are
trapped in a mainly RF field and subsequently ejected (Fig. 2.3). The RF and DC potentials can
be scanned to eject successive mass-to-charge ratios from the trap into the detector (massselective ejection). The Q-trap offers high sensitivity but relatively lower mass range up to m/z
2000. A TOF mass spectrometer measures the mass-dependent times taken for ions to travel
from the ion source to detector. Ions are formed in an ion source and accelerated by an
acceleration pulse on the order of several hundred to a few thousand volts. Because all the ions
of different m/z have the same kinetic energy yet different masses, the ions of lower m/z values
will reach the detector before those with higher values. A TOF instrument provides excellent
sensitivity and high mass range as well as high-speed analysis, but no molecular fragments.
A linear series of three quadrupoles is known as a triple quadrupole mass spectrometer.
The first (Q1) and third (Q3) quadrupoles act as mass filters, and the middle (q2) quadrupole is
employed as a collision cell. This scheme allows for the study of fragments that are useful in
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structural elucidation by tandem mass spectrometry. The Q-TOF is a hybrid quadrupole time-offlight mass spectrometer with MS/MS capability. A reflectron, a type of TOF, serves as a mass
resolving device for both MS and MS/MS in order to obtain mass accuracy. A Q-TOF instrument
typically provides 2 ppm mass accuracy for MS and 5 ppm for MS/MS, respectively.
Once the ions exit the mass analyzer, they strike a detector which will generate a signal.
The most common detectors include a photomultiplier (PM) and electron multiplier (EM). The
detection mass range and limits varies among different instruments due to the different ionization
mode, mass analyzer, scan mode and so on.

Figure 2.2 Schematic of a quadrupole mass analyzer (adapted from Miller and Denton,
1986; Hoffmann, 2000).
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Figure 2.3 Schematic of an ion trap mass analyzer (adapted from Hoffmann, 2000).

2.2.2 GC-MS Based Metabolomics Analysis
Gas chromatography provides high-resolution compound separation and can be used in
conjunction with a mass spectrometer for detection (GC-MS). It serves as a useful tool in
metabolomics by providing excellent chromatographic metabolite resolution, high sensitivity,
good reproducibility and high-throughput metabolite analysis. Another advantage of GC-MS is
robust identification using expansive data libraries such as the National Institute of Standards
and Technology (NIST) and Wiley libraries. GC-MS-based metabolomics has been applied to
many plants including potatoes (Roessner et al., 2001; Shepherd et al., 2007; Dobson et al., 2008;
Dobson et al., 2010; Aliferis and Jabaji, 2012). However, there is a limit to the type of the
metabolite that can be analyzed by GC-MS, especially in polar extracts, for which analysts are
restricted to lower molecular weights and mainly primary metabolites because of limited
volatility. Even for the lower molecular weight metabolites, the majority of their analyses require
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chemical derivatization to achieve volatility and thermal stability before analysis. Compounds
containing functional groups with active hydrogens are reacted with a silylating reagent, which is
typically N-methyl-N-(trimethylsilyl) trifluoroacetamide (MSTFA), followed by formation of
trimethylsilyl (TMS) esters to increase volatility and thermal stability.
2.2.3 LC-MS Based Metabolomics Analysis
Liquid chromatography - mass spectrometry (LC-MS) involves metabolite separation by
LC and is followed by electrospray ionization mass spectrometry (ESI-MS) with good sensitivity.
The greatest advantage of LC-MS for applications to metabolomic studies is its flexibility.
Different combinations of mobile phase and columns make it possible to separate the metabolites
of interest. The most common are reverse-phase C8 and C18 columns. Compared with GC-MS,
LC-MS has a broader molecular mass range and requires less sample preparation. Electrospray
instruments operate in both positive and negative ionization modes, which enlarge the
metabolome coverage. However, ESI spectral mass libraries are not as commonly available as
information for the EI spectra generated by GC-MS. Thus the metabolite identification by LCMS cannot be done by simple and direct comparison with library data. Instead, LC-MS/MS
results in conjunction with accurate mass measurements (e.g. TOF-MS) provide collision
induced dissociation products that can be matched with reported metabolite information, or LCTOF is used to get both fragment masses and accurate mass values. Another limitation of LC-MS
is that not all compounds exhibit good dissolution and ionization.

23

2.3

NMR-Based Metabolomics Analysis

NMR-based metabolomics has been utilized for the analysis of biological samples and
can be an effective technique for the identification and quantification of both known and
unknown metabolites. NMR offers several advantages for metabolomics data acquisition,
including minimal sample preparation, nondestructive and unbiased analysis, and good
reproducibility. To elucidate the structure of the metabolites, two-dimensional NMR methods
such as 1H-1H total correlation spectroscopy (TOCSY), 1H-13C heteronuclear single quantum
coherence (HSQC), and heteronuclear multiple bond correlation (HMBC) can be used based on
1

H NMR detection, but complex mixtures may be difficult to resolve into their constituents and

identify definitively. An additional disadvantage of NMR is relatively poor sensitivity compared
to MS-based analysis, which leads to a requirement for greater sample volume and higher
concentration (Reo, 2002).

2.4

Multivariate Data Analysis

Multivariate data analysis (MVA) is a good data handling method and a crucial part of
metabolomics studies, which usually have many variables (K=number of variables) but few
observations (N=number of observations/sample). Multivariate methods use redundancy in the
data to reduce K dimensions to a lower dimension, improve feature selection stability, and
separate signal from noise. In this project, all multivariate analyses including MS-based and
NMR-based metabolomics were performed with SIMCA-P version 13.0 and 14.0 (Umetrics,
Umea, Sweden). Other programs that could be used to conduct MVA include MATLAB
(Mathworks, Natick, MA) and the R package (https://www.r-project.org/).
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Before doing MVA, either MS or NMR data need to be converted into an appropriate
format and subjected to data pre-processing. For MS, different instrument brands output different
raw data formats, e.g. Agilent .D files, ABI/Sciex .WIFF files, Waters .RAW files, and
Shimadzu .QGD files. For processing with freeware, data need to be converted to NetCDF,
mzXML or mzData by mass format conversion software such as masswolf, trapper and Proteo
Wizard (http://proteowizard.sourceforge.net/). The complex multidimensional MS metabolomics
datasets must be preprocessed and converted into organized data matrices prior to MVA
following the workflow shown in Fig. 2.4 using MZmine. Filtering and smoothing are available
for filtering the retention time, optimizing the m/z ratio and correcting the baseline to reduce
variation across samples in a batch that could come from instrument, external environmental
sources, or the separation process (Wiklund, 2008; Keun and Athersuch, 2011). Peak detection is
optimized to reduce the complexity of the chromatograms, avoid excessive noise features, and
create a list of peaks that are each denoted by a specific mass and retention time. Peak alignment
is done subsequently to adjust for slight variations in retention time and m/z values in different
runs (Katajamaa and Oresic, 2005; Piletska et al., 2012).
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Figure 2.4 Scheme for MS data processing.

For NMR, the raw data are free induction decays for which one needs to perform Fourier
transforms and then do phase and baseline correction, referencing and binning. The integrated
area of each bin is normalized with respect to the area of all bins. Many software packages are
available for NMR data processing in addition to the built-in spectrometer routines, such as ACD
Software

for

Academics

(ACD

Labs,

Toronto,

Canada),

Mnova

NMR

(http://mestrelab.com/software/mnova/nmr/) and MestRe-C software (Mestrelab Research,
Escondido, CA).
After data processing, multivariate data analysis based on principal component analysis
(PCA) and Orthogonal Partial Least Squares - Discriminant Analysis (OPLS-DA) can be
performed by using SIMCA-P software, Matlab or R. Principal Component Analysis (PCA) has
been used as a first pass quality assurance tool as described below. Principal component analysis
is a technique which projects a complex set of data onto a smaller set of variables (called
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principal components), which are linear combinations of the initial variables. It takes advantage
of the complexity of the data and reduces them to simple plots that are easy to examine. The
principal components (PCs) are chosen in such a way that the first principal component (PC1)
accounts for the largest variation among the samples. Each PC is a linear combination of the
original variables and represents the maximum account of variance possible. For data sets with
high degree of correlation between variables, the first three PCs together can account for more
than 50% of the total variability of the system.
In metabolic research, PCA can find the basic vectors that give the best overall sample
separation and explain the overall variance in the data set without prior supervision of the data
(Roessner-Tunali 2003; Gray and Heath 2005). Usually it is used to derive the features
responsible for differentiating between classes of samples. It is also used to determine outliers
(either analytical or biological) in the data set (Holmes and Antti, 2002). As it extracts all
significant information and removes noise background from both the mass spectral and
chromatographic components of the data, the results of mass spectral searches and signal-tonoise ratio (S/N) can be markedly improved (Statheropoulos et al., 1999). To determine the
relative differences between the metabolomics of potato periderm systems to infer a biological
relationship, samples should be supervised into specific classes. Thus OPLS-DA analysis will
only focus on the predictive information that is of interest. Then, the metabolic biomarkers can
be identified for further targeted analyses (Worley and Powers, 2013).
The resulting statistical model is validated by calculating values of R2 and Q2, indicators
of fitness to the data and predictive ability, respectively (Worley and Powers, 2013).The
contribution score (R2) is a good way of quantifying variables being explained for each
component. The goodness of prediction (Q2) is an estimate of the predictive ability of the model
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based on cross validation, which is a predictive strategy of evaluating and comparing the models
generated by dividing data into two parts, a training set and validation set. The value of Q2,
which is derived from cross validation of the model when a portion of the data is removed,
should exceed 0.5, and the difference R2-Q2 should be positive but no more than 2 units.
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3

Materials and Experimental Methods

[Portions of the text in this chapter are drawn from the candidate’s draft manuscript to be
submitted for publication. Additions have been made to describe scab and CYP samples. All
potato periderm samples were acquired from our collaborator, Dr. Olga Serra.]

3.1

Plant Materials

FHT-RNAi-silenced potato plants (line 37) (Solanum tuberosum cv. Desirée) were
obtained as described by Serra et al. (2010). FHT-RNAi silenced plants and the corresponding
wild-type (WT) cultivar were first propagated in vitro: stem cuttings were cultured in Murashige
and Skoog media supplemented by 2% (w/v) sucrose and placed in growth cabinets at 22 °C
with a light/dark photoperiod cycle of 16/8 h for 21 days. After transfer to soil, the plants were
grown in a greenhouse to form tubers that were harvested from 9-week-old plants. Harvested
tubers were rinsed with tap water to remove soil particles and the tuber skin was collected using
a flat spatula, taking advantage of easy peeling at this immature developmental stage and
avoiding the underlying parenchymatic flesh tissue to the extent possible. Wild type scab (WTScab) and FHT-RNAi-Scab (FHT-Scab) periderms were taken from the scab area of the wild
type potato and FHT-RNAi silenced potato respectively. Wild type (WT) and FHT-RNAi
periderms were from non-scab areas of wild type and FHT-RNAi silenced type potato periderms.
The samples were frozen in liquid nitrogen, ground using a mortar and pestle, lyophilized until
dry, and stored in a vacuum-sealed bag at -80 °C. Although the collected tuber skin corresponded
strictly speaking to the phellem tissue, we designate the samples as native periderms (containing
suberized phellem, phellogen, and phelloderm tissues) in conformance with previous reports
(Franke et al., 2005; Stark et al., 1994; Serra et al., 2014).
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To prepare wound-healing samples from dormant freshly harvested potato tubers
(Pacchiano et al., 1993; Yang and Bernards, 2007; Dastmalchi et al., 2014), internal flesh tissues
about 5 mm thick were sliced longitudinally to obtain disks and placed on wet cellulose filter
paper. The healing process was accomplished inside closed humidified plastic boxes equipped
with wire netting supports at 25 ℃ in the dark. The new brown surface layer of wound healing
tissue was excoriated and collected with a spatula at 0, 3, 7 and 14 days after wounding,
corresponding to each stage of suberization: fresh cut samples, early healing in which the
suberized closing layer has formed the developing wound periderm, and well-formed wound
periderm. Upon harvest of the wound-healing materials, samples were collected by the same
process as described for the native periderms and stored as dry powders. Both WT and FHTRNAi samples at the day-0, day-3, day-7, and day-14 time points were collected.
For the CYP project, CYP 86A33-RNAi line 22 (CYP) and CYP 86A33-RNAi line 39
(CYP39) were obtained as described by Serra et al. (2009). FHT-RNAi line 37 (FHTD) and
FHT-RNAi line 4 (FHT4) potatoes were obtained as described by Serra et al. (2009). The wild
type potato in the CYP project is also Solanum tuberosum cv. Desirée. The native potato
periderms were obtained following the same protocol described above. Different lines of
CYP86A33-RNAi an FHT-RNAi were used to check if the same biomarkers were present in both
genetically modified materials of each type.

3.2

Chemicals

Solvents for soluble metabolite analysis were purchased as follows: analytical grade
chloroform and HPLC grade methanol from Fisher Scientific (Pittsburgh, PA); LC-MS grade
water and acetonitrile from J. T. Baker (Center Valley, PA); analytical grade hexane and
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anhydrous pyridine from EMD Chemicals (Gibbstown, NJ). Additional reagents used in these
analyses included analytical grade formic acid from Sigma-Aldrich (St. Louis, MO) used in LCMS

experiments,

N-methyl-N-(trimethylsilyl)trifluoroacetamide

(MSTFA)

+

1%

trimethylchlorosilane (TMCS) from Thermo Scientific (Bellefonte, PA) used in GC-MS, and a
C7-C40 Saturated Alkanes Retention Index Standard from Supelco (Bellefonte, PA). For
removal of cell-wall materials from the solid interfacial suspension between polar and non-polar
extracts, cellulase (EC 3.2.1.4; CAS No. 9012-54-8) and pectinase (EC 3.2.1.15; CAS No. 903275-1) were purchased from Sigma-Aldrich.

3.3

Sample Preparation

Dried native periderm (~10 mg) and wound-healing tissues (~20 mg) were weighed and
transferred into 4 mL glass vials. Nine replicate extracts were prepared for each WT, FHT-RNAi,
WT-Scab and FHT-Scab native potato periderm and each wound healing time point. Extraction
followed a published protocol (Wolfram, 2007). Briefly, 1.54 mL methanol and 0.33 mL water
were added to each dried sample together with 5 small zirconia oxide beads, and the mixture was
vortexed for 60 s. After addition of 0.77 mL chloroform and an additional 60 s of vortexing, the
samples were shaken in an incubator for 15 min at room temperature. After addition of another
1.54 mL portion of chloroform-water (1:1 v/v), the samples were sonicated for 15 min and
shaken in an incubator for another 15 min. The extraction mixtures were centrifuged at 3000 rpm
for 15 min at 4 °C; a lower non-polar soluble layer, an upper polar soluble layer, and a solid
interfacial suspended residue were collected separately with glass Pasteur pipettes. The non-polar
portion (~1.5 mL) was divided between two 2-mL brown vials and dried in a hood at room
temperature. The polar portion (~2.0 mL) was also divided between two portions, one of which
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was dried under nitrogen and the other kept as a liquid without further processing. All samples
were stored at -20 °C for subsequent analysis by GC-MS, LC-MS, solution-state NMR, and/or
solid-state NMR.
Dried native and FHT-RNAi periderm tissues (~50 mg) were weighed and transferred
into 20 mL glass vials. Following the same protocol as above, 10 ml polar and 6 ml non-polar
extracts were collected. The 5 ml polar extracts were concentrated by liquid nitrogen and stored
for later fractionation by HPLC or combined for NMR analysis.
Many metabolites in non-polar extracts such as fatty acids and alcohols have high boiling
points and are hard to volatilize for GC analysis due to hydrogen bonding among hydroxyl
groups. Derivatization is the process by which a compound is chemically modified to produce a
new compound that can be analyzed by gas chromatography. The use of derivatization helps
increase volatility, detectability, and improve chromatographic behavior. For compounds
containing functional groups with active hydrogens (e.g., -COOH, -OH, - NH and -SH), NMethyl-N-(trimethylsilyl) trifluoroacetamide (MSTFA) can be used as a derivatization reagent to
replace the labile hydrogens on compounds with a -Si(CH3)3 group. Derivatization for GC-MS
analysis in this project was conducted by dissolving each dried non-polar extract in 50 μL of dry
pyridine with 80 μL of MSTFA and 1% TMCS (Yang and Bernards, 2007), then shaking in an
incubator at 50 °C for 1 h and equilibrating at room temperature.
The solid interfacial residues were washed twice with distilled water and dried overnight
at 50 ºC, then treated with hydrolytic enzymes to remove unsuberized cellulose and pectin
associated with the cell wall. The following procedures, which had been developed for ‘whole’
periderm tissues that were not subjected to extraction (Pacchiano et al., 1993; Serra et al., 2014),
were used to produce suberin-enriched periderm residues. Aspergillus niger cellulase (0.1% w/v)
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and pectinase (0.4% v/v) were dissolved in 100 mM acetate buffers at pH 5.0 and pH 4.0,
respectively. A 4-mL portion of cellulase buffer was added to each of the samples, which were
shaken at 150 rpm and 37 ºC for 48 h and then at 44 ºC for 48 h. After rinsing twice with
distilled water to remove the cellulase, 4 mL of pectinase buffer was added to each of the
samples, which were shaken at 28 ºC and then 31 ºC for 24 h each. After rinsing three times with
distilled water, the residues were dried in an oven at 50 °C overnight. Next, Soxhlet solvent
extraction treatments were used to remove soluble waxes and fatty acids using refluxing
methanol, chloroform, and hexane successively for 24 h each. Finally, the samples were dried in
an oven at 50 °C for 10 h.
For CYP samples, 10 mg native periderm samples of WTD, CYP, CYP39, FHTD and
FHT4 were weighted and extracted by methanol, water and chloroform following the same
protocol described above. Nine biological replicates were prepared for WTD, CYP, FHTD and
FHT4 and six replicates for CYP39. Polar layers, non-polar layers and the interface residue were
collectedly separately and stored at -20 °C for subsequent analysis by LC-MS (both polar and
non-polar extracts), GC-MS (non-polar extracts) and solid-state NMR (interfacial residue).

3.4

Experimental Methods [from our manuscript in preparation]

3.4.1 Gas Chromatography-Mass Spectrometry Analysis
The derivatized non-polar FHT samples were analyzed at City College using a Shimadzu
QP2010 plus instrument (Canby, OR) equipped with an AOC-5000 automatic injection system, a
RESTEK (Bellefonte, PA) Rtx®-5MS low-bleed column (fused silica, 30 m × 0.25 μm i.d.), and
GCMSsolution software version 2.53. The injection temperature was set to 250 °C. A 1 μL
sample was injected in splitless mode with high purity helium as carrier gas at a constant flow
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rate of 1 mL/min and a pressure of 61.5 kPa. The temperature program was set as follows (Yang
and Bernards, 2007): after a 5 min delay at 70 °C to allow the solvent to purge the system, the
oven temperature was increased to 310 °C at 5 °C /min, then held for 11 min at that temperature.
The total GC run time was 64 min. Mass spectra were recorded in Electron Ionization (EI) mode
from 8 to 64 min to avoid the peaks from solvent, pyridine and derivatization reagent. The scan
time was 0.5 s and the scan range was m/z 45–600. Instrumental parameters included the
ionization voltage (70 eV), ion source temperature (200 °C), and interface temperature (280 °C).
The mass spectrometer was tuned with perfluorotributylamine (PFTBA) for mass calibration,
performance optimization, and consistency. Three blank samples were run at the beginning,
middle, and end of the experimental sequence to record the baseline, check the instrumental
performance, and detect possible contamination, respectively.
Additional experiments (for CYP samples) were conducted at New York University on a
Shimadzu GCMS-TQ8040 instrument which is capable of accepting two narrow-bore capillary
columns into the MS simultaneously. The line-1 system was equipped with a RESTEK
(Bellefonte, PA) Rxi®-5Sil MS low-bleed column (fused silica, 30 m × 0.25 μm i.d.) and flame
ionization detector, and the line-2 system was equipped with three different ionization modes
(negative chemical ionization (NCI), sub-chemical ionization (SCI) and sub-electron ionization
(SEI)), a RESTEK (Bellefonte, PA) Rtx®-5MS low-bleed column (fused silica, 30 m × 0.25 μm
i.d.) and MS detector. The injection temperature was set to 250 °C. The temperature program for
both lines was the same as described above for the Shimadzu QP2010 plus instrument. The line1 system was recorded for 64 min as a GC data file, and the line-2 data were recorded from 8 to
64 min to avoid the peaks from solvent, pyridine and derivatization reagent. The ionization mode
was SEI or SCI. The scan time was 0.05 s and the scan range was m/z 45–600.
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3.4.2 Liquid Chromatography-Mass Spectrometry Analysis
LC-MS of the polar extracts, for both native periderm and wound-healing samples, was
carried out using an Applied Biosystems Sciex4000 QTRAP mass spectrometer (Foster City, CA)
equipped with a Shimadzu UFLC system (Canby, OR) and including two LC-20 AD pumps, an
SIL-20AC automatic injector, a CBM-20A communication bus module and a CTO-20AC
column oven. A 150×4.6 mm i.d. 3.0-µm reverse phase AscentisRTM C18 column (Supelco Corp.,
Bellefonte, PA) was used with the column oven set to 30 °C; injection volumes were 10 µL and
20 µL for native and wound periderm samples, respectively. The mobile phase consisted of (A)
water containing 0.1% formic acid (v/v) and (B) acetonitrile containing 0.1% formic acid (v/v).
The flow rate was 0.5 mL/min with gradient elution conducted as follows: 0-1 min: 2% B; 1-30
min: 2% - 35% B; 30-45 min: 35% - 98% B; 45-51 min: 98% B; 51-52 min: 98% - 2% B.
Electrospray ionization (ESI) mass spectra were acquired in both negative and positive ion
modes for the range m/z 100-1300. Pressures of high-purity nitrogen gas (99.995 %) were set at
50 psi for the nebulizing gas and 40 psi for the heating gas, respectively. The source temperature
was 300 °C. The optimized values of spray voltage, declustering potential, and entrance potential
in negative mode were -4500 V, -140 V and -10 V, while the values in positive mode were 5500
V, 80 V, and 10 V, respectively. Analyst 1.4.2 software was used for data processing. Tandem
mass spectrometric analyses (LC-ESI-MS2 and MS3) were conducted at four different collision
energy levels for both negative mode (-35, -50, -65, and -80 eV) and positive mode (35, 50, 65
and 85 eV). Chlorogenic acid and rutin, compounds reported previously in potatoes, were used
as reference standards. Blank samples were run as described for the GC-MS experiments
(Navarre et al., 2011; Dastmalchi et al., 2014).
3.4.3 Fractionation of the Extracts with HPLC
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The polar extracts were fractionated using an Agilent 1200 series HPLC-PDA liquid
chromatography system (Agilent Technologies, Santa Clara, CA) equipped with a G1322A
degasser, G1311A quaternary pump, G1316A thermostatically controlled chamber, G1315B
diode array detector, and G1364C analytical fractionator. The mobile phase composition, flow
rate, gradient, and column were as described for LC-MS analysis. The detector wavelength was
set at 280 nm and 254 nm, with 360 nm used as a reference. The injection volume was 20 L.
Fractions were collected at 60-s intervals by using a time-based schedule for fraction trigger
mode from 6 min to 45 minutes, for a total time of 40 min. This fractionation protocol was
repeated twice to generate sufficient material that could be concentrated and analyzed by TOFMS to obtain the exact mass of each compound under investigation. The extracts were
concentrated about 10 times by liquid nitrogen and further fractionated using a peak-based
timetable as the fraction trigger mode. Samples were concentrated about 10 times by liquid
nitrogen to reduce the numbers of required runs. Fractions combined from 20 runs were dried by
liquid nitrogen and the two largest peaks (fractions #1 and #9) were examined by solution-state
NMR to obtain structural information.
3.4.4 Time-of-Flight Mass Spectrometry
To obtain highly accurate masses of metabolites present in the potato skin, the polar
extracts of potato native periderm were fractionated four times under the same chromatographic
conditions used in the LC-MS experiments using an Agilent 1200 series HPLC system (Santa
Clara, CA) equipped with a quaternary pump, helium degasser, column heater, diode array
detector and analytical fraction collector. Fractions were collected from 6 to 45 min with 1 min
intervals for a total time of 40 min. A Waters LCT Premier XE time-of-flight mass spectrometer
(Milford, MA) was used to obtain high-resolution molecular masses, with 400 pg/L leucine
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enkephalin (Sigma-Aldrich, m/z 556.2771) as a standard. The flow rate of the reference solution
was 100 μL/min. Mass spectra were acquired over the range m/z 100-1300 in both positive and
negative modes. The desolvation gas flow was set to 800 L/h at a temperature of 350 °C, and the
cone gas flow was 10 L/h. The cone and aperture voltages were set to 10 V and 25 V for
negative mode, 25 V and 10 V for positive mode, respectively. The data acquisition rate was
0.15 sec/scan, with a 0.01 sec interscan delay using dynamic range enhancement (DRE) lock
mass. Datasets were collected for 1 min each. The possible elemental compositions for each
accurate mass were calculated with Masslynx 4.1 software using a monoisotopic mass type.
3.4.5 Accurate-Mass Quadrupole Time-of-Flight Spectrometer
A UHPLC system (Agilent 1290 Infinity LC System), equipped with a degasser, two
binary pumps, and a thermostatted auto-sampler coupled with accurate mass quadrupole time-offlight Q-TOF (Agilent iFunnel 6550) system (Santa Clara, CA), was used to analyze both polar
and non-polar extracts of CYP-silenced metabolites using ESI+ and ESI− mode at Hunter College.
Both the polar and non-polar CYP samples were analyzed by LC-TOF with a mobile phase
consisting of (A) water containing 0.1% formic acid (v/v) and (B) acetonitrile containing 0.1%
formic acid (v/v). For polar extracts, the sample injection volume was 10 μL and the column
oven was set to 25 °C. The column, flow rate, solvent and mobile phase gradient were kept as
described in Section 3.4.2. For non-polar analysis, a 2.1 x 75 mm i.d, 2.7 µm reverse phase
Poroshell 120 EC-C8 (Agilent) UPLC column was used with a flow rate of 0.4 mL/min and
gradient elution as follows: 0-1 min: 5% B; 1-16 min: 50% - 100% B; 16-20 min: 100% B; 20-21
min: 100%-50% B; 21-23 min: 50% B. The system was operated in full scan mode from m/z 100
to 1300 for polar extracts and m/z 100-1500 for non-polar extracts. The capillary voltage was set
to 3.5 kV, nozzle voltage was 2 kV, and fragment voltage was 365 V for both positive and
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negative ionization modes; the drying gas flow rate was 17 L/min at 250 °C and gas nebulizer
was set to 25 psi for polar extracts; the drying gas flow rate was 17 L/min at 225 °C and gas
nebulizer set to 20 psi for non-polar samples. The mass accuracy of the Q-TOF instrument was
checked and optimized before analysis. The calibration solution, which contains internal
reference masses (purine (C5H4N4) at m/z 121.0509 and HP-921 [hexakis-(1H,1H,3H-tetrafluoropentoxy)phosphazene] (C18H18O6N3P3F24) at m/z 922.0098) in positive ion mode, and m/z
119.0363 and 966.0007 (formate adduct) in negative ion mode, were used for internal mass
calibration during the measurement. Data were acquired with MassHunter Acquisition software
B.05.00, and data evaluation was performed with MassHunter Qualitative and Quantitative
Analysis B.05.00.
3.4.6 Solution-State NMR Analysis
The polar extracts for metabolomics analysis were reconstituted using a 100 mM pH 7.4
phosphate buffer in D2O containing 0.01 mg/mL of the internal standard 4,4-dimethyl-4silapentane-1-sulfonic acid (DSS). NMR spectra were obtained using a Bruker AVANCE PLUS
spectrometer (Bruker Biospin, Karlsruhe, Germany) operating at an 800 MHz 1H frequency and
fitted with a cryomicroprobe for 1.7 mm o.d. sample tubes (Norell, Landisville, NJ) and an
automated NMR SAMPLEJET accessory. 1H NMR data were acquired at 25 ºC using TOPSPIN
version 3.1 software and presaturation of the residual water signal set to 4.695 ppm, a constant
receiver gain, 512 scans, and a 1.0-s recycle delay between transients. The spectrum after Fourier
transformation and signal conditioning had a spectral window of 14 ppm defined by 32K data
points.
To elucidate the structure of Fractions #1 and #9 obtained from HPLC fractionation, onedimensional

1

H NMR and two-dimensional NMR (1H-1H total correlation spectroscopy
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(TOCSY), 1H-13C heteronuclear single quantum coherence (HSQC), and heteronuclear multiple
bond correlation (HMBC) experiments were acquired on a Bruker 600 MHz NMR spectrometer.

3.5

3.5.1

Data Processing

MS Data Processing

The software package MZmine 2.4 (VTT Technical Research Center, Helsinki, Finland and
Turku Center for Biotechnology, Turku, Finland; http://mzmine.sourceforge.net/) was utilized
for processing of GC-MS and LC-MS chromatograms (Pluskal et al. 2010; Katajamaa et al.
2006) after conversion of the raw data into metabolomics data matrices suitable for multivariate
analysis (Want and Masson, 2011). The raw GC-MS data files (.qgd) were converted into
NetCDF by the software GCsolution; the raw LC-MS data (WIFF and SCAN files) were
converted

into

mzXML

files

using

the

software

Proteo

Wizard

(http://proteowizard.sourceforge.net/). The raw Q-TOF data (d. files) were converted into
mzdata. The converted files were imported to MZmine for filtering of retention time and m/z
range, peak detection including mass detection, chromatogram build and peak deconvolution,
alignment and peak finder functions. Retention time ranges of 11-55 min for GC-MS, 0-45 min
for LC-MS and 0-14 min for Q-TOF data were selected to avoid artifacts from derivatization
agents and baseline noise, respectively. The parameters for Min (minimum) time span, Min peak
duration, m/z tolerance, retention time tolerance, and noise level were: (a) 0.1, 0.1, 0.2, 0.2 and 3
x 103 for GC-MS; (b) 0.1 0.1, 0.3, 0.3 and 1.5 x 105 for LC-MS negative mode; (c) 0.1, 0.1, 0.3,
0.5 and 5 x 105 for LC-MS positive mode, respectively. The deconvoluted and aligned datasets
were exported to .csv files and normalized with EXCEL to reduce systematic error in the data
comparisons.
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Multivariate data analysis was performed with SIMCA-P+ version 13.0 (Umetrics, Umea,
Sweden) for PCA and orthogonal partial least-squares discriminate analysis (OPLS-DA), which
organized the observations, cultivar types, and variables according to their dependence on a
small number of variables. The statistical results were visualized with a score plot that
discriminated between the cultivars and among the wounding time points, establishing which
values of m/z and retention time are responsible for these differences. As described previously
(Wiklund, 2008; Dastmalchi et al., 2015), the OPLS-DA results were visualized in a scatter plot,
in which the variables at the extreme ends (e.g., MS ions) were designated as potential
biomarkers and verified as specific to a particular sample type using a variable line plot.
3.5.2 NMR Data Processing
All free induction decay data were imported and Fourier transformed, manually phased,
and baseline corrected using MestRe-C software. 1H NMR shifts were referenced to DSS at 0.0
ppm. The region that contained the resonance from water ( 4.7-4.9) was excluded to eliminate
spurious effects on signal intensities. After the removal of the water resonance region, each
spectrum was segmented over the chemical shift range 0.5-9.0 into 0.01-ppm regions, and then
exported as an ASCII file. Normalization of the peak intensities was done using the EXCEL
program. Multivariate data analysis was performed with SIMCA-P+ for PCA and OPLS-DA
methods.
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4

WILD TYPE vs. FHT-RNAI NATIVE &WOUND PERIDERMS

[Portions of the text in this chapter are drawn from the candidate’s draft manuscript to be
submitted for publication.]

4.1

Metabolite Profiling

Polar extracts from native periderms of wild-type (WT), FHT-RNAi, and two scab
phenotypes (WT-Scab and FHT-Scab) were profiled by LC-MS and 1H NMR analyses. Nine
biological replicates of each potato cultivar were run in a batch using the same method. In Figs.
4.1 and 4.2, each trace represents 9 superimposed biological replicates that show excellent
reproducibility using both LC-MS and NMR approaches. These data also provide preliminary
visualization of modest but clear differences among these four types of potato samples. For
instance, in Fig. 4.1 box 1, FHT-RNAi and FHT-Scab show a similar peak, which occurs with
higher intensity than in WT-Scab and is absent in WT. In box 2, FHT-RNAi shows two main
peaks. WT-Scab and FHT-Scab are similar, and both of these types display larger peaks than the
wild type variety. In box 3, WT and WT-Scab display similar peaks with higher intensities than
FHT or FHT-Scab types. The peak patterns of the 1H NMR spectra also clearly exhibit the
distinctions between potato varieties, as illustrated by the peaks in box 1 and 2 of Fig. 4.2.
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Figure 4.1 The reproducibility of LC-MS data . Each trace represents 9 biological replicates
superimposed (negative mode).

Figure 4.2 The reproducibility of NMR data (800 MHz 1H NMR). Each trace represents 9
replicates superimposed.
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4.2

MS-Based Metabolite Identification

The metabolites were characterized based on mass and fragmentation information (MS,
MS2 and MS3) from an Applied Biosystems Sciex4000 Q TRAP spectrometer and exact mass
values utilizing a high resolution, accurate mass TOF-MS instrument, respectively. The
metabolites were identified by comparing these data with literature reports using on-line
databases such as Scifinder, Pubchem, Metfrag, and so on. Another straightforward and effective
identification method involves running an external standard and identifying the metabolites
based on both retention time and mass data. However, the limitation of the latter method is that
not all compounds have commercial standards to compare with. 32 of the 75 detected
metabolites were identified and are shown in Table 4.1.
There are four levels of confidence in this identification work: 1) positively identified
compounds (19) which were confirmed by matching MSn, fragmentation and TOF data to
published reports; 2) putatively identified compounds (13) which match MSn data and
fragmentation expectations, but for which TOF data, literature reports, or matching MS/MS and
TOF data are unavailable and it is difficult to confirm the particular isomer; 3) putatively
identified materials within a compound class (27) that have some common daughter fragments
with known compounds; 4) unknown compounds (16). To demonstrate the identification
procedures, several typical examples corresponding to each level are described below.
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Table 4.1 Metabolites identified in polar extracts of native (n) and wound (w) potato periderms
RT
(min)
6.0

[M-H]-/[M+H]+
(amu)
191.1/193.0

MS2 (% intensity)

9.4

251.2/253.1

251.2(100), 129.0(16), 120.9(17)

10.8

249.1/250.9

249.1(100), 207.1(15), 135.0(44)

11.4

529.4/531.3

11.8

TOF
(Error)
191.0557
(2.1 ppm)
251.1399
(0.8 ppm)
249.1255
(4.4 ppm)

Compound

529.4(43), 407.3(55), 365.4(100),
285.4(17), 243.3(31), 121(23)

529.3057
(4.9 ppm)

bis(dihydrocaffeoyl)spermine
isomer
C28H42N4O6

n

249.1/250.8

249.1(100), 207.1(16), 160(3),
148.1(4), 135(61),107.1(4)

249.1255
(4.4 ppm)

Caffeoylputrescine
C13H18N2O3

n, w

(Matsuda et al.,
2005)

12.4

529.4/531.5

529.4(45), 407.4(49), 365.3(100),
285.3(19), 243.3(32), 121(20)

529.3057
(4.9 ppm)

N1,N12-bis(dihydrocaffeoyl)
spermine, C28H42N4O6

n, w

(Shakya and
Navarre, 2006)

13.3

527.4/529.2

527.4(25.8), 391.3(100), 365.3(11),
348.3(20.5), 161.0(8.3), 135.0(62),
121.0(4.9)

527.2877
(0.4 ppm)

(dihydrocaffeoyl)-(caffeoyl)
spermine
C28H40N4O6

n, w

14.3

543.3/-

(dihydrocaffeoyl)-(dihydroferuloyl)
spermine
C29H44N4O6

n

14.7

262.9/264.8c
472.3/474.0

Feruloylputrescine
C14 H20N2O3
N1,N8-bis(dihydrocaffeoyl)
spermidine
C25H35N3O6

n, w

16.6

543.3(30), 421.4(11), 365.3(100),
334.2(11), 320.2(15), 306.2(26),
285.3(15), 243.4(30), 180.1(11),
135(79), 121(34)
265.1(100), 248.1(15), 177.0(69),
145.0(19)
472.3(5), 308.2(63), 186.1(27),
121.0(100), 115.1(22), 107.9(20)

147.0(7), 111.0(100), 87.0(10)

265.1536
(-3.8 ppm)
472.2441
(-1.5 ppm)

Quinic acid
C7H12O6
dihydro-Caffeoylputrescine
C13H20N2O3
Caffeoylputrescine
C13H18N2O3

Periderm
Type (n, w)
n, w

References
(Dou et al.,
2007)

n, w
n, w

n, w

(Matsuda et al.,
2005; Navarre et
al., 2011)
(Shakya and
Navarre, 2006)

(Shakya and
Navarre, 2006)
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Table 4.1 continued, page 2 of 5
RT
(min)
17.0

[M-H]-/[M+H]+
(amu)
353.3/355.0

MS2 (% intensity)

17.5

375.1/376.7

19.5

179.0/181.0

20.0

449.1/473.1e

20.6

693.4/695.1

21.2

TOF
(Error)
353.0870
(-0.8 ppm)

Compound

375(2), 215.0(10), 201.0(100),
179.0(31.8), 161.1(21), 157(9),
135(41)

375.0701
(0.8 ppm)

353+Na
C16H17O9Na

n, w

179.0(2), 135.0(100), 134.0(14),
117.1(4), 107.0(15), 89(4)
449.1(79), 287.0(53), 269.1(97),
259.1(100), 150(11)
693.4(12), 571.4(26), 529.4(65),
449.4(21), 407.3(100), 365.4(86),
285.3(46), 243.3(38), 121(15)

179.0353
(-1.6 ppm)
449.1083
(-1.3 ppm)
693.3513
(1.1 ppm)

Caffeic acid
C9H8O4
Eriodictyol 7-β-D-glucoside
C21H22O11
N1,N4,N12-tris(dihydrocaffeoyl)
spermine
C37H50N4O9

n, w

691.6/693.1

691.4(4), 529.4(100), 407.4(27),
365.4(48), 161(35.7)

691.3324
(-2.7 ppm)

n

24.1

798.4/800.5

798.4(2), 636.3(100), 514.3(10),
472.3(37), 350.2(12)

25.0

593.3/595.1

593.2(48), 285.1(100), 284.1(81),
255(25)

tris(N1-caffeoyl, N4,N12dihydrocaffeoyl) spermine
C37H48N4O9
N1,N4,N8-tris(dihydrocaffeoyl)
spermidine hexcoside
C40H53N3O14
Luteolin-7-O-rutinoside
C27H30O15

25.4

328.2/330.4

N-feruloyloctamine (FO)
C18H19NO5
Ferulic acid amide
C18H17NO4 [328-H2O]
N1,N4,N8-tris(dihydrocaffeoyl)
spermidine
C34H43N3O9

n

310.1/312.2
26.4

636.3/638.1

191(100), 161.1(8), 135(5)

310.1(59), 295.1(20), 252.2(8.5),
161.0(100), 133(26)
636.3(59), 514.3(35), 472.2(100),
392.2(26), 350.2(91), 308.2(61),
228.2(25)

593.1507
(0.7 ppm)
328.1193d
(-0.3 ppm)
310.1074
(-3.5 ppm)
636.2927
(0.1 ppm)

1-O-caffeoylquinic acid, C16H18O9
3-O-caffeoylquinic acid, C16H18O9
5-O-caffeoylquinic acid, C16H18O9

Periderm
Type (n, w)
n, w

References
(Narváez-Cuenca
et al., 2012;
Dastmalchi et
al., 2014)
(Narváez-Cuenca
et al., 2012;
Dastmalchi et
al., 2014)
(Narváez-Cuenca
et al., 2012)

n
n, w

n

n

n, w

(Shakya and
Navarre, 2006;
Dastmalchi et
al., 2014)

(Parr et al.,
2005; Neubauer
et al., 2012)
(Chen et al.,
2012;
Dastmalchi et
al., 2014)
(Shakya and
Navarre, 2006)

(Shakya and
Navarre, 2006;
Dastmalchi et
al., 2014)
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Table 4.1 continued, page 3 of 5

RT
(min)
28.3

[M-H]-/[M+H]+
(amu)
912.5/-

Compound

912.5(48), 866.5(100), 720.6(1.5),
704.5(16)

TOF
(Error)
912.4982
(2.3 ppm)

866.6/868.2

866.5(14),720.5(7), 704.5(100),
558.5(19)

866.4918
(1.2 ppm)

-Solanine
C45H73NO15

n, w

896.5/-

896.5(51), 850.5(100), 704.5(4)

896.5046
(3.8 ppm)

-Chaconine+ HCOOH
(C45H73NO14 + HCOOH)

n, w

[M+HCOO-H]-

28.3

28.4

MS2 (% intensity)

[M+HCOO-H]-

-Solanine + HCOOH
(C45H73NO15 + HCOOH)

Periderm
Type (n, w)
n, w

28.6

850.5/852.1

850.5(100), 704.4(14)

850.4993
(4.1 ppm)

-Chaconine
C45H73NO14

n, w

28.8

704.5/706.5

704.4(75), 558.6(50), 112.9(100)

1049.5/1051.3

1049.5(38), 903.4(100), 757.4(55),
741.4(21), 433.4(13)

29.2

857.4/859.4

29.6

623.4/-

857.4(67), 735.4(100), 693.4(100),
571.5(59), 529.4(61), 449.4(30),
407.4(50), 365.4(21), 285.4(13)
623.4(11), 460.2(100), 445.4(14),
336.2(24), 324.2(13), 322.2(30)

-Solanidine-Glc-Rha
C39H63NO10
Dihydro-ASP-II
1047+2H
C51H86O22
N1,N4,N9,N12tetra(dihydrocaffeoyl)spermine
C46H58N4O12
FT-FT dimer (Grossamide)
C36H36N2O8

n

29.0

704.4374
(0.7 ppm)
1049.5568
(2.9 ppm)
857.3973
(0 ppm)
623.2405
(1.0 ppm)

n, w

References
(Matsuda et al.,
2004; Shakya
and Navarre,
2006)
(Matsuda et al.,
2004; Shakya
and Navarre,
2006;
Dastmalchi et
al., 2014)
(Matsuda et al.,
2004; Shakya
and Navarre,
2006;
Dastmalchi et
al., 2014)
(Matsuda et al.,
2004; Shakya
and Navarre,
2006;
Dastmalchi et
al., 2014)
(Matsuda et al.,
2005)
(Dawid and
Hofmann, 2014)

n

(Shakya and
Navarre, 2006)

n

(Bolleddula et
al., 2012;
Dastmalchi et
al., 2014)
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Table 4.1 continued, page 4 of 5

RT
(min)
30.4

[M-H]-/[M+H]+
(amu)
1047.5/625.2

MS2 (% intensity)

31.7

655.3/657.1

32.0

312.1/314.2

34.2

641.2/-

34.6

623.4/625.2

35.5

TOF
(Error)
1047.5391
(0.9 ppm)

Compound

655.3(100), 637.3(62), 619.4(39),
484.3(30), 476.3(16), 458.3(78),
415.4(20), 297.3(42)
312.0(100), 297.1(32), 190.2(34),
178.8(49), 176.1(13), 148.1(31)

655.2301d
(0.6 ppm)

FO-FO dimer
C36H36N2O10

n, w

312.1236
(0.9 ppm)

N-Feruloyltyamine (FT)
C18H19NO4

n

623.4(10), 489.2(19),460.2(41),
336.2(10), 326.2(100), 312.2(15),
151.0(16)
623.4(40), 460.2(100), 445.2(25),
444.2(50), 336.1(26), 283.1(27)

641.2513 d
(-1.0 ppm)

Dihydro-FT-FO dimer
C36H38N2O9

n

623.2405
(1.0 ppm)

FT-FT dimer (Grossamide )
C36H36N2O8

n, w

639.3b/641.3

639.3(100), 621.5(70), 460.4(78),
297.3(54), 578.5(30), 486.3(29),
458.3(21), 415.4(10)

639.2346d
(0.6 ppm)

FT-FO dimer
C36H36 N2O9

n, w

37.5

623.4/625.3

623.4(11), 460.2(100), 445.4(14),
336.2(24), 324.2(13), 322.2(30)

623.2405
(1.0 ppm)

FT-FT dimer (Grossamide)
C36H36N2O8

n, w

21.8

723.4/725.4

22.5

721.2/723.5

1047.4(100), 901.5(64), 883.5(16),
755.4(31), 737.5(11)

Protodioscin/neoprotodiosin
C51H84O22

Incompletely Identified Constituents
723.4(77), 708.4(100), 691.4(9),
723.1753
Polyamine
571.4(17), 555.4(47), 544.4(17),
529.4(75), 407(22), 391.3(14),
365.3(16), 137(40)
555.3(100), 529.4(17), 512.3(17),
Polyamine
433.3(14), 407.4(4), 391.3(51),
390.3(29), 365.2(7), 348.3(35),
191.0(4), 165.0(10), 163.0(5),150(26)

Periderm
Type (n, w)
n, w

n

n

References

(Matsuda et al.,
2004;
Dastmalchi et
al., 2014)

(Serra et al.,
2010;
Dastmalchi et
al., 2014)
(Serra et al.,
2010;
Dastmalchi et
al., 2014)
(Serra et al.,
2010;
Dastmalchi et
al., 2014)
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Table 4.1 continued, page 5 of 5
RT
(min)
22.6

[M-H]-/[M+H]+
(amu)
903.3/-

23.0

933.2/-

23.7

903.3/905.4

24.5

933.2/935.4

MS2 (% intensity)
903.1(13), 741.2(24.3), 723.3(6.9),
647.3(13.6), 621.2 (7), 577.2(6),
501.0(13.6), 449.1(100), 311.1(10),
287.1(44.4), 269.0(19.5), 193.0(13)
933.2(11), 753.2(18), 677.1(19),
651.4(12), 501.2(19), 479.2(70),
449.2(100), 341.1(16), 317.1(25),
299.1(19), 287.1(46), 269.0(19.8),
193.0(9.3)
903.1(7), 741.2(26), 723.3(8.3),
647.3(9.7), 621.2 (9.3), 577.2(7),
501.0(8), 449.1(100), 287.1(36),
269.0(17.7), 311.1(14), 193.0(8)
933.2(64), 795.3(5), 771.3(16),
753.2(5.1), 677.2(8.8), 651.2(3),
501.2(6.6), 449.1(100), 287.1(13.2)

TOF
(Error)
903.2575d
(1.2 ppm)

Compound

933.2677d
(-0.7 ppm)

C43H50O23
Flavonoid

n

903.2575d
(1.2 ppm)

C42H48O22
Flavonoid

n

933.2677d
(-0.7 ppm)

C43H50O23
Flavonoid

n

C42H48O22
Flavonoid

Periderm
Type (n, w)
n

References

Unidentified
20.8, 721.3/723.5; 21.0, 719.4/-; 22.1, 721.3; 22.6, 719.4 /721.0; 22.7, 885.4/887.4; 24.3, 963.1a/965.5; 26.2, 1019.4/1021.5; 26.8, 664.3/666.3;
27.3, 925.4/927.7; 27.7, 634.5/636.0; 27.7, 666.3/668.3; 28.1, 1065.4a/1067.8; 28.9, 803.3b/805.5; 29.5, 1063.4/1064.8; 29.5, 885.4 /-; 29.6,
751.4/-; 29.9, 1061.5/938.7; 30.0, 887.4/889.1; 30.1, 1045.4/1047.8; 30.3, 1048.5b/-; 30.7, 602.2b/-; 30.4, 885.4b/-; 31.5, 1033.4/1035.7; 32.3,
1091.4/1093.5; 34.3, 932.3/934.4; 34.5, 946.4b/948.5; 35.2, 933.3/-; 35.6, 917.4/-; 35.6, 871.8/873.6; 36.0, 916.4/918.6; 38.6, 329.3/b

35 identified metabolites for native periderm and 23 identified metabolites for wound periderm (w) after 14 days
37 unidentified metabolites for native periderm and 10 unidentified metabolites for wound periderm after 14 days (bold)
a

Wild type only.

b

FHT-RNA only.

c

MS2 extracted from positive mode.

d
e

TOF data from Hunter College LC-TOF instrument.
[M+Na]+ .
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4.2.1 Metabolite Identification-Positively Identified
A molecular anion at m/z 472.2 was reported as N1,N8-bis(dihydrocaffeoyl) spermidine
(C25H35N3O6), according to a previous study of potato tissues (Shakya and Navarre, 2006).
Product ions at m/z 350.3 and 308.2 are fragment ions resulting from neutral losses from the
parent ion at m/z 472.2 of 122 (-C7H6O2) and 164 (-C9H8O3) respectively, suggesting the
presence of dihydrocaffeic acid in this compound (Fig. 4.3). This identification was confirmed
by a high-accuracy negative-mode TOF-MS ion at m/z 472.2438 (Fig. 4.4), which deviates by
less than 5 ppm from the monoisotopic calculation of m/z 472.2441:
Mass error in parts per million (ppm) =

× 106

Figure 4.3 ESI-LC-MS2 chromatogram of m/z 472.2 including the structure and
fragmentation patterns.
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Figure 4.4 TOF mass chromatogram of the ion with m/z 472.2.

4.2.2 Metabolite Identification-Provisionally Identified
A negative ion with m/z 529 was reported as N,N-bis(dihydrocaffeoyl)spermine
(C28H42N4O6), according to previous studies of potato tissues (Parr et al. 2005; Narváez-Cuenca
et al. 2012). This identification was confirmed by its high-accuracy TOF-MS ion at m/z 529.3057,
which displayed less than 5ppm error from the monoisotopic calculation. However, there are
four possible isomers (N1, N4; N1, N9; N1, N12; and N4, N9 at retention times 10.8, 11.4, 11.9 and
12.4 min as shown in Fig. 4.5. It is highly challenging to determine the isomer from LC-MS/MSn
and TOF data. Based on 2D NMR data and an ACD simulation (shown in the section on NMR
metabolite identification), it was determined that the metabolite with molecular anion m/z 529.4
at RT 12.4 min is N1,N12-bis(dihydrocaffeoyl)spermine.
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HO
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N
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HO
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Figure 4.5 Structure of N1,N12-bis(dihydrocaffeoyl)spermine and the extracted ion
chromatogram (EIC) of m/z 529 from the LC-MS chromatogram, showing four isomer peaks.

The negative ion at m/z 543 has a similar fragmentation pattern to the ion at m/z 529, but
there is no literature report of the identification of m/z 543 in similar plant tissues. Both m/z 543
and 529 produced the same MS2 fragments (365, 407, and 285), indicating similar molecular
structures. The mass difference between these two ions is 14, and the peak at m/z 543 also
displays a neutral loss of 178, implying that part of the molecular structure of ion 543 is
dihydroferulic acid rather than dihydrocaffeic acid. The putative structure for m/z 543 is drawn in
Fig. 4.6; assignment of the MS2 fragments further supports the structure of m/z 543 as N1,N12(dihydrocaffeoyl)(dihydroferuloyl)spermine.
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HO

A

NH
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NH
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-164

HO
O

H
N

H2N

OH

N
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HO

OH
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O

H
N

NH

N
H

O

NH

407
HO

OH

B
H3CO
NH

HO
O

H
N

O
N
H

NH

543
HO

OH

C

529 [M-H]

543[M-H]

365[M-H-164]

365[M-H-178]

407[M-H-122]

243[M-H-178-122]

243[M-H-164-122]

285[M-H-136-122]

Figure 4.6 The structure and daughter fragments of ions at m/z 529 and 543. A: the
structure of the ion at m/z 529 and proposed fragmentation process; B: the structure of the ion at
m/z 543; C: fragment ions of m/z 529 and 543 are shown in the left-hand and right-hand boxes,
respectively.
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4.2.3 Metabolite Identification-Structural Class Only
Negative ions with m/z 803 and 641 share some fragments with the ion at m/z 623 as
shown in Table 4.2. Both metabolites at m/z 641 and m/z 623 produce the same fragments at
623.4, 460.2 and 336.2, while 803 and 641 share fragment ions at 641.3 623.3, 326.2, 489.2,
151.2 and 312.2. Metabolites at 641 and 623 were identified as a dihydro-FT-FO dimer and an
FT-FT dimer, respectively (Table 4.1).

Although there is no literature report on the

identification of m/z 803, it belongs to the same structural class as metabolites 641 and 623,
which are dimers of hydroxycinnamic acid amides.

Table 4.2 MS2 list for metabolites at m/z 623, 641 and 803
RT (min)

m/z

MS/MS ions (% peak intensities)

(amu)
37.5

623.4

460.2(100)a, 322.2(30), 336.2(24), 445.4(14), 324.2(13), 623.4(11)

28.9

803.3

641.3(100), 326.2(83), 489.3(82), 151.1(27), 623.3(26), 312.2(20), 803.3(3)

28.9

641.2

326.2(100), 460.2(31), 489.2(19), 151.0(16), 312.2(15), 336.2(10), 460.5(10), 623.4(10)

a

4.3

Shared fragment ions are underlined.

NMR-based Metabolite Identification

Concentrated samples run by HPLC were collected with a time-based fractionator. 22
fractions were collected as shown in Fig. 4.7. These collection tubes could contain impurities or
mixtures, but the two largest peaks, designated as fractions #1 (compound 1) and #9 (compound
2), were examined with 600 MHz 1H NMR. To elucidate the structure of the metabolites, 1H-1H
53

total correlation spectroscopy (TOCSY),

1

H-13C heteronuclear single quantum coherence

(HSQC), and 1H-13C heteronuclear multiple bond correlation (HMBC) experiments were
performed by 600 MHz NMR.

Figure 4.7 HPLC chromatograms and time-based fractionation , showing detection at two
wavelengths.
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4.3.1

Fraction # 1(Compound 1): N1,N12-bis(dihydrocaffeoyl)spermine
Compound

1

was

designated

by

MS-based

identification

as

N,N-

bis(dihydrocaffeoyl)spermine (C28H42N4O6), which has four different isomers. The structures of
N1,N12 and N4,N9 isomers, which have symmetric structures, are shown in Fig. 4.8; calculated
proton chemical shifts () are listed in Tables 4.3 and 4.4, according to an ACD 1H NMR
simulation. The 1H NMR spectrum only shows one set of dihydrocaffeoyl proton signals, and 2D
NMR shows only half of the proton carbon correlation signals that are expected, which indicates
that compound 1 has molecular symmetry.
There is no significant chemical shift difference between the N1,N12 and N4,N9 isomers
for the dihydrocaffeoyl part of the molecules, but some shifts are expected for the spermine
according to the ACD 1H NMR simulation (Tables 4.3 and 4.4). Fig. 4.9 shows the proton NMR
of compound 1, including some impurity peaks. The values  6.85 (2H, d, J=8.4 Hz), 6.77 (2H, d,
J =1.8 Hz) and 6.7 (2H, dd, J =1.8, 8.4) indicate the presence of two 1, 3, 4-trisubstituted
benzene rings. Here d is a doublet, dd represents a doublet of doublets, and J is the scalar
coupling. The proton chemical shift assignments of compound 1 are listed in Table 4.5 based on
1

H NMR and 2D NMR HSQC, TOCSY and HMBC (Fig. 4.10-12). The HMBC spectrum was

used to determine the dihydrocaffeoyl substitution position from the correlation between H-1
() and C9′ (). 1D and 2D NMR confirm that the compound is N1,N12bis(dihydrocaffeoyl)spermine.
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A

B

Figure 4.8 Symmetric structures of (dihydrocaffeoyl)(dihydroferuloyl)spermine. A: N1,N12(dihydrocaffeoyl)(dihydroferuloyl)spermine; B: N4,N9-(dihydrocaffeoyl)(dihydro-feruloyl)spermine.
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Table

4.3

ACD

calculation

of

proton

chemical

shifts

for

N1,N12-

(dihydrocaffeoyl)(dihydroferuloyl)spermine
Group

nH

Shift (ppm)

5', 5"

2

6.66

6', 6"

2

6.58

2', 2"

2

6.61

7', 7"

4

2.83

8', 8"

4

2.38

1NH, 4NH, 9NH, 12NH, 3', 4', 3", 4"

8

5.67

1, 12

4

3.27

2, 11

4

1.84

3, 10

4

2.77

5, 8

4

3.03

6, 7

4

1.78

Table 4.4 ACD calculation of proton chemical shifts for N4,N9-(dihydrocaffeoyl)
(dihydroferuloyl)spermine
Group

nH

Shift (ppm)

5', 5"

2

6.69

6', 6"

2

6.59

2', 2"

2

6.62

7', 7"

4

2.81

8', 8"

4

2.71

1NH, 12NH, 3', 4', 3", 4"

8

4.42

1, 12

4

2.88

2, 11

4

1.91

3, 10

4

3.42

5, 8

4

3.30

6, 7

4

1.40
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Table 4.5 Observed proton chemical shifts of Compound 1
Group

nH

Shift (ppm)

5', 5"

2

6.85

6', 6"

2

6.70

2', 2"

2

6.77

7', 7"

4

2.79

8', 8"

4

2.55

8

6.5

1, 12

4

3.20

2, 11

4

1.70

3, 10

4

2.59

5, 8

4

2.89

6, 7

4

1.70

1NH, 12NH, 4NH, 9NH, 3', 4', 3", 4"

Chemical shift

Figure 4.9 600 MHz 1H NMR spectrum of compound 1. The signal intensity at 4.7 ppm is
attributed to residual protons in HOD. There are some impurity peaks, which may come from
other isomers or co-eluting compounds.
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Figure 4.10 1H-13C HSQC spectrum of compound 1.
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Figure 4.11 1H-1H TOCSY spectrum of compound 1. Peaks were assigned on the left half of
molecule because of symmetry, as shown in Figure 4.8.
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Figure 4.12 1H-13C HMBC spectrum of compound 1. Peaks were assigned on the left half of
molecule because of symmetry, as shown in Figure 4.8.
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4.3.2 Fraction # 9 (Compound 2): 5-O-Caffeoylquinic acid
Compound 2 was designated according to MS-based identification as monocaffeoyl
quinic acid (C16H18O9), which has three different isomers: 3-O-Caffeoylquinic acid, 4-OCaffeoylquinic acid and 5-O-Caffeoylquinic acid. Fraction 9 is still a mixture, with the major
product confirmed by 1D and 2D NMR to be 3-O-Caffeoylquinic acid (compound 2) (Fig. 4.13).
ACD NMR spectral simulations for 3-O-Caffeoylquinic acid, 4-O-Caffeoylquinic acid and 5-OCaffeoylquinic acid are listed in Table 4.6. The 1H NMR spectrum (Figs. 4.14 and 4.15) shows
two sets of caffeoyl moiety proton signals, and HSQC (Fig. 4.16 and 4.17) shows more protoncarbon correlation signals than one mono caffeoyl quinic acid isomer, which indicates that
fraction 9 is a mixture. The major compound is labeled as A and the minor one is labeled as B. In
the expanded 1H NMR spectrum shown in Fig. 4.15,  6.85 (1H, d, J=8.0 Hz, H-A5'), 7.20 (1H,
d, J =1.8 Hz, H-A2') and 7.12 (1H, dd, J =1.8, 8.0, H-A6'), together with  7.66 (1H, d, J=16 Hz,
H-A7') and 6.40 (1H, d, J =16 Hz, H-A8'), constitute one set of caffeoyl moiety signals for
compound A;  6.60 (1H, d, J=8.0 Hz, H-B5'), 6.91 (1H, d, J =1.8 Hz, H-B2') and 6.87 (1H, dd,
J =1.8, 8.0, H-B6'), together with  7.65 (1H, d, J=16 Hz, H-B7') and 6.27 (1H, d, J =16 Hz, HB8'), are another set of caffeoyl moiety signals for compound B, which intensity is relative lower
than that of compound A. The proton chemical shift assignments for compound 2 are listed in
Table 4.6 based on 1H NMR and 2D HSQC NMR. HMBC and TOCSY correlation experiments
did not have sufficient signal intensity to yield reliable interpretations. Fraction 9 is a mixture of
3-O-Caffeoylquinic acid (A), 5-O-Caffeoylquinic acid (B) and another impurity.
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Figure 4.13 Structure of compound 2: 3-O-Caffeoylquinic acid.

Table 4.6 Chemical shift calculation for caffeoyl quinic acid isomers and Compound 2
assignment
Group

3-(H)

3-(C)

4-(H)

4-(C)

5-(H)

5-(C)

A(H)

1

_

77.17

_

76.93

_

77.17

_

2

2.08;

37.30

2.22

36.41

2.09;

38.30

2.02;

2.23

2.15

A(C)

B(H)

B(C)

_
37.77

2.11

2.00;

38.89

2.17

3

5.36

71.46

4.32

68.53

4.19

71.46

5.30

71.49

4.22

71.30

4

3.74

73.54

4.85

76.94

3.74

73.54

3.63

72.18

3.84

73.44

5

4.19

71.70

4.32

68.49

5.36

71.70

4.09

69.04

5.3

71.49

6

2.09;

38.30

2.22

36.41

2.08;

37.30

2.00;

38.89

2.02;

37.77

2.15

2.23

2.17

2.11

7

_

180.62

_

178.33

_

180.62

_

_

1’

_

127.19

_

125.70

_

127.19

_

_

2’

7.11

114.8

7.06

114.76

7.11

114.8

7.20

3’

_

145.02

_

148.20

_

145.02

_

_

4’

_

147.82

_

145.50

_

147.82

_

_

5’

6.82

116.41

6.80

116.15

6.82

116.41

6.93

116.8

6.60

113.1

6’

6.98

122.96

6.91

121.10

6.98

122.96

7.12

123.3

6.87

122.5

7’

7.57

146.45

7.54

144.23

7.57

146.45

7.66

146.72

7.65

148.85

8’

6.28

115.29

6.44

115.45

6.28

115.29

6.40

115.4

6.27

111.2

9’

_

169.31

_

167.53

_

169.31

_

115.7

6.91

110.2

_

Note: 3-(H) and 3-(C) represent proton and carbon chemical shifts of 3-O-Caffeoylquinic acid.
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Figure 4.14 1H NMR spectrum of compound 2 (800 MHz). The signal intensity at 4.7 ppm is
attributed to residual protons in HOD. There are some impurity peaks, which may come from
isomers or other compounds.
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Figure 4.15 Expansion of the aromatic region of the 1H NMR spectrum of compound 2.
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Figure 4.16 HSQC spectrum of aromatic region of compound 2.
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Figure 4.17 HSQC spectrum of the aliphatic region of compound 2.

As mentioned before, NMR experiments have relatively poor sensitivity, which lead to a
need for greater sample volume and/or running time. Even after significant labor, not all of the
metabolites of interest can be obtained with sufficient purity and volume to obtain good NMR
data for analysis. Thus molecular identification becomes the main limitation of NMR-based
metabolomics analysis.
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4.4

Multivariate Analyses of Polar Extracts from Native Potato Periderms

To compare the metabolic profiles of WT, FHT-RNAi, WT-Scab and FHT-Scab varieties,
PCA and Hierarchical Clustering Analysis (HCA) were carried out for the LC-MS data. The
resulting score plot shows a good clustering for biological replicates and a clear separation of
metabolites for different varieties using both negative and positive modes of detection in the LCMS experiments (Fig. 4.18). The resulting PCA plot of negative-mode LC-MS data (Fig. 4.18 A)
shows that the varieties represented by nine biological replicates are each clustered very tightly
and clearly separated from each other. According to PC 1, WT is more distinct compared with
the other three varieties, which suggests that WT has a large difference in metabolome compared
with FHT-RNAi, WT-Scab and FHT-Scab. FHT-RNAi has significant differences from WTScab and FHT-Scab in PC 2. WT-scab and FHT-Scab are close in both PC1 and PC2, but they
are nevertheless separated from each other. Analogous discrimination is observed in positivemode LC-MS data from polar extracts (Fig. 4.18 B). In an HCA plot, the y-axis of the
dendrogram represents the distance or dissimilarity between clusters and the x-axis represents
each sample and cluster. According to Figs. 4.18 C and D, four clusters are formed
corresponding to the four varieties of potato. This analysis also shows that WT has more
dissimilarity with the other three clusters according to the different height of its line. Thus both
PCA and HCA plots in Fig. 4.18 confirm that negative and positive mode LC-MS data yield the
same result: Nine biological replicates of each variety are clustering closely and FHT-RNAi has
a more similar polar metabolite pool with respect to the Scab type than the wild-type varieties. In
an analogous fashion, Fig. 4.19 demonstrates consistent clustering and divergence based on 1H
NMR data. Analogous discrimination is also observed in GC-MS and 1H NMR of the non-polar
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extracts obtained concurrently from these same potato samples (Qing Cai, personal
communication).

Figure 4.18 Multivaritate analysis of polar extracts from four varieties of native potato
periderms. A: PCA plot for a negative mode LC-MS data set; B: PCA plot of a positive mode LCMS data set; C: HCA plot of a negative mode LC-MS data set; D: HCA plot of a positive mode LCMS data set.
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Figure 4.19 Score plot from PCA analysis of 1H NMR data for polar metabolites in wild
type, FHT-RNAi, WT-Scab and FHT-Scab, showing discrimination among the four varieties.

4.5

FHT Silencing Effect on Native Periderm

4.5.1 Multivariate Analyses of Soluble Extracts
We are interested in the effect of FHT silencing on the potato periderm metabolic profiles,
so further PCA analysis was performed on wild type and FHT-RNAi varieties. In Fig. 4.20. A,
the score plot illustrates results for the polar metabolites from WT and FHT-RNAi native
periderms detected by negative-mode LC-MS. Nominally identical samples (nine replicates)
cluster very well, but the two periderm types are clearly separated from each other with respect
to the first principal component, indicating notable and consistent changes among the polar
soluble metabolites in native potato periderms that are associated with FHT-RNAi silencing.
Analogous discrimination is observed in positive-mode LC-MS data from polar extracts and for
GC-MS of the non-polar extracts. Orthogonal Partial Least Squares Discriminant Analysis
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(OPLS-DA), a robust supervised method for identifying the contribution of particular
metabolites to class differences (Worley and Powers, 2013; Gray and Heath, 2005), was then
applied to identify the differentially accumulated compounds for FHT-RNAi and WT periderms
from the LC-MS (and GC-MS) data described above. These potential biomarkers are designated
as those metabolites that have notably increased or decreased relative abundance or are present
as unique compounds in a sample of interest. By displaying the covariance and correlation from
the OPLS-DA model as a scatter plot (S-plot), we visualized both the magnitude of the enhanced
abundance (p[1]) and the reliability of the effect (p(corr)[1]) (Fig. 4.20 B). Fig. 4.20 C illustrates
‘outlier’ points in the LC-MS metabolomic data that have high confidence scores (correlation
values above 0.8 signifying abundance) and specificity to a particular sample type (validated by
a variable line plot, Fig. 4.20 D), respectively. These S-plot data points were then linked to the
corresponding chromatographic retention times, m/z values, and particular chemical compounds
by comparison with reference databases or published MS data (Wiklund, 2008) (GC-MS data
obtained by Qing Cai are not shown).
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Figure 4.20 Multivariate analysis for metabolites of polar extracts from native potato
periderm samples, color-coded for WT (red) and FHT-RNAi (blue) potato periderms. A: PCA plot;
B: OPLS-DA plot; C: Scatter plot (S-plot) highlighting potential biomarkers; D: variable line plot
showing significant contributions to different metabolite profiles for the native potato periderms
from wild-type (WT) and FHT-RNAi silenced tubers, derived from negative-mode LC-MS data for
their polar extracts.
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In this way, we identified 25 of 33 potential biomarkers in the polar extracts (Table 4.7)
that belong to various structural classes. Compared with the WT periderm, phenolic amines such
as caffeoylputrescine, feruloylputrescine, feruloyltyramine, and amide dimers were highly
abundant markers for the FHT-RNAi native periderm. Each of these phenolic amines was
reported previously for FHT-RNAi cultivars in a qualitative analysis using methanol-water
extraction of potato periderms (Serra et al., 2010). Phenolic acids related to caffeoyl quinic acid
and glycoalkaloids such as α-chaconine, α-solanine and protodioscin were found as highly
abundant WT biomarkers in the polar extracts.
For the non-polar extracts analyzed by Qing Cai, 25 of 31 biomarkers were identified
(Table 4.8), where the highly abundant FHT-RNAi metabolites included long-chain saturated
fatty acids (C22, C23, C24, C27), long-chain primary alcohols (C22, C26, C27, C28, C29),
methyl esters (C17:0, C19:2) and 1-monohexadecanoyl glycerol. By contrast, the classes of
highly abundant metabolites characteristic of WT periderms included alkanes (C21, C23, C25,
C27, C29), caffeic acid, other fatty acids (C16:0, C18:0, C18:2), and 2-hydroxydecanedioic acid.
To put these findings for both types of periderm extracts into context, all 32 polar and 76 nonpolar identified metabolites appear in Table 4.1 and Table 4.9. Comparisons with related reports
are discussed below.
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Table 4.7 Potential biomarker metabolites by chemical class and structure for polar extracts from native potato periderms
No.

Ions a

TOF b
(error)

1

250.9
[M-H]-

251.1399
(0.8ppm)

249.3c
[M-H]-

249.1255
(4.4ppm)

265.1d
[M+H]+

265.1536
(-3.8ppm)

2

MS/MS Fragment
iona

Compound Name,
Molecular Structure
Formula
FHT-RNAi up-regulated biomarkers
Phenolic amines
O
129.0, 120.9, 93.0
DihydroHO
NH
Caffeoylputrescine
C13H20N2O3
HO
O
207.1, 160.9, 148.1,
Caffeoylputrescine
HO
135, 107.1
C13H18N2O3
NH

Ref.

Not reported
NH2

NH 2

HO

3

248.1, 177.0, 145.0

Feruloylputrescine
C14H20N2O3

O
O

NH 2

NH
HO

4

5

6

7

312.1c
[M-H]623.4
[M-H]623.3
[M-H]655.3
[M-H]-

312.1236
(0.9ppm)
623.2405
(1.0ppm)
623.2405
(1.0ppm)
655.2301
(0.6ppm)

297.1, 190.2, 178.8,
148.1
460.2, 445.4, 336.2,
324.2, 322.2
460.2, 444.2, 623.4,
283.1, 336.1, 445.2
655.3, 637.3, 619.4,
484.3, 476.3, 458.3,
415.4, 297.3

N-Feruloyltyamine
(FT)
C18H19NO4
Grossamide
(FT-FT dimer)
C36H36N2O8
Grossamide
(FT-FT dimer)
C36H36N2O8
FO-FO dimer
C36H36N2O10

OH

O

(Matsuda et al.,
2005; Dastmalchi et
al., 2014)
(Serra et al., 2010;
Dastmalchi et al.,
2014)

O
NH
HO

OH
HO
O

H3CO

OH

NH

(Matsuda et al.,
2005; Dastmalchi et
al., 2014)
(Matsuda et al.,
2005; Dastmalchi et
al., 2014)

O

O

NH
H3CO

Cis/trans Grossamide
OH

Not reported

HO
O

H3CO

NH
O

O
NH

H 3CO

OH

OH

OH
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Table 4.7 continued, page 2of 5
No.

Ions a

TOF b
(error)

8

641.4
[M-H]-

641.2513
(-1.0ppm)

MS/MS Fragment
iona

Compound Name,
Molecular Structure
Formula
FHT-RNAi up-regulated biomarkers
Phenolic amines
623.4, 489.2, 460.2,
Dihydro-FT-FO dimer
HO
336.2, 326.2, 312.2,
C36H38N2O9
O
H3CO
NH
OH
151.0

Ref.

OH

Not reported
OH

O

O

NH
H 3CO

9

639.4
[M-H]-

639.2346
(0.6ppm)

621.5, 460.4, 297.3,
578.5, 486.3, 458.3,
415.4

FT-FO dimer
C36H36N2O9

OH
HO
O

H3CO

NH
O

OH

O
NH

H 3CO

Incompletely Identified Constituents
10

721.2

721.1606

11

803.2

803.3113

12

602.3

721.2, 706.3, 585.4,
570.3, 555.4, 529.3,
512.3, 407.3, 391.3,
348.2, 191,150
803.3, 641.3, 623.3,
489.3, 326.2, 312.2,
151.1
602.2, 341.2, 328.2,
282.1, 250.1, 245.0,
231.0, 193.0, 151.0,
136.0

phenolic amines

cinnamic acid
derivative

OH

(King and Calhoun,
2010; Landgraf et al.,
2014; Anon, 2010)
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Table 4.7 continued, page 3of 5
No.

Ions

TOF
(error)

13

353.1c
[M-H]-

353.0870
(-0.8ppm)

14

375.0
[M+NaH]353.1
[M-H]-

375.0701
(0.8ppm)
353.0870
(-0.8ppm)

191.0, 161.1, 135

375.8
[M+NaH]179.1
[M-H]-

375.0701
(0.8ppm)

201.0, 179.0, 161.1,
135

15

16

17

MS/MS Fragment
Compound Name,
Molecular Structure
ion
Formula
FHT-RNAi down-regulated biomarkers
Phenolic acids
OH
191.0, 161.1, 135
caffeoyl quinic acid
OH
O
isomer
O
C16H18O9
HO
O
OH
201.0, 179.0, 161.1,
C16H17O9Na
OH
135
HO

161, 135.0, 107.0, 89

Ref.

(Narváez-Cuenca et
al., 2012; Dastmalchi
et al., 2014)

caffeoyl quinic acid
isomer
C16H18O9
C16H17O9Na

Caffeic acid
C9H8O4

O

(Narváez-Cuenca et
al., 2012)

HO
OH
HO

18
19

866.2c
[M-H]912.5c
[M+HCO
OH-H]-

866.4918
(1.2ppm)
912.4982
(2.3ppm)

720.5, 704.5, 558.5
866.5, 720.6, 704.5

Glycoalkaloids
-Solanine
C45H73NO15
-Solanine+HCOOH
C45H73NO15.HCOOH

H
H

H

HOH 2 C

21

850.1c
[M-H]896.5c
[M+HCO
OH-H]-

HOH 2 C

O

850.5, 704.5

-Chaconine
C45H73NO14
-Chaconine+HCOOH
C45H73NO14.HCOOH

H

O
OH

O

O

HO

850.4993
(4.1ppm)
896.5046
(3.8ppm)

H

O
HO

OH

O

OH
OH

20

N

H

H3 C

OH
H
H
N

H

H

HOH2C

H

O
H3C

O

OHHO

HO
OH

O

O

OH

O
O
H3C

(Matsuda et al.,
2004; Shakya and
Navarre, 2006;
Dastmalchi et al.,
2014)

OH
OH

H

(Matsuda et al.,
2004; Shakya and
Navarre, 2006;
Dastmalchi et al.,
2014)
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Table 4.7 continued, page 4of 5
No.

Ions

TOF
(error)

MS/MS Fragment
ion

22

704.3
[M-H]-

704.4374
(0.7ppm)

558.6, 112.9

Compound Name,
Formula
Glycoalkaloids
Solanidine-Glc-Rha

Molecular Structure

H

H

O
OH

OH

O

OH

H3C

903.4, 757.4, 741.4,
433.4

H

O
O

HO

1049.5568
(2.9ppm)

N
H

HOH 2 C
HO

1049.8c
[M-H]1095.7c
[M+HCO
OH-H]-

(Matsuda et al.,
2004)

H
H

C39H63NO10

23,
24

Ref.

H

Dihydro-ASP-II

(Dawid and
Hofmann, 2014)

HO
O

O

C51H86O22

HOH2C

OH

O

OH

O
O

OHHO

HO

O

O

OH

OH

O

OH

HOH2C

OH

O

OH

25

1061.8

1061.5220
(4.3ppm)

915.4, 899.4, 881.4,
753.5, 735.5, 687.4,
573.5, 555.5

C51H84O23

OCH3

H

Not reported
O

O
HOH2C

OH

O

OH

O
O

OHHO

HO

O

O

OH

OH

O

OH

HOH2C

OH

O

OH

26,
27

1047.7
[M-H]1093.7
[M+HCO
OH-H]-

1047.5391
(0.9ppm)

901.5, 883.5, 755.4,
737.5

H

Protodioscin
/neoprotodioscin

HO
O

O
HOH2C

OH

O

OH

O

C51H84O22

O

OHHO

HO

O

O

OH

HOH2C

(Dawid and
Hofmann, 2014)

OH

OH

O
O

OH
OH

28

191.1
[M-H]-

191.0557
(2.1ppm)

147.0, 111.0, 87.0

Other Constituents
Quinic acid

O
OH

HO

C7H12O6
HO

OH
OH

(Dou et al., 2007)
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Table 4.7 continued, page 5of 5
No.

Ions

TOF
(error)

29

1045.7

30
31

933.5
[M-H]925.0

1045.5243
(1.7ppm)
933.2677
(-0.7 ppm)
925.4343

32

1063.6

33

1033.7
[M-H]1079.7
[M+HCO
OH-H]-

1063.5422
(25 ppm)
1033.5624
(3.4ppm)

MS/MS Fragment
ion

Compound Name,
Molecular Structure
Formula
Incompletely Identified Constituents
1027.4,899.4, 881.4,
C51H82O22
735.4, 555.4
753.2, 771.3, 449.1,
C43H50O23
287.1
Flavonoid
717.4, 570.4, 553.1,
511.4
1045, 903, 883.5,
721.4
887.5, 869.5, 741.5,
C51H86O21
723.5

Ref.

a: Ions and fragmentation data obtained from LC-MS and LC-MS2 analysis using a 4000Q Trap instrument.
b: Exact mass data obtained from TOF data analysis.
c: Potential biomarkers identified by Huang, et al. (unpublished observations) in polar extracts from native periderms of four cultivars (Atlantic, Chipeta,
Norkotah Russet, Yukon Gold).
d: Positive-mode LC-MS.
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Table 4.8 Potential biomarker metabolites by chemical class and structure for non-polar
extracts from native potato periderms
No.

M.W.

Formula

Compound Name

Molecular Structure

Ref.

FHT-RNAi up-regulated biomarkers
1

326.6

C22H46O

a,c,d

2

382.7

C26H54O

c,d

3

396.7

C27H56O

4

410.7

C28H58O

5

424.8

C29H60O

a,c

6

242.4

C15H30O2

c

7

340.6

C22H44O2

c,d

8

354.6

C23H46O2

9

368.6

Straight-chain primary
alcohols

H3C

OH
n

a,c,d

a, c

Saturated fatty acids
O

H3C

C24H48O2

c,d

n
OH

10

410.7

C27H54O2

11

270.5

C17H34O2

Methyl palmitate

O

Methyl linoleate
12

294.5

C19H34O2

CH3

O

H3C

O
H3C

O

CH3

OH
O

13

180.1

C6H12O6

OH

d

Glucose
HO

OH
OH

14

330.5

C19H38O4

Palmitoyl glycerol

O

H3C

OH

a, b, c

O
OH
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Table 4.8 continued, page 2of 2
No.

M.W.

Formula

Name of Metabolite

Ref.

Molecular Structure

FHT-RNAi down-regulated biomarkers
1

296.6

C21H44

a, c

2

324.6

C23H48

c

3

352.7

C25H52

4

380.7

C27H56

a, c, d

5

408.8

C29H60

c

6

438.8

C30H62O

Triacontanol

7

256.4

C16H32O2

Palmitic acid

8

284.4

C18H36O2

Stearic acid

c

H3C

n-Alkanes

n

CH3

a, d

H3C

OH
n
c

O

H3C
n

c

OH

c
H3C

9

280.4

C18H32O2
Linoleic acid
HO
O

a, c, d

O

10

180.1

C9H8O4

Caffeic acid

HO

OH
HO

O

11

218.2

C10H18O5

2-hydroxydecanedioic acid

HO

OH
O

OH

a

Metabolites identified by Huang, et al. (unpublished observations) in non-polar extracts from native periderms of
four potato cultivars (Atlantic, Chipeta, Norkotah Russet, Yukon Gold).
b

Metabolites identified by Dastmalchi, et al. (2015) in non-polar extracts from wound periderms of four cultivars
(Atlantic, Chipeta, Norkotah Russet, Yukon Gold) (Dastmalchi et al., 2015).
c

Metabolites identified by Yang, et al. (2007) in non-polar extracts from wound periderms (Russet Burbank)(Yang
and Bernards, 2007).
d

Metabolites identified by Serra, et al. (2007) in wax compounds from native potato periderm (Desirée). (Serra

et

al., 2010).
80

Table 4.9 Metabolites identified in non-polar extracts of Wild Type and FHT-RNAi native and wound potato periderms by GC-MS
n-Alkanes (9)

1-Alkanols (12)

Fatty Acids (18)

Dicarboxylic acids (5)

Sterols (3)

Phenolics (8)

Other (6)

Betacd

C18 (C18H38)

16:0 (C16H34O)

C21 (C21H44)c

18:0 (C18H38O)d

12:0 (C12H24O2) c d

C22 (C22H46)d

21:0 (C21H44O)

13:0 (C13H26O2)

C23 (C23H48)

cd

C24 (C24H50)

d

14:0 (C14H28O2)

cd

23:0 (C23H48O)

15:0 (C15H30O2)

cd

C25 (C25H52)

24:0 (C24H50O)d

16:0 (C16H32O2) c d

C26 (C26H54)

25:0 (C25H52O)

d

17:0 (C17H34O2)

cd

C27 (C27H56)c

26:0 (C26H54O)

d

18:0 (C18H36O2)

cd

C29(C29H60)

27:0 (C27H56O)d

22:0 (C22H46O)

28:0 (C28H58O)

cd

9:0 (C9H18O2)

cd

cd

20:0 (C20H40O2) c d
22:0 (C22H44O2)

cd

Sitosterold

hydroquinone

Phosphoric acid c d

Azelaic acid (C9H16O4) d

Stigmasterold

Vanillin

Glycerol c d

Sebacic acid (C10H18O4)

Cycloarlenold

Vanillic acid d

Phosphoric acid glycerol

Tyramine

octan-3-amine

Fumaric acid (C4H4O4)

cd

2-hydroxydecanedioic

a

acid (C10H18O5)

Ferulic acid

2-hydroxyundecanedioic

Caffeic acidb

acid (C11H20O5)
2-hydroxybenzoic acid

Unsaturated Fatty

monoacyl-

Acids(5)

fatty acids(7)

29:0 (C29H60O)

23:0 (C23H46O2) c d

8:1 (C8H14O2)

C19H38O4 c d

30:0 (C30H62O)

24:0 (C24H48O2) c d

16:1 (C16H30O2) c d

C21H38O4 d

25:0 (C25H50O2)

18:1 (C18H30O2) c d

C21H40O4 c

26:0 (C26H52O2) c d

18:2 (C18H32O2) c d

C21H42O4

27:0 (C27H54O2)

cd

cd

C25H48O4

28:0 (C28H56O2)

cd

C25H50O4 d
C29H58O4 d

29:0 (C29H58O2)
30:0 (C30H60O2)
76 identified metabolites; 23 unidentified metabolites;

a

4-methyl-2-(2methylprop-1-en-1-

Glycerol

18:3 (C18H34O2)

Heptadecanoic acid

Wild type only; bFHT-RNAi only;

c

WT day-14 ; d FHT day-14

yl)tetrahydro-2H-pyran d
2-hydroxybenzoic acid
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4.5.2 Biopolymer Products Track Development of Protective Periderm Layers.
The insoluble suspensions that remained at the interface of the polar and non-polar
extracted layers containing soluble metabolites were analyzed (by Qing Cai) in WT and FHTRNAi native potato periderms to compare their respective suberized cell walls. First, cross–
polarization magic-angle spinning (CPMAS)

13

C NMR experiments were used to rapidly

establish which carbon-containing functional groups and cross-link sites are present in each of
the suberin-enriched potato samples. Following prior spectroscopic assignments made in similar
materials(Garbow et al., 1989; Pascoal Neto et al., 1995; Järvinen et al., 2011; Serra et al., 2014),
the major structural groupings were assigned to chemical shift ranges in the spectra as follows:
carboxyls or amides (COO or CONH = COX; 160-180 ppm), alkenes and arenes (92-160 ppm),
oxygenated aliphatics (CHO, CH2O, CH3O; 44-92 ppm), and long-chain methylenes ((CH2)n; 1044 ppm). Highly reproducible spectra, albeit with broad spectral features attributable to the
chemical heterogeneity and amorphous nature of these plant materials, were obtained for three
biological replicates of each solid sample.
As for the cultivated WT and FHT-RNAi potato periderms we described recently (Serra
et al., 2014) these interfacial residues displayed similar chemical groups in their CPMAS

13

C

NMR spectra. Nonetheless, their notably different relative NMR signal intensities and
corresponding functional group proportions were evident from quantitatively reliable directpolarization (DPMAS)

13

C NMR spectra of native periderms from the extracted and suberin-

enriched WT and FHT-RNAi periderm samples (Fig. 4.21). To estimate the relative numbers of
each major carbon structural type, peak ratios were compared within each DPMAS spectrum so
that unintentional variations in instrumental setup or sample mass would be avoided.
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The compositional trends, which revealed notably different relative amounts of several
principal structures, are summarized in Fig. 4.22 as ratios of carboxyls/amides, aromatic and
alkene groups, or alkoxy groups with respect to the long-chain aliphatic groups. The FHT-RNAi
cultivar displayed arene-to-(CH2)n and oxygenated alkoxy-to-(CH2)n ratios that exceed the values
for WT cultivars by 60% and ~80%, respectively, indicating an enhanced hydrophilic-tohydrophobic balance. Conversely, the proportion of -(CH2)n groups was diminished for the FHTRNAi periderms relative to other major molecular moieties. With respect to the primarily
polysaccharide CHO groups (65-78 ppm), the FHT-RNAi native periderm had significantly
diminished peak area ratios for carboxyls/amides (COX), arenes, and (CH2)n (Fig. 4.23), again
supporting metabolic rerouting of ferulic acids and fatty acids to other polymeric products when
formation of the alkyl ferulate esters is blocked.
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Figure 4.21 150 MHz DPMAS 13C NMR spectra of suberin-enriched interfacial residues from native (A, B) and 14-day wound (C,
D) periderms, color-coded for WT (black) and FHT-RNAi (gray) cultivars. The functional groups are assigned as carboxyl and amide
groups (COO and/or CONH, 160-180 ppm); multiply bonded (arenes and alkenes, 92-160 ppm); oxygenated aliphatic carbon groups
(CHO + CH2O + CH3O, 44-92 ppm); long-chain methylene groups (-(CH2)n-, 10-44 ppm).
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Figure 4.22 Ratios of carbon-containing functional groups in suberin-enriched WT and
FHT-RNAi potato periderms with respect to long-chain aliphatics, derived from 150 MHz DPMAS
13

C NMR spectra. Mean values and standard error bars are based on two measurement protocols

applied to a single NMR sample. Native periderm solid suspensions: solid bars; day-14 woundhealing tissues: checkered bars.
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Figure 4.23 Ratios of carbon-containing functional groups in suberin-enriched WT and
FHT-RNAi potato periderms with respect to oxymethines, derived from 150 MHz DPMAS

13

C

NMR spectra. Mean values and standard error bars are based on two measurement protocols
applied to a single NMR sample. Native periderm extracts: solid bars; day-14 wound-healing
tissues: checkered bars.

86

4.6

Wild type and FHT-RNAi Wound-healing Periderms

We undertook a parallel study of soluble metabolites and mature polymer composites at
key points during a time course of 14 days. As indicated above, an important goal of this portion
of the study was to assess the impact of FHT silencing on the wound-healing process in potato
periderms.
4.6.1 Polar and Non-polar Extracts
Polar extracts of WT and FHT-RNAi wound periderm tissues at day 0 (immediately after
wounding), day 3 (formation of the suberized closing layer), day 7 (nascent periderm
development), and day 14 (mature wound periderm) were profiled by LC-MS. In Fig. 4.24, each
trace represents 9 superimposed biological replicates of the WT variety at different time points,
which demonstrate good reproducibility. FHT-RNAi wound periderms at different time points
also show good reproducibility. Good consistency of the compositional data is evidenced in the
PCA plot as shown in Fig. 4.25 by clustering within each set of biological replicates, and the
day-0 periderm metabolic profiles of both WT and FHT-RNAi varieties are distinctive with
respect to other time points. As healing proceeds, the metabolite composition changes for each
tuber type, with the wound response evident in a clear divergence from the day-0 composition
after 3 days and additional changes at later times. The largest variations in metabolite
composition occur for principal component 1 (PC1) at the earliest (day-3) wound-healing time
point; smaller changes in the polar metabolite profile, primarily for PC2, are observed at days 7
and 14 (Fig. 4.26).
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Figure 4.24 LC-MS chromatographs from polar extraction of WT wound periderm
(negative-mode). Each trace represents 9 superimposed biological replicates, verifying
reproducibility.
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Figure 4.25 PCA analysis of polar extracts of the samples after wounding : 0 day, 3 days, 7
days and 14 days (negative ion data of LC-MS). A: Wild type wound-healing samples; B: FHTRNAi type wound healing samples.
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Figure 4.26 PCA analysis of polar extracts of the samples after wounding, comparing the
wild type wound-healing sample with FHT wound-healing samples in one plot. The FHT samples
are represented by a blue color and WT by red. The same day samples are denoted by different
shapes and circles.
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The WT and FHT-RNAi-silenced polar tissue extracts each exhibit similar compositional
progressions with time as their cell walls become suberized after wounding; moreover their
initially distinct profiles become overlapped and undergo a striking convergence. Modest but
analogous trends are observed provisionally for non-polar WT and FHT-RNAi-silenced extracts
by GC-MS during the course of wound healing (data under replication) and have also been
reported in day-3 and day-7 extracts from four differently russeted potato tuber cultivars
(Dastmalchi et al., 2014; Dastmalchi et al., 2015)
Despite the overall similarity of metabolite profiles observed for WT and FHT-RNAi
polar periderm extracts in the current work, OPLS-DA analysis revealed contrasting levels of
particular metabolites as a function of wounding time point: (1) day-7 extracts are richer than at
day 3 in α-chaconine and α-solanine glycoalkaloids for both WT and FHT-RNAi varieties; (2)
day-3 extracts are richer in feruloyloctopamine for WT only; (3) no significant compositional
differences are found between day-7 and day-14 points for either tissue sample.
To focus on the impact of FHT silencing on the wound-healing process, pairwise
comparisons of WT with FHT-RNAi polar extracts were made at each of days 0, 3, 7 and 14 by
PCA (Fig. 4.27) and OPLS-DA methods. No statistically significant differences in overall
metabolite profiles could be verified despite the appearance of day-0 variations (Fig. 4.26): a
negative value of Q2 in the PCA modeling showed that the variation among biological replicates
was comparable to differences between the two types of extracts, i.e., the WT and FHT-RNAi
polar metabolomes could not be distinguished reliably (Fig. 4.28). However, OPLS-DA again
revealed differing relative amounts of particular metabolites: caffeoylputrescine (abundant in
FHT-RNAi at day 0), feruloyloctopamine and caffeoylputrescine (abundant in WT at day 3), and
caffeoylquinic acid (abundant in WT at day 7).
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In contrast to the polar extracts, non-polar layers displayed distinctive metabolite
compositions for the day-14 WT and FHT-RNAi wound-healing periderms. As described above,
GC-MS analysis was used to identify their metabolites (Table 4.29); PCA and OPLS-DA
methods revealed modest compositional differences (Fig. 4.29) and potential biomarkers (Table
4.10). The highly abundant FHT-RNAi metabolites include saturated fatty acids (C8, C12, C14,
C15, C17, C18, C22, C24, and C26), long-chain primary alcohols (C20, C22, C24 C26, and C28),
alkanes (C21, C23, C25, C27, and C29) and glycerol monoacyl fatty acids (C18 and C22). Only
fatty acids (C16:0, C18:1, C18:2) were found as down-regulated metabolites characteristic of
day-14 non-polar FHT-RNAi periderm extracts.
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Figure 4.27 Pairwise comparisons of WT with FHT-RNAi wound periderm polar extracts:
(A) day-0 wound periderm; (B) day-3 wound periderm; (C) day-7 wound periderm; (D) day-14
wound periderm.
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Figure 4.28 Summary of Fit (Q2). A PCA or OPLS-DA model is viewed as valid when Q2 is
larger than 0.5, whereas a negative value of Q2 means the model is not at all predictive. Comp No. is
component number. A: WT native vs. FHT-RNAi periderm PCA; B: WT native vs. FHT-RNAi
native OPLS-DA; C: WT native and day-14 PCA; D: WT and FHT-RNAi day-0 PCA.
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Figure 4.29 PCA score plots for metabolomic analysis of non-polar extracts (GC-MS) from
wound healing day-14 potato periderm samples , with 9 biological replicate clusters color-coded for
WT (black) and FHT-RNAi (gray) potato periderms. The x and y axes represent the score values of
principal components 1 and 2, respectively.
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Table 4.10 Potential biomarker metabolites by chemical class and structure for non-polar
extracts from wound-healing day-14 periderms a
No.

M.W.

Formula

Compound Name

Molecular Structure

Ref.

FHT-RNAi up-regulated biomarkers
1

298.3

C20H42O

b, d

2

326.3

C22H46O

b, d, e

3

354.4

C24H50O

4

382.4

C26H54O

b, d, e

5

410.4

C28H58O

b, d, e

6

144.1

C8H16O2

b

7

200.2

C12H24O2

b, d

8

228.2

C14H28O2

b, c, d

9

242.2

C15H30O2

b, c, d

10

270.2

C17H34O2

11

284.2

Straight-chain primary
alcohols

b, d, e

H3C

OH
n

b, c, d

Saturated fatty acids
O

H3C

C18H36O2

b, c, d, e

n
OH

12

340.3

C22H44O2

b, c, d

13

328.3

C24H48O2

c, d, e

14

396.4

C26H52O2

b, d, e

15

324.4

C23H48

16
17

338.4
352.4

C24H50
C25H50

18

358.3

C21H42O4

19

414.4

C25H50O4

20

b, d

H3C

n-Alkanes

CH3

n

b, d
b, c, d, f

O

H3C

OH

Glycerol monoacyl fatty
acid

O
OH

f

Sterols

FHT-RNAi down-regulated biomarkers
b, d

1

256.4

C16H32O2

Palmitic acid
O

H3C

2

280.4

C18H32O2

Stearic acid

3

282.4

C18H34O2

Oleic acid

b, c, d

n
OH
b, c, d

Notes on next Page
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a

23 out of 30 non-polar metabolite markers were identified from GC-MS data using GCMSsolution software to
access the NIST 2008 and Wiley 2009 mass spectral libraries.
b

Metabolites identified by Huang, et al. (unpublished observations) in non-polar extracts from native periderms of
four potato cultivars (Atlantic, Chipeta, Norkotah Russet, Yukon Gold).
c

Metabolites identified by Dastmalchi, et al. (2015) in non-polar extracts from wound periderms of four cultivars
(Atlantic, Chipeta, Norkotah Russet, Yukon Gold) (Dastmalchi et al., 2015).
d

Metabolites identified by Yang, et al. (2007) in non-polar extracts from wound periderms (Russet Burbank) (Yang
and Bernards, 2007)
e

Metabolites identified by Serra, et al. (2010) in wax compound from potato Native periderm (Desirée). (Serra et

al., 2010)
f

Metabolites identified by Graça et al. (2000) in depolymerization compound from potato Native periderm. (Graça
and Pereira, 2000)
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4.6.2 Solid Interfacial Residue from Periderm Extraction
Figs. 4.30 and 4.21 show DPMAS

13

C NMR spectra of day-0 to day-14 wound-healing

suberin from wild-type and FHT-RNAi samples, exhibiting a degree of spectral resolution that
allows us to define six regions corresponding to the major chemical groupings of suberized cell
walls. In addition to chemical shift ranges corresponding to carboxyl and/or amide groups,
alkenes and arenes, and alkyl chain methylenes, the oxygenated aliphatics (44-92) include welldefined oxymethine groups (65-92) and methoxy and oxymethylene groups (44-65 ppm). The
day-0 interfacial residues of wound-healing samples are essentially comprised of residual
polysaccharides, since the suberin biopolymer has not yet been formed. The spectral intensity in
the sregion between 45 and 108 ppm is contributed primarily by polysaccharide cell walls and, as
wound healing proceeds, additionally by CHO, CH2O and CH3O moieties of guaiacyl and
sinapyl hydroxycinnamic acids. Thus at days 3, 7, and 14 and analogously to prior reports (Stark
et al., 1994), key resonances attributable to the suberin polyester appear prominently in the
spectra, e.g., chain methylene groups, carboxyl groups, and arenes.
A quantitative analysis of the corresponding DPMAS spectra yields ratios for day-3, day7 and day-14 wound-healing suberin as compared with mature native periderm suberin, each
measured with respect to the CHO group (Fig. 4.31). At the day-3 stage, the spectral regions
attributable to suberin (10-44, 108-160, 160-180 ppm) exhibit larger relative contributions in
FHT-RNAi samples. With further development at day 7, the difference in cultivar-specific ratios
diminishes; at day 14 the wild-type periderm shows nearly the same ratios as FHT-RNAi (Fig.
4.30). However, the trends for the suberin-associated regions in mature wound periderm are
reversed from day 3, i.e., larger ratios are displayed for wild type than FHT-RNAi periderms.
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Figure 4.30 150 MHz DPMAS 13C NMR spectra of suberin-enriched interfacial residues from wound healing tissues (day-0, day-3,
day-7 and day-14), color-coded for WT (black) and FHT-RNAi (gray) cultivars. The functional groups are assigned as carboxyl and
amide groups (COO and/or CONH, 160-180 ppm); multiply bonded (alkenes and arenes, 92-160 ppm); oxygenated aliphatic carbon
groups (CHO + CH2O + CH3O, 44-92 ppm); long-chain methylene groups (-(CH2)n-, 10-44 ppm). Each spectrum was normalized by
setting the height of the largest -(CHO)- peak to full scale.
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Figure 4.31(caption on next page)
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Figure 4.31 Ratios of carbon-containing functional groups in suberin-enriched WT and FHT-RNAi wound-healing day -3 (A),
day-7 (B), day-14 (C)(checkerboard bar), and native potato periderms (D)(solid bar), derived from 150 MHz DPMAS 13C NMR spectra.
Chemical shift ranges denote major structural components of suberin: carboxyl and amide groups (COO and/or CONH, 160-180 ppm);
multiply bonded (alkenes and arenes, 92-160 ppm); oxygenated aliphatic carbon groups (CHO + CH2O + CH3O, 44-92 ppm); long-chain
methylene groups (-(CH2)n-, 10-44 ppm). Each chemical shift range was extended by ±1 ppm to ensure that the measurement regions were
not truncated in the middle of a resonance. The ratios were calculated with respect to the major polysaccharide CHO peak (65-78 ppm).
Mean values and standard error bars are based on two measurement protocols applied to a single NMR sample, as described in the
Experimental section.
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4.7

Wound-healing and Native Extract Metabolite Differences.

Each day-14 polar mixture remained clearly distinguishable from its corresponding native
periderm extract. Although the higher overall concentration and much larger number of
detectable metabolites in native extracts precluded PCA-based comparisons with day-14 wound
periderm materials, direct comparison of their LC traces revealed distinctive wound periderms in
terms of the major chemical classes represented among the soluble metabolites (Fig. 4.32 and
Table 4.1). For both WT and FHT-RNAi cultivars, five metabolites predominate in the wound
extracts: caffeoylputrescine (retention time (RT) 11.8 min), feruloylputrescine (RT 14.8 min), αchaconine (RT 28.5 min) α-solanine (RT 29.0 min), and FO-FO dimer (RT 31.7 min). Peaks
with retention times of 21.3-25.5 min are significantly diminished in both wound periderms.
These observations correspond to a paucity of flavonoid glycosides (aglycones of
tetrahydroxyflavonoids at m/z 903 and 933 with fragments 449, 287, and 269; luteolin-7-Orutinoside at m/z 593), and phenolic amines containing more than two cinnamic acid derivatives
(dihydrocaffeoyl spermines at m/z 721 and 723 with fragments 529, 407, and 191) that are
hallmarks of the wound-healing process.
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Figure 4.32 Overlay of typical LC-MS traces for native and day-14 wound polar potato
periderm extracts . A: WT native (red) vs. WT day-14 wound (green); B: FHT-RNAi native (blue)
vs. FHT-RNAi day-14 wound (black).
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As for the day-14 polar extracts, PCA-based comparisons between non-polar native and
wound mixtures were precluded by their disparities in overall concentration and number of
detectable metabolites. However, it was informative to compare the respective potential
biomarkers that discriminated between the two sets of WT and FHT-RNAi periderms. A
common group of down-regulated FHT-RNAi metabolites was observed in non-polar woundhealing and native extracts, but the up-regulated FHT-RNAi biomarkers in day-14 wound
periderms were distinctive in several respects. Their fatty acids, which were each saturated,
included short- and medium-chain (C8-C18) homologs as reported previously(Yang and
Bernards, 2007; Dastmalchi et al., 2015) as well as long-chain species (C20-27) typical of the
native periderms. Longer chain lengths were found in the glycerol monoacyl fatty acid woundhealing FHT-RNAi markers. Whereas alkanes were down regulated in native periderms, those
metabolites were up regulated in the corresponding day-14 FHT-RNAi non-polar extracts.
Abundant sterol biomarkers were observed uniquely in the wound-healing tissues.

4.8

Discussion

4.8.1 Native Potato Periderm: Chemical Profiles and Suberin Biosynthesis
By comparing the non-polar metabolites from FHT-RNAi to WT native periderms taken
as a standard, we found an elevated relative accumulation of long-chain saturated fatty acids and
primary alcohols, and a diminished accumulation of alkanes. It is noteworthy that up-regulation
of fatty acids upon FHT-RNAi silencing has been reported in suberin depolymerization
(transesterification) products, whereas up-regulated incorporation of the other non-polar
biomarker classes (primary alcohols, methyl esters and monohexadecanoyl glycerol) in the
suberin biopolymer was not found by analysis of these soluble aliphatic breakdown products
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(Serra et al., 2010). Additional breakdown products including the C16:0 (hexadecanedioic acid)
and C18:1 (octadec-8-enedioic acid) ,ω-diacids as well as the C18:1 (18-hydroxyoctadec-8enoic acid) ω-hydroxyacid were reported from mild methanolysis (Graça, 2015).
Because silencing of the FHT gene blocks the esterification of ferulic acid to ωhydroxyfatty acids or alcohols, up-regulation of the precursor compounds is a possible metabolic
consequence. For instance, the potential biomarkers in Table 2 include long- and very-longchain (LC and VLC; C22-C29) alcohols, which have no reported alternative biosynthetic
conversion options but have been found at elevated levels in suberin-associated waxes from this
RNAi-silenced cultivar (Serra et al., 2010). By contrast, ω-hydroxyfatty acid substrates are not
found abundantly in non-polar FHT-RNAi periderm extracts; they could react to form α,ωdiacids and then be converted efficiently to glycerol esters via catalytic action of CYP and GPAT
catalysts as shown in Fig. 4.33. This hypothesis is reasonable if the glycerol esters are ultimately
incorporated into the suberin polymer and can be broken down by transesterification treatments
to the observed glycerol ester, diacid, and ω-hydoxyfatty acid products (Yang and Bernards,
2007; Serra et al., 2010; Graça, 2015).

105

COOH
NH2

L-phenylalanine

COOH
HO

p-coumaric acid
HO

4CL

COOH

COSCoA

THT

HO

p-coumaroyltyramine

HO

caffeic acid

p-coumaroyl CoA

MeO

caffeoyltyramine

COOH
HO

COSCoA Putrescine

HO
HO

ferulic acid

PHT

caffeoylputrescine

OH

caffeoyl CoA

Starch

HO

Fatty Acid *

Alcohols

FAR

n

OH

+

O

-OH-FA *

C16 - C30
O2

O

n

CYP

COSCoA
P utr

HO

OH

feruloyl CoA

G3P

CYP

MeO

O

GPAT

HO
O

n-Alkanes

n

OH

HSCoA

OH

GPAT

n
OH

n

O

OH

OH

O
MeO

HO

O

n

R

MeO

OH

ConiferAlcohol

monolignols

Figure 4.33 caption on next page

5-OH-ConiferAldehyde

Sinapyl dehyde

feruloyl ester *

glycerol ester *
R

OH

ConiferAldehyde

OMe

feruloyltyramine

FT-FO dimer FT-FT dimer
feruloylputrescine

FHT

,-diacids *

O

escin
e

P HT

feruloyloctopamine

O

O2

OH

n

HO

THT

MeO

NH
O

TH T

OMe
OH
MeO
Sinapyl Alcohol

106

Figure 4.33 Proposed biosynthetic pathways for suberized potato periderms. (Bernards, 2002; Matsuda et al., 2004; Yang and
Bernards, 2006; Anon, 2010; Yang et al., 2010; Bernard et al., 2012; Li-Beisson et al., 2013; Graça, 2015) Abbreviations: 4CL, 4hydroxycinnamic

acid;

PHT,

putrescine

hydroxycinnamoyltransferase;

FHT,

fatty

ω-hydroxyacid/fatty

alcohol

hydroxycinnamoyltransferase; THT, tyramine N-hydroxycinnamoyltransferase CYP, cytochrome P450 monooxygenase; FAR, alcoholforming fatty acyl-CoA reductase; G3P, glycerol-3-phosphate; GPAT, glycerol 3-phosphate acyltransferase.
Reactions denoted by solid lines have been derived from the indicated references, while those denoted by broken lines are hypothetical or
assumed.
* Saturated and unsaturated carbon chains
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Our finding of a saturated C16 glycerol ester biomarker is consistent with the proposed
involvement of analogs with varying chain lengths (C16-C28) and unsaturation (0-2 double
bonds)(Graça et al., 2002; Yang and Bernards, 2007; Yang et al., 2010; Li-Beisson et al., 2013;
Graça et al., 2015). LC and VLC fatty acids were identified as both biomarker metabolites and
chemical breakdown products. Given that FHT down-regulation favors retention of C16-C30 fatty
acids, we might expect to observe n-alkane markers (Bernards et al., 2012); instead these
structures are diminished in the FHT-RNAi periderms. By and large, though, the blockage of
ferulate ester formation by FHT gene silencing or the associated stress leads to the accumulation
of non-polar metabolites that are consistent with suppressed production of polymeric feruloyl
esters, accumulation of very-long-chain alcohols and fatty acids, and rerouting to downstream
glycerol ester products (Serra et al., 2014).
Our complementary analysis of the solid interface from native periderm tissues
(conducted by Qing Cai) shows that the polysaccharide- and polyester-derived alkoxy carbons
outnumber the (CH2)n groups uniquely in FHT-RNAi samples (Fig. 4.22); the FHT-RNAi variety
exhibits (arene+alkene)-to-(CH2)n and alkoxy-to-(CH2)n ratios that exceed the values for wildtype varieties by ~60% and 80%, respectively. These compositional trends indicate an enhanced
hydrophilic-hydrophobic balance in FHT-RNAi suberin samples, consistent with elevated water
permeability, compromised hydrophobic interactions with waxes, and diminished protection
against water loss that has been found for these genetically altered tissues (Serra et al., 2010).
Analogous comparisons were reported for wild type vs. FHT-, CYP86A33- and StKCS6-RNAi
periderms from which soluble metabolites had not been extracted (Serra et al., 2014). Although
long-chain aliphatic compounds appear among the potential biomarkers for non-polar native
extracts studied herein (Table 4.8), their diminished incorporation in the mature FHT-RNAi
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biopolymer is clear: from both the solid-state

13

C NMR results (Fig. 4.22) and the reduced

relative amounts of fatty acids and fatty alcohols produced by aliphatic suberin breakdown (Serra
et al., 2010).
The impact of FHT down-regulation is also evident in the potential biomarkers identified
in the polar extract metabolic pool. Both metabolic and transgenic research approaches have
implicated trans-cinnamic acid, hydroxycinnamates, and their CoA derivatives as precursors of
the suberin polyphenolic domain (SPPD) (Bernards, 2002; Matsuda et al., 2005; Graça and
Santos, 2007; Ranathunge et al., 2011). In particular, Table 4.7 reveals nine identified
hydroxycinnamic acid conjugates that are FHT-RNAi up-regulated potential biomarkers,
including feruloyltyramine (FT), feruloylputrescine (FP) and caffeoylputrescine (CafP), dihydrocaffeoylputrescine (DHCafP), two grossamide (FT+FT) isomers, and dimers derived from
feruloyloctopamine (FO-FO), dihydro-FT-FO, and FT-FO. As noted above, Serra and coworkers
first reported that FHT deficiency induced accumulation of hydroxycinnamic acid amines (Serra,
et al., 2010), especially feruloyl- and caffeoylputrescine, in the potato tuber periderm. Compared
with wild-type tissues, FHT-RNAi polar potato periderm extracts possess reduced proportions of
esterified suberin components and augmented hydroxycinnamic acid conjugates that could be
derived from feruloyl-CoA.
Fig. 4.33 shows at least three metabolic fates for the feruloyl-CoA intermediate: (1)
ferulates such as feruloyloxypalmitic acid, (2) monolignols, and (3) hydroxycinnamic acid
amides such as feruloylputrescine (Bernards, 2002). Thus this biosynthetic scheme supports the
hypothesis that FHT-RNAi silencing will disfavor alkylferulate biosynthesis and favor
alternative dispositions of the feruloyl CoA substrate such as the formation of hydroxycinnamic
acid amines proposed by Serra, et al. (2010). Interestingly, methanolysis breakdown products of
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periderms from potato tubers that exhibited downregulated expression of an ABC transporter
gene have also shown reductions in esterified suberin components, enhanced production of
feruloyl CoA substrates, and hyperaccumulation of hydroxycinnamic acid conjugates including
CafP, DHCafP, FP, an FT-FT dehydrodimer and an FT-FO dehydrodimer (Landgraf, et al.,
2014).
FHT-RNAi silencing alters the abundance of not only metabolites that relate directly to
suberin biosynthesis but also compounds proposed to regulate that biosynthesis, either as plant
hormones or via antimicrobial action. For instance, glycoalkaloids are reported to be involved in
host-plant resistance and to play protective roles as natural plant defenses (Ginzberg, et al.,
2009). The two major plant glycoalkaloids -chaconine and -solanine are down-regulated in
FHT-RNAi periderms. As these metabolites are toxic to bacteria, fungi, and viruses at
appropriate levels, the FHT-RNAi potato could show diminished resistance to these pathogens
(Serra, et al., 2010). The chemical determinants of tuber temporal resistance (Lulai, 2007) before
day 3 are currently under systematic study in our laboratories.
4.8.2 Wound-healing Progress: Chemical Profiles and Suberin Biosynthesis
The ratios of particular functional groups measured from solid-state 13C DPMAS NMR of
the solid interfacial layer of wound-healing periderms at day 3, day 7, and day 14 allow
evaluation of differences in the progress of suberin development for WT and FHT-silenced
potato tubers. With respect to the polysaccharide cell wall, all of the structural moieties present
in solid suberin accumulate more rapidly during the first 3 days in FHT-RNAi wound periderms.
During the following days of wound healing, suberin deposition occurs more vigorously for the
WT cultivar until it “catches up” or surpasses the FHT-silenced tissue at day 14. Given that FHT
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transferase activity has been knocked down and thus formation of ferulic acid esters is blocked,
we might expect deposition of both arene and aliphatic constituents of the suberin biopolymer to
be diminished in the FHT-RNAi wound periderms. However, a contrary compositional trend is
observed, supporting the hypothesis that alternative polymeric structures can be formed in larger
amounts by day 3 for the genetically engineered potato variety.
PCA analysis of the soluble polar metabolites suggests that FHT-RNAi silencing has a
strikingly different impact in wound-healing tissues as compared with the native potato tuber
periderms described above. Whereas Fig. 4.20 demonstrates significantly different metabolite
profiles for WT vs. gene-silenced native periderm extracts, Fig. 4.26 shows only a modest
distinction between the corresponding wound tissues. As healing progresses, overall
compositional convergence is observed from day 3 onward, although a few potential biomarkers
can be identified in the day-3 and day-7 extracts. Similar convergence behavior and biomarkers
were reported in four potato cultivars with a gradient of periderm russeting, judged from analysis
of both polar and non-polar extracts and the corresponding solid interfacial suspension
(Dastmalchi et al., 2014; Dastmalchi et al., 2015). We propose three possible explanations for
these convergent extract compositions that are indicative of a common wound-healing process:
(1) the FHT gene plays only a limited role in the formation of suberin structures during wound
periderm formation; (2) a different gene codes redundantly for the feruloyl transferase enzyme in
wound tissues; (3) an enzyme other than FHT is also able to catalyze formation of the feruloyl
ester linkage.
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4.8.3 Comparing Native and Wound Potato Periderms
Despite differences in the numbers of observable metabolites and their overall
concentrations for native vs. wound extracts, it was possible to identify several contrasting trends
among the dominant chemical classes that were present. Regardless of genetic variety, the
mature (day-14) polar wound extracts contained five predominant putrescine and glycoalkaloid
metabolites but almost no flavonoid glycosides or phenolic amines that contained more than two
cinnamic acid derivatives (Fig. 4.32, Table 4.1). The mature non-polar wound extracts included
short- and medium-chain fatty acids and alkane markers that were not abundant in the native
periderm materials (Table 4.8). Finally, Figs. 4.22 and 4.23 revealed a differing balance of the
carbon-containing groups in day-14 wound vs. native suberized cell walls: relatively more
alkoxy and (alkene+arene) groups but fewer chain methylenes for the suberin-enriched woundhealing tissues.
Our goals in this study included assessment of the possibly differing impact of FHTRNAi silencing on native and wound-healing potato tuber tissues. Interest in this issue is
prompted by the contrasting efficacy of transpirational barriers provided by native and wound
periderms. Although we have characterized each soluble metabolite pool in significant molecular
detail, statistical comparisons between the native and wound tissues are precluded by the
substantially higher overall concentration of compounds present in the native periderm extracts.
The impact of FHT-RNAi silencing on the polar metabolites was significant only in the native
periderm tissues: for instance the relative abundance of phenolic amines was augmented within
native extracts (Table 4.7). Polyphenolic amines, which we have identified as potential
biomarkers at early time points during wound healing in antioxidant-active potato cultivars
(Dastmalchi et al., 2014), have been reported to offer resistance to potato pathogens (Back, 2001;
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King and Calhoun, 2005; King and Calhoun, 2010). For wound periderms, Fig. 4.26
demonstrated the statistical similarity of polar metabolites at each time point of suberization. The
impact of FHT-RNAi silencing on the non-polar metabolites was evident in both native and
wound periderms but differed in specifics. Whereas blockage of the key FHT-catalyzed
esterification step is associated in both tissues with augmented amounts of fatty acids, the
broader FA chain length distribution among markers for the wound extracts could also suggest
less vigorous transpirational barrier formation during healing. The notable up-regulation of both
alkanes and sterols in non-polar FHT-RNAi wound extracts is not well accounted for in terms of
the suberin biosynthetic transformations summarized in Fig. 4.33, underscoring the possibility
that additional metabolic regulation networks remain to be discovered.
The solid suberin-rich FHT-RNAi suspensions exhibited larger arene and alkoxy
proportions with respect to long-chain methylene groups (Fig. 4.22): in native periderms isolated
without extraction of the soluble metabolites (Serra et al., 2014) and herein from 3-phase
extraction; also in day-14 wound periderms. This compositional measure indicates an augmented
hydrophilic-hydrophobic balance attributable to FHT silencing and supports proposals of
metabolic rerouting to produce alternative phenolic structures to the feruloyl esters viewed as
typical in the suberin biopolymer (Serra et al., 2010; Serra et al., 2014). Conversely, Fig. 4.22
reveals diminished proportions of (CH2)n moieties, whether in consideration of FHT-RNAi
silencing or of wound healing status. These trends provide a rationale for the enhanced
permeability measured for these genetically modified native periderms (Serra et al., 2010) or
inferred above from the non-polar extract compositional trends.
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5
5.1

WILD TYPE vs. CYP86A33-RNAI NATIVE PERIDERM
GC-MS Instrument Validation

5.1.1 Motivation for Choice of GC-MS Instrument
Non-polar extracts from the FHT-RNAi project were analyzed on a QP2010 plus GC-MS
instrument in the City College Chemistry Department. Due to serious gas leaks and column
bleeding difficulties with instrument, the measurements for the subsequent CYP86A33 RNAi
(CYP) project were switched to other instruments. One alternative method is analyzing the nonpolar extracts with a C8 column using LC-MS as described in experiment procedure. The other
alternative method is to use a TQ8040 GC-MS located in the New York University Chemistry
Department as described below.

5.1.2 Comparison Between QP2010 Plus and TQ8040 GC-MS Instruments.
There are several factors which affect the peak intensity including the concentration of
the sample, split/splitless injection mode and ionization mode. The split mode is used to perform
a dilution “on-instrument” so that only a fraction of the vaporized sample is transferred onto the
head of the column and the remainder is removed from the injection port via the split vent line.
Split injection is used for highly concentrated samples. The split ratio is typically between 1:10
and 1:100.

=

split vent flow rate + column flow rate
column flow rate
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The advantages of the split injection mode are ease of automation, protection of the
column from involatile components, and reduction of samples concentration. The disadvantage is
that this method has insufficient sensitivity for trace analysis. The splitless injection mode is
used for low-concentration samples and trace analysis. In splitless injection mode, most of the
vaporized samples are transferred to the head of the column. The advantages of the splitless
include suitability for trace analysis, high reproducibility, and also ease of automation. The
disadvantage is increasing column contamination possibility. Splitless injection mode was
chosen for the QP2010 plus and the split injection mode was recommended initially for the
TQ8040 GC-MS with a split ratio 1:10. To increase peak intensity, the split ratio was changed
from 1:10 to 1:1 in the following test. The TQ8040 GC MS is a two line system in which the
sample is split to two columns, which further dilutes the sample.
Ionization mode is another factor that affects the peak intensity of the sample. Electron
ionization (EI), positive chemical ionization (PCI) and negative chemical ionization (NCI) are
generally used in GC-MS analysis. It is a complex process to switch the ionization mode from
one to another. The TQ8040 instrument has the capability to obtain the EI spectra without having
to change the ion source by using an NCI ion source, turning off the reagent gas, and setting the
system to positive ion mode which is called sub-EI (SEI). If the NCI ion source is put in the
positive ion mode, by supplying reaction gas, a CI chromatogram can be measured (sub-CI or
SCI). Generally, the sensitivity of SEI and SCI are not as high as in normal EI or CI modes.
5.1.3 Method Optimization Based on Standards
The GC-MS chromatogram of standard n-triacontane (C30) and tetracosane (C24)
samples obtained with the QP2010 plus instrument is shown in Fig. 5.1, using an injection
volume of 1μL, EI ionization mode, splitless injection mode and temperature program described
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as in the Methods section (total run time 64 min). The peak with RT of 40.3 min is tetracosane
(C24) and the other peak with RT of 48.9 min is n-triacontane (C30). Initially, 5, 50 and 100
μg/ml standard samples were run on the TQ8040 GC-MS with this injection volume and
temperature program but with SEI ionization mode and split injection (split ratio 1:10). However,
no signal was detected on the TQ8040 when the standard concentration was 5 μg/ml. After the
concentrations of the standards were increased to 100 μg/ml, the C30 peak showed up as
illustrated in Fig. 5.2. Upon changing the split ratio from 1:10 to 1:1, both C24 and C30 peaks
showed up and the absolute intensity increased about 10 times (Fig. 5.3). To save experiment
time, the following tests with standards were run with a short time method: 70 °C for 3 min,
18 °C /min to 310 °C, then isothermal for 5 min. (total run time 21.3 min).

Figure 5.1 GC-MS chromatogram of the standard acquired from QP2010 plus at City
College with splitless mode.
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Figure 5.2 GC-MS chromatogram of the standard with split ratio 1:10.

Figure 5.3 GC-MS chromatogram of the standard with split ratio 1:1
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The signal threshold must also be set properly. If it is set too high, the ion peaks with
small abundance are cut off as noise and cannot be collected. If it is set too low, the data file will
be very large due to collecting and recording the noise signal. Thresholds of 500, 400, 200 and 0
were tested and 200 was chosen as the best for this experiment.
SCI is a type of soft ionization. The peak intensity is 5 times higher in the SCI
chromatogram compared with an SEI chromatogram when other parameters are kept the same.
However, the disadvantage is that the GC-MS library is based on EI chromatograms. The
injection volume was tested with 1, 3 and 8 μL, and an 8 μL injection volume was selected for
the following tests.
5.1.4 Method Evaluation
To obtain good chromatograms for real samples, the injection volume of the sample,
threshold and split ratio were set to 8 μL, 200 and 1:1 respectively, according to condition
optimizations based on standards. Non-polar extracts of the WTscab variety were used for testing.
Both SEI and SCI modes were used. As shown in Fig.5.4, the peak intensity in the SCI
chromatogram is 4~5 times higher than that of the SEI chromatogram, which is consistent with
the comparison found with the standard. However, peak intensity in the EI chromatogram
obtained from the QP2010 plus at City College is about 30 times higher than the SEI
chromatogram and 7~8 times higher than the SCI chromatogram. The lower sensitivity of the
SEI chromatogram will lead to an increase in the numbers of “not detected” ions and lower
accuracy of the mass ions. Because of limits in the amount of potato periderm sample, it is
difficult to increase the sample concentration by increasing the extracted amount for all
biological replicates. A possible strategy could be to run replicates with SCI for multivariate
analysis and concentrated samples with SEI for metabolite identification. Fortunately, the peak
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retention time of the SCI chromatogram was found to be highly consistent with the SEI
chromatogram in Fig.5.4. Thus it is possible to combine the data information from the SCI
chromatogram for multivariate analysis and SEI with concentrated samples for identification.
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Figure 5.4 GC-MS chromatogram of non-polar extract of native WTScab periderm. SEI
(red) and SCI (black) chromatogram overlay comparison.

5.1.5 Identification Method Evaluation
As mentioned in the sample preparation section, 10 mg of native potato periderm were
extracted with solvents including water, methanol and chloroform. 1.5 ml of the non-polar
extract was collected and divided into two parts in a 2-ml vial. Each sample was about 0.75 ml
and further dried at room temperature. The dry non-polar extracts were run by GC-MS after
derivatization with 50 μL of dry pyridine and 80 μL of MSTFA and 1% TMCS. There are two
methods to increase the test sample (WTScab) concentration. Method A is to re-dissolve the dry
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sample (long-time stored non-polar sample) in chloroform, combine 5 samples together and dry
the combined sample at temperature again and further perform the derivatization with the same
volume reagent (sample A). Method B is to increase the mass of dry potato periderm powder
from 10mg to 25 mg and extract with 2.5 times the amount of solvent. After solvent extraction,
the non-polar extract was dried and derivatization was conducted with the same volume reagent
(sample B). In theory, both samples A and B have 5 times higher concentration than the original
sample.
A long-time stored sample and a freshly extracted sample with the same concentration
(each extracted from 10 mg powder) were run in SEI mode. In the first 30 mins, the metabolite
peaks in the long-time stored sample’s chromatogram had decreased intensities or even missing
peaks compared with fresh extract samples. During the latter 30 mins, there were some new
peaks observed in the long-time stored sample (Fig.5.5). In all, the long-time stored dried nonpolar sample showed some chemical composition changes. Highly concentrated samples
prepared with method A and B were run in SEI mode to obtain the TIC spectra shown in Fig.5.6.
The peak intensities of sample B were much higher than those of sample A, which indicated that
method B was better than method A for obtaining a high concentration sample. However, even
the peak intensity of sample B was still much lower than the sample run previously on the
QP2010 plus instrument and more than 20% of the peaks were missing or unidentified.
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Figure 5.5 Overlay comparisons of GC-MS chromatograms of freshly prepared (red) and
long-time stored WTScab sample (blue).
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Figure 5.6 Overlay comparisons of GC-MS chromatograms of concentrated sample : freshly
prepared (red) and long-time stored (black) sample.
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5.1.6 Instrument Reproducibility and PCA Analysis Evaluation
To evaluate the instrument reproducibility and PCA analysis method, three biological
replicates each of WT and FHT-RNAi non-polar extracts were run in SCI mode with duplicate
injection. Fig. 5.7 indicates that the instrument has good reproducibility and that WT and FHTRNAi varieties are compositionally distinct. However, in Fig.5.8 A, a negative value of the
statistical parameter Q2 showed that the analysis model was not valid for these WT and FHTRNAi data. Thus there was no significant distinction between WT and FHT-RNAi drawn from
Fig. 5.6 B, a result that conflicts with the conclusions presented in Chapter 3. It is possible that
the lower sensitivity of the TQ8040 instrument and lower intensity of the metabolite peaks lead
to diminished differences discerned between WT and FHT-RNAi. To test this hypothesis, GCFID data were acquired (using line 1 of the instrument) for multivariate analysis as shown in Figs.
5.6 C and D. Q2 is larger than 0.5, which demonstrates a good model for metabolomics analysis.
WT and FHT-RNAi varieties have a clear separation in PC1, which means these two varieties
are significantly different compositionally. GC-MS data (using line 2 of the instrument) and GCFID (line 1) were collected simultaneously. GC-FID exhibited higher sensitivity than the MS
spectrum on the TQ8040 instrument. A number of metabolites that displayed significant
differences between WT and FHT-RNAi samples could be not detected or were weakly detected
in the SEI or SCI spectra, which diminished the validated differences between WT and FHTRNAi non-polar extracts.
In all, considering both detection sensitivity and identification reliability, it was
concluded that the TQ8040 instrument was not suitable for our potato periderm metabolomics
analysis.
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Figure 5.7 GC-MS total ion chromatograms (TIC) of WT and FHT-RNAi native potato
periderms tested on the TQ8040 instrument . Each trace represents data from 6 superimposed
replicates. Mass spectra were recorded in the SCI mode. WT (red) and FHT-RNAi (blue).
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Figure 5.8 PCA analysis test for non-polar extracts from WT and FHT-RNAi native
periderms. Data acquired from line 1 and line 2 of the TQ8040 GC-MS. A and C are auto-fit plots
for line 1 and line 2 data sets, respectively with “comp no” representing component number; B and
D are PCA plots for line 1 and line 2 data sets, respectively.
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5.2

LC-MS Based Metabolomics Analysis of Polar Extracts

5.2.1 PCA Analysis of Native Periderm Polar Extracts
We obtained dry sample of WT (WTD), CYP 86A33-RNAi lines 22 (CYP) and 39 (CYP
39) and FHT-RNAi lines 37 (FHTD) and 4 (FHT4) dry sample from our collaborator Dr. Olga
Serra (University of Girona, Spain). Different lines were used for metabolomics cross checks.
The polar extracts were profiled by LC-MS at City College. The PCA plot of Fig. 5.9 shows that
WTD, CYP and FHT are clearly separated; the two lines of CYP86A33-RNAi samples and two
lines of FHT-RNAi samples cluster together separately, which indicates that there are no
significant differences between the lines of either CYP86A33-RNAi or FHT-RNAi. CYP86A33RNAi line 22 and FHT-RNAi line 37 will be used for further compositional analysis of both
polar and non-polar extracts.

Figure 5.9 PCA plot of WTD, CYP and FHT and different lines for polar extracts of native
periderm, as profiled by LC-MS.
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5.2.2 PCA and OPLS-DA Analysis of CYP Polar Extracts
From statistical analysis by PCA and OPLS-DA (Fig. 5.10), the metabolite pool is
significantly changed after CYP silencing. There are fourteen biomarkers in CYP-RNAi
compared with WTD, including six CYP up-regulated biomarkers and eight CYP downregulated biomarkers. Glycoalkaloids including -solanine, -chaconine and solanidine-Glc-Rha
are identified up-regulated biomarkers (structures shown in Fig. 5.11) for the native CYP-RNAi
periderm; the metabolites with m/z 1045.5, 491.5 and 354.3 are unidentified up-regulated
biomarkers. Caffeic acid, N-feruloyltyamine and polyamines (structures shown in Fig. 5.12) such
as

N1,N12-(dihydrocaffeoyl)spermine,

N1,N4,N12-tris(dihydrocaffeoyl)spermine,

N1,N4,N8-

tris(dihydrocaffeoyl)spermidine and N1,N4,N9,N12-tetra(dihydrocaffeoyl)spermine are identified
down-regulated biomarkers, and the metabolites with m/z 106.3 and 367.5 are unidentified
down-regulated biomarkers. These biomarkers and full list of metabolites have been summarized
by my colleague Qing in her thesis.

PCA plot

OPLS-DA plot

Figure 5.10 PCA and OPLS-DA plots of WT vs CYP86A33-RNAi polar extracts
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Figure 5.11 Structure of identified up-regulated potential biomarkers in CYP polar
extracts.
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5.2.3 Discussion
The up-regulated and down-regulated biomarkers are not the direct precursors or
products of the CYP reaction (Fig. 1.5) nor are they included in the suberin biosynthesis pathway
(Fig. 4.33). From CYP the reaction scheme shown in Fig. 1.5, it is easy to explain that CYP
silencing potato has fewer biomarkers in its polar extracts than the FHT RNAi potato: CYP is
mainly involved in the SPAD domain corresponding to the non-polar part of the extract whereas
FHT functions in the crosslinking between the SPAD and SPPD. Glycoalkaloids are reported to
be involved in host-plant resistance and to play protective roles as natural plant defenses
(Ginzberg, et al., 2009), so it is possible that the CYP biomarkers in polar extracts play an
important role to regulate the biosynthesis as plant hormones or via antimicrobial action.

5.3

LC-MS Based Metabolomic Analysis of Non-polar Extracts

5.3.1 Motivation for Analyzing Non-polar Extracts with LC-MS
The non-polar extracts of WT, FHT-RNAi, and CYP86A33-RNAi potato native periderm
were run with a C8 column on the LC-MS instrument (Q-TOF) at Hunter College as described in
Section 3.4.5. There are two main reasons for using an LC-MS method to analyze non-polar
extracts. Firstly, as mentioned in Section 4.1, we could not locate a GC-MS instrument with
satisfactory capabilities for our sample. Secondly, GC-MS has a mass limitation such that the
metabolites can only be detected when the molecular mass is below 600 Da after derivatization.
There are several classes of metabolites that could not be detected and analyzed by GC-MS, such
as feruloyloxy fatty acids, feruloyloxy fatty acid glycerol esters and alkyl ferulates.
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5.3.2 Preliminary Metabolite Profiling Data
36 metabolites were identified in potato non-polar extracts of native periderm based on
LC-MS (Q-TOF data) acquired at Hunter College as shown in Table 5.1, including saturated
fatty acids (4), unsaturated fatty acids (4), feruloyloxy fatty acids (9), feruloyloxy fatty acids
glycerol esters (9), and alkyl ferulates (10). Compared with the metabolites of WT and FHTRNAi non-polar extracts identified by GC-MS, alkanes, alkanols, dicarboxylic acids and glycerol
monoacyl-fatty acids were not found whereas feruloyl esters are only detected using Q-TOF. The
results indicate that neither GC-MS nor Q-TOF data could represent the full metabolite picture
for non-polar extracts. It is necessary to combine GC-MS and Q-TOF data information to profile
the non-polar metabolites. In the future, the tandem mass spectrometry will be performed to get
more information by Q-TOF methods to confirm the current identifications and to identify more
metabolites.
To validate the instrument reproducibility and multivariate data analysis with Q-TOF
data, 6 duplicate injections of WT, FHT-RNAi and CYP were run on the instrument and data
were processed with MZmine after converting the raw data to an mzdata file. Six injection
replicates of WT, FHT-RNAi and CYP are clustered well, and the different varieties are
separated from each other (Fig. 5.13). From a TIC trace comparison in Fig. 5.14, it is obvious
that there are significate metabolite difference between non-polar extracts of wild type and CYPsilenced native periderm. PCA analysis of six duplicate injections in Fig. 5.15 also showed good
separation between WT and CYP-RNAi, which indicates the metabolite differences. Further
analysis will be done in the future with 6 biological replicates and tandem mass spectrometry
will be performed to confirm the metabolite identifications.
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Table 5.1 Metabolites in non-polar CYP-RNAi extracts detected by Q-TOF
Fatty Acids(4)
C14:0 (C14H28O2)

RT
6.7

[M-H] (Cal.)
227.20164

TOF
227.2023

Error(ppm)
-2.90

C16:0 (C16H32O2)

8.7

255.23293

255.2338

-3.41

C17:0 (C17H34O2)

9.8

269.24858

269.2494

-3.04

C18:0 (C18H36O2)

283.2655

-4.48

C16:1 (C16H30O2)

10.8
283.26423
Unsaturated Fatty Acids (4)
7.2
253.21728

253.2185

-4.82

C18:1 (C18H30O2)

6.7

277.21728

277.2179

-2.23

C18:2 (C18H32O2)

7.9

279.23293

279.2316

4.76

C18:3 (C18H34O2)

281.2491

-1.84

C16:0 (C26H40O6)

9.2
281.24858
Feruloyloxy Fatty Acids (9)
6.5
447.27519

447.2752

-0.02

C18:0 (C28H44O6)

8.4

475.30649

475.305

3.13

C18:1 (C28H42O6)

7.1

473.29084

473.2905

0.72

C18:2 (C28H40O6)

6.0

471.27519

471.2759

-1.51

C20:0 (C30H48O6)

10.2

503.33778

503.3358

3.93

C22:0 (C32H52O6)

11.9

531.36908

531.3698

-1.35

C23:0 (C33H54O6)

12.6

545.38473

545.3842

0.97

C24:0 (C34H56O6)

13.3

559.40038

559.4005

-0.21

15.6
615.46298
615.4622
Feruloyloxy Fatty Acids Glycerol Esters (9)
5.2
521.31196
521.31

1.27

C28:0 (C38H64O6)
C16:0 (C29H46O8)

3.76

C18:1 (C31H48O8)

5.8

547.32761

547.3277

-0.16

C18:2 (C31H46O8)

4.7

545.31196

545.3112

1.39

C20:0 (C33H54O8)

8.9

577.37456

577.3727

3.22

C22:0 (C35H58O8)

10.4

605.40586

605.4057

0.26

C23:0 (C36H60O8)

8.1

619.42151

619.4204

1.79

C24:0 (C37H62O8)

12.1

633.43716

633.4365

1.04

C26:0 (C39H66O8)
C28:0 (C41H70O8)

13.5
14.7

661.4688
689.5001

-0.53
-0.51

C16:0 (C26H42O4)

661.46845
689.49975
Alkyl Ferulates (10)
12.5
417.30101

417.3011

-0.22

C18:0 (C28H46O4)

13.0

445.33231

445.3323

0.02

C19:0 (C29H48O4)

14.6

459.34796

459.3485

-1.18

C20:0 (C30H50O4)

15.2

473.3636

473.3621

3.17

C22:0 C32H54O4)

16.2

501.3949

501.3949

0.00

C23:0 (C33H56O4)

16.6

515.41055

515.4109

-0.68

C25:0 (C35H60O4)

17.4

543.44185

543.4409

1.75

C26:0 (C36H62O4)

17.9

557.4575

557.4566

1.61

C27:0 (C37H64O4)
C28:0 (C38H66O4)

18.5
19.1

571.47315
585.4888

571.4715
585.4884

2.89
0.68
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Figure 5.13 PCA plot for non-polar extracts of native periderm analyzed by Q-TOF. Six
injections color-coded for WT (red), FHT-RNAi (blue) and CYP-RNAi (green) were examined by
negative-mode Q-TOF.
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Figure 5.14 TIC trace comparison of non-polar periderm extracts from WT and CYP-RNAi
varieties. WT (red) and CYP-RNAi (green) native periderm non-polar extracted examined by
negative-mode Q-TOF.

Figure 5.15 PCA plot for non-polar extracts of WT and CYP-RNAi native periderms
analyzed by Q-TOF. Six injections color-coded for WT (red) and CYP-RNAi (green) were examined
by negative-mode Q-TOF.

133

6

CONCLUSIONS AND PROSPECTUS
Information on the molecular structure of the suberin has been reported based on either

depolymerization or solid-state NMR of intact suberin in previous work. However, such
information is insufficient for understanding the suberin biosynthesis and macromolecular
assembly. To better understand this enigma, our approach complements prior investigations with
systematic analysis of the soluble (polar and non-polar) extracts of both native and wound potato
periderm using a bottom-up approach.
A holistic compositional accounting of FHT-RNAi potato periderms that includes polar
extracts (LC-MS and solution NMR), non-polar extracts (GC-MS) and solid polymer composites
(solid-state NMR) gives us the ability to derive comprehensive, reliable information about the
impact of silencing the FHT gene on suberin structure or composition. Periderm from the FHTRNAi variety has large changes in the metabolite pool compared with the wild-type variety in
native periderm. Phenolic amines (polar extracts) and glycerol esters (non-polar extracts), which
are highly abundant markers for the FHT-RNAi native periderm, indicate the redirection of
biosynthetic pathways to form alternative protective layers. Phenolic acids and glycoalkaloids
(polar extracts) are down-regulated in native periderm, a trend that may be related to the possible
diminished resistance to plant pathogens.
For wound periderm, polar metabolites accumulate rapidly during the first 3 days and
slow down after 7 days. There are no significant differences between the WT and FHT-RNAi
wound-healing process according to the PCA analysis of polar wound extracts. However, the
non-polar extracts of day-14 FHT-RNAi samples show distinctive metabolite compositions
compared with those of WT. Our research also shows a clear compositional difference between
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mature wound periderm and native periderm according to soluble analysis and solid-state
analysis. In all, approaches used in FHT-RNAi give us a good understanding of FHT function in
suberin biosynthesis. One limitation is that ferulate esters which are directly related the FHT
enzyme reaction were not detected among the metabolites. The non-polar extract from wound
periderm did not yield good data due to the bleeding problem of the GC-MS instrument. In the
future, this work will be conducted by our collaborator to further confirm our conclusions.
For CYP-RNAi periderms, the analogous analyses were performed on the polar extracts
and solid residue using LC-MS and solid-state NMR (data shown in Qing’s thesis). Polar
metabolomics analysis shows that CYP-RNAi has a distinctive metabolite pool as compared with
WT and also FHT-RNAi. Glycoalkaloids including -solanine, -chaconine and solanidine-GlcRha

are

up-regulated

biomarkers,

bis(dihydrocaffeoyl)spermine,

while

caffeic

acid,

N-feruloyltyamine,

N1,N4,N12-tris(dihydrocaffeoyl)spermine,

N1,N12N1,N4,N8-

tris(dihydrocaffeoyl)spermidine and N1,N4,N9,N12-tetra(dihydrocaffeoyl)spermine are downregulated biomarkers for CYP86A33-RNAi. As mentioned in Section 5.1, the GC-MS instrument
at CCNY is problematic for our project so we are trying to collect data via our colleagues in
Spain. Non-polar extracts were also run by LC-MS Q-TOF with six duplicate injections to
address the challenge of detecting the feruloyl esters by GC-MS. Biological replicates will be run
to confirm the differences among varieties and tandem mass spectrometry will be performed at
Hunter College to identify metabolites and link the associated biomarkers with insights into the
metabolism of plant protection.
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