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Chapter 1: Introduction and Objectives

Weeds anghrubscan rapidly invadgoorly managedpastures. Multiflora rose,
autumnolive, andbush honeysuckle nodominate many Appalachian hill-lanmhstures.
Infestation of pastures with weedy, shrub species limits the ability of the pasture to support
production of sheep or cattle because the shrubs decreases the pasture quality and decreases
the area available fgrazing. Goatgan be an effective alternative to herbicide control of
invasive species. Inaddition to renovating th@asture,meat goats provide a salable,
commercial meat product that can diversify farm enterprise.

Vitamin E is anecessary nutrient in ruminamtiets. This studyexamined
concentrations of vitamin in the led$sue ofthreeinvasive, browse speciemmon to
underutilized Appalachian pastures to assess the value of these plants as a sataroe of
E for goats. The hypothesis of this study west the value ofhrubs as dietarysource
of vitamin Evaries with species antime during the growing season. Experiments
addressed two questions.

1. Do differences in the concentration of the individoams oftocopherol exist in

the leaf tissue of the three species?

2. Do changes in the concentration of the tocopherols ile#i@issue occur during

the growing season in the three species?

This research was conducted in collaboration with scientists at the USDA, ARS,
Appalachian Farming Systems Research Center (AFSRC) in Beaver, WV, who are
developing a system for producing meat goats on hill-land pastures overgrown with
invasive shrubs. The results of the examination of the tocopherol concentrations present in
browse leaf tissue will be used in conjunction with the findings of other scientists at the

AFSRC to define the quantity and timing of nutrient supplementation.



CHAPTER 2: Literature Review

Biochemistry of Vitamin E

Vitamin E (tocopherol)was firstisolated in 1936 from wheat germoil. The
common name vitamin &as given because the vitaminas identified shortly after the
discovery ofvitamin D. Historically, vitamin E was known for it'sessential role in
maintaining pregnancy, as the name indicates. “Tocopherol” derives from thev@netk

tocos(to birth) andoherein(carry) (Eitenmiller and Landen, 1994).

a

Figure 1. Structure of vitamin E (tocopherol)

CHs

Tocopherols

Common Name Chemical name R, R, R,
Tocol -- H H H
Alpha-Tocopherol 5,7,8-Trimethyltocol ~ CH CH, CH,
Beta-Tocopherol 5,8,-Dimethyltocol GH H CH,
Gamma-Tocopherol 7,8-Dimethyltocol H GH CH,
Delta -Tocopherol 8-Methyltocol H H CH

&vitamin E refers collectively to naturabnd synthetic derivatives of thecopherols and
tocotrienols.

Vitamin E is the collective name for a group of biologically active 6-hydroxychroman
compoundsthat includes four different methylatedtocopherols and four analogous
methylatedtiocotrienols, which hav&’, 7°, and 11’ unsaturations (See Figure The

vitamin E compounds are freely soluble in lipids and organic solgeists as hexane, but



are practicallyinsoluble in agueousolutions. Eight stereocisomergan be formediuring
synthetic production of vitamin E due to the chiral centers at {hasion ofthe chroman
ring andthe 4’ and 8’positions onthe chain. Only RRRsterecisomer®ccur in nature
(Eitenmiller and Landen, 1994). Tocopherol acetate, whichabeistesster-linked at the 6
position ofthe chromarring, is not found innature but issold commercially as a stable
form of vitamin E.

Vitamin E is most recognized today as the principle lipid-soluble antioxidant in both
plant and animal systems (Fryer, 1992; Diplock, 1983). Antioxidants sudtain E are
a crucial part of plant andnimal defenses againgixidative stress. Adequate dietary
vitamin E intake has numerous beneficial effects in animal systems that include reducing the
risk of cataracts and cardiovascular disease (PackerLandvik, 1989), enhancing
immunesurveillance, and suppressifignor growth (Factoret al., 2000). Some effects
such asregulatory interaction with protein kinase &e distinctfrom the antioxidant
function of vitamin E (Ricciarellet al.,1998).

Vitamin E functions primarily as a peroxyladical scavenger talisrupt lipid
peroxidation chain reactiond@urton andIngold, 1989). The generalized path of lipid
peroxidation is illustrated ifrigure 2. Lipid peroxidationbegins with production of a
carbon-centered radical lsome oxidant. The reaction is propagatedhen the carbon-
centered radical then reaststh dissolvedmolecularoxygen to form a highlyreactive
peroxyl radical. The peroxylradical reactswith any peroxidizable moleculesspecially
polyunsaturated fatty acids, to produce another carbon-centered radical. Threati#n
continues untikwo peroxylradicals reacproducing non-radical species the reaction is
inhibited by chain-breaking antioxidardach asvitamin E. Vitamin E isalso capable of

reducing reactive oxygen species such as singlet oxygen or superoxide (Liebler, 1998).



Figure 2. Path of lipid peroxidation and inhibition by vitamin E é

initiation: oxidant + LH —  educed oxidant +4.

propagation: | . 1 Q, —»  LOO- (peroxyl radical)
LOOe + LH —» LOOH + L

termination: | 0. + LOO» — non-radical products

inhibition: LOO- + tocopherol — | OOH +tocopheroxy radical

®The initial oxidant reacts with an acyl lip{tH) to produce aarbon-centered radical {)
which reacts with oxygen to produce highBactiveperoxyl radicals(LOO.). Peroxyl
radicals chain reagiroducingadditional carbon-centered and peroxyl radicals until two
radical species react or the reaction is inhibited by antioxidants such as tocopherol.
Figure 3 illustrateshe mechanisnfior generation of peroxyl radicals and some of
the potential fates ofocopherol. The oxidizedtocopheroxyradical (reaction 1) faces
several possible fates (Leibler, 1998). The radical can be reduced lthekawinol form
(reaction 2) by accepting a hydrogen ion from ascorbate (vitamin C) (Reickier1979),
reduced glutathione (McCagt al., 1989), or coenzyme Q(Kagan et al, 1998).
Alternatively, thetocopheroxyradical can reacturther with a second peroxydadical
(reaction 3) or other oxidant to form non-reactoreductsthat includetocopherolquinone
(Leibler, 1998). Lastly, iflocal concentrations abcopheroxy radicalare high, then the
reverse, pro-oxidanteaction can occur by removing teydrogen from anothelipid

molecule (reaction 4; Wittingt al., 1998). This generates alpha-tocopherol ahd lipid

radical.



Figure 3. Reactions of vitamin E
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Tocopherol reacts with peroxyl radicals generating the tocopheroxy radicals (1);
under certain conditions the reverse reaction can occur (4). Tocopheroxy radicals can be
oxidized further to generate stable tocopherol quinones (3). Regeneration of tocopherol
from tocopheroxy radicals occurs through reduction by other cellular antioxidants (2).



The structure of vitamin E is well suitédr reaction with peroxyl radicalBurton
and Ingold, 1989). As a lipophilic molecule, vitamin E is not freely distributedecell,
but localized within phospholipid membranes. Within the membrane, vitamin E can protect
the peroxidizable unsaturated fatty acfdsm degradation.The tocopherol molecule is
oriented withthe chromarring in association witlthe phospholipid headyroups of the
bilayer while the phytyl tail is oriented toward thgdrophobic core othe bilayer(Kagan,
1989). The tocopherol molecule catiffuse laterally at a rate equal to tlkffusion of

phospholipids, and vitamin E can rotate around the axis of the phytyl tail (Quinn, 1998).

Figure 4. Functions of vitamin E within membrane$
Source: Kagan, 1989
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functionining as antioxidant within the membrane.

Vitamin E helps to stabilize membranes (Figure 4), whichastiaal role unrelated
to its function as an antioxida(Eryer, 1992).The presence of vitamin E stabilizes the
membrane by decreasing the permeability to sroak caused by polyunsaturatéatty

acids (Quinn, 1998). The phytyl chain ofVitamin E canbind to free fatty acids and

minimize their disruptive effect on the membrane (Kagan, 1989). Additionally, vitamin E in



the membrane stabilizes the membrane from temperature changes by broadening the gel-to-
liquid crystalline phase transition curve (Wasdadl.,1986).

Vitamin E is synthesized exclusively by photosyntheticganisms.  Synthesis
occurs inthe chloroplast envelope at the inner membrane (Schulze-Setbait 1987).
Synthesiscan also occur in non-chlorophyll containingsues such as roots and seeds
(Hess, 1993). The isoprenoid pathway #mel chorismate pathway provigeecursors for
tocopherol (Figure 5). Homogentisic acid (HGA), a tyrosine derivative from the chorismate
pathway, combines with phytyl-diphosphate frothe isopreniod pathway toield 2-
methyl-6-phytylquinol (2MPQ).Availablity of phytyl-diphosphate appears t@gulate
tocopherol accumulation irArabidopsis (Tanaka et al., 1999). With S-adenosyl
methionine as the methyl donor, 2MPQ is then methylated &-tlosition andcyclized to
generate gamma-tocopherd\dditional methylation at thes-position generateslpha-
tocopherol (Hirschberg, 1999)The synthesis ofbeta- and delta-tocopherol is not fully
understood but is thought to result frooylization of 2MPQ prior to methylation
(Hirschberg, 1999). Synthesis tife tocotrienols is thought to proceed similarly to the
tocopherols except geranylgeranyl-diphosphat6&GDP) is not reduced to phytyl-
diphosphate by GGDP reductase before combining with homogentisic acid (Hess, 1993).

The phytyl-diphosphate isoprenoid side chain was believed to be synthesized in the
cytosol by the classicalcetate/mevalonafgathway. Recent elucidation of an alternative,
mevalonate-independent, 1-deoxy-D-xylulose-5-phospH@@©XY) pathway that is
plastid-specific raises questions about the origin of the tocopherol gideythain. The
DOXY pathway is known to providéhe isoprenoid units forcarotenoidbiosynthesis,
chlorophyll biosynthesisand for plastoquinone-Q.ichtenthaler,1999). Although it has
not been demonstrated, it is highikely that theDOXY isoprenoid pathway supplies the

isoprenoid units for tocopherol biosynthesis as well.



Figure 5. Alpha-tocopherol biosynthetic pathway
Source: Hirschberg, 1999
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Homogentisic acid supplied by the chorismate pathway; phytyl-diphosphate supplied most
likely by the mevalonate-independent pathway.



The tocopherol synthetic pathwaliares soméntermediates with other important
metabolicpathways. Geranyl-geranyl-diphosphate is amermediate inboth chlorophyll
biosynthesis and carotenoid biosynthesis (Shewnsdlar,1999). Homogentisiacid is
a precursor for quinone biosynthesed phytyl/prenyl transferaseatalyzesboth the
reaction ofHGA and phytyl-diphosphate fdocopherol biosynthesis artle reaction of
HGA with solanyl pyrophosphate in plastoquinone biosynthesis (Nadrais,1995).

Mechanisms that regulate tocophdm@synthesisare not fullyunderstood and are
complicated by interconnectiomith otherpathways. Recently, use ofolecular biology
techniques has helped increase our understanding. ndtaily, Shintani an®ellaPenna
(1998) wereable toshift the form of tocopherol produced iarabidopsis seed oils from
97% gamma-tocopherol to 95% alpha-tocopherol by overexpressing the final enzyme in the
pathway, gamma-methyl transferase. These researchers noteithat gamma-methyl
transferase would alsmnvert delta-tocopherol to beta-tocopherol, and more importantly,
that shifting from gamma-tocopherol to alpha-tocopherol did not increlasetotal
tocopherol content.They concluded that gamma-methsdnsferase plays a key role in
determining theform of tocopherol present but ntite totalamount.Arango and Heise
(1998) reportedthat phytolquinol cyclasewas not the rate-limitingstep in tocopherol
synthesis as previously thoughtThey documented a very rapid conversion from
homogentisate and phytyl-diphosphate to gamma-tocopherol, an observation which agrees
with the findings of Shintani andDellaPenna1998). While Arangoand Heise suggest
some regulatory role for gamma tocopherol (1998), the si@psupply HGA and phytyl-
pyrophosphatare currently thought to control thetal levels oftocopherol(Hirschberg,

1999). Two studies on GGDP are in agreement with this prediction. First, overexpression
of phytoenesynthase, whichdecreases theool of GGDP available for tocopherol
synthesis,decreased the levels of tocopherol significar{hewmakeret al, 1999).

Second,reducing theactivity of geranylgeranyl reductaséth transgenic expression of



antisense MRNA reduced tocopherol levels compared to untransformed controls €fanaka
al., 1999).

The different forms of vitamin E have different bioactivities (Pryor, 1995; Table 1).
The bioactivites of the tocopherol forms have been investigated using several tests: the
classical standard, prevention of rat fetal resorption (Bliss and Gyorgy, 1967), in vivo
defense against lipid peroxidation in iron loaded rats (Dillard et al., 1983), in vitro
inhibition of autooxidation of styrene (Burton and Ingold, 1989), and various measures of
storage in animal tissue (Dicks and Matterson, 1961; Hiditoglou et al., 1988). One
international unit (1U) of vitamin E is standardized to equal the bioactivity of 1 rally of
rac-tocopherol acetate. Naturally occuring d-alpha-tocopherol has a greater biological
activity, 1.49 IU/mg, thamll-rac-tocopherol acetate. The measures of bioactivity do not
necessarily equal measures of antioxidant activity. Some experiments have indicated that
gamma-tocopherol is the more potent in vitro antioxidant (Duthie et al., 1991). Other
results from in vitro and in vivo measures of antioxidant activity have identified alpha-
tocopherol as the most active antioxidant, which correlates with measures of the bioactivity

(Burton and Ingold, 1989). In animal systems, the bioactivities are believed to result from

the affinity of alpha-tocopherol transfer protei{T P) for the various forms of vitamin E

(Hosomi et al., 1997)
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Table 1. Bioactivities of different forms of vitamin E
source: Pryoet al.,1995

Bioactivities

Compared to
Forms of vitamin E IU/mg® RRR-alpha-tocopheroF,
%

Natural (RRR-)

alphatocopherol 1.49 100

betatocopherol 0.75 50
gammatocopherol 0.15 10

deltatocopherol 0.05 3

Synthetic forms

2R4’R8’'Ralphatocopherol 1.49 100
2S4’R8 Salpha-tocopherol 0.46 31
all-rac- alpha-tocopherol 1.10 74
2R4’R8’Salpha-tocopherol 1.34 90
2S4’R8 Salpha-tocopherol 0.55 37
2R4’S8 SXalpha-tocopherol 1.09 73
2S4'S8'Salpha-tocopherol 0.31 21
2R4’S8’Ralpha-tocopherol 0.85 57
2S4’'S8'Slpha-tocopherol 1.10 60
RRR alpha-tocopheryl acetate 1.36 91
all-rac- alpha-tocopheryl acetate 1.00 67

®Bioactivites based omat fetalresorption studies from several laboratowesnpiled by
Pryoret al.(1995). "IU is defined as the bioactivity of 1 mg afi-rac-tocopherol acetate.
‘RRRalpha-tocopherol is the most biologically active form.
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Animal systems usemechanisms involving tocopherol binding proteins to
preferentially retain alpha-tocopher@utta-Roy, 1999). Inthe gut, the absorption
properties are the same for each offttvens of vitamin E. After dietaryconsumption, all
forms of vitamin E, along with othdat solublecompoundsare absorbednto aggregates
of lipoproteins called chylomicrons. The chylomicrons ardransported through the
circulatory system and eventually are taken up by the liver. Iivitie alpha-tocopherol is

transferred fronthe chylomicrons tovery low density lipoproteingVLDL) by the 30

kiloDalton hepatic alpha-tocopherol transfer proteif {P). The affinity ofthis protein is

much higher for alpha-tocopherol than for the other forms. The fattvas of tocopherol,

which are not transfered t¥DLP by aTTP, are removedrom the body mostlikely

through the bile.

In circulation, tocopherolsan exchange among sevecalriers. Firstthe liver
secretesVLDL containingtocopherol. These/LDL are metabolized tdow density
lipoproteins (LDL). The LDL can freely exchangdocopherols with high density
lipoprotien (HDL). In turn, HDL and chylomicrons can exchange tocophdiaiaber,

1994). This process of tocopherol absorption and transport is illustrated in Figure 6.

12



Figure 6. Absorption and transport of vitamin E in animal systems$
Source: Traber, 1994

Food :
Chylomicron Tissues

->
—>

Digestive tract
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'Alpha-tocopherold-T) is preferentially retained. For simplicity gamma-tocopherol

(y-T) is the only other form depicted. Both alpha- and gamma-tocopharelsqually
absorbed in chylomicrons (green) and move to tissues or liver. Indas@ma- and other
forms are removed while alpha-tocopherolbisund byalpha-tocopherol transport protein

[(aTTP) (blue) andpackaged in nasceLDL for secretion back into circulation.
Exchange between chlylomicrons and HDLP (aqua) occur in circulation as well as

exchange between HDLP and LDL. Smajldr symbol represents lower concentrations of
other tocopherols compared to alpha-tocopherol.
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Tocopherol binding proteins have been identified ntimerousanimal tissues
(Dutta-Royet al.,1993; Gordoret al., 1995; Sato,1993). The 30kDA alpha-tocopherol
binding protein is found exclusively in liveytosol. Adifferent 15kDA alpha-tocopherol
binding protein isfound in all major animaltissues and is thought to transfapha-
tocopherol intracellularly, although the mechanisnungnown. In additionsomecells
may have an alpha-tocopherol binding protein on the plasma membréaelitate the
uptake of alpha-tocopherol (Dutta-Ro}999). Such grotein has been identified in
human red blood cells (Bellizet al.,1997).

Tocopherol binding proteins have not been identified in plants. Most of the
tocopherol in plants is thought to be localized in the thylakoid membrane @t eidin
1983) with excess stored in plastoglobuli (Lichtenthaler, 1968). However, tocopherols
have been detected outside of the cell in epicuticular wax (Shegtredrd 999), which
indicates that some mechanism for transport exists. Possible candidates for a tocopherol
transport molecule in plants are the 9 kDA non-specific lipid transport proteins (LTP).
These proteins have been shown to enhance the movement of phospholipids and bind acyl
chains. Moreover, lipid transfer proteins have been hypothesized to play a role in cutin
formation and in stress adaptation (Kader, 1996).

Because different forms of vitamin E have different bioactivites, the value of a feed
as a source of vitamin E depends not only on the quantity of tocopherols present but also
on the form of tocopherol present. The quantity and forms of tocopherol in plants vary
among species (Hess, 1993). Table 2 lists some typical concentrations for alpha-
tocopherol in plant species. The variation in tocopherol content in seed oils is distinct
enough to provided an effective means to evaluate the taxonomy of certain plant families
(Goffmanet al, 1999). For instance, within the Boraginaceae family, tocopherol profiles
of seed oils ranged from 100% alpha- to 100% gamma- to 90.4% delta-tocopherol for

different species (Velasco and Goffman, 1999). Despite these wide variations, it is

14



Table 2. Alpha-tocopherol concentrations in several plants

Species, alpha-tocopherol, Reference
tissue description ppm DM
Abies alba
1 yr needle 200 Finckh & Kunert, 1985
4 yr needle 700
Amaranthus retroflexus 600 Finckh & Kunert, 1985
cotyledon
Chenopodium album 120 Finckh & Kunert, 1985
cotyledon
Datura stramonium 830 Gaporet al., 1986
cotyledon
Elaeis gueneensis 3200-5600 Kunert & Ederer, 1985
leaflet
Fagus silvatica 300 Green, 1958
1 month leaf 2300
5 month leaf
Kandil et al.,1990
Helianthus annum 860-950
seed
Hordeum sativum 67 Green, 1958
74 day plant 10
ripe seed head
Pisum sativa 127 Green, 1958
31 day plant 6.5
seed
526 Demcet al.,1999
Rosmarinus officinalis
leaves
Solanum tuberosum 0.10 Booth, 1964
fresh tuber
Trifolium ripens 160 Green, 1958
whole plant
Zea mays 5.6 Green, 1958
87 day plant 54
seed

15



commonly assumed that over-all gamma-tocopherol is the most common tocopherol in
plants (Goffmaret al.,1999; Haddarainen and Pehrson, 1987).

Changes in tocopherol quantitgn occur in a plant as part stfess responses or
due to physiological changes in the pldissue (Hess, 1993),changes in tocopherol
content are not the same in all plants, or in all plant tissues (Franzen and Haab, 1991). Due
to the role of vitamin E as an antioxidant, it is sotprisingthat vitamin Eincreases have
been reported imesponse to higlight intensity (Garcia-Plazaolet al., 1998), drought
stress (Munne-Bosatt al.,1999), and chilling stress (Wildi and Lutz, 1996)ocopherol
levels in many species also change with maturity (Fraeteal, 1991 Robowsky and
Knabe, 1970). In leaf tissue of somenualcrops(Tramontancet al., 1992) and irtrees
(Kunert and Ederer, 198%Ipha-tocopherol levels increased with maturity. In forage
grasses, howevetocopherol levels in thehole plant decrease with maturitfLynch,

1991).

16



Importance of Vitamin E in Goat Production

Vitamin E is anessential component of ruminant diets (Taliber, 1988).
Adequate dietary vitamin E is importantgoats forthe prevention of nutritional muscular
dystrophy (whitemuscledisease)White musclediseasethe most common manifestation
of vitamin E or seleniundeficiency, is caused by accumulation ofperoxides in the
muscle tissue andan be fatal(Smith and Sherman, 1994). Selenium deficiency
contributes to white muscle disease because selenium is a cofactor in the peroxide
metabolizingenzyme glutathioneperoxidaseWhite muscledisease is a concern ffcal
goatproducerdG. Groot, 1999 personal communicationhe Appalachiarregion has
selenium-deficiensoils which limit the amount of selenium livestock can obtain from
forage (Ammermanand Miller, 1975). Lowlevels of selenium in the available forage
increase the importance of adequate dietary intake of vitamin E because deficiencies in both
micronutrients significantly increase fatality of white musdisease (Bickhardet al.,

1999).

The absolute dietary requirement \détamin E for non-nursing goats i9.1-0.3
IU/kg body weight; however,daily intake of 25 to 5QU/kg body weight(B.W.) is
recommended (Smith and Sherman, 1994). Geajsire higher levels ofitamin E than
do sheep ocattle to prevent vitamin E-related myopathié3oneset al, 1988). High
vitamin E intake isalso required by youngorsesand lactating dairycows (McDowell,

1985). The high vitamin E requirement in goats may be linked to the high rate of passage of
forage through the rumen (Luginbwgtlal, 1995).

Nutrient supplementation withitamin E prior to slaughteican improve theshelf
life of the meafrom cattle (Faustman ehl., 1989),sheep (Wulfet al., 1995) andother
livestock (Monahaet al.,1992; Linet al.,1989; Lopez-Botet al., 1997). The increased

level of Vitamin E in the megbrevents discoloration during storage by decrealid
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peroxidation and maintaining hemoglobin in the reduoech, yielding a more appealing
meat for the consumer (Liu, 1995).

Vitamin E is one of the more expensiaipplements to purchase (McDowell,
1985). Considering the high vitamin E requirement for goats, obtaining vitamin E from the
available forage is desirable in a low-input, pasture-finished, goat production system.

Goat productionrmay be a viable agricultural enterprise on many underutilized,
Appalachian, hill-landpastures. Pastures overgrown with invasiweedy, browse
speciesthat areunsuited for raisingcattle or sheepcan potentially beused for goat
production. Goats prefer rough and stieql overflat land (Luginbuhl et al, 1997) and
will consumebrowseand weedy specigbat cattle orsheep refuse (Harrington, 1982;
Ramirezet al, 1990). Goatarealsoeffective insuppressing growth ofvasiveshrubs
which can help improve pasture quality (Luginbudtl al., 1999). Using overgrown
pastures in ameat-goat productiorsystem offersthe combined benefits of pasture

renovation and production of a marketable product.
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Biology of Invasive Shrubs on Appalachian Farms

Multiflora rose Rosamultiflora Thunh), bush honeysuckleL@nicera morowii
Gray and related species), and autwiive (Elaeagnus umbellatdhunb), once promoted
for conservationuse, have become invasiveveeds in many Appalachianpastures
(Darlington andLoyd, 1994). Atthe time these shrubs werebeing promoted for
conservatioruse, many farmers clipped thepasturesannually or kept sheep along with
cattle. These practices, which prevented establishmehe ohvasive species ppastures,
are practicedesscommonly on farms today (Bryan and Mill988). Onceestablished,
these weedyhrubsdecrease pasture quality and decreaseatba availabldor grazing
(Kay, 1995). These shrubs are now classified as invasive spedies Ngptural Resource
Conservation Service, and West Virginia, mutliflora rose andautumn olive are
considered noxious weeds (USDA, NRCS, 1999).

In conservation programs from the 1930'’s to as late as the 1960’s, planting of these
species was encouraged because of their value in preventing soil erosion, providing food
for wildlife, and/or acting as a “living fence.” Characteristics such as the ability to form
dense hedge rows and to become established in poor fertility soil make them ideal for such
uses (Darlington and Loyd, 1994). Unfortunately, these same characteristics allow these
species to overtake pastures if not properly managed. The spread of these shrubs is
enhanced because all three produce attractive, reddish fruit that is eaten, scarified, and
widely dispersed by birds. A brief description of each species follows.

Multiflora rose (Figure 7) wasitroduced into the USrom EastAsia in thelate
1800's as a root stock for ornamental roses (&hal.,1997). This pricklystemmedshrub
cangrow up to 4 m in height.Leaves are alterna@nd compound with seven tone
oblong, serrate leaflets, 2 to 4 clong. The presence of a fringed stipudéstinguishes
multiflora rose from other roses. Reproduction is both by seesegelativepropagation.

Flowersappear inMay and June; fruit is produced iate summer and can remain on the
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plantthroughthe winter(Kay, 1995). Vegetativereproduction occurs whecanes bend
over, contact the ground, and devetopts for new plantsMultiflora rose growsapidly

and can form nearly impenetrable thickets.

Figure 7. Multiflora rose images

Multiflora rose berries and habit
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The name bush honeysuckle refers collectively to several closely related species
including the tartarian honeysuckleoficera tatarica L.) and Morrow’s honeysucklé. (
morrowii Gray) (USDA, NRCS, 2000). These exotic species were introduced from
Eurasia in the late 1700’s as ornamentals and later planted for conservation. These species
are common in most eastern states. Bush honeysuckles are branching, deciduous,
hardwood shrubs that range in height from 2 to 5 m. Leaves are opposite , simple, oblong
with entire margins, and pointed tips. Flowers bloom in pairs on a common stalk from the
leaf axis from May to early June. The plants develop attractive red berries in mid-summer

(Uvaet al.,1997).

Figure 8. Bush honeysuckle images

bush honeysuckle (trtarn variety) in
flower
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Autumn olive (Figure 9) was introduced from East Asia around 1830 and now
ranges from Maine to Virginia and West to Wisconsin. Autumn olive is a non-
legumninous, nitrogen fixing species that lives in associationfwéthkia spp.(Gardner,

1958; Hensley and Carpenter, 1984). The species tolerates drought and infertile, clayey,
low-pH soils (Sharp, 1977; Dirr, 1990). Autumn olive grows up to 5 m tall with a deep
taproot. Leaves are alternate, oblong with wavy edges, and have a silvery cast. Fragrant
flowers bloom in April and May, and an abundance of small drupes are produced in early
fall. These fruits ripen from silvery-brown to speckled red (Strausbaugh and Core, 1978).
The fragrance of the flower is attributed to a high concentration of 4-methyl phenol (Potter,
1995). In Japan, immature fruits are used for pickling and to make an alcoholic beverage;
once mature the sweet fruits are eaten raw (Sakamura and Suga, 1987)

Figure 9. Autumn olive images

autumn olive in flower autumn olive habit
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Methods of Extracting and Analyzing Vitamin E

Vitamin E is oxidized by heat, light, oxygen, omther oxidizing conditions
(Eitenmiller and Landen, 1994); thereforspecific protocols have been developed to
minimize loss of vitamin E during extraction and analysis. AB&C methodfor analysis
of tocopherols callsfor saponification of tissues followed by esterification and
guantification by thin layer chromatograpifpOAC International, 1995). Alternative
methods are commonly employed because hibat and alkali conditions called for in
saponification can result in substantial degradatiorioobpherols (Ueda antharashi,
1987).

Burton and Ingold (1985¢leveloped an efficient, rapid extractior vitamin E
from animaltissue using a&ombination of sodium dodecylsulfat6DS), ethanol, and
heptane. The SDS disruptsthe membranes and liberates tioeopherols,the ethanol
precipitates th@roteins,and the heptane isren-polar solvent into whicthe tocopherol
will readily partition. Tramontano and colleagues (1993) adapted this protocol for use with
plant tissue with good results.

Other factors can influence the recovery of vitamin E during extraction. Coexisting
fats can decrease the recoverytotopherols particularly delta-tocopherol artcol, the
tocopherol derivative with an unmethylated chroman ring (Ueda and Igarashi, 1987). Ueda
and Igarashi (1990) alswted thatoss ofalpha-tocopherol can occduring evaporation
of organic solvents.

High performance liquid chromatography (HPLC) isedfective means to separate
tocopherols following extraction. Both normal-phase and reverse-pHR&& are
commonly employed, howeverach type of chromatographljas somedrawbacks.
Reverse-phase HPLC cannot resolve beta- and gamma-tocopherols (Tan and Brzuskiewicz,
1989). In normal-phase HPLC, reproducibility is often poor when usgilica stationary

phase (Krameet al.,1999). In normal phase chromatograptimg forms of vitamin E are
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separated based on the degree of methylation of the chroman ring and are etded af
increasing polarity (Tan anBrzuskiewicz, 1989).Kramer and collegued 999) recently
used a normal phase diol column to separate tocopherols withrggats. Through NMR
analysis they determindfat the stationarphase wasiot a diol butactually an epoxide
(Figure 10). The epoxide structurgives the column stability to polar and nonpolar
solvents and moderate polarity. They report that the diol coluasstable ovehundreds
of assays and results were reproducible (Kraghat.,1999)

Both UV and fluorescence detection are appropf@tejuantification of vitamin E,
but fluorescence detection is significantly more sensifiigompson and Hating,979).
The chromarring absorbsnaximally betweer280 nm and 300im. The most suitable
excitation wavelengthtor fluorescence detection aaeound 290 nm to 2986m; emission
is measured at 320 nm (Eitenmiller and Landen, 1994).

Figure 10. Structure of the bonded phase of the diol column
Source: Krameet al.,1999
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CHAPTER 3: Materials & Methods

Sampling

Leaf tissue wadharvested from a 15-acre site sSouthernWest Virginia that had
been unmanaged for ten yearkhe site, located onHurricane Ridge (37N, 81 W, 880
m above sea level), lies outsidetbé town of Princeton, WVnear the BluefieldViercer
County Airport. Multiflora rose, Morrow’s honeysuckl@and autumn olive occupy up to
42.8%, 23.3%and 8.7% respectively of the sit¢]J. Fedders [USDA, ARS]personal
communication).

The site, afully enclosedwatershed, wadivided into severmreplicateplots based
on the topography (Figure 11). Plots F-G were located at the tbp @fatershedplots A
and D near the pond were at the bottom of the watershed. Leaf tissue sampkzciiaoh
the three browse species were harvested from each plot five times duriif29thgrowing
season (Table 3). Collection of samples from all plots required two days, and samples were
harvested between .M. and 4P.M. Leaftissue from only onglant per species was
harvested foeach plot on a given samplinigte. Different plantswere sampled omach
collection date. The harvested leaf tissue consisted of the portion of plant tissuikatyost
to be consumed by a browsing goat. At different times in the growing season the harvested
leaf tissue contained on or more of foowing tissue types: leavegreenstems, flower
or leafbuds, and/orimmature or maturéuits. Table 3gives a description by species of
the size of leaf that was harvested at each harvest date.

The tissue was frozen on dry ice within 5 min after removal ftwplant. Tissue
samples were stored at 9@ for up to 3 weeks prior to lyophilizatiorAfter
lyophilization, frozen samples were groundotd mm using &JDY cyclone mill (UDY

Corp, Fort Collins, CO) and then stored at’-@dor up to 10 months until analyzed.
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Figure 11. Map of Hurricane Ridge *?

[TRFE" WSS [TREa o IR T

ATANEE
]
ARELER

1 =
3 a
R Lk Mg o L

N :
A5 HURRICANE RIDGE +

Pand

4 etters A-G in grid indicate plot locations. Total size of the watershed is
approximately 15 acres.

26



Table 3. Size of leaf tissue from browse species on harvest dates during
the growing season.

Date of Harvest Range of leaf tissue length at Harvest
multiflora rose bush honeysuckle autumn olive
leaflet, cm leaf, cm leaf, cm

4/16, 4/19 <2 3-5 2-4
5/18, 5/19 2-3 4-6 4-6
6/2, 6/3 2-3 4-7 5-7
6/24, 6/25 3-4 4-7 5-8
8/12, 8/13 3-4 4-7 5-8

Vitamin E Extraction Procedure

Procedures foextraction and analysis eitamin E were adapted from existing
protocols (Tramantanet al., 1993, Kramer et al., 1999). Sixty-five mg of ground,
lyophilized tissue were rehydrated in 5 ml with agqueous solution d®.5 mM EDTA
containing 20 mg ascorbarcid (final pH =3.1) in a 28 mpolypropylene centrifuge tube
(Sorvall, Newtown, CT).Tocol (150 ul), atocopherol without methylatioaround the
chroman ring, was added as an internal standard to the extraction tube.hdoaltbeen
found in nature and is an appropriate internal standard for tocopherol extractions (Bramer
al., 1999). The centrifuge tubsvas flushed with argon gas for 3 to 5s®aled with a
screw cap, and mixed with a Vortex Genie (Fisher Scientific, PittsBuy, Two ml 100
mM SDS were addednixed byswirling once,and thesolution wasplaced on iceor 6
min. Ice-cold ethanol (5 ml) and 3 ml of hexane contaifiryo BHT (w/w)were added
to the centrifugeube. The solution wasagain mixed withthe vortex mixerunder argon
gas for 6 min,and then centrifugedor 3 min at 1143y at 18C to achieve ghase
separation. Two ml ahe upper organic phase containitige tocopherols wasemoved
with a glass syringe arfdtered through a 0.45 pnmylon filter with glassfiber prefilter

(Osmonics, Inc.,Minnetonka, MN). One ml of the filtrate was transferred to aaghbdr
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glasssamplevial. The organicphase wasvaporated talryness under argon gas and
redissolved in hexane containing 0.2% (w/w) BHT. Oxygen was flushedtlfimsample
vial with argon,and thevial was sealed with acrewcap and placed oite, inthe dark
until analyzed.The beta-tocopherol (approximated®% purity) standard antbcol were
supplied by Matreya, Inc (Pleasadap, PA).Gamma-tocopherdjpure), delta-tocopherol
(approximately90% purity),and twoalpha-tocopherol standar@@5% and 1000 1U/gm)
were supplied by Sigm&hemicalCo. All other chemicalsvere obtained frontisher

Scientific except for BHT which came from Sigma Chemical Co. (St. Louis, MO).
HPLC Analysis

Vitamin E was analyzed by HPLC using: a Rainin Instrun@mt (Woburn, MA)
DynamaxSD-200 pump, &Rheodyne (CotatiCA) 7725 manual injectorwith 100 pl
sample loop, a normal-phase Supelcosil LC-Diol column 250 x 4.6fitbeal, with a 2 cm
diol guard column from Supelco (Bellefont, PA), and a Pelghmer (OakBrook, IL) LS-

3 fluorescence detector. Isocratic chromatographg performed at roomtemperature
with a mobile phase of hexane:isopropan(®9:1, v/v) flowing at 1.5 ml/min. An
excitation wavelength a295 nm and an emissiomavelength 0f320 nm were used for
fluorescence detection. Integration of peak amas performed withDynamaxHPLC
Method Manager Software (Rainin Instrument Co., Woburn, MA).

Tocopherol standard curves were generated several times during the weeks of
extractions to ensure proper quantification of tocopherols following replacement of the
xenon lamp and for changes in flow rate of the mobile phase. Quantities of individual
forms of tocopherol were corrected for loss during extraction based on the recovery of
tocol. For routine calculations, percent recovery of tocol was calculated as follows:

Peak Areg/Peak Areg,x 100=Percent Recovery
Where PeakAreg,, is the measurement obtainé®m integration from fluorescence
detection andPeak Areg, is the peak area measuredm direct injection of the tocol

standard athe proper concentration. The average quantity of tocopherfsbm two
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extractions per sample was used for statistical analysis. The general linear model comparing
plant species, harvest date, and plot location and the means * standard ercatowiated

using the SAS system (SAS Institute, Cary, NC).
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CHAPTER 4: Standardization of Protocols

Experiments were performed to establish the reproducibility of the extraction
method and to refine published analytical protocols for vitamin E measurement in plant

tissue samples.

Variability of Repeat Injections

To assess the variation in peak area areas obtained from repeat injections, a solution
of BHT was made in hexane, dispensed into nine tubes that were sealed and puhtin ice
analyzed. Sample fromach tubevas loaded manually into th&00 pl sample loop and
then injected onto the column. The mean peak &@@¢0) and standard deviation
(x 37000 wascalculatedfrom the results ofthe nineinjections. Henceyariations due to

equipment and manual injection technique limit the values to three significant figures.

Recovery of Tocol in Absence of Plant Tissue

The extraction procedure was performed twice in absence of plant tissue to assess
the maximum recovery of tocol and to determine whether concentration of the hexane phase
occurs during flushing with argon. Tocol was added prior to mixing with hexane. The
average recovery for the two extracts was 101% indicating that full recovery is possible and

that the effect of solvent evaporation during flushing is minimal.
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Effect of Argon on Tocopherol Stability

After dissolving a sample in hexane, the vial is flushed briefly with argon gas to
eliminate any oxygen that may oxidize the tocopherols. After an aliquot is withdrawn for
analysis the sample vial is again flushed with argon gas. The effect of flushing the tubes
with argon on tocopherol stability was examined by comparing the level of tocopherol in
tubes that were flushed with argon to the level of tocopherol in tubes that were not flushed
(Figure 12). There is decreased loss of tocopherols over time in the samples with argon
present. Although the loss is minimal, argon was used to exclude oxygen from the sample

vials prior to analysis.

Figure 12. Effect of argon on the stability of alpha-tocopherdl
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®Ten tubes were filled with the same sample and sealed with an airtight cap. Five of the
tubes were flushed with argon prior to being sealed; five were not flushed with argon. All
tubes were placed on ice until analyzed. A new tube was used at each time. SE for data

points ist 0.05 based on variability of repeat injections.
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Reproducibility of Tocopherol Extraction

A ground, lyophilized sample of black locutaf tissue wagrepared in the same
manner as thédrowse samplesnd used fordevelopment of the vitamin E extraction
procedure. Taletermine the reproducibility of the tocopherol extraction procefiune
extractions were performeedachday for three days andthe alpha tocopherol content
measured. The results of the extractions are listed in Table 4.

Table 4. Reproduciblity of quantifying alpha-tocopherol in extracts of
locust leaf tissué

Date of Extraction® ppm DMP® alpha tocopherol extracted
1/25 250
1/25 249
1/25 256
1/25 236
1/26 219
1/26 218
1/26 218
1/26 220
1/27 301
1/27 300
1/27 251
1/27 267
Average 249
Standard Deviation (SD) 29
SD as Percentage of Mean 12%
Standard Error 8.3

“The sample was treated in the same manner as invasive plantshduwiast. The sample
was stored at -9Q until thawed for analysis, a portion was removed for analysisthemnd
the sample was returned to tineezer. For analysis on subsequent dhgssame sample
was removed from the freezer, thawed, dispensed, and then returned to the freezer.
*Dry matter (DM)
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Stability of Tocopherol in Storage

To confirm the stability of tocopherols in plant tissue stored &C,96xtracts were
made of a multiflora rose sample at four different tim&he samplevas brought taoom
temperature and the amount requifedextractionwas removed. The remaining sample
was sealed and returned to tlieeezer. After an initial measurement (6onths after
harvest), a seconektraction of alpha tocopheralas madeone week later, followed by
additional extractions aix andten weeksafter the initial measurement (Tati¢. No
change P>0.1) inthe alpha-tocopherol concentratimas observed oveen weeks. The
differences in mean alpha-tocopherol concentration are withistéinelard deviation of the
mean estimated for repeat extractions (Table 4).

Table 5. Contencentration of alpha-tocopherol extracted from multiflora
rose leaf tissue after various periods of storage

Storage Time, Alpha-tocopherol, Mean alpha-tocopherol,
weeks ppm DM ppm DM
Extract 1 Extract 2
Initial® 262 287 275
1 281 300 291
6 320 315 318
10 295 280 288

4nitial measurement was made after sample had been stored for 6 months at -90
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Effect of Second Extraction on Tocol Recovery

Experiments were performed &ssess iadditional tocopherols could lextracted
by following the first hexaneextraction of tocopherols from a plant sample witseaond
hexane extraction on the sasemple. Two ml othe 3.15 ml ofthe hexane layer were
removed following thenitial extractionand replaced by 2 mis dfesh hexane with0.2%
(w/w) BHT for an additional extractionThe totalrecovery obtained in thiérst extraction
and the total tocopherol recovered in tinst and second extractiomse shown inTable 6
for four separate extracts. The resuitlicated that thdirst extract removed neargll the
tocopherol andhat asecondextractiondoes notimprove recovery. The difference in
alpha-tocopherol extracted between fivst and first plusadditional extracts is not

significant  <0.01).

Table 6. Recovery of alpha-tocopherol from locust leaf after first and first
plus additional extraction®

Sample Recovery from first Recovery from first plus
extract, ppm DM additional extract, ppm DM

1 13.3 13.8

2 12.9 13.6

3 15.7 15.6

4 15.9 14.8

*Difference between recovery from first and first plus additional extraction is not significant
(P<0.01).
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Stability of Tocopherol in Plant Extracts

Although multiple extracts were carried out at one time, chromatography could only
be performed one extract atteme. With up to 20 minrequired per sample for
chromatography, considerabtiene could passbetween extraction and analysis of all
samples from a group of extracts. dssesshe stability of alpha-tocopherol in the plant
extract over time, two extracts were taken from a sample of lafstssue. Each of the
two extracts was divided into five individual tubtest were held orice and analyzed over
the course of sixiours. Therewas nosignificant £>0.1) loss ofalpha-tocopherol over 6

hours (Figure 13).
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Figure 13. Stability of alpha-tocopherol in plant extracts over time é

@ Two extracts were divided into five individual tubes that were held on ice and analyzed
over the course of six hours. Data points are the average alpha-tocopherol concentration

from the two extracts. SE for data points 8.05 based on variability of repeat injections.
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Standard Curves and Calculations

Standard curves were produced from tocopherol standards siawesadiuring the
study. New standard curves were needed after repld@ngnonlamp in the fluorescent
detector andor differentflow rates of the mobilghase. The tocopherol concentrations
measured fothe standard curve wenmade by seriatilutions. Atypical chromatogram
(Figure 14) oftocopherol standards shown along with a standard curve (Figui®).
Zero was used asvalue in generating theurve, but theline was not forced through the
origin. All lines are linear at £0.998. Curvesvere routinely generated with standard
concentrations ranging from 0 .0 pg. When concentrations of ranging up 2dbug
were analyzed the linear trend continued’$BR.997). Typically alpha-tocopherol was

detected at levels below 1.5 pg in plant extracts.

Figure 14. Chromatogram of tocopherol standards *
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'Fluorescent detection of tocopherol standards in hexane with BHT (2.66 peak).
Concentrations were 0.67 ug alpha-tocopherol, and 1.0ug for the other forms of
tocopherol. Mobile phase 99:1 hexane: isopropanol flowing at 1.5ml/min.
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Figure 15. Standard curve of tocopherols
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®Standard curve for fluorescent detection of tocopherols on 3/22/00. Flow rate of
1.5ml/min. Beta-tocopherol is not shown, but the slope is similar to gamma-tocopherol.

Sample calculation of tocopherol concentration in a plant extract.

Given: equation of the line: peak area=1.95 %1y tocopherol + 1.81 x 10
detected peak area: 3,000,000
injection volume: 100 pl
sample volume: 1 mi
total volume of extract: 3.15 ml
recovery based on tocol: 90%
initial weight of plant tissue: 0.065g DM

1) adjust peak area for recovery: 3,000,000 / 0.9=3,330,000
2) convert peak area to amount:3,330,000=%.9%X ug tocopherol + 1.81 x 10
X ug tocopherol= 1.70 pg tocopherol injected
3) calculate amount in total volume of extract:
1.70pug x 10 injection volumes/sample volumes x 3.15 sample volumes/total extract
=53.6g tocopherol/total extract
4)divide total tocopherols by amount of plant tissue:
53.6 ug / 0.065 g=825 ppm DM
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Recovery of Tocopherols

Tocopherols are sensitive to oxygen, light, and temperature, and care rtaksrbe
to avoid their degradation (Eitenmiller Banden, 1994). Tocol, scopherol-derivative
not found in nature, was used as an internal standard to cfmresty loss of tocopherols
during the extractionprocedure. Tocol is equally, if notmore, sensitive to oxidizing
conditions than the naturally occurring forms of tocopherol (Ueda and lgarishi, 1987). The
average recovery of tocduring the extractionsvas 90+ 7.1 (mean + SDn=146). The
recovery ranged from 68% tb00%. Nosignificant difference R< 0.001) inrecoveries
existed between species based on tocol.

One factor critical to the efficiency of the extractiepends upothe vigorousness
of the vortex mixing. The recoveries from samples that were not mixed at full vortex were

significantly lower and more variable compared to samples that were mixed at full vortex.

Chromatograms of Tocopherols from Plant Extracts

Representative chromatograms of vitamin E extriiota multiflora rose, autumn
olive, andbush honeysucklareshown in Figures 17-18he initial peak is attibuted to
BHT. The tocopherolselute inorder of increasing polarity. Mobile phase was99:1
hexaneisopropanol flowing at 1.5ml/miexceptfor analysis of bush honeysuckle. In
bush honeysuckleghe flow rate was adjusted to 1.0ml/min to separatiee gamma-
tocopherol and unknown peaks.

Typical retention times at a flow rate b5 ml/min ranged from4.5 to 5.0min for
alpha-tocopherol,7.0 to 7.9 min for beta-tocopherol,7.5 to 8.3 min for gamma-
tocopherol, and®.6 to 10.6 fordelta-tocopherol. = Peak determinatismas based on

similarity of retention times withstandards.The identity of the alpha- andamma-
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tocopherol peak#as confirmedusing gas chromatography-mass spectroscopy (GC-MS;

K. Harich, personal communication, 2000)

Figure 16. Chromatogram of tocopherols from multiflora rose leaf
extract ?
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*Fluoréscence detection of multifora rose extract in hexane with BHT (2.65 peak). Mobile
phase is 99:1 (v/v) hexane: isopropanol flowing at 1.5 ml/min.
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Figure 17. Chromatogram of tocopherols from autumn
extract ?
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*Fluorescence detection of autumn olive extract in hexane with BHT (2.65 peak). Mobile

phase is 99:1 (v/v) hexane: isopropanol flowing at 1.5 ml/min.
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Figure 17. Chromatogram of tocopherols from bush honeysuckle
leaf extract ®
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¥luorescence detection of bush honeysuckie extract in hexane with BHT (3.9 peak).
Mobile phase is 99:1 (v/v) hexane: isopropanol flowing at 1.0ml/min.
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Chapter 5: Results and Discussion

Vitamin E in Invasive Shrubs

Significant differences R<0.001) inthe vitamin E contentvere foundamong
autumnolive, bush honeysuckleand multiflorarose. Seasonal averages for tocopherols
are given inTable 7, illustrating the overaflifferences in tocopherol contenutumn
olive had the highestotal tocopherols and alpha-tocopherol, followed by Morrow’s
honeysuckle, followed bynultiflora rose. Alpha-tocopherol predominated adl species
comprising greater tha®9% ofthe totaltocopherols in autumolive, 98% inMorrow's
honeysuckle, and 92% multiflora rose. The alpha-tocopherol concentrations are within
the range of those typically reported for plant leaf tissue (Table 2). Total tocopherol content
increased during the growing season in all species (significBa0a001; Figure 19). The
species do not change duritige growing season ithe sameway. The general linear
model (SAS, 1996)indicated that the increase timcopherols is in parinear and in part
guadratic, suggesting an increase in tocopherols with incre@gengyver time.There was
no difference IP>0.1) among species in the linear trehodweverthe non-linear trend was
different for the specie$€0.01). The change in tocopherols during the growing season in
autumn olive appears more sigmoidal than the changash honeysuckland multiflora
rose. The more rapid increase in autumn olive may be related to the increased thitogen
autumn olive gains through symbiosis.

The regulation of vitamin E content in a plantpisorly understood. However,
some factorghat areknown toinfluence the vitamin E content of a plant are nutritional
status, developmental stage of th@ant, tissue typeage of thetissue, and level of
oxidative stress.Some ofthe observations from this studyan be interpretebased on
previous research whiclientified these factor&nown to influence vitamin Elevels.
Differences in availabl@utrients may contribute to the differencesvitamin E content

between autumn olive and othspecies. Robowskynd Knabe (1971) reportethat
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tocopherols in browse speciegreased irresponse to nitrogefertilization. Additional
nitrogen available to autumn olivéhrough its association with nitrogen-fixirgrankia
spp., is consistent witlthe higherevel of totaltocopherols in autumn olive compared to

the other non-nitrogen fixing shrubs examined.

Table 7. Seasonal average concentration of tocopherols in browse leaf

tissue
Species Tocopherol Concentration,
ppm DM
alpha-? beta-° gamma-°  delta-°
multiflora rose 295 1.9 18.0 3.8
bush honeysuckle 431 nse 9.8 ns
autumn olive 685 0.8 2.0 ns

aSE+24.6. "SE+0.2. °SE+1.0. SE+0.2 °no significant amount detected.

Figure 19: Concentration of total tocopherol in browse leaf tissue
during the growing season
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Tocopherol content varies in different tissues (Hess, 1993). In general, alpha-
tocopherol is the predominant form in photosynthetic tissues while gamma-tocopherol is
more often associated with seeds and fruits (Fraeizah1991; Molina-Torres and
Martinez, 1991). The observation that alpha-tocopherol is the predominant form of
tocopherol present in the leaf extracts of the browse species in this study is consistent with
other research on samples that are primarily leaf tissue.

Considering the individual forms of tocopherol, the change in concentration during
the growing season was significant for alpha-tocopherol (P<0.001), gamma-tocopherol
(P<0.05) and delta-tocopherol (P<0.001; only in multiflora rose) but not for beta-
tocopherol P>0.1). The changes in concentration for each form of tocopherol in browse

leaf tissue during the growing season are reported in Figures 20-23.

Figure 20. Concentration of alpha-tocopherol in browse leaf tissue
during the growing season

1400

-—O=— multiflora rose
—i— bush honeysuckle
1000 7 |=—ge=autumn olive

800 T

1200

600 T
400 T

200 T

alpha-tocopherol, ppm DM

0 T T T T T
100 125 150 175 200 225 250

calendar days

44



Figure 21.

Concentration of beta-tocopherol in browse leaf
during the growing season
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Figure 22. Concentration of gamma-tocopherol in browse leaf

tissue during the growing season
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Figure 23. Concentration of delta-tocopherol in multiflora rose leaf
tissue during the growing season 2

1 —O— multiflora rose

delta—tocopherol, ppm DM
O P N W b g o N

100 125 150 175 200 225 250

calendar days

%delta-tocopherol was not detected at any time in autumn olive or bush honeysuckle

In this study, beta-tocopherol (Figure 20) in multiflora rose doubled from the fourth
to the fifth sampling date while remaining unchanged in autumn olive; gamma-tocopherol
levels in multiflora rose and bush honeysuckle increased then declined (Figure 22). The
presence and fluctuations of beta-tocopherol and gamma-tocopherol during the season may
reflect the presence of fruit tissue in the sample. Although the browse samples contained
primarily leaf tissue, flowers and fruits were occasionally present. Fruits set and matured
during the sampling interval.

Fluctuations in tocopherol content similar to the fluctuations observed in this study
have been reported during fruit ripening in several species. In ripening tomatoes, the level
of beta-tocopherol doubled as the fruit matured from green to red, while gamma-tocopherol
increased and then began to decline (Abughigd, 1997). Likewise in New Mexican-type
chiles gamma-tocopherol increased and then declined (Osuna-&aatja998). The
absolute quantity of fruits present in our tissue samples is not known; however, gamma-

and beta-tocopherol present in the fruit may contribute to the low levels detected and to the
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seasonal fluctations. In the case of multiflora rose, support for this argument comes from
an examination of rose hiR@sa caninpseed oils by Zlatanov (1999) who found gamma-
tocopherol to be predominant.

The “free radical theory of aging” predicts an age-related increase in free radicals
resulting in increased cell damage in plant and animal cells (Harman, 1981; Leshem, 1988).
Age-related increases in vitamin E in the leaf may help counter increases in the production
of free radicals in older tissues (Kunert and Ederer, 1985). The observed increase in alpha-
tocopherol content with maturity agrees with previous research on annual, herbaceous
crops (Tramontanet al, 1992) and in tree crops (Kunert and Ederer, 1985). Using
evergreen spruce species, Franzen and collegues (1991) studied the accumulation of
tocopherols in leaf tissue over several years. They documented an increase that is
asymptotic, leveling off at approximately 2 years. These observations suggest a limited
capacity to acquire tocopherols or the fulfillment of the physiological need for tocopherols.
Franzen and collegues (1991) speculated that once a critical level of tocopherol is reached
further incorportation of alpha-tocopherol will destabilize the membrane. No leveling off
was observed in the deciduous browse species examined in this study. Even after a 3-fold
increase in tocopherol concentration, the total tocopherol levels in the browse leaf tissue
continued to increase indicating that no such critical level was reached.

If a substantial sink for tocopherols existed outside of the thylakoid memlkinane,
the accumulationwould not belimited by the capacity of the membrane absorb
tocopherols. Such a sink iteaves could exist in plastoglobuli gwoposed by
Lichtenthaler and Becker(1971), in the epiculticular wax (Shewmaker,1999).
Lichtenthaler (1968) observed arage-related increase in the size and number of
plastoglobuli, which correlates with tocophemtreases. Amnechanisnfor tocopherol
transport has not been identified in plants.

To investigate if any protein sequences in plants share characteristidshontim,

mammaliantocopherol transport proteirfSato, 1993) ajenomic searchvas conducted.
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Several hypothetical proteins with ramown function were identified inArabidopsis
thaliana. The protein with the greatest similarity to tkown tocopherol bindingproteins,
Accn: T0O8566,had significant similarity with 3 of Begionsthat are characteristic of the

superfamily of proteins that includes tocopherol binding proteins.

Figure 24. Sequence alignment of Arabidopsis thalianaAccn: T08566
and human aTTP?
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®Alignments of T0O8566 andTTP (Accn: D49488) by Clustal Method. Blue shade
indicates amino acid similarity with in 1 distance unit. Blastp search indicates 45%
similiarity between the two aligned sequences. Fuschia boxes indicated signature
regions for the cellular retinaldehyde binding protein superfamily.
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Drought stresscan lead to oxidativestress in plantsand increases irtotal
tocopherols from 2- to 15-fold have been reported (Bagtoél., 1999; Munne-Bosclet
al., 1999) andcorrelatewith increased droughtolerance (Price andHendry, 1989).
During the summer 01999, a drought occurreavhich could haveaffected tocopherol
concentrations. Foall of the summermonths, rainfall was well below the 30-year
average, and soil moisture levels were below norrkldwever,due to theopography of
the Hurricane Ridge site certgnots wouldhave experienced thdrought more severely
than other plots. Although no precise measures of soil moisture were madikely ithat
plot A, at the bottom of thevatershed besidiéne pond, was lesaffected by thedrought
than plotslocated at theop of thewatershed, such gdot G (Figurell). No effect
(P>0.1) of plot locationwas observed ithe ANOVA analysis nor in a-test comparing
the seasonamean tocopherol levels in plaftom plot A and plot G. Thesstatistical
results do not indicate that the drought was not a factor in the increasing toctgplredsol
It is possible that the plant-to-plant variation in tocopherol levels is greater than any increase
caused by the drought.

Vitamin E is just one component of an integrated system of antioxidant defenses
within the leaf. The effectiveness of the antioxidant system against drought or age-related
processes may depend on the interactions among the various antioxidants. For example,
Kunert and Ederer (1985) have examined the sensitivity to age-related lipid peroxidation in
the context of vitamin C/vitamin E ratios. In their study of fir and beech leaves, Vitamin E
increased with maturity while vitamin C decreased in. As the ratio of vitamin C/E dropped
from greater than 10:1 to 1:1 the effectiveness of the vitamin C/vitamin E antioxidant
system decreased, leading ultimately to cell death. The changes in antioxidants other than
vitamin E were not examined in the current study. Further study on the interactions among
vitamin E and the other antioxidants may help to elucidate the factors regulating vitamin E

concentrations in browse.
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Implications of Vitamin E in Invasive Shrubs for Goat Production

In a pasture-finished goat production system, it is important to know the amount
and form of tocopherol available in browse in order to determine the proper level of vitamin
E supplementation. The recommended level of supplementation for non-nursing goats is
between 25-50 IU/kg B.W. (Sherman and Smith, 1994). The amount of vitamin E that
could be provided by a diet of 50% young or mature leaf tissue from multiflora rose,
autumn olive, and bush honeysuckle is reported in Figure 25. Calculations were based on a
30kg yearling goat consuming 1.4 kg dry matter per day, 50% of which was derived from
the invasive browse species (NRC, 1981). At this level of intake, goats browsing mature
autumn olive may obtain adequate vitamin E through the diet. Substantial amounts of
vitamin E may also be obtained from young autumn olive as well as mature Morrow’s
honeysuckle. Hence, goats browsing on these species would have a decreased need for

supplemental vitamin E than goats that do not have access to fresh browse.

Figure 25. Contirbution of browse as a source of dietary vitamin E a
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*Calculated values for intake are based on a 30 kg yearling goat with a 1.4 kg daily DM
intake of which 50% is derived from browd@edGridlines indicate the high and low
recommended daily intake of vitamin E. Immature leaf tissue from 4/16/99 harvest date;
mature tissue from 6/24/99 harvest date.
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Many common livestock feeds are poor sources of vitamin E (Lynch, 1991). For
example, cereal grains often contain predominately the gamma-tocopherol predominately
(Hakkarainen and Pehrson, 1987), but this form of tocopherol has only 10% of the
biological activity of alpha-tocopherol (Table 1). In forage grasses, the tocopherol levels
decrease on a whole plant basis with maturity (Robowskey and Knabe, 1970). Moreover,
hay making and ensiling can have drastic effects on the level of tocopherols present in the
feed. Due to the conditions necessary for production of these feeds, the tocopherol levels
can be reduced by 30 to 80% (Lynch, 1991). Further losses in tocopherol can occur
during prolonged storage of feed (Kivimae and Carpena, 1973). Therefore, fresh herbage
from the species of browse studied, which contain greater levels of the most biologically
active form of vitamin E, may be more valuable as a source of vitamin E than other
common livestock feeds.

Vitamin E is only one component of animal nutrition. Other aspects that influence
animal performance or feeding behavior, such as nutritive value or concentrations of
antiquality factors, must be considered. High nutritive value and/or low concentrations of
antiquality factors may not coincide with high levels of vitamin E. Hence, it is not possible
to predict animal performance based solely on vitamin E concentrations in browse. Turner
and Foster (in press) performed a preliminary analysis of the nutritive valire\aind
organic matter disappearance (IVOMD), a measure of the digestibility, on multiflora rose,
Morrow’s honeysuckle, and autumn olive. The results, summarized in Table 8, indicate
that at certain times during the growing season the browse species can have levels of crude
protein in the same range as other common livestock feeds. Like most forage crops,
protein levels decreased in all species as tissue matured.

Autumn olive, which showed good levels of both crude protein and vitamin E
throughout the growing season, may supply both adequate nutrition and adequate vitamin
E. However, the IVOMD of autumn olive was slightly less than for the other species

which may limit vitamin E uptake. Since goats have a higher rate of passage of forage
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through the rumen (Luginbulh, 1995), they may not sufficiently digest autumn olive or the
more mature leaves of other species to take advantage of the high levels of vitamin E.
Goats may select the youngest tissues that provide more digestible, higher quality
forage. If goats preferentially browse on young multiflora rose or young honeysuckle,
then the animals may need supplemental vitamin E. Further study of the goat’s preference
for each of these browse species is necessary before conclusions can be drawn regarding

the actual intake of vitamin E and the requirements for supplementation.

Table 8. Nutritive value of browse species

[tem, autumn olive multiflora bush Alfalfa
rose honeysuckle pasture
Crude Protein) % 37-22 23-13 24-15 22-14
NDF3, % 33.2 27.7 26.5 44
ADF3, % 20.0 17.5 18.0 32

‘Included for comparision, sources: Betlal.,1996. “Range from young to mature plant
tissue (Turner and Foster, in préSSPDF measures the total carbohydrates present , while
ADF indicates amount of the total carbohydrate which is less digestible cellulose, lignin,
and cutin.

In summary, autumn olive had the highest concentration of total tocopherols in leaf
tissue followed by Morrow’s honeysuckle, followed by multiflora rose. Alpha-tocopherol
predominated in all species and increased during the growing season. Mature autumn olive

and bush honeysuckle shrubs may provide adequate vitamin E in a low-input pasture-

finished goat production system and reduce the need for supplemental vitamin E.
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