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Relevance of Carnosic Acid Concentrations to the Selection of
Rosemary, Rosmarinus officinalis  (L.), Accessions for
Optimization of Antioxidant Yield
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Methods were developed to identify and select accessions of rosemary, Rosmarinus officinalis (L.),
producing optimum antioxidant activity. Extracts from 12 different rosemary accessions, using three
solvents of varying polarity, were assayed for their antioxidant activity, and their major antioxidant
compounds were identified and quantified by high-performance liquid chromatography (HPLC).
Carnosic acid concentrations were correlated with (i) the free radical scavenging activity of these
extracts, as measured by the 2,2-diphenyl-1-picrylhydrazyl assay (adjusted R? = 77.3%) and (ii) their
inhibition of linoleic acid oxidation, as measured by the f-carotene assay (adjusted R? = 44.1%).
The correlation was broadly confirmed by the production of volatile aldehydes as measured by the
hexanal assay. The variation of carnosic acid concentrations in extracts of 29 accessions, grown in
field trials at three sites in England, was determined.
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INTRODUCTION antioxidant active compound8,(10, 11). Carnosic acid is the
major phenolic diterpene present in rosemary leaves. Other
antioxidant compounds such as carnosol, rosmanol, and ros-
mariquinone are formed as it undergoes an oxidative degradation
and rearrangement cascade within the pla) @nd in vitro
(5). Rosemary also yields substantial quantities of the polyphe-
nolic antioxidant, rosmarinic acid.

To assess the potential antioxidant yield of an accession, with
its complex of antioxidant compounds and their possible

Antioxidants are added to food, cosmetic, and pharmaceutical
products in tiny amounts to inhibit the oxidation of lipids,
thereby greatly extending the shelf life of lipid-rich products
(). Equivocal data on the long-term toxicology of commonly
used synthetic antioxidants, such as butylated hydroxytoluene
(BHT) and propyl gallateZ), have combined with consumer
preference for “natural” ingredients to motivate extensive

research into effective antioxidants derived from plants. Rose- X X ; )
mary has proved to be a rich source of antioxidants, many of SYnergies, an evaluation methodology is needed that can provide
which have been isolated and their structures identifiad. reproducible and realistic results. The evaluation of antioxidants

Antioxidant compounds in rosemary extracts have been isolatedd€Pends on measuring their ability either to scavenge free
by high-performance liquid chromatography (HPLC), character- radicals or to inhibit the o>'<|da.t|on of alllpld-nc.:h' sub;tratg, ie.,
ized by nuclear magnetic resonance (NMR), (mass spec- to delay Fhe onset of OX|dat|vg rgngdny. Llpld qudanop is
trometry (MS), infrared, and UVE) and quantified by HPLC charactenzed.by threg stages: |p|t|at|on, formmg lipid rad|caI§;
(7, 8). Cuvelier et al. (8) identified 22 antioxidant compounds, Propagation via peroxides, forming hydroperoxides; and termi-
including carnosic acid, carnosol, and rosmarinic acid, in nation, mainly by the decomposition of hydroperoxides. As
rosemary and sage extracts using HPLC/UV/MS. Hidalgo et annomdgtlon can mvo_lv_e _several |_0035|ble routes or mechanisms,
al. (9) ascribe the variation of carnosic acid in rosemary to depending on the oxidizing medium, antioxidant, and temper-
genetic origins, cultivation conditions, and photoperiods. No ature (13), researchers have stressed the importance of determin-
research has been published on the selection of rosemarynd inhibition at more than one stagé4) and in more than
accessions for antioxidant yields. one oxidizing substrate (115).

Different studies conflict in their ranking of rosemary anti-  1his paper reports the ranking of rosemary accessions by the
oxidants, possibly owing to differences in evaluation method- relative antioxidant activity of their extracts, determined by re-
ologies. The abietane diterpenes carnosic acid and carnosolproducible assays at the first two stages of oxidation. The results
along with rosmarinic acid, are generally accepted as the mostOf those assays are correlated with the concentrations of carnosic

acid, carnosol, and rosmarinic acid, determined by HPLC and
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MATERIALS AND METHODS All assays were conducted in triplicate. The reproducibility was initially
evaluated by assaying in triplicate the commonly used synthetic
United Kingdom), and carnosic acid was obtained from A. G. Scientific 2??8:532: BHT and both DCM and petroleum ether-60 extracts
(San Diego, CA). All other reagents were obtained from Sigma-Aldrich Y-
(Dorset, United Kingdom). [-Carotene Assayf-Carotene assays were used to measure the
Plants. Plant accessions, including named cultivars, were collected formation of hydroperoxides in a model emuilsion. The method used
throughout the United Kingdom and Europe, to include plants from as Was that _adapted by Shimoni et &l.7) from Marco (8), with minor
wide a genetic base as possible. All accessions were clonally propagatednodifications: Tween 80 was substituted for Tween 40 and rosemary

in order to ensure genetic uniformity, with the exception of numbers €Xtracts, or a 95% ethanol control blank (20), were added to the
24—27, which were initially raised from seed. model linoleic acidgs-carotene emulsion (5 mL); aliquots (2 mL) were

The preliminary trial sampled 12 English accessions, planted in withdrawn for absorbance measurements and diluted with 95% ethanol

September 1998 at the National Herb Centre (NHC) in Oxfordshire. (0-5 ML), and the absorbance at 450 nm was measured with a Cecil

The plants were well grown by March 2000, when the sampling began. CE2202 spectrophotomet_er immediately af_ter the_ addition of the
Six replicates of 33 accessions were planted in September 1999 at0Seémary extract and again after expih of 'nC“bat'qn at 50°C.

each of the three trial sites, in Oxfordshire, Norfolk, and Cornwall; '€ relative bleaching gf-carotene was calculated by:

plants of 29 accessions survived and grew sufficiently to provide

samples in summer 2000. A randomized block pattern was used to (initial sample absorbance final sample absorbance)/

minimize local environmental effects. Plants at the Oxfordshire site (initial control absorbance- final control absorbance)

were sampled between 2/6/00 and 12/6/00. Samples and extracts were

taken from an entire replicate on the same day. Each extract wasThe controls were run concurrently with each set of samples, and all
analyzed separately, and at least three extracts of each accession wergssays were conducted in duplicate. The reproducibility was evaluated
analyzed. Plants at the Cornwall site were sampled on 6/7/00, and thoseoy assaying petroleum ether 460, ethanol, and DCM extracts of

at the Norfolk site were sampled on 25/7/00. The plant material for rosemary in triplicate.

each accession from these sites was pooled for extraction and analysis,

generating one sample per accession for each site, with the exception Hexanal AssayThe rosemary extract in ethanol %) or ethanol
of replicates of accession 11 from the Norfolk site, each sample of alone (5uL) was put into scrupulously clean sample vials and rolled

; ) .~ .~ around until the ethanol had evaporated to leave a green powdery
which was extracted and analyzed separately to confirm within B . ST
. - residue. The extracts from four accessions, chosen for their differing
accession variability.

. . concentrations of carnosic acid, carnosol, and rosmarinic acid, were
Plants were sampled by cutting fresh growth, leaves, and tips.

Damaged leaves were discarded, and any soil present was washed fro used. Fresh beef fat (5 g), obtained from a local supermarket, was
9 - ) - y preser h Tansferred into the vials, melted, sealed with a septum cap, and then
the plant material, which was wiped dry before weighing for extraction.

. i i °80
Samples from Cornwall and Norfolk were stored &Cifor the period shaken well before being placed in an oven at°&D The hexanal .
) - evolved was measured after 15, 23, and 30 days. The sample vials
(<24 h) between harvesting and extraction.

S le Extraction. F les f th limi trial. th were taken from the oven and placed into a water bath 4C6%r 30
extr:(r:?igrf S(;(Ivr:gt?r\]/\./itr?ras?;p gsofrorglari?ieesrev:/r:rlgaigvens?il atgcaieas min to equilibrate, after which a small hole was pierced in the septum
follows: petroleum ether 4660, dgi]chloro?nethane (DCM), and e?hanol. to alloyv an SPME fiber tip [carbowax (3am)/divinylbenzene (Spm)/ .
For samples from the field trials, a mixture of DCM and ethanol (75: poly(dimethylsiloxane)] to be exposed to the headspace for 20 min.

This tip was then desorbed for 2 min (splitless injection) onto a Perkin-
25 vlv) was chosen. The splvent (15 mL) was added to a sample (1 g) Elmer 8320 capillary GC with Supelcowax-10 fused silica column (30
of fresh rosemary leaves in a 100 mL Duran bottle. The bottle was

. . . m x 0.25 mmx 0.25um film thickness). Hydrogen was used as the
Lnoclll:etz:?;%da:: dat;\llae}ir dtc)j/lc: fg 3? r:(érsg :f, aﬂeirtr\:vz'rc;;?ee?gricr;\tﬁs carrier gas with the injector and detector set to 2560The temperature

: - y y P ’ was programmed from 37 to 12& at 6 °C/min, then 125 to 25TC
The residue was redissolved in ethanol and made up to 2 mL. The

extracts were stored in tightly stoppered brown glass bottles2ét at20°C/min, and 5 min at 250C. New SPME tips were conditioned

o ; ; at 250°C for 4 h and cleaned at 25C for 2 min before each sampling.
C, which allowed samples to be kept for any delay incurred between - - - ;

3 ; . . L Hexanal standards in 1 mL of nonoxidized almond oil were calibrated
extraction and analysis, a maximum of 21 days, with no significant

loss of compounds between 0.01 and 0.Q4_/mL oil. A standard of 0.0kL hexanal in 1
Antioxidant  Activity Assays. 2,2-Diphenyl-1-picrylhydrazyl mL of oil, equilibrated and collected by SPME as for the samples, was

(DPPH) Assay DPPH assays were used to measure the free radical run each day. The oxidation of each oil sample was considered to be
scavenging cabacity of extracts. DPP(.010 g) was dissolved in proportional to the concentration of hexanal in the headspace above it.
methanol (100 mL) to make a stock solution, which was stored in the _ HPLC Analysis. For HPLC analyses, a method adapted from
dark at—20 °C. Aliquots (10 mL) of this stock solution were made up Cuvelier et al. (8) was performed on a revers_ed phase C18 Hypersil-
to 50 mL in methanol as required to provide the DPBbIution for ODS column (25 cmx 4.6 mm, 5um pore size; Supelco, Dorset,
assays, which was stored in the dark and discarded after 3 days. Theé=ngland) using a C18 guard column. Twenty microliters of sample
method was adapted from Bersuder et #6)(and used four mixtures: ~ Was injected. The mobile phase was programmed with a linear gradient
(i) DPPH blank, containing aliquots of DPP#D.04 mg/mL) solution, from 90% A (840 mL of deionized water with 8.5 mL of acetic acid
ethanol, and deionized water; (i) DPP#htioxidant sample, containing ~ 2nd 150 mL of acetonitrile), 10% B (methanol), to 100% B in 30 min,
aliquots of DPPH (0.04 mg/mL) solution, rosemary extract, and de- W|_th a flow rate of 1.5 _mL/_m_m. _The system was left to stabilize for 3
ionized water; (iii) control antioxidant sample, containing aliquots of MiN between consecutive injections. The samples were detected by UV
methanol, rosemary extract, and deionized water; and (iv) solvent/ &t 284 nm (Gilson Holochrome UV detector). Duplicate analyses were
spectrophotometer zero, containing aliquots of methanol, ethanol, andinitially run to establish reproducibility. The compounds were identified
deionized water. by comparison with the relative retention time of standards and by
These mixtures were shaken and put to stand in a water bath at 25r€ference to a published chromatogregh (The absorbance at 284 nm
°C for 30 min, after which their absorbance was measured, using the of carnosic acid relative to that of rosmarinic was determined by analysis
last mixture to confirm zero on the spectrophotometer. The free radical Of Poth standards together at 0.5 mg/mL each. Carnosic acid was
scavenging activity of a sample was expressed as the percentagéza“brated between 0.5 and 15 mg/mL, and rosmarinic acid was

Reagents.Rosmarinic acid was obtained from ICN (Hampshire,

disappearance of DPP}talculated by: calibrated between 0.2 and 1.0 mg/mL. Rosmarinic acid (1 mg/mL)
' was used daily as an external standard, and quantification was by
100 x {absorbance of DPPHlank — comparison with it.

bsorb f DPPH | Statistical Analysis.All statistical analyses including coefficient of
(absorbance o ample+ variation (CV), regression analysis, analysis of variance, and standard
absorbance of control sample)}/absorbance of DRiPdhk deviation (SD) were performed using Genstat for Windows 6.1.
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Table 1. Concentrations of Carnosic Acid, Rosmarinic Acid and both DCM and ethanol extracts correlated well with DPPH
Carnosol (mg/g Fresh Weight, Determined by HPLC Analysis) in assay results, a mixture of 75% DCM and 25% ethanol was
Extracts from Fresh Growth of One Plant, Using Three Different used for extractions in the field trials, enabling the gathering of
Solvents data on rosmarinic acid concentrations without affecting carnosic
. o o acid concentrations.
extraction solvent carnosic acid rosmarinic acid carnosol . . . .
The optimal wavelength for detecting carnosic acid was 284
petroleum ether 40—-60 141 0.00 3.01

-y 1682 012 93l nm, while that for rosmarinic acid was reported as 328 Bjn (
ethanol 29.77 219 503 However, rosmarinic acid also showed very good absorbance
at 284 nm with only a slight shoulder to the peak so this was
used as the detection wavelength. Rosmarinic acid was con-
RESULTS AND DISCUSSIONS siderably cheaper and more stable than carnosic acid and was
therefore used as the daily reference standard, with the UV
response ratio Higure 2) of 13.9 being used to calculate
concentrations of carnosic acid and the structurally similar
carnosol.

Antioxidant Assays. Extracts in each of the three solvents,
from the 12 accessions planted in 1998, were assayed for
antioxidant activity by the DPPHand f-carotene assays.
Preliminary experiments ascertained that absorbances in the
DPPH assay ceased to change rapidly after 30 min and those
in the B-carotene assay aft@ h (20). The DPPMassay was
rapid and reproducible and yielded consistent results with both
DCM and ethanol extracts. However, petroleum ether 60
extracts showed much lower and much less consistent levels of
free radical scavenging in the assay and so were abandoned.
The-carotene assay took longer and yielded consistent results
for the majority of extracts.

The use of crude extracts not only enabled rapid comparison
of the antioxidative potential of accessions but also avoided the
loss or degradation of carnosic acid during refinement processes
(5, 21). The extract control used in the DPP&tsay allowed
for any absorbance at 516 nm by pigments such as anthocyanins
or carotenoids in the antioxidant extract. Interference from other
compounds in the crude extracts may account for some of them

allowed good solvent penetration of the leaves, yet was gentle"°t Yielding consistent results in tifecarotene assay, despite
enough to avoid heat degradation of the target phenolic SEVeral attempts. . o
antioxidants. Reported antioxidant activities of rosemary extracts Some official standard methods of measuring antioxidant
have generally related inversely to the extraction temperature activity, including peroxide value (PV) and 2-thiobarbituric acid
(21) and directly to the polarity of the solvent use2R). reactive substances (TBARS) were tried but failed to deliver
However, carnosic acid was known to degrade rapidly in Meaningful results. In the case of PV, Reblova et ab)(
methanol (21), especially in the presence of active carbpn (  Suggested that rosemary antioxidants stabilized hydroperoxides
so methanol was not used. against decomposition into free radicals, which, while it partially
The three solvents investigated in the preliminary antioxidant contributed to antioxidant efficiency, would compromise the
assessment were chosen to draw out as great a range of ant@Ssay’s validity. The TBARS assay appears unsuitable for crude
oxidant compounds as possible and determine the most ap_extracts, again owing to interference from other compounds in
propriate extraction solvent for the evaluation of accessions. them. Described by Frankel and Meye®] as “notoriously
Ethanol extracts contained the highest levels of both carnosic Unspecific and unrellable”z it did not correlate well with flavor
acid and rosmarinic acid, but these did not correlate well with Panel assessmentg7), unlike the measurement of headspace
their B-carotene assay result§able 2). Petroleum ether  Volatiles, including hexanal.
4060 extracts performed very poorly in the antioxidant assays ~ Extracts from four accessions, chosen for their differing
and contained negligible amounts of the target phenolics. DCM concentrations of rosmarinic and carnosic adidile 3), were
extracted more carnosol than did ethanol but almost no evaluated by the hexanal ass&jglre 3). Because of problems
rosmarinic acid, possibly because rosmarinic acid, being hy- with SPME tips, which were expensive to replace, reproduc-
drophilic, dissolved preferentially into the of water component ibility was assessed for hexanal standards only, which were
of the fresh leaves and remained there when the solvent wascalibrated between 0.01 and 005/mL (R? adjusted= 96.0%).
removed from their residue. Carnosic acid in DCM extracts  Hexanal has been shown to correlate well with the oxidation
provided a sufficiently good correlation with both assay results time of oils and to be the most consistent GC peak among
for the selection of accessions with high antioxidant potential replicates (14). It is a breakdown product of linoleic acid. In
on the basis of HPLC analysis alone, avoiding the need to carry vegetable oils, fatty acids are usually stabilized by naturally
out several antioxidant assays on each extract. However, HPLCoccurring tocopherols, which have been shown to interact in
analysis revealed that DCM extracted very little rosmarinic acid, vitro with abietane diterpene antioxidan28(29), affecting their
which, although it did not correlate well to measured antioxidant antioxidant activity. Animal fats have very low tocopherol levels.
activity, has repeatedly been identified as an effective and Beef fat evolved small amounts of hexanal, sufficient for
desirable antioxidant (224). As the carnosic acid content of detection by SPME/GC. Lard, almond, corn, safflower, soy, and

Analysis of Extracts. Different solvents extracted noticeably
dissimilar levels of antioxidant compounds from identical plant
materials (Table 1). HPLC analysis of the DCM and ethanol
(75:25 viv) rosemary extractdigure 1) was shown to be
reproducible with a 4% CV. The relative UV absorbance of
rosmarinic acid was determined as 13:90.005 (SD) times
that of carnosic acidqigure 2). The identity and quantification
of carnosic acid and carnosol were confirmed using HPLC with
photodiode array and by MS (not reported here).

The sampling strategy frequently required extracting from
30 or more samples in a day. Fresh plant material was used
because of the labile nature of carnosic acid and the risk of
artifacts being formed during the drying process. While using
fresh plant material creates unacceptable variability for most
herbaceous plants, the water content of which can range from
80 to 95% when fully turgid to 50% or less when droughted
(29), it is much less of a problem with sclerophylls such as
rosemary, the leaves of which have a significantly lower water
content, typically around 70% when fully turgid to 60% when
droughted (20). Preliminary extractions showed th& h 35
°C waterbath extract had an antioxidant activity (determined
by DPPH assay) comparable with that of a Slexhlet extract
from identical samples. Steeping in the waterbath at°G5
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Figure 1. HPLC chromatogram of an ethanol/DCM mixture (25/75 viv) extract of fresh rosemary leaves and structures of rosmarinic acid, carnosol, and
carnosic acid (showing absorbance peaks at 284 nm).
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Figure 2. HPLC chromatogram of 0.5 mg/mL standard solutions of rosmarinic acid and carnosic acid (showing absorbance peaks at 284 nm).

sunflower oils were tried as oxidizing media, but beef fat with SPME tips made the replication necessary to establish
provided the most consistent results. The problems experiencedsample reproducibility impossible, although the hexanal con-
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Table 2. Percentage of Antioxidant Activity Accounted for by 0.8
Concentrations (mg/g Fresh Weight) of Antioxidant Compounds adjusted R%= 77.3%
(Adjusted R?), as Measured by Regression Analysis
L 4
carnosol  carnosic  rosmarinic sum of all : 0.6
solvent assay (%) acid (%)  acid (%) three peaks (%) o L
DCM DPPH* 63.3 71.3 33.1 74.0 E .
B-carotene 117 44.1 a 286 o
ethanol  DPPH° 1.7 66.0 a 21.7 204
B-carotene 247 a a a 2 o o
a L S
, ; - , o .
2 Residual variance exceeded variance of response variate. @ P
Co2 @
Table 3. Carnosic Acid, Rosmarinic Acid, and Carnosol Concentrations
(ma/g Fresh Weight) of Rosemary Extracts (from Numbered
Accessions) Used in the Hexanal Assay
0 . . . s
antioxidant: 0 5 10 15 20
extract from carnosic acid rosmarinic acid carnosol mg camosic acidlg fresh wt.
accession 3 8.91 4.28 1.06 Figure 4. Correlation between carnosic acid in DCM extracts, measured
accession 5 23.02 L0 L2 by HPLC, and their antioxidant activit d by the DPPH-
accession 12 2701 358 351 Y , and their antioxidant activity as measured by the assay.
accession 31 7.50 0.99 0.00 14
. adjusted R%= 44.1%
H }}\\e;(isnza[ce —«&@— control --6---acc. 3 —-A—-acc. 5 1.2
/g fat [}
—8—acc. 12 —-¥--ace31 c ®
0.006 — £ 1.0
8 . 'S
------- -* 5 08 *
0004 Wi 3 *
A / f
7 P g 06 * ry
4 Pie @
7 -7 g *
3 04
0.002 °
0.2
0.000 0.0 : : .
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days elapsed

Figure 3. Headspace hexanal evolved over 30 days in beef fat samples
treated with extracts from four different rosemary accessions. Lower
readings indicate a higher antioxidant activity of extracts.

mg carnosic acid/g fresh wt.

Figure 5. Correlation between carnosic acid in DCM extracts, measured
by HPLC, and their antioxidant activity as measured by the [5-carotene
assay.

centrations in the headspace above the oxidizing fat broadly There is as yet no standardized methodology for the evaluation
corresponded to combined levels of rosmarinic and carnosic of natural antioxidants, especially in crude extracts.
acids. It is possible that tiny amounts of hexanal escaped through Statistical Analyses.In the preliminary assessment, each
the hole in the septum during oxidation, causing the slight reproducible antioxidant assay yielded a single value relating
decrease in volumes of hexanal measured after 30 days. It isto the antioxidative activity of an extract. Regression analysis
also likely that the use of crude extracts added to the difficulties was used to correlate these values with concentrations of
encountered in the hexanal assay. As a rule, researchers haveosmarinic acid, carnosol, and carnosic acid in the extracts
used purified antioxidant compounds in purified triglycerides (Table 2). The carnosic acid content of the DCM extracts
or fatty acid methyl esters when determining the extent of (Figures 4and5) proved to be the best predictor of antioxidant
oxidation by measuring hexanal and other volatigs30). This activity as measured by both the DPRR? adjusted= 77.3%)
appeared somewhat removed from the “true-to-life” criteria and thej-carotene R? adjusted= 44.1%) assays. The high
aspired to by the authors but appears to be required for degree of correlation between antioxidant activity and carnosic
consistency and reproducibility. acid concentrations confirmed the literature evaluations of it as
Care was taken to choose assays that did not require tem-the principal antioxidant compound of rosemaBy 11, 33).
peratures in excess of 8C, thereby minimizing side reactions Ranking of rosemary accessions for antioxidant production
that could give misleading results. Methods of accelerating potential, by HPLC analysis of their extracts, was therefore
oxidation, necessary for many assays, have been rigorouslybased on the carnosic acid content of DCM extracts.
criticized for failing to use realistic conditions, as have those In the field trials, analysis of variance on carnosic acid
for determining its progres26, 31, 32). The authors included  concentrations of each of the 29 accessions sampled at the
assays using both bulk oil and emulsion substrates becauseOxfordshire site showed that these concentrations were acces-
oxidizing media as well as temperature have been shown tosion-dependent (& 0.001). The distribution of carnosic acid
affect the mechanisms involved in antioxidative activity (13). content was continuous across accessions and its variability
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Figure 6. Range of mean concentrations of carnosic acid determined in extracts from 29 rosemary accessions at the Oxfordshire site in summer 2000.
Data represent the mean and SD of extracts of at least three replicate plants.

within each accession (as measured4bySD) was, for most growth. Plants with a high carnosic acid concentration but little
accessions, far less than that over the range of accessionsigor would not be suitable for commercial cultivation, nor
(Figure 6); as expected, SDs of the means tended to be greatemwould plants of prostrate habit, which could not be harvested
with higher concentrations. Mean accession carnosic acid mechanically.

concentrations ranged from 3.4 to 17.7 mg/g fresh weight, i.e.,  Recent researct3¢) has indicated that water, light, and heat
the highest mean concentration was five times that of the lowest, stress negatively affect carnosic acid concentrations. The high
with a least significant difference of 4.5 mg/g. The results of |gye|s of carnosic acid in our trial plants suggest that the English

the field trials in Oxfordshire show that the variability of foliar  jimate favors the production of carosic acid more than the
carnosic acid concentrations within accessions was small enough/varmer, more arid environment found in Mediterranean coun-
for selection by accession to have a significant effect on yields (/o5 \whence rosemary is typically sourced.
of the compound per plant.
The six replicates of accession 11 at the Norfolk site, each
sample of which was extracted and analyzed separately, had {\CKNOWLEDGMENT
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