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Cultivar Determination of Ricinus communis via the
Metabolome: a Proof of Concept Investigation

Executive Summary

Ricinus communis (commonly known as the castor bean plant) is an introduced species of
plant that now grows wild in Australia, with some 250 cultivars known. In addition to
castor oil, the seeds also produce the toxic lectin ricin. Ricin is declared by the Chemical
Weapons Convention as a Schedule 1 agent. These are chemicals that are highly toxic and
have no legitimate uses. Consequently, ricin is of interest to state and national law
enforcement agencies.

Given the above information, strategies that are able to determine cultivar and provenance
of an extract from R. communis seeds are of interest to forensic agencies. There are many
analytical strategies that are available to be applied. One such strategy worth
consideration was metabolomics. Metabolomics is the study of the metabolome of an
organism. The metabolome can be defined as the pool of extractable chemistry produced
by an organism, through the interaction between the organisms’ genome and the
environment. To this end, a proof of concept study was undertaken to investigate the
appropriateness of studying the metabolome of R. communis seeds for cultivar and
provenance determination. Subsequently, fourteen R. communis specimens (a total of 56
seeds) collected from the east coast of Australia were analysed by High Pressure Liquid
Chromatography-Ultra Violet (HPLC-UV), Liquid Chromatography-Mass Spectrometry
(LC-MS) and 'H Nuclear Magnetic Resonance (NMR) spectroscopy. The data collected
from these analyses were then further analysed using Principal Component Analysis
(PCA). For HPLC-UV analysis, the seed extract from seven R. communis specimens were
unambiguously identified by PCA as belonging to separate classes relating to specimen.
LC-MS data allowed unique ions to be identified for five specimens. Conversely ten
specimens were unambiguously segregated in the PCA of the 'TH NMR data. Furthermore,
the ratio between the known biomarker ricinine, and two demethylricinine analogues, was
found to be important for specimen determination. These combined analyses suggested
that a combination of HPLC-UV, LC-MS and H NMR in conjunction with PCA could
allow for specimen differentiation to be made. Arguments allowing for these conclusions
to be made are discussed in detail in this technical report.
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1. Introduction

Ricinus communis, more commonly known as the castor bean plant, is indigenous to Eastern
Africa,! parts of east Asia and South America? and has been in cultivation for four thousand
years.? The plant is grown for the seeds, which produce up to 60% castor oil by weight. Castor
oil is a basic constituent in a variety of industries, including aviation, hydraulic fluid, engine
lubricant and paint medium.# It is also used as a healing agent in many folk medicine
remedies as a purgative.* More recently castor oil has been used in exclusive organic hair care
treatments.> Annual world production of castor oil is in excess of one million tonnes, with the
primary producers being China and India.6”

R. communis has also been widely admired as a garden ornamental and was prevalent in
Australian homes during the 1960’s due in part to their striking spike colour and distinctive
leaves (Figure 1). However, as a consequence of R. communis being a prolific producer of
seeds, these garden specimens now grow wild in many geographic locations within Australia.
Indeed in some states R. communis has been declared a noxious weed. The combined drivers
of developing cultivars for industrial castor oil production and for garden ornamentals have
led to some 250 cultivars being available.! Consequently, there are a striking array of
differences (including height, leaf size, shape and colour, stem colour, seed size and colour)
between cultivars and they often bear little resemblance to each other.?

Figure 1: Images of three different specimens of R. communis

The seeds from R. communis not only contain castor oil but also the toxic plant lectin ricin.
Ricin is declared by the Chemical Weapons Convention (CWC) as a Schedule 1 agent,'® which
are chemicals that are highly toxic and have no legitimate uses.! Ricin is also listed as the
second highest priority on the list for terrorism agents by the United States Centers for Disease
Control.1213 Ricin has an LDso of approximately 2 ng/kg in standard mouse models,!# and is
thought to have a human LDs of 3 - 30 png/kg.?> Ricin is a heterodimeric type II ribosome-
inactivating protein (RIP).1¢ There are numerous naturally occurring RIP toxins found in both
plants and microbes.!¢ They are defined by their N-glycosidase activity, which selectively
depurinates adenine within a highly conserved fourteen nucleotide region of the 285 rRNA
subunit of the large 60S ribosome.1719 This results in the inhibition of protein manufacture
within the cell, preventing chain elongation of polypeptides and leading to apoptosis.1520
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Ricin is made of two approximately 32 kDa proteins (the A-chain and B-chain, see Figure 2)2!
linked by a disulfide bond. The A-chain (also known as the N-glycosidase enzyme) is
responsible for exerting the toxicity of ricin. The B-chain (also known as the lectin) facilitates
the entry of ricin into the cytosol by attaching to glycolipids and glycoproteins on the surface
of the cell.?
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Figure 2: Scheme of the 3D of ricin (Protein Data Bank ID 2AAI). The disulfide bond between RTA
(dark gray) and RTB is shown with a dashed line. Lactose molecules (Lac) bound in the
galactose-binding sites of RTB are in black. Positions of the side chains of Glu177 (E177) and
Arg180 (R180), which are important for the catalytic action of RTA, are indicated. The N and
C termini of RTA and RTB (N/C-RTA, N/C-RTB) are asterisked.

Ricin was thought to have been used in the assassination of the Bulgarian dissident Georgi
Markov.22 A pellet allegedly impregnated with ricin was attached via a spring loaded
mechanism to the tip of an umbrella. The action of poking the umbrella into Markov’s thigh
successfully injected him with approximately 0.5 mg of ricin, ultimately causing his death.2223
Ricin has also been implicated in several recent incidents, which continue to highlight the risk
associated with its use. In 2003 a package containing ricin was discovered in a South Carolina
postal centre with a note threatening to poison water supplies if certain demands were not
met (Figure 3).242> While in 2004 a “white powder” incident in the US Senate office in
Washington subsequently prompted the Department of Health and Human Services (USA) to
develop the need for a ricin-specific response protocol.2

In March 2008 a grand jury indicted Roger Von Bergendorff on ricin possession charges. A
search of his room found castor beans in addition to a copy of the book “Anarchist’s
Cookbook” and a collection of instructions on poisons and other dangerous recipes.
Authorities were alerted to his activities after he poisoned himself with ricin.28-30 There have
also been documented cases of ricin having been used in suicide and suicide attempts.3!
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Figure 3: Envelope and letter implicated with ricin in the 2003 South Carolina postal facility incident?’

The prevalence of R. communis in the environment, the ease of seed collection, the toxicity of
ricin, and its Schedule 1 status, necessitate that domestic and international law enforcement
agencies have the ability to determine cultivar and provenance of a seed extract.32 There are
several analytical techniques available that can specifically determine provenance, however
they require dedicated equipment and trained operators.33-35 This makes their implementation
as a general analytical method less appealing. An alternative approach is to study the total
pool of extractable chemistry from a seed of R. communis (the metabolome), and analyse the
results via multivariate statistical analysis (chemometrics). Commonly known as
metabolomics (or metabonomics), it can be clearly defined as a method that seeks to identify
and quantify the complete set of metabolites in a cell or tissue type quickly without bias.3637
The study of the metabolome found in an organism is the result of the interaction between the
organisms’ genome and the environment. Metabolomics has been applied to commercial
(wheat, olive, wines) and forensic (cannabis) plant crops and has enabled either or both of
cultivar and provenance to be determined.?4! Advantageously, studying the metabolome
relies on the data generated from standard laboratory analytical equipment such as High
Pressure Liquid Chromatography-Ultra Violet (HPLC-UV), Liquid Chromatography-Mass
Spectrometry (LC-MS), and to a lesser extent Nuclear Magnetic Resonance (NMR)
spectroscopy.

In an effort to prove the concept that metabolomic methodologies can be applied to R.
communis seeds to determine cultivar, an investigation into the seed metabolome was
undertaken. The aim was to use data from the standard analytical equipment documented
above and analyse the results via chemometrics for cultivar identification. Discussed in this
technical report are the results obtained from these initial analytical investigations into the
metabolome of R. communis seeds, and future investigations that will be conducted.
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2. Results and Discussion

2.1 HPLC-UV Results and Discussion

HPLC-UV data has been employed to study the metabolome of red wines for cultivar and
provenance.*! Generally though it has been avoided for many reasons, including complexities
surrounding peak alignment of UV chromatograms.2 HPLC-UV has in the main been
restricted to “targeted applications”, where the presence/absence of a specific compound, ora
group of compounds has been monitored for.43-5

From a metabolomics perspective, it is desirable to analyse an extract of biological material in
a “non-targeted” manner. This approach allows for the metabolome to be analysed without
bias towards a particular structure class. While there are complexities surrounding peak
alignment of UV chromatograms, it is crucial that they are aligned so that the apexes of
common peaks match. Any error in peak alignment will directly impact on the outcomes
generated from multivariate statistical analysis. There is literature precedence for performing
alignment of UV data using techniques such as Correlation Optimised Warping (COW) and
Dynamic Time Warping (DTW),51 however they require dedicated software.

There are advantages in using HPLC-UV for metabolome analysis. Compared to LC-MS, there
is no potential for signal suppression due to sample and/ or eluant matrix effects. This makes
it an excellent analytical technique for the analysis of complex mixtures. Additionally,
compounds that have a UV chromophore but will not ionise in a mass spectrometer can be
identified. Data collection via a Photo Diode Array (PDA) detector is very powerful. Used
diligently, it can be utilised to distinguish between classes of compounds present in the
metabolome.

Considering this, the application of HPLC-UV for the analysis of the metabolome of
R. communis seeds for cultivar determination was evaluated. Given the nature of the data
collected for each specimen extract (multiple variables of retention time and peak area per
injection per sample), a statistical classification technique is ideally suited to find patterns in
the resulting data. As such, principal component analysis (PCA) was selected for this study.
PCA is a dimension reducing technique that is applied to large data matrices. The resulting
derived principal components (PC) explain the variance of the original data matrix in simple
linear combinations of descriptive variables. For successful PCA, the bulk of the data variance
should be explained with values of 70% or greater generally considered fit for purpose.52

Complex chromatographic data sets on biological systems such as the case presented here, by
their very nature will contain differences in chromatogram composition. Therefore, simply
overlaying chromatograms from different specimens, while informative, will reveal gaps in
one or more of the chromatograms. This makes accurate retention time alignment of peaks
difficult and usually results in missing values in the generated data matrix. Various
techniques have been used to reduce or eliminate such missing values. Approaches include
substituting zeros with minimum non-zero values> and use of chromatographic warping.5!
Alternative variations on PCA have also been successfully applied such as non-linear PCA>
and iterative replacement of missing values.5
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For the analysis of determining cultivar of R. communis extracts, the novel approach of binning
the HPLC-UV chromatographic data was investigated. Each bin had a defined retention time
width, with the area under the chromatogram for each bin determined. Thus every bin
contained some portion of the chromatogram that could be integrated, completely removing
missing values from the data matrix. This approach makes use of the known biomarker
ricinine as an internal standard, which is ubiquitous to all extracts of mature R. communis
seeds (Figure 4).5057 Each chromatogram was referenced to the ricinine retention time
(6.6 min), binned using a Microsoft Excel macro developed in-house,5 then subjected to PCA.
Bins were then identified as being critical for discrimination between specimens. The
corresponding LC-MS data for these critical bins were then interrogated with the aim to
identify ions within that bin that were unique to that particular specimen.

Discussed below is the rationale for seed selection and extraction, HPLC-UV method
development, data analysis and PCA for UV chromatographic data, and identified ions of
importance for specimen determination. Also, the observed seed-to-seed biological variation
of extracts from seeds of a common R. communis specimen is discussed.
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Figure 4: A standard chromatogram at 254 nm for a <30 kDa MWCO fraction of R. communis seed
extract highlighting the ricinine peak. Ricinine has a strong UV absorbance at 254 nm, and a
consistent retention time of 6.6 min.

2.1.1 R. communis seed selection and extraction

Analysing a samples metabolome provides a snapshot of an organisms metabolism at a
particular point in time.? Consequently, for the preparation of a sample for metabolomics
analysis, it is important that there is no bias towards certain compound classes. As such, the
development of a reliable sample preparation method is essential to reduce analytical
variability, increase the robustness of the data and allow for reliable measurement of
biological variability.

Currently, the DSTO seed library of Australian specimens of R. communis is made up of
collections from unknown cultivars. Consequently, specimens selected for this analysis were
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made with respect to the morphology of the host plant. The rationale behind this was that
plants of significantly different morphology were anticipated to be different cultivars. Four
individual seeds from fourteen different specimens were analysed for a total of 56 seeds. This
was so the seed-to-seed biological variation prevalent within seeds from the one specimen
could be analysed. A table of seed images, collection code numbers and corresponding
geographic location is shown in Appendix A.

Each seed was treated according to a “terrorist textbook” method of preparation. Seeds were
crushed and the castor oil removed with acetone. The acetone extract was filtered, and the
residual mash treated with 2% acetic acid to yield a crude ricin extract. This crude ricin extract
was then treated with a 30 kDa Molecular Weight Cut Off (MWCO) filter to remove both the
ricin and Ricinus communis agglutinin (RCA), making the extracts safer to handle. Extracts
were then analysed using HPLC-UV, LC-MS and 'H NMR, with the collected data analysed
using PCA.

The seed extract of R. communis was a very complex matrix, with hundreds of compounds
present. To obtain reliable HPLC-UV and LC-MS data, four 20 pL injections from a 20 mg/mL
solution of each extract were made. In total, 224 separate injections were made and analysed.

2.1.2 HPLC method development and instrument stability

Previous metabolome analysis of R. communis seeds conducted at DSTO allowed for an HPLC-
UV method to be developed. This method used a 50 mm x 2 mm Phenomenex Luna C18 5 um
HPLC column at a flow rate of 0.4 mL/min, with a linear gradient from 100% H>O (+ 0.05%
formic acid) to 70:30 MeOH:H>O (+ 0.05% formic acid) over 30 min. The column was flushed
with 100% MeOH (+ 0.05% formic acid) for four minutes then re-equilibrated for five minutes
with the initial conditions before the next injection was made. This method was evaluated
against combinations of other reversed phase methods (MeCN vs. MeOH as the organic
phase, formic acid vs. trifluroacetic acid as an acid modifier, C18 vs. phenyl-hexyl HPLC
column). However it was found that these conditions generated optimal HPLC-UV and LC-
MS data. Column temperature was set at 25°C, and the UV chromatogram at 254 nm was
recorded and analysed.

The results that were to be ultimately obtained from PCA of the collated data were clearly
reliant on a stable HPLC-UV system. Length of time for system equilibration, injection volume
repeatability, peak shape, and retention time stability were seen to be critical parameters. To
critique these variables, six repeat injections of 0.5 mg/mL bradykinin (in H>O) were made.
This analysis showed that the injection volume was consistent, as the area under the
bradykinin peak was identical (within experimental error), and a consistent peak shape was
obtained. The retention time for the bradykinin peak became consistent after the fourth repeat
injection. Hence, before daily HPLC-UV analysis eight blank injections were made to ensure a
well equilibrated analytical system. To guarantee that no spurious peaks due to the MWCO
filters would influence the statistical analysis, blank samples containing 2% acetic acid in
water (the same solution used for the extractions) were passed through MWCO filters in the
same way as the seed extracts after the removal of castor oil. These blank samples became the
source material for the eight blank injections that were made at the beginning of daily
analysis.
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The bradykinin standard was also injected post equilibration and periodically during daily
analysis. This was to ensure that HPLC performance was maintained. Shown in Figure 5a are
four injections of bradykinin made during a day’s analysis. This figure clearly shows that
HPLC performance was maintained during the analyses. Identical observations were made
whenever analysis was conducted.
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Figure 5: (a) UV chromatograms of four injections of the bradykinin standard made throughout one
day of analysis. Minimal retention time drift was observed for bradykinin over the course of a
day’s analysis; (b) Four repeat injections from one individual seed of the Braybrook
specimens. Excellent instrument stability and performance was highlighted through these two
observations.

Another condition for HPLC-UV stability is the reproducibility of chromatograms for a
complex mixture. For the analysis of R. communis seed extracts, instrument stability was
excellent as expected. Shown in Figure 5b is a stack plot of four repeat injections of an extract
from a Braybrook seed. Outside minor experimental error, the returned UV chromatogram
had consistent peak intensity and retention times. Therefore, any observed perturbations in
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the UV chromatogram between the metabolome of separate R. communis seed extracts were
ascribed to inherent differences in the metabolite content.

2.1.3 HPLC-UV data analysis and PCA

Retention time correction to ricinine and binning of the HPLC-UV chromatogram offered
some advantages over traditional integration methods. The main advantage was the removal
of zero values from the data matrix subjected to PCA. Binning data reduces the statistical
impact any minor perturbations in retention time for common compounds will have on PCA.
It also allows for an easy way to handle chromatographic data with significant complexity
through overlapping peaks. Hence, the 224 HPLC-UV chromatograms were retention time
corrected to ricinine, arbitrarily binned into 114 bins of equal time width (approximately 20's),
and imported into Minitab. The data was standardised (involves mean centering, where the
variable mean coincides with the origin of the PC), normalised (ensures data vectors are of
equal length), and autoscaled (makes each variable possess a mean of zero and unit variance).
Subsequent PCA identified six PC's (PC1 35.9%; PC216.9%; PC3 16.7%; PC4 8.7 %; PC5 5.4%;
PC6 4.1%) that accounted for 88% of the data variation of the original data matrix.

With PCs selected, visualisation of the results was performed. This involved plotting the
scores for each PC against each other. In other words, a comparison was made of bins
(retention times) that were responsible for explaining a particular PC against bins that were
responsible for another PC. As each PC accounts for a certain percentage of data variability,
each scores plot was able to identify differences and similarities between specimens.

In each scores plot a red dot represents one HPLC-UV analysis of an extract from a seed of a
particular R. communis specimen. Four red dots grouped together by a black ellipse represents
four repeat injections made from the extract of one seed of a particular R. communis specimen.
A coloured ellipse grouping together four black ellipses indicates all HPLC-UV analyses
performed from the four individual seeds of one R. communis specimen (sixteen in total). If a
coloured ellipse (hence specimen) within a scores plot had on a particular PC axis a score less
than -1, or greater than 1, then that PC was interpreted as being significant in explaining the
variation of that specimen. The adoption of this value was arbitrary but did simplify the
interpretation of the scores and loadings. These were then treated as definitive results for a
particular specimen. The subsequent loadings plots were then investigated for each PC. This
allowed for an identification of which bins had the most influence on the selected PC. Once
identified, the mass spectral data corresponding to these bins were analysed. This was to
identify potential specimen specific biomarker compounds.

Apparent in all the scores plots discussed were significant seed-to-seed biological variation for
some of the specimens studied. Hence, in this initial study not all of the R. communis seed
specimen extracts were identified from these scores plots. However, some meaningful results
were obtained. Of the fourteen specimens analysed, seven specimens had all their seed
extracts accounted for from four scores plots (PC1 vs. PC2; PC1 vs. PC3; PC3 vs. PC4; and PC4
vs. PC5). For the purposes of the following discussion, only these specimens will be discussed
in detail, as it was felt that the infra specimen seed-to-seed metabolome variation was not as
pronounced. Each of the scores plots are addressed and discussed individually in the
following sections, with important results highlighted and discussed.
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2.1.3.1 PC1ws. PC2

Immediately apparent in the scores plot for PC1 vs. PC2 (Figure 6) was that the four repeat
injections from individual seeds for a specific specimen were tightly grouped. This
highlighted the excellent stability and performance of the instrument during the analysis.
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Figure 6: Scores plot of PC 1 vs. PC2. The Braybrook, Magnetic Island and Newcastle specimens were
well accounted for by this PCA.

Evident from Figure 6 was that all four seeds from the Braybrook, Magnetic Island and
Newcastle specimens populated similar space in the scores plot. Compared to the other
specimens, these three specimens were heavily influenced by the negative loadings
comprising PC1. This indicated that there were components described by these loadings
within the metabolome of the Braybrook, Newcastle and Magnetic Island specimens that were
not present in the other specimens. Additionally, three of the seeds from the Braybrook
specimen showed positive separation on PC2. This could indicate that if a larger number of
seeds were extracted (to average out seed-to-seed metabolome variation), Braybrook could
contain components in PC2 that also account for the observed variation. Conversely for
Magnetic Island and Newcastle specimens, PC2 allowed only some separation. What is
evident from the analysis of Figure 6 is that there appeared to be some clear trends that could
allow for discrimination between these specimens.

Also evident from Figure 6 was that only one seed each from the Warrnambool, Coopers
Plains, South Arm and Laverton specimens were clearly separated. All remaining seeds from
these four specimens, and all other specimens investigated, were not able to be identified. This
is highlighted by the number of unassigned injections evident in Figure 6 (red dots without
solid ellipses around them). This indicates that neither PC1 nor PC2 are responsible in
accounting for the metabolome variation of these specimens. However, as four specimens had
one seed explained by Figure 6, it could also be that seed-to-seed metabolome variation is
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significant for these specimens. More seeds per specimen will need to be extracted in a single
batch so that any seed-to-seed biological variability can be averaged, hence removing this
issue.

The loadings plot for PC1 and PC2 allowed for an identification of which bins (and hence
retention time range) characterise each PC, and is shown in Figure 7. Each vector represents
one bin, and all vectors (by definition) were identical in length. The longer a vector appears in
Figure 7, the more closely it was aligned to an axis. The closer that a vector was to an axis, the
more it accounted for the variance observed in that PC. Outlined in Appendix B is the bin
number (with corresponding retention time) with the PC that best explains the variance of
that particular bin.

1.04
B 51
36l 5 -
0.54
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S 0.0+
-
-0.54
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-1.0 T T T T T
-1.0 -05 0.0 0.5 1.0
LPC1

Figure 7: Loadings plot of PC1 and PC2. Vectors most closely aligned to the axis indicate the bins with
the strongest influence.

With the bins identified that accounted for the derived PC, the associated mass spectral data
was analysed. The aim was to identify the presence or absence of compounds which could
allow for one R. communis specimen to be distinguished over another. Analysis of the HPLC-
UV data for bins responsible for PC1 (Appendix B) showed that across a majority of the bins,
all specimens had essentially identical bin composition. However, for the Braybrook
specimen, there were some significant observed differences for bins 81 to 83 (28 to 29 min) as
compared to the other specimens. The mass spectra for bins 81 to 83 for the Braybrook,
Newcastle and Magnetic Island specimens are shown in Figure 8. As highlighted, the ion at
m/z461.6 was completely absent in the Braybrook specimen. Additionally, the ion at /2 353.6
was significantly reduced in intensity. It should be noted that these compounds were present
in varying amounts in all other specimens analysed.

Furthermore, the Braybrook specimen appeared to contain a very minor ion at m/z 661.6 that

was not present in any other specimen extract (data not shown). Further work needs to be
undertaken to validate these observations for the Braybrook specimen, but these initial results
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were encouraging. It is also worth noting that the Magnetic Island specimen contained the
peptide biomarker RCB-3¢ in bins 67 and 68 as a triply charged ion at m/z 655.3, as did the
Coopers Plains and Clifton Hill specimens. This peptide was originally discovered in seeds
from the cultivar “Carmencita” collected from Tanzania. Our analyses to date on all specimens
of R. communis suggests that this peptide is not very common, with it only being present in
four of some 22 specimens analysed. On its own, RCB-3 is not a definitive biomarker for the
Magnetic Island specimen. However, considering the uncommon nature of RCB-3, it is
expected that it will in future be exploited as a biomarker for a small subset of R. communis
cultivars.
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Figure 8: Mass spectral data for bins 81 to 83 for the Braybrook, Newcastle and Magnetic Island
specimens. Red box: ion at m/z 353.6; Blue box: ion at m/z 461.6.

Shown in Figure 9 are actual images of seeds from the Braybrook, Magnetic Island and
Newcastle specimens. The seeds from these three specimens are visually very similar. Many
of the other specimens investigated during this study looked similar to these seed samples.
These results therefore underlined the power of the chemometrics approach to studying R.
communis seed metabolome for cultivar determination. For this example the
metabolomics/chemometrics approach has allowed for specimen differentiation to be made
between similar looking seeds.

11
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Ricinus communis Ricinus communis Ricinus communis

Figure 9: Images of the seeds from Braybrook (left), Magnetic Island (centre) and Newcastle (right)
specimens

2.1.3.2 PC1ws. PC3

The scores plot of PC1 vs. PC3 is shown in Figure 10 and identified which specimens were
accounted for by both PC1 and PC3. While more ambiguous than the scores plot of PC1 vs.
PC2, some interesting results were garnished.

Avondale Heights a7.1952 Coopers Plains

Brisbdne "' % 06-02 52
™
*

e e "io

SPC3

M Newcastle/” @B® Norsioorss ] : “““““ o -

-=--==" 0800 S1, 06-00 84

Richmond |es-0252 8.8 53
2 . . qloTis2 os23si -
52 Clifton Hill Obi Obi South[Arm
25 -2.0 L] -1.0 -0.5 0.0 0.5 1.0
SPC1

Figure 10: Scores plot of PC1 vs. PC3 showing data best accounted for by PC3. The Braybrook and
Newcastle specimens had three seeds accounted for by this scores plot.

As for the scores plot of PC1 vs. PC2 (Figure 6), PC1 vs. PC3 best explained the same three
specimens: Braybrook, Magnetic Island and Newcastle. PC3 clearly allows differentiation of
Braybrook (+ve PC3) from Magnetic Island and Newcastle (-ve PC3) specimens. For the
Magnetic Island specimen only two seeds were accounted for by PC3. It is unclear from this if
the bins that made up PC3 were contributing significantly to the observed variation for the
Magnetic Island specimen. It is suspected that this ambiguity was due to the seed-to-seed
biological variation in the sampled Magnetic Island seed specimens.
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Conversely, three of the four seed extracts for both Braybrook and Newcastle specimens were
accounted for by PC3. This was thought to be significant, hence mass spectra for the bins that
accounted for PC3 were analysed for potential biomarkers. These results are outlined in Table
1. Stack plots of mass spectra for those bins that yielded potential biomarkers are shown in
Appendix C.

From this, several potential specimen biomarkers were identified. For the Braybrook
specimen, a doubly charged ion at m/z 594.2 was identified for bins 10 to 13. An additional ion
at m/z 644.6 for bins 41 to 45 was also identified. A significant reduction in the intensity of the
ion at m/z 261.5 in bins 21 to 28 was also observed. Of particular interest was the doubly
charged ion at m/z 594.2, which may be a small peptide. There is a propensity for R. communis
seeds to produce small peptides.®® Indeed, unpublished analysis of the metabolome of the
“Dehradun” cultivar has allowed for the identification of several unique peptides.®! For the
Newrcastle specimen, a compound was identified with a molecular ion at m/z 621.4 in bins 10
to 13, with the additional observation of the absence of an ion at m/z 583.7 in bins 16 to 18.

Table 1: Identified ions in PC3 for Braybrook and Newcastle

Bin responsible for PC3 Braybrook (m/z) (+ve PC3 axis) Newcastle (m/z) (-ve PC3 axis)
1tod - -
10 to 13 594 .22+ 621.4
16 to 18 - absence of 583.7
21 to 28 significantly reduced 261.5 -
31 to 36 - -
41 to 45 644.6 -
56 - -

2.1.3.3 PC3vs. PC4

The scores plot of PC3 vs. PC4 (Figure 11) allowed for all seeds from the Avondale Heights
specimen to be identified, with bins that accounted for PC3 responsible for the differentiation.

Analysis of the corresponding mass spectra for the Avondale Heights specimen identified no
specific compounds. However, a potentially useful observation for bins 10 to 13 was observed.
The Avondale Heights extract did not contain ions at either m/z 408.7 or m/z 559.5. Of the other
six R. communis that had all four seed extracts identified, two had ions at m/z 559.5 present
(Newcastle and Coopers Plains), while four had both ions at m/z 408.7 and m/z 559.5
(Footscray, Magnetic Island, Braybrook, and Warrnambool) present. To use the absence of
compounds in a metabolome as an indicator of cultivar is a powerful observation. Further
investigations are required to validate these observations.

13
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Figure 11: Scores plot of PC3 vs. PC4. Avondale Heights is the only specimen that is fully accounted
for by this scores plot.

2.1.3.4 PC4wvs. PC5

The scores plot of PC4 vs. PC5 (Figure 12) yielded perhaps the most striking scores plot of all.
This scores plot shows that the Warrnambool, Footscray and Coopers Plains specimens were
highly associated with the bins comprising PC5. Additionally, three of the four Warrnambool
specimens show a strong association with PC4.

Warrnambool

a Coopers Plains
& P : L, ® e
0 - e 2e
TZon ™ LIl
o L] ° L
o “ e° X V- e s
0717 84 020151 08084 g7 19 81 071982
2L Braybrook | Richmond Avondalel Heights |
-3 —2 -1 0 1 2
SPC4

Figure 12: Scores plot of PC4 vs. PC5. Red ellipse: Warrnambool, Blue: Coopers Plains, Green:
Footscray B
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Figure 13: EIC forions at m/z 201.5 (top spectra), and m/z 229.5 (bottom spectra). Red box highlights
bin 9, blue box highlights bin 26. Only the Warrnambool specimen has both these ions
present in these bins.

There were six bins that contributed to PC4. Of these, for the Warrnambool specimen (the only
specimen accounted for by PC4), analysis of the mass spectra for four of the bins yielded no
diagnostic compounds. However, analysis of the remaining two bins yielded some intriguing
results. For bin 9, an ion was identified at n/z 201.5, while for bin 26 an ion was identified at
m/z229.5. Extracted Ion Chromatograms (EIC) for these two ions are shown in Figure 13, with
bin 9 highlighted by the red box, and bin 26 highlighted by the blue. It is clear that only the
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Warrnambool metabolome has these two ions present in these two bins. No ions of interest
were identified from the mass spectra of bins that contribute to PC5 for the Warrnambool,
Coopers Plains or Footscray B specimen. There are several reasons as to why no diagnostic
ions were identified for bins explained by PC5. These include minor amounts of low intensity
ions, and/or ion suppression due to matrix effects. Despite this, the identification of the two
ions in bins 9 and 26 from PC4 suggested that LC-MS may have provided evidence for
diagnostic indicators of Warrnambool seed specimens.

The scores plot of PC4 vs. PC5 suggested that the Warrnambool, Footscray and Coopers
Plains specimens had metabolomes that were both distinct from themselves as well as from
the other specimens analysed. Shown in Figure 14 are images of these three seeds specimens.
As can be seen, the Warrnambool specimen was morphologically distinct from Coopers Plains
and Footscray B. While this may have implied that the results generated from PC4 vs. PC5
scores plot were expected, the results also indicated that studying the metabolome of R.
communis seeds has the potential to successfully establish cultivar, a priori of specimen
knowledge.

Ricinus communis Ricinus communis Ricinus communis

Figure 14: Seed pictures of specimens Warrnambool (left), Footscray B (centre) and Coopers Plains
(right)

2.1.4 Summary of outcomes from HPLC-UV and LC-MS analysis

In total, four seeds each from fourteen specimens (56 seeds in total) of R. communis were
investigated by HPLC-UV and chemometrics for cultivar determination. Of these fourteen
specimens, seven had all four seeds accounted for by the various scores plots discussed. Five
of the seven specimens had some observed differences in the mass spectra of the bins
responsible for the PC that best explained that specimen. These results are outlined in Table 2.

Table 2: Bins and observed significant molecular ions for each specimen

Specimen PC Mass spec observations
Braybrook 1 Reduced intensity of m/z 353.7, no my/z 461.6, minor m/z 661.6
3 m/z 594.22*, m/z 644.6, reduced intensity of m/z 261.5
Magnetic Island 1 RCB-3 at 655.43*
Newcastle 1 No definitive masses identified
3 my/z 621.4, reduced intensity of m/z 583.7
Avondale Heights 3 Complete absence of m/z 408.7 and m/z 559.5
4 my/z 201.5 and m/z 229.5
Warrnambool 5 No definitive masses identified
Coopers Plains 5 No definitive masses identified
Footscray B 5 No definitive masses identified
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The results obtained during this part of the research work were encouraging, and suggestive
that the HPLC-UV metabolomics approach for cultivar determination has merit. Clearly these
results are yet to be validated, and hence could not be considered definitive. There are two
issues that need to be addressed: the seed-to-seed biological variation; and the variation in the
metabolome due to seasonal and local environment. Addressing these two critical points will
allow for the validation of identified compounds above as specimen specific biomarkers.

2.2 'H NMR spectroscopy and PCA of R. communis seed extracts

Nuclear Magnetic Resonance (NMR) spectroscopy is a powerful analytical technique that is
widely used in a variety of plant based metabolomic applications.#2466270 One dimensional *H
NMR has been applied to the metabolomic determination of provenance of Italian olive
0ils7.72 and propolis samples,” cultivar and provenance determination of French747> and
Italian7¢ wines, the variety of apples used for apple juice,*® and ecotype determinations of
Arabidopsis thaliana.”” These applications suggest that 'TH NMR can be applied to determine R.
communis cultivar from seed extracts. While NMR analysis is an insensitive technique
compared to HPLC-UV and LC-MS, it does have several advantages including the non-
selective nature of the analysis (all metabolite structure classes can be analysed using NMR);
the ease of sample preparation; the non-destructive nature of the analysis (sample can be
recovered); and the ability to both derive qualitative structural information, and to quantitate
metabolites relatively easily.

To this end 'H NMR was investigated as an analytical technique to study the seed
metabolome of R. communis. There were two main aims of this investigation: To determine if
there was measurable seed-to-seed biological variation in the metabolome when analysed by
H NMR (as observed for HPLC-UV analysis); and to investigate the metabolome of R.
communis seeds to identify specimen.

2.2.1 Sample preparation and analysis

Given that NMR is less sensitive than other analytical techniques, unused extracts from the
HPLC-UV analysis of the four seeds were combined, hence forming fourteen extracts. These
combined extracts were then freeze dried, and resuspended in a solution of 2% ds-acetic acid
in D,O. Added to each sample for analysis was an internal standard of 0.1% 3-(trimethylsilyl)-
2,2,3,3,-ds-propionic acid (TSP, referenced to 6 0.00 ppm). The addition of acetic acid allowed
for all extracts to have their 'TH NMR data collected at a common pH, minimising chemical
shift perturbations due to differing pH. Each sample was made up to a concentration of
20 mg/mL, sonicated for 30 s, and centrifuged to remove insoluble material.

To determine if there was any observed seed-to-seed variation in the 'H NMR data on
individual seed extracts, and to measure the influence this had on the outcomes of the PCA,
the four seed extracts from the Richmond and South Arm specimens were individually
analysed before being combined to form two samples. Therefore a total of 22 1TH NMR spectra
were collected and submitted to PCA. To suppress residual HDO signal in the sample and
increase the sensitivity of the experiment, the "Watergate" solvent suppression pulse sequence
was employed.
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2.2.2 NMR statistical analysis

2.2.2.1 Model One

Manually phased and baseline corrected 'H NMR data was binned within the statistical
program Matlab™ using the PLStoolbox with the ProMetab script.”8 The chemical shift range
for binning was between § 0.5 ppm and 6 10.0 ppm. Bin widths were set at 5 0.002 ppm, for a
total of 4750 bins. The binned data was normalised and subjected to PCA. The scores plot of
PC1 vs. PC2 shown in Figure 15. Overall 57% of the observed variability in the data was
accounted for by PC1 and PC2. It was expected from this analysis that the individual and
combined extracts from Richmond and South Arm would occupy similar space in the scores
plot. As can be seen in Figure 15, this was not the case, with only two Richmond, and three
South Arm extracts occupying similar space in the scores plot. More importantly, the
combined extracts from these two specimens did not group with the individual extracts.

Figure 15: Model one scores plot of PC1 vs. PC2. A lack of correlations between extracts of common
seed specimens was observed. South Arm and Richmond extracts annotated with numbers
indicate individual seed extracts analysed. Abbreviations for some specimens have been
used to declutter scores plot: CH - Clifton Hill; FA - Footscray A; FB - Footscray B;
MI - Magnetic Island; R3 - Richmond sample 3; R4 - Richmond sample 4;

18

Scores on PC 2 (19.60%)

0.1

0.05

-0.05

-0.1

Samples/Scores Plot of data

°South3
o

| L <Southl

~

N

Egichmundz

\

eRichmond1

South Arm Combined

Obi Obie FA__

Coopers Plainse  oCH

°
Newcastle

aAvondaIe
& °FB  oBraybrook
| C
°Brishane
oR4
R3

/

-

0 0.05
Scores on PC 1 (38.38%)

RC - Richmond combined; W — Warrnambool.

0.1

0.15

0.2

0.25




DSTO-TR-2338

Variables/Loadings Plot for data
0.7 T T T

0.6 —

0.4 —

0.3 —

0.1 —

Loadings on PC 1 (38.38%)
o
[N
T
|

01+ 4

0.2 =

1 S S S S S
10 9 8 7 6 5 4 3 2 1

Figure 16: Loadings plot of PC1 clearly showing the influence of residual acetic acid on positive PC1,
and quantity of sugar in an extract on negative PC1

Subsequent analysis of the loadings plots (Figure 16) for PC1 clearly showed that residual un-
deuterated acetic acid from the NMR solvent, in addition to sugars and inositol naturally
occurring in the R. communis seed extracts, had the greatest influence on the scores plot in
Figure 15. A TH NMR spectrum highlighting these specific regions is shown in Appendix D.

2.2.2.2 Model Two

To reduce the effect these residual resonances had on loading, a log function was applied to
the binned data. Subsequent PCA showed that 76.2% of the variance was accounted for by
PC1, PC2 and PC3. The scores plot of PC1 vs. PC2, and PC1 vs. PC3 are shown in Figure 17.
Corresponding loadings plots are shown in Figure 18. Applying the log function increased the
robustness of the model, with PC1 accounting for 51.2% of the variability. This is reflected in
the scores plots shown in Figure 17. In the plot of PC1 vs. PC2 (Figure 17a), the Richmond and
South Arm extracts are starting to correlate into the same space. The scores plot of PC1 vs.
PC3 (Figure 17b) showed strong grouping for all South Arm extracts, and a further tightening
of the Richmond extracts.

The loadings in Figure 18 suggest that applying a log function to the data has significantly
reduced the influence that acetic acid and sugar/inositol had on PC2 (Figure 18a). For PC3
(Figure 18b), in addition to the residual acetic acid and sugar/inositol resonances, residual
formic acid at 8 8.5 ppm from the HPLC solutions had a significant influence (Appendix D).
Interesting, applying this log function highlighted a relationship between the amount of
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ricinine (1) (positive influence on PC2 and PC3) with the amount of sugar/inositol in these
extracts (negative influence on PC2 and PC3). Due to the other interferences in the extracts
this relationship could not be further investigated. However, this could be a critical
observation and one that will be further investigated.

As aresult of the influences the resonances due to formic acid, acetic acid and sugar/inositol
had on the PCA, a model was built using a reduced chemical shift range between 5 5.6 and
3 8.2 ppm. The same bucket width of & 0.002 ppm was used, for a total of 1300 buckets. A full
analysis of the data was made using this model, including an analysis of the seed-to-seed
variation that was observed. These results are discussed in the next section.

2.2.2.3 Model Three

Firstly, the Richmond and South Arm extracts were analysed to ascertain if the seed-to-seed
metabolome variation was significant. A visual analysis of the 1H NMR data immediately
identified an interesting observation. There was a significant difference in the quantities of
compounds responsible for downfield resonances in these extracts. In particular, the
Richmond seeds contained significantly more compounds with downfield resonances
compared to the South Arm seeds. This is best shown by the intensity of the ricinine (1)
doublets for the two specimens at 8 6.52 ppm (H-5) and & 7.95 ppm (H-6, Figure 19). 5657

OCH3 OCH3 OH
5| X CN | N CN | XN CN
6
Ny ~O N~ S0 N~ ~O
| H |
ricinine (1) N-demethylricinine (2) O-demethylricinine (3)

Also evident in the TH NMR for these two specimens were doublet resonances at § 6.62 ppm
and 6 7.92 ppm, which could be explained by either or both of N-demethylricinine (2) and O-
demethylricinine (3).57 There is evidence in the LC-MS data that either one or both of 2 and 3
are present in these extracts. At this point in time no discrimination between these two
compounds can be made. This will be the subject of further follow up investigations via
isolation and NMR analysis. It is also worth noting the over integration of the H-5 protons for
both 1 and 2/3. The chemical shift values for 1 have been verified with an authentic standard.
It appeared that for these extracts there is another molecule with a doublet at & 6.52 ppm for1,
and & 6.62 ppm for 2/3. Further investigations to elucidate the structure of this compound are
in progress.
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Figure 17: PCA scores plots of binned NMR data after applying a log function. (a) PC1 vs. PC2; (b)
PC1 vs. PC3. Note the tight grouping of South Arm extracts in the scores plot of PC1 vs.

PC3.
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Figure 18: Loadings plots on (a) PC2; and (b) PC3. The influence due to residual acetic acid and sugar

is still significant even after a log function is applied to the data. Residual formic acid in the
extracts is influencing loadings on PC3.
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Figure 19: 1H NMR spectra of the South Arm and Richmond combined extracts. Ricinine and
demthylricinine analogues dominate the spectrum for South Arm. Conversely, ricinine and
other unidentified compounds dominate the Richmond spectrum.

Examination of the loadings plot for PC1 (Figure 20a) shows that 2/3 was weighted
negatively for PC1, with the South Arm specimens seemingly containing more 2/3.
Conversely, 1 was weighted positively for PC1 along with several unidentified metabolites,
with the Richmond specimens containing more of these metabolites. A total of 90.97% of the
variance was explained by PC1 (86.4%) and PC2 (6.37%). The scores plot of PC1 vs. PC2
(Figure 20b) showed excellent grouping of the South Arm extracts, while the Richmond
extracts were not so well grouped. It is unclear at this stage why the combined Richmond
extract was not grouped with the individual extracts. It may be that there was an issue with
sample handling prior to 'H NMR analysis of the combined extract, leading to some
compound decomposition. What was clear from this was that there was little seed-to-seed
variation in R. communis seed metabolome described by this narrow region of the 'H NMR
spectrum. This contrasted with the HPLC-UV analysis, where significant seed-to-seed
variation was observed.
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The remaining twelve combined R. communis metabolome extracts were then added to the
PCA model. Loadings plots for PC1 (Figure 21a) shows that 1 had a positive effect on PCl,
while 2/3 had a negative effect. For PC2 (Figure 21b) the loadings plot clearly showed that
2/3 had a positive effect. There are additional aromatic and olefinic resonances that had
strong positive and negative influences on the loadings plots. In total 75.05% of the variance

(b)

Figure 20: (a) Loading plot for PCI1 from the 'TH NMR of downfield region of South Arm and
Richmond individual and combined extracts. (b) Scores plot of PC1 vs. PC2.
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Figure 21: Loadings plot for model three: (a) PC1 loadings; (b) PC2 loadings

The subsequent scores plot of PC1 vs. PC2 shown in Figure 22 clearly shows clustering of the
individual and combined seed extracts from the South Arm specimen. All Richmond analyses
cluster as compared to the scores plot shown in Figure 20. It is suspected that this was a
consequence of the amounts of 1 and 2/3 in the Richmond extracts being comparatively
similar when compared to the other extracts analysed. This observation seems to suggest that
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the relative ratio of 1 to 2/3 produced in seeds fluctuates between specimens. Therefore, this
variation may indeed be a powerful observation in the determination of specimen.
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Figure 22: Scores plot of PC1 vs. PC2 for the 22 1H NMR analyses. All Richmond extracts clustered,
as did the Warrnambool extract. Similarly all South Arm extracts clustered, as did the
Laverton extract.

Other significant observations include the Brisbane and Clifton Hill specimens being
explained by PC1 and PC2. The Newcastle and Avondale Heights specimens were explained
by negative loadings on PC2. Both Footscray A and B specimens were explained by positive
loadings on PC1, with negative PC2 loadings having some influence on Footscray A.
Alternatively, Coopers Plains and Obi Obi specimens were explained by negative loadings on
PC1 and PC2. Finally the Braybrook and Magnetic Island specimens were not strongly
influenced by loadings on either PC1 or PC2. While it may be the case that the ratio of 1to2/3
is influencing the scores plot for these specimens, it is unclear what influence the other
compounds were having. Significant qualitative/quantitative work needs to be performed on
both environmental and controlled growth specimens. This will allow for a greater
understanding into the chemistry involved.
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A further observation from Figure 22 was that the Richmond extracts cluster with the
Warrnambool extract, while the South Arm extracts cluster with the Laverton extract. There
was a significant difference in the amounts of 1 and 2/3 present in the extracts, as noted in
their respective 1lH NMR spectra (Appendix E). The amount of 2/3 present in the South Arm
and Laverton extracts was significantly increased compared to 1. This observation was
reversed for the Richmond and Warrnambool extracts, with virtually no 2/3 present in the 1H
NMR spectra. This observation gives further credence to the ratio of 1 to 2/3 being a potential
indicator of specimen.

2.2.3 Summary of the "H NMR analysis

These investigations into the 1H NMR of the seed metabolome of R. communis again yielded
promising results. The third model evaluated where the data was log transformed, binned
between & 5.6 and 6 8.2 ppm, and subjected to PCA yielded the most definitive results. This
analysis suggested that the amounts of 1 and 2/3 could be utilised as identifiers of specimen.
While this was a very limited study on the applicability of applying NMR to analyse
R. communis extracts for cultivar determination, it is evident from the analysis presented that
further investigations are warranted.

3. Conclusions

This research aimed to prove the concept that specimen determination of R. communis could
be elucidated through the study of the seed metabolome and chemometrics. A total of 56
seeds from fourteen specimens were analysed by HPLC-UV, LC-MS and 'H NMR, with the
data subjected to PCA. The results discussed in this technical report show that there is merit in
further pursuing the metabolome of seed extracts of R. communis for cultivar determination.

Analysis of the metabolome via HPLC-UV and LC-MS identified all four seed extracts from
seven of the fourteen specimens studied. Furthermore, a number of unique molecular ions in
addition to the absence of several molecular ions were identified for five of the seven
specimens (summarised in Table 2). Of particular interest is the Warrnambool extract, where
unique molecular ions were identified at m/z 201.5 and m/z 229.5. For the seven specimens that
did not have all their seeds unambiguously identified, it is currently thought that there was
high intra specimen seed-to-seed biological variability.

For the results of the HPLC-UV, chemometrics, and LC-MS analyses to be developed into a
forensic methodology, there are several critical issues that need addressing, including;:

e The amount of seed that needs to be extracted to average out biological variation;

e The validation of the presence/absence of identified molecular ions as specimen
biomarkers;

e Improving the resolution of the HPLC-UV chromatography for improved results from
PCA; and

¢ Reanalysing the data using a supervised method such as Partial Least Squares -
Discriminant Analysis (PLS-DA) as more data is collected.
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Each of these issues are currently being addressed and form the basis of an ongoing work
program. This will involve performing extractions on larger quantities of seeds; growing
specimens in controlled greenhouse conditions to validate identified biomarkers; and moving
LC-MS platforms to an Ultra High Pressure Liquid Chromatography triple quadrupole mass
spectrometer utilising different solid phases (such as Hydrophobic Interaction Liquid
Chromatography) to obtain improved UV signal resolution. This expanded work program
will involve investigating many more specimens from many different locales, including
extracts from eight specimens of the six known cultivars “Carmencita” (Zimbabwe),
“Dehradun” (unknown African locality), “Gibsonii” (Zimbabwe), “Impala” (Tanzania),
“Sanguineus” (Spain and Tanzania) and “Zanzibariensis” (Kenya and Tanzania). The increased
data would then allow for the supervised PLS-DA method to be applied to the collected data.

The PCA on the TH NMR data of extracts of fourteen combined R. communis specimens was
very encouraging. Given that for model three PC1 and PC2 accounted for 75% of the variance
this also suggested that the final model constructed was quite strong. This analysis suggested
that the relative amounts of 1 and 2/3 may well be important in determining specimen.
Further research investigations are currently focused on expanding the number of specimens
analysed by NMR and chemometrics. These will be performed in conjunction with the above
HPLC-UV and LC-MS investigations. Collected NMR data will be analysed using both
unsupervised (PCA) and supervised (PLS-DA) multivariate statistical analysis methods. It is
also anticipated that one dimensional 1*C NMR data, and two dimensional heteronuclear
based NMR pulse sequences such 'H-13C gHHMQC will be employed to investigate the
metabolome of seed extracts. Collection of NMR data on these extracts will be done in
conjunction with the NMR facility at Bio21 Institute at The University of Melbourne. Analysis
will be performed on an 800MHz NMR spectrometer with cryoprobe that will decrease
acquisition times, and increase the sensitivity and resolution of the experiments. This will
increase the amount of information collected during NMR analysis, hopefully leading to
further refining and strengthening of the statistical models. Finally, using a high field strength
NMR spectrometer may allow for an enhanced ability to detect biomarker compounds specific
to a particular cultivar through sensitivity and resolution gains.

Funding has been secured (through a National Security Science and Technology grant) to
continue investigating all aspects of the metabolome for cultivar determination. It has also
allowed for an expansion of the program to include provenance determination. Some of the
questions raised in the conclusions will be the primary focus of this NSST grant. It needs to be
highlighted that as data is collected across multiple analysis platforms (NMR, HPLC-UV and
LC-MS), it will be compared, contrasted and linked via multivariate statistical analysis
methods. Combining data from multiple platforms is rare in the metabolomics literature.”
Conducting the analysis this way will provide national and international forensic agencies a
novel and unique way to analyse R. communis extracts for cultivar, and potentially
provenance, determination.
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4. Experimental

4.1 Chemicals

All solvents used were analytical grade. MeOH, acetone, MeCN and H>O were purchased
from Merck. Trifluoroacetic acid, acetic acid and formic acid were analytical grade and
purchased from Sigma-Aldrich. Deuterated NMR solvents (D-O, ds-acetic acid, TSP, d.-MeOH,
de-DMSO) were supplied by Cambridge Isotopes.

4.2 General Experimental

HPLC-UV and LC-MS data were collected on an Agilent LC/MSD Trap XCT mass
spectrometer connected to an Agilent 1100 series LC system comprising of an in-line degasser,
binary pump, auto-injector, column heater and diode array detector, equipped with Agilent
ChemStation LC for 3D software (Rev.A.09.03). The capillary was operated in positive-ion
mode at a constant temperature of 350°C. The electrospray needle was held at +3500 V, the
skimmer at +40 V and cap exit at +136 V. Octopole 1 and 2 were set at +12 V and +1.74 V
respectively. The rf was set at 200 Vpp. Lenses 1 and 2 were set at-5 V and -60 V respectively.
Nitrogen was used as the high-flow nebuliser gas at a pressure of 50 psi and the nitrogen
drying gas was set at a temperature of 350°C with a flow rate of 12 L/ min. Data was acquired
in the range of m/z 100 - 1800.

NMR data was collected on a Bruker Avance (Bremen, Germany) NMR spectrometer
operating at a 1lH NMR frequency of 500.13 MHz. The spectrometer was running Bruker
Biospin Topspin 2.0 NMR software. The spectrometer was equipped with a standard
geometry 5 mm diameter BBI probe head. Each sample was referenced to the internal
standard TSP at & 0.00 ppm.

4.3 Collection and extraction of R. communis seed specimens

Caution: Ricin is a highly toxic protein, and extractions of R. communis need to be conducted with
extreme care. All extraction work performed for these investigations were conducted in a PC2
designated laboratory within a laminar flow cytotoxic drug cabinet. Staff performing extractions wore
gowns, safety glasses and gloves during all extraction work.

Collections of environmental samples of seed specimens of R. communis were made from
various locations in Melbourne and eastern Australia. Plant morphologies (seed size and
colour, leaf and stem colour, plant height and pod features), date of collection and GPS co-
ordinates were recorded at the time of collection and details entered into the in-house
database “Castorbase”. From this library fourteen specimens were selected for metabolome
analysis. The cultivars of the fourteen specimens of R. communis have not been established,
hence selections were based on differences in plant morphology, and are assumed at this time
to indicate unique cultivars.
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For each specimen of R. communis, four mature seeds were selected and separately ground
with a mortar and pestle. The individually ground seeds were agitated separately in 20 mL of
acetone for 1 hour to remove the castor oil from the seed pulp. The acetone was removed via
filtration (filter paper), and the seed mash washed twice with 25 mL aliquots of clean acetone
to remove residual castor oil. The residual seed mash was allowed to air dry. Subsequently,
20 mL of 2% aqueous acetic acid solution added, and the resultant solution agitated for
2 hours. The aqueous acid solution was again filtered (filter paper) and the residual seed mash
washed a further two times with approximately 5 mL of 2% acetic acid solution. The
combined filtrate was then twice passed through a 30 kDa MWCO filter to remove both
R. communis Agglutinin (RCA) and the ricin toxin from the aqueous acid extract. The
combined <30 kDa MWCO fractions were then stored at -30°C until required for chemical
analysis.

4.4 HPLC-UV data collection and multivariate statistical analysis

HPLC-UV data was collected on 20 pL aliquots of 20 mg/mL solutions of all fourteen
specimen extracts. Aliquots were injected onto a Phenomonex Luna 5 um, 50 x 2 mm, C18
reversed phase HPLC column at 25°C with gradient elution from 100% H>O + 0.05% formic
acid to 70:30 MeOH:H>O (+ 0.05% formic acid) over 30 min, then to 100% MeOH + 0.05%
formic acid over 1 min and held at this for 4 min. Blank injections and injections of the
bradykinin standard (20 pL of a 5 mg/mL solution) were made using the same gradient
conditions.

Collected HPLC-UV data at 254 nm was retention time corrected to the internal standard
ricinine (retention time = 6.6 min) and binned via an in-house Microsoft Excel macro.> Each
UV chromatogram was divided into 114 bins with a width of approximately 21 s/bin. A 224 x
114 data matrix was formed, which was standardised, normalised, autoscaled, and subjected
to PCA using Minitab™.

4.5 NMR sample preparation and data collection

The four individual seed extracts from each specimen were combined, forming fourteen
combined extracts for analysis. In addition, before they were combined for analysis, the
Richmond and South Arm extracts were analysed individually to ascertain seed-to-seed
biological variation. In total, 22 samples were subjected to 'H NMR analysis. Each sample
subjected to TH NMR analysis was made up to a concentration of 20 mg/mL in DO (with
0.1% TSP and 2% ds-acetic acid). Solutions were vortexed for 30 s then centrifuged for 3 min. A
600 pL aliquot of each extract was transferred to a 5 mm NMR tube immediately prior to
analysis. One dimensional “Watergate” 'H NMR spectra were collected over an 11 ppm
sweep width with 128 scans and 16k data points. The recycle delay time was set to 5 s, and the
pulse width was 8.5 us (90°). Probe temperature was set to 298 K. Processing of the Free
Induction Decay (FID) was performed with line broadening (LB) set to 1.0 Hz, and linear
prediction (SI) set to 32k. Each spectrum was phased and baseline corrected.
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4.6 NMR multivariate statistical analysis

Phased and baseline corrected "H NMR data was binned within the statistical program
Matlab™ using the PLStoolbox with the ProMetab script.”8 Bin widths were set at 6 0.002 ppm,
with three models built. Model one and two were constructed over a chemical shift range
0.5 ppm to 10.0 ppm. Model one data was normalised and mean-centered, while for model
two a log function was also applied. Model three was constructed over the chemical shift
range 5.6 ppm to 8.2 ppm. The binned data was normalised, mean-centered and a log function
applied.
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Appendix A: Seed Image and Location

Below is a table containing details of specimens of R. communis that were studied, including

DSTO code numbers, geographic location and seed image.

Seed Image

Ricinus communis

Ricinus communis

Ricinus communis

Ricinus communis

Collection | Geographic
Code Location
06-01 Brisbane, Qld

Coopers

06-02 Plains Qld
06-06 Warrna.mbool,

Vic
06-07 Laverton, Vic

Newcastle,

06-09 NSW
07-03 Footsc.ray A,

Vic
07-05 Footsc.ray B,

Vic

Ricinus communis

Seed Image

Collection | Geographic
Code Location
Magnetic
07-07 Island, Qld
07-11 Chftor} Hill,
Vic
07-17 Brayb'rook,
Vic
Avondale
07-19 Heights, Vic
08-02 R1€hn}ond,
Vic
Obi Obi,
08-23 Qld
South Arm,
08-28 NSW

Ricinus communtis
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Appendix B: HPLC-UV Bin number and PC

DSTO-TR-2338

Bin number, corresponding retention time, and the principal component that best explain each
bin are listed in the Table below.

Bin retention times and Principal Components

Bin Number start time (mm:ss) end time (mm:ss) Bin centre (mm:ss) PC
EN 00:00 00:21 00:11 3
2 00:21 00:a2 00:32 3
3 00:42 01:03 00:53 3
4 01:03 o1:24 o1:14 3
5 o1:24 01:45 01:35 3
6 01:45 02:06 01:56 5
7 02:06 02:27 02:17 5
8 02:27 02:a48 02:38 5
i=] 02:48 03:09 02:59 a
10 03:09 03:31 03:20 3,5
11 03:31 03:52 03:41 3
12 03:52 04:13 04:02 3
13 04:13 04:34 04:23 3
14 04:34 04:55 04:44 a
1s 04a:55 05:16 05:05 a
16 05:16 05:37 05:26 3
17 05:37 05:58 05:47 3
a8 05:58 06:19 o06:08 3,4
19 06:19 06:40 06:29 a
20 06:40 o07:01 06:51 a
21 o07:01 07:22 o07:12 3,4
22 07:22 07:43 07:33 3
23 07:43 o08:04 07:54 3
24 08:04 08:25 08:15 3
25 o8:25 o8:46 08:36 3
26 o8:46 09:07 08:57 3.4
27 09:07 09:28 09:18 3
28 09:28 09:4a9 09:39 3
29 09:a9 10:11 10:00 2.4
30 10:11 10:32 10:21 a
31 10:32 10:53 10:42 3
32 10:53 11:14 11:03 3
33 11:14 11:35 11:24 3
34 11:35 11:56 11:45 3
35 11:56 12:17 12:06 3
36 12:17 12:38 12:27 3
37 12:38 12:59 12:48 5
38 12:59 13:20 13:09 £
39 13:20 13:41 13:31 a
40 13:41 14:02 13:52 2.5
a1 14:02 14:23 14:13 3,5
az 14:23 14:44 14:34 3
a3 14:44 15:05 14:55 2.3
a4 15:05 15:26 15:16 2,3
as 15:26 15:47 15:37 2,3
a6 15:47 16:08 15:58 2
a7 16:08 16:29 16:19 2
a8 16:29 16:51 16:40 2
a9 16:51 17:12 17:01 2
50 17:12 17:33 17:22 2
51 17:33 17:54 17:43 2
52 17:54 18:15 18:04 2
53 18:15 18:36 18:25 2
54 18:36 18:57 18:46 2
55 18:57 19:18 19:07 2
56 19:18 19:39 19:28 3
57 19:39 20:00 19:49 2
58 20:00 20:21 20:11 2
59 20:21 20:42 20:32 2
60 20:42 21:03 20:53 2
61 21:03 21:24 21:14 2
62 21:24 21:45 21:35 1,2
63 21:45 22:06 21:56 1.2
64 22:06 22:27 22:17 1,2
65 22:27 22:48 22:38 1,2
66 22:48 23:09 22:59 1.2
67 23:09 23:31 23:20 1,2
68 23:31 23:52 23:41 1.2
69 23:52 24:13 24:02 1.2
70 24:13 24:34 24:23 1
71 24:34 24:55 24:a44 1
72 24:55 25:16 25:05 1
73 25:16 25:37 25:26 1
74 25:37 25:58 25:47 1
75 25:58 26:19 26:08 1
76 26:19 26:40 26:29 1
77 26:40 27:01 26:51 1
78 27:01 27:22 27:12 1
79 27:22 27:43 27:33 1
80 27:43 28:04 27:54 1
81 28:04 28:25 28:15 1
82 28:25 28:46 28:36 1
83 28:46 29:07 28:57 kN
84 29:07 29:28 29:18 1
85 29:28 29:49 29:39 1
86 29:49 30:11 30:00 1
87 30:11 30:32 30:21 1
88 30:32 30:53 30:42 1
89 30:53 31:14 31:03 1
90 31:14 31:35 31:24 1
o1 31:35 31:56 31:45 1
i=)=4 31:56 32:17 32:06 1
o3 32:17 32:38 32:27 1
o4 32:38 32:59 32:48 1
95 32:59 33:20 33:09 1
26 33:20 33:41 33:31 1
o7 33:41 34:02 33:52 1
o8 34:02 34:23 34:13 1
29 34:23 34:a4 34:34 1

100 34:a4 35:05 34:55 5
101 35:05 35:26 35:16 5
102 35:26 35:47 35:37 1
103 35:47 36:08 35:58 1
104 36:08 36:29 36:19 1
105 36:29 36:51 36:40 1
106 36:51 37:12 37:01 N
107 37:12 37:33 37:22 1
108 37:33 37:54 37:43 1
109 37:54 38:15 38:04 kN
110 38:15 38:36 38:25 1
111 38:36 38:57 38:46 1.6
112 38:57 39:18 39:07 6
113 39:18 39:39 39:28 6
114 39:39 40:00 39:49 6
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Appendix C: Extracted Mass Spectra
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Extracted mass spectra for bins 10 to 13 for the seven analysed R. communis specimens.
Highlighted is the observed compound in the Braybrook extract at m/z 594.62*.

iers proes 3 5107 08090510.d: +MS, 5.3-6.3min #(547-654)
x10' :
2 w059 szsFootscray B
283 530.2 ssalr
14 209.
2354 288.4 A 946
W00 O R Y ! Y 669.7 1208
Xlo%‘ 08090515.d: +MS, 5.3-6.3min #(547-654)
o e Newcastle
. 539.3
519.7
1] 261 3074 347.1 4036
1 L 327.4 4736006
P T P RV S O 521 POV V0L (O 5504 | 5p15 6123 663.7 6895 7207
xad 260.4 347.0 08090520.0: +MS, 5.3-6.3min #(546-654)
24 408.8 o
o f sl o 507 Coopers Plains
e 307.2 4472 c122
A 283.4 i il 3616 2281 l 4736 s83f7
" TR P, Mo s 1 1 1 P Y sl L, 669.7 689.4
Xlo% 389.8 08090525.d: +MS, 5.3-6.3min #(547-654)
3142
23 s 3358 6123 .
204 583[7 Magneth Is.
13
205.4 2905” Jk 047
3 693.7
i L TRV YWY. | i ot N L 664.7 693

Q A -
x10 612.2 08090530.d: +MS, 5.3-6.3min #(545-653)
343.0
24 307. 418.4
w2 2 « | Braybrook

519,
14 ar4 260.3 404 5303
l. Jk j 2884 || |3235 3845 h L 485.4 ’ h
PERN L itin i ok TN P | VTS I TSV L 565 LU 6701
x10' 389.7 408.8 08090535.0: +MS, 5.3-6.3min #(546-653)
21
217.4 257.5 3430
¥ l st J w472 si0a o2 Warrnambool
4855 ’ 58317
L L.m Jkn L s M Al m A‘ ni T M Dbkt M 5654 ) 6232  651.5669.8 693.6
xadd 217.4 08090540.d: +MS, 5.3-6.3min #(546-654)
2] 408.8

269.4 335.8
314.2

389.7 447.2

519.6 :
1 . ..., Avondale Heights
W l A - M ldd Mfsfhe R N R 3 Jezss 670.1
260 360

i T T T
400 500 600 700 mz

o

Extracted mass spectra for bins 16 to 18 for the seven analysed R. communis specimens.
Highlighted is the compound at m/z 583.7, which is absent in the Newcastle metabolome.
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Extracted mass spectra for bins 21 to 28 for the seven analysed R. communis specimens.
Highlighted is the compound at m/z 261.5. This compound is significantly reduced in the
Braybrook metabolome.
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Extracted mass spectra for bins 41 to 45 for the seven analysed R. communis specimens.
Highlighted is the compound at m/z 644.6. This compound has a significant presence in the
Braybrook metabolome, a very minor presence in the Avondale Heights metabolome, and is
not present in any other metabolome.
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Appendix D: Typical '"H NMR spectrum

Below highlights the areas of the 'H NMR spectrum that contained compounds that
influenced the PCA. The blue box indicates the presence of residual formic acid, the red box
indicates resonances due to the presence of sugar and inositol moieties in the extract, while
the green box indicates the presence of residual acetic acid.
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Appendix E: 'H NMR stack plots

Below is an expansion and stack plot of the 1H NMR spectrum between & 5.6 and & 8.2 that
was the focus of model 3. The first is a comparison of the individual and combined Richmond
extracts with the combined Warrnambool extract. Highlighted are the resonances for H-5 and
H-6 of ricinine. The second is a comparison of the individual and combined South Arm
extracts with the combined Laverton extract, highlighting H-5 and H-6 for the demethyl
analogues. What is clearly evident in these spectra is the significant reduction in the amount
of demethyl analogues of ricinine in the Richmond and Warrnambool extracts.
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