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Aim: To eval uate the phyl ogenetic rel ationships among related species of Lycium
samples. Methods: Random amplified polymorphic DNA (RAPD) fingerprinting
and lab-on-a-chip e ectrophoresi s techniques were used to analyze the character-

istics of Lycium species. Seven species and 3 varieties of Lycium were studied.
i’;dnggaﬁgzgn?cgr ;‘tgrf‘,;‘;fégg /tg‘;_ (;-'3(/)“? Based on RAPD fingerprint data obtained from 11 primers, we proposed a new
62). index, called dispersivity, using entropy theory and projection methods to depict
the diversity of the DNA fingerprints. Results. Using the proposed dispersivity,
primers were sorted and the dendrograms of the 7 species and 3 varieties of
Lyciumwere constructed synthetically by merging primer information. Conclusion:
Phyl ogenetic relationships among Lycium samples were constructed syntheti-
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Introduction

Traditional Chinese medicine (TCM) has been used for
thousands of yearsin China. It represents the collective
wisdom of the Chinese people to utilize naturefor survival'™.
With the advantages of multi-target effects, low toxicity and
the current appeal for more ‘natural’ remedies, TCM has be-
come widely used as an alternative to treat various complex
and chronic diseases. Authentication of Chinese medicinal
materialsisan old but important issue. With the unprece-
dented devel opment of modern biological methods, identifi-
cation of speciesrelationships using traditional anatomical
and physi ochemical methodsisbeing supplemented by DNA
fingerprinting techniques, such as random amplified poly-
morphic DNA (RAPD) analysis.

Thefruit of Lycium species, especially Lyciumbarbarum,
has been usedin TCM to improve eyesight, protect liver and
kidney, andtoreplenishvita essence. Thefruit of the Lycium
speciesareall red in color with very similar physical appear-
ance and anatomical structure. Chemical analysis methods,
such as high-performanceliquid chromatography, have been
used for different species of Lycium, but have failed to dif-
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cally based on RAPD fingerprint datagenerated from 11 primers.

ferentiate the Lycium species.

Recently, a Fourier-transform infrared spectroscopy
method was used to identify 7 species and 3 varieties of
Lycium@. The method provides a novel approach for the
identification and differentiation of plantsusedin TCM. Such
atechnique can serve asarapid, smple, reliable and non-
destructive analytical method for differentiating Lycium
species. Alternatively, with the development of modern
biotechnology, a polymerase chain reaction (PCR)-based
method using random primers (10-mers), known as RAPDE4,
has become another method for the study of TCM®¢, RAPD
analysisis simple and effective. It has many advantages,
such asit only requires a minute quantity of DNA; no prior
sequence data are needed, many primers can be used; and
themethod isreatively simple. However, RAPD suffersthe
drawback of low reproducibility, which has severely ham-
pered the popularity of thismethod. Usually, PCR products
are analyzed by agarose gel electrophoresis followed by
densitometric analysis of the DNA banding pattern. Inthe
present study, the lab-on-a-chip (Agilent 2100 Bioanalyzer
DNA 7500 assays, Agilent Technologies, Palo Alto,

1217



Yin XL et al

Acta Pharmacologica Sinica ISSN 1671-4083

California, USA ) was used to analyze the PCR products of
Lycium samples, including 7 speciesand 3 varieties. After
preprocessing using theAgilent 2100 Bioanalyzer, including
baseline adjustment and alignment, data were exported as
XML files, which wereimported into the Matlab software.
All further analyses were performed using Matlab. We will
clarify these analysesin detail in the following sections.

Materials and methods

Samplepreparation Twelve Lycium sampleswere used
in thisstudy. Dried fruits of Lyciumwere rinsed with 70%
ethanol and distilled water for surface sterilization. They
werethen ground in liquid nitrogen with amortar and pestle.
Information for thesamplesissummarizedinTable 1. Samples
of Lyciumbarbarum, LB and LBB, weretreated as positive
controlsin the RAPD analysis. Theremaining 10 samples,
which represent 7 species and 3 varieties, were used in our
data analysis.

Table 1. List of Lycium species analyzed in this study.

Scientific name Abbreviation Chinese name

Lycium barbarum LB Ningxiagougi
Lycium barbarum LBA  Ningxiagouqi
Lycium barbarum LBB Ningxiagougi
Lycium barbarum var Auranticarpum LBV  Huangguogoudi
Lycium chinense LC Gougji

Lycium chinense var potaninii LCV  Beifanggouqi
Lycium dasystemum LD Xinjianggouqi
Lycium dasystemum var rubricaulium LDV  Hongzhigougi
Lycium cylindricum LE Zhutonggougi
Lycium ruthenicum LR Heiguogougi
Lycium truncatum LT Jieegouqi
Lycium yunnanense LY Yunnangoudi

Genomic DNA extraction Thecetyl triethylammonium
bromide (CTAB) extraction method, a modified protocol of
Draper and Scott!”, was used for the extraction of DNA.
Lyciumpowder was mixed with 600 pL of 1xCTAB extraction
buffer [50 mmal/L TrisHCI (pH 8.0), 0.7 mal/L NaCl, 10 mmol/L
ethylenediaminetetracetic acid (EDTA), 1% CTAB], which
was preheated at 60 °C. Themixture wasthen incubated for
30 min with occasional shaking. After cooling to room
temperature, the mixture was extracted with an equal valume
of chloroform/isoamyl alcohol (24:1, viv). After centrifuga
tion at 13 000xgfor 15 minat room temperature, thesuperna-

1218

tant was collected and a 0.1 mol/L volume of 10% CTAB
solution (10% CTAB, 0.7 mol/L NaCl) and an equal volume
of chloroform/isoamyl alcohol were added for another
extraction. After centrifugation at 13 000xgfor 15 minat room
temperature, the supernatant was collected and extracted
with an equal volume of CTAB precipitation buffer [50 mmol/L
Tris-HCI (pH 8.0), 10 mmol/L EDTA, 1% CTAB]. It was
then allowed to stand at room temperature for at least 1 h,
before being centrifuged again at 13 000xg for 15 min at
room temperature. The pellet was resuspended in 400 L
of 1 mol/L NaCl, which was pre-heated at 60 °C. For further
purification, it was extracted again with an equal volume of
chloraform/isoamyl alcohal . After centrifugation at 13 000xg
for 15 min at room temperature, the supernatant was col-
lected and 800 pL of cold absolute ethanol was added. The
solution was allowed to stand at -20 °C overnight for pre-
cipitation of DNA. To recover the DNA, the suspension
was centrifuged at 13 000xg for 20 min at 4 °C. The pellet
was collected and washed twice with 75% ethanol. After
that, the pellet was air-dried and resuspended in 30 pL dis-
tilled water.

Estimation of DNA concentration and purity Thecon-
centration and purity of DNA was checked by UV spectros-
copy a wavelengths 230 nm, 260 nm, and 280 nm. Thequal-
ity of DNA (5 uL) was also checked by electrophoresison a
1% agarose gd in 1XTBE (Total Binding Energy) buffer.

RAPD and optimization of PCR conditions TheRAPD
reactions were carried out as described by Nadeau et al'® in
a 25 L reaction mixture containing DNA (10 ng—100 ng),
0.1 mmal/L dNTR, 25 pmoal primer, 1xTaq buffer [20 mmol/L
(NH,),S0,, 75 mmol/L Tris-HCI (pH 8.8), 0.01% Tween-20,
2.5 mmoal/L MgCl,, 0.001% gelatin (w/v)] and 0.5 U Tag DNA
polymerase. Thetubeswereplacedin thethermocyder (PTC-
100™, MJResearch Inc Waltham, Massachusetts, USA) and
subjected to thefollowing profiles: denaturation for 5 min at
94 °C, then45cyclesat 94 °Cfor 1 min, 35 °Cfor 1 min, 72 °C
for 2 min, final extension a 72 °Cfor 5 min. In order to opti-
mizethe RAPD conditions, the PCR conditions were varied
using 100-fald, 500-fold, 1000-fold and 5000-fol d dil utions of
genomicDNA, 2 mmol/L or 2.5 mmol/L MgCl,, 1 Uor 1.25 U
Taq polymerase in the presence or absence of the final ex-
tension step. The PCR products were monitored by 1.5%
agarose gel eectrophoresis and the DNA fragments were
visuaized by staining with ethidium bromide. Theamplifica-
tion products (1 pL) were also analyzed with the lab-on-a-
chip system, the Agilent 2100 Bioanalyzer, using the DNA
7500 assayskit according to the manufacturer’ sinstructions.
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Results

Preprocessing of raw data Raw lab-on-a-chip DNA fin-
gerprints can betreated as multi-dimensional vectorsor func-
tional curves. Becausethey are usually observed and stored
discretely, in the present study, the vector form was adopted
to represent the DNA fingerprint. Welet (t;, x), i=1, ..., T
denotethe discrete observationsfor aDNA fingerprint, where
X; isthe fluorescence intensity measured at migration timet,
and T isthe number of migration time points. Customarily,
fluorescence intendity is referred while ommitting migration
timein representing DNA fingerprint, namely, (x,, ..., X;) repre-
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sentsafingerprint, where aisthe transpose of avector for a.

A completepreprocessing for raw fingerprint dataincludes
baseline adjustment, alignment, linear interpolation match
and normalization issues. In order to eiminate the back-
ground and peak drift effect for DNA fingerprints, we used
the up-to-date Agilent 2100 Bioanalyzer™® software to adjust
baseline and handle alignment based on the ladder, lower
marker and upper marker. Figure 1 shows the alignment
process.

After baseline adjustment and alignment, we exported
the data into an XML format, which could be opened by
Microsoft Excel. The XML files were then imported by the
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Figure 1. RAPD fingerprints of 10 Lycium samples (1-10), two control samples (11, 12) and ladder sample (L) obtained from primer opam2
performed by Agilent 2001 Expert software. (A) Fingerprints without alignment; (B) aligned fingerprints.
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softwareMatlab, which wasour main todl for further analyss.
It was easy to detect the |lower marker and upper marker that
definetheinformativeregion for each fingerprint. Therefore,
we could concentrate on the observations between the lower
and upper markers. However, fingerprint data after baseline
adjustment and alignment was shown with relative migra-
tion time, which was different from the unaligned data, that
is, fingerprint data with the samelength of interval between
thelower marker and upper marker but with different number
of migration time points. Herelinear interpol ation was used
to match all of the fingerprints such that they had the same
number of migration time points between the lower marker
and upper marker. Thismethod iscalled linear interpolation
match (LIM). Our main purposefor usng LIM wasto render
thefingerprints directly comparable. Another reason wasto
make the data format suitable for our statistical analysis.
Details about the LIM method are described using Lycium
samples asfollows.

After exporting Lycium sample data from Agilent 2100
Expert software, the total 110 fingerprints produced by 11
primers and the corresponding number of migration time
points were denoted by x(k) and n,;,k=1, ..., 11; i=1, ..., 10.
Because these fingerprints shared the common interval be-
tween thelower marker and the upper marker, wefirst chose
the minimum number { n,;}, denoted asm, and then madethe
migration time points the same for all of the other finger-
printsin the following way. We uniformly partitioned m-1
cdlsoninterval [0,1]. Similarly, for any fingerprint that had
smigration time points, we uniformly partitioned s-1 cellson
interval [0,1]. Thetotal migration time points corresponded
to0, 1/(s1), 2/(s1), ..., 1. Foranyi/(s-1), O<i<s-1, wefoundj
suchthati/(s-1) located on anexclusveinterva [j/(m1), (j+1)/
(m-1)]. Liner interpolation of thefluorescenceintensity value
at corresponding retention time j/(m-1) and (j+1)/(m-1) was
changed tothei-th fluorescenceintensty value for thenemly
matched fingerprint. Following theaboverule, al of thefin-
gerprintswere matched with the same number of migration
time points. After performing LIM, the common peaks of
both ends, which were parts of the lower and upper markers,
were removed as these peaks were of no concern. For
simplicity, thenumber of migration time points of thesefin-
gerprintswas still noted asT.

Because the outcomes of most statistical methods are
strongly influenced by the scale and range of thefingerprint
data, it wasnecessary to normalizeall of thefingerprint data
before analysis. To accomplish thisgoal, the sample mean
and variance of thefingerprint x=(x,, ..., X;)' wereca culated
asfollows:
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All of the fingerprints were normalized by subtracting
the sample mean and then dividing by the sandard deviation,
namely thefollowing form:

x=m(x)
s(x)
Theeffect of thisnormalization isshown in Figure 2. From

then on, fingerprint i referred to the registered fingerprint
after normalization.
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Figure 2. Normalization effect on fingerprints. (A) Fingerprint
before normalization; (B) fingerprint after normalization.

Primer sorting by the revealed fingerprint diver-
sity DNA fingerprinting performed by RAPD using differ-
ent primers may have had different detected diversities. The
diversity of fingerprints obtained from aprimer, what we call



Http://www.chinaphar.com

Yin XL et al

dispersivity, can be regarded as an index to indicate whether
thisprimer iseffective or not. Asan example, for our tested
DNA fingerprints of Lycium samples representing 7 species
and 3 varieties, all DNA fingerprint data were denoted by:
X=(X®, ..., XI),

where X®¥=(X,%, ..., X,.¥), k=1, ..., 11, k denotes k-th primer,
and thetotal primer number 11, 10 denotesthetotal number
of Lycium samples, namely, 7 species and 3 varieties. X,¥is
a T-dimensional column vector that denotes the fingerprint
of Lycium samplefrom speciesi obtained from primer k. Tis
the number of migration time points. Initially, theinforma-
tion about dispersivity revealed by primer k was contained
in the data set X®. Usually the more peaks in the data set
X® obtained form primer K, the higher the dispersivity.
However, that is not always true because the differencein
peak | ocation and the variation in peak height and pesk shape
among fingerprints obtained from primer k can also affect
the corresponding dispersivity. It is necessary and impor-
tant to integrate all of the factors in the evaluation of the
dispersivity for each fingerprint set X®.

In the present study, we used the concept of entropy,
introduced by Shannon and Weaver!™®, to quantify the
dispersivity revealed by primer k. For a discrete probability
distribution p, the mativated definition of entropy by statis-
tical mechanicsis:

h(p) =—ip,-><ln(p;) (4)
i=1

were »"" p,=1.. In the context of probability, h(p) is

regarded as a measure of the information carried by p, with
high entropy corresponding to much uncertainty. Thisun-
certainty scorereflectsthe property of dispersiity. Intuitively,
it manifests itself as the way we describe dispersivity.

The dispersivity revealed by primer k is defined as the
following way:

Step 1. Computethe sample covariance matrix
S = (s(x XN ooy 1< 1. <10, where

T
s(x:"':',xj“ = %Z (x:.r“ —m(x" ))(x‘;] — rﬁr(,\fjJl ) 5)
=1

Step 2. Calculate the eigenvalues of S¥ and notethem as
AB=(A0, ..., )
1 3y /M0

Step 3. Makethe sum of eigenvaluesequal to 1, namely,

k)
e o110
'Jf_ gy

H 10
2k}
E A
j=1

Setp 4. Compute entropy of A®, namely,

/1[&' ]

hAP)==3" A xIn(A").

h(A®) is defined asthe dispersivity revealed by the primer
k. Thedefinition of dispersivity isvery intuitive. In thefirst
step, we used the covariance matrix S¥ to describeall of the
variant information for thefingerprints obtai ned from primer
k. The variant information was then extracted by computing
the eigenvalues of S¥. These eigenvalues, A¥, can be re-
garded as theinformation reconstructed from X® and can be
interpreted by the principa component analysis (PCA). Sort
A e A as A2 L 2 Ao, for thefixed primer k, the
closer to 1 for

LD

which can be considered asthe contribution ratefor the first
principal component, the stronger for thefirst principal com-
ponent to synthesizethe information of X®. For example, if
fingerprints1,%, ..., 1,,% arevery similar, it will result in the
contribution rate for the first component being closeto 1
and the sum of theremaining 9 being near to 0, which means
that the first component can synthesize almost all of the
information. This case is not expected, because it reflects
little diversity for X®. We desired that the contribution rates
for al of the components were scattered, not concentrated,
and allowed for the entropy, which has the property that the
moredispersiveit isfor theprobability distribution, thelarger
the corresponding entropy value. Finally, we defined the
dispersivity revealed by primer k as

WA ==3" A% xIn(A")

Here all the 2, denote the contribution rates subject to the
sum being equal to 1. From the definition of dispersivity,
some eigenval ues may be equal to 0, which will result in no
meaning due to the function. In such cases, we defined 0xIn
(0)=0, which isreasonabl e because AxIn(A) will approach Oif
A approaches 0 from the positive direction.

For our Lyciumdata, 11 primerswere used to perform the
analyss. Adirect question iswhich primer isthe best one as
far as dispersivity is concerned? To some extent, the best
primer would be able to differentiate the Lycium samplesto
the maximum degree. Thedispersivity revea ed by primer k
was given by h(A®), simply noted as D(X®)=h(A¥), where
A% is dependent on X®. The best primer was chosen asthe
one that maximized the value of D(X®). Memory the best
primer and the corresponding dispersivity value as S1 and
Dg, respectively.

After choosing the primer Sl, wethen wanted to chose a
second primer from the remaining 10, such that the finger-
prints obtained from these 2 primers had the maximum
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diversity. In order to do this, we had to definethe di spersivity
of the 2 primers. For astriking example, if fingerprints X®
and XY obtained from primersi and j, respectively, werevery
similar, that would mean that primersi and j almost revealed
the same dispersivity. Furthermore, if primer i revealed the
maxi mum dispersivity and primer j reveal ed the second maxi-
mum dispersivity, then primer i would be picked as the best
primer, whilein most cases, primer j would not be selected as
theprimer that reveal sthe maximum diversity combined with
primer i, because X® and X9 have much mutual information.
Thisindicated to usthat we should remove overlapping in-
formation before choosing primers from the remaining 10.
The method of space projection was utilized to solve the
information overlap.

The dispersivity revealted by primersi and j, on condi-
tion that primer i was chosen, was defined as D(X®,(1-XO(X®)")
X9), where A" denotes the pseudoinverse of matrix A™ and
can be numerically calculated by Matlab. The computation
of D(A,B) was smilar to D(A) except for substituting A union
Bfor A. For smplicity, we define CP(X|X)=(1-XO(X"*)X.
Matrix CP(X®|X) was corthogonal to the space expanded by
X, That meansthat it contained extrainformation relative
to X®. The eigenvalues of covariance matrix for X® union

25¢ 87 8
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CP(X®[X!) were the union of eigenval ues of covariance ma-
trix for X® and CP(XV|X)). For our Lyciumdata, on the con-
dition that primer S1 was chosen, the second primer cosen
was he one that corresponded to the maximum value of
D(X®,CP(XVX¥), ke {1,2, ..., 11}/{S1}, were A/B denotes
the set that includes the el ements belonging to A but not to
B. Without loss of generality, the second primer chlosen is
recorded as &2, the corresponding dispersivity value is
denoted by Dy .
We could then obtain the order of primers, denoted S1,
., SI1. The corresponding dispersivities for the primers
were denoted Dy, ..., Dg . For illustrating our space
projection method, in Figure 3, we plot the original finger-
print for primer D, namely, X(0), extrainformation re ative
to primer S1, namely, CP(X®|X¥), and extrainformation rela-
tiveto primersSl, ..., S8, namely, CP{ XY, CP(X®|X®9), ...,
CP[X®), CP(XSIX®, ..., CP(XSXEN)]} X, Comparing
theplotsin Figure 3, theinformation provided by primer
gradually decreased as the mutual parts relative to primers
chosen earlier S, ..., S8 were removed one by one. This
property can be interpreted by the projection theory and
Figure 3 isan intuitive manifestation.
Congtr uctionof thedendr ogram for Lyciumsamples From
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Figure 3. Fingerprints obtained from primer SO and extra information relative to the earlier-picked primers. (A) Original fingerprints for
primer S9; (B) extra information relative to primer S1; (C) extra information relative to primers S1,S2; (D) extra information relative to
primers S1,S2,S3; (E) extra information relative to primers S1, ..., S7; (F) extra information relative to primers S1, ..., S8.
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Figure 4, the x coordinate denotes the primers according to
the order in which they were chosen and the y coordinate
denotes the corresponding dispersivity. For example, 2 de-
notes primers Sl and &2, and the corresponding y-value is
Dg &, Which shows that the dispersivity increases as the
newly chosen primer isadded. Furthermore, the extent of the
increase becomessmaller and smaller. That meansthat add-
ing aprimer can increasethe amount of information available
whilethe last primer chosen provideslessinformation than
the previousprimer. Generally, themore primerschosen, the
better the conclusion drawn, such asin distinguishing and
constructing the dendrogram for our Lycium samples of 7
species and 3 varieties. However, because the last primers
chosen provided relatively littleinformation, it was not nec-
essary to pick all 11 of the primersto construct the dendro-
gram. In the present study, we decided on the primer number
that contained almost all of the information to distinguish
and construct the dendrogram for Lycium samples using
(Da .. s11)'=(1.9476, 2.3398, 2.6624, 2.8600, 3.0690, 3.2071,
3.3133,3.3998,3.4380, 3.4611, 3.4772)'. Thenumber of primers
to use can be obtained by simple computation according our
proposedrule. Because, (3.2072/7.3772)=0.9223<0.95, (3.3133/
3.4772)=0.9529>0.95, 7 primers, S, ..., S7, were chosen for
final analysis. We used the 95% rul e to decide the number of
primers. Generally, in most dataanalyses (such asPCA) itis
possible to use other rules, for example, the 80% rule, to
decide the number of principal components. However, we
used the larger number 95% because our proposed dispersi-
vity isasenditiveindex. This means that the dispersivity
changes only a small amount, whilethe fingerprint changes
much. It istherefore better towiden theboundariesfor choos-
ing in case someimportant primersare|ost.

361
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4)} for Lycium samples.

In the present study, we used the hierarchical cluster
method to construct a dendrogram of Lycium species. Be-
cause each Lycium samplewasanalyzed using 7 primers, the
primer information was merged by weighting. The weights
Dy .. s k=2, ..., 7. Using the obtained weights of primers,
the distance of each Lycium sample from speciesi and j was
defined by:

d(x,,x,)= Z; wd(xV,x"), (6)

were
d(Xi(k), Xj(k))=1-,02(xi(k), Xj(k))' p(x'.“,x'.“} -

s(x! o .\'5.“)

& & B
s(x*)s(x!")

s(x¥, x®) and s(x¥) are defined by (5) and (2). p(x®, x¥)
is the correlation coefficient between x® and x®, which is
often used to measure thesimilarity of fingerprint. 1n order
to use distance matrices to onstruct the dendrogram, we
transformed the data by 1-o(x%, x®)2

Unwei ghted pair-group method using arithmetic average
(UPGMA) linkage, which definesthe cluster distance, isad-
vocated for constructing a dendrogram. Details about the
UPGMA clustering method can be found in Sokal and
Michener', Using the above distance measure between
fingerprints and the UPGMA cluster method, we visualized
the duster results using the dendrogram shown in Figure 5.

0.6
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0.4
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7 9 10 8 5 6 1 2 3 4

Lycium species

Figure 5. Dendrogram of 10 Lycium samples using the first 7 pri-
mers ordered.

For evaluating our procedure to decide the number of
primers, we used primers S, ..., S8 to construct the dendro-
gram as above, further more, we usethefirst ordered 9, 10,
and 11 primers to construct dendrogram, respectively. All of
thesewere similar to Figure 5. Thisindicated that thefirst 7
primers contained almost all of the information provided by
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thetotal 11 primers. Furthermore, when using primers S, ...,
%, the outcome shows little difference relative to Figure 5
(Figure 6). It manifestsour picking procedurefor primer num-
ber is so ddlicate.
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Figure 6. Dendrogram of 10 Lycium samples using the first 6 pri-
mers ordered.

Discussion

Phyl ogenetic rel ationship construction based on RAPD
fingerprint data generated from anumber of primerswasin-
vestigated in this study. We proposed an index called
dispersivity using entropy theory to describe the diversity
of RAPD fingerprints obtained by several primers. Generally,
thisindex can be applied to other DNA fingerprint data, such
as arbitrarily primered PCR and DNA amplification finger-
printing, and to chromatographic fingerprints, such as
chromatogram, spectrum and mass spectrum. Based on this
index, the order for choosing primersis obtained using the
orthogonal projection method and entropy theory. Our pro-
posed method provides the guidelines for primer picking in
the consequent experiments. An on-lineanalysis program
on RAPD primer selection is provided on the web site: http:/
/math.nenu.edu.cn/shiz/yinxiaolin.files/program.htm, which
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can be downloaded easily if required.
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