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Abstract

Lophophora williamsii (peyote) is a small, spineless, greenish-blue cactus found 

in Mexico and the southwestern United States.  Ingestion of the cactus can result in 

hallucinations due to its content of mescaline. In the United States, L. williamsii is 

classified as a Schedule I controlled substance.  In this study, we use DNA analysis of the

chloroplast trnL/trnF region and chloroplast rbcL gene to identify individuals of 

Lophophora. Using the rbcL gene, Lophophora specimens could be distinguished from 

outgroups, but species within the genus could not be distinguished. The trnL/trnF region 

split the Lophophora genus into several groups based on the length and substructure of an

AT-rich segment of the sequence.  Our results indicate that the genetic variability at the 

trnL/trnF locus is greater than previously recognized.  Although DNA structures at the 

trnL/trnF region and rbcL gene do not align with the classification of Lophophora 

species, they can be used to aid in forensic analysis.
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According to the United States National Institute on Drug Abuse and the 

Monitoring the Future Survey in 2008, 7.8% of 12th grade students have used peyote or 

another hallucinogen besides LSD one or more times (1).  Peyote, scientifically known as

Lophophora williamsii (Lem.) J.M.Coult., is a small, spineless, greenish-blue cactus that 

grows in northern Mexico and southern Texas (2,3).  L. williamsii contains mescaline, 2-

(3,4,5-trimethoxyphenyl)ethanamine, which is a hallucinogen thought to act on the 

central nervous system as a partial agonist (4). Symptoms of L. williamsii ingestion can 

include, but are not limited to, hallucinations, tachycardia, and agitation (4).  Though L. 

williamsii use may date back thousands of years (3,5), in the United States L. williamsii 

has been classified as a Schedule 1 controlled substance.  However, an exemption has 

been made for religious ceremonial use in the Native American Church (4,6).

According to recent literature, the Lophophora genus is considered to be 

composed of two species:  L. williamsii and L. diffusa (7).  However, the classification of 

species within the Lophophora genus can be difficult and ambiguous, especially through 

the use of morphology.  A variety of L. williamsii, "decipiens," is said to have a flatter, 

yellow-green epidermis, and seldom produces "pups."  L. diffusa subsp. fricii, tends to be 

dome-shaped with a bluish epidermis.  Butterworth et al (8), using sequences of the rpl16

gene to classify 62 members of Cacteae, a tribe of the Cactaceae, proposed a division of 

the genus Lophophora, with L. williamsii related to members of genus Obregonia and L. 

diffusa related to genus Acharagma.  As L. williamsii contains an illegal substance with 

the potential to be abused and L. diffusa does not (9), it is imperative that forensic 

analysis methodologies be developed for the identification of Lophophora tissue samples.

In this study, we explore DNA analysis of the noncoding DNA between the chloroplast 



trnL and trnF genes (trnL/trnF region) and the chloroplast rbcL gene as a method to aid 

in: 1) distinguishing between members of the Lophophora genus and species outside of 

the Lophophora genus; 2) differentiating between species within the Lophophora genus; 

and 3) identifying single individuals in the Lophophora genus.

Materials and Methods

Samples of Lophophora and other related specimens have been maintained at the 

UC Davis Botanical Conservatory.  Various accessions are dated from 1988 through 

2005.  Small samples were excised and taken to the laboratory for extraction between 

2012 and 2014.  Table I lists the samples that were used in this study.  

DNA was extracted from the specimens following the protocol of Murphy and 

Bola (10). The DNA was purified using the Wizard SV Gel and PCR Clean-Up System 

(Promega, Madison, WI, USA). Polymerase chain reactions (PCR) were performed on 

the extracted DNA using two sets of primers:  

trnLF1 (AGCTGTTCTAACAAATGGAGTTG) and 

trnLR1 (GGACTCTATCTTTGTTCTCGTCC); and 

rbcLF1 (AGTTCCGTCAGAAGAAGCAGGAG) and 

rbcLR4b (GAAATCAAAGGGCATTACTTGAATG).   

The rbcL primers target a segment of the chloroplast gene that codes for the 

ribulose bisphosphate carboxylase/oxygenase large subunit (from base 115 to 698).  The 

target of the trnLF1 and R1 primers is a noncoding region between the chloroplast genes 

that code for the transfer RNAs for phenylalanine and leucine.  PCR mixtures followed 



the formula described in Murphy and Bola (10).  The PCR protocol began with a 

treatment at 95oC for 2 min, followed by 35 cycles of 94oC for 30 s, 57oC for 30 s, and 

72oC for 1 min, and finishing with 72oC for 5 min.  The PCR products were then purified 

by gel electrophoresis and the Wizard Clean-Up System referred to above and sent to the 

College of Biological Sciences UC DNA Sequencing Facility at UC Davis for 

sequencing.  Sequencing was done from both the forward and reverse directions. This 

was necessary, particularly for the trnL/trnF region, because the sequences tended to 

become ambiguous after the long AT-rich repeats.   The sequences were collated and 

analyzed using the free program, BioEdit (www.mbio.ncsu.edu/bioedit/bioedit.html).

Results 

rbcL Gene

The sequence of the rbcL gene could be used to distinguish members of 

Lophophora from other spineless cacti of similar appearance.  Sequences of rbcL from 

outgroups such as Copiapoa sp. and Astrophytum myriostigma (Table I) showed multiple 

nucleotide substitutions that differed from Lophophora species (Fig. 1).   However, there 

were no differences between rbcL sequences from different species of Lophophora. 

trnL/trnF Region

As with the rbcL gene, there were multiple differences in the trnL/trnF region 

between Lophophora species and members of outgroup species, such as Copiapoa dura, 

Coryophantha compacta, Turbinocarpus schmiedickeanus, and Obregonia denegrii (Fig. 

2).  A major characteristic at this locus in the Lophophora species was the presence of an 



AT-repeat region flanked by TT and AA bases.  The outgroup species noted above also 

showed traces of AT-repeats, but with significant differences from the Lophophoras.

Within the Lophophora genus, the DNA sequences at this trnL/trnF region 

separated the genus into several groups distinguished by the length and substructure of 

the AT-rich region. Sequences adjacent to this AT-rich segment were nearly identical.  

Within the AT-rich region, we and Arigane et al. (7) have identified eight genotypes (Fig. 

2, genotypes 5-12).  Genotype 5 had the shortest sequence:  TT(AT)8AA.   Genotype 6, 

all samples classified as L. williamsii, had 10 ATs:  TT(AT)10AA.  Another sample of L. 

williamsii (LM2, denoted as Genotype 7 in Fig. 2) had one additional AT.   Genotype 8 

had a TTT set and one AT substituted by a GT:  TTATTT(AT)2GT(AT)8AA.    Genotype 

9, mostly samples identified as L. diffusa var.  fricii and L. williamsii var. decipiens, 

consisted of an extended AT sequence that included one set of TTT bases within its AT 

rich region:  TT(AT)4ATTT(AT)9AA.   Genotype 10, from two samples identified as L. 

williamsii var. decipiens, was a variant of genotype 9 that contained an extra AT:  

TT(AT)4ATTT(AT)10AA.   Genotype 11, exemplified by one specimen classified as L. 

diffusa subsp.  fricii , had an extended AT region with a set of AAA bases instead of TTT 

bases:  TT(AT)10AAAT(AT)5AA.  This appeared to be an inversion of a variant of the AT 

rich region of genotype 9 and 10.  Genotype 12, L diffusa var. koehresii, had an extended 

AT region with one AC pair and three sets of TTT bases:  

TT(AT)4AC(ATTTAT)2TT(AT)6AA.  

Discussion 



Both the rbcL gene and the trnL/trnF region could be used to distinguish between 

members of the Lophophora genus and species outside the genus.  A GenBank BLAST 

search using the full 584-base sequence of the rbcL gene amplified from L. williamsii 

(performed 19 June 2014) recovered sequences from 95 entries, all members of the 

Cactaceae family.  The next three entries were members of the Didiereaceae, a closely 

related family.  As noted in the Results (Fig. 1), the rbcL sequence distinguished species 

within the Cactaceae, and this could be seen also in the results of the BLAST search.

The lack of differences in the rbcL gene among species of Lophophora implies 

either a short time for evolutionary divergence at this locus or strong selection pressure 

on the gene product.  The Cactaceae has been recognized as a relatively young family of 

angiosperms (11,12).  In the forensic context, the ability to discriminate between 

Lophophora and outgroups is valuable, particularly when only dissected tissue is 

available (13).  However, the question still remains how to distinguish species within the 

genus and individuals within a species.  As noted in the Introduction, Butterworth et al. 

(8), using rpl16 sequences, could distinguish L. williamsii from L. diffusa, grouping the 

former with Obregonia denegrii and the latter with two species of Acharagma.  The work

reported here points out the value of trnL/trnF sequences on individualization.

 A GenBank BLAST search using the trnL/trnF sequences shown in Fig. 2 

demonstrated the specificity and usefulness of these sequences for identifying samples of 

Lophophora.  A search (performed 18 June 2014) using either sequence 10 or 11 (L. 

williamsii) returned only seven entries, four L. williamsii, one L. diffusa, one Obregonia 

denegrii, and one Turbinocarpus schmiedickeanus.  A search using the sequence 3 (T. 

schmiedickeanus) gave the same results.



In 2011, Aragane et al. (7), sequencing the trnL/trnF region of multiple 

Lophophora specimens including L. williamsii and L. diffusa, noted differences within 

this region among different samples.  They found four genotypes (noted as A-D) that had 

variations in the AT rich region. Genotypes A and B had the shortest and simplest AT-rich 

regions, with genotype B's AT-rich region being shorter than genotype A's by only two 

ATs (Fig. 2, compare sequences 5 and 6).  Genotypes C and D had longer AT-rich regions,

each with an inserted set of TTT bases (Fig. 2, sequences 8 and 9).  Genotypes A, B, and 

C consisted of L. williamsii specimens and genotype D included only L. diffusa 

specimens.

There were both similarities and differences between the trnL/trnF genotypes 

reported by Aregane et al. (7) and those determined in this work (Fig. 2).   Aragane's 

genotypes B and D were different from any in our collection.  Aragane's genotype B had 

an AT repeat region shorter than any in our Lophophora samples.  Aragane's genotype A 

matched the other samples in our genotype 6 exactly. Aragane's genotype C was 

equivalent to our genotype 9.  Aragane's genotype C was identified as L. williamsii; our 

genotype 9 specimens were labeled as L. diffusa subsp. fricii and L. williamsii var. 

“decipiens”.  

The combination of Aragane et al.'s and our results suggests that there is more 

genetic variability at the trnL/trnF locus than previously recognized.  This is in accord 

with variability at long repeat sequences in other organisms such as humans.  Although 

our results might suggest that this locus provides some distinction among different taxa 

within Lophophora, this may have resulted from limited sample numbers.  



Although the trnL/trnF locus may not differentiate between Lophophora species, 

genetic variability at this locus can be very useful for individualization.  Fig. 2 describes 

eight distinct genotypes within the locus.  The length of the sequence observed between 

the TT and AA in our samples (36 bases) and the presence of TTT and AAA triplets at 

various positions suggests the possibility of many more genotypes.

As a side note, the base sequence of the phosphoenolpyruvate carboxylase (ppc) 

gene has been used to confirm taxonomies within the Cactacea (14).  In our hands, this 

gene was difficult to use.  Polymerase chain reactions using the recommended primers 

produced two bands that differed by only 50 base pairs and were difficult to separate.  No

clear differences among samples of Lophophora were seen in the sequences of the ppc 

gene.  Sequences of the matK (and partial tRNA-lys intron) gene did not distinguish 

among several species of cactus, and the matK gene in L. williamsii (FN997106.1) did 

not contain repeats that could be used for individualization.

Conclusion

DNA analysis of the rbcL gene and the trnL/trnF region can be used to distinguish

between members of the Lophophora genus and outgroups.  The presence of genetic 

variability at the AT rich segment of the trnL/trnF region in the Lophophora genus may 

be used as a forensic tool to aid in differentiation at the species and individual level.
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Table 1.  Samples used in this investigation.  

Sample Sample ID* Extract ID† GenBank
Figure 1
Copiapoa sp. COP
Astrophytum myriostygma B2003.090 AM
Lophophora diffusa var. koehresii B2003.178 LDK
Lophophora diffusa subsp.  fricii B2012.057 LFM
Lophophora williamsii (dwarf 

form)

B2006.362 DWA

Lophophora williamsii (blue-

stem/Holland clone)

B2002.173 HOL

Lophophora williamsii "caespitose 

form"

B2001.360 CAE

Lophophora williamsii LW

Figure 2
Copiapoa dura B2003.168 AN01 KM229345
Coryophantha compacta B2003.259 AN02 KM229346
Lophophora diffusa var. koehresii 

"La Morita"

B2012.057 AN07 KM229347

Lophophora diffusa subsp. fricii 

(pink and white stripe)

B2003.274, 

cutting from 

B2003.179

AN05 KM229351

Lophophora diffusa subsp. fricii 

(solid pink flower)

B2003.273, 

cutting from 

B2003.179

AN03 KM229351

Lophophora diffusa subsp. fricii B2003.179 AN23 KM229348
Lophophora williamsii (ex UC 

Berkeley)

B88.349 AN24 KM229354

Lophophora williamsii "caespitose 

form" 

B2001.360 AN06 KM229349

Lophophora williamsii "caespitose 

form" (re-extraction)

B2001.360 AN12 KM229354



Lophophora williamsii var. 

decipiens (ex Mesa Garden) 

B2003.176 AN11 KM229350

Lophophora williamsii var. 

decipiens, Larry Mittich #2 Re-

collect

B2005.390 AN22 KM229353

Lophophora williamsii var. 

decipiens Clone B, bag 1, small

B2003.271 AN20 KM229351

Lophophora williamsii var. 

decipiens Clone B, bag 1, big

B2003.271 AN21 KM229348

Lophophora williamsii var. 

decipiens Clone B bag 2

B2003.271 AN19 KM229351

Lophophora williamsii var. 

decipiens Clone C

B2003.272 AN10 KM229352

Lophophora williamsii var. 

decipiens, Larry Mittich #2 

B2005.390 LM2 KM229353

Lophophora williamsii var. 

decipiens, Larry Mittich #3

B2005.389 LM3 KM229354

Lophophora williamsii var. 

decipiens, Larry Mittich #4 

B2005.388 LM4 KM229355

Lophophora williamsii var. 

decipiens, Larry Mittich #5

B2005.387 LM5 KM229356

Lophophora williamsii var. Texana B2003.177 AN04 KM229357
Turbinocarpus schmiedickeanus B2003.256 AN08 KM229358

*"Sample ID" refers to plants maintained in the UC Davis Conservatory (except for one 

at UC Berkeley).  †"Extract ID" identifies the plants referred to in the legends of Figs. 1 

and 2.



FIG. 1.  Differences among species of Cactaceae in the base sequences of the rbcL gene.  

Sample abbreviations are:  AM, Astrophytum myriostygma; COP, Copiapoa sp.; LDK, 

LFM,  DWA, HOL, CAE, LW, Lophophora samples (see Table I for details).  The top line

gives the position of the base according to the GenBank sequence for Pereskia aculeata 

(AF206805.1).
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FIG. 2.  Differences in the base sequences of the trnL-trnF region among species of 

Cactaceae.  The figure shows the sequences starting at base 163 from the start of the N-

terminal primer.  For samples marked "AN" and "LM", see Table I.  For samples marked 

"Arigane", see (6).  1: Copiapoa dura (AN01); 2: Coryophantha compacta (AN02); 3: 

Turbinicarpus schmiedickianus (AN08); 4: Obregonia denegrii (HM040316.1); 5: 

Arigane B; 6: AN4, AN6 , AN12, AN24, LM3, LM4, LM5, Arigane A; 7: AN22, LM2; 8:

Arigane D; 9: AN03, AN05, AN19, AN20, AN21, AN23, Arigane C; 10: AN10, AN11; 

11: un-numbered sample from Mesa Garden; 12: AN07.   
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