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Abstract-The dominant gene Lm that causes 60-90x hmonene/cmeole was substrtuted mto M uquatxu by 
four convergent backcrosses The natural strain of M aquatxu has 7 7 % cmeole, 4 9 % hmonene, traces of 
terpmolene and pulegone, 0 1% menthone, 0 2 % menthol, and 66 4% menthofuran The two mod&d 
hybrid strams with dominant gene Lm have 53 8 and 78 7 % hmonene/cmeole and a total of only 1 O-3 8 % 
3-oxygenated compounds m contrast to a total of 66 7 % found m the natural strain The postulate 1s made 
that the Lm gene largely prevents either the conversion of a-terpmeol --f terpmolene or of hmonene -+ 
tsoptpentenone and that m these strains the recesstve cc genotype largely but not completely prevents the con- 
verston of hmonene + carvone resultmg m lrmonene accumulatron Mentha species almost mvarrably have 
either 2-oxygenated or 3-oxygenated compounds, not both Close couplmg phase lmkage of the genes Lm 
and Cexplams why the self-pollmated progeny of M splcata or M crrspa C-Lm/c-lm have a ratto of 3 
carvone/dthydrocarvone 1 pulegone/menthone rather than a ratio of 9 carvone 3 hmonene 3 carvone and 
menthone 1 menthone which would be expected If the genes Lm and C were independently mhertted 

INTRODUCTION 

THE FACT that all Mentha species have 1-25 % I-hmonene has led to general agreement that 
hmonene must have an important role m 011 biogenesis, but there IS no agreement on the 
exact role of hmonene m the synthesis of 2- and 3-oxygenated compounds despite a number 
of chemical studies The extreme view IS that hmonene 1s not a precursor of any oxygenated 
compound FuJita’ has postulated that hmonene and cmeole are both derived from a- 
terpmeol and that hmonene IS the precursor of both the 2-oxygenated compound carvone 
and the 3-oxygenated compounds lsoplperltenone and plpentenone, whereas Loomis2 has 
postulated that a-terpmeol produces either hmonene/carvone or terpmolene/plpentenone 
The 1954 report3 that a single dominant gene C caused carvone m Mentha crtspa while the 
homozygous recessive cc genotype caused menthone may have seemed foolish to many 
chemists since methone and carvone obviously could not be synthesized from a common 

’ FUIITA, Y (1960) Koryo 59,41 
2 Loo~rs, W D (1967) m Terpenords m Plants (hIDHAM, J B , ed ), p 59, Academic Press, New York 
3 MURRAY, M J and REITSEMA, R H (1954) J Am Phurm Assoc SCI Ed 43,612 
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precursor Nonetheless, the statement 1s true that C allows carvone formatton whereas the 
recessive c does not Other true breeding (homozygous) domtntnt or recessive genes tn 
M crlspa determine that menthone IS the ma_tor end-product m a LC genotype There IS 
universal agreement among geneticists that genes exert thetr effect by allowmg or not allow- 
mg the production of a spectfic enzyme To determine whtch conversron the gene C con- 
trols, one must study Its breeding behavior m crosses to known genotypes, or substttute 
dominant C mto different known genotypes by convergent bachcrossing 4 

The dominant gene Lm found m specific and excepttonal izI cltrata Y M aquatu-a hybrids 
definitely prevents the development of menthone m hybrids ulth several tester strains having 
a known ketone composuton ’ 

The gene Lm also seemed to prevent the development of carvone, but this concluston was 
not based on the most crtttcal evidence and needs verlficatton There nas duliculty m accu- 
rately separating tndtvlduals having hmonene/carvone from mdtvlduals having ltmonene 
from then herbage odor The proper tester strain should have been a homozygous CC strain 
with 011 from F, mdtvtduals analyzed for 011 composition 

The present gene substrtutlon study was one of several experimental approaches designed 
to determine which btogenettc converston the domindnt gene Lnr controlled and tts Inter- 
relatronshrp with other genes 

RESULTS AND DISCUSSION 

Genetic Data on Gene Substltutron 

The dominant gene Lm found m two M cltrata K’ M aquatrca F, hybrids has been sub- 
stituted by 4-5 backcrosses into both the German and Dutch strains of A4 aquatrca known 
from prevrous work4 to be true breeding for a high menthofuran 011 composttton and mor- 
phologtcal appearance In addition to the extenstve first and second backcross progenies 
prevrously summartzed,5 later second backcross progenies had 296 hmonene odored to 
288 menthofuran odored like the M aquatrca parental strain The 3rd-5th backcross pro- 
genies also had I I ratios and the total progeny conslsted of 310 llmonene odored to 308 
menthofuran odored No excepttonal mdlvrduals having dlstmctlve odors were found tn 
these progenies All mdrvtduals that might possibly be different were held grown and studled 
One may conclude that either the gene Lm IS actually a single gene or that no crossing over 
occurred between two closely lrnked genes m 1202 carefully studted Indtvtduals As ~111 be 
shown, these genettc results are Interpretable without assuming that I gene affects 2 enzymes 
or that hmonene produces an unknown Intermediate compound that can be converted to 
either 2- or 3-oxygenated compounds 

Chemical Compontron of M aquatica HJlbrrds and Control 

The 011 composltton of control M aquatwa and two hybrids are given tn Table I A num- 
ber of hydrocarbon constituents were not ldentrfied since they are of little Interest rn thts 
study and should be quahtattvely the same as those previously tdentrfed m M aquatrca ’ h 

Table 2 shows that 011 from normal M aquatlca stratns has 66 7 “/;, 3-oxygenated com- 
pounds and no 2-oxygenated compounds In hybrid 2 of thts study, the substltutton of one 
dominant Lm gene into the M aquaflcagenotype almost entirely prevents the development of 

4 HEFENDEHL, F W and MURRAY, M J (1972) Phytochemu~ry 11, 189 
’ LINCOLN, D E , MARBLE, P M , CRAMER, F J and MURRAY, M J (1971) Theoret Appl Getter 41.365 
6 MURRAY, M J and HEFENDEHL, F W (1972) Phytochenmtry II, 2469 



TABLE 1 OILCOMPOSITION OFTWO LIMONENE-ODOREDHYBRIDS HAVING THE 
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OFNORMALMENTHOFURAN-ODORED Menthaaquatlca 
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011 constituent* 
Hybrid 1 Hybrid 2 

(%) (%) 

Mentha 
aquatrca 

(%) 

a-Pmene 
Camphene 
fl-Pmene 
Sabmene 
Myrcene 
Llmonene 
@Phellandrene 
Cmeole 
czs- p-Ocimene 
y-Terpmene 
tram fl-Oclmene 
p-Cymine 
Unknown Ester 
Terpmolene 
Octyl acetate 
Octen-3-yl acetate 
Octanol-3 
I-Octen-3-01 
Menthone 
Menthofuran 
rso-Menthone 
Unknown HC 
j3-Bourbonene 
Lmalool 
Unknown HC 
Lmalylacetate 
Menthyl acetate 
Neolso-Menthylacetate 
Unknown HC 
Unknown oxygenated 
Unknown HC 
Caryophyllene 
neolso-Menthol 
Menthol 
Unknown HC 
Pulegone 
Unknown HC 
Unknown HC 
fl-Farnesene 
Dlhydrocarvyl acetate 
Unknown HC 
a-Terpmeol 
Germacrene D 
Plperltone 
Carvone 
Dlhydrocarveol 
Dlhydrohmonene-lo-yl acetate 
cu-Carvylacetate 
rrans-Carve01 
cls-Carve01 
Llmonene-IO-ylacetate 
Dlhydrohmonene-lo-01 
Unknown oxygenated 
Humulene 
f-Muurolene 
Trace peaks, all under 0 1% 
Total 

15 
CTra4 

26 
14 
12 

39 7 
03 

14 1 
33 
02 
13 
09 

(Trace) 

05 
Trace 

8: 
17 
06 

Trace 
07 
08 
0.5 
03 
06 
67 

Trace 
14 

Trace 
0.2 
01 
08 
50 
02 

(Trace) 

(Z) 

(TrZcZ) 

58 
02 

Trace 
02 
25 

14 
1000 

1s 
(Trace) 

25 
14 

6:: 
02 

13 5 
Trace 
07 

TKiCe 
01 
01 

(Trace) 
Trace 
Trace 
Trace 

01 
02 
01 

TraCe 

01 
01 
01 

Trace 

02 

66 

06 
03 
01 

07 

08 
07 
09 

(Trace) 
04 

05 

02 

10 

04 
1000 

(Tlta:) 
19 
08 
13 
49 
01 
77 
18 

05 
01 

TraCe 
Trace 

Trace 
03 
01 

66 4 
TfaCe 

03 

Trace 

70 

02 

Trace 

04 
32 
12 

1000 

+ Quantltatlve results m brackets mdlcate, that this compound was lden- 
tdied only by addltlon analysis All other compounds were ldentlfied by 
spectroscopic methods (see Expenmental) 
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the 3-oxygenated compounds, namely the ketones plperttenone, plperrtone, pulegone, 
menthone, their alcohols and esters, or menthofuran, the oxldatlon product of pulegone 
Slightly larger amounts are found m hybrid 1 Less varlablhty between mdlvlduals might be 
expected m fifth or sixth backcross progenies than m the fourth backcross ones studled 

TABLE 2 SUMMARY GIVING TOTALS OF 2- AhD 3- OXYGEhATED COMPOUNDS 

FOUND IN EACH HYBRID AND COhTROL 

Total Hybrid 1 Hybrid 2 ,M aquatxa 

Llmonene/cmeole 53 8 78 7 126 
2-Oxygenated compounds 11 8 04 00 
3-Oxygenated compounds 38 IO 66 7 

Genotype M aqua&a c,c, c2c2 Im,lm, Im,lm, from Refq 4 and 5 
Genotype hybrids clcl cLcz Lm,lm, Im21m2 or c,c, c2cL lm,lm, I.m21m2 

The 011 of hybrid 2 could not have 65 2 % hmonene If hmonene were readily con\erted to 
carvone or to 3-oxygenated compounds or If this strain had genes that caused the rapld 
converslon of hmonene -+ alcohol -+ ester The R gene has been shown to cause the con- 
version of menthone, carvone, and dlhydrocarvone to theu alcohols,6 but this gene 
apparently has no effect on the hydrocarbon terpene, hmonene The alcohols and esters of 
hmonene and dlhydrohmonene were more readily ldentlfied m the hybrid strams than m 
other assayed material even though reference to Table 1 WIII show that the amounta did not 
exceed 2 5 % 

One might expect that the amount of a-terpmeol would be Increased m strains having 
large amounts of hmonene If a-terpmeol IS the precursor of hmonene and cmeole as postu- 
lated I*’ Hybrid 2 had 0 7 74 a-terplneol whereas the amounts m M aquarrta are so small 
that none has been ldentlfied ’ ’ These data do not provide evidence on the role of a-ter- 
pmeol in 011 blogenesls 

CONCLUSIONS 

The dominant gene Lm largely prevents the converslon of hmonene -f lsopiperltenone as 
postulated by FuJlta’ or of a-terpmeol -+ terpmolene as postulated by Loomls 2 This 
conclusion IS based upon the logical assumption that If the Lm gene prevented the conversion 
of terpmolene + plpentenone, or lsoplperltenone --f plperjtenone that terpmolene or ISO- 
plperltenone would be accumulated The same statement apples to the conversion ot piperi- 
tenone -+ pulegone No tsoplperltenone or plperttenone were found and only trace amounts 
of terpmolene All usually identified 3-oxygenated 011 constituents of M aquafrcu were 
greatly reduced Conversely, there was definitely no Increase In any 3-oxygendtedconstituent 

The recessive cc genotype of M uquutrca and of the hybrids largely prevents the conver- 
sion of limonene - carvone as postulated on the basis of chemical stl ucture,‘p* and chemical 
synthesis 

’ HEFENDEHL, F W (1967) Arch Pharmar 300,438 
B HANDA, K L , SMITH, D M , NIGAM, I C and LEVI, L (1964) J Pharm Scr 53, 1407 
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This mterpretatlon assumes that a genotype havmg the dommant Lm and recessive cc 
genes ~111 result m the accumulation of hmonene, whereas a genotype havmg both recessive 
genes Im Im cc would allow the 3-oxygenated compounds and prevent carvone formatlon 
Conversely, an mdlvldual havrng both dominant genes m the genotype would produce 
carvone and could not produce 3-oxygenated compounds An mdlvldual having the reces- 
sive Im and dominant Cgenes should be able to produce both 2- and 3-oxygenated compounds 
New recombmatlons could not be expected from backcrossmg the hmonene strain havmg 
the genotype cc Lm Im lm Im to M aquatrca havmg the genotype cc Im im lm Im since both 
are true breedmg for the recessive cc gene 

Mentha species and hybrids almost mvarrably have either 2-oxygenated or 3-oxygenated 
compounds, not both The genetIc postulate 1s advanced that there 1s close couplmg phase 
linkage between the two genes Lm and C As a result, the self-pollmated progeny of the 
Lm-Cjlm-c genotype of M sprcata and M crrspa produces 3 carvone/dlhydrocarvone 1 
pulegone/menthone mdlvlduals If the two genes were independently mhented, a ratlo of 
9 carvone 3 high hmonene 3 having carvone and menthone 1 menthone would be expected 
and 1s not found 

The genes C and Lm occur on a chromosome pair that IS duphcated m M sprcata and m 
M aquatlca Many strams of M sprcata have the genotype Cc cc and give a self-pollmated 
ratio of 3 carvone/dlhydrocarvone 1 pulegone/menthone A few strains have the genotype 
Cc Cc and give a self-pollmated duplicate gene ratio of 15 carvone 1 menthone Certain high 
hmonene strains have the genotype Lm lm Lm lm whereas others have the genotype Lm Im 
Im Im The simplest comparison 1s that of studymg the 011 composltlon of M aquatrca having 
the known genotype c,c, c2c2 Im,lm, Im,lm, and the hybrids of Table 2 which have the 
genotype clcl c2c2 Lm,lm, hn,lm, or clcl c2c2 Im,lm, LmJm, 

EXPERIMENTAL 

Plant matenal and 011 rsolatron The hybrldzatlons and genetlc ratios based on herbage odor were done m 
the A M Todd Co laboratorres The plots of Hybrids 1 and 2 were grown at Mentha. Mlchtaan. U S A at 
latitude 42” 22’ with 011 dlstdlatlon m a 19 9-I experlmental still 9 - 

- 

Fructronutron of the otl (a) Prefiuctronatlon 2 ml of 011 has been separated by ‘Dry Column-Chromato- 
graphy”O~l* on SIIICIC acid, Woelm 60-150 mesh, activity III mto four fractions Column dtmenslons 56 
x 2 cm, nylon tube Fructlon 1 development with 100 ml hexane, 23 cm of the lower part of the column IS 

cut off + hydrocarbons Fructron 2 Rest of hexane, being m the remammg part of the column (33 cm) + 
some hydrocarbons, menthofuran Fractrons 3 and 4 development with 60 ml propylchlorlde dlvldmg of the 
column into 2 sections, upper section (17 cm) + alcohols, unsaturated ketones, lower section (16 cm) + 
ketones, esters Extraction of compounds from SI~ICIC acid by Et20 (cmeole IS present m fractions 3 and 4) 
(b) Fructlonotron into smgle compounds by preparative GLC4 on columns 1, 2, 3, 4 (see ‘Gas chromato- 
graphy’) 

Gus chromatography CC-Varlan Aerograph 1860-4 with TC (preparative analyses) and FID (analytic 
analyses) 

Columns SS-Steel, deactivated 4 Pretxvutrre 3 m x 6 mm (15 % hquld phase), for refractionations 3 m 
x 3 mm (10% hqmd phase) Stationary phases were all on Chromosorb W,.DMCS-treated 60-80 or 80-100 
mesh (1) PEG 20 M. (2) Amezon L. (3) OF-l. (4) B./Y-Ox~dmromomtr11 Anolvtrc Thin-film camllarv 
columns 100 m x 0 25’mm or50 m x d 25’mm, (5) PEG 20 M or 1546, (6) QF-1, (7) Aplezon L, (8) dV-1; 
Addition analyses on analytical columns 5-8 with Isolated peaks (preparative GC) to muumlze mcldental 
comcrdence 

9 REITSEMA, R H and BAARMAN, V J (1953) J Am Pharm Assoc Scr Educ 42, 734 
lo LOEV, B and SNADER, K M (1965) Chem Ind (London) 15 
‘I LOEV, B and GOODMAN, M M (1967) Chem Ind (London) 2026 
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Quanrrtatlve an&w DIgItal-Integrator Mod 477, Varlan MAT Internal normallzatlon,‘2 values 
corrected, correspondmg to their C-number and structure I3 

Zdentrficutton of Isolated compounds ZR as film (NaCI or AgCl plates or reflectlon plates Walks MIR-I5 
GGIR analyser) UV Zeiss-Spectrophotometer PMQ II m EtOH or Iso-octane Identlficatlons of esters and 
difference analyses (Reaction chromatography) see Ref 4 
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