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Genetic Basis for High Limonene - Cineole Content of Exceptional 
Mentha citrata Hybrids 
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A. M. T o d d  C o m p a n y ,  K a l a m a z o o ,  M i c h i g a n  (USA) 

Summary. Most  Mentha species have  1 -- 25% l - l imonene  and 0, 5-- 8% t ,8-cineole, bu t  19 individuals  hav ing  more  
t h a n  50% l imonene-cineole  were found in a p rogeny  of t0,000 Strain 2 M.  ci trata--M, crispa Fm hybrids .  W h e n  the  
same strain of M.  citrata (2 n = 96) hav ing  the  genotype  I l I  1 i2i 2, a lavender  herbage odor  wi th  oil assaying 30% 
l inalool  and 58.5% l inalyl  acetate ,  is hybr id ized  wi th  the  closely re la ted octoploid  species M.  aquatica (2n  = 96) 
hav ing  the  geno type  ili~ i2i 2, a men tho fu ran  herbage  odor  wi th  oil assaying 6 5 - - 8 0 %  menthofuran ,  the  fert i le  F 1 
hybr ids  should have  the  genotype  I l l  ~ i 2 i 2 and a l avender  odor  wi th  oil assaying 8 4 - - 9 0 %  l ina loo l - - l ina ly l  acetate .  
I n  addi t ion  to  111 normal  lavender-odored  hybrids ,  this  cross gave one individual  (Strain 38) hav ing  20.4% l imonene 
and 36.4% cineole and one indiv idual  (Strain 625) hav ing  67.5% l imonene and 23.6% cineole. Since M.  aquatica 
is homozygous  for men tho fu ran  product ion,  and since St ra in  3 8 - - M .  aquatica backcross  progenies  had  the  disomic 
ra t io  of I l imonene  and c ineole-odored:  I methofuran-odored ,  i t  is ev iden t  t h a t  the  57% l imonene - -c ineo le  con ten t  
of St ra in  38 is due to a single dominan t  gene Lm.  Strains  38 and 625 were hybr id ized wi th  o ther  tes te r  species hav ing  
known genotypes  for o ther  oil cons t i tuents  to  demons t r a t e  t h a t  t he  gene L m  preven t s  the  convers ion of l imonene  to  
more  advanced  compounds,  namely :  carvone,  pulegone,  methofuran ,  menthone ,  menthol ,  and men thy l  ace ta te  which  
are no rma l ly  developed in t he  oil of o ther  species hav ing  the  recessive gene lm. Stra in  38 hybr ids  wi th  M.  citrata 
show t h a t  t he  dominan t  1 gene in te r rup t s  oil biogenesis  at  an earl ier  s tage than  the  L m  gene and largely p reven t s  
the  synthesis  of l imonene  and cineole. Nine of 2t strains hav ing  57-- 94% l i inonene- -c ineo le  were invest igated.  Strains  
38 and 62 had the  genotype  ili 1 i2i~ L m  I lml lm2 lm 2 or ili 1 i2i 2 lm, lml L m  2 lm~, whereas  Strain 625 and six o thers  had  the  
geno type  ili 1 i 2 i~ Lmllrn 1 L m  2 lrn 2. These  segregants  f rom the  segmenta l  a l lopolyploids  m a y  be explained by  assuming 

lm-A-i  lm-a-i L m - A - I  lm-a-i 
t h a t  M. aquatica has the  geno type  lm-A- i  lm-a-i and Stra in  2 of M. citrata the  genotype  L m - A ~  -lm-a-~ with  A and a 

des ignat ing  the  non-homologous  cen t romere  regions of the  two chromosome pairs car ry ing  the  l inked genes on different  
ch romosome  arms. Crossing over  be tween  the  genes would  no t  be detec t ib le  when  there  is no rmal  au tosynde t ic  b iva len t  
pairing, whereas  occasional  quad r iva l en t  pai r ing of the  four  chromosomes  of Stra in  2 of M.  citrata could lead to gene 
in terchanges  be tween  chromosomes  non-homologous  for the  cen t romere  region. 

Introduction 

Most s trains of Mentha species have  l --  25 % l - l imonene  
and 0.5 -- 8% i ,8-cineole  wi th  t he  to t a l  of two  oil compo-  
nents  se ldom exceeding 2 5 - - 3 0 % ,  b u t  19 indiv iduals  
hav ing  more  t h a n  50% l imonene-c ineole  were found in 
a p rogeny  of 10,000 St ra in  2 M.  c i trata--M,  crispa F 1 
hybr ids  (Murray and Lincoln  1970). Two  o ther  high 
l imonene - -  cineole individuals  were found in a p rogeny  of 
113 Stra in  2 M.  citrata-- Strain I M .  aquatica FI hybrids .  
The  purpose  of the  present  research was to  de te rmine  the  
genet ic  basis for t he  57 -- 94% l imonene - -  cineole con ten t  
of t he  21 strains.  

Materials and Methods  

In  t he  subgenus Menthastrum of t he  genus Mentha, 
the  spike-f lowered evo lu t iona ry  series consists  of the  
species M.  longifolia (L.) Huds.  (2 n = 24), M. rotundi- 
folia L. ( 2 n  = 24), M.  spicata L. ( 2 n  = 48), M. crispa 
L. ( 2 n  = 48 + 6 " B "  type  chromosomes  in cer ta in  
strains,  I keda  a961), M. aquatica L. ( 2 n  = 96), and 
M.  citrate Ehrh .  (2 n ~ 96). These chronmsome numbers  
were  de te rmined  by  R u t t l e  (t931) and have  since been 
ver i f ied  by  others.  I keda  (1961) no t  only  verif ied the  
above  numbers  bu t  also showed t h a t  the  species M. 
japonica Makino (2 n ~ 48) and M.  arvensis L. (2 n ~ 96) 
in the  axi l lary-f lowered series of the  subgenus have  the  
basic ch romosome number  of 12. All of the  above species 
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are fertile,  excep t  for the  segregat ion of a gene causing 
male  steri l i ty.  

All crosses were made  uti l izing monogenic  male-ster i le  
individuals  as seed paren ts  to  avoid  the  need for emascu-  
la t ion and all  poss ibi l i ty  of self-poll ination.  Stra in  2 of 
M. citrata is male  sterile. Fer t i l e  as wel l  as male-s ter i le  
indiv iduals  were found in the  D u t c h  and German  races 
of M. aquatica and have  been main ta ined  by  vege ta t ive  
p ropaga t ion  as clonal  strains.  We are indebted  to  Pro-  
fessor R. Hegnaue r  for Stra in  I of M.  aquatica f rom 
Leiden,  Hol land,  and to  S. R. B a q u a r  of Pak i s t an  for 
Stra in  3 of M .  aquatica f rom W e s t  Germany.  

All  individuals  in the  segregat ing progenies  were classi- 
fied for herbage  odor  wi th  ver i f ica t ion  of the  oil composi-  
t ion  of 4 - -12  individuals  per  cul ture  b y  gas ch romato -  
graphy.  The  s t rong lavender  odor  of the  herbage  and 
oil of M. citrata is due to the  fact  t h a t  8 4 - - 9 0 %  of the  oil 
is l inalool  and l inalyl  ace ta te  (Todd and Murray  t968). 
The  herbage  and oil odor  of M.  aquatica is p r imar i ly  t h a t  
of the  pr incipal  cons t i tuen t  menthofuran .  Arc tander  
(1969) has described l - l imonene  as hav ing  a refreshing, 
l ight,  ve ry  clean odor  which was no t  reminiscent  of ci trus 
fruits, mints ,  or  any pine;  and pure  t ,8-cineole as hav ing  
a fresh diffusive camphoraceous ,  cool  odor  wi th  poor  
tenaci ty .  The  herbage  odor  of the  strains hav ing  a high 
l imonene-cineole  con ten t  can be described as weak ly  
camphoraceous,  bland,  wi th  a sl ight spearmin t  aroma,  
and w i thou t  any  ci trus odor. The  weak  spearmint- l ike  
odor  is l imonene,  since commerc ia l  spearmin t  oil usual ly  
has 13--23~ l imonene,  2--80/0 cineole, and 6 0 - - 6 8 %  
carvone  (Smith, Skakum, and Lev i  1963). Whi le  the  
odor  of the  high l imonene-cineole  strains is due to bo th  
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oil constituents, we shall hereafter, for the sake of brevity,  
refer to the combination odor as a limonene odor. 

Strains with linalool and linalyl acetate often have an 
optical rotat ion of --80 to - - t 4  ~ , whereas the  oil from 
the high limonene strains has an optical  rota t ion of 
--54 ~ to --74 ~ . This is due to the fact t ha t  pure t,8- 
cineole has no effect on optical rotat ion and gives a 0 ~ 
reading whereas pure t-l imonene has the extremely high 
optical rota t ion of -- t 22 ~ I t  is possible to approximate  
the l-l imonene content  of these strains from optical  
rotat ion.  Pure menthofuran has a +95  ~ rotation. 

The two principal  oil consti tuents found in these excep- 
t ional  l imonene-odored individuals were identified by  
F. J. Cramer using a gas chromatograph with (1) a 6.1 m 
• 3 .2ram O.D. stainless steel column packed with 
Amine 220, (2) a 61 m • .25 mm I.D. column coated 
with 5% solution of castorwax, and (3) a 61 m • .25 mm 
I.D. column coated with 6% solution of polyphenyl  ether 
6 rings. The fact tha t  the  three columns gave similar 
qual i tat ive and quant i ta t ive  da ta  for eight strains is 
strong presumptive evidence tha t  the  major  oil consti- 
tuents  of these strains are 1-1imonene and 1,8-cineole. 

The gas chromatographic quant i ta t ive  assays reported 
in this paper were made by  D. E. Lincoln using a 7.31 m 
• 3.2 mm O.D. stainless steel column coated with a 3% 

solution of silicone DC QF-I plus .2% Co 880 on chromo- 
sorb W High Performance 100-- 120 mesh with the packing 
dissolved in acetone. A Beckman G.C. 4 instrument  equip- 
ped with a 61 m • .25 mm I.D. capi l lary column using 
Ucon HB 2000 10% loading was operated at  3 ml/min 
flow with the  temperature  programmed from 120 ~ to 
155 ~ in 32 minutes to determine whether menthone, men- 
thol, and menthofuran occur in the high limonene strains. 

Results  and Discuss ion  

A s s a y  data /or parental species and high l imonene 
selections: St r a in  2 of M .  citrata has  0 .4% l imonene ,  
0 .3% cineole, 30.0% l inalool ,  and  58.5% l ina ly l  
ace ta te .  These  resul t s  a re  in a g r e e m e n t  wi th  those  
of H a n d a  et al. (1964) who showed t h a t  a d i f fe ren t  
s t r a in  of M .  citrata had  t . t  % l imonene ,  0 .2% cineole, 
0 .1% men tho fu ran ,  32.4% l inalool ,  and  45.0% l ina ly l  
ace ta te .  

The  oil of S t r a in  I of M .  aquatica has 5.6% l imo-  
nene,  4 .3% cineole, 4 .5% p iper i tone ,  83.0% m e n t h o -  
furan ,  0 .8% l - m e n t h o l ,  and  no m e a s u r a b l e  q u a n t i t y  
of l - m e n t h o n e ,  d - i somenthone ,  neomentho l ,  3-oc ta-  
nol, m e n t h y l  ace ta te ,  or sab inene  h y d r a t e .  Hefendeh l  
(1967) has  shown t h a t  S t r a in  3 of M .  aquatica has  
5.1% l imonene,  7.9% cineole, 67.75% m e n t h o f u r a n ,  
and  smal l  a m o u n t s  of 16 o the r  oil cons t i tuen t s .  

Mentha crispa has  7.9% l imonene ,  4 .8% cineole, 
wi th  3 8 . 4 - - 6 0 . 5 %  carvone,  and  1 1 . 4 - - t 7 . 9 %  d i b y -  
d roca rvone  d e p e n d e n t  upon  the  t ime  of ha rves t .  

The  19 M .  c i t ra ta - -M,  crispa F 1 h y b r i d  indi -  
v idua l s  hav ing  high l imonene  were v e g e t a t i v e l y  pro-  
p a g a t e d  and  grown in 1 /100-hectare  plots .  The  
2 -year  averages  of t o t a l  l imonene  and  cineole were 
as fol lows:  58, 67, 68, 73, 75, 77, 78, 79, 82, 84, 85, 
85, 88, 88, 90, 90, 90, 91, 94. The  nine mos t  v igorous  
s t ra ins  v a r y  in l imonene  con t en t  f rom 2 0 - - 8 4 %  
(Table t) .  The  cineole con ten t  var ies  f rom 7 - - 3 6 % .  
Whi l e  the re  is 3 - - t 0 %  y e a r l y  b io logica l  va r i a t i on  in 
the  a m o u n t  of l imonene  p r o d u c e d  b y  a s t ra in ,  t he  
c lonal  s t ra ins  have  r e t a i n e d  the i r  specific cha rac t e r -  

Table 1. Limonene and cineole content of the oil of nine 
selected high limonene strains and their parental species 

Strain Origin Limonene Cineole 
~o. % % 

27 Strain 2 2]/I. citrata • 
M.  crispa 84.0 10.4 

28 Strain 2 M. citrata • 
M.  crispa 77.5 13.3 

41 Strain 2 M. citrata • 
M.  crispa S~ 63.1 19.3 

42 Strain 2 M. citrata • 
M.  crispa 37.4 25.6 

62 Strain 2 M. citrata • 
M,  crispa S 1 76.2 14.1 

t 30 Strain 2 M. eitrata • 
M,  crispa 62.3 15.4 

136 Strain 2 M. citrata • 
M. crispa 80.4 7.7 

38 Strain 2 M. citrata • 
Strain 1 M. aquatica 20.4 36.4 

625 Strain 2 M. citrata x 
Strain I M.  aquatica 67.5 23.6 

0.4 0.3 
5.6 4.3 
9.t* 9.4 
7.9 4.8 

Parental  species Strain 2 M. citrata 
Parental  species Strain t M. aquatica 
Parental  species Strain 3 M. aquatica 
Parental  species M. crispa 

* Slightly higher than Hefendehl (1967) found for this strain 

is t ics  for s ix years .  To i l lus t ra te ,  S t r a in  27 a lways  
has  a ve ry  high l imonene  - -  low cineole con ten t ,  
whereas  S t r a in  42 a lways  has  a l imonene  con t en t  
t h a t  b a r e l y  exceeds  the  cineole con ten t .  

The  f irst  seven s t ra ins  in Tab le  I were se lect ions  
f rom the  F 1 M .  citrata (2n = 9 6 ) - - M .  crispa 
(2n = 48) h y b r i d s  and  should  have  an a l l ohexap lo id  
ch romosome  n u m b e r  (2n = 72). These  s t r a ins  are  
h igh ly  s ter i le  and  dif f icul t  to  use in a genet ic  s tudy .  

S t ra ins  38 and  625 are  F 1 h y b r i d s  be tween  male-  
steri le ,  seed-fer t i le  M .  citrata (2n = 96) and  whol ly  
fer t i le  M .  aquatica (2n = 96). S t r a in  38 is c o m p l e t e l y  
fert i le ,  whereas  S t r a in  625 is seed fer t i le  and  ma le  
steri le .  S t r a in  38 h a d  the  h ighes t  cineole (36.4%) 
con ten t  of all  21 s t ra ins .  The  67.5% l imonene  con- 
t en t  of S t r a i n  625 is t 6 . 5 %  below the  84% of S t r a in  
27, b u t  t he  t o t a l  l i m o n e n e - - c i n e o l e  con t en t  of 
S t r a in  625 is 9 1 . t %  and  t h a t  of S t r a in  27 is 94.4%.  

Genetic data /or /ertile strains: Male-s ter i le  and  
fer t i le  i nd iv idua l s  of S t r a in  I (Dutch  origin) and  
S t r a in  3 (German  origin) of M. aquatica are  m a i n -  
t a i n e d  b y  ve ge t a t i ve  p ropaga t ion .  Al l  p a r e n t a l  indi -  
v idua l s  have  a s t rong  m e n t h o f u r a n  he rbage  odor  
since m e n t h o f u r a n  is the  p r inc ipa l  oil cons t i t uen t .  
The  S 1 p roge ny  of fer t i le  ind iv idua l s ,  the  sib crosses 
of male - s te r i l e  b y  fer t i le  ind iv idua l s ,  and  s t ra in  in te r -  
crosses are  a l ike  in showing t h a t  M .  aquatica is t rue  
b reed ing  for a s t rong  m e n t h o f u r a n  he rbage  odor .  
No excep t ions  have  been found  in over  7,000 indi -  
v iduals .  

S t r a in  2 M .  c i t ra ta- -S t ra in  I M .  aquatica F1 hy-  
b r ids  in Cross t of T a b l e  2 cons is ted  of t l l  l avende r -  
odored  ind iv idua l s  l ike t he  M .  citrata p a r e n t  and  two 
high l i m o n e n e - - c i n e o l e  i nd iv idua l s  unl ike  e i ther  
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Table 2. Data to determine genetic basis for high limonene content of Strains 38 and 625 

Cross Origin 

Number of progeny 
with 

Limonene Mentho- 
furan 

odor odor 

Ratio + + 

1 
2 

3 

4 

5 

6 

7 

8 

9 

Strain 2 M. citrata ms* • Strain I M. aquatica 
Strain I M. aquatica ms • limonene Strain 38, an F~ (Strain 2 Af citrata ms 

• Strain I M. aquatica <~)6 
Limonene Strain 625 ms, an Fa (Strain 2 M. citrata ms • Strain I M. 

aquatica 5) • Strain f M.  aquatica d 
Male-sterile limonene selections from Cross 3 • Strain I M. aquatica d 

having 3 :f rat ios  (2 cultures) 
Male-sterile limonene selections from Cross 3 • Strain t M. aquatica 5 

having 1:1 rat ios (6 cultures) 
Limonene Strain 625 ms, an F 1 (Strain 2 M. citrata ms • Strain 

t M.  aquatica d) • Strain 3 M. aquatica 5 
Male-sterile limonene selections from Cross 6 • Strain 3 M. aquatica 5 

having 3:1 rat ios (3 cultures) 
Male-sterile limonene selections from Cross 6 • Strain 3 M. aquatica 

having I :1 rat ios (7 cultures) 
Limonene Strain 625 (Lm~lm 1 Lm2lm2) ms • limonene Strain 38 

( L m j m l  lmzlm2) 

2 + 

666 648 f : t 

519 176 3:f 

foo 31 3:1 

615 622 I :t 

37O t23 3:1 

618 200 3:1 

336 334 1:1 

109 16 7:f 

* ms = male sterile. + 11t individuals had linalool--linalyl acetate like M. citrata. 
known as Strains 38 and 625. 
++ None of the P values for the individual cultures or their totals arc significant. 

The two limonene individuals are 

pa ren t .  These  two e x c e p t i o n a l  i n d i v i d u a l s  have  been  
m a i n t a i n e d  b y  v e g e t a t i v e  p r o p a g a t i o n  and  are  known 
as S t r a in  38 and  S t r a in  625. These  two l imonene  
s t ra ins  have  less t h a n  1% l inalool ,  l ina ly l  ace ta te ,  
and  m e n t h o f u r a n .  

S t r a in  38 h y b r i d i z e d  wi th  M .  aquatica gave  a f i rs t  
backcross  p r o g e n y  of 666 l imonene -odo red  i n d i v i d u a l s  
l ike S t r a in  38 and  648 m e n t h o f u r a n - o d o r e d  l ike the  
M .  aquatica p a r e n t  as seen in Cross 2 of Tab le  2. 
The  t : t r a t io  in t he  backc ross  p r o g e n y  and  the  fac t  
t h a t  t he  M .  aquatica p a r e n t  has  a g e n o t y p e  homo-  
zygous  for m e n t h o f u r a n  p roduc t i on  i nd i ca t e  t h a t  the  
high l imonene  con t en t  of S t r a in  38 is due to  a single 
d o m i n a n t  gene Lm.  St ra in  625 h y b r i d i z e d  wi th  
S t r a in  I of M .  aquatica gave  a dup l i ca t e  gene ra t io  
of 3 l imonene -odo red  to  t m e n t h o f u r a n - o d o r e d  in t he  
f i rs t  gene ra t ion  backcross  p rogeny  as seen in Cross 3 
of Tab le  2. S t r a in  625 h y b r i d i z e d  wi th  S t r a in  3 of 
M .  aquatica gave  s imi la r  resu l t s  in Cross 6 of Tab le  2. 
One m a y  conc lude  t h a t  b o t h  s t ra ins  of M .  aquatica 
have  the  g e n o t y p e  lml lm a lm2lm 2 and  t h a t  l imonene  
S t r a in  625 has  the  g e n o t y p e  L m l l m  ~ Lm21m ~. The  
g e n o t y p e  of S t r a in  38 is e i ther  Lmllm~lm2lm2 or 
lml lm 1 Lm2lm 2. 

E i g h t  l imonene -odo red  f i rs t  gene ra t ion  backcross  
i n d i v i d u a l s  (of Cross 3) were h y b r i d i z e d  to S t r a in  1 
M .  aquatica to  d e t e r m i n e  the i r  geno type .  Two indi-  
v i d u a l s  s u m m a r i z e d  in Cross 4 gave  d u p l i c a t e  gene 
ra t ios ,  whereas  six i n d i v i d u a l s  s u m m a r i z e d  in Cross 5 
gave  1:1 ra t ios .  Of t he  t en  i n d i v i d u a l s  t e s t e d  f rom 
Cross 6, t h r ee  gave  dup l i ca t e  gene ra t ios .  To sum-  
mar ize ,  f ive i n d i v i d u a l s  out  of 18 t e s t e d  h a d  dup l i ca t e  
gene ra t ios ,  when the  e x p e c t a t i o n  is one th i rd .  

S t r a in  625 wi th  the  g e n o t y p e  L m l l m l L m s l m  z 
h y b r i d i z e d  wi th  S t r a in  38 wi th  t he  g e n o t y p e  L m l l m  1 
lmslm 2 shou ld  give a 7:1 r a t io  and  d id  in Cross 9 of 
Tab le  2. 

Chemical verification o/segregation based on herbage 
odor: The conf i rma t ion  of r a t io s  based  on he rbage  
odor  m a y  be i l l u s t r a t e d  b y  Cross 5 of Tab le  2. The  
six second  backcross  progenies  hav ing  t : t  r a t ios  
s u m m a r i z e d  t o g e t h e r  in T a b l e  2 are  g iven  indi -  
v i d u a l l y  in Tab le  3 wi th  t y p i c a l  a s says  c i ted  for 
i n d i v i d u a l s  f rom five cul tures .  The  assays  of t he  
t4  second backcross  i n d i v i d u a l s  suffice to  show t h a t  
l imonene -odo red  i n d i v i d u a l s  m a y  have  a h igher  or 
lower l imonene  c on t e n t  t h a n  p a r e n t a l  S t r a ins  625 
and  t h a t  se lec t ion  can increase  or decrease  the  l imo-  
nene con ten t .  The  lower  l imonene  c on t en t  of indi-  
v idua l s  in Cul ture  6 9 - - t 1 1 8  was e v ide n t  f rom the  
he rbage  odor .  There  are  no dosage  effects  of the  
gene L m  since al l  i nd iv idua l s  in Tab le  3 have  a single 
d o m i n a n t  L m  gene and  t l  of the  t 4  a s sayed  s t r a ins  
have  more  ] imonene t h a n  the  p a r e n t a l  S t r a in  625 
wi th  t h e  g e n o t y p e  Lml lm  ~ Lm2lm 2. M entho fu ran -  
odored  i nd iv idua l s  f rom these  cu l tu res  are  no t  dif- 
fe rent  f rom the  M .  aquatica p a r e n t  and  have  60 to  
81.4% m e n t h o f u r a n .  

Tab le  4 shows t h a t  the  l imonene  con ten t  of the  
S t r a in  6 2 5 - - S t r a i n  38 h y b r i d s  f rom Cross 9 of 
Tab le  2 v a r i e d  f rom 3 1 - - 6 2 %  and  the  cineole con ten t  
f rom 13--2t~  . The  ave rage  l imonene  con t en t  of 
t 2  h y b r i d s  f rom the  i n t e r s t r a i n  cross is 48% whereas  
t he  mean  va lue  of p a r e n t a l  s t r a ins  is 44%.  A select ion 
p r o g r a m  to o b t a i n  s t r a ins  hav ing  8 0 - - 9 0 %  l imonene  
should  use S t r a in  6 2 5 - - M .  aquatica h y b r i d s  r a t h e r  
t h a n  S t r a in  625 - -  S t r a in  38 h y b r i d s .  Whi l e  high 
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Table. 3 Summary of the individual second backcross 
cultures of Cross 5 of Table 2 with typical assays of limonene- 

odored segregants 

Principal odor of 
plants Total 

Culture in 2nd backcross Assay data of selec- limonene 
number progenies tions and 

Limo- Mentho- Limo- Cineole cineole 
nene furan nene 

69-1t14 149 142 72.4 6.6 79.0 
78.5 8.1 86.6 
70.2 12.2 82.4 

69-tlt5 140 143 76.8 5.5 82.3 
68.8 t2.6 81.4 
69.4 18.8 88.2 
71.7 15.o 86.7 

69-1t 16 47 51 79.0 8.0 87.0 
80.2 7.1 87.3 

69-1118 t29 t28 32.0 20.2 52.2 
44.5 10.5 55.0 
42.2 t2.0 54.2 

69-1119 139 t46 71.4 3.8 75.2 
73.8 8.0 81.8 

69-1t20 tl t2 -- -- -- 
Total 6 
cultures 615 622 
Avg. 14 2 nd generation 
backcross individuals 66.5 10.6 77. t 
Parental Strain 625 67.5 23.6 91.t 

Table 4. The limonene and cineole content of 12 randomly 
selected limonene-odored Strain 625--Strain 38 hybrids 

from Cross 9 in Table 2 and their parental strains 

Limo- Cineole Total nene 

Strain 625, ~? 67.5 23.6 91.1 
Strain 38, d' parent 20.4 36.4 56.8 
Average of parental strains 44.0 30.0 74.0 
Strain 625 • Strain 38 

hybrid 1 61.9 13.3 75.2 
2 57.2 18.8 76.0 
3 56.7 20.9 77.6 
4 56.3 t6.8 73.1 
5 54.9 15.3 70.2 
6 49.6 20.1 69.7 
7 47.4 t8.t 65.5 
8 44.1 14.7 58.8 
9 44.o 14.5 58.5 

10 39.7 21.3 61.0 
1t 32.9 16.4 49.3 
12 31.1 15.6 46.7 

Average of 12 hybrids 48.0 17.1 65.t 

selections have no commercial value due to the low 
price of limonene, the effects of high-low selections 
on oil biogenesis are of interest. 

Genetic data /or seven sterile allohexaploid strains: 
Despite the sterility, the dominant Lm gene can be 
transferred into M. aquatics in a convergence pro- 
gram. Strain 62 definitely has the Lm~lm~ lmzlm2 or 
lm~lm~ Lm~lm~ genotype, since the Strain 62--M. 
aquatica backcross progeny consisted of t 5 limonene- 
odored to t3 non-limonene-odored. Stlain t30 has the 
genotype Lm~lm~ Lm21m 2 since its test cross progeny 

had 61 limonene-odored to t9 non-limonene-odored, 
or a 3 : t  ratio. Similar segregating progenies of 
10--20 individuals for Strains 27, 28, 41, 42, and 
t 36 indicate that  these strains may have the genotype 
Lmllm 1 Lm2lm v To conclude, seven of +.he nine tested 
strains appear to have an Lmxlm 1 Lm~lm 2 genotype. 

E//ects o /dominant  gene Lm on biogenesis: An ori- 
ginal biogenetic design by Reitsema (1958) was 
modified and extended by Fujita (1960a, b, and 
1961), but these designs based primarily on chemical 
structure need verification. The Fujita design as- 
sumes that  the primitive acyclic constituent linalool 
was converted to its ester linalyl acetate or to geraniol 
(nerol)-+alpha-terpineol with alpha-terpineol pro- 
ducing both cineole and limonene. He assumed on 
the basis of chemical structure tha t  limonene was 
converted either to carvone ---> dihydrocarvone or to 
isopiperitenone -~ piperitenone -+ piperitone ~ pule- 
gone --> menthone with pulegone producing mentho- 
furan and menthone producing menthol and menthyl 
acetate. If the dominant L m g e n e  affects an enzyme 
that  prevents the conversion of limonene to more 
advanced compounds, limonene would be accumu- 
lated and the increase in cineole could be due to the 
fact tha t  the antecedent compound alpha-terpineol 
actually produces both limonene and cineole. At 
least, strains with a high cineole content have less 
limonene. The data in Table 2 showed that  the 
dominant gene Lm inhibits the formation of large 
amounts of menthofuran in hybrids with M. aquatica. 
The gene Lm should inhibit the formation of the 
major ketones piperitone, menthone, pulegone, and 
carvone found in other Mentha species, if limonene 
is a precursor compound of these ketones. 

In Cross t of Table 5, one half of the progeny were 
limonene odored with 46.6--64.4% limonene, whereas 
the other half had a pulegone odor (ce Aa) rather 
than a musty piperitone odor (ec aa) like the piperi- 
tone tester strain. In a s tudy of ketone inheritance 
Murray (t960) has shown that  the double recessive 
cc aa produced 50--80% piperitone, the cc A A  or 
ccAa  genotype pulegone and menthone, and the 
dominant C gene carvone. While this cross was made 
to determine whether the Lm gene prevented piperi- 
tone formation, the ce A A  genotype of Strain 38 does 
not allow a direct test. Crosses I and 2 show that  
the Lm gene prevents the formation of the 3-oxy- 
genated compounds pulegone and menthone, whereas 
Cross 3 shows that  the gene prevents the formation 
of the 2-oxygenated compounds carvone and dihydro- 
carvone. 

Murray and Lincoln (t970) published an abbre- 
viated biogenetic diagram to illustrate that  the 
dominant gene I almost completely prevents the 
conversion of linalool to more advanced oil consti- 
tuents and results in the accumulation of linalool and 
its ester linalyl acetate. The conversion is not totally 
prevented since Table I shows that  Strain 2 of 
M. citrata had 0.4% limonene and 0.3% cineole. 
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Table 5. Effects of the gene Lm on chemical composition of F1 hybrids with other species 

369 

Cross ~ parent • ~ parent 

Number of F 1 progeny with odor of 

Lav- Limo- Car- Pule- Mentho- Isopino- 
ender nene vone gone Iuran camphone 

1 High  p ipe r i tone  s t ra in  of M .  cr i spa  i l i  1 i2i ~ l m J m  t lm2lm ~ cc aa • 
Stra in  38* 21 23 

2 High  pulegone s t ra in  of M .  arvens i s  i l l  1 i2i ~ l m i l m  1 lm~lrn2 cc A A  • 
St ra in  38 135 142 

3 H i g h  carvone  s t ra in  of M .  sp ica ta  i~i 1 i2i 2 l m l l m  1 lm21m ~ Cc A a  • 
Stra in  38 11 10 2 

4 S t ra in  I M .  ci trata I~il i2i~ l m l l m l  lm~lm2 cc A A  • St ra in  38 11 5 
5 S t ra in  2 M .  ci trata I l I  1 i2i 2 L m ~ L m  1 lm21m~ cc A A  • Stra in  38 212 11 
6 Stra in  625 + • H igh  p ipe r i t one  M .  longi fol ia  i l i  1 i l i  2 Iml lm  1 

lm~lm z cc aa 19 6 
7 St ra in  625 • High  p ipe r i tone  s t r a in  M .  cr i spa  i l l  1 i2i 2 lmlI'm ~ 

l m j m ~  cc aa 4 t 
8 St ra in  625 x High  m e n t h o n e  s t ra in  M .  sp ica ta  il i  I i2i 2 lm~lm 1 

Im21m 2 cc A A  48 t 7 
9 S t ra in  625 • High  ca rvone  Line I M .  sp ica ta  i l i  1 i2i 2 l m l l m  1 

lnc21m 2 Cc A a 91 21 15 
10 St ra in  625 • M ,  citrata Stra in  4 Ilia i.,i 2 l m l l m  a lm21m. 2 cc A A  20 15 

8 
2O 

* Strain 38 i l i  1 i2i 2 L m l l m  x lm2lm 2 cc A A .  

While the gene I must be considered " leaky"  as it 
allows some development of cyclic compounds, Cross 
4 of Table 5 shows that  the gene I prevents the 
development of large amounts of limonene and cineole 
tha t  would otherwise be made. 

In Cross 5, Strain 2 of M. citrata with the 'genotype 
I l I  1 i2i 2 hybridized with Strain 38 would be expected 
to produce all lavender-odored F 1 hybrids. The pro- 
geny had 212 lavender-odored individuals, but  11 
individuals definitely had limonene and cineole and 
20 individuals had about 40% isopinocamphone with 
no measurable amounts of linalool and linalyl acetate. 
Shimizu, Karasawa, and Ikeda (1966) have described 
a strain of M. aquatica with 49% isopinocamphone. 
An explanation of these exceptional segregants is 
given later. 

The genetic data for a similar series of crosses with 
Strain 625 substantiate the previous conclusions. 
Strain 38 crosses gave a total of t 72 limonene-odored 
to t85 non-limonene-odored (P = .5) whereas Strain 
625 crosses gave a total  of 177 limonene-odored to 
68 non-limonene-odored (P = .3)- 

To conclude, the gene Lm prevents the formation 
of 2-oxygenated compounds carvone and dihydro- 
carvone and the 3-oxygenated compounds pulegone, 
menthofuran the oxidation product  of pulegone, and 
menthone the reduction product  of pulegone. Due 
to the c c A A  genotype of the limonene strains, 
summarized tests did not determine that  the Lm gene 
inhibited either piperitone or piperitenone. How- 
ever, five limonene individuals from Cross I of Table 5 
had 1--1.8% alpha-pinene, 2.9--10.4% beta-pinene, 
46.6--64.4% limonene, 13.8--23.3 % cineole, and less 
than 0.1 ~ piperitone, pulegone, t-men- 
thone, l-menthol,  menthyl  acetate, and mentho- 
furan. 

+ Strain 625 i l l  1 i2i 2 L m l l m  1 L m  2 lm 2 cc A A .  

Postulated origin o/ high limonene strains: The 
duplicate genes found in this research indicate tha t  
the closely related species M. aquatica and M. citrata 
have two pairs of chromosomes with homologous 
areas. Rutt le (193t) and Ikeda (t96t) have shown 
tha t  M. aquatica may have bivalent chromosome 
pairing. The high fertility of the strains further 
indicates tha t  quadrivalent association is rare. To 
explain the exceptional segregants in these segmental 
allopolyploids, we may assume that  M. aquatica has 

lm-A- i  Im-a-i 
the genotype Im-A-i tm-a-i and Strain 2 of M. citrata 

L m - A - [  lm-a-i  
the genotypeLm_A_i lm-a-iwith A and a designating 

the non-homologous centromere regions of the two 
chromosome pairs carrying the linked genes on dif- 
ferent chromosome arms. Subscripts need not  be 
used to label the genes, since duplicate genes are 
alike except for linkage relations with other genes. 
Crossing over in these genotypes would not be detec- 
tible if there is autosyndetic bivalent pairing, whereas 
occasional quadrivalent pairing of the four chromo- 
somes of Strain 2 of M. citrata could lead to gene 
interchanges between chromosomes non-homologous 
for the centromere region. Specifically, a crossover 
between unlike chromatids in the A - - I  region could 
produce a M. citrata gamete having the chromosomes 
Lm-A-i  and lm-a-i. When this gamete was fertilized 
bv an gamete from M. aquatica (or M. crispa), one 

L m - A - i  lm-a-i 
would obtain the /.~TA--A2~ ~ genotype of limonene 

Strain 38. A crossover in the L m - - A  region between 
unlike chromatids and a second crossover in the 
A - - I  region between the other unlike chromatids 
could produce a gamete having the chromosomes 
Lm-A-i  and Lm-a-i which upon fertilization with 
any M. aquatica or M. crispa gamete would give the 
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Lm-A-i Lm-a-i 
g e n o t y p e  of S t r a in  625 lm-A-i lm-a-i " If  a c rossover  

occur red  in bo th  regions be tween  the  same two unl ike  
ch romat ids ,  a g a m e t e  could  be o b t a i n e d  wi th  l m - A - i  
and  lm-a-i  chromosomes .  W h e n  th is  g a m e t e  was 
fer t i l ized  b y  a g a m e t e  f rom M .  crispa hav ing  the  
g e n o t y p e  i l i  1 i2i 2 lml lm 1 lm~lm 2 Cc Aa ,  F 1 h y b r i d s  could  
be o b t a i n e d  t h a t  had  a ca rvone  or  a m e n t h o n e - -  
pu legone  odor.  One i n d i v i d u a l  h a v i n g  the  ke tones  
ca rvone  and  d i h y d r o c a r v o n e  and  two ind iv idua l s  
h a v i n g  the  ke tones  m e n t h o n e  and  pu legone  were 
found  in t he  10,000 S t r a in  2 M.  c i t ra ta - -M,  crispa 
hybr id s .  

A rec iproca l  crossover  t y p e  h a v i n g  the  gene com- 
b ina t i on  lm and  I would  be expec ted ,  b u t  our  p resen t  
knowledge  of gene ac t ion  does no t  i nd ica t e  t h a t  the  
l m - - I  and  L m - - I  geno types  would  differ  g r e a t l y  in 
oil compos i t ion .  The  poss ib i l i t y  t h a t  t he  l m - - I  geno- 
t y p e  causes  t he  i sop inocamphone  seg regan t s  canno t  
be ignored,  s ince M u r r a y  and  Lincoln  (1970) found  
18 i nd iv idua l s  of th is  k ind  to 19 high l i m o n e n e - -  
cineole i nd iv idua l s  in t h e  S t r a in  2 M .  c i t ra ta - -M.  
crispa F 1 hybr ids .  Cross 5 of Tab le  5 also h a d  
t t l imonene  to  20 i sop inocamphone  excep t iona l  segre- 
gan ts .  Conversely ,  there  does no t  seem to be a n y  
reasonab le  b iogene t ic  e x p l a n a t i o n  w h y  the  l m - - I  
g e n o t y p e  would  p roduce  2 0 - - 4 0 %  i sop inoc a mphone  
as a m a j o r  oil c o n s t i t u e n t  while t he  L m - - I  g e n o t y p e  
of S t r a in  2 of M .  citrata produces  t - - t . 5 %  isopino-  
camphone ,  30% l inalool ,  and  58.5~o l i na ly l  ace ta te .  

Whi le  th is  k ind  of segrega t ion  m a y  a p p e a r  to be due 
to chromosome abe r ra t ion ,  the  gene L m  has no 
no t i ceab le  effect on p l a n t  m o r p h o l o g y  a f te r  th ree  
backcrosses  to M .  aquatica. The  genet ic  r a t ios  also 
do no t  i nd i ca t e  t h a t  the  I or L m  genes are  assoc ia ted  
wi th  ch romosome  loss or dup l i ca t ion .  Q u a d r i v a l e n t  
pa i r ing  could  l ead  to a 3 - - I  d i s t r i bu t i o n  of chromo-  
somes, b u t  M u r r a y  and  Lincoln  (1970) h a v e  no ted  
on ly  one i nd iv idua l  t r i somic  for t he  gene I .  F o u r  

for high Limonene-Cineole Content 

monosomic  i nd iv idua l s  iden t i f i ed  b y  t h e  loss of the  
gene I were severe ly  depressed  in vigor.  
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