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Leaf Volatile Compounds of Seven Citrus Somatic Tetraploid
Hybrids Sharing Willow Leaf Mandarin (Citrus deliciosa Ten.)
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Volatile compounds were extracted by a pentane/ether (1:1) mixture from the leaves of seven citrus
somatic tetraploid hybrids sharing mandarin as their common parent and having lime, Euréka lemon,
lac lemon, sweet orange, grapefruit, kumquat, or poncirus as the other parent. Extracts were examined
by GC-MS and compared with those of their respective parents. All hybrids were like their mandarin
parent, and unlike their nonmandarin parents, in being unable to synthesize monoterpene aldehydes
and alcohols. The hybrids did retain the ability, although strongly reduced, of their nonmandarin parents
to synthesize sesquiterpene hydrocarbons, alcohols, and aldehydes. These results suggest that
complex forms of dominance in the mandarin genome determine the biosynthesis pathways of volatile
compounds in tetraploid hybrids. A down-regulation of the biosynthesis of methyl N-methylanthranilate,
a mandarin-specific compound, originates from the genomes of the nonmandarin parents. Statistical
analyses showed that all of the hybrids were similar to their common mandarin parent in the relative
composition of their volatile compounds.

KEYWORDS: Citrus deliciosa ; Citrus aurantifolia ; Citrus limon ; Citrus sinensis ; Citrus paradisi ; Fortunella
margarita ; Poncirus trifoliata ; Rutaceae; tetraploid somatic hybrids; leaf volatile compounds; statistical
analyses

INTRODUCTION traits with regard to the biosynthesis of aroma compounds. In
some cases pathways are repressed [e.g., aliphatic aldehydes in
the (lime+ grapefruit) hybrid vs the lime parent], whereas in
other cases there is massive overproduction of a compound
compared with both parents [e.g., citronellal in the (life
grapefruit) hybrid] 7). To improve our knowledge of the aroma
biosynthesis inheritance rules and thereby define strategies for
obtaining hybrids possessing good sensory characteristics, more

fresh fruit but also derived products such as juices and essentiaP?{Stemat'C.t‘?nd e?tensn/tg vr\]/otr)k.(;s heeded (()jn t?he tLeqf and pieel
oils. Despite fruit being already available from certain tetraploid ol compos! 1ons 0. soma .'C yor s.compare wi e|r. parents.
hybrids 6), to our knowledge only three studies concerning the ~ Tetraploid hybrids having the Willow Leaf mandari@itrus
composition of leaf essential oils from the citrus somatic hybrids deliciosaTen., as their common parent are bred at the Station
(sweet orange- “Femminello” lemon) (5), (“Milam” lemon+ de Recherches Agronomiques INRA-CIRAD (San Ghjulianu,
“Femminello” lemon) (6), and (limet+ grapefruit) (7) have Corsica, France). With the aim of establls_h_lng common mherlt-
recently been published. These studies showed that somatic@hce rules, we analyzed the composition of leaf volatile
hybridization does not result in a simple addition of parental compounds from somatic hybrids of mandarin and, respectively,
lime [Citrus aurantifolia (Christm.) Swing.], lemon Citrus

* Author to whom correspondence should be addressed [telephone 33_I|m0n (L.) Burm,, tW(,) qutlvars], SW,ee,t orang€ftrus sinensis
(0)4-67-61-75-81; fax 33-(0)4-67-61-44-33; e-mail brillouet@cirad.fr]. ~ (L.) Osb.], grapefruit Citrus paradisiMacfayden), kumquat

T Centre de Coopération Internationale en Recherche Agronomique pour[Fortunella margarita(Lour.) Swing.], and poncirusfoncirus
le Développement (CIRAD). s .

# Station de Recherches Agronomigues (INRA-CIRAD). trifoliata (L.) Raf.]. Leaves from the eight parents were also

8 Université de Corse, Equipe Chimie et Biomasse. analyzed, and the results are presented hereafter.

Somatic hybridization by fusion of diploid parental protoplasts
has been successfully applied to {&rus genus to generate
new allotetraploid hybrids1). These hybrids could serve as
breeding parents for the production, via crossing with diploid
individuals, of seedless triploid cultivars (2—4). Aside from
morphology, color, acidity, and sugar content, aroma compounds
are major determinants of the sensory characteristics of not only
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MATERIALS AND METHODS were therefore taken as 1.0 for all compounds with reference to the
. internal standard. It was also confirmed that the internal standard was
_ Plant Materials. The 1-year old parents, all grafted onto volkame- ¢y recovered after extraction and concentration from a leaf powder,
riana rootstock (Citrus limoni@sb.) and growing in the same field of by the separate injection of 2 of a standard solution afi-hexanol
the Station de Recherches Agronomiques (INRA-CIRAD) of San (15 ,q mL-1) in pentane/ether (1:1). Amounts were expressed as
Ghjulianu, were of the following species: mandarin (cv. Willow Leaf,  micrograms ofn-hexanol equivalent per gram of dry weight. Linear
hereafter designated WLM in tables and figures), lime (cv. Mexican retention indices were calculated with reference-@ikanes (€-Cz).
lime, ML), lemon (cv. Euréka, EUR), lemon (cv. lac, lemon apireno  concentrations (seBables 1and2) are given as the average of data
Cantinella, LAC), sweet orange (cv. Shamouti, SO), grapefruit (cv. Star om three individual shrubs. The total contents in volatile compounds
Ruby, SRG), kumquat (cv. Nagami, NK), and poncirus (cv. Pomeroy, qf the leaves from hybrids and their parents were calculated by summing
PT). We also analyzed 1-year old somatic tetraploid hybrids, obtained .oncentrations of all volatile compounds eluted from the DB-Wax
by the fusion of protoplasts from thg nucellar callus Iine. of mandarin cojumn between 3 and 110 min and expressed as percent dry weight.
(the common parent) and callus-derived protoplasts of lime (WM Statistical AnalysesFor each combination, Euclidean distances were

ML), lac lemon (WLM + LAC), sweet orange (WLM+ SO), and . ;
. i calculated (@DARwin 4.0 software, CIRAD, Montpellier, France)

f?zpjg?'tk(xvml"\ﬂ; ?V%fmnﬂ:f)afa?fnggg;ﬁ;omftsmff;?oﬁhggéM between the mandarin and nonmandarin parents, between the mandarin

o q ’ POl ' parent and the hybrid, and between the hybrid and the nhonmandarin
hybrids were all grafted onto volkameriana rootstock and planted the arent (Figure 1). Calculations were based on the average concentra-
same week in the same field as their parents. Batches of leaves wer ions of each volétile compound (s@able 1) from leaves of three
rand'omly hand-pu_:ked, rgvolvmg arqund the shrubs on the same dayindividual shrubs. Principal component analysis (PCA) was conducted
(April 2002), and immediately air-freighted to our laboratory. Three using XLSTAT 4.2 software (Addinsoft, Paris, France) where variables
individual shrubs were sampled for each parent and hybrid, and each : ' ’

batch of leaves was analyzed separately as follows. Leaves (50 g) were o'¢ the different classes of volatile compounds T&atgie 2) expressed

cut in half with scissors after removal of the central rib and then ball- as micrograms per gram of dry nggﬁhgure 2A was obtalne_d from
. T : . . . - the correlation matrix calculated with the standardized matrix. Parents
milled in liquid N, with a Dangoumill 300 grinder for 2 min. Finely

ulverized leaf owder was then stored under arqongd °C before were used as active units for the calculation of the distribution of
gxtraction and gnalysis of volatile compounds th?a day after variables, whereas the somatic hybrids were considered as supplemen-

| hemicalsTh | h tary individuals and projected on the factorial planes with the aim to
So ve_nts and ChemicalsThe solvents (n-pentane _and ether) were show the positioning of these hybrids with regard to the par&igsi(e
of analytical grade. Reference compounds, when availabley-aticine

2B).
(Cs—Cy) standards were from Aldrich Chimie (Saint Quentin Fallavier, )
France).
Extraction of Volatile Compounds. The internal standard (3@g RESULTS AND DISCUSSION

of n-hexanol) was added to leaf powder (500 mg), which was then . . o o
homogenized using a Potter Elvejhem homogenizer with 20 mL of ~ OUr major objective was to qualitatively and quantitatively

pentane/ether (1:1) for 5 min. The slurry was then filtered on a glass @nalyze the volatile compounds extracted from leaves of young
crucible (porosity 4) filled with anhydrous sodium sulfate. The extract Citrus somatic hybrids produced by the fusion of protoplasts
was finally concentrated at 4Z to a volume of 2 mL with a 25 cm  from the nucellar callus line of mandarin (the common parent)
Vigreux distillation column. with the callus-derived protoplasts of lime, lac lemon, sweet
GC and GC-MS Analysis. Solvent extracts were analyzed by GC-  orange, and grapefruit or with leaf-derived protoplasts of Eare
FID using two fused silica capillary columns of DB-Wax (column A, |lemon, kumquat, and poncirus. The seven hybrids were shown
J&W Scientific, Folsom, CA) (60 m 0.32 mm i.d.x 0.25um film) to be allotetraploid (4 = 36) hybrids by flow cytometry and
and DB-1 (column B, J&W Scientific) (30 mx 0.32 mm .d.x 0.25 isozyme analysis8). The volatile compounds of leaves from
um film). Oven temperature was increased from°@0at a rate of 1.5 the eight parents [lime (ML), Euréka lemon (EUR), lac lemon

°C min~! (DB-Wax) or at a rate of 3C (DB-1) to 245°C, where it .
was held for 20 min. The on-column injector was heated from 20 to (LAC), sweet orange (SO), grapefruit (SRG), kumquat (NK),

245°C at 180 °C min. Detector temperature was 246. Hydrogen ~ PONcirus (PT), and mandarin (WLM)] were also analyzed. Due
was the carrier gas at 2 mL mih Injected volumes were 2L of to limited amounts of leaves from the 1-year-old somatic hybrids
concentrated extract. planted at the Station de Recherches Agronomiques INRA-
Solvent extracts were also analyzed by GC-MS using a Hewlett- CIRAD (San Ghjulianu), we aimed at developing an extraction
Packard 6890 gas chromatograph coupled to a Hewlett-Packard 5973procedure adapted to limited amounts of plant material. We
quadrupole mass spectrometer with electron ionization mode (EI) preliminarily tested different extraction procedures on parent
generated at 70 eV. The ion source and quadrupole temperatures wer¢eaves that were finely ball-milled in liquid nitrogen. These
230 and 150C, respectively, and the filament emission current was 1 procedures included hydrodistillation, simultaneous distillation
mA. Volatile compounds were separated on a DB-Wax (column A, eyiraction (SDE) at atmospheric pressure, solid-phase micro-
i&gvzgzlfqnfm) ;%zegnsiCSB??’('(L';%]CS'gm‘]r:&@os'ze%tzif?cmg I'S'g'm extraction (SPME), and direct solvent extraction with pentane/
CA)' fused silica capillary column (30 m 0.25 mm i.d.x 0’_25#m ' ether (1:1). Solvent extraction was the most appropriate to our
film). Oven temperature was increased from “@ at a rate of 3C StUdy_ k_)ecause' of all tested methods, it pI'OVIqed th,e largest
min to 250°C where it was held for 20 min. The on-column injector duantities of extracted components and was feasible with a small
was heated from 20 to 24% at 180°C min~*. Detector temperature ~ Number of leaves. Hydrodistillation, which requires large
was 245°C. Helium was the carrier gas at 1.1 mL minElectron quantities of leaves, provided lower amounts of sesquiterpenes
impact mass spectra were recorded in the-@00 amu range at 1 s such as)-f-caryophyllene, whereas SDE drastically affected
interval™®. Injected volumes were L of concentrated extract.  the monoterpene aldehydes neral and geranial. The conditions
Compounds were identified on the basis of linear retention indices on gf sample preparation (e.g., the duration of ball-milling in liquid

both columns (DB-Wax and DB-1)1¢) and El mass spectra (Wiley  nitrogen and extraction by pentane/ether) were also optimized
275.L library) from the literature or from authentic standard compounds. before being applied to the present plant materials

Quantitative data were obtained from the GC-FID analyses. Integra- The total tents i latil ds of | t
tion was performed on compounds eluted from the DB-Wax column e total contents in volatile compounds of leaves (percen

between 3 and 110 min. Response factors of 10 reference compound§!ry Weight) from the parents were lime, 1.33; Euréka lemon,
from different classes (monoterpenes, sesquiterpenes, monoterpen®-95; 1ac lemon, 0.70; sweet orange, 0.54; grapefruit, 0.31;
alcohols and aldehydes, esters) were determined and found to rang&kumquat, 1.29; poncirus, 1.01; and mandarin, 1.38. The leaf
from 0.85 to 1.2 versus-hexanol, averaging 1.0. Response factors volatile contents of hybrids were (mandarin lime), 0.68;



Table 1. Volatile Compounds of Leaves (Micrograms per Gram of Dry Weight) from Parents and Their Tetraploid Hybrids

RI WLM+  WLM+  WLM+  WLM+ WLM+ WLM+ WLM+  reliability of
no. compound DB-Wax  DB-1 ML? EURd  LAC® sod SRGe  NK' PT9 WLMP ML EUR LAC SO SRG NK PT identification!
1 o-pinene 1017 927 20 63 20 60 50 1 60 92 79 94 58 36 63 356 141 1
2 o-thujene 1019 921 i 5 2 10 7 - - 45 33 30 21 13 19 166 68 2
3 hexanal 1072 771 6 20 - 53 22 45 9 13 4 6 1 9 3 3 15 1
4 [-pinene 1097 964 22 628 40 58 61 - - 89 66 87 77 23 38 308 120 1
5 sabinene 1112 963 20 194 44 1257 1091 - 57 12 11 25 20 8 11 41 16 1
6 0-3-carene 1140 998 4 138 298 394 - 6 - - - - - - - 43 - 1
7 1-penten-3-ol 1151 - - - - - - 5 - - - - - - - - 11 2
8 f-myrcene 1157 984 123 156 134 188 94 10 975 39 49 132 102 47 88 138 306 1
9 o-phellandrene 1158 991 - - - 15 - - 285 - - - - - - - - 1
10 o-terpinene 1167 1002 1 - - - - - - 7 13 10 7 - 3 67 20 1
11 limonene 1191 1020 3579 3056 2068 655 220 34 93 1118 1646 5080 4590 2155 3820 1039 655 1
12 [-phellandrene 1195 1014 12 36 12 34 13 - 678 - 4 11 28 16 8 18 4 1
13 1,8-cinecle 1198 1021 15 35 7 27 - - - - - 7 16 - - - - 1
14 (E)-2-hexenal 1200 827 16 34 - 35 21 10 10 25 8 13 8 14 4 5 24 1
15 (2)-p-ocimene 1227 1031 53 32 17 10 10 2 8 19 3 19 20 14 13 7 5 1
16 y-terpinene 1235 1047 4 1 1 3 - - - 1049 722 606 424 238 397 2861 875 1
17 (E)-p-ocimene 1244 1041 267 168 82 326 192 43 220 39 23 94 76 30 44 221 115 1
18 p-cymene 1254 1006 - - 5 11 - - 20 117 77 42 25 25 26 460 293 1
19 o-terpinolene 1271 1075 5 22 18 41 - - - 28 33 29 18 5 11 157 61 1
20 octanal 1277 984 17 - - 1 - - - 1 - 1 - 1 2 - - 1
21 cis-2-penten-1-ol 1310 - 3 5 - 15 9 5 7 4 - - 1 1 - 3 9 2
22 6-methyl-5-hepten-2-one 1323 969 2 1 - - 1 - - - - - - - - - - 1
23 cis-3-hexen-1-ol 1373 - 5 - - 5 2 3 - - 2 5 2 2 2 2 - 2
24 nonanal 1380 1083 6 2 - 1 - - - 1 1 1 1 - 1 - - 1
25 2-hexen-1-ol 1394 - 4 - - - 1 - - - 1 - - - 3 - - 1
26 cis-limonene oxide 1426 1116 2 9 5 - - - - - - 2 - - - - 1
27 acetic acid 1433 - 5 - 2 - - - 41 - - - 1 - - - - 1
28 trans-limonene oxide 1439 1121 2 6 5 - - - - - - - 1 - - - - 1
29 epoxyterpinolene 1447 - - - 3 - - - - - - - - - - - - 2
30 o-cubebene 1448 1332 - - - - - 15 - - - - - - - 4 - 1
31 trans-sabinene hydrate 1456 1050 2 7 25 13 - - 4 1 3 1 - - - - 2
32 o-elemene 1460 1320 4 - - - - 74 - - - - - - - 11 - 2
33 citronellal 1464 1131 61 239 442 257 384 - - 3 - 3 - - 1
34 o-ylangene 1470 1351 - - - - - 41 - - - - - 3 - 2
35 o-copaene 1478 1355 - - - 4 6 38 - - - - - - - 11 - 1
36 decanal 1485 1184 54 2 4 3 1 - - - 2 1 - 2 10 - - 1
37 [-bourbonene 1502 1362 19 - - - - 80 - - - - - - - 5 - 2
38 f-cubebene 1524 1367 - - - 5 6 33 - - - - - - - 10 - 2
39 linalool 1539 1087 61 84 49 341 162 3 12 11 15 10 13 4 5 33 37 1
40 trans-o-bergamotene 1575 1414 141 38 65 - - - - - - 4 - - - - - 2
41 p-elemene 1575 1370 - - - 37 28 97 - - - - - 4 50 2 2
42 thymyl methyl ether 1575 1216 - - - - - - - 3 - - - - - - - 2
43 (E)-p-caryophyllene 1580 1391 924 506 433 229 137 65 5000 211 276 255 114 92 46 590 353 1
44 3,7-guaiadiene 1590 1414 - - - - - 179 - - - - - - - 7 - 2
45 sesquiterpeneX 1603 1414 - - - - - 117 - - - - - - - 5 -

46 [-guaiene 1621 1482 - - - - - 22 - - - - - - - - - 2
47 o-humulene 1650 1423 101 38 32 76 37 168 331 17 24 20 9 6 7 70 35 1
48 citronellyl acetate 1658 1333 2 18 235 33 81 - - - - - - - - - - 1
49 (E)-p-farnesene 1660 1438 29 - - 79 47 125 78 - - - 7 7 37 53 1
50 neral 1663 1214 2072 1163 549 147 12 - - - - - - - - - - 1
51 y-selinene 1672 - 11 - - - - - - - - - - - - - - 2
52 methylgeranate 1678 1298 - - 37 13 - - - - - - - - - - - 2
53 o-terpineol 1682 1168 13 19 8 16 5 - - 18 7 10 9 4 5 - 2 1
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Table 2. Classes of Leaf Volatile Compounds (Micrograms per Gram of Dry Weight) from Parents and Their Tetraploid Hybrids

WM+ WLM+ WLM+ WLM+ WLM+ WLM+  WLM+

ML2  EURP LAC® SOY SRGe  NK' PT9  WLMM ML EUR LAC SO SRG NK PT
monoterpenes 4110 4499 2741 3062 1738 96 2396 2654 2759 6259 5466 2610 4541 5882 2679
sesquiterpenes 2981 676 656 766 405 10072 7329 248 387 312 137 116 94 3436 1505
total hydrocarbons 7091 5175 3397 3828 2143 10168 9725 2902 3146 6571 5603 2726 4635 9318 4184
monoterpene aldehydes 5553 3230 2175 612 417 - - - - 3 - - 3 - -
monoterpene alcohols 259 462 556 453 235 3 12 29 22 27 38 8 10 33 39
monoterpene esters 215 520 827 128 178 - - - - - 8 3 - - -
sesquiterpene aldehydes - - - 199 81 - - - - - - 18 26 - -
sesquiterpene alcohols - 5 13 5 - 2496 134 - - - - - - 635 -
aliphatic aldehydes 99 58 4 93 44 55 19 40 15 22 10 26 20 8 39
total oxygenated compounds 6126 4275 3575 1490 955 2554 165 69 37 52 56 55 59 676 78
methyl N-methylanthranilate - - - - - - - 10768 3570 5194 7612 2868 3474 1678 447
others 35 53 22 80 46 145 187 39 4 8 8 3 5 22 20

a|jme. b Euréka lemon. ¢ Lac lemon. ¢ Sweet orange. € Grapefruit. f Kumquat. 9 Poncirus. " Mandarin.

25/ A 1
o8 M
. methylanthranitate
20 /
0.6 / \
1 os
15+ .
£ 0.2 T
M~
= 0 monoterpe?es
10+ ﬁ ® monoterpene esterg sesquiterpefe
%-02 monoterpene | sesfuiterpene alcohols
;| : L ¢ alcohols alddhydes others ¢
5~ -0.4 .MUlluterpelle sesqmterpenes'
aldehydes e aliphatic
-0.6 \ aldefydes
¢ 1\\, ¢§e— Jp &£ © & & -0.8
F & & & F & & -1
& A
LR *‘*" -1 -0.5 0 0.5 1
Figure 1. Euclidean distances between mandarin and the nonmandarin axis 1(44%) —>
parents (white bars), between the mandarin parent and the hybrid (black
bars), and between the hybrid and the nonmandarin parent (gray bars). B 35 JWLN ‘
WLM = mandarin; ML = lime; EUR = Euréka lemon; LAC = lac lemon; 3.0 group 3
SO = sweet orange; SRG = grapefruit; NK = kumquat; PT = poncirus. T 25 WLM+EUR » A.WLM*-ML
< 2.0 ® e WLM+SO /
. ~ . ~ 1.5
(mandarin+ Euréka lemon), 1.18; (mandarifi lac lemon), s 10 WLMNKe /
1.33; (mandarint sweet orange), 0.57; (mandaringrapefruit), S
0.82; (mandarint kumquat), 1.17; and (mandarin poncirus), E 0.5 /. sac‘\
0.47. Contents measured in the hybrid leaves are systematically 0, LAC o
lower than the sum of the contents of their respective parents -0.5 { . [group1 | \ | group 2
(by 35—80%). When compared with the average leaf volatile 40  ER Ji L
content of parents, the leaf volatile contents of the hybrids form A5 .ML'SO *NK
two different groups: )
e Some hybrids have a leaf volatile content quasi-equal to -4 -2 0 2 4 6
the average of their parents: (mandafirEuréka lemon), 1.18 axis 1 (44%) —>

versus 1.17; (mandarint lac lemon), 1.33 versus 1.04;
(mandarin+ grapefruit), 0.82 versus 0.85, and (mandatin
kumquat), 1.17 versus 1.34.

» Other hybrids have a leaf volatile content that is about half
the average of their parents: (mandatinlime), 0.68 versus

1.35; (mandarin+ sweet orange), 0.57 versus 0.96; and \eight), response factors being taken as 1.0 for all compounds
(mandarin+ poncirus), 0.47 versus 1.15. with reference to the internal standard.
These data show that no general rule can be drawn with regard Monoterpene Aldehydes, Monoterpene Alcohols, and
to the leaf volatile content of hybrids from that of their parents. Their Esters. Aldehydes (citronellal, neral, and geranial),
The leaf volatile content of hybrid leaves was never equal to alcohols (citronellol, nerol, geraniol, linalool, andterpineol),
the sum of their parents. and acetyl esters of citronellol, nerol, and geraniol were present
The composition of leaf extracts from the hybrids and their in five of the seven nonmandarin parents (lime, Euréka lemon,
parents is given inTable 1. Each component is given as lac lemon, sweet orange, and grapefruit) but, except for linalool
micrograms ofn-hexanol equivalent per gram of leaf (dry anda-terpineol, were absent in the mandarin parent. Concentra-

Figure 2. Results from PCA analysis: (A) distribution of variables; (B)
three suggested groupings of individuals (groups 1-3). WLM = mandarin;
ML = lime; EUR = Euréka lemon; LAC = lac lemon; SO = sweet orange;
SRG = grapefruit; NK = kumquat; PT = poncirus.
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Table 3. Classes of Leaf Volatile Compounds (Percent) from Parents and Their Tetraploid Hybrids

WM+  WLM+ WLM+ WLM+ WLM+ WLM+ WLM+

ML EUR® LAC® SO SRGe NK' PT¢  WLM" ML EUR LAC SO SRG NK PT
monoterpenes 307 470 390 560 550 07 237 192 40.8 52.9 41.2 46.1 55.5 50.0 55.3
sesquiterpenes 22.3 7.1 93 140 128 783 725 1.8 5.7 2.6 1.0 21 1.2 29.2 311
total hydrocarbons 530 541 483 700 678 790 962 21.0 46.5 55.5 42.2 48.2 56.7 79.2 86.4
monoterpene aldehydes 415 338 310 112 132 - - - - - - - - - -
monoterpene alcohols 19 4.8 7.9 8.3 74 - 0.1 0.2 0.3 0.2 0.3 0.1 0.1 0.3 0.8
monoterpene esters 16 54 11.8 2.3 5.6 - - - - - 0.1 0.1 - - -
sesquiterpene aldehydes - - - 3.6 2.6 - - - - - - 0.3 0.3 - -
sesquiterpene alcohols - 0.1 0.2 0.1 - 19.4 13 - - - - - - 54 -
aliphatic aldehydes 0.7 0.6 0.1 17 14 04 0.2 0.3 0.2 0.2 0.1 0.5 0.2 0.1 0.8
total oxygenated compounds ~ 45.7  44.7 510 272 302 198 1.6 0.5 0.5 0.4 0.5 1.0 0.6 5.8 16
methyl N-methylanthranilate - - - - - - - 78.1 52.7 439 57.1 50.6 425 143 9.2
others 0.3 0.5 0.3 15 15 1.0 19 0.3 0.1 0.1 0.1 0.1 0.1 0.2 0.4
total identified 99.0 993 996 987 995 998 99.7 999 99.8 99.9 99.9 99.9 99.9 99.5 97.6

aLime.  Euréka lemon. ¢ Lac lemon. ¢ Sweet orange. ¢ Grapefruit. f Kumquat. 9 Poncirus. " Mandarin.

tion ranges were as follow3 éble 2): monoterpene aldehydes
from ~420ug g* for the grapefruit to~5500ug g for the
lime; monoterpene alcohols from230ug g for the grapefruit
to ~550 ug g~* for the lac lemon; monoterpene esters from
~130ug g* for the sweet orange t6830ug g for the lac

crene A (—97%), and (E,E)-a-farnesene (—91%). However, in
the case of the (mandarih kumquat) hybrid, the biosynthesis

of sesquiterpenes that were present at high concentrations in
the kumquat parent (e.g., the germacrene family) was not fully
inhibited in the hybrid leaves, with concentrations that were

lemon. The corresponding hybrids were deprived of the same between~18% (for germacrene A) and51% (for germacrene
compounds that were absent in their mandarin parent. BecauseC) of those of the kumquat parent. Sesquiterpene alcohols were

the only monoterpene alcohol extracted from kumquat and
poncirus parents was linalool, the (mandatirkumquat) and
(mandarin+ poncirus) hybrids were likewise devoid of other
monoterpenoid alcohols and aldehydes.

This almost complete inhibition of the biosynthesis of

found at high concentrations in kumquat leaves (260@™)
(Table 2) but were reduced by75% in the (mandarint
kumquat) hybrid, which is to be related to its similarly reduced
concentration in sesquiterpene hydrocarbons. It must be men-
tioned that sesquiterpene alcohols can also be directly synthe-

monoterpene oxygenated compounds in hybrid leaves is prob-Sized from farnesyl pyrophosphate by sesquiterpenol synthases
ably due to the presence of the mandarin genome in the somatid9)-

hybrid.

p-Sinensal, a sesquiterpene aldehyde detected in the leaves

Linalool was present in mandarin and all nonmandarin parents Of sweet orange and grapefruit, was also found in their

as well as in the seven hybrids. However, different parent

corresponding hybrids but at lower levels (~—90%/orange

hybrid behaviors were nonetheless observed. When the amounparent anc~—70%/grapefruit parent) (Table 1).

of linalool in the nonmandarin parent was higher than in the

mandarin (i.e., lime, Euréka lemon, lac lemon, sweet orange,

and grapefruit), the amount of linalool in hybrids was reduced
to a level similar to that in the mandarin parent. Conversely, in
kumquat and poncirus, where the level of linalool was lower
than or equal to its concentration in mandarin, linalool was
overproduced in the corresponding hybrids. Similar behavior
was observed for some monoterpenes (Beinenea-thujene,
a-pinene,a-terpinene, and-terpinolene; see further).

Sesquiterpene Hydrocarbons, Sesquiterpene Alcohols, and
Sesquiterpene AldehydesThe amount of sesquiterpene hy-
drocarbons in the leaves of the eight parents varied &80
ug g1 for mandarin to~10000ug g* for kumquat Table 2).

In the seven hybrids, their concentration ranged fre@0 ug
g1 for (mandarint grapefruit) to~3400ug g~* for (mandarin
+ kumquat). It can be calculated fromable 2 that this class
of compounds was betweerb5%, in the (mandarif- lemon)
hybrid, and~ 87%, in the (mandarir- lime), lower than in

Thus, it seems that a down-regulation of the biosynthesis of
this family of compounds originates from the mandarin genome.
However, unlike most oxygenated monoterpene compounds
(other than linalool), which are not produced in hybrids, the
production of sesquiterpene hydrocarbons, alcohols, and alde-
hydes is less affected by somatic hybridization.

Methyl N-Methylanthranilate. This compound was ob-
served in the leaves of the mandarin parent and in leaves from
the seven hybrids but was absent in the leaves of nonmandarin
parents (Table 1). However, although it represents 78% of the
volatile compounds~+11000ug g~) in mandarin leavesT@ble
3), as previously reported for other cultivars@itrus deliciosa
(10), its concentration is reduced by betweeB0% in the
(mandarint lac lemon) hybrid and-96% in the (mandarif-
poncirus) hybrid, with an average reduction-e¥0% for all
hybrids. It should be noted that this compound is reduced to a
far greater extent in the two hybrids having parents from
Fortunellaand Poncirusgenera (kumquat and poncirus) than

the nonmandarin parent. Overall, hybrids were on averagein those having parents from tt@trus genus (Tables 2and

~75% lower than their nonmandarin parent. However, this

3). Thus, somatic hybridization of a mandarin with other

decrease was not the same for all sesquiterpene hydrocarbonsnembers of th€itrus, Fortunella, andPoncirusgenera results
In most cases, when a sesquiterpene was not detected or onlyn a systematic reduction of the concentration of this component

a small quantity was found in the mandarin parent, it was

in hybrid leaves. Unlike terpenoids, which are synthesized from

likewise not detected or weakly represented in the correspondingisopentenyl pyrophosphate and dimethylallyl pyrophosphate

hybrid (Table 1) despite being present in the other parent. This
was the case in the (mandarinlime) hybrid for5-bourbonene
(—100%/lime parent)trans-a-bergamotene (—100%), germa-

through geranyl and farnesyl pyrophosphatksk, (2), the C7
compound methyN-methylanthranilate derives from the phenol
biosynthesis pathway by the addition of erythrose-4-phosphate
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to phosphoenolpyruvate and then successive conversion todifferentiated from their nonmandarin parent as their mandarin

shikimic acid, chorismic acid, and finally anthranilic aciBj. and nonmandarin parents are differentiated from each other.
Monoterpene Hydrocarbons_ The concentration of these PCA was used to examine the relative distribution of hybI’IdS
compounds in the leaves of the eight parents varied frd0 and their parents according to their production of different

g g-* for kumguat to~4500ug g2 for Euréka lemon (Table ~ classes of volatile compounds (Figure 2). _

2). In hybrids, they were found in concentrations either equal  The distribution of variables is shown Figure 2A; it can

to the sum of those of both parents [(mandafiEuréka lemon), be seen that the principal factorial plane (constructed with axes

(mandarint- lac lemon), and (mandarif grapefruit)] or similar 1 and 2) summarizes 61% of the whole variability. Furthermore,

to those of the mandarin parent [(manda#ifime), (mandarin two opposite groups of variables are very well represented on

+ sweet orange), and (mandarin poncirus)]. In the case of axis 1: the monoterpene hydrocarbons, alcohols, esters, and

the (mandarint kumquat) hybrid, the concentration of mono-  &ldehydes, on the one hand, and sesquiterpene hydrocarbons

terpenes was found to be twice that of the mandarin parent, the2"d alcohols, on the other hand. This would mean that when

kumquat being very poor in these components. one group is present in high concentration, the other one is
The behavior of individual monoterpene hydrocarbons varied weakly represented and reciprocally. This suggests a reciprocal

. . : . regulation of their biosynthesis pathways.
(Table 1). Concentratlens ¢@-pinene and sabinene, two major . Moreover, it appears that methytmethylanthranilate is very
monoterpenes of Euréka lemon leaves, were greatly reduced iny,

h ding hvbrid to levels ol h fih dari ell represented on axis 2. Therefore, we can conclude that
the corresponding hybrid to levels close tqt 0S€ 0 the mandarin,;q compound seems to be totally independent of both previous
parent. These two compounds were similarly found in the

roups, which could be explained by their two different
(mandarin+ lime) hybrid at concentrations resembling those giosﬁnthesis pathways. P y

of their mandarin parent. Conversefj-pinene was absent in Figure 2B is the representation on the principal factorial plane
kumgquat and poncirus leaves but was found in the hybrids at ot the parents and hybrids, the latter ones being projected
Ievels higher _than in man_darln leaves; th_|s is also the_ case for gfierward. Three different groups can be observed:

o-thujene a-pinene,a-terpinene, and-terpinolene. Sabinene,  Group lincludes lemons, lime, orange, and grapefruit. These
a major monoterpene of sweet orange and grapefruit leaves, ispgividuals are characterized by the production of monoterpene
Iowered' by ~99% in the correspondlng hybrlds tq levels hydrocarbons, monoterpene esters, alcohols, and aldehydes.
resembling that of the mandarin. The productiorydérpinene Group 2is defined by two variables, the sesquiterpenes and
was found to be reduced in six of the seven hybrids comparedthe sesquiterpene alcohols. This group includes kumquat and
to the mandarin parent, whereas it was overproduced in theponcirus parents. It should be noted that these two parents do
(mandarin+ kumquat) hybrid. not belong to theCitrus genus.

Limonene, the major monoterpene hydrocarbon of lime,  Group 3is fully characterized by axis 2, which is defined by
Euréka lemon, and lac lemoi4), was produced in variable one compound, methyl-methylanthranilate. Large quantities
concentrations in their corresponding hybrids. In the (mandarin of this volatile compound are produced by the mandarin parent.
+ lime) hybrid its concentration was between those of both All hybrids are included in this group. Actually, they also
parents and similar to that of mandarin, whereas in the (mandarinproduce this compound but in smaller amounts. This and the
+ Euréka lemon) and (mandarih lac lemon) hybrids it was ~ absence of monoterpene alcohols and aldehydes explain their
overproduced compared with the parents. In the cases of sweetlose proximity to the mandarin parent.
orange, grapefruit, kumquat, and poncirus, in which limonene These statistical analyses seem to confirm that the hybrids
was a minor constituent, it was produced at higher concentra-are close to the mandarin parent with regard to their qualitative
tions in the corresponding hybrids than in the nonmandarin production of volatile compounds. Therefore, all data reported
parents, with levels ranging from 3 times that of sweet orange in this paper suggest, in the tetraploid hybrids, complex forms
to 30 times that of kumquat. of dominance of the mandarin genome in biosynthesis pathways

Thus, although our data regarding monoterpene hydrocarbon<°! volatile compounds.
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