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Abstract

To shed new light on gene involvement in plant cuticular-wax production, 11 eceriferum (cer) mutants of Arabidopsis having
dramatic alterations in wax composition of inflorescence stems were used to create 14 double cer mutants each with two homozy-
gous recessive cer loci. A comprehensive analysis of stem waxes on these double mutants revealed unexpected CER gene interactions
and new ideas about individual CER gene functions. Five of the 14 double cer mutants produced significantly more total wax than
one of their respective cer parents, indicating from a genetic standpoint a partial bypassing (or complementation) of one cer muta-
tion by the other. Eight of the 14 double cer mutants had alkane amounts lower than both respective cer parents, suggesting that
most of these CER gene products play a major additive role in alkane synthesis. Other results suggested that some CER genes func-
tion in more than one step of the wax pathway, including those associated with sequential steps in acyl-CoA elongation. Surpris-
ingly, complete epistasis was not observed for any of the cer gene combinations tested. Significant overlap or redundancy of genetic
operations thus appears to be a central feature of wax metabolism. Future studies of CER gene product function, as well as the
utilization of CER genes for crop improvement, must now account for the complex gene interactions described here.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Arabidopsis thaliana has a typical plant cuticular wax
composition, and previous studies show how Arabidop-
sis provides a model system for elucidating gene control
over plant wax synthesis (Jenks et al., 2002). All but one
of the typical eceriferum mutants in Arabidopsis (cerl-
cer24) were identified in mutagenized populations based
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on reductions in the visible glaucousness of the inflores-
cence stems. Over 81% of the constituents on wild-type
stems are n-alkanes and their metabolites secondary
alcohols and ketones, with nearly all cer mutants most
deficient in these constituents. Long-chain acyl-coenzy-
meA (CoA), the initial wax precursors, arise by elonga-
tion of CoA activated C;4 and C;g acyl-chains by
consecutive addition of two-carbon units, with previous
reports suggesting that each eclongation step is per-
formed by a separate microsomal elongase complex
(Liu and Post-Beittenmiller, 1995; Kunst and Samuels,
2002). Acyl-CoAs serve as direct precursors for synthe-
sis of free fatty acids, primary alcohols (Vioque and
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Kolattukudy, 1997) and esters (Kolattukudy, 1967). The
major flux in the wax pathway however occurs with the
conversion of the very long chain acyl-CoAs to alde-
hydes by an acyl-CoA reductase (Vioque and Kol-
attukudy, 1997), and then aldehyde conversion to
alkanes by an aldehyde decarbonylase (Schneider-Bel-
haddad and Kolattukudy, 2000). A large part of the al-
kane pool is converted to secondary alcohols, which are
then converted to ketones by two separate oxidases,
respectively (Kolattukudy et al., 1973). Interestingly,
none of the single cer mutants are completely absent
in any wax constituent class even though many have null
cer alleles (Jenks et al., 1995, 1996; Rashotte et al., 2001,
2004), and four of the six known wax gene sequences ap-
pear to encode metabolic proteins (Jenks et al., 2002;
Chen et al., 2003). Whether cer mutants are able to
maintain a low flux in all branches of the wax pathway
by utilizing redundant enzymatic, secretory, or regula-
tory mechanisms, compensation by related enzymes, or
whether multiple distinct wax production pathways exist
in Arabidopsis, is still unknown.

Progress in understanding gene involvement in wax
metabolism has been hindered by difficulties in accu-
rately describing wax gene product functions based on
their amino acid sequence homologies with known pro-
teins (Jenks et al., 2002). Moreover, most CER genes are
known only by chemical mutagenesis alleles, and so the
cloning of these genes and subsequent elucidation of
their product functions will require many years for com-
pletion. To advance our understanding of the genetic
operations governing wax metabolism in the absence
of these more detailed molecular-genetic studies, 11 Ara-
bidopsis cer mutants having dramatic wax composi-
tional changes and affecting both early and late steps
in the wax metabolic pathway of the inflorescence stem
were used to create 14 double cer mutants having two
recessive cer loci in homozygosity. The stem wax constit-
uents on these double mutants are used here to provide
the first analysis of cer gene interactions, and to shed
new light on the genetic framework underlying CER
gene control over cuticular wax production.

2. Experimental
2.1. Plant material

Arabidopsis thaliana (L.) Heynhold ecotype Lands-
berg erecta (Ler), and respective isogenic cer mutants,
were grown in the horticulture growth chambers at Pur-
due University under constant light (125 pmol m2s™"),
temperature (22 °C day/19 °C night) and average rela-
tive humidity (47 + 14% day/59 £ 18% night). Was-
silewskija (WS) wild types, and respective isogenic cer
mutants, were grown in growth chambers at the
University of Arizona (22°C, 16-h photoperiod,

~240 pmol m 2 s~!, 75-90% RH). Data was obtained
using aspirated temperature and humidity thermistors
and logged every 5 min by Priva Precision VI software
(Priva Computers, Inc., Vineland Station, Ontario).
The single cer mutants in the WS background (cerl-
cerd) were produced using T-DNA insertion mutagene-
sis as described in McNevin et al. (1993), whereas all Ler
derived cer mutants (cer6—cer9, cerl3, cerl9) were pro-
duced using chemical mutagenesis as described in
Koornneef et al. (1989). Two single recessive loci cer
mutants from the same isogenic background were
hybridized to create F; plants (all F; showed full com-
plementation of the wild-type glaucous stem), and these
were self-pollinated to produce an F, population. The
single cer mutants were selected to represent early and
late steps in the putative wax metabolic pathway, and
combined in a way that would best allow the testing
for possible epistatic relationships. To find double mu-
tants, 2540 plants with a cer phenotype from each F,
generation (expected 9:7 segregation, wild-type:cer) were
examined using gas-chromatography to select putative
doubles having wax composition changed from both
cer parents. Plants selected from the F, that showed
clear wax compositional deviation from both cer paren-
tal lines were backcrossed to both cer parents and at
least 15 plants scored from each for visible stem wax
phenotype. In two cases where the putative double mu-
tants could not be identified with confidence based on
wax composition, approximately 20 F, plants were indi-
vidually crossed to each cer parent and the F, backcross
population (of at least 15 plants from each cer parental
backcross) scored for presence or lack of visible wax
deposition on the stem. Putative doubles producing only
glossy (bright green with reduced visible wax) stem phe-
notypes in backcross populations made to both original
cer parents verified their subsequent designation as a
double mutant.

2.2. Chemical analysis of cuticular waxes

Waxes were collected from mid-flowering stems of
30-33-day-old plants derived from the Ler ecotype,
and 25-day-old plants derived from more early-matur-
ing WS ecotype. Stem samples were inserted into a stan-
dard glass vial 20 and 12ml GC grade hexane
approximately added. The tissues were agitated for
30 s and the solvent decanted off into new vials. Tissues
and vials were given a 1 s rinse with hexane approxi-
mately 2 ml and then the solution decanted into the sam-
ple vial. The hexane-soluble cuticular wax extracts were
evaporated to dryness under a N, stream and the dried
residue prepared for gas chromatography by derivatiza-
tion using BSTFA [N,O-bis(trimethylsilyl)trifluoroace-
tamide] (Jenks et al., 1995). Derivatization was for
15 min at 100 °C. After surplus BSTFA was evaporated
under nitrogen, the sample was redissolved in hexane for
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analysis with a Hewlett—Packard 5890 series II gas chro-
matograph (GC) equipped with a flame ionization
detector (FID). The GC was equipped with a 12 m,
0.2 mm HP-1 capillary column with helium as the car-
rier gas. The GC was programmed with an initial tem-
perature of 80°C and increased at 15°Cmin~' to
260 °C, where the temperature remained unchanged
for 10 min. The temperature was then increased at
5°Cmin~"! to 320 °C, where the temperature was held
for 15 min. Quantification was based on FID peak areas
and the internal standard hexadecane. Specific correc-
tion factors were developed from external standards
and applied to the peak areas of the free fatty acids, pri-
mary alcohols, and alkanes. For all other peaks, a factor
of 1.03 was assigned (the average correction for 9 stan-
dards at comparable concentrations). The total amount
of wax was expressed per unit stem surface area, calcu-
lated by measuring the length and width of stem seg-
ments. All values represent the average of three or
four replicate plants, after verification in test-crosses
and advancement to the Fj3 generation. Selected sub-
samples were analyzed in a gas chromatograph-mass
spectrometer (FinniganMAT/Thermospray Corpora-
tion, San Jose, CA). Wax amounts were analyzed using
the Student ¢ test with proportional (p) values included
as needed.

Table 1

3. Results
3.1. Total wax amount

Total wax amounts in the two ecotypes Wassilewskija
(WS) and Landsberg erecta (Ler) was 1580 pg dm >
(Table 1) and 2576 ug dm 2 (Table 1), respectively. Eco-
type Wassilewskija is the isogenic parent for cerl, cer2,
cer3, and cer4 and ecotype Landsberg erecta is the iso-
genic parent for cer5, cer6, cer7, cer8, cer9, cerl3, and
cerl9. The average standard deviation (s.d.) for the total
wax amounts, class amounts, and amount of individual
constituents for all lines tested was 8.3% of the mean.
Other important statistically significant differences are
noted. In the single cer mutants, total wax on inflores-
cence stems ranged from 123 pg dm 2 (7.8% of WS) in
cerl to 1548 pgdm—= (98% of WS) in cer4 (Table 1).
cer4 wax amount is equivalent to wild-type (p = 0.83),
whereas all other reductions in total wax amount are
statistically significant (p < 0.05). Only four of 14 new
cer double mutants, cer2 cerd, cer3 cer4, cer5 cer8, and
cer5 cer9 (Table 1), had a total wax amount lower than
the lowest respective cer parent (p < 0.05). Interestingly,
five double cer mutants, cerl cer3, cer2 cer3, cer6 cer9,
cer8 cer9, and cer8 cerl9, produced significantly more
total waxes than one of the original cer parents

Cuticular waxes on Wassilewskija (WS) and Landsberg (Ler) ecotype, and single and double mutants, expressed as amounts of each wax class and

total wax (ug dm~?)

Genotype Acid Aldehyde 1-Alcohol Alkane 2-Alcohol Ketone Ester Total
WS 29.7 52.3 120 759 179 405 35.0 1580
cerl 21.2 323 394 13.3 5.0 6.8 5.1 123
cer2 17.6 2.7 182 15.0 4.8 5.9 13.2 241

cer3 11.9 10.9 238 229 43.1 133 27.0 693
cerd 20.6 150 12.6 842 157 358 8.1 1548
cerl cer2 17.5 1.3 95.4 17.0 10.4 1.7 66.5 210
cerl cer3 14.3 7.5 155.7 16.3 17.0 0.4 74.2 285
cerl cerd 19.1 48.1 22.5 7.9 6.9 0.1 20.7 125
cer2 cer3 16.7 8.6 517 13.5 4.3 1.6 44.5 606
cer2 cerd 9.5 9.1 80.9 22.1 7.8 1.6 36.5 168
cer3 cerd 8.0 5.6 5.7 120.2 18.4 66.3 9.7 234
Ler 25.2 81.8 263 1271 154 694 86.7 2576
cers 16.7 20.4 183 269 80.5 368 71.6 1009
cer6 43.3 42.8 272 23.1 9.3 4.5 53.7 449
cer7 15.9 13.8 241 220 233 156 26.0 696
cer8 519 64.1 208 514 65.4 323 77.5 1771

cer9 116 51.9 342 302 36.6 229 111 1188
cerl3 20.0 16.0 220 403 44.2 258 39.4 1001

cerl9 35.8 58.6 172 411 32.5 252 77.0 1040
cer5 cer8 106 38.6 89.1 40.3 15.5 68.0 79.6 437
cer5 cer9 66.0 12.5 171 21.1 20.8 87.5 99.1 478
cer6 cer9 629 452 128 9.7 4.9 3.9 99.0 920
cer7 cer8 146 21.7 333 111 243 84.4 38.0 758
cer8 cer9 1046 45.7 280 62.4 14.3 54.6 136 1638
cer8 cerl3 239 17.4 278 218 29.2 152 48.0 981

cer8 cerl9 416 82.6 177 550 48.6 314 71.6 1659
cer9 cerl9 143 51.9 297 309 37.4 210 56.5 1105

1- and 2-alcohol, primary and secondary alcohol, respectively; ketone, Cy9 ketone.
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Fig. 1. Illustrative overview of major effects of single and double cer
mutations on stem wax profiles. Oval size represents the proportion of
each stem wax class relative to total amount per area of the specified
wild-type or mutant. Ecotype Wassilewskija is the isogenic parent for
cerl, cer2, cer3, and cer4 and ecotype Landsberg erecta is the isogenic
parent for cer3, cer6, cer7, cer8, cer9, cerl3, and cerl9, with the cer
label omitted and double mutant loci separated by comma.

(» < 0.05; Table 1). No double cer mutants produced
more waxes than both respective cer parents (Table 1).

3.2. Wax class amounts

As one means to visualize the major relative changes
in wax class pool sizes caused by single and double cer
mutations, an illustrative diagram is presented wherein
oval size represents the proportion of each stem wax
class relative to total wax amount per area of the speci-
fied wild-type or mutant (Fig. 1). The general trend in all
single mutants, except cer4, is a reduction in the alkane
pool size and an increase in the ester, primary alcohol,
and/or acid pools (Fig. 1). Double mutants show a trend
toward further reduction in alkane proportions and fur-
ther increases in the relative acid, primary alcohol, and
ester pools. In all single and double mutants, the reduc-
tion in the secondary alcohol and ketone pools is di-
rectly proportional to the reduction in the alkane pool,
except in single and double mutants containing cerS
where secondary alcohol and ketone pools actually in-
crease relative to the alkane pool (Fig. 1, Table 1).

The amount of alkanes on WS and Ler were
759 ug dm~—2 (48% of total) and 1271 pg dm > (49% of
total), respectively (Table 1). Except for cer4, all the sin-
gle and double cer mutants showed a reduction in the
amount of these alkanes relative to wild-type ranging
from 7.9 ugdm 2 (1.0% of WS) in cerl cerd and
9.7 ugdm=2 (0.8% of Ler) in cer6 cer9 (Table 1) to
550 pg dm 2 (43.3% of Ler) in cer8 cer 19 (Table 1).
cer4 alkanes were statistically equivalent to wild-type
(p = 0.15; Table 1). Amounts of the alkane metabolites,
the secondary alcohols and ketones, are reduced in all
single and double cer mutants (p < 0.05; Table 1). Com-
pared to wild-type, fatty acid amounts are reduced in all
single and double mutants except cer6, cer8, cer9, cerl9,
cers cer8, cer5 cer9, cer6 cer9, cer7 cer8, cer§ cer9, cer8
cerl3, cer8 cerl9, and cer9 cerl9, aldehyde amounts are
reduced in all lines except cer4, cerl cer4, and cer8 cerl9
(p £0.05; Table 1), primary alcohol amounts are re-
duced in all lines except cer2, cer3, cer6, cer9, cerl
cer3, cer2 cer3, cer7 cer8, cer8 cer9, cer8 cer 13, and
cer9 cerl9, and, esters are reduced in all lines except
cer8, cer9, cerl cer2, cerl cer3, cer2 cer3, cer2 cerd,
cerd cer8, cerd cer9, cer6 cer9, and cer8 cer9 (p < 0.05;
Table 1).

Table 2

Cuticular wax free fatty acids on Wassilewskija (WS) and Landsberg
(Ler) ecotype, and single and double mutants, expressed as amounts
(ngdm™)

Genotype  Acids

16 18 20 22 24 26 28 30

WS 34 28 12 04 1.4 118 7.0 1.8
cerl 24 23 00 09 2.0 3.1 2.5 8.0
cer2 24 20 0.0 0.0 0.4 9.9 2.9 0.0
cer3 1.9 1.9 03 05 0.7 1.7 4.9 0.0
cerd 1.9 1.7 03 00 0.8 5.0 6.7 42

cerl cer2 0.1 00 00 0.1 9.3 8.1 0.0 0.0
cerl cer3 04 00 22 0.0 10.9 0.8 0.0 0.0
cerl cerd 0.1 0.0 03 0.0 5.6 114 0.0 1.7
cer2 cer3 34 41 13 00 1.2 4.0 2.8 0.0
cer2 cerd 0.1 00 26 0.0 0.0 6.9 0.0 0.0
cer3 cerd 2.9 2.6 0.7 0.0 0.0 0.0 1.8 0.0

Ler 32 14 07 03 2.6 2.6 11.5 3.0
cerS 19 07 05 04 39 34 5.8 0.1
cer6 3.9 1.7 14 1.1 76 167 10.8 0.1
cer7 34 1.0 04 03 2.1 1.7 6.3 0.6
cer8 29 14 1.5 1.6 184 326 2003 260.1
cer9 2.5 1.3 07 08 368 40.1 21.5 12.7
cerl3 3.7 1.0 05 03 2.5 1.5 6.5 3.9
cerl9 32 1.2 07 07 7.0 5.9 12.8 4.2

cer5 cer8 19.7 136 46 24 14.1 11.9  26.7 13.2
cer5 cer9 3.5 1.6 1.1 1.9 199  26.0 10.6 1.4
cer6 cer9 34 14 20 18.6 528 64.8 10.5 0.7
cer7 cer8 11.3 40 23 1.7 11.3 9.5 25.7  79.7
cer8 cer9 3.8 2.1 20 64 220 246 393 173
cer8 cerl3 5.1 28 2.1 1.0 13.9 16.2 57.3 141
cer8 cerl9 3.5 22 1.6 2.0 21.5 30.8 164 191
cer9 cerl9 3.4 1.8 09 1.6 548 482 229 9.6
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Eight of the 14 double cer mutants had alkane
amounts that were lower than both of the respective
cer parents (p < 0.05; Table 1). cerl cer2 and cer8
cerl9 had alkane amounts that were equivalent to the
highest alkane parent, while cerl cer3, cer2 cer3, and
cer9 cer 19 alkane amounts were equivalent to that of
the parent having the lowest alkane amount (p > 0.05;
Table 1). Acid amounts in double mutants did not vary
greatly from the single cer parents, except for cer6 cer9,
cer8 cer9, and cer9 cerl9, which showed a remarkable
synergistic effect, having acid amounts that were
2500%, 4150% and 1650%, respectively, of wild-type
amounts (Table 1). When cer5, cer7, and ceri3 were
each combined with cer8, respectively, they reduced
the increase in acids that was caused by the cer§ muta-
tion (p < 0.05; Table 1). As for aldehydes, it was noted
that when cerl, cer2, and cer3 were each combined in
double mutants with cer4, respectively, each reduced
the increase in aldehydes that resulted from the cer4
mutation (p < 0.05; Table 1). Further, cer5 cer9 showed
much lower aldehydes than both respective cer parents
(» < 0.05; Table 1). One double, cer2 cer3 had a syner-
gistic increase in primary alcohols producing more pri-
mary alcohols than the sum of primary alcohols on

Table 3

Cuticular wax aldehydes on Wassilewskija (WS) and Landsberg (Ler)
ecotype, and single and double mutants, expressed as amounts
(g dm?)

the single cer? and cer3 mutants together (p < 0.05),
and one double, cer7 cer8, had additive effects on pri-
mary alcohol amounts, producing more primary alco-
hols than either cer parent but less than the sum of
both parents (p < 0.05). Interestingly, cer3 cerd, cerS
cer8, and cer6 cer9 had primary alcohol amounts signif-
icantly lower than those of both parents, respectively
(p <£0.05; Table 1). Four double cer mutants, cerl
cer2, cerl cer3, cerl cer4, and cer2 cer4 had a synergistic
increase in ester amounts relative to both cer parents,
and one double mutant, cer9 cer 19, had ester amounts
lower than both parents (p < 0.05; Table 1). Ester
amounts of all other doubles were not significantly dif-
ferent from one or both of the parents (p > 0.05; Table

1).
3.3. Wax homologue chain length distributions

The most notable changes in acid chain length
amount in the WS ecotype mutants occurred as an in-
crease in the 24 carbon acids on cerl cer2, cerl cer3,
and cerl cer4 (Table 3). In the Ler ecotype mutants,
an increase in C,q to Csq acids on cer8 was notable, with
an especially large increase in the 30-carbon acid to

Table 4

Cuticular wax primary alcohols on Wassilewskija (WS) and Landsberg
(Ler) ecotype, and single and double mutants, expressed as amounts
(ng dm™?)

Amount Aldehydes Genotype Primary alcohols
24 26 28 30 24 26 28 30

WS 0.4 2.5 6.3 43.1 WS 3.1 28.9 554 32.3
cerl 0.0 0.0 1.7 30.6 cerl 0.8 7.6 12.3 18.8
cer2 0.0 1.1 1.6 0.0 cer2 0.7 125 55.1 1.7
cer3 0.0 1.3 4.1 5.5 cer3 1.0 19.9 43.9 173
cerd 0.0 3.8 6.0 140 cerd 0.1 1.7 1.9 8.8
cerl cer2 0.0 1.0 0.0 0.4 cerl cer2 0.7 42.8 49.3 2.5
cerl cer3 0.0 2.1 0.7 4.6 cerl cer3 1.4 14.1 65.6 74.5
cerl cerd 0.0 3.8 0.0 443 cerl cerd 2.1 33 16.6 0.5
cerl cer3 0.0 2.1 5.0 1.5 cer2 cer3 1.6 277 234 4.8
cer2 cerd 0.0 6.3 2.3 0.5 cer2 cerd 0.5 44.2 35.6 0.6
cer3 cerd 0.0 0.0 4.8 0.7 cer3 cerd 0.0 0.0 0.0 5.7
Ler 1.4 6.8 19.5 54.1 Ler 7.1 56.7 137.6 61.2
cers 1.1 7.6 5.4 6.3 cery 3.7 479 106.5 24.7
cer6 44 26.8 10.0 1.5 cer6 20.7 201 49.1 1.7
cer7 0.9 4.5 34 5.0 cer7 33 38.2 72.5 127
cer8 1.5 6.7 21.0 34.9 cer8 9.3 58.6 121 18.8
cer9 1.1 12.4 23.9 14.5 cer9 5.8 118 197 21.3
cerl3 0.8 2.8 3.8 8.6 cerl3 2.8 24.3 62.8 130
cerl9 5.8 13.5 26.5 12.7 cerl9 16.0 57.2 85.1 14.1
cer5 cer8 1.3 31.7 3.0 2.6 cer5 cer8 4.1 33.0 45.0 7.1
cer5 cer9 0.9 6.1 2.3 3.1 cer5 cer9 3.8 84.0 68.6 14.2
cer6 cer9 15.4 23.8 4.5 1.5 cer6 cer9 36.1 82.8 8.1 1.1
cer7 cer8 1.2 13.3 2.8 4.4 cer7 cer8 6.5 68.4 112 146
cer8 cer9 1.2 13.5 22.3 8.7 cer8 cer9 7.2 139 129 4.6
cer8 cerl3 1.0 2.9 4.1 9.4 cer8 cerl3 4.3 36.7 83.9 153.1
cer8 cerl9 2.1 7.6 28.6 44 .4 cer8 cerl9 9.4 54.7 95.5 17.0
cer9 cerl9 2.1 14.2 24.8 10.9 cer9 cerl9 9.2 113 156 19.1
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Table 5

Cuticular wax alkanes on Wassilewskija (WS) and Landsberg (Ler)
ecotype, and single and double mutants, expressed as amounts
(ngdm?)

Table 6

Cuticular wax secondary alcohols on Wassilewsklja (WS) and Lands-
berg (Ler) ecotype, and single and double mutants, expressed as
amounts (ng dm™?)

Amount Alkanes Genotype Secondary alcohols
25 27 29 31 27 29 31

WS 0.6 6.8 735 16.8 WS 1.3 172 5.2
cerl 0.5 0.0 10.2 2.6 cerl 0.0 5.0 0.0
cer2 0.5 9.9 3.8 0.8 cer2 32 1.6 0.0
cer3 0.8 1.3 182 45.1 cer3 0.0 37.6 5.4
cerd 0.8 7.8 812 21.4 cerd 33 150 3.6
cerl cer2 0.6 9.0 2.6 4.8 cerl cer2 1.6 7.5 1.3
cerl cer3 0.6 2.2 2.7 10.7 cerl cer3 0.0 12.0 5.0
cerl cerd 0.7 1.9 2.2 3.1 cerl cerd 0.0 3.6 33
cer2 cer3 0.7 4.5 7.0 1.4 cer2 cer3 1.7 1.7 0.9
cer2 cerd 0.7 14.1 2.5 4.8 cer2 cerd 1.6 6.2 0.0
cer3 cerd 0.6 0.4 72.3 46.9 cer3 cerd 0.0 18.4 0.0
Ler 0.5 13.2 1196 61.3 Ler 5.5 137 12.1
cers 0.3 4.0 228 36.2 cers 53 66.8 8.4
cer6 0.2 14.3 5.5 3.0 cer6 4.1 4.8 0.5
cer7 0.5 2.2 211 7.0 cer7 1.3 16.7 54
cer8 0.7 15.1 490 8.0 cer8 2.4 58.8 43
cer9 1.2 12.5 280 8.3 cer9 44 27.3 4.9
cerl3 0.5 33 371 27.6 cerl3 1.5 353 7.4
cerl9 1.7 33.0 348 28.7 cerl9 2.6 254 4.5
cery cer8 0.6 3.0 33.6 3.1 cerd cer8 2.1 10.7 2.8
cery cer9 0.3 1.1 15.8 4.0 cer5 cer9 2.9 14.8 3.1
cer6 cer9 3.5 1.9 2.2 2.2 cer6 cer9 0.9 3.5 0.4
cer7 cer8 0.6 2.2 91.2 17.2 cer7 cer8 2.2 16.4 5.7
cer8 cer9 1.1 8.3 S1.1 1.9 cer8 cer9 3.3 9.9 1.1
cer8 cerl3 0.3 2.6 202 12.9 cer8 cerl3 2.1 22.3 4.7
cer8 cerl9 1.1 18.2 513 17.3 cer8 cerl9 2.3 42.1 4.2
cer9 cerl9 0.8 13.9 285 9.5 cer9 cerl9 3.1 30.7 3.6

260.1 pg dm 2 (8570% increase). The 24 and 26 carbon
acids on cer9 increased to 36.8 pgdm 2 (1320% in-
crease) and 40.1 pg dm 2 (1440% increase), all the acids
on cer 5 cer8 increased between 132% and 871% from
Ler levels, the C 55, Cyy, and Cy¢ acids on cer5 cer9 in-
creased between 533% and 900% from Ler, the Cy,
and C,4 acids on cer6 cer9 increased between 6100%
and 20,200% from Ler, most acids (especially the Cs
acid) increased on cer’ cer8 and cer§ cerl3, and the
C,, and longer acids increased on cer8 cer9 between
2030% and 3250% from Ler levels (Table 2).

In the aldehyde class, the chain length distributions
were affected primarily by large reductions in the Cs
aldehyde (the longest quantifiable homologue) in all sin-
gle and double mutants except cerl, cerd, cerl cer4, cerS,
and cer8 cerl9 that showed little or no change (Table 3).
Notable elevations in aldehyde chains occurred in cerl
cer4 showing elevated 26-carbon aldehydes, and cer6,
cer5 cer8, cer6 cer9, cer7 cerS, cer8 cer9, and cer9
cerl9 that showed considerable elevation in either the
24- and/or 26-carbon aldehyde (Table 3).

For the primary alcohol constituents, an increase in
the amount of shorter chain length C,4 and/or Cy¢ pri-
mary alcohols occurred in cer2, cerl cer2, cer2 cer3,
cer2 cerd, cer6, cerS, cer9, cer 19, cer5 cer9, cer6 cer9,

cer7 cer8, cer8 cer9, cer8 cer 19, and cer9 cer 19 (Table
4). Larger amounts of the longer chain-length primary
alcohols occurred in cer3, cerl cer3, cer7, cerl3, and
cer8 cerl3 (Table 4). The largest changes occurred in
the 30-carbon alcohol on cer3 whose amount increased
to 173 pg dm~2 (436% increase), and the 26- and 28-car-
bon primary alcohols on cer2 cer3 whose amounts in-
creased to 277 pgdm > (858% increase) and
234 pug dm 2 (322% increase) (Table 4).

All single and double mutants showed reduced alk-
anes except cer4, and the most affected constituent was
the 29-carbon homologue (Table 5). Relative alkane dis-
tributions on mutants exhibited little change except in
cer2, cerl cer2, cer? cerd, cer6, cer8, and cerl9 that
exhibited a slight shift to shorter alkanes (Table 5). Sec-
ondary alcohols are derived directly from alkanes, and
showed similar reductions in chain length homologues
in mutants, respectively (Table 6). All detectable ketones
were 29 carbons, and ester chain lengths were not
determined.

4. Discussion

The following discussion will focus on the most
dramatic and sometimes unexpected effects of CER
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gene interactions, and what these interactions reveal
about the genetic framework underlying wax produc-
tion by Arabidopsis inflorescence stems. Although pre-
vious studies have used double mutant analysis to
examine interactions between genes involved in flower
(Bowman et al., 1993, 2002; Scortecci et al., 2003),
leaf (Serrano-Cartagena et al., 2002), and root devel-
opment (Parker et al., 2000), stress signaling (Nibbe
et al., 2002), and various carbohydrate and lipid met-
abolic pathways (Cano-Delgado et al., 2000; Niyogi et
al., 2001; Thummel and Chory, 2002; Rylott et al.,
2003), the double mutant analysis of cer gene interac-
tions presented here is the first of its kind for plant
wax synthesis, and among the most extensive for
any plant metabolic network.

Five of the 14 double cer mutants, cerl cer3, cer2
cer3, cer6 cer9, cer8 cer9, and cer8 cerl9, produced
significantly more total wax than at least one of their
respective cer parents, indicating genetically a partial
bypassing (or partial complementation) of one cer
mutation by the other. Since total wax amounts on
10 of 14 double cer mutants were not less than both
of the respective cer parents, a redirection of flux
(or shunting) of wax precursors is the most common
effect of these gene interactions. The most abundant
wax class on Arabidopsis stems is alkanes, and alk-
anes (and alkane metabolites) are the major deficiency
in all known cer mutants except cer4. In eight double
cer mutants, alkane amounts were significantly lower
than in both respective cer parents suggesting that
the wild-type functions of these CER gene products
overlap additively in alkane synthesis. As such, paral-
lel alkane pathways are a distinct possibility. cer
mutations that inhibit flux into the alkane branch typ-
ically cause shunting of substrates into other branches,
the degree and direction of which being highly vari-
able and specific to the cer mutation (see Fig. 2).
Likewise, the influence of cer gene interactions on
the shunting of precursors away from the alkane

Free Acids

Acyl-CoA —) Aldehydes —)> Alkanes —p» Secondary — Ketones

\ Primary

Alcohols

Alcohols

Aliphatic Esters

Fig. 2. Model cuticular wax metabolic pathway. Acyl-CoA wax
precursors are lengthened by enzyme complexes called elongases, and
then converted to either (1) free fatty acids by a putative acyl-CoA
thioesterase, (2) to primary alcohols by a large acyl-CoA reductase, (3)
to esters by condensation of acids with primary alcohols by a fatty
acyl-CoA:fatty alcohol transacylase, or (4) to aldehydes by a small
acyl-CoA reductase. Aldehydes can be converted to alkanes by a
putative aldehyde decarbonylase, and then to secondary alcohols and
ketones by two putative oxidases (from Kolattukudy, 1996).

branch was also variable. For example, the cer6
cer9, cer8 cer9, and cer9 cerl9 double mutants showed
a synergistic increase in the amount of acids, cer2 cer3
had a synergistic increase in the amount of primary
alcohols, cer7 cer8 had an additive increase in primary
alcohols, and cerl cer2, cerl cer3, cerl cerd, and cer2
cer4 had synergistic increases in esters. The differences
in shunting caused by these gene mutations and their
interactions reveal the presence of multiple operations
controlling the distribution of precursor flux within
the wax metabolic (and/or secretory) networks. In
addition, no wax class was completely eliminated from
the wax profile of any of 21 single cer mutants (Jenks
et al., 1995; Rashotte et al., 2001) or any of the 14
new double cer mutants, even though cerl, cer2,
cer3, and cer6 occur as insertional knock-outs (Jenks
et al., 2002; Jenks, unpublished). The inability to com-
pletely block substrate flux at any step in the wax
pathway by single and double cer mutations provides
additional evidence for significant redundancy in wax
pathway operations.

The cerl mutant’s alkane deficiency and the pre-
dicted CER1 protein sequence led Aarts et al. (1995)
to suggest that CERI may encode a decarbonylase
that converts aldehydes to alkanes, even though
CERI1 is not homologous to known decarbonylases,
such as those in alga (Cheesbrough and Kolattukudy,
1984; Dennis and Kolattukudy, 1992). Further sup-
port for this came when elevated CERI expression
by WINI activation increased alkane production by
Arabidopsis leaves (Broun et al., 2004). The CERI
gene has high homology to WAX2 (32% identity),
however the wax2 mutant’s wax profile suggested that
WAX2 was required for acyl-CoA reduction to alde-
hydes rather than aldehyde decarbonylation to alkanes
(Chen et al., 2003). Another important consideration
is that cerl and wax2 both significantly inhibit pri-
mary alcohol synthesis (Jenks et al., 1995; Chen et
al., 2003). As such, a conclusion that CERI and
WAX2 encode simple decarbonylases seems unlikely.
When the cerl was placed in the cer2 and cer3 back-
grounds (mutants with primary alcohol amounts much
higher than in wild-type), the primary alcohols on cerl
cer2 and cerl cer3 were much lower than on the
respective cer? and cer3 parents. This new evidence
thus contributes the argument that CERI is required
for maximum primary alcohol production. Regardless
of the exact mechanisms involved, these results show
that the CERI1 protein has some role to play in both
aldehyde conversion to alkane, and acyl-CoA conver-
sion to primary alcohol.

The cer2, cer6, cer8, cer9, and cerl9 mutations re-
duce wax chain length distributions suggesting that
they inhibit acyl-CoA elongation (Jenks et al., 1995;
Xia et al., 1997, Millar et al., 1999; Fiebig et al.,
2000). CER2 was predicted to encode a nuclear-local-
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ized protein (Xia et al., 1997), whereas CERG6 encodes
a B-keto acyl-CoA synthase that likely forms part of
the acyl-CoA elongation complex (Millar et al.,
1999; Fiebig et al., 2000). The CERS, CER9, and
CERI9 gene sequences have yet to be identified. Based
on wax chain length analysis, the cer2, cer6, and cer9
mutations appear to inhibit C,¢ acyl-CoA elongation
primarily (Jenks et al., 1995). However, the preceding
C,4 acyl-CoA elongation step is most suppressed in
the cer6 cer9 double mutant. These results reveal an
interactive role for the CER6 and CERY proteins in
both the C,4 and C,¢ acyl-CoA elongation reactions.
Based on wax chain lengths, cer8§ inhibits C;y acyl-
CoA elongation primarily (Jenks et al., 1995). We thus
predicted that cer9 would be epistatic to cer§. How-
ever, cer8 cer9 instead displayed an intermediate effect
on wax chain lengths, i.e., cer8 cer9 primarily blocks
Cys acyl-CoA celongation. These results indicate an
interactive role for the CER8 and CERY proteins in
the Cys, Csg, and Csp acyl-CoA elongation reactions.
In contrast, double mutants containing cer2 provided
no evidence that cer2 was involved in elongation steps
other than C,4 elongation. cer/9 slightly inhibits the
C,g clongation step (Jenks et al., 1995), leading us
to speculate that like cer9, the cerl/9 mutation would
also be epistatic to cer§. Surprisingly, we observed
that cer8 was nearly epistatic to cerl9 (i.e., the cer§
cerl9 wax profile was very similar to cer§). A large
build-up (or backup) of shorter acyl-CoA substrates
in the elongation pool of cer8 cerl9 (potentially
caused by cer8’s Cjzo elongation defect) apparently
compensates for cer/9’s subtle defect in acyl-CoA
elongation. Regardless of the specific mechanisms in-
volved, results here reveal numerous interacting fac-
tors associated with acyl-CoA elongation reactions,
and provide evidence that individual genes function
in more than one acyl-CoA chain elongation step.
Interestingly, the cer6 cer9 and cer8 cer9 double mu-
tants had among the lowest alkane amounts of any
mutants, revealing a large additive interaction among
CER6, CERS8, and CER9 in alkane synthesis. The
molecular basis for the CER6, CERS, and CER9
interactions in multiple elongation steps and alkane
synthesis needs further exploration.

The longer wax chain lengths of cer3, cer7 and
cerl3 led to predictions that these mutations might
suppress operations associated with the hydrolysis of
fatty acyl-CoA, and thereby suppress the release of
acyl chains from the elongation pool (Liu and Post-
Beittenmiller, 1995; Jenks et al., 1995). Since alde-
hydes and their metabolites alkanes, secondary
alcohols, and ketones (Fig. 2) are greatly reduced in
the cer3, cer7, and cerl3 mutants, but primary alco-
hols are not (or little) reduced, these mutations appar-
ently suppress acyl-CoA conversion to aldehydes used
in the alkane pathway, but not acyl-CoA conversion

to primary alcohols. When cer7 and ceri3 were exam-
ined in the cer8 background, they reduced the total
free acids, aldehydes, and aldehyde metabolites to lev-
els much below those of the cer§ parent. Likewise,
cer3 generally lowered relative acid, aldehyde, and
aldehyde metabolite amounts below those of the other
parent in each respective double. These results lend
support to previous speculation that cer3, cer7, and
cerl3 inhibit reactions associated with hydrolysis of
acyl-CoAs utilized for alkane but not primary alcohol
production. Recent studies reveal that CER3 encodes
a protein with homology to ubiquitin-like E3 protein
ligase (Hannoufa et al, 1996; Freiman and Tijan,
2003), and perhaps regulates wax synthesis by target-
ing for degradation specific wax metabolic or regula-
tory proteins (Jenks et al., 2002). It is unclear
whether the CER7 and CER13 proteins impact similar
functions as neither CER7 nor CERI3 gene sequences
have been identified.

The cer4 mutation is predicted to block the conver-
sion of acyl-CoAs to primary alcohols. Surprisingly,
cerl cerd and cer2 cer4 produce significantly more pri-
mary alcohols than the cer4 mutant. The cerl cer4
and cer2 cer4 doubles also produce more esters than
both cer parents, likely due to elevation in the amount
of primary alcohols that serve as the precursors to es-
ters. The cerl and cer2 mutations thus partially by-
pass the cer4 defect. Further studies are needed to
reveal whether (and how) these interactions cause
up-regulation of alternative primary alcohol synthetic
pathways.

Mutation in the CER5 gene appears to reduce alk-
anes, in part, by enhancing either the transfer or oxi-
dative conversion of alkanes to secondary alcohols
and ketones. The ratios of alkanes/secondary alcohols
and alkanes/ketones in wild-type are 8.2 and 1.8,
respectively, whereas these same ratios in cer 5 were
3.3 and 0.7, respectively. These ratios appear highly
conserved in Arabidopsis since no single or double
cer mutant, except those containing cer5, have these
ratios significantly changed from wild-type. Interest-
ingly, the cer5 cer8 and cer5 cer9 double mutants
showed even greater rates of conversion of alkanes
to secondary alcohols and ketones than cer5, with
the alkanes/secondary alcohols and alkanes/ketones ra-
tios for cerd cer8 and cer5 cer9 being 2.6 and 0.6, and
1.0 and 0.2, respectively. Instead of lessening the cers
effect, cer8 and cer9 interaction with cer5 intensified it.
A recent report that CER5 may encode an ABC
transporter (Pighin et al., 2003) lends support to the
hypothesis that CERS may have a unique non-meta-
bolic function in wax production. Whether the
CERS8 and CER9 genes (previously associated with li-
pid transfer/secretory functions (see Jenks et al., 1995),
encode proteins that interact in the wax secretory
pathway with CERS is an intriguing possibility.
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5. Conclusions

The lack of clear epistatic interactions between cer
genes, the inability to reduce stem wax amounts in most
(10 of 14) double cer mutants below those of both cer
parents, the inability to completely block production
of any class of stem waxes (or any pathway branch) in
all 14 double cer mutants, and the many additive and
sometimes synergistic effects on stem wax class and con-
stituent amounts observed for these cer interactions, re-
veals a highly complex cuticular wax production
pathway. To what degree the wax profiles of these dou-
ble cer mutants were due to overlapping enzymatic,
secretory, or regulatory functions is still uncertain. Nev-
ertheless, findings presented here that much redundancy
occurs in the wax production pathway is critically
important if CER gene product functions are to be stud-
ied using in vitro or heterologous systems, or if these
CER genes are to be used for crop improvement. This
report has shed new light on the genetic framework
underlying wax synthesis, and these new double cer mu-
tants will provide a valuable resource for future bio-
chemical and genomic studies to elucidate the role of
CER genes in wax metabolism and secretion.
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