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Abstract
Aldehydes are components of many moth sex pheromones, and are thought to be produced from analogous alcohols by oxidase(s)
in the cell membrane or the gland cuticle. This implies that the two types of components are produced and/or stored in different
parts of the gland: alcohols in cells and aldehydes in cuticle. Few studies have investigated the distribution of components in moth
pheromone glands. Using rinse/extract sampling, stable isotope tracer/tracee methods, and decapitation/ pheromone biosynthesis
activating neuropeptide stimulation, we studied production and distribution of (Z)-11-hexadecenal (Z11–16:Ald) and (Z)-
hexadecenol (Z11–16:OH) in the gland of Chloridea virescens (formerly Heliothis virescens). The rinse, which likely sampled
the surface and outer cuticle, contained large amounts of aldehyde and small amounts of alcohol. By contrast, the residual extract,
which likely sampled cells and less solvent-accessible (inner) cuticle, had large amounts of alcohol and small amounts of aldehyde.
When a tracer (U-13C-glucose) was fed to females, the aldehyde had higher isotopic enrichment than the alcohol in the rinse, but
not in the residual extract, showing that in the rinse pool, Z11–16:Ald was, on average, synthesized before Z11–16:OH. This is
consistent with greater aldehyde than alcohol flux through the cuticle. While our results are consistent with cell/cuticle synthesis
sites for alcohol/aldehyde components, we cannot rule out both being synthesized in gland cells. We propose two alternative
conceptual models for how site of production, cuticular transport and catabolism/metabolism might explain the relative masses of
Z11–16:Ald and Z11–16:OH translocated to the pheromone gland surface in female C. virescens.
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Introduction

Most species of moths use a volatile female-produced sex
pheromone during mate location (Allison and Cardé 2016a).
The most common types of sex pheromone components pro-
duced by femalemoths are straight chain, unsaturated terminal
alcohols, aldehydes or acetate esters (Ando et al. 2004). These
so-called BType 1^ compounds are biosynthesized in, and
released from, a specific gland, usually part or whole of the
intersegmental membrane between the 8th and 9th abdominal
segments (Ma and Ramaswamy 2003). Biosynthesis of Type
1 pheromone components involves de novo production of a

saturated fatty acid (usually hexadecanoic) from acetyl CoA,
itself produced from mitochondrial oxidation of fat or carbo-
hydrate (Foster and Anderson 2015), followed by chain mod-
ification through desaturation and/or cytosolic β-oxidation,
before the functional group is added at the carboxyl end
(Blomquist et al. 2011; Foster 2016). De novo biosynthesis
of these compounds is regulated by release of the pheromone
biosynthesis activating neuropeptide (PBAN) (Jurenka 2017).

While much work has focused on the biosynthesis of
these compounds, particularly the enzymes involved in de-
termining the carbon chain number and unsaturation
(Bjostad et al. 1987; Blomquist et al. 2011), relatively little
is known about the actual function of the gland, especially
in regard to pheromone component storage, translocation of
components to the cuticular surface, and release from the
surface. These processes are important, not only because
they determine the amount of pheromone released by a fe-
male, but also because they can determine the relative
amounts (i.e., ratio) of different components in the
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pheromone, a property that is thought to be critical to suc-
cessful mate recognition (Allison and Cardé 2016b).

We have recently begun to study the function of the pher-
omone gland in the mothChloridea virescens (Fabricius) (for-
merly Heliothis virescens; family Noctuidae] by quantifying
and modeling production, storage, catabolism and release of
the major pheromone component (Z)-11-hexadecenal (Z11–
16:Ald) (Foster et al. 2018), as well as differentially sampling
the gland for distribution of Z11–16:Ald and the minor com-
ponent (Z)-tetradecenal (Z9–14:Ald) (Foster and Anderson
2018). This work has shown that most pheromone produced
is catabolized rather than released and that the two compo-
nents are differentially distributed through the gland.

The analogous alcohol, (Z)-11-hexadecenol (Z11–16:OH), of
the major component is found in relatively high abundance in
whole gland extracts of C. virescens, but was thought not to be a
component of the pheromone (Hillier and Baker 2016).
However, a recent study demonstrated that it was released by
females at very low rates (relative to Z11–16:Ald) and, when
added to a synthetic blend (at 1% of Z11–16:Ald), increased trap
catches of males, suggesting it is a pheromone component
(Groot et al. 2018). The presence of an analogous alcohol and
aldehyde in the pheromone gland of amoth is interesting because
the two compounds are very closely related biochemically, with
the aldehyde thought to be produced by oxidation of the alcohol
(Teal and Tumlinson 1986). In fact, their relationship is even
more interesting in that the prevailing thought (Groot et al.
2018; Hillier and Baker 2016; Teal and Tumlinson 1988) is that
the two compound classes are produced in distinctly different
parts of the gland: alcohols (and also acetate esters; Jurenka
and Roelofs 1989) inside gland cells, via reduction of a fatty acid
by a fatty acid reductase (Hagström et al. 2013), and aldehydes at
the membrane interface or in the cuticle overlaying the cells
(Luxová and Svatoš 2006; Teal and Tumlinson 1988). This pro-
duction of pheromone aldehydes in or just prior to the gland
cuticle is based on the finding of non-specific oxidase activity,
in the cell membrane or cuticle of several species of moths, able
to convert topically applied alcohols to their analogous aldehydes
(Fang et al. 1995; Luxová and Svatoš 2006; Teal and Tumlinson
1986; Teal and Tumlinson 1987; Teal and Tumlinson 1988).

We surmised that using our techniques for solvent sam-
pling the inner and outer parts of the pheromone gland
(Foster and Anderson 2018), combined with stable isotope
tracer-tracee techniques for tracking newly synthesized pher-
omone (Foster and Anderson 2011), we could learn more
about the distribution and conversion of alcohols to aldehydes
in the pheromone gland of femaleC. virescens. Specifically, in
this paper we set out to address, (i) the variation of whole
gland titers of the two components over time and with
decapitation/PBAN stimulation, (ii) the distribution of the
two components through the inner and outer parts of the
gland, and (iii) the translocation of newly synthesized
(labeled) components in the gland.

Methods and Materials

Insects

We used moths from a laboratory colony that was initiated
with insects from USDA-ARS (Fargo, ND) and later supple-
mented with insects supplied by Dr. Fred Gould (Department
of Entomology, North Carolina State University). Larvae were
fed on a wheatgerm-casein diet. After pupation, the insects
were sexed and females and males placed in separate con-
tainers at 25 °C and under a 16:8 L:D photoperiod. Newly
emerged females were collected each day and stored without
access to liquid, under the same conditions, until used.
Typically, starvation for 1 d has little effect on pheromone titer
of young virgin females (Foster and Johnson 2010).

Chemical Sampling/Extraction

For analysis of whole glands, pressure was applied to the
abdomen of a female to extrude the gland, which was ex-
cised with fine forceps. The gland was placed in 10 μl of
heptane, along with 50 ng of (E)-11-tetradecenal internal
standard, and allowed to extract for at least 1 h at ambient
temperature before analysis by gas chromatography/mass
spectrometry (GC/MS).

The gland was also sampled for pheromone by a rinse/
extract method (Foster and Anderson 2018). Briefly, the sur-
face of a female gland was rinsed with 20 μl of heptane using
a 100 μl gas tight syringe. The rinse was collected in a small
tube along with 50 ng of internal standard. Thereafter, the
gland was excised, dried on a Kimwipe and extracted in
10 μl of heptane along with internal standard, as above.
Thus, we obtained two samples from an individual female:
the initial rinse, which effectively samples the outer cuticle
and surface of the gland, and the extract, which samples the
residual pheromone located more inside (e.g., in cells) the
gland (Foster and Anderson 2018). In one experiment, we
collected three successive individual rinses of a gland before
obtaining the residual extract.

Chemical Analysis

GC/MS was carried out using an Agilent 7890/5978A
(Agilent Technologies, Santa Clara, CA) fitted with a DB-
Wax UI (30 m × 0.25 mm× 0.25 mm film thickness) capillary
column (Agilent J&W). The column oven was temperature
programmed from 80 °C (delay of 1 min) to 180 °C at
15 °C.min−1, then to 190 °C at 5 °C.min−1, and finally to
220 °C at 20 °C.min−1. Injection was splitless, with helium
as carrier gas at a constant flow of 1.5 ml.min−1. The MS was
operated in the selected ion mode with electron ionization
(70 eV).
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For pheromone quantitation, we monitored m/z 192 (for
Z9–14:Ald and E11–14:Ald), 220 (for Z11–16:Ald), and
222 (for Z11–16:OH), all moderately intense ions character-
istic of the compounds, representing the loss of 18 mass units
(H2O).

Mass Isotopomer Distribution Analysis (MIDA)

To determine isotopic enrichment of pheromone components
following introduction of a stable isotope tracer, we used the
technique of MIDA (Chinkes et al. 1996; Hellerstein and
Neese 1992). We have described this technique applied to
pheromone biosynthesis in detail previously (e.g., Foster and
Anderson 2011; Foster and Anderson 2018). Briefly, MIDA is
a combinatorial approach for determining monomeric precur-
sor enrichment in a polymer. For this, a stable isotope tracer is
introduced and the resultant distribution of isotopomers exper-
imentally determined by GC/MS. The intensities of only two
labeled isotopomers plus the unlabeled isotopomer are need-
ed. Usually, the intensities of the isotopomers including one
and two labeled monomers [(M + 1) and (M + 2), respective-
ly] are used to calculate tracer: tracee ratios (TTRs). Precursor
enrichment (PE; the proportion of labeled tracer monomer in
the polymer) is determined thus:

TTR Mþ 1ð Þ ¼ Mþ 1=Mþ 0ð Þpost− Mþ 1=Mþ 0ð Þpre ð1Þ

TTR Mþ 2ð Þ ¼ Mþ 2=Mþ 0ð Þpost− Mþ 2=Mþ 0ð Þpre–dT1 xTTR Mþ 1ð Þ
ð2Þ

PE ¼ 2 x TTR Mþ 2ð Þ=TTR Mþ 1ð Þ½ �
� n−1ð Þ þ 2 x TTR Mþ 2ð Þ=TTR Mþ 1ð Þ½ � ð3Þ

The post and pre subscripts denote isotopomer intensities
after and before label has been introduced into the system; this
accounts for the contribution of naturally occurring isotopes to
the (M + 1) isotopomer intensity. We used theoretically calcu-
lated (based on natural isotopic abundances) pre values since
we have found these differ little from experimentally deter-
mined ones (Foster and Anderson 2011). The dT1 term is the
contribution of the (M + 1) isotopomer spectrum to the (M +
2) isotopomer. Finally, n is the number of monomeric units in
the polymer. For Z11–16:Ald (and Z11–16:OH), this is 8 units
of acetyl CoA, and for Z9–14:Ald, 7 units.

Experiments

Whole Gland Z11–16:Ald and Z11–16:OH Titers

We ran two experiments quantifying the variation in titers of
the two compounds in the whole gland. In the first, at the start
of the scotophase, 1 d females were either decapitated or left

intact and sampled for Z11–16:Ald and Z11–16:OH over the
next 7 h. Components were quantified relative to the internal
standard. Six to ten decapitated or intact females were sam-
pled for each time point.

In the second experiment, females (1 d) were decapitated,
left for ca. 24 h, and then injected with 5 pmole of synthetic
Helicoverpa zea PBAN (Bachem. Torrance, CA) in physio-
logical saline (2 μl) and the amounts of Z11–16:Ald and Z11–
16:OH in the gland quantified at various times. Five to eleven
females were sampled for each time point.

Gland Distribution of Z11–16:Ald and Z11–16:OH

Two hours into the scotophase, the gland of a 1 d female was
subjected to three successive solvent rinses before it was ex-
cised and extracted in heptane. Internal standard was added to
each of the four samples (rinses 1, 2, 3 and residual extract)
and the samples quantified for both Z11–16:Ald and Z11–
16:OH. Six females were analyzed.

Next, intact (1 d), and decapitated (1 d, decapitated 16 h
prior) and PBAN-injected (5 pmol) females were subjected to
the (single) rinse/extract sampling and quantified for Z11–
16:Ald and Z11–16:OH. To ensure that the quantities of pher-
omone were similar in both types of female, intact females
were sampled 3 h into the scotophase, while PBAN-injected
females were sampled 2 h after injection. Ten females were
analyzed for each of the four treatments.

Enrichment Dynamics

Females were allowed to feed on a 12.5 μl drop of 10% (w/v)
U-13C-glucose (99% enrichment; Cambridge Isotope
Laboratories, Cambridge, MA) after which individual whole
glands were sampled and analyzed for Z11–16:Ald, Z11–
16:OH and Z9–14:Ald at various times. Only females (7–15
for each time point) that consumed the entire drop were sam-
pled. The appropriatem/z of Z9–14:Ald (192, 194, 196), Z11–
16:Ald (220, 222, 224) and Z11–16:OH (222, 224, 226) were
quantified and used for MIDA. These m/z correspond to the
loss of water from (M+ 0), (M + 1) and (M + 2) isotopomers
of the respective intact carbon skeletons of the compounds.

Finally, females were fed on U-13C-glucose and sampled
by the rinse/extract method at four times after feeding.
Precursor enrichments for Z11–16:Ald and Z11–16:OH in
both the rinse and extract were calculated as above. We did
not analyze for Z9–14:Ald enrichment because preliminary
samples showed the amount in rinse samples was too low
for reliable detection. Note that, because we were not strictly
making comparisons between the rinse and the extract, only
between compounds within the rinse or extract, we did not
compensate for the time difference between the two types of
sampling (the rinse is taken a little before the gland is excised
and extracted; see Foster and Anderson 2018). Therefore, we
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give only the nominal time (when the rinse commenced after
females had finished the glucose) for both types of sampling.
Eight or nine females were sampled at each time.

Statistical Analysis

Titers and ratios of Z11–16:Ald and Z11–16:OH were ana-
lyzed by ANOVA, after first checking heteroscedasity and
normality of data. For the multiple rinse experiment, we ana-
lyzed amounts of each of the compounds and their ratio in the
different samplings (three rinses and residual extract) by
mixed regression models, using insect identity as a random
effect. Differences among means of ratio and titer of each
compound across the different samplings were compared by
post-hoc Tukey HSD tests (α set at 0.05). The PBAN/intact
female rinse/extract experiment was analyzed similarly but
included a female treatment (PBAN-injected or intact) effect.

The final precursor enrichment of the each of the three
components was determined from the asymptote of a 3P
exponential model fit (JMP 2012) to the precursor
enrichment/time data. In both the rinse and extract sam-
plings of precursor enrichment, we used paired t tests to
assess the differences between Z11–16:Ald and Z11–
16:OH precursor enrichments (matched pair analysis, JMP
2012) at each of the four times.

Results

Whole Gland Z11–16:Ald and Z11–16:OH Titers

In intact females, Z11–16:Ald titer increased initially, rising to
a peak some 3 h into the scotophase before declining
(ANOVA, F4,32 = 3.40, p = 0.020). Z11–16:OH titer was fairly
constant through the scotophase but dropped by the end
(ANOVA, F4,32 = 3.86, p = 0.011) (Fig. 1a). There was a
strong positive correlation (correlation coefficient = 0.78,
F1,29 = 45.8; p < 0.001) between titers of Z11–16:Ald and
Z11–16:OH; consequently, the ratios of Z11–16:OH: Z11–
16:Ald were fairly constant (ca. <1; ANOVA, F4,32 = 1.43,
p = 0.25) throughout much of the scotophase (Fig. 1b).
Decapitation resulted in a decline in titer of both components
(ANOVA, F4,32 = 0.91, p = 0.011 for Z11–16:Ald and F4,32 =
8.08, p < 0.001 for Z11–16:OH) (Fig. 1a,). There was a strong
correlation (correlation coefficient = 0.61, F1,30 = 17.6; p <
0.001) between titers of Z11–16:Ald and Z11–16:OH. The
ratio of Z11–16:OH: Z11–16:Ald was relatively constant fol-
lowing decapitation (Fig. 1b; ANOVA, F4,32 = 0.79, p = 0.54).

Z11–16:Ald titer varied with time after PBAN injection,
similar to that for the dynamic changes in intact females, with
titer rising to a peak some 2 h following injection and then
declining (F8,47 = 11.2, p < 0.001) (Fig. 2a). Z11–16:OH titer
also increased to a peak at ca. 2 h following injection before

declining (F8,47 = 7.35, p < 0.001). Generally, titer of Z11–
16:OH was less than that of Z11–16:Ald (Fig. 2a). Again,
there was a very strong correlation (correlation coefficient =
0.82, F1,53 = 104.9; p < 0.001) between titers of Z11–16:Ald
and Z11–16:OH. Ratio of Z11–16:OH: Z11–16:Ald showed a
significant change (F8,47 = 5.70, p < 0.001) over the course of
the experiment (Fig. 2b), but this was mainly due to relatively
high ratios at the beginning of the experiment; after this, ratios
were relatively constant. It should be noted that in contrast to
the intact females, both Z11–16:Ald and Z11–16:OH titers at
the beginning of this experiment were initially very low and
rose rapidly.

Gland Distribution of Z11–16:Ald and Z11–16:OH

There was a significant effect (F = 7.71, p = 0.002, DF = 3,
Kenward Roger F test, mixed regression model) of treatment
on Z11–16:Ald titer over the three successive rinses. The first
rinse contained the greatest amount, with the succeeding
rinses containing progressively smaller amounts. There was
still a substantial amount of Z11–16:Ald left in the residual

Fig. 1 (a) Mean titers, and (b) ratios of (Z)-11-hexadecenal (Ald) and (Z)-
11-hexadecenol (OH) in whole glands of intact and decapitatedChloridea
virescens females at various times. The time scale represents hours of the
scotophase for intact females and hours after decapitation for decapitated
females. Lines were included in (a) to distinguish the different series.
SEMs are given
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extract (Fig. 3). Z11–16:OH titer also showed an effect of
treatment (F = 40.8, p < 0.001, DF = 3, Kenward Roger F test,
mixed regression model). In this case, all three rinses
contained small amounts, with the residual extract having by
far the greatest amount. Ratio of Z11–16:OH: Z11–16:Ald
showed a steady increase through the three rinses but was
highest in the residual extract and lowest in the first rinse
(F = 18.3, p < 0.001, DF = 3, Kenward Roger F test, mixed
regression model; Tukey HSD test).

The distribution of amounts of both Z11–16:Ald and Z11–
16:OH in the respective rinse and residual extract were re-
markably similar for both intact and PBAN-injected females
(Fig. 4). The mixed regression model showed no effect of
female treatment (PBAN/intact) but a strong effect of sam-
pling (rinse/extract) for both Z11–16:Ald (DF 1, F = 0.002,
P = 0.98 for treatment, F = 8.36, p = 0.006 for sampling) and
Z11–16:OH (DF 1, F = 0.04, P = 0.94 for treatment, F = 61. 6,
p < 0.001).

Enrichment Dynamics

In the whole gland extract, the three components had similar
precursor enrichment increases (Fig. 5), rising rapidly and

plateauing around 10–15 min as the precursor pool reached
equilibrium (i.e., when the labeled acetyl CoA from ingested
glucose equilibrated with the other sources of acetyl CoA used
for de novo pheromone production). Using an exponential 3P
model, we calculated the equilibrated precursor enrichments of
Z11–16:Ald, Z11–16:OH and Z9–4:Ald to be 0.20 ± 0.02,
0.22 ± 0.2 and 0.19 ± 0.02, respectively, indicating that the three
components were probablymade from the same precursor pool.

At each of the four times in the rinse sampling (Fig. 6a),
there was a difference between the precursor enrichment of
Z11–16:Ald and that of Z11–16:OH (matched pair analysis,
P < 0.05; see Table 1). Notably, the precursor enrichment of
Z11–16:Ald was always greater than that of Z11–16:OH, and
substantially so at 20 min. By contrast, in the residual gland

Fig. 3 Mean titers (ng/female) of (Z)-11-hexadecenal (Ald) and (Z)-11-
hexadecenol (OH) and mean ratios (OH: Ald) in the pheromone gland of
Chloridea virescens females sampled by three successive solvent rinses
(Rinses 1–3) and then placed in solvent to extract the residual (Extract).
Ratios are given on a scale 10 x their actual value. SEMs are given and
different letters of the same case and subscript indicate means of a given
compound or ratio that are different among treatments (mixed regression
model, Tukey HSD test, p < 0.05)

Fig. 4 Mean titers (ng/female) of (Z)-11-hexadecenal (Ald) and (Z)-11-
hexadecenol (OH) in the pheromone gland of Chloridea virescens fe-
males sampled by a solvent rinse followed by residual extraction of the
gland in solvent. Two types of females were sampled this way: intact
females 3 h into the scotophase, and decapitated females injected with
5 pmol of pheromone biosynthesis-activating neuropeptide (PBAN).
SEMs are given

Fig. 2 Mean (a) titers, and (b) ratios of (Z)-11-hexadecenal (Ald) and (Z)-
11-hexadecenol (OH) in whole glands of decapitated Chloridea virescens
females injected with 5 pmol pheromone biosynthesis activating neuro-
peptide. The time scale represents hours after injection. SEMs are given
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extract sampling (Fig. 6b), there was no difference between
the precursor enrichments of Z11–16:Ald and Z11–16:OH
(matched pair analysis; Table 1).

Discussion

Whole Gland Z11–16:Ald and Z11–16:OH Titers

During pheromone biosynthesis, in both intact and PBAN-
injected females, whole gland titers of Z11–16:Ald and
Z11–16:OH were highly correlated. This, combined with
the fact that decapitation resulted in rapid and correlated
declines in both compounds, suggests that their biosynthe-
sis is closely linked and controlled by the same factor (i.e.,
PBAN). While ratios of the two compounds were fairly
constant through the different experiments, there was a con-
sistent trend of relatively high ratios of Z11–16:OH: Z11–
16:Ald when titers of the compounds were low or dropping
rapidly (after decapitation), perhaps suggesting the alcohol
as a precursor to the aldehyde.

Gland Distribution of Z11–16:Ald and Z11–16:OH

The solvent rinse/residual extract samplings of the gland
showed differences in composition between the two sam-
plings, with most Z11–16:Ald in the rinse and most Z11–
16:OH in the residual extract. It is unlikely that this differ-
ence was due solely (or largely) to different solubility of the
two non-polar compounds in heptane, because successive
rinses of the gland failed to sample much more Z11–16:OH
and Z11–16:Ald, even though the final residual extract
contained substantial amounts of both (especially Z11–
16:OH). Thus, this likely shows that the two compounds
are distributed unevenly through the gland, with relatively

more Z11–16:Ald in the outer part, and relatively more
Z11–16:OH in the inner part. We also note that the ratio of
components in the rinse is much closer, than that in the
whole gland extract, to that released into the air by females
(Groot et al. 2018). This highlights again the unreliability of
whole gland extracts for determining actual pheromone
component ratios released by females (Allison and Cardé
2016c). Further, it may show how sampling closer to the
gland surface is likely to yield the final blend of components
available for release, with the actual final ratio released be-
ing determined by the respective surface abundances and
vapor pressures of the compounds.

This distribution of the two compounds occurred regardless
of whether a female was intact and producing pheromone or
decapitated and injected with PBAN. Since decapitated fe-
males do not release pheromone (Foster et al. 2018), this

Fig. 6 Mean precursor enrichment (molar percent excess) of (Z)-11-
hexadecenal (Ald) and (Z)-11-hexadecenol (16:OH) in the pheromone
gland after female Chloridea virescenswere fed U-13C-glucose (at time =
0). (a) Solvent gland rinse and (b) solvent extract of gland residual.
SEMs are given

Fig. 5 Mean precursor enrichment (molar percent excess) of (Z)-11-
hexadecenal (Z11–16:Ald), (Z)-11-hexadecenol (Z11–16:OH) and (Z)-
9-tetradecenal (Z9–16:Ald) in whole pheromone gland extracts after
female Chloridea virescens were fed U-13C-glucose (at time = 0). SEMs
and a 3P exponential model fit of the Z11–16Ald data are given

14 J Chem Ecol (2019) 45:9–17



shows that the broad distribution of Z11–16:OH and Z11–
16:Ald through the gland is independent of actual release;
i.e., pheromone is translocated toward the gland surface so
long as it is produced. Muscular pumping of the gland region
during pheromone release has been observed in numerous
species of moths (e.g., Conner et al. 1985), including
C. virescens (Hillier and Vickers 2004), and has been sug-
gested to be involved directly with movement of pheromone
to the gland surface (Raina et al. 2000). We have not observed
this behavior in decapitated C. virescens females (Foster and
Anderson, unpublished). It should be noted that our solvent
rinse sampling is somewhat crude and likely samples more
broadly than just pheromone on the gland surface (e.g., pher-
omone located in pores through the cuticle). Thus, in a normal
female, if more pheromone were located in the outer part,

rather than on the surface, of the cuticle, our sampling might
not show surface content differences. While pheromone still
translocates through the gland in the absence of release,
abdominal/gland pumping could aid the final movement of
pheromone to the surface for release.

Component Translocation

Both compounds, as well as Z9–14:Ald, are produced very
rapidly and from the same precursor pool, as shown by the
same precursor enrichments in whole gland extracts.
However, we saw differences in translocation through the
gland by enrichment differences between Z11–16:Ald and
Z11–16:OH in the rinse but not in the residual gland extract.
The consistently greater enrichment of Z11–16:Ald over that

Fig. 7 Proposed models utilizing site of production, translocation and
catabolism/metabolism to explain relative quantities of (Z)-11-
hexadecenal (Z11–16:Ald) and (Z)-11-hexadecenol (Z11–16:OH)
translocated to the cuticular surface of the pheromone gland of female
Chloridea virescens. In (i) Z11–16:OH is produced in gland cells and
(mostly) converted (shown by arrows) to Z11–16:Ald in the cuticle or

at the membrane-cuticle interface (as originally proposed by Teal and
Tumlinson 1986), while in (ii) both components are produced in gland
cells but Z11–16:Ald is transported much more rapidly to the cuticular
surface than is Z11–16:OH. Note the difference between the two models
in where catabolism of Z11–16:Ald can occur

J Chem Ecol (2019) 45:9–17 15

Table 1 Results of matched-pair t tests comparing precursor enrich-
ments of (Z)-11-hexadecenal (Z11–16:Ald) and (Z)-11-hexadecenol
(Z11–16:OH) in pheromone gland rinses and residual gland extracts of

Chloridea virescens females at four times after feeding onU-13C-glucose.
See Fig. 6b for data

Time (min) Z11–16:Ald - Z11–16:OH (gland rinse) Z11–16:Ald – Z11–16:OH (residual gland extract)

2 DF = 6, t-Ratio = 3.05, p = 0.019 DF = 6, t-Ratio = 1.20, p = 0.27

5 DF = 9, t-Ratio = 3.52, p = 0.008 DF = 9, t-Ratio = 2.19, p = 0.060

10 DF = 7, t-Ratio = 3.05, p = 0.025 DF = 7, t-Ratio = 1.05, p = 0.16

20 DF = 7, t-Ratio = 6.49, p < 0.001 DF = 7, t-Ratio = 1.65, p = 0.072



of Z11–16:OH in the rinse indicates that, on average, Z11–
16:Ald (incorporating tracer) in this pool was produced later
than Z11–16:OH (incorporating tracer). There are two possi-
ble explanations for this: (i) Z11–16Ald is produced in the
pathway before Z11–16:OH, or (ii) Z11–16:Ald flux is greater
than that of Z11–16:OH through the rinse pool.

If the former is correct, then it implies that Z11–16:OH is
made from Z11–16:Ald, the reverse of how the two compo-
nents are thought to be biosynthesized (Choi et al. 2005;
Hagström et al. 2012). Thus, Z11–16:OH, the product of
fatty acid reduction (Hagström et al. 2013), which is rapidly
oxidized to Z11–16:Ald, would have to be subsequently
reduced back to Z11–16:OH. Since the greater enrichment
of alcohol over aldehyde was only apparent in the rinse, this
would mean that the alcohol in the residual extract and rinse
were, effectively, biosynthetically distinct. While this is fea-
sible, as Z11–16:Ald is catabolized in the gland to unknown
product(s) (Foster et al. 2018), the second explanation is the
more parsimonious: the enrichment difference between the
two compounds in the rinse is due to more rapid turnover of
Z11–16:Ald than that of Z11–16:OH, effectively yielding
increasingly higher average enrichment as it is replaced by
higher isotopically enriched compound. To turn over the
much larger Z11–16:Ald pool more rapidly than the smaller
Z11–16:OH pool (in the rinse) requires a greater flux of the
former compound into and out of the pool. The two paths for
compounds out of this pool are release to the environment
and catabolism/metabolism (Foster et al. 2018). A recent
study on pheromone release by female C. virescens found
that females released <0.1% the mass of Z11–16:OH than of
Z11–16Ald (Groot et al. 2018), much lower than the rough-
ly 7% Z11–16:OH: Z11–16Ald ratio found in the rinse frac-
tion in our study, creating a large flux differential between
the two compounds.

Catabolism/metabolism also likely plays a major role in
this flux differential. Most Z11–16:Ald produced is catabo-
lized rather than released (Foster et al. 2018). As most Z11–
16:Ald is stored in the rinse pool and decapitated females do
not release pheromone (so only catabolize), it seems safe to
assume that most catabolism of Z11–16:Ald occurs while it
is in this pool. However, the whole gland extracts indicated
that decapitated females also lost Z11–16:OH mass at a
comparable rate to that of Z11–16:Ald mass. In this case,
though, Z11–16:OH is metabolized to Z11–16:Ald, rather
than catabolized to other product(s). Hence, this produces a
high flux of Z11–16:Ald and a relatively low flux of Z11–
16:OH into the rinse pool. With little or no catabolism of the
alcohol, there is a slow turnover of this component as it
passes through to the surface.

While the above is consistent with the prevailing view of
the alcohol being produced in gland cells and the aldehyde
in the cuticle (Groot et al. 2018; Hagström et al. 2013;
Hillier and Baker 2016; Morse and Meighen 1987; Teal

and Tumlinson 1988), we cannot rule out that the aldehyde
is also produced in gland cells, especially as repeated gland
rinses left a small, but substantial, amount in the residual
extract. Alternatively, this result could be due to inefficient
solvent extraction of the cuticle by the rinses, especially if
the conversion took place in the inner (less accessible) part
of the cuticle, perhaps at the membrane interface (Luxová
and Svatoš 2006). If aldehyde were produced inside gland
cells, then the distribution of components in the residual
extract and rinse would require a slower mass translocation
of Z11–16:OH out of the cells and through the cuticle than
that of Z11–16:Ald. While this might seem unlikely, given
the similar chemical properties of the two compounds, we
know little about the processes driving the translocation of
pheromone components through the gland. Because of this,
we propose two alternative models, incorporating site of
synthesis, catabolism/metabolism and translocation rate
through the gland (Fig. 7).

The first model (i) essentially follows the prevailing
view, with Z11–16:OH produced in gland cells that, when
translocated to the cuticle, is rapidly oxidized to aldehyde.
A small amount of alcohol makes it through the part of the
cuticle where oxidation occurs and eventually to the sur-
face. Catabolism is specific to Z11–16:Ald and occurs ex-
clusively in the cuticle. Compounds reaching the cuticular
surface evaporate according to their vapor pressure, surface
area on the gland, and ambient temperature and windspeed
(Nielsen et al. 1995). In the second model (ii), alcohol is
produced and rapidly oxidized to aldehyde all within gland
cells; however mass translocation out of the cell to the sur-
face is much greater for Z11–16:Ald than for Z11–16:OH.
As for the first model, it is not necessary to invoke catabo-
lism of Z11–16:OH (although it could still occur) due to
rapid metabolic oxidation to Z11–16:Ald within cells.
Catabolism of Z11–16:Ald could occur in both gland cells
and cuticle although, due to its distribution (especially in
decapitated females), most Z11–16:Ald is likely catabolized
in the cuticle.

These models illustrate how multiple factors, including site
and rate of synthesis, rate of catabolism/metabolism, and rate
of translocation through the gland can determine the blend of
compounds on the gland surface available for release. It
should be possible to distinguish between these two models,
as well as learn more about moth pheromone gland function,
through development of higher resolution gland sampling
techniques, as well as through characterization and localiza-
tion of oxidases and catabolic enzymes.
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