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Domestic cat damage to plant leaves containing
iridoids enhances chemical repellency to pests
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and Masao Miyazaki' 23/

SUMMARY

Catnip (Nepeta cataria) and silver vine (Actinidia polygama) produce iridoids with
arthropod-repellent effects. Cats rub and roll against these plants, transferring
iridoids to their fur that repels mosquitoes. Cats also lick and chew plant leaves
during this response, although the benefit of this additional behavior has re-
mained unknown. Here, we show that feline leaf damage substantially increases
iridoid emission from both plants while also diversifying iridoids in silver vine.
Cats show an equivalent duration of response to the complex cocktail of iridoids
in damaged silver vine and to the much higher level of a single iridoid produced by
damaged catnip. The more complex iridoid cocktail produced when silver vine is
licked and chewed by cats increases mosquito repellency at low concentration. In
conclusion, feline leaf damage contributes by releasing more mosquito-repellent
iridoids. Feline olfactory and behavioral sensitivity is fine-tuned to plant-specific
iridoid production for maximizing the mosquito repellency gained.

INTRODUCTION

Plants produce compounds to defend themselves against herbivorous insects (War et al., 2018). Some her-
bivorous insects ingest and store the plant compounds in their body tissues or integuments, providing
them with defense against predators and/or parasites (Opitz and Muller, 2009). Humans and other mam-
mals exploit these compounds without needing to eat plants to gain chemical defense by using plant-
emitted insect repellents in the local environment or a behavioral mechanism such as self-anointing their
bodies with the plants. For example, a mosquito repellent produced from dalmatian pyrethrum (Tanace-
tum cinerariifolium) has been used for centuries in human history (Casida, 1980). Chimpanzees (Pan trog-
lodytes schweinfurthii) make sleeping platforms using freshly cut Cynometra plants, which decreases their
exposure to malarial vector mosquitoes (Samson et al., 2013). Tufted capuchin monkeys (Cebus apella) and
white-nosed coatis (Nasua narica) anoint themselves with citrus-derived chemicals that repel ticks and yel-
low fever mosquitoes (Aedes aegypti) (Weldon et al., 2011). However, studies of the behavior toward plant
metabolites related to chemical defense against parasites and pathogens by nonhuman animals are still
very limited.

Domestic cats (Felis silvestris catus) show an unusual but characteristic response toward catnip (Nepeta
cataria) and silver vine (Actinidia polygama) leaves that comprises licking and chewing the plants, face
and head rubbing against the plants, and rolling over on the plants (Bol et al., 2017; Todd, 1962; Tucker
and Tucker, 1988). Although this has often been interpreted by pet owners as a playful behavior among
cats that appeared to be intoxicated by these specific plant species (Espin-lturbe et al., 2017; Hatch,
1972), we demonstrated in a recent study that the rubbing and rolling behavior can protect cats from mos-
quito bites (Uenoyama et al., 2021). This characteristic feline behavioral response is induced by olfactory
stimulation by iridoids that are emitted from the leaves of these plants and thought to play a role in plant
chemical defense (Cronquist, 1977; Duplais et al., 2020). Iridoids have five-membered rings fused to six-
membered rings with oxygen (Figure 1A). Although catnip produces the iridoid nepetalactone, silver
vine produces a more complex mixture of nepetalactol, dihydronepetalactone, isodihydronepetalactone,
iridomyrmecin, and isoiridomyrmecin (Meinwald, 1954; Sakan et al., 1959; Uenoyama et al., 2021). Some of
these iridoids are known to be repellent to a broad range of insects, including non-herbivores such as
Aedes and Culex mosquitoes and stable flies (Stomoxys) (Birkett et al., 2011; Feaster et al., 2009; Gkinis
et al., 2014; Melo et al.,, 2021; Reichert et al., 2019; Uenoyama et al., 2021; Zhu et al., 2012). Our previous
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iridoids onto the face, head and body fur of cats, and this provides mosquito repellency that helps to pro-
tect cats from mosquito bites (Uenoyama et al., 2021).

In addition to the rubbing and rolling behavior, cats also crumple and tear silver vine and catnip plants by
extensive licking and chewing, which is a part of this very characteristic response (Figure 1B and Video S1).
However, the adaptive function of this additional behavior has not been established. Although licking and
chewing of plants support their intake and digestion in most animals, our preliminary studies showed that
cats swallowed only a minimum, if any, of the plant material (Figure S1). A previous study reported that oral
administration of nepetalactone in catnip induces no marked behavioral or physiological effects in cats
(Waller et al., 1969). These findings suggest that the primary function of licking and chewing directed to-
ward silver vine and catnip is to damage the leaves rather than to consume either plant material or iridoids.
As cats exhibit both licking and chewing of plant leaves and rubbing and rolling throughout their charac-
teristic response (Figure S2), itis likely that damage of the plants has an important adaptive function along-
side rubbing and rolling that relates to insect repellency, but so far the contribution of plant-damaging
behavior to gaining chemical pest defense has not been addressed in mammals.

This study aimed to uncover the functional significance of damaging silver vine and catnip leaves by licking
and chewing in cats. As we observed that the silver vine leaves crumpled and torn by cats have a much
stronger and characteristic aromatic odor to the human nose, we asked first whether the leaf damage pro-
motes the emission of iridoids in these plants. Then, we manipulated the amount and types of iridoids in
behavioral assays to test whether changes in iridoid composition and amount caused by the leaf damage
enhance feline responsiveness to leaves and increase mosquito repellency. Our studies demonstrate that
leaf damage of silver vine and catnip by cats manually increases the emission of iridoids from both
damaged silver vine and catnip leaves and also increases the complexity of iridoids specifically in damaged
silver vine. These changes in iridoids prolong the feline characteristic response to the leaves, which will in-
crease the transfer of iridoids to the animal’s fur. Although iridoid levels are much lower in silver vine
compared to catnip leaves, we show that the complex iridoids induced by leaf damage in silver vine in-
creases the mosquito repellency of silver vine iridoids at low concentration. Our findings highlight the
benefit of the physical damage of insect repellent plants for chemical pest defense through external appli-
cation in mammals, and provide valuable insight into how to obtain potent natural repellents against pest
insects from plants.

RESULTS
Leaf damage changes the amount and composition of silver vine iridoids

To establish whether the physical damage of leaves caused by licking and chewing alters the emission of
iridoids from silver vine leaves, we used GC/MS analysis to compare the amount and composition of iri-
doids in the headspace above intact leaves, leaves crumpled and torn by feline licking and chewing,
and leaves manually crumpled and torn (Figures 1C and S3A; see STAR Methods for further details). Leaves
damaged either by cats or manually showed a substantial increase in the airborne emission of total iridoids
(Figure 1D). This increase was approximately 10-fold for leaves crumpled and torn by cats and 40-fold for
those manually crumpled and torn compared to intact leaves. Five out of the six iridoids identified in silver
vine leaf extracts (Sakan et al., 1959; Uenoyama et al., 2021) increased significantly in airborne emissions
following either feline or manual damage. This was not the case for nepetalactone that is present only at
very low levels in silver vine. Thus, physical damage of silver vine leaves by cats led to a substantially
increased emission of airborne iridoids.

To establish whether the strong emission of these iridoids from damaged leaves reflects a greater level of
these iridoids contained in the leaves themselves, we quantified the iridoids in solvent extracts of intact
leaves and leaves damaged by cats or manually. In agreement with the results of the headspace analysis,
damaged leaves showed a remarkable increase in the total iridoid level within damaged leaves (F,, =
3018.6, p < 0.0001). The increase in iridoid levels within leaves was approximately 8-fold in response to fe-
line damage (post hoc Bonferroni test, p < 0.001) and 6.5-fold in response to manual damage (p < 0.001,
Figure 1E). The total iridoid level was also slightly greater in leaves damaged by cats compared to those
damaged manually (p < 0.001). This contrasts with the greater release of total iridoids from manually
damaged leaves (Figure 1D). Although airborne nepetalactol could not be detected in headspace analysis
of intact leaves, nepetalactol accounted for 86.1 + 1.2% of the total iridoids in solvent extracts from intact
leaves. Damage treatments caused significant elevation of nepetalactol (F,, = 1060.7, p < 0.0001),
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Figure 1. The amount and composition of iridoids in intact and damaged silver vine leaves

(A) Chemical structures of six plant iridoids detected in silver vine leaves.

(B) Images of a cat licking and chewing silver vine leaves. This behavior observed throughout the characteristic response (Figure S2) damages the leaves but
is not for the consumption of the leaves (Figure S1).

(C) Images of silver vine leaves crumpled and torn by a cat or manually. An arrow indicates an intact leaf that was not licked and chewed by the cat.

(D) Amount of total iridoids, nepetalactol, dihydronepetalactone, isodihydronepetalactone, iridomyrmecin, and isoiridomyrmecin and nepetalactone in
headspace samples emitted over 4 h from intact silver vine leaves (l), leaves damaged by cats (DC), and leaves damaged manually (DM) (aliquot 5 g) (n = 7-8
per treatment). Intact leaves emitted (median values) 11.4 ng dihydronepetalactone, 18.7 ng isodihydronepetalactone, 0.7 ng iridomyrmecin, 17.2 ng
isoiridomyrmecin, and 0.6 ng nepetalactone. Nepetalactol was below the limit of detection. H values, degrees of freedom, and p values from Kruskal-Wallis
tests. *p < 0.05, **p < 0.01 with the Steel-Dwass post hoc test. Box and whisker plots show the median, interquartile range, first data points within 1.5
interquartile ranges, and individual values. GC/MS total ion chromatograms of volatile compounds other than iridoids in headspace of |, DC, and DM are
shown in Figure S3.

(E) Mean content of nepetalactol, dihydronepetalactone, isodihydronepetalactone, iridomyrmecin, and isoiridomyrmecin in extracts of silver vine leaves
(aliquot 5 g) after headspace sampling (n = 3). See text for analyses. Colors for each compound correspond to the panel in (D).

iScience 25, 104455, July 15, 2022 3



¢? CellPress

OPEN ACCESS

A B c
\| - _ 3001
2 400]  p=0.008
n
. | ey
H A
3001 200+
o
, ! 2 2001
Y 2 28— 100
! i 2 1007
Intact Damaged 9
silver vine silver vine leaves © 0- 0-
leaves a ; . : :
Intact Damaged 50 pg 50 pg
silver vine silver vine _Intact  Damaged
A TA— silver vine silver vine

Figure 2. The responsiveness of cats to iridoids contained in intact and damaged silver vine leaves

(A) An image of the behavioral assay using cats to compare the total duration of the feline characteristic response (licking,
chewing, rubbing, and rolling) to stimulant 1 (red arrow) and stimulant 2 (blue arrow) that were presented simultaneously.
In this assay, stimulants 1 and 2 were intact silver vine leaves and manually damaged silver vine leaves, respectively.

(B) Duration of the feline response to the dishes containing intact and manually damaged silver vine leaves (n = 8 cats).
(C) Duration of the characteristic response of cats to 50 pg of synthetic iridoid cocktails corresponding to the ratio of the
iridoids in leaf extracts of intact silver vine (intact silver vine-cocktail) and manually crumpled and torn leaves (damaged
silver vine-cocktail) (n = 12). Table 1 gives the iridoid cocktail formulations. (B and C) Box and whisker plots show the
median, inter-quartile range, first data point within 1.5 interquartile ranges, and individual values. Points connected by
lines indicate paired dishes in the same trial. p values from Wilcoxon matched-pair test, two-tailed.

dihydronepetalactone (F;¢ = 2015.6, p < 0.0001), isodihydronepetalactone (F; , = 9437.5, p < 0.0001), and
isoiridomyrmecin (F, 4 = 2980.4, p < 0.0001) in silver vine leaf extracts (Figure 1E). Levels of each of these
iridoids differed significantly between intact and damaged treatments and between feline and manually
damaged silver vine leaves (post hoc Bonferroni tests, all p < 0.001). Feline damage led to the highest levels
of nepetalactol and dihydronepetalactone, whereas manual damage led to the highest levels of isodihy-
dronepetalactone and isoiridomyrmecin within leaves (Figure 1E). The increases in additional iridoids in
response to leaf damage meant that nepetalactol accounted for only 55.1 + 0.4% of total iridoids in leaves
damaged by cats or 33.4 &+ 0.4% in leaves damaged manually. In summary, the physical damage of silver
vine leaves caused by feline licking and chewing resulted in an increased amount and complexity of the
iridoids in the leaves and a substantial increase in the emission of these iridoids from the leaves.

Iridoid composition in damaged silver vine leaves is more effective than that in the intact
leaves in inducing the feline response

To examine whether changes in silver vine leaf iridoids induced by leaf damage influence the behavioral
response of cats, we compared the duration of their characteristic response toward silver vine leaves
without and with manually crumpling and tearing in a two-choice test. The intact and damaged leaves
were placed in separate dishes covered with perforated plastic lids to protect them from physical contact
with cats and then presented to cats simultaneously (Figure 2A). The duration of the characteristic response
(licking and chewing of the lid and rubbing and rolling against the lid or surrounding floor) was more pro-
longed toward manually damaged compared to intact leaves (Figure 2B; exact p = 0.008).

Given the much greater emission of iridoids from leaves damaged by cats or manually, it was unsurprising that the
cats showed a more prolonged response to the damaged than to intact leaves. This was consistent with the dose-
dependent response of the cats to iridoids reported previously (Sakurai et al., 1988). However, any changes in iri-
doid composition in response to physical damage might also have contributed to the increased feline character-
istic response. To test this possibility, we compared the duration of feline response (n = 12) to a synthetic iridoid
cocktail that corresponded to the iridoid ratio in intact silver vine leaf extract (intact silver vine-cocktail, dominated
by nepetalactol) versus the more complex iridoid cocktail in manually crumpled and torn leaves (damaged silver
vine-cocktail) while controlling the total amount of iridoids presented (50 pg of each iridoid cocktail; formulations
shown in Table 1). The damaged-cocktail induced a more prolonged feline response than the same amount of
intact-cocktail (Figure 2C; p = 0.008). The behavioral responses to the iridoid chemicals alone were consistent
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Table 1. Formulations for plant iridoid cocktails used in Figures 2, 3, and 4

Percentage of Intact silver Damaged silver =~ Damaged catnip-  Modified damaged
compounds (%) vine-cocktail vine-cocktail cocktail silver vine-cocktail
Nepetalactone 0 0 99.8 46.3

Nepetalactol 94.7 46.3 0 0
Dihydronepetalactone 3.4 29.7 0 29.7
Isodihydronepetalactone 0.1 15.7 0.2 15.7

Iridomyrmecin 0 0.2 0 0.2

Isoiridomyrmecin 1.7 8.2 0 8.2

Total 100.0 100.0 100.0 100.0

with a more prolonged response to damaged silver vine than intact silver vine, regardless of changes in other vol-
atile compounds in response to leaf damage (Figure S3). Thus, the altered iridoid mixture in damaged silver vine
leaves contributed to promoting a prolonged behavioral response from cats.

Leaf damage changes the emission — but not the composition — of catnip iridoids

We next examined whether the physical damage caused by crumpling and tearing of leaves has similar ef-
fects on the amount and composition of iridoids in catnip leaves to those shown in silver vine. In contrast to
silver vine, manual crumpling and tearing of catnip led to little if any change in the total amount of iridoids
in the leaf extract (Figure 3A). Notably though, iridoid levels were substantially higher in catnip leaves
compared to silver vine leaves regardless of treatment [catnip intact (365.4 + 6.4 ng/100 mg leaf wet
weight) versus silver vine intact (2.9 £ 0.2 ug/100 mg), p < 0.0001; catnip manually damaged (343.5 +
5.3 1g/100 mg) versus silver vine manually damaged (8.9 + 0.5 ung/100 mg), p < 0.0001].

Although physical leaf damage diversified the iridoid composition of silver vine from mostly nepetalactol to
a combination of five iridoids, catnip iridoids consisted almost solely of nepetalactone (over 99%) in both
intact and damaged leaf extracts (Figure 3B). Headspace analysis revealed that the crumpling and tearing
of catnip leaves led to a more than 20-fold increase in the total amount of iridoid emitted, similar to the
effect on emission of total iridoids from silver vine (Figures 3C and S3B; median of total iridoids in head-
space of intact catnip: 0.5 ng/g leaf wet weight/10 min, manually damaged catnip: 11.3 pg/g/10 min).

Equivalent response of cats to silver vine and catnip despite differences in plant iridoid
profiles

To determine if differences in the total amount of iridoids and the iridoid profile complexity between catnip
and silver vine resulted in a different duration of response to these two plants among cats, we compared
their responses to damaged catnip and silver vine leaves that were manually crumpled and torn. Even
though damaged catnip leaves emit a substantially higher concentration of iridoids than damaged silver
vine leaves (median of total iridoids in headspace of manually damaged silver vine: 22.9 ng/g leaf wet
weight/10min, Figure 1D, versus manually damaged catnip: 11.3 pg/g/10 min, Figure 3C; z = —3.00, p =
0.001), cats showed a similar duration of response toward extracts from the same weight of manually crum-
pled and torn leaves (100 mg wet weight) from the two plants presented simultaneously (Figure 3D;
p =0.101). To exclude any inhibitory or enhancing effects of compounds other than iridoids in the damaged
leaf extracts, we compared the duration of the feline response toward synthetic iridoid cocktails prepared
to match the amount and the ratio of the different iridoids in extracts of 100 mg of manually damaged
catnip (damaged catnip-cocktail; total iridoids: 400 ng) and equivalently damaged silver vine (damaged sil-
ver vine-cocktail; total iridoids: 10 pg) (Figures 3A and Table 1). In agreement with Figure 3D, there was no
significant difference in the duration of the feline response between 400 png of damaged catnip-cocktail and
10 ng of damaged silver vine-cocktail (Figure 3E; p = 0.638); both types of cocktails stimulated a similarly
prolonged response despite the substantial difference in the total amount of iridoid presented. To confirm
that cats are more sensitive to the complex cocktail of iridoids in damaged silver vine leaves compared to
the nepetalactone-dominated iridoids in damaged catnip, we compared equivalent amounts of iridoids
corresponding to the damaged catnip and damaged silver vine (50 pg of each). As expected, cats showed
a more prolonged response to the damaged silver vine-cocktail than to the damaged catnip-cocktail (Fig-
ure 3F; p = 0.002). This was not the case when the damaged silver vine-cocktail was modified by replacing
nepetalactol in the mixture with nepetalactone (Figure 3G; p = 0.133; the formulation is shown in Table 1).
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Figure 3. The differences in iridoid profiles between catnip and silver vine and the responsiveness of cats to these plants

(A and B) Total amount (A; mean + SE; n = 3) and composition (B) of iridoids in the extracts of catnip and silver vine leaves that were intact or damaged
manually 10 min before extraction. Points in (A) are individual values.

(C) Headspace amount of total iridoids emitted from catnip intact leaves and leaves manually damaged over a 10 min period (n = 6).

(D) Duration of the feline response to manually damaged leaf extracts of silver vine and catnip (corresponding to 100 mg leaf wet weight, n = 13 cats).
(E) Duration of the feline response to synthetic iridoid cocktails prepared to match the ratio and the amount of iridoids in the extracts of 100 mg of
equivalently damaged catnip (damaged catnip-cocktail; total iridoids: 400 pg) and silver vine (damaged silver vine-cocktail; total iridoids: 10 pg) (n = 14 cats).
(F) Duration of the feline response to 50 pg damaged catnip-cocktail and 50 ng damaged silver vine-cocktail (n = 12 cats).

(G) Duration of the feline response to 50 pg damaged catnip-cocktail and 50 pg modified damaged silver vine-cocktail in which nepetalactol was replaced by
nepetalactone (n = 13 cats). (H) Duration of the feline response to damaged silver vine-cocktail and modified damaged silver vine-cocktail (n = 12 cats).
Table 1 gives the iridoid cocktail formulations. (C to H) Box and whisker plots show the median, interquartile range, first data point within 1.5 interquartile
ranges, and individual values. Points connected by lines indicate paired dishes in the same trial. p values from Mann-Whitney U test (C) and Wilcoxon
matched-pair test, two-tailed (D to H). ***p < 0.0001 from Bonferroni post hoc tests.

The importance of the combination of nepetalactol with additional iridoids was further evidenced by a
more prolonged feline response to the damaged silver vine-cocktail than to the modified damaged silver
vine-cocktail (Figure 3H; p = 0.002). Thus, the more prolonged response of cats to the complex iridoids
emitted from damaged silver vine leaves depended on the mixture of nepetalactol with other iridoids
such as isodihydronepetalactone; it was not simply a response to high levels of iridoids other than nepe-
talactol that are emitted when leaves are licked and chewed.
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Iridoid composition of damaged silver vine repels mosquitoes faster than that of the intact
leaves

Previous studies have reported mosquito-repelling activity of individual iridoids such as nepetalactone, ne-
petalactol, and dihydronepetalactone (Birkett et al., 2011; Feaster et al., 2009; Gkinis et al., 2014; Melo
etal., 2021; Reichert et al., 2019; Uenoyama et al., 2021; Zhu et al., 2012) but have not examined responses
to the iridoid cocktails reported in the current study. To examine whether mosquitoes are more sensitive to
the complex cocktail of iridoids in damaged silver vine leaves compared to the nepetalactol-dominated
iridoids in intact silver vine, we compared the repellency of the synthetic iridoid cocktails that correspond
to extracts from intact and manually crumpled and torn silver vine leaves (Table 1) against Aedes albopic-
tus. This is a common mosquito in Japan and China (Medley, 2010) that is a vector of Dirofilaria immitis
which infects the heart and pulmonary arteries of dogs and cats (Traversa and Di Cesare, 2014). We tested
each cocktail at two concentrations (400 ug and 800 pg total iridoids) against groups of 18-26 mosquitoes
in each replicate; these concentrations correspond to the iridoid content of approximately 4 g and 8 g
damaged silver vine leaves, respectively. We measured the percentage of mosquitoes in each replicate
trial that had moved into a shelter, placed 15 cm from the test stimulus, 10 min and 20 min after one of
the test solutions was introduced into an enclosed acrylic box and compared this to a solvent control treat-
ment to assess repellency (Figure S4; see STAR Methods for further details). Ten minutes after introduction,
the proportion of mosquitoes in the shelter differed significantly between treatment groups (H(4) = 24.2,
p < 0.0001). A. albopictus avoided the lower concentration (400 pg) of damaged silver vine-cocktail
compared to the solvent control, but not the intact-cocktail at the same low concentration (Figure 4A).
However, A. albopictus avoided both the intact and damaged iridoid cocktails presented at higher concen-
tration (800 pg) compared to the solvent control. By 20 min after introduction, A. albopictus avoided both
intact and damaged cocktails at both low and high concentrations (Figure 4B; overall difference between
groups: H(4) = 24.0, p < 0.0001).

We also examined mosquito repellency of nepetalactone-dominated iridoids in damaged catnip. In
contrast to silver vine-cocktails, damaged catnip-cocktail did not repel A. albopictus at 400 pg or 800 pg
at either time point after introduction, but there was significant avoidance only toward 1600 pg of damaged
catnip-cocktail 20 min after introduction (10 min: Figure 4C, overall difference between groups: H(3) = 7.1,
p = 0.069; 20 min: Figure 4D, overall difference between groups: H(3) = 9.4, p = 0.024).

These results indicate that the iridoid compositions of intact and damaged silver vine leaves both induced
mosquito repellency, but the chemical constituent profile of iridoids from the damaged leaves had a faster
repellent effect on A. albopictus than the simpler iridoid profile of the intact leaves at low concentration. A
greater amount of damaged catnip-cocktail was required to repel A. albopictus compared to both intact
and damaged silver vine-cocktails.

DISCUSSION

The present study provides evidence that the physical damage of silver vine and catnip leaves by feline
licking and chewing makes an important contribution to their chemical pest defense in combination with
rubbing and rolling when cats are exposed to these plants. Our data show clearly that physical damage
of silver vine and catnip promotes the immediate emission of plant iridoids. Besides, such damage also
changes the composition of plant iridoids in silver vine, though not in catnip. These changes in both the
amount of plant iridoid emission (both plant species) and composition (silver vine only) induced signifi-
cantly extended response to these plants, promoting increased self-anointing (rubbing and rolling)
behavior that transfers plant iridoids to the feline fur. Moreover, the diversification of iridoids in damaged
silver vine leaves provides a stimulus that is more repellent to mosquitoes at low concentration, inducing a
faster response than nepetalactol-dominated or nepetalactone-dominated iridoids in plants. Thus, leaf
damage by licking and chewing acts in combination with rubbing and rolling as an adaptive response
that allows cats to gain effective mosquito repellency from iridoid-producing plants, helping to reduce
the health risks and irritation associated with mosquitoes and possibly other arthropod pests that are sen-
sitive to plant iridoids.

We have shown previously that cats respond to each of the iridoids presented individually (Uenoyama et al.,
2021). In addition to this, our current study demonstrates that the combination of iridoids produced by sil-
vervine in response to physical damage is even more effective in inducing a prolonged feline response than
intact silver vine. Comparison of the feline response duration toward damaged silver vine-cocktails and
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Figure 4. Mosquito repellency of synthetic iridoid cocktails corresponding to extracts from intact or manually
damaged silver vine leaves

Percentage of mosquitoes (Aedes albopictus) that had moved into shelters, placed 15 cm from (A and B) intact silver vine-
cocktail, damaged silver vine-cocktail (400 pg and 800 pg), (C and D) damaged catnip-cocktail (400 pg, 800 pg, and
1600 pg), or a solvent control (n = 6 replicates per treatment) assessed 10 min (A and C) and 20 min (B and D) after
presenting the stimuli (Figure S4). Table 1 gives the cocktail formulations. Box and whisker plots show the median,
interquartile range, first data point within 1.5 interquartile ranges, and individual values. *p < 0.05 from the Steel post hoc
tests, with planned comparison of each test stimulus with the control.

catnip-cocktails indicates that the olfactory and behavioral sensitivity of cats to plantiridoids has been fine-
tuned to show a prolonged characteristic response toward either a low level of complex iridoids in
damaged silver vine or a much higher level of nepetalactone in damaged catnip. Notably though, nepeta-
lactol remains an important component for inducing the prolonged response to a low level of damaged
silver vine-cocktail as replacing this with nepetalactone in the mixture significantly shortened the feline
response.

Manual crumpling and tearing of silver vine leaves changed their iridoid composition in a very similar way to
the leaves crumpled and torn by cats during the characteristic response which usually lasts for 5to 15 min
(Hart and Leedy, 1985). The even greater emission of this iridoid complex following the manual damage
treatment is likely to be because cats were less thorough in tearing the leaves as shown in Figure 1C. How-
ever, the increase in total iridoids in the leaves themselves was greater in response to feline damage than
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manual damage, perhaps because of a smaller amount of iridoid emission from leaves torn less thoroughly
by cats. Our findings suggest that changes in the amount and composition of iridoids in silver vine leaves in
response to feline licking and chewing are because of the physical damage inflicted on the leaves. In addi-
tion to the crumpling and tearing of catnip and silver vine leaves by chewing, feline tongues have sharp
spine-shaped papillae on their surfaces that can also scratch the leaves and cause physical damage during
licking (Noel and Hu, 2018). This study did not examine the molecular mechanisms underlying the changes
in iridoids in response to silver vine leaf damage. However, as nepetalactol is an intermediate product of
other iridoids such as nepetalactone in many plant species (Alagna et al.,, 2016; Geu-Flores et al., 2012,
Kries et al., 2017; Lichman et al., 2019; Miettinen et al., 2014; Munkert et al., 2015), it seems likely that dihy-
dronepetalactone, iridomyrmecin, and their isomers may have been produced from nepetalactol through
the action of plant enzymes that respond to leaf damage. No study so far has elucidated the mechanism of
biosynthesis of the five types of iridoids in silver vine. Our findings may lead to new clues to identify key
plant enzymes for the biosynthesis of plant iridoids that may be usefully utilized as repellents against a
broad range of pests including mosquitoes. For example, it may be helpful to explore the enzymes with
upregulated expression and/or activity that occur within 10 min of leaf damage (the typical duration of a
feline response).

In contrast to silver vine, leaf damage only increased the emission of nepetalactone from catnip leaves.
Both the amount of nepetalactone and the composition of iridoids were similar between the intact and
damaged leaf extract of catnip. Thus, the increased emission of nepetalactone from damaged catnip might
be a release of nepetalactone already contained in the plant cells rather than any de novo biosynthesis in
response to licking and chewing.

In conclusion, the physical damage of the plant leaves enhances the release of iridoids repellent to arthro-
pods such as mosquitoes and, in combination with enhanced self-anointing to transfer iridoids to the fur,
acts to provide stronger chemical pest defense. It is already known that some mammals, including cats and
birds, rub their bodies against plants and invertebrates, resulting in the transfer of anti-pest compounds to
their bodies (Uenoyama et al., 2021; Valderrama et al., 2000; Weldon et al., 2011). The present study pro-
vides important additional evidence that plant-damaging behavior increases the emission of plant iridoids
that have anti-mosquito activity and stimulates cats to anoint themselves with the iridoids. Notably, other
mammals such as spider monkeys (Ateles geoffroyi) exhibit similar behavioral patterns that include biting
of some plants that contain anti-pest or antibacterial compounds and body rubbing against the plants
(Laska et al., 2007). Thus, plant-damaging behavior, which occurs alongside self-anointing, might play an
important role in gaining pest-repellency in other mammals as well as cats.

Limitations of the study

The present study could not explain the molecular mechanism underlying the synergistic effects of nepe-
talactol on cats and mosquitoes when this is combined with other iridoids. A recent study found that tran-
sient receptor potential channel A1 (TRPA1) is the major mediator of repellency of nepetalactone to
mosquitoes, but this is not involved in the perception of nepetalactone among mammals (Melo et al.,
2021). Further study including the chemoreception mechanism of these compounds in both cats and
mosquitoes will be necessary to understand the increased bioactivity of iridoid mixtures.

STARXMETHODS

Detailed methods are provided in the online version of this paper and include the following:

o KEY RESOURCES TABLE
® RESOURCE AVAILABILITY
O Lead contact
O Materials availability
O Data and code availability
o EXPERIMENTAL MODEL AND SUBJECT DETAILS
O Animals
O Plants
o METHOD DETAILS
O Preparation of leaf extracts of plants
O Behavioral assays using cats

¢? CellPress

OPEN ACCESS

iScience 25, 104455, July 15, 2022 9




¢? CellPress

OPEN ACCESS

O Headspace sampling of plant leaves

O Gas chromatography / mass spectrometry

O Mosquito repellent assays

o QUANTIFICATION AND STATISTICAL ANALYSIS

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.isci.2022.104455.

ACKNOWLEDGMENTS

iScience

We thank Prof. Robert J. Beynon, Dr. Sachiko Koyama, and Prof. Tomokazu Fukuda for invaluable discus-
sion. This research was funded by JSPS KAKENHI Grant Numbers 18H04602 and 20H04759 (M.M.),
22423343 (R.U.), 19440075 (T.M), and 17H06406 and 19H02896 (T.N.), Suntory Foundation for Life Sciences
(M.M.), and the Sasakawa Scientific Research Grant from The Japan Science Society (R.U.). R.U. was sup-

ported by a Grant-in-Aid for JSPS Fellows.

AUTHOR CONTRIBUTIONS

R.U. and M.M. conceived the project and designed the experiments. R.U. and M.M. conducted all of the
experiments with additional contribution by T.M. to behavioral experiments. R.U., J.L.H., and M.M.
analyzed the data. M.A. and T.N. synthesized iridoids. R.U. and M.M. wrote the draft manuscript, which
was edited by J.L.H. M.M. supervised the project.

DECLARATION OF INTERESTS

M.M., R.U., and T.N. have filed a patent application covering the use of nepetalactol as an insect repellent
(patent application 2020-140755, PCT/JP2021/030942). The authors declare that they have no other

competing interests.

Received: February 4, 2022
Revised: April 4, 2022
Accepted: May 18, 2022
Published: June 14, 2022

REFERENCES

Adachi, M., Miyazawa, Y., and Nishikawa, T.
(2016). Improved syntheses of (+)-iridomyrmecin
and (-)-isoiridomyrmecin, major Components of
matatabilactone. Nat. Prod. Commun. 11,
883-886. https://doi.org/10.1177/
1934578X1601100704.

Alagna, F., Geu-Flores, F., Kries, H., Panara, F.,
Baldoni, L., O'Connor, S.E., and Osbourn, A.
(2016). Identification and characterization of the
iridoid synthase involved in oleuropein
biosynthesis in olive (Olea europaea) fruits.

J. Biol. Chem. 291, 5542-5554. https://doi.org/10.

1074/jbc.M115.701276.

Birkett, M.A., Hassanali, A., Hoglund, S.,
Pettersson, J., and Pickett, J.A. (2011). Repellent
activity of catmint, Nepeta cataria, and iridoid
nepetalactone isomers against Afro-tropical
mosquitoes, ixodid ticks and red poultry mites.
Phytochemistry 72, 109-114. https://doi.org/10.
1016/j.phytochem.2010.09.016.

Bol, S., Caspers, J., Buckingham, L., Anderson-
Shelton, G.D., Ridgway, C., Buffington, C.AT.,
Schulz, S., and Bunnik, E.M. (2017).
Responsiveness of cats (Felidae) to silver vine
(Actinidia polygama), tatarian honeysuckle
(Lonicera tatarica), valerian (Valeriana officinalis)

and catnip (Nepeta cataria). BMC Vet. Res. 13, 70.

https://doi.org/10.1186/s12917-017-0987-6.

10 iScience 25, 104455, July 15, 2022

Casida, J.E. (1980). Pyrethrum flowers and
pyrethroid insecticides. Environ. Health Perspect.
34, 189-202. https://doi.org/10.1289/ehp.
8034189.

Cronquist, A. (1977). On the taxonomic
significance of secondary metabolites in
angiosperms. In Flowering Plants: Evolution and
Classification of Higher Categories Symposium,
Hamburg, September 8-12, 1976, K. Kubitzki, ed.
(Springer Vienna), pp. 179-189. https://doi.org/
10.1007/978-3-7091-7076-2_12.

Duplais, C., Papon, N., and Courdavault, V.
(2020). Tracking the origin and evolution of plant
metabolites. Trends. Plant. Sci. 25, 1182-1184.
https://doi.org/10.1016/].tplants.2020.08.010.

Espin-lturbe, L.T., Lopez Yanez, B.A., Carrasco
Garcia, A., Canseco-Sedano, R., Vazquez-
Hernandez, M., and Coria-Avila, G.A. (2017).
Active and passive responses to catnip (Nepeta
cataria) are affected by age, sex and early
gonadectomy in male and female cats. Behav.
processes. 142, 110-115. https://doi.org/10.
1016/j.beproc.2017.06.008.

Feaster, J.E., Scialdone, M.A,, Todd, R.G.,
Gonzalez, Y.I., Foster, J.P., and Hallahan, D.L.
(2009). Dihydronepetalactones deter feeding
activity by mosquitoes, stable flies, and deer ticks.

J. Med. Entomol. 46, 832-840. https://doi.org/10.
1603/033.046.0413.

Friard, O., and Gamba, M. (2016). BORIS: a free,
versatile open-source event-logging software for
video/audio coding and live observations.
Methods Ecol. Evol. 7, 1325-1330. https://doi.
org/10.1111/2041-210x.12584.

Geu-Flores, F., Sherden, N.H., Courdavault, V.,
Burlat, V., Glenn, W.S., Wu, C., Nims, E., Cui, Y.,
and O'Connor, S.E. (2012). An alternative route to
cyclic terpenes by reductive cyclization in iridoid
biosynthesis. Nature 492, 138-142. https://doi.
org/10.1038/nature11692.

Gkinis, G., Michaelakis, A., Koliopoulos, G.,
loannou, E., Tzakou, O., and Roussis, V. (2014).
Evaluation of the repellent effects of Nepeta
parnassica extract, essential oil, and its major
nepetalactone metabolite against mosquitoes.
Parasitol. Res. 113, 1127-1134. https://doi.org/
10.1007/500436-013-3750-3.

Hart, B.L., and Leedy, M.G. (1985). Analysis of the
catnip reaction: mediation by olfactory system,
not vomeronasal organ. Behav. Neural. Biol. 44,
38-46. https://doi.org/10.1016/50163-1047(85)
91151-3.


https://doi.org/10.1016/j.isci.2022.104455
https://doi.org/10.1177/1934578X1601100704
https://doi.org/10.1177/1934578X1601100704
https://doi.org/10.1074/jbc.M115.701276
https://doi.org/10.1074/jbc.M115.701276
https://doi.org/10.1016/j.phytochem.2010.09.016
https://doi.org/10.1016/j.phytochem.2010.09.016
https://doi.org/10.1186/s12917-017-0987-6
https://doi.org/10.1289/ehp.8034189
https://doi.org/10.1289/ehp.8034189
https://doi.org/10.1007/978-3-7091-7076-2_12
https://doi.org/10.1007/978-3-7091-7076-2_12
https://doi.org/10.1016/j.tplants.2020.08.010
https://doi.org/10.1016/j.beproc.2017.06.008
https://doi.org/10.1016/j.beproc.2017.06.008
https://doi.org/10.1603/033.046.0413
https://doi.org/10.1603/033.046.0413
https://doi.org/10.1111/2041-210x.12584
https://doi.org/10.1111/2041-210x.12584
https://doi.org/10.1038/nature11692
https://doi.org/10.1038/nature11692
https://doi.org/10.1007/s00436-013-3750-3
https://doi.org/10.1007/s00436-013-3750-3
https://doi.org/10.1016/S0163-1047(85)91151-3
https://doi.org/10.1016/S0163-1047(85)91151-3

iScience

Hatch, R.C. (1972). Effect of drugs on catnip
(Nepeta cataria)-induced pleasure behavior in
cats. Am. J. Vet. Res. 33, 143-155.

Kries, H., Kellner, F., Kamileen, M.O., and
O’'Connor, S.E. (2017). Inverted stereocontrol of
iridoid synthase in snapdragon. J. Biol. Chem.
292, 14659-14667 . https://doi.org/10.1074/jbc.
M117.800979.

Laska, M., Bauer, V., and Salazar, L.T.H. (2007).
Self-anointing behavior in free-ranging spider
monkeys (Ateles geoffroyi) in Mexico. Primates
48, 160-163. https://doi.org/10.1007/s10329-006-
0019-9.

Lichman, B.R., Kamileen, M.O., Titchiner, G.R.,
Saalbach, G., Stevenson, C.E.M., Lawson, D.M.,
and O’Connor, S.E. (2019). Uncoupled activation
and cyclization in catmint reductive terpenoid
biosynthesis. Nat. Chem. Biol. 15, 71-79. https://
doi.org/10.1038/s41589-018-0185-2.

Medley, K.A. (2010). Niche shifts during the
global invasion of the Asian tiger mosquito,
Aedes albopictus Skuse (Culicidae), revealed by
reciprocal distribution models. Glob. Ecol.
Biogeogr. 19, 122-133. https://doi.org/10.1111/j.
1466-8238.2009.00497 ..

Meinwald, J. (1954). The degradation of
Nepetalactoney J. Am. Chem. Soc. 76, 4571—
4573. https://doi.org/10.1021/ja01647a018.

Melo, N., Capek, M., Arenas, O.M., Afify, A.,
Yilmaz, A., Potter, C.J., Laminette, P.J., Para, A,,
Gallio, M., and Stensmyr, M.C. (2021). The irritant
receptor TRPA1 mediates the mosquito repellent
effect of catnip. Curr. Biol. 31, 1988-1994.e5.
https://doi.org/10.1016/j.cub.2021.02.010.

Miettinen, K., Dong, L., Navrot, N., Schneider, T.,
Burlat, V., Pollier, J., Woittiez, L., van der Krol, S.,
Lugan, R., llc, T., et al. (2014). The seco-iridoid
pathway from Catharanthus roseus. Nat.
Commun. 5, 3606. https://doi.org/10.1038/
ncomms4606.

Munkert, J., Pollier, J., Miettinen, K., Van
Moerkercke, A., Payne, R., Muller-Uri, F., Burlat,
V., O'Connor, S., Memelink, J., Kreis, W., and
Goossens, A. (2015). Iridoid synthase activity is
common among the plant progesterone

5B-reductase family. Mol. Plant 8, 136-152.
https://doi.org/10.1016/j.molp.2014.11.005.

Noel, A.C., and Hu, D.L. (2018). Cats use hollow
papillae to wick saliva into Fur. Proc. Natl. Acad.
Sci. U.S.A. 115, 12377-12382. https://doi.org/10.
1073/pnas.1809544115.

Opitz, S.EW., and Mller, C. (2009). Plant
chemistry and insect sequestration.
Chemoecology 19, 117-154. https://doi.org/10.
1007/s00049-009-0018-6.

Reichert, W., Ejercito, J., Guda, T., Dong, X., Wu,
Q., Ray, A., and Simon, J.E. (2019). Repellency
assessment of Nepeta cataria essential oils and
isolated nepetalactones on Aedes aegypti. Sci.
Rep. 9, 1524. https://doi.org/10.1038/s41598-
018-36814-1.

Sakan, T., Fujino, A., Murai, F., Suzui, A., and
Butsugan, Y. (1959). The structure of
matatabilactone. Bull. Chem. Soc. Jpn. 32, 1154—
1155. https://doi.org/10.1246/bcs|.32.1154.

Sakurai, K., lkeda, K., and Mori, K. (1988). Both
(4aS, 7S, 7aR)—(+)-nepetalactone and its antipode
are powerful attractants for cats. Agr. Biol. Chem.
52, 2369-2371. https://doi.org/10.1080/
00021369.1988.10869045.

Samson, D.R., Muehlenbein, M.P., and Hunt, K.D.
(2013). Do chimpanzees (Pan troglodytes
schweinfurthii) exhibit sleep related behaviors
that minimize exposure to parasitic arthropods?
A preliminary report on the possible anti-vector
function of chimpanzee sleeping platforms.
Primates 54, 73-80. https://doi.org/10.1007/
$10329-012-0329-z.

Schreiber, S.L., Meyers, H.V., and Wiberg, K.B.
(1986). Stereochemistry of the intramolecular
enamine/enal (enone) cycloaddition reaction and
subsequent transformations. J. Am. Chem. Soc.
108, 8274-8277. https://doi.org/10.1021/
ja00286a034. https://10.1021/ja00286a034.

Todd, N.B. (1962). Inheritance of the catnip
response in domestic cats. J. Hered. 53, 54-56.
https://doi.org/10.1093/oxfordjournals.jhered.
a107121.

Traversa, D., and Di Cesare, A. (2014). Cardio-
pulmonary parasitic nematodes affecting cats in

¢? CellPress

OPEN ACCESS

Europe: unraveling the past, depicting the
present, and predicting the future. Front. Vet. Sci.
https://doi.org/10.3389/fvets.2014.00011.
https://10.3389/fvets.2014.00011.

Tucker, A.O., and Tucker, S.S. (1988). Catnip and
the catnip response. Econ. Bot. 42, 214-231.
https://doi.org/10.1007/BF02858923.

Uenoyama, R., Miyazaki, T., Hurst, J.L., Beynon,
R.J., Adachi, M., Murooka, T., Onoda, .,
Miyazawa, Y., Katayama, R., Yamashita, T., et al.
(2021). The characteristic response of domestic
cats to plant iridoids allows them to gain chemical
defense against mosquitoes. Sci. Adv. 7,
eabd?135. https://doi.org/10.1126/sciadv.
abd9135.

Valderrama, X., Robinson, J.G., Attygalle, A.B.,
and Eisner, T. (2000). Seasonal anointment with
millipedes in a wild primate: a chemical defense
against insects? J. Chem. Ecol. 26, 2781-2790.
https://doi.org/10.1007/s10886-011-9922-7.

Waller, G.R., Price, G.H., and Mitchell, E.D. (1969).
Feline attractant, cis,trans-nepetalactone:
metabolism in the domestic cat. Science. J.
Chem. Ecol. 164, 1281-1282. https://doi.org/10.
1126/science.164.3885.1281.

War, AR, Taggar, G.K., Hussain, B., Taggar, M.S.,
Nair, R.M., and Sharma, H.C. (2018). Plant defense
against herbivory and insect adaptations. AoB
Plants. 10. https://doi.org/10.1093/acbpla/
ply037.

Weldon, P.J., Carroll, J.F., Kramer, M.,
Bedoukian, R.H., Coleman, R.E., and Bernier, U.R.
(2011). Anointing chemicals and hematophagous
arthropods: responses by ticks and mosquitoes
to Citrus (Rutaceae) peel exudates and
monoterpene components. J. Chem. Ecol. 37,
348-359. https://doi.org/10.1007/s10886-011-
9922-7.

Zhu, J.J., Berkebile, D.R., Dunlap, C.A., Zhang, A.,
Boxler, D., Tangtrakulwanich, K., Behle, RW.,
Baxendale, F., and Brewer, G. (2012).
Nepetalactones from essential oil of Nepeta
cataria represent a stable fly feeding and
oviposition repellent. Med. Vet. Entomol. 26,
131-138. https://doi.org/10.1111/}.1365-2915.
2011.00972.x.

iScience 25, 104455, July 15, 2022 11



http://refhub.elsevier.com/S2589-0042(22)00726-X/sref14
http://refhub.elsevier.com/S2589-0042(22)00726-X/sref14
http://refhub.elsevier.com/S2589-0042(22)00726-X/sref14
https://doi.org/10.1074/jbc.M117.800979
https://doi.org/10.1074/jbc.M117.800979
https://doi.org/10.1007/s10329-006-0019-9
https://doi.org/10.1007/s10329-006-0019-9
https://doi.org/10.1038/s41589-018-0185-2
https://doi.org/10.1038/s41589-018-0185-2
https://doi.org/10.1111/j.1466-8238.2009.00497.x
https://doi.org/10.1111/j.1466-8238.2009.00497.x
https://doi.org/10.1021/ja01647a018
https://doi.org/10.1016/j.cub.2021.02.010
https://doi.org/10.1038/ncomms4606
https://doi.org/10.1038/ncomms4606
https://doi.org/10.1016/j.molp.2014.11.005
https://doi.org/10.1073/pnas.1809544115
https://doi.org/10.1073/pnas.1809544115
https://doi.org/10.1007/s00049-009-0018-6
https://doi.org/10.1007/s00049-009-0018-6
https://doi.org/10.1038/s41598-018-36814-1
https://doi.org/10.1038/s41598-018-36814-1
https://doi.org/10.1246/bcsj.32.1154
https://doi.org/10.1080/00021369.1988.10869045
https://doi.org/10.1080/00021369.1988.10869045
https://doi.org/10.1007/s10329-012-0329-z
https://doi.org/10.1007/s10329-012-0329-z
https://doi.org/10.1021/ja00286a034
https://doi.org/10.1021/ja00286a034
https://10.1021/ja00286a034
https://doi.org/10.1093/oxfordjournals.jhered.a107121
https://doi.org/10.1093/oxfordjournals.jhered.a107121
https://doi.org/10.3389/fvets.2014.00011
https://doi.org/10.3389/fvets.2014.00011
https://doi.org/10.1007/BF02858923
https://doi.org/10.1126/sciadv.abd9135
https://doi.org/10.1126/sciadv.abd9135
https://doi.org/10.1007/s10886-011-9922-7
https://doi.org/10.1126/science.164.3885.1281
https://doi.org/10.1126/science.164.3885.1281
https://doi.org/10.1093/aobpla/ply037
https://doi.org/10.1093/aobpla/ply037
https://doi.org/10.1007/s10886-011-9922-7
https://doi.org/10.1007/s10886-011-9922-7
https://doi.org/10.1111/j.1365-2915.2011.00972.x
https://doi.org/10.1111/j.1365-2915.2011.00972.x

¢? CellPress

OPEN ACCESS

STARXMETHODS

KEY RESOURCES TABLE

iScience

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Chemicals, peptides, and recombinant proteins

Nepetalactone

Nepetalactol

Dihydronepetalactone

Isodihydronepetalactone

Adachi et al. (2016); Schreiber et al. (1986);
Uenoyama et al. (2021)
Adachi et al. (2016); Schreiber et al. (1986)
Adachi et al. (2016); Schreiber et al. (1986);
Uenoyama et al. (2021)

Adachi et al. (2016); Schreiber et al.
Uenoyama et al. (2021)

1986);

CAS: 21651-62-7

CAS: 109215-55-6
CAS: 21950-33-4

CAS: 24190-27-0

Iridomyrmecin Adachi et al. (2016); Schreiber et al. (1986) CAS: 485-43-8
Isoiridomyrmecin Adachi et al. (2016); Schreiber et al. (1986) CAS: 107538-14-7
Chloroform FUJIFILM Wako Pure Chemical 034-02608

Methanol FUJIFILM Wako Pure Chemical 139-01827

n-Hexane FUJIFILM Wako Pure Chemical 080-03423

Ethanol Sigma-Aldrich 09-0770-4

Deposited data

Raw and analyzed data This paper Supplemental All data set

Experimental models: Organisms/strains

Domestic cat (Felis silvestris catus) Kitayama Labes Co.,Ltd. N/A
Asian tiger mosquito (Aedes albopictus) Sumika Technoservice Corporation N/A
Silver vine (Actinidia polygama) Wild populations in Takizawa, N/A
Iwate Prefecture,
Japan (coordinate: 39°80" north
latitude, 141°10’
east longitude)
Catnip (Nepeta cataria) A garden in Morioka, lwate Prefecture, N/A
Japan
Software and algorithms
SPSS version 28 IBM https://www.ibm.com/analytics/

JMP version 10.0.2

Behavioral Observation Research
Interactive Software (BORIS) version 7.10.7

SAS Institute Inc.

Olivier Friard and Marco Gamba

spss-statisticssoftware
https://www.jmp.com/en_us/software/
data-analysis-software.html
http://www.boris.unito.it/pages/

download.html

GCMSsolution version 4.53 Shimadzu Co. https://www.an.shimadzu.co.jp/gcms/support/
download/gecms_s/gcms453sp1dl.htm

Other

Digital video camera Sony Handycam HDR-CX680

GC/MS Shimadzu Co. QP-2010 Ultra

Thermal desorption system Shimadzu Co. TD-20

Autosampler Shimadzu Co. AOC-20i/s

DB-WAX column Agilent Technologies, Inc. 122-7062U1

Tenax-TA absorbent Shimadzu Co. 223-57102-91

Septum for headspace sampling GERSTEL 093640-057-00
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Cat cage DCM Co., Ltd. 456063

Glove Kimberly-Clark 52816

Petri dish (9 cm diameter) Sansyo Co., Ltd. 36-3407

Petri dish (6 cm diameter) AGC Techno Glass Co., Ltd. 3010-060

Acrylic chamber Crew's Co. AB-200

Plastic bag Jointex Co. 365-245

Filter paper Toyo Roshi Kaisha Ltd. Advantec qualitative no. 1, 70 mm
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Masao Miyazaki (mmasao@iwate-u.ac.jp).

Materials availability

All data supporting the synthesized iridoids can be received from the lead contact upon request. The syn-
thesized iridoids used in this study will be made available on request by the lead contact with a completed
Materials Transfer Agreement.

Data and code availability
@ All source data to generate all the figures are included in Table S1 (Supplemental all data set).

® This paper does not report original code.

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals

Sixteen healthy mixed-breed laboratory cats (aged 10-139 months; five intact males, nine intact females,
and two spayed females) participated in this study. The cats were housed in pairs or individually in three-sto-
ried cages (93 cm x 63 cm X 178 cm; DCM Co., Ltd., Tokyo, Japan) that were kept at 24 °C by an air condi-
tioner under a 12-/12-h light/dark photoperiod (lights on at 7:00 am). They received dry food (Royal Canin,
Aimargues, France) twice daily and had continuous visual, auditory, and olfactory contact with other cats in
the room. All subject cats were confirmed to exhibit the characteristic licking, chewing, rubbing, and rolling
response to nepetalactone, nepetalactol, dihydronepetalactone, isodihydronepetalactone, iridomyrme-
cin, and isoiridomyrmecin, which were synthesized in our previous studies (Uenoyama et al., 2021). The
cats that participated in each experiment are described in Table S1. All procedures were approved by
the animal research committee of lwate University (Approval numbers A202027, A202038, and A202124).

Female Aedes albopictus mosquitoes (3-8 days old) were purchased from Sumika Technoservice Corporation
(Hyogo, Japan) and maintained at 24 °C by an air conditioner until mosquito repellence assays (Figure 4).

Plants

Fresh silver vine was sampled from wild populations in Takizawa, lwate Prefecture, Japan, in June and July
2021 and was used for behavioral assays within 1 hour of sampling. Catnip seeds were purchased from a
flower shop and grown in a garden in Morioka, Iwate Prefecture. Catnip was harvested immediately before
the experiments in June through August 2021.

METHOD DETAILS
Preparation of leaf extracts of plants

Leaf extracts were prepared using a modification of our previous method (Uenoyama et al., 2021). In brief,
silver vine and catnip leaves were ground with a mortar and pestle in the presence of liquid nitrogen, and
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the leaf powder was suspended overnight in a 20-fold (w/v) organic solvent [2:1 (v/v) cocktail of chloroform
(reagent grade, > 99.0% purity; FUJIFILM Wako Pure Chemical, Osaka, Japan) and methanol (reagent
grade, > 99.8% purity; FUJIFILM Wako Pure Chemical)]. After removing the leaf residue by centrifugation
at 3,000 rpm for 5 min, the leaf extract solvent was removed by rotary evaporation and the extract was dis-
solved in n-hexane (HPLC grade, > 96.0% purity; FUJIFILM Wako Pure Chemical) to a concentration of 1 g
leaves per milliliter. The iridoid contents of each extract were analyzed by GC/MS, as described below.

Fresh silver vine leaves were subjected to untreated (intact) and manual crumpling and tearing treatment
(n = 3 per treatment). Each leaf in the artificial-damage treatment was crumpled by crushing in the exper-
imenter’s hand wearing gloves (LAVENDER NITRILE Powder-Free Exam Gloves, Kimberly-Clark, Roswell,
GA, USA) and torn into quarters to simulate feline licking and chewing. Ten minutes after the treatments,
extracts were prepared as described above.

Behavioral assays using cats

In all experiments, the cats were placed in individual test cages (93 cm X 63 cm X 59 cm; DCM Co., Ltd.,
Tokyo, Japan) for a few minutes before each assay for habituation. The behavioral response of each cat to
silver vine leaves or toward two Petri dishes (9 cm diameter; Sansyo Co., Ltd., Tokyo, Japan) containing test
stimuli was recorded using a digital video camera (Handycam HDR-CX680; Sony, Tokyo, Japan) placed in
front of the cage, until the cat showed a lack of interest in the plants or dishes for at least 10 min. The loca-
tion of each dish on the right or left of the cage floor was randomized in each assay. The duration of the
feline response (licking, chewing, rubbing, and rolling) toward the dish was assessed blinded to dish iden-
tity using Behavioral Observation Research Interactive Software (BORIS) ver. 7.10.7 (Friard and Gamba,
2076).

Experiment 1 examined the responsiveness of eight cats to the intact and manually crumpled and torn sil-
ver vine leaves. Subjects were presented simultaneously with two Petri dishes fixed to the cage floor with
gummed cloth tape: one dish contained 2 g of intact silver vine leaves and the other contained 2 g of manu-
ally crumpled and torn silver vine leaves, both covered by perforated lids.

Experiment 2 examined the responsiveness of 12 cats to two types of synthetic iridoid cocktails that corre-
sponded to the ratio of iridoids in the leaf extracts of intact silver vine leaves (intact silver vine-cocktail) or to
leaves crumpled and torn manually 10 min before extraction (damaged silver vine-cocktail). The two iridoid
cocktails were prepared at 5 mg/ml using the formulations shown in Table 1, with ethanol (reagent
grade, > 99.5 % purity, Sigma-Aldrich, St. Louis, MO, USA) as a solvent. Fifty micrograms of each cocktail
were applied to the base of separate dishes. After the solvent evaporated, the subjects were tested with a
choice of open dishes containing intact silver vine-cocktail versus a damaged silver vine-cocktail, as
described above.

Experiment 3 examined the responsiveness of 13 cats to catnip and silver vine leaf extracts. Subjects were
presented with a choice of open dishes containing extracts of catnip versus silver vine leaves (100 ul aliquot
corresponding to 100 mg leaf wet weight) that had been crumpled and torn manually 10 min before extrac-
tion. Our previous study showed that this dose of intact silver vine leaf extract was enough to induce the full
characteristic response shown toward silver vine plants by positive responder cats (Uenoyama et al., 2021).

Experiment 4 examined the responsiveness of 14 cats to synthetic iridoid cocktails prepared to match the
ratio and amounts of iridoids in the extracts of 100 mg of damaged catnip (damaged catnip-cocktail; total
iridoids: 400 ng) and damaged silver vine leaves (damaged silver vine-cocktail; total iridoids: 10 pg) that
were equivalently crumpled and torn manually 10 min before extraction. Damaged catnip-cocktail and
damaged silver vine-cocktail were prepared at 5 mg/ml and 125 pg/ml, respectively, using the formulations
shown in Table 1, with eighty microliters of each cocktail applied to separate open dishes.

Experiment 5 examined the responsiveness of 12 cats to 50 ng damaged catnip-cocktail versus 50 pg
damaged silver vine-cocktail.

Experiment 6 examined the responsiveness of 13 cats to 50 pg damaged catnip-cocktail versus 50 pg modi-

fied damaged silver vine-cocktail in which nepetalactol was replaced by nepetalactone (the formulation is
shown in Table 1).
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Experiment 7 examined the responsiveness of 12 cats to 50 pg damaged silver vine-cocktail versus 50 png
modified damaged silver vine-cocktail.

Headspace sampling of plant leaves

Five grams of fresh silver vine leaves were subjected to different treatments: intact (n = 7), feline response
(n = 8), and manual crumpling and tearing (n = 7). In the feline response, the leaves placed in individual test
cages were damaged by the typical response including licking and chewing for approximately 10 min.
Immediately after damage by cats or manually, the leaves were carefully transferred into a 5-cm-diameter,
10-cm-high cylindrical glass bottle to avoid further damaging the leaves. The bottle was closed with a stain-
less-steel screw-cap with a 9-mm-diameter hole in the center that was covered by a septum [silicone (blue)/
PTFE (white), 45° Shore A, 1.3 mm; GERSTEL, Mulheim an der Ruhr, Germany]. The headspace above the
leaves was concentrated into an adsorption glass tube containing 300 mg of Tenax-TA adsorbent
(Shimadzu Co., Kyoto, Japan) by purging with pure nitrogen gas at a rate of 65 ml/min, at room tempera-
ture for 4 hours. Fresh catnip (1 g aliquot) leaves were subjected to intact and manual crumpling and tearing
treatments (n = 6 per treatment), and the leaf headspace was then concentrated into Tenax-TA adsorbent
for 10 min as described above. Immediately after sampling the headspace, organic solvent extracts of the
leaves were prepared as described above.

Gas chromatography / mass spectrometry

For the analysis of organic solvent extracts of silver vine and catnip, one microliter of each sample was in-
jected into GC/MS (QP-2010 Ultra device, Shimadzu Co.) at 250°C injector temperature using an AOC-20i/s
autosampler (Shimadzu Co.). Within calibration curves, leaf extracts corresponding to 1 mg and/or 0.1 mg
leaf wet weight were injected into the GC/MS. For the headspace analysis, volatile compounds trapped in
Tenax-TA were desorbed at 250°C by purging helium gas at 60 ml/min for 10 min using a thermal desorp-
tion device (TD-20; Shimadzu Co.) and were introduced directly into the GC/MS. All samples were intro-
duced in splitless mode.

The GC equipped with DB-WAX column (60 m x 0.25 mm internal diameter, 0.25 um film thickness; Agilent
Technologies, Inc., Santa Clara, CA, USA) was operated with helium carrier gas, 1.5 ml/min column flow.
The GC oven temperature was maintained at 40°C for 2 min, increased to 250°C at a rate of 4°C/min,
and held at 250°C for 10 min. Mass spectrometry was operated in electron impact mode (70 eV) at
200°C of ion-source temperature. Mass spectra were obtained in full-scan mode from m/z values of 35
to 500. GCMSsolution software (ver. 4.53; Shimadzu Co.) was used to process the raw data, peak identifi-
cation from total ion chromatograms, peak—peak signal-noise (S/N) ratio calculation, and peak area mea-
surement. The amounts of nepetalactone, nepetalactol, dihydronepetalactone, isodihydronepetalactone,
iridomyrmecin, and isoiridomyrmecin were quantified based on the areas of the m/z 81, m/z 135, m/z 81,
m/z 81, m/z 95, and m/z 67 peaks, respectively, extracted from the full-scan data. The limit of detection
(LOD) and the lower limit of quantification (LLOQ) were assessed in each analytical run at an S/N ratio
greater than 3 and 10, respectively. Calibration curves for nepetalactol and other iridoids were generated
using4.27,8.53,17.06, 34.1, 68.2,136.5, 273.0, 546.0, 1092.0, 2184.0, and 4368.0 pg/ml, and using 0.71, 1.42,
2.84,5.69,11.4,22.8,45.5,91.0, 182.0, 364.0, and 728.0 png/ml, respectively.

Mosquito repellent assays

Mosquito repellent properties of intact silver vine-cocktail, damaged silver vine-cocktail, and damaged
catnip-cocktail were assessed following our previous study (Uenoyama et al., 2021). Eighteen to twenty-
six female Aedes albopictus mosquitoes (3-8 days old) were transferred to an acrylic chamber
(20 cm x 20 cm X 20 cm; Crew's Co., Osaka, Japan) that had seven air vents (3 mm diameter) covered
with a filter paper (Advantec qualitative no. 1, 70 mm; Toyo Roshi Kaisha Ltd., Tokyo, Japan) and was con-
nected to a plastic bag as a shelter (Figure S4; 24 cm width, 26 cm depth, 0.04 mm thickness; Jointex Co.,
Tokyo, Japan). An open Petri dish (6 cm diameter; AGC Techno Glass Co., Ltd., Shizuoka, Japan, rubbed
with 40-grit sandpaper) treated with an iridoid cocktail (400 pg or 800 pg of aliquot) or an appropriate
ethanol solvent control was placed on the floor of separate cages after solvent evaporation, on the oppo-
site side of the shelter (n = 6 replicates per treatment). As our previous study showed that 5 g silver vine
leaves were sufficient to repel around 30 % of Aedes albopictus mosquitoes, while cats that had rubbed
against 50 g silver vine leaves were significantly repellent to this mosquito species (Uenoyama et al.,
2021), here we used 400 pg and 800 pg doses that corresponded to the iridoid contents of contained in
approximately 4 g and 8 g damaged silver vine leaves, respectively. We also tested repellence of
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1600 pg of the damaged catnip-cocktail because 400 ng and 800 ng of the cocktails failed to induce sig-
nificant repellence of Aedes albopictus compared to the control stimulus. Ten and twenty minutes after
the presentation of stimuli, the number of mosquitoes present in the shelter was counted and expressed
as a percentage of the total group tested. Mosquito repellency was assessed by comparing the percentage
of mosquitoes in the shelter in each treatment replicate with control replicates.

QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical analyses were performed in SPSS (version 28, IBM) or JMP (version 10.0.2, SAS institute inc.)

The amount of total iridoids in the headspace above silver vine leaves was compared between intact, cat-
exposed, and manually damaged treatments using a Kruskal-Wallis test (exact p value), with Steel-Dwass
post-hoc comparisons between each pair of treatments. Similar tests assessed differences between treat-
ments in each individual iridoid in headspace samples. A Mann-Whitney U test (exact p value) compared
the amount of total iridoids in the headspace above in catnip leaves between intact and manual-damage
treatments. Univariate ANOVAs compared the amount of total iridoids in solvent extracts from intact, cat-
exposed, and manually damaged silver vine leaves, as well as the amounts of each separate iridoid (nepe-
talactol, dihydronepetalactone, isodihydronepetalactone, and isoiridomyrmecin) after checking that resid-
uals from each model approximated normality. Post hoc tests with Bonferroni correction for multiple com-
parisons assessed differences between each pair of treatments.

Wilcoxon matched-pair signed ranks test (two-tailed, exact p value calculated where n < 10) compared the
total duration of the characteristic response (licking, chewing, rubbing, and rolling) to intact versus manu-
ally damaged silver vine leaves that were presented simultaneously. Similar tests compared the duration of
response to 50 pg intact silver vine-cocktail versus 50 ng damaged silver vine-cocktail; extracts from manu-
ally damaged leaves of catnip versus silver vine (corresponding to 100 mg leaf weight); 400 ng damaged
catnip-cocktail versus 10 ng damaged silver vine-cocktail; 50 ng damaged catnip-cocktail versus 50 pg
damaged silver vine-cocktail; 50 ng damaged catnip-cocktail versus 50 pg modified damaged silver
vine-cocktail; and 50 pg damaged silver vine-cocktail versus 50 pg modified damaged silver vine-cocktail.

The percentage of mosquitoes in each replicate group found in the shelter was compared between intact
silver vine-cocktail, damaged silver vine-cocktail (400 pg and 800 ng), or solvent control treatments using a
non-parametric Kruskal-Wallis test (exact p value) after 10 min and 20 min exposure, with Steel post-hoc
tests comparing each test stimulus to the control, as data did not meet the assumptions required for para-
metric analysis. Similar tests compared mosquito response to different amounts of damaged catnip-cock-
tail (400 pg, 800 ng, and 1600 ng) or solvent control treatments.
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