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Boquila trifoliolata mimics leaves of an artificial plastic host plant
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ABSTRACT

Upon discovery that the Boquila trifoliolata is capable of flexible leaf mimicry, the question of the
mechanism behind this ability has been unanswered. Here, we demonstrate that plant vision possibly
via plant-specific ocelli is a plausible hypothesis. A simple experiment by placing an artificial vine model
above the living plants has shown that these will attempt to mimic the artificial leaves. The experiment
has been carried out with multiple plants, and each plant has shown attempts at mimicry. It was observed
that mimic leaves showed altered leaf areas, perimeters, lengths, and widths compared to non-mimic
leaves. We have calculated four morphometrical features and observed that mimic leaves showed higher
aspect ratio and lower rectangularity and form factor compared to non-mimic leaves. In addition, we have
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observed differences in the leaf venation patterns, with the mimic leaves having less dense vascular
networks, thinner vascular strands, and lower numbers of free-ending veinlets.

Introduction

Seven years ago, Gianoli and Carrasco-Urra reported on their
discovery of Boquila trifoliolata (Lardizabalaceae), a woody
vine from temperate rainforests of southern Chile, capable of
complex leaf mimicry, when leaves of up to three different host
plants were mimicked by leaves of one B. trifoliolata plant.'
However, according to a side-by-side published commentary,
the absence of any plausible hypothesis for such a phenomenon
makes this report unexplainable and mysterious.

Gianoli and Carrasco-Urra preferred some chemical volatile
signals released from the host plants, which would allow the
B. trifoliolata to mimic leaves of host plants." As an alternative
proposal, they also speculated that horizontal gene transfer
between host plant and Boquila vine, mediated perhaps via
airborne microbes, might allow this leaf mimicry. They pro-
posed this scenario because B. trifoliolata leaves mimic the
nearest foliage, irrespective if these leaves are from the host
plants or some other neighboring plants."” The complexity of
this mimicry, when B. trifoliolata leaves were shown to mimic
shapes, colors, leaf orientations, petiole lengths, and vein con-
spicuousness and patterns may have a third hypothesis, totally
different from the volatile signals from host plants or gene
transfer via airborne microbes. This third hypothesis would
support the possibility that plant vision based on plant ocelli*”
is behind this unique form of plant behavior.*’

The plant ocelli concept was elaborated by Gottlieb
Haberlandt in 1905 and two years later supported by Francis
Darwin® which consists of the upper epidermis cells have
a planoconvex or convex shape acting as lenses, allowing the
convergence of light radiation into light-sensitive subepider-
mal cells.” With the discovery that the B. trifoliolata is able to
mimic the leaves of the nearest plant,"” we have been given
a rare opportunity to test plant vision in more detail. The

simplest way to test the vision hypothesis with the
B. trifoliolata would be to see if it would mimic a non-living
leaf shape from an artificial plant. In this study, B. trifoliolata
was exposed to the artificial plastic plant with a characteristic
leaf shapes. The results of this study show that this is indeed the
case as leaves of B. trifoliolata mimicked leaves of the artificial
plant. Hopefully, this report will stimulate more experiments in
future to improve our understanding of the plant sensory
abilities.

Results and discussion

Boquila trifoliolata grows in very wet conditions in the
Valdivian temperate rainforest. The standard leaves of the
B. trifoliolata plants show a variation of leaf shapes and the
number of lobes. The majority of leaves have three lobes with
blunted tips (Figure la). Variation of the number of lobes can
be seen with some leaves having multiple lobes and others
having less than three. Some leaves showed similar pattern to
the fake leaves with respect to lobe variation (Figure 1b). In this
research, lower leaves were used as control (non-mimic) leaves
due to being below the line of the opaque shelf 1, therefore
without direct visual contact with the false leaves (Figure 2).

As the vine grows toward the artificial plant, the leaves of
B. trifoliolata take a much different shape. The plants show
obvious mimicry attempts to the closest false leaves of model
plants, though some leaves still maintain a single lobe
(Figure 3). The artificial plant, due to the imperfections in
manufacture, has differently shaped leaves. However, all leaves
showed more longitudinal shapes (Figure 4). To evaluate the
mimicry attempts of Boquila leaves, we have classified them,
regarding their age, into three basic groups of young, middle-
age and old age leaves.
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Figure 1. Leaf shapes in Boquila trifoliolata. (a) Non-mimic leaf, with three lobes, dense vascular network. (b) Mimic leaf, with a single lobe in the apex, less dense

vascular network. Red asterisks shows examples of free-ending veinlets.
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Figure 2. Experimental design. Four Boquila trifoliolata plants lined up side-by-side in front of a window and the artificial model vine plant with plastic leaves (red).
Leaves below shelf 1 is the non-mimic (control) leaves. Leaves above shelf 1 is the mimick leaves. Created with BioRender.com.

Moreover, we used a leaf recognition algorithm for quan-
tification of leaf forms (for details, see the Materials and
Methods section).” We have observed that the middle-age
and old non-mimic leaves had significantly greater leaf area,
perimeter, length, and width than the mimic leaves
(Figure 5). Regarding young leaves, we observed significant
differences in leaf widths. By establishing a relationship
between these four parameters, we calculated different vari-
ables. We observed that the non-mimic leaves had greater
rectangularity.” Regardless of their age, leaf shapes took on
a more uniform rectangle-like forms (Figure 6).

Furthermore, when we compared the ratio between leaf dia-
meter and leaf length (form factor), we observed that the
young middle-aged and old leaves of the non-mimic plants
had this ratio higher (Figure 6). However if we compared the
ratio between length and diameter (aspect ratio), we found
that mimic leaves had higher values, which means a more
slender shapes (forms).

These last two parameters (aspect ratio and form factor)
show us that mimic leaves are generally longer rather than
wider, indicating that they are more similar to the elongated
plastic leaves that were placed next to the Boquila plants, as



Figure 3. Single lobe mimic leaf. Mimicry attempt to the plastic leaves of artificial
host plant.

a model of host plant. The non-mimic leaves showed similar
values for lengths, having their form factor values close to 1
(similar width and length values result in the form factor values
close to 1), the more similar the leaves are in length and width.
Corroborating these data, we obtained rectangularity, showing
us that the non-mimics are more roundish in shape, in com-
parison to the slender mimic leaves.

The mimicry began just below the artificial vine (between
shelfs 1 and 2) and when more leaves were facing the model
leaves, it seemed to affect the detail of mimicry. This suggests
that the lower leaves sample details of the leaves next to them
and pass the obtained information to the next set of growing
leaves. New leaves are formed in the mimic shape and young
leaves grow larger in that shape. This suggests that lower leaves
play some roles in the leaf mimicry.

An interesting aspect was observed about the venation pat-
tern when we analyzed the leaves under binocular microscopy.
It was observed that non-mimic leaves had more free-ending
veinlets, represented by tiny veinlets having their extremities
ending freely in the leaf mesophyll'® (red arrow heads in
Figure 1). Greater amounts of the free-ending veinlets were
observed in non-mimic leaves in young leaves as well as mid-
dle-aged and old leaves (Figure 7). It is well known that the
development and patterning of the veins progresses in
a basipetal direction (from the leaf apex toward the base);
therefore, the more advanced stage of the venation networks
can be found at the leaf apex than at its base.'®'" In comparison
to the non-mimic standard leaves, mimic leaves show lower
numbers of free-ending veinlets and less dense vascular net-
works (Figure 1). This feature is an indication of high auxin
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Figure 4. Plastic leaf of a model artificial plant with longitudinal shape.

concentrations at the leaf margins, suggesting that perhaps
these leaves have altered patterns of auxin biosynthesis and
polar auxin transport.'”'' This can be interpreted as an
attempt to modify their leaf shape, trying to mimic the plastic
leafs.

It appears that over the months, B.trifoliolata plants
improved their mimicking of the plastic host plant significantly
(Figure 8). The mimic leaves doubled in size from one analysis
to the next (first analysis December 2020, second analysis
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Figure 5. Morphometric analysis of Boquila trifoliolata leaves. Black bars correspond to non-mimic leaves (control), without contact with plastic leave. Gray bars
correspond to mimic leaves, with close contact with plastic leaves. Leaves were classify into young, middle and old regarding their age. Measurements performed in 16
biological repetitions and two-tailed Student’s t-test was used to identify significant differences between mimick and non-mimic leaves. P-values<0.05 were considered
significant (***P < .001; **P < .01; *P < .05). The error bars reported in all graphs represent standard deviation.

June 2021) and the form factor has reduced significantly,
approaching the form factor of the plastic leaves having slender
shapes (form factors close to the value 1). This improved ability
of B.trifoliolata plants to mimic shapes and sizes of plastic
leaves implicates learning and memory processes in plant
mimicry.

Leaf mimicry attempts have been observed on all shoots
growing near the artificial model (host) plant. Some
mimicking leaves are not perfect in their mimicry, simi-
larly to their attempts at serrated leaves in nature.'
Perhaps due to the uneven edges on the artificial plant,
all leaves in contact with the artificial vine have
a markedly different shape than the non-mimic leaves
below the shelf. Our results showed that leaves of
B. trifoliolata mimic artificial leaves, changing their shape
to a more longitudinal shape devoid of lobes. This goes in
the opposite direction of the two hypotheses proposed by
Gianoli & Carrasco-Urra 2014, which speculated that the
leaves of Boquila could pick up airborne chemicals
released by other trees or use genes from its host via
parasite or microbe. Our present analysis favors plant
vision based on plant-specific leaf ocelli.*?

Outlook and perspectives

Up to this point, the leading explanation for leaf mimicry
in the B. trifoliolata has been volatile signaling and hori-
zontal gene transfer.” Volatile signaling and horizontal
gene transfer in plants have been proposed.'>'> However,
since the B. trifoliolata can mimic leaves when not in
contact with the host plant makes this unlikely and hard
to test. Volatile signaling does show promise and can be
easily tested, as in a recent study has shown that Cuscuta
racemose can choose between different hosts plants at
a certain distance.'*

Recent research into plant perception and communica-
tion has provided new surprising details into the life of
plants enjoying not only ability of communication through
chemical volatiles but also perception of acoustic
signals.'*'>!'® Moreover, research done on the visual cap-
abilities of algae and protists clearly suggest vision already
in unicellular organisms.'’"** Experimental testing of the
ocelli-based plant vision, as it was done by Harold Wager,*
would be the logical next step in our quest for under-
standing the plant sensory complexity.
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Figure 6. Morphometric analysis of Boquila trifoliolata leaves. Aspect ratio is the ratio of leaf length and width. Circularity describes the difference between a leaf and
a circle. Rectangularity describes the similarity between a leaf and a rectangle. Form factor is the ratio between leaf width and length. Measurements performed in 16
biological repetitions and two-tailed Student’s t-test was used to identify significant differences between mimick and non-mimic leaves. P-values<0.05 were considered
significant (***P < .001; **P < .01; *P < .05). The error bars reported in all graphs represent standard deviation.

Currently, in a cooperation with the group of Prof.
Maximilian Weigend, we are growing several Boquila plants
in the Botanical Garden of the University of Bonn. These
plants will allow us to perform these critical experiments in
our future studies.

Materials and methods
Plant material and growth conditions

Boquila trifoliolata plants were purchased from a local store
placed in Port Townsend Washington and arrived in 15.24 cm
pots. Shortly after arrival plants were reported in 25.4 cm pots
filled with high nutrient potting soil with a pH of 6.3, 0.30%
nitrogen, 0.45% phosphate, 0.05% potassium, and 1.00% cal-
cium. The plants were watered with distilled water (approxi-
mately 236 ml) until they reached field capacity every other day
to keep the soil moist. A stone humidifier was placed near the
plants to maintain a higher humidity. The experiment was
conducted in Magna, Ut, USA (40°42'N, 112°06'W) during
the period from September 2019 to October 2020. The plants

were placed in front of a large west facing window. The first
leaves sample for analysis was collected in December 2020 and
the second sample was collected in June 2021.

Each plant was assigned a number and placed on a growing
rack. Two artificial vines were placed above the plants on
a wooden trellis. During the winter, the plants grew quickly
through the leaves showed poor mimicry of the artificial plants
leaves. The original plant that we had did not show good evidence
of mimicry until the spring and summer. We decided to continue
the experiment and see if there were better results in the warmer
months.

Experimental design

The plants were lined up side by side in front of the window
through which they received sunlight coming from the west
direction. Above the plant pots, two opaque shelves (shelf 1
and shelf 2) were placed to keep the lower parts away from the
artificial vine and plastic leaves. Two White Wisteria Garland
artificial vines were purchased from a local store, and the
flowers were removed so only the silk leaves would remain.
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Figure 7. Quantification of the free-ending veinlets. Number of free-ending veinlets per leaf. Black bars correspond to non-mimic leaves (control), without contact with
plastic leave. Gray bars correspond to mimic leaves, with close contact with plastic leaves. Leaves were classify into young, middle and old regarding their age.
Measurements performed in 4 biological repetitions and two-tailed Student's t-test was used to identify significant differences between mimick and non-mimic leaves.
P-values<0.05 were considered significant (***P < .001; **P < .01; *P < .05). The error bars reported in all graphs represent standard deviation.
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Figure 8. Leaf area and form factor (ratio between leaf width and length) of plastic leaves, old mimic leaves and older mimic leaves (leaves one year older). All three
groups showed significant differences in leaf area. Only the plastic and old mimic groups showed a difference between each other, the other interactions showed no
significant differences. The data were submitted to one-way analysis of variance (ANOVA) and the mean values were compared by Tukey test (***P < .001; **P < .01;

*P < .05). The error bars reported in all graphs represent standard deviation.

The artificial vines were covered with fake leaves (Figure 4) and
placed 28 cm above the top of the pots containing
B. trifoliolata, so the artificial vine with fake leaves were not
visible below the shelf 1, Figure 2 (The plastic plants are in red
in Figure 2 for easy discrimination between the mimic leaves.
However, in reality, the plastic leaves are green, as shown in
Figure 3). As the plants grew, wires were placed adjacent to
growing shoots to guide then toward the artificial vines if they

did not attach to the trellis. Plants were observed daily with
notes taken of new shoot growth and wires were added as
needed to bring the new shoots closer to the artificial leaves.

Leaf morphology analysis

The plants were classified into three groups in relation to the
leaves age;



Young: juvenile, newly formed leaves;

Middle: middle-aged leaves;

Old: fully formed leaves.

In addition, we classified the leaves into two additional
groups that were compared to each other: mimic group and
non-mimic group.

The leaves were analyzed based on four basic geometrical
features:’

Leaf area (A): total leaf area, calculated in pixels of the entire
leaf with the help of the Plugin Leaf] ;24

Perimeter (P): the leaf perimeter was calculated by counting
the pixels consistent with the leaf margin;

Length (L): distance between the two terminals of the main
vein;

Width (W): the longest distance between two points that
intersect the straight line of length at a 90 degree angle.

Using the four basic geometrical features, we define four
digital morphological features, used for leaf analysis:

Aspect ratio: is defined as the ratio of length to width;

L

w

Circularity: describes the difference between a leaf and a circle,
according to the following equation:

4mA

p2
Rectangularity: describes the similarity between a leaf and
a rectangle, according to the following equation:

Lw
A

Form Factor: ratio between width and length.

w

L

The free-ending veinlets were analyzed using photos taken
with a binocular microscope at 0.8x magnification. The photos
were analyzed and the free-ending veins were counted using
Image]J software (Cell counter analyzer plugin). A minimum of
6 leaves were used for each group.

The largest leaves of the branch containing three leaves were
removed, then these leaves were photographed with a camera
(Canon EOS 1000D, Canon Inc., Tokyo, Japan) and binocular
microscope (Leica MZ FL III with Leica DFC 290, Leica
Microsystems, Wetzler Deutschland). The images were ana-
lyzed with Adobe Photoshop 2021 (22.3.0, Adobe Inc., San
José, CA, USA) and Fiji Image] (Leaf] Plugin24).

Data analysis

Data were analyzed using the statistical software GraphPad
Prisma (9.1.0, GraphPad Software, San Diego, CA, USA). All
data were obtained from 16 biological repetitions and two-tailed
Student’s t-test was used to identify significant differences
between mimic and non-mimic leaves. One-way analysis of var-
iance (ANOVA) was used to identify significant differences of
plastic leaves from older and old mimic leaves and the mean
values were compared by Tukey test (P < .001; **P < .01;
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*P < .05). The error bars reported in all graphs represent standard
deviation.
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