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ABSTRACT

Students often have limited understanding of the major innovations in plant
evolution. We developed a card sorting activity based on tree thinking that
is suitable for students with a wide range of abilities and experience.
Through this activity, students learn how scientists organize taxa into
biologically meaningful, natural groups that illustrate important events in
terrestrial plant evolution. The activity corresponds to several NGSS
standards and is suitable for use in classroom or laboratory settings and as
a public educational outreach activity.

The Botanical Phylo-Card Game addresses several components of Next
Generation Science Standards (NGSS Lead States, 2013) such as
Inheritance/Variation in Traits (3-LS3-1, HS-LS3-1, HS-LS4-2) and
Natural Selection/Evolution (MS-LS4-2, HS-LS4-1). The game involves
disciplinary core ideas about biodiversity, evolution, and common ancestry;
crosscutting concepts regarding identification and interpretation of patterns;
and scientific practices of constructing explanations and engaging in
arguments from evidence that can guide individualized implementation and
assessment of the activity by different instructors.
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O Introduction

Botany and evolution are two topics about
which students often lack fundamental
awareness or knowledge and hold a number
of misconceptions (Uno, 1994; Wandersee
& Schussler, 1999; Hershey, 2004, 2005;
Miller et al., 2006). Low botany and evolu-
tion literacy in students leaves them unable
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(Ward et al., 2014; Pew Research Center, 2015; National Research
Council, 2016). Many excellent, inquiry-based modules for the
classroom and laboratory have been developed to improve student
understanding of botany and evolution separately, but there are
relatively few quick activities suitable for use across grade levels
that bring these topics together.

The Botanical Phylo-Card Game described here was originally
developed as a booth activity for a STEM outreach event. It was
intended to quickly teach booth visitors fundamental botanical
and evolutionary concepts through a combination of tree thinking
and card sorting. “Tree thinking” collectively refers to the analytical
skills and knowledge of evolution necessary to interpret the infor-
mation about relationships and evolution in phylogenetic trees. It
is a powerful framework for teaching fundamental principles of
evolution that can increase students’ understanding and acceptance
of evolution (Gibson & Hoefnagels, 2015). After successful use at
the public outreach event, we discovered that
combining tree thinking and card sorting is an
effective way for students to demonstrate their
understanding of evolution and features of the
taxa being studied. This activity also helps teach-
ers rapidly identify misconceptions and evaluate
students’ level of disciplinary expertise and
approach to problem solving (Chi et al., 1981;
Smith et al., 2016).

O Materials

The Botanical Phylo-Card Game integrates ele-

to fully appreciate the contributions of these a number Of ments of the Great Clade Race (Goldsmith,
fields to our understanding of the natural . . 2003) and the Phylogenetic Analysis of Plants
world. Consequently, students are unable mlSCOT’lCepthTlS. (Gibson & Cooper, 2014), activities developed

to consider the many career options that
involve plants or cannot critically evaluate issues ranging from the
use of genetically modified crops to content of science curricula

for high school and undergraduate biology
courses. The game requires two sets of 27 cards. Cards in Sets A
and B have a picture, the common name, and the scientific name
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of identical plant species on the front of the cards (Figure 1). Set B also
has icons printed on the front of the cards and patterns of colored dots
on the back. Icons represent different plant traits (Figure 2). Dot pat-
terns broadly represent ribulose bisphosphate carboxy-oxygenase
large subunit (rbcL) gene sequence data. Each set has one alga, two
bryophytes, four seedless vascular plants, six gymnosperms, two basal
angiosperms, seven eudicots, and five monocots. Playing card size
(Supplement A, Supplement B) or a larger size cards for visually
impaired students (Supplement A Large, Supplement B large ) can
be printed, cut, folded, and laminated using supplemental files. (See
the Supporting Material at the end of this article.)

O Procedure

The fundamental idea of the game is to have players sort cards into
groups. Their groupings are a hypothesis of the relationships
among the species. The player then tests their hypothesis using
genetic data represented by patterns of colored dots, and interprets
what their groupings indicate about important traits in plant evolu-
tion. As a type of warm-up, players should be informed that char-
acteristics or DNA sequences show patterns, and biologists try to
understand the information in the patterns to group organisms.
A nested pattern of relationships can be developed when similar
patterns are used to group organisms together, and unique pat-
terns are used to differentiate groups. For example, consider the
dot color and texture patterns shown in Figure 3. The patterns
could be a proxy for nucleotide sequences in this explanation.
The three species are grouped together

Figure 1. Example of Set A cards (top row) and Set B cards
(bottom row), showing traits on the fronts of the columbine
and whisk fern cards and rbcl dot patterns for the cactus
card on the back.

based on shared, similar dots in positions

) ) ) TRAIT ICONS
1 and 4. However, the difference in posi-
tion 2 between species C and species A Life Cycle .
a'ndv B? in conjunction with the shared Haploid Haploid (gametophyte) phase e —
similarity between A and B, places the two with minor ~ dominant over diploid dominant over haploid
species in a sub-group together. Species A g;gloéd (sporophyte) phase (gametoophyte) phase
and B are placed in separate groups based 4
on their difference at position 3. A more Reproduction /fﬂl = -
. .. . ] . 4
detailed activity to demonstrate genetic g é - e @
- . . otile
variation and groupings can be found in . Cones Dicot type Monocot type
spermand  Motile sperm, flower flower
Ofner (2010). egg sessile egg
In the first round of the game, a player
(individual I Yis gi h d Plant \W 0
individual or small team) is given the cards produced °"-. )>| - =N
in Set A and asked to sort them into groups from Spore Angiosperm, dicot-  Angiosperm,
of related species based on whatever traits Gymnosperm-type  type seed monocot-type seed
they choose. After sorting, the player should seed
explain the rationale for their groupings. Vascular
Individuals should report back to the class tissue
and discuss the similarities and differences
in observed traits that they used to group
cards. Often this will result more from gross
phenotypic similarity than strong evolution-
ary trend. After the discussion, these cards
are set aside, with the groupings retained. Tracheids present Vessel elements present
For the second round, the player is given p
. Fruits b &
cards from Set B with the dot patterns W e
upward and asked to sort them into groups .
based on the rbcL dot patterns. After the sec- Present

ond sorting round, the player again explains
the rationale for groupings and compares

Figure 2. Key to plant traits on Set B cards.
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Figure 3. Example of how dot patterns can be used to
differentiate and group taxa.

how they are similar to and different from the first round groupings.
After comparing and contrasting their groupings, the Set B cards are
turned over to show the pictures and icons. The player is now asked
to describe whether the groupings based on dots show any patterns
with regard to the plant traits. Students should also explain how
their rbcL data groupings relate to the traits of the different species.
At this point, students should discuss how comparisons of group-
ings based on the dots (i.e., gene sequence data) could be used as
an independent data set to support interpretations of how other
traits evolved in plants. Patterns in the genetic data represented by
dots and the patterns of traits should also be used to guide the dis-
cussion and highlight concepts of data congruence and identify the
major events in plant evolution.

To complete the activity, round two groupings are then used to
demonstrate how biologists use phylogenies to graphically display
relationships among species and trait evolution. By placing the cards
on a large sheet of paper or whiteboard, a tree diagram can be drawn
to unify their groupings (Figure 4). Traits such as vascular tissue, use
of motile sperm, or production of fruits can then be mapped on the
phylogeny. A tree can also be drawn for the first round groupings to
show how they are less parsimonious and give a confused perspec-
tive on trait evolution. Nested, hierarchical groupings can also be
shown by drawing circles around groupings to further illustrate phy-
logenetic principles in grouping taxa (Figure 5). At this point, stu-
dents should discuss how the diagrams show the sequence of how
different traits arose over the course of plant evolution and the
importance of reproductive traits in plant evolution.

A head-to-head variation can be used to take a slightly different
approach to exploring the topic. Using two complete sets of cards,
two individuals or teams play in a head-to-head competition to sort
identical Set A cards as quickly as possible and explain their ratio-
nale as described above. Typically, there will be a number of differ-
ences between competitors’ groupings after the first round. For the
second round, teams sort the Set B cards as quickly as possible.
However, one team uses the side with pictures and icons, and the
other team uses the side with rbcL data. Except for occasional
minor differences, the groupings are predominately identical,
which further highlights data congruence.

O Assessment

Sorting in the first round is typically based on superficial similari-
ties that put distantly related species into the same group (e.g.,

Figure 4. Example of phylogeny based on round two sorting
of Set B cards.

ﬁouer’-us Planis

Figure 5. Example of nested organization of Set B cards after
round two sorting.

palms, ferns, and cycads by the gross morphological similarities
of leaves) or exclude related species from a group (e.g., grasses
excluded from angiosperms with showy flowers). In the second
round, groupings based on the dot patterns are often dramatically
different from the first round. Players can usually explain how her-
itable genetic data indicated by the rbcL dots can be used to identify
large, inclusive groups and differentiate smaller, more exclusive
groups. They also identify traits such as the types of flowers, which
segregate some plants into more exclusive groups, and other traits,
such as the presence of vascular tissue, which delimit larger, more
inclusive groups. The general sequence of vascular tissues evolving
first, followed by evolution of seeds and flowers, is also evident
after the second round.

When comparing phylogenies drawn from the first and second
round groupings, the first round groupings are usually less parsi-
monious as a result of numerous homoplasies. Players typically
organize species into accurate natural groupings using the trait
icons or rbcL dot patterns. After comparing phylogenies, students
discover how shared traits show common ancestry among taxa,
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but unique traits differentiate lineages. Students will also begin to
build a framework to understand key innovations in plant evolution.

O Conclusions

The Botanical Phylo-Card Game provides a simple and effective plat-
form to teach fundamental botany and evolution concepts. Wilkins
(1988) accurately described plants as “the most important, least
understood, and most taken for granted of all living things.”
Dobzhansky (1973) famously stated, “Nothing in biology makes
sense except in the light of evolution.” More recent expansions on
that idea note, “Nothing in evolution makes sense except in the light
of phylogeny” (Society of Systematic Biologists, 2001), and “Nothing
in evolution makes sense except in the light of DNA” (Kalinowski et
al., 2010). Through a simple, card-sorting activity, we bring these
four ideas together in a way that engages learners in discovering
how botanists use evolutionary principles of tree thinking to under-
stand the history and diversity of plants. We tested the activity with
hundreds of players ranging from elementary school students to
senior citizens, in addition to many undergraduates. In all instances,
players quickly learned key events and trends in plant evolution and
demonstrated understanding of how biologist use tree thinking.

O Supporting Material

Phylocards in a standard playing card format and a larger size are
available at http://www.ou.edu/gibsonlab/Tree_Thinking/Tree-
Thinking_Modules_%26_Lab_Exercises.html

O Phylocard Image Credits

Algae: By Frank Fox, http://www.mikro-foto.de, CC BY-SA 3.0 de
https://commons.wikimedia.org/w/index.php?curid=20240900
https://en.wikipedia.org/wiki/Volvox#/media/File:Mikrofoto.
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Corn: By burgkirsch, CC BY-SA 2.5, https://commons.wikimedia.
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wiki/Maize#/media/File:Maispflanze jpg
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schia#/media/File:Welwitschia-mirabilis-female.jpg
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