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ABSTRACT

National educational organizations have called upon scientists to become involved in K-12 education
reform. From sporadic interaction with students to more sustained partnerships with teachers, the
engagement of scientists takes many forms. In this case, scientists from the American Society of Human
Genetics (ASHG), the Genetics Society of America (GSA), and the National Society of Genetic Counselors
(NSGC) have partnered to organize an essay contest for high school students as part of the activities
surrounding National DNA Day. We describe a systematic analysis of 500 of 2443 total essays submitted in
response to this contest over 2 years. Our analysis reveals the nature of student misconceptions in
genetics, the possible sources of these misconceptions, and potential ways to galvanize genetics education.

HE rapid advances in genetic research, the popu-
larity of the topicin the news and in current popular
television shows (e.g., CSI: Crime Scene Investigation),
and the direct role that genetics plays in human health
and reproduction make it a scientific discipline that
everyone needs to understand. Yet, several studies reveal
that students fail to critically understand the genetics
knowledge taught in the classroom, and this lack of
understanding translates to an inability to apply basic
knowledge to their everyday lives (LEwis and Woob-
RosinsoN 2000; LEwis and KATTMANN 2004).

State science standards reflect the important role that
genetic advances are playing in our lives. More than 80%
of middle and high school science standards adopted
since 2003 include terminology on the Human Genome
Project, bioethics, cloning, stem cells, and/or other bio-
technology terminology that did not exist in previous
versions of the standards. However, even the adoption of
national science standards, which include the coverage
of genetics concepts, does not guarantee understand-
ing of the concepts. The compulsory science education
standards in England and Wales, for example, failed to
yield deep conceptual understanding in genetics for
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their students (LEwis and Woobp-Rosinson 2000). The
important role genetics plays in society, human health,
and our responses to the environment makes these
deficiencies in genetics content knowledge revealed by
state, national, and international standardized tests even
more troubling. Therefore, a strategic effort to improve
secondary genetics education is especially needed.

MISCONCEPTIONS AND CRITICAL THINKING

One strategy that can have an impact on student un-
derstanding of a specific discipline is to encourage deep,
critical thinking about that discipline. In an age where at
least superficial information is at our fingertips on a
limitless number of topics including genetics, we must
find methods of ensuring an enduring understanding
of this information. Because students often learn only
passively through lectures, reading assignments, or cur-
sory searching of the Internet, developing critical think-
ing skills is necessary to ensure a level of literacy and the
eventual ability to apply the knowledge (CONNALLY
and VILARDI 1989; Rivarp 1994; Keys 1999). Provid-
ing students with an opportunity to explore challenging
areas in genetics through writing is one manner of
achieving this goal.

Research on student learning suggests that student
misconceptions serve as barriers to student achieve-
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TABLE 1

NAEP test results in 2000 for science reveal a deficit in student understanding of
core genetics concepts (O’SULLIVAN et al. 2003)

Students with
complete/essential

Students with

Students with unsatisfactory

Theme Grade answers (%) partial answer (%) answer (%)
Classification 8 23 16 58
Theory of evolution 8 53 NA 45
Reproduction 12 61 NA 39
Evolutionary relationships 12 25 NA 70
Darwin’s theory of evolution 12 51 NA 47
Genes” 12 21 45 30
Mutation® 12 2 33 58
Interpreting genetic material® 12 1 1 83
Genetic disease” 12 5 31 56
Recombinant DNA usage” 12 8 27 58

Percentages may not total to 100 due to rounding and student omission (i.e., no answer was given).
“These questions are in the molecular and human genetics category.

ment. These misconceptions are often based on per-
sonal experiences and are difficult to bypass en route
to meaningful understanding in any content area
(GELMAN and GALLISTEL 1986; WELLMAN 1990). Even
after instruction designed to address scientific contentin
an area where misconceptions are held, many students
do not reconstruct their thinking. Only those students
able to deconstruct their knowledge and reconstruct it
using critical thinking and logical reasoning appear to
have fewer misconceptions even after high-quality in-
struction (LAwsoN and THoMPsoN 1988). Similarly,
conceptual change generally occurs onlyifalearning ex-
perience can demonstrate both that a student’s expla-
nation is insufficient and that an alternative explanation
is more applicable (POSNER et al. 1982).

The National Assessment of Education Progress
(NAEP) assesses proficiency of U.S. students in a variety
of content areas, including science, using a random
sampling of students from the 4th, 8th, and 12th grades.
The last NAEP tests in science were administered in
1996, 2000, and 2005. Unfortunately, the data from the
2005 test is still not completely accessible to the public.
However, an analysis of the 2000 NAEP test results
reveals dramatic deficiencies in genetics content knowl-
edge at both 8th and 12th grades. Mastery of 12 con-
cepts from earth, physical, and life sciences is required
for students to demonstrate proficient or advanced
knowledge in the sciences; one-quarter of these con-
cepts are in the field of genetics (O’SULLIVAN et al.
2003). The NAEP test results reveal specific deficits in
student understanding of classification, evolution, mu-
tation, and DNA technology as shown in Table 1.
Publicly available data on the 2000 NAEP science
assessment (at http://nces.ed.gov/) provides sample
questions and answers from students, as well as the
criteria for scoring answers as “complete or essential,
partial, or unsatisfactory.” We specifically examined the

subset of data regarding the broad category of molecular
and human genetics (footnote ain Table 1).

All questions referring to genes, mutation, cell dif-
ferentiation, genetic disease, and recombinant DNA
usage for 12th grade students had a difficulty of “hard”
and required a written response. This type of question
enables investigators to explore student thinking in
more depth. The example for the year 2000 provided an
adapted text that was taken from an article in the March
1990 issue of Discover magazine. This article was based
on the work of Richard Mulligan and other geneticists
that are currently examining the use of viruses as vehi-
cles for introducing genes into human cells as a form of
therapy for genetic diseases in humans. A majority of
students were not able to describe a gene, its structure,
or its function. It was very rare for students to have a
thorough understanding of the types of mutations that
occur, the causes of those mutations, and the physio-
logical effect of gene alterations. Moreover, few were
able to transfer the knowledge from the article to the
information they had learned in class about inherited
diseases.

Therefore, to encourage a transformation from pas-
sive knowledge in genetics gained via classroom lec-
tures, the National DNA Day Essay Contest (http:/
www.genednet.org/pages/k12_dnaday08.shtml) was es-
tablished by K. R. Mills Shaw, Director of Education at
the American Society of Human Genetics (ASHG), to
provide a distinct opportunity for students to think
critically and articulate scientific arguments related to
genetics. Teachers from across the country were invited
to participate through list serves, blast e-mails, and the
ASHG education website, http: /www.genednet.org. Each
year two questions have been provided: one to allow
students to explore the methods and research that ge-
netics entails and the second to explore the ethical, legal,
and social issues influenced by genetics (see Table 2).
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TABLE 2

Essay contest questions in 2006 and 2007

Year

Question

2006 Why is it important for everyone to know about genetics?

2006 and 2007

If you could be a human genetics researcher, what would you study and why?

2007 In what ways will knowledge of genetics and genomics make changes to health
and health care in the United States possible?

Table 3 summarizes the number of essays submitted
during each year of the contest. The students who wrote
the top three essays for each question were declared
first, second, and third place winners through the
judging process described in METHODS. These students
were awarded $350, $250, and $150, respectively. The
monetary awards were made possible by the sponsorship
of Applied Biosystems (Foster City, CA). While many
essays demonstrated a clear understanding of genetics
and its implications, a significant number of contrib-
uted essays revealed firmly held misinformation and
misconceptions by U.S. students in grades 9-12. This
article examines those misconceptions, provides possi-
ble explanations for their origins, and suggests ways that
scientists, professors, and teachers can collaborate to
improve genetics education at the K-12 level.

METHODS

Judging of essays: All aspects of the National DNA
Day Essay Contest were managed online from initial
advertisement to final judging. Information technology
specialists from ASHG and the Genetics Society of
America (GSA) were able to adapt existing society
resources to facilitate essay acceptance, cataloging, and
scoring. Judges were recruited from the active member-
ship of ASHG, GSA, and the National Society of Genetics
Counselors (NSGC). Three groups of judges were uti-
lized. Each year students were given a choice between
two essay questions. The questions from 2006 and 2007
are highlighted in Table 2. The first group of judges read
large groups of essays on either of the two essay topics,
scanning these essays to ensure they fulfilled all criteria
and addressed all aspects of the judging criteria. The
criteria were slightly different for each of the two
questions and were all published online for all students
and teachers. The scoring criteria for the 2007 questions
are documented in Table 4. Essays not fulfilling these
criteria after being reviewed by at least two judges were
removed from more detailed consideration. The second
group of judges scored ~10-15 essays in depth, provid-
ing a score (from 1 to 10) in each of the five categories.
Each essay was scored by at least three independent
judges. Scores were tabulated and the 10 essays with the
highest scores for each topic were named as finalists.
The last set of judges reviewed and scored each of the

finalist essays with the highest-scoring essays being
chosen as winners. One hundred ten members of the
ASHG, GSA, or NSGC membership served as judges
each year. The entire adjudication process is reviewed in
Figure 1. This system allowed us to perform all judging
anonymously and ensure that each essay was read and
scored by multiple independent reviewers while simul-
taneously investigating each essay for scientific accuracy.

Identification of misconceptions: All judges, along
with scientists on ASHG staff, were asked to examine
each essay for misconceptions or incorrect statements
and forward this information along with their scores. All
misconceptions were collected over 2 years from indi-
vidual judges but were placed into categories by two
individual coders (K. R. Mills Shaw and K. Van Horne)
on the basis of the genetic topic that the misconception
addressed (Table 5). These topics were generated de
novo after reviewing all the misconceptions submitted
from judges and after K. R. Mills Shaw and K. Van Horne
additionally independently evaluated 125 randomly
selected essays from each year (2006 and 2007). All
misconceptions were then cataloged under these spe-
cific topic areas to better characterize the areas where
misconceptions are most common (seen in Table 6).
Five hundred essays, or 20%, were randomly selected for
this level of systematic review. Specifically, every fourth
essay was analyzed in detail. If, however, essays were
deemed completely unsatisfactory for review (e.g., too
short, too poorly defined, too poorly written), the essay
was not included in the systematically reviewed sample
of 500. A misconception/misunderstanding was identi-
fied as any clearly written statement that did not
accurately reflect the nature of genetic science, tech-
nology, or research as defined by K. R. Mills Shaw and
J. A. Boughman, both Ph.D. scientists with a background
in genetics. Essays where language or communication
barriers were obvious (due to vocabulary, grammatical,

TABLE 3

Essay contest participation in 2006 and 2007

2006 2007
Total number of essays received 1519 927
Number of states represented 27 42
Number of teachers represented 165 387
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TABLE 4

Essay contest scoring guidelines for 2007

Question Topic to be included Points possible
If you could be a human Development/statement of hypothesis 10
genetics researcher, Discussion of current knowledge in field 10
what would you study and why? Discussion of importance of research topic 10
Discussion of experimental design 10
Presentation (spelling and grammar) 10
In what ways will knowledge Discussion of the knowledge we are 10
of genetics and genomics make gaining in genomics
changes to health and health Discussion of the current state of health care 10
care in the United States possible?  Discussion of potential changes at a personal level 10
Discussion of potential changes at a broader level 10
Presentation (spelling and grammar) 10

and spelling errors) were not included as part of this
review. Once misconceptions were identified, coders
both independently and in communication with each
other cataloged misconceptions according to topic to
ensure consistency in grouping. The quantitation of the
examples revealed in this article reflects observations
from analysis of the critical writing from 500 high school
essays (9th—12th grade submissions).

RESULTS

Essays collected represent data from multiple states,
grades, and classroom teachers: All essays were sub-
mitted online. In the online submission form we
collected demographic data on all students and their
teachers, including their grade, city, state, and school. In
both years of the contest we included a rule that stated
only three essays per teacher for each question, for a
total of six essays per teacher, would be accepted.
However, this rule was often overlooked, and teachers
would submit essays from their entire classrooms. Thus,
while we collected more essays in 2006, this total number

Essays submitted electronically.

!

Judging Phase #1: 20 judges scan 50-
100 essays each and accept or reject.
~40% of essays remain in competition.

Judging Phase #2: 100 judges score
10-15 essays in detail based on rubric.
Each essay scored by 3 individual
judges.

Judging Phase #3: Top 10 essays for
each question are chosen hased scoring
from Phase #2 and reviewed by a final
set of judges using the same rubric as
ahove. All essays read by 7-10 judges.

|

Rubrics based on 5 categories that !
examined accuracy of content, ahility
to distinguish hetween proximal and !

of essays reflects a representation of fewer classrooms. In
2007 we rectified this problem by adding an algorithm
that blocked any more than three essays from the same
teacher. The data presented in Table 3 show that the
essay contest grew between years 1 and 2 in the overall
number of classrooms reached and that the essays col-
lected represent a wide geographical distribution. In
2007, we did not receive essays from Alaska, Hawaii,
Vermont, South Dakota, Wyoming, Maine, Washington,
DC, Nebraska, or Mississippi despite sending out multi-
ple e-mail solicitations to teacher contacts in those states.

Identification of misconceptions and misinforma-
tion from student essays: During the process of reading
and scoring essays, judges were asked to identify and
document examples of misconceptions in their essays.
Additionally, all essays were cursorily scanned by either
K. R. Mills Shaw or K. Van Horne. Tables 5 and 6 provide
an overview of the topics where misconceptions are
common as well sample statements taken directly from
student essays. While several hundred individual mis-
conceptions were identified during the course of
judging and review, many of the individual misconcep-

FIGURE 1.—Schematic of process involved in
selecting finalist essays.

distal impacts of genetics, and
l ; gramrmar/spelling.
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TABLE 5

Key ideas/subtopics used to categorize misconceptions

Topic

Key ideas/subtopics

Genetic technology

Deterministic nature of genes

Patterns of inheritance

Nature of genes and genetic materials

Genetic basis of disease

Genetics research

Reproductive technology

Realistic vs. nonrealistic uses

“Genohype”

Role of gene therapy in curing genetic disease

Genes determine all traits

One gene, one trait

Lack of environmental influence

Lack of multigene involvement in traits

Probability

Types of inheritance

Misunderstanding modes of inheritance

Interpretation of data from Punnett squares

Understanding the origin of chromosomal anomalies
(monosomies, trisomies)

Role of different nucleic acids in genetics

Central dogma

Description of a gene

Chromosomes and genes

DNA and living organisms

Multigene involvement in disease

Environmental influence in disease

Difference between genetic and inherited disease

Difference between viral, sexually transmitted,
and genetic diseases

Process of research

Time frame of research

Topics of research

Eugenics

Cloning

Preimplantation genetic diagnosis

tions could be categorized under broad topics in ge-
netics (summarized in Table 5). To quantify the fre-
quency of these common misconceptions we reanalyzed
500 (~20%) of the essays, which included 250 essays
chosen at random from each year’s submissions. In-
dividual misconceptions were identified and cataloged.
After cataloging each misconception in the 500 essays
and defining the categories of genetics in which they
fell, “common” categories were defined by those being
present in at least 5% of the essays examined. Of the 500
systematically reviewed essays, 278 (55.6%) revealed at
least one obvious misconception. Another 101 essays
(20.2%) were recognized for having two or more mis-
conceptions. Misconceptions that were linked to essays
with obvious language or writing barriers were excluded
from quantitative analysis to avoid overrepresentation
in our quantitative analysis. The prevalence of miscon-
ceptions per topic area is summarized in Figure 2.
Standards and common areas of misconceptions:
Misconceptions were identified and categorized into a
general topic area. We then examined how standards
were related to these main topic areas, specifically
patterns of inheritance and the deterministic nature of

genes. We analyzed 20 sets of state biology standards
at random to determine the nature of the standards in
patterns of inheritance at the introductory biology or
life science level in high school. Supplemental Table 1
at http:/www.genetics.org/supplemental/ highlights
four sets of these standards that provide a range of
coverage of patterns of inheritance. A majority of these
basic genetics/cell biology standards (15/20) included
an examination of Mendel’s laws of inheritance, some
specifically describing the requirement to understand
probability, Punnett squares, and the differences be-
tween autosomal dominant, autosomal recessive, and
sex-linked traits. Other states included only more broad
descriptions where a student would, for example,
“Explain current scientific ideas and information about
the molecular and genetic basis of heredity” (see sup-
plemental Table 1). These are important data because
theyreflect the highly diverse nature of the level of detail
required of students in U.S. high schools. While stand-
ards that fail to provide comprehensive detail allow
talented teachers to provide creative and challeng-
ing learning opportunities for students, they can of-
ten also result in learning experiences that fail to



K. R. Mills Shaw et al.

1162

(panuryuod)

'ssoqd axenbs pouunyg pugdyouowr ‘opduuts v £q pourerdxo
aq jouued jeyy jren xa[dwod e st Huapuadop [edTWAY)

"SIUIPNIS £ PAQLIdSIP A[91BINDIE JOU SEM 2DULILIOYUIL
9SOUM SIDPJIOSIP PILIDYUI A[IAISSIII 9} JO Auewr

Jo ordurexa ouo isnl st siy T, Juoned yqy ue jo swordwis
Aue 2ouaLIdX2 J0U S0P SI JILLILD Y JILLILD © JuIaq

os[e Surrdsjjo o) Jo 2dURYD 9,(G © A[UO SI I ‘IILLIED
& sT Juared U0 JT *94Gg> ‘orel A[WAmXd SI uoneINwW

op Awred jou op ey syudted woly YAV Yrm pasouserp
3uroq pIyd & Jo sedULRYD YT, IOYIEJ Y] puk IO I}
10q WOoIy dudS SIY) UI UONEINW B JLISYUI IS [ENPIAIPUL
ue I9PIOSIP 9} dABY O JeY) SUBIW SIYJ, "OAISSIII
[EWOSOINE ST PUE ()g SWIOSOWOIYD UO duag € Ul uoneInw

® £q poasned sI (Y(V) £OUaDyop ISeurueap auisouapy

"UOTR[OSI UT 108 J0U OP PUE SIUIS IO YIIM 1ORIdUT
(suraroad) syonpoid auaS IsOW TGAOIIOTA "PI[[ONUOD
A[[eonouod axe jey) siren /soINgLie v 01 ANGLIUODd

Aewr sofo[[e y70g “I9UIE] 9U) WOIJ I9YI0 9} PUE IdYIOW
oy woty Adod ouo ‘OuaS (oL 2I0J2IIY) PUE ‘QWOSOWOIYD

yoea jo sardod om) sureyuod £poq Y3 Ul [[30 yoeq

"QWOIPUAS UMO(] SISNBD [g dWOSOWOIYD

Jo £dod enxo ue A[uQ ‘sewosowoayd jo sired ¢g oLy surwIng]

‘soynque doynads jo yuswdo[arap

oy} urI s1030€J onouadido I9Y10 PUE JUIWUOIIAUD

JO 9]0 9} UOTIRIIPISUOD OIUL dYE) JOU S0P SIY} TIAOIIO
‘08e sopeoap papuo 43o[oural sanonpoxdar uewny

ur £3o1ouyda) a[qerdadoe ue se soruagdna jo sonoeid oy,

‘swstuedio Sunnpoadax A[enxose
10§ anbruyoay sanonpoidar € 03 19Ja1 Jou S0P pue IdysurI)

JEJ[ONU [[90 ONEWOS O} SI9JOI A[[BNIOE ISUIS SIY UL SUTUO[D)

‘s1ojRqNOUI SE sa10ads 1oy1o Sursn soLiquua
uewiny 3UIMOIS SULIOPISUOD JOU SI P[AY B St SONIUIJ
19A9MOY] ‘so109ds JuarapIp ur umoisd Sureq axe juerdsuen

[enuajod 10§ sueSIo jey) seapr 9y} WOy swrals AN SIYL

Jyuepuadap A[[edrwayd 9q prnom usIp[ryd Iay)

JO % Jo o ¢ yey Aes pinom axenbs Nouung oy Kouspuadop
resrwayd pey syuared asoym sjuared omy 10J arenbs pouung
' oYew pnom 1snausg onerydssd e I 1ey) sueow siyJ,

*9A1$59221 Aouapuodop [edTwaYd I0J U3 O} IYeW PINOM SIYT,
‘uonerauag e sdojs Louapuadap [eorwayd ey pamoys Apms auQ,,

.JeI) JURUIWOP ® SI Jey]) ISBISIP oY)

M PIIYO © Ay 10 uo 1 ssed ued Loy, oseasip oy Sunmey
JO suSIs Aue MOUS I9A9U £91[) JI UAD IJLLIED B dW0Dd(

JSBI[ 1 [[IM 9SLISIP oY) YIM Juared oUO JO UAIP[IYD dWOY
*9SEISIP SIY) WOIJ SIJJNS OYM PIIYD duo uey) 10w A[qrssod
IO ‘QUO 1S9 Je aaey A[9IIULIp Isowe [[IM AOUaYI(]

vav pm ordoad omy, -aanisod y(qy 2xe syuared yoq

J1 ouanya( VAV PIM PIIYD 2UO Ised] e SuiAey Jo 20ueyd
9%00T ®© SI 2I2Y[T, 3, USQ0P 110 d) PUE dUIG ) SILLILD
yuaxed oUO JI 9SLISIP SIY) YIIM PIYD & SUIARY JO dDURYD 9()G
© ST 2191 ], "oua8 oy sorired juared romrou J1 Aousnyop yvqv
M PIIYD & SUIARY JO 2DURYD 04Gg © ST 219y, * * * ‘syuared

oY) JO Y10q WOIJ PIALIDYUI 9 ISNW PUe AIe)Ipaay st VAV,

dnoyew onoua8 s aoyiey ok woay pardod sem uni suegio
Jnok moy pue Apoq Inof 10y sopod jey) YN( dwos sdeyrod
oy woay sadfjouayd (e uenod pey pue dapouwr Inok

I[ £p3oeX9 YOO[ 01 WIas NoL J1 Kes ‘0§ Iayey Inok £q st ey

pue 9pis s aapowr anok £q paurunialap st YN( JINoA jo Jrer,,

. OWOIPUAS UMO(] 2ACY [[IM PIIYD 1Byl ‘OM] [eULIOU

91} JO PEIISUI SOWOSOWOIYD 1Y} 9ARY O 9I9M NOA J],,

. ’sopedap jo a[dnoo

e 10J uaddey 1,uom sIy3 INq ‘PIIYD B JOJ SITRI} UTRLIID D9[S
0] 9[qe 9q pnom sjuared IOUOOS ) pue JWOUF urBWNY
91} INOQe PUNOJ 3 P[NOM JIOW [IILISIT IOW I

' .PIIYd opew Jofre),; e sonpoid pue oLIiquid ue 0} PIppe aq
ued Jren Aue yey) a[qissod SI I SIY) YIIA ‘S[[9 93 O} pappe

9q pnom souas mou Aderoyy ouaS suruIdg o ur ‘Aprepruaig,,

. WAY) JOJ I1 Op ued ABpo) POy IDUIIIS
a3 ur £8ojouydal o 1nq sonpoxdar L[renxase jouued
s[fewrwrew Jey) Suraq pauo) pauo(, 3uraq s[ewiue

9SO} UI SANI[EWLIOU]E dWOS dIe I} YSnoy) Apuariny),

« PP I11)
198 01 M0D ® ojur s[[e2 dwos Jumnd wouy woyy dojs [[m
JeyMm ‘soual aay) Sumey Suruedw ‘poolq UMO JI9Y) WOIJ

UMO II9Y] JUBM PUE UIP[IYD 2aeY Jouued oym didoad uaym,,

0UBILIDYUT JO SUINeJ

sa130[0UY29} dN)IUIL)

uondadouod 1091107

,Aessa Jusapmys woly uonejongy

Blneligg

sAesso JusapNn)s Ul PIeaAal mﬂOﬁQOQﬁOOmmE uowrwo)

9 I'1IdVL



1163

Genetics Education

“Tewrurerd 1991100 I0J PAIIP2 10U PUE 1X3) JUIPNIs WOy AN2a1rp pardod are suoneionyy,

191008 Ul I[qen[eA

P2IOPISUOD 3¢ P[NOM JBY) SITEX} 91} dweu 0) awnsaid o)

jou sI [e0S Aewn(n IR ‘(sound fenuajod pue) syuounedn

aandage jo juswdoressp Juonbasqns 105 ssaup[r uewny

Ur 3[NSaI JeY) suoneInw AJuapt o) JUeM pIIpur SUBIDIUID

pUE SISHUIDS I[IYA ‘2INJBU Ul O1UaSNa jou st £3o[ourydal
aanonpoxdal pue ‘Yoreasal d1ouag ‘sonouas Jo [eos Iy

'sisaodAy 9[qelsa) e 03

yoeoidde pouosear ‘[euoner e Jo SUrpuLISIOPUN PAIGIYXD

A[o1eI S1ULPNIS “I9A0IO "USISIP [BIUSWLIAdXS I191)

uo uotssnosip jo adAy) Lue papnpur uonsonb siyy Jurromsue

SIUIPMIS JO 94 1T ATUQ " (F 2[qeL, 22s) ulisop [eyuowiodxa
II9) 9PN[IUI O] PIYSE JIIM SJUIPMIS ‘SOUIPPINSG £,00g oY) U]

"2IND pue YuoUNEdN) ‘Uonuasdld JseasIp uewny pue

sonaua$ remosfow ur SUTOSUO YOIBISAT JISEq I UIIMII]

deS o8xe[ © usyjo st axoY) Uoa0210J o1do) J9peoIq SIY)

Jo 10adse 1oy30 10 ‘QuaS ‘ssoooad aemonaed € uo Suisnooy
Aq os op Aoy ‘sonoual Tenoafow Apmnys sISONOUAS Aueu I[IYA

(F00g v 12 AATAM)
BZUIN[JUI JO SUTEIS JOJ SOUIIILA UL PAI[Nsal sey ‘oidurexo

JOJ ‘SOSNIIA JUIIIIIP JO $ONIUIT oY) JO dFpajmouy 2y}

“paopu[ '$9ZIUS0D3I JUIPNIS ST} UBY) (OB ISY)IeJ yonu

B 9ARY P[NOD $ONUIS JO 9SPa[Mouy B ‘OI0JOIdY ], "AIRIIPIIIY
Sureq Moym Juauodwiod dNoud3 € dARY SISSIU[[T ISO]A

‘[eorwayd e Jo uonippe a[duwis ay) 01 snoJoreue jou ssadoad
AISUS] “OAISUIIXD U SI SWSIUESIO JO UONBIYIPOUI DU

YN 2AeY ‘ISunj pue eLa)deq SUpnur ‘swsiuedio SUuIAl [y

‘9101 & Aefd [[e JuUdWIUOIIAUD

pue ‘uonmnnu ‘souad s[dnnuw ‘paspuy IY3SaY

aurwrx)ap (eaprt axenbs ouung opdus e woxy uayey
sdeyrad) soua8 o[3urs ey swmnsse 03 sreadde uoneyonb sy,

‘odfjouayd surwrayop

adfioual Pm pardnood seduanjuI [BIUIWUOIIAUD
Apuanbaiy IO ONSIUTULINOP A[LIESSIIIU JOU dIB SIUID)

LIUBM 9M P[NOoD 10w Jeym 419100s 30951ad
® 5] 'sdi] pue asou ‘sako 109y1ad 9ARY [[B OYM pUE JIRWS [[B oIE
oym 9uel[[Lq Yool [[e oym a[doad Jo eas e ST 2ARY ULD oM JRUM
-9[doad jo uonerous§ SurSe ue uo Pasnd0y 9q URD AILD Y[EIY
Jey) suedw PpIyd 109j1ad Y 'SISLD axed yeay Surpuadur
ue 0] UONN{os I91313q OU §,919Y ], "10951d prryo reyd

MeN ‘souad oy 28uey)) "Suraq 109519d € 91LIID SONIUI),

.“8o1y poom a3 jo Aipiqe ayy Suneordax
‘91e)s WAZOIJ ® UI Aeuraqry o) Ariqe ay aaey ddoad
Ay 0) p[nom A1y 03 1] pnom [ uSisop [eruswiiadxs uy,,
. (pIoM [[om 9q pmom 1 paddols oq
PInoo s3uryy urelrdd ‘Jo pasodwrod st 11 Jey) sa[nos[ow Iy}
pue YN Sukpmis 4q 1 pue aseasip st ruewny o) swajqoid
152331q 911 JO dU(Q) "I J9I[E 01 MO PUE $INIUIS Je[NII[OW
Apris p[NoMm [ I9YDIeISAI $ONOUS uewny e 3¢ prnod I Ji,,

JAIRIIPaIay ouv 1Ry SISLISIP PIM
d[oy A[Uo [[IM SIY} ISAOMOL] "SISIUED PUR SISLISIP A[PEaP
dois djoy pmoo sonaus8 noqe a8pamouy arning ayy uy,,

.'S9[qe19839A puUE SIINIJ INO 01 PIpPpPe oq
ued sueds oI 193UO] pUE ‘sUTUIRIIA NXD ‘soponsad [ernjeu
‘QUINSU0D M Jes ) 0) pappe Apuanbaiy st surpor a1 Yonp,,

.'13uny pue ere)oeq
jsowr pue ‘syue[d ‘spewirue op se “YN( 2AeY suewny [[V,,

L O[PPIW 21} ul d19ymawos Juraq yo Aqissod
3} 9ABY OS[E NOX “1I0YS 10 [[B} 9D Suraq Jo adueyd

0S/0G © a8y NOL 1I0Ys dJe J[ey pue [[e) d1e JTey JT ‘[[e} 9q 01
Suro8 axe nof ‘[rey st A[rwey oL Jo sapIs YI0q U0 SUOAIIAI JT,,

MOIS [[IM NOA YSIYy MOy pue ARy AUBW NOA $SISLISIP JBYM
0] I0[0D Irey Puk ‘Xas INOA wLI0f SUIYIAIoAd JUIULIdIIP SUIL)

£So1ouyo9y aanonpoidoy

[OIeISII SO1IOUIN)

ISEISIP JO SIS JOUIL)

[eLroyewt onouas
pue souad jo arnjeN

sonouas
JO SINIBU JOSTUIWLINI(]

uondadouod 1091107

LAeSS9 JUaPMIS woay uonejonsy

Blneling

(panupuo))

9 HTAVL



1164 K. R. Mills Shaw et al.

Percent of Misconceptions in Sample by Topic
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FIGURE 2.—Prevalence of mis-
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opic

effectively teach students even the most basic concepts
in biology.

Genetic technologies: The single greatest number of
misconceptions identified from student essays could be
broadly defined as falling into the category of “genetic
technologies.” When answering the question “If you
were a genetics researcher, what would you study and
why?” students often expressed their goal of curing
multiple unrelated diseases. The reality is that most
genetics researchers are often several steps removed
from work on specific cures but instead devote their
efforts to improving the molecular understanding of
disease with the ultimate goal of improved treatments.
Moreover, scientists generally study only one specific
illness or class or related diseases. The work scientists
currently perform to identify a disease-causing mutation
is prominent in student essays with the common
extrapolation to the “curing” of disease through gene
replacement. Often, student essays also suggested that
genetic engineering allows us to put a gene from any
species into another species to have that trait expressed
in exactly the same manner as in the original species.
Students do not understand the complexity of bio-
technology and genetic engineering. They make broad
leaps without demonstrating an understanding for the
multiple genetic and epigenetic (or environmental) fac-
tors that play a role in genetic regulation and manipu-
lation of genetic materials in the laboratory setting.
Moreover, there is a disconnect between observed
characteristics and the physiological function of genes:

We could eliminate all the premature deaths of people
dying around the world from thirst if we genetically
modified people to inherit some of the characteristics
of the camel, allowing them to go for months at a time
without drinking water.

Finally, we note the prevalence of essays that included
information on the importance of stem cell research.
While clearly a prevalent topic in the popular literature
and press, students often discussed stem cell biology
without ever discussing the genetics of stem cells. We did
not include essays that included information on stem
cells in our quantitative analysis. However, we note that
scanning our database from 2006 for all references of
“stem cells” revealed that almost one-quarter of essay
submissions included this terminology without actively

exploring the genetic nature of these cells despite the
clear genetics-oriented nature of the essay questions.

Deterministic nature of genes: Another common
misconception we observed is that one gene is always
responsible for one trait or one gene with one mutation
always causes one disease. The discovery of genes that
convey and determine a specific phenotype is often
displayed and hyped in the media. A cursory search of
online news outlets yielded example headlines that
could easily be misinterpreted, adding credibility to
students’ misconceptions. Some examples include the
following titles: “Turning Off Suspect Gene Makes Mice
Smarter” (nytimes.com, May 29, 2007) and “Research-
ers narrow search for longevity gene” (cnn.com, August
28,2001). Itis important for students to understand that
itis rare that a single gene has complete control over an
exhibited phenotype. Instead, multiple factors contrib-
ute to phenotype. Multiple genes often work together,
with the environment, to determine ultimate pheno-
type. Our examination of standards revealed that only 3
of 20 state standards specifically mentioned that stu-
dents should learn about polygenic inheritance (that
more than one gene can contribute to a specific phe-
notype) and only 2 described the role of the environ-
mentin controlling phenotype. Thus, itis not surprising
that we would see a common misconception that single
genes are the cause of most traits and inherited diseases.
Compared to the general nature of genetic inheritance,
far fewer students would have necessarily been exposed
to the concepts of non-Mendelian and polygenic
inheritance.

Patterns of inheritance: Patterns of inheritance was
another topic that revealed numerous misconceptions
and misunderstandings of students. Not only were stu-
dents often unable to correctly describe the nature of
simple dominant and recessive patterns of inheritance,
but also they were not able to go into any level of depth
regarding genes or alleles, the physiological function of
genes (proteins), or non-Mendelian patterns of inheri-
tance. Some students even described genetic technolo-
gies as being able to “prevent the inheritance” of disease
genes. Students focused primarily on simple Mendelian
inheritance that was able to be analyzed via Punnett
square analysis. All students described only monogenic
traits that followed simple autosomal dominant, autoso-
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mal recessive, or X-linked inheritance. Students were
often unable to adequately describe sources of abnor-
mal chromosome numbers. Essays did not mention
errors during meiotic cell division and generation of
gametes as the source of monosomies or trisomies. Our
review of state science standards for high school students
in biology suggests, not surprisingly, that the majority of
states provide specific, detailed standards that mandate
teaching students, even at the earliest levels of their life
science education in high school, the basic biology of
inheritance patterns. Although 15 of the 20 biology
standards included basic patterns of inheritance knowl-
edge, when we reviewed the essays that were cataloged
as having an error or a misconception falling under
“patterns of inheritance,” 80% of those essays inaccu-
rately described a basic tenet of Mendelian inheritance,
despite their expected coverage of this material at their
current grade level or in previous biology courses.
Nature of genes and genetic material: All 20 state
standards examined require coverage of the nature of
DNA as the hereditary material in living things. Never-
theless, students suggested that lower organisms, in-
cluding bacteria and fungi, often do not carry DNA. We
also noted student confusion regarding the hierarchal
organization of genetic material. Notably, students were
frequently unable to accurately define DNA, genes, and
chromosomes. Often, these terms were instead used
interchangeably. In 2007, <1% of essays included any
information on additional genetic material in the
genome. Students did not mention gene expression
control elements, repetitive sequences (unless discus-
sing Huntington’s disease), or other nongene elements
in the genome. Finally, students often described specific
protein-encoding segments, or genes, as discrete ele-
ments that could easily be removed from one context
and added in a separate context. While this view likely
extends from students learning basic biotechnology and
bacterial transformation techniques (for example, add-
ing the green fluorescent protein from jellyfish to
bacterial strains), likening this process to the adding of
a chemical to a solution is an oversimplification, at best.
Genetic basis of disease: One of the principle errors
observed in this category was the confusion of “hered-
itary” and “genetic” when describing diseases. In a small
subset of cases, ~10% of the total essays categorized as
having a misconception in this topic, students com-
pletely misrepresented the genetic nature of a specific
illness (e.g., calling HIV-1 an inherited disorder). While
most illnesses have a genetic component, this does not
make them hereditary. Moreover, while even infectious
diseases can be considered to have a genetic component
whether it be of the genetics of the virus itself or how
individual genetics could result in different manifesta-
tions of the same illness, students must learn to clarify
these differences. Cancer is a genetic disease. Only rare
cancers, however, are hereditary. However, students
often described breast and ovarian cancer as hereditary

due to the mutations in BRCAl or BRCA2. While
mutations in these genes often do result in a cancer
predisposition that appears to be inherited in a domi-
nant-like fashion, the majority of breast cancer cases are
not due to mutations in these genes.

Genetics research: A large number of student essays
focused on the promise of genetic engineering in
human health and reproduction (see also the Reproduc-
tive technologies section). While superficially this reflects
that students recognize the positive influence that the
study of genetics can have in their lives, numerous mis-
conceptions suggest that students still fail to truly un-
derstand the nature and limitations of genetic research.
An examination of state science standards, briefly de-
scribed above, reveals that while state and national pro-
cess (notnecessarily content) standards require coverage
of the nature of scientific research, inquiry, and discov-
ery, this does not necessarily equate to students learning
about how scientists actively perform research. Instead,
these process standards reflect the fact that teachers are
expected to provide students with opportunities for
inquiry and investigation in the context of their own
classroom laboratory experiments and activities. In
short, state science standards do not require students
to learn about the nature of scientific research.

Reproductive technologies: Misconceptions falling
under the category of “reproductive technologies”
could have been accurately cataloged under genetic
technologies. However, this class of misconceptions was
frequent enough to require special treatment. In these
cases students continued to explore their ideas of
genetic engineering and cloning to describe the future
of reproductive control where prospective parents would
“improve” and “design” their offspring, with the ulti-
mate goal of having the “perfect” child. Eugenics, either
in specific use of terminology or in concept, appeared in
15% of essays collected in 2007. This percentage is not
reflective of the goals or ongoing work of genetics re-
search. Unfortunately, its prevalence in student essays is
likely due to both its historical role in research as well as
the “genohype.” Interestingly, the idea behind eugenics
is not overtly described in the standards of any state
science standards that we explored. The frequency of stu-
dents describing using genetics to improve genotypes
and design human beings, however, suggests that this is
either the hook that teachers are using or the message
thatstudents are hearing from the media. More research
would be required to determine which of these options
is most prevalent.

DISCUSSION

Role of standards: State science standards are not the
only source of direction for what is taught in public
schools; textbooks, laboratories, statewide assessments,
and teacher quality also play significant roles. These
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benchmarks serve as the cornerstone of “standards-
based reform,” which has become prominent since the
adoption of the “No Child Left Behind” legislation’s
requirement for stricter accountability of student
achievement. After examining multiple state standards,
it became clear that there is extreme variation between
the levels of breadth and depth that individual states
require of students at the same educational level (sup-
plemental Table 1). Teachers rightly demand a balance
between rigorous standards and flexibility, allowing
them to establish creative and effective teaching meth-
ods. However, the current teaching environment makes
it difficult for teachers to include information in the
classroom not explicitly included in their state stand-
ards and therefore presumably their state content
assessments. Thus, as states consider revisions of their
next content standards in genetics, they should reeval-
uate their requirements in light of the body of literature
that suggests that neither current standards nor current
pedagogical methods being employed for conveying
genetics to students are sufficient to produce enduring
understanding of the material.

Misconceptions, scientific literacy, and genetic citi-
zenry: Interestingly, many of the errors observed in the
NAEP questions were also observed in our essays,
reaffirming the wide-scale deficiency in genetics knowl-
edge of high school students. While the data sets cannot
be directly compared, itis of some concern thatstudents
in 2007 hold the same misconceptions as students in
2000 despite the rapid pace of advances in genetics
technology and knowledge that occurred during that
same period.

In genetics, anecdotal evidence from practitioners of
high schoollife science (teacher e-mails and listservcom-
munications) and direct evidence collected through
these 2 years of ASHG-sponsored nationwide essay
contests suggest that genetics is an area where many
high school students harbor multiple misconceptions
and significant misinformation. Some of this is likely
due the exaggeration of the benefits and risks of genetics
research and health information (Loo et al. 1998;
MoYNIHAN ¢t al. 2000; RANSOHOFF and RANSOHOFF
2001). Students are clearly getting significant quantities
of information from the Internet (most student essays
referenced stories from a variety of different websites,
but notfrom scientific references); students often rely on
their teachers for ultimate validation of their informa-
tion through discussions and grading. Scientists must
work proactively with professional science writers to
ensure that information in their field is accurately rep-
resented in the press. One study compared the text
of original scientific articles with news reports about
them (Ransonorr and Ransonorr 2001). Interestingly,
these authors reported that when “hype” was identified
in the popular press, it was the result of the original
article and the scientists’ own interpretations of their
results.

Due to advances in genetic screening, genetic tech-
nology, the promise of individual genome sequencing,
and other progress in the field of genetic research, it is
more important than ever for the public to have a critical
understanding of basic genetic information. This un-
derstanding will be vital for individuals to be informed
advocates for their own health care when it comes to
providing consentfor testing and treatment as well as for
being able to understand and interpret test results ac-
curately. This will become an even greater need as private
companies begin to provide genetic tests through mail
order such that individuals can test themselves at home
without the consultation of a physician (ADVISORY
CoMMITTEE ON GENETIC TESTING 1998). For patients
to understand the tests and results, and their own risk,
they must be able to understand the biological un-
derpinning of the tests themselves. Furthermore, as
genetic research becomes more firmly embedded in
medical practice and care, the public must be able to
make informed decisions regarding specific pieces of
legislation. Multiple studies, including this one, dem-
onstrate that the current classroom methods for genet-
ics instruction are not developing a citizenry with
accurate mental models of inheritance and the genetic
basis of disease (HENDERSON and MAGUIRE 2000).

Similar to our analysis, work from LEwis and KATT-
MANN (2004) reveals that students equate genotype and
phenotype. Their work suggests that this is at least in
part due to an incomplete understanding of genetic
terminology. Other work suggests that acceptance of
genetic determinism might negatively influence indi-
vidual behavior and lifestyle choices. Believing a genetic
illness is “something that is inherited that nothing can
be done about,” individuals may not heed the advice of
clinicians to alter diet or behavior (HENDERSON and
MAGUIRE 2000).

Lack of precision in student writing results in
difficulty in differentiating misconception from poor
writing skills: Another significant observation we made
after reviewing 2446 student essays is that students need
to be instructed in writing with precision. In science,
terminology and specialized vocabularies are important
and can be problematic for students. Words used in
everyday language can carry different meanings in
science. Simply, it is clear that students are not being
taught to write using technical language and appear to
approach their scientific writing in the same way they
might as an essay for an English or Social Studies assign-
ment. For example, students often related that people
“carry obesity” or that they have the “disease gene.” But,
neither of these is a precise description of the biological
concept. Perhaps it is reasonable to extract that the first
student meant that people “carry alleles that predispose
them toward obesity” and the second student meant that
a person with a genetic disease inherited a “mutation in
a gene that caused a disease.” But these inaccuracies
leave us with the perception that students do not un-
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derstand these intricacies in the language of science.
While we can infer that a student understood a topic
but was ineffective in the communication of that knowl-
edge, this might be a leap that is ultimately damaging.
Investigators have demonstrated that precise language
usage appears even more important in scientific fields
because it is not merely a vehicle for communicating
understanding, but itself actively facilitates learning
and comprehension (CoNNALLY and VILARDI 1989;
HaLLiDAY and MARTIN 1993; RoTH and ROYCHOUDHURY
1992, 1993; RivArD 1994). It is reasonable to suggest that
writing-to-learn strategies that are successful in other
disciplines and levels should be considered for inclusion
in the high school science curriculum. Unfortunately,
some work suggests that the adoption of writing across
the curriculum programs—specifically those that engage
students in scientific written discourse—is not widely
used in the United States, despite success in Australia and
the United Kingdom (Keys 1999).

Implications for undergraduate biology education:
Another interesting observation from our work is that
individual teacher knowledge, interest, and bias were
clearly observed in student essays. Up to six students
from a particular teacher could submit an essay to the
contest. Frequently, similar themes were seen to run
through many of the essays from a shared teacher—
sponsor. For example, 3 essays in 2006 from the same
teacher noted an interest in studying “gene doping.”
Yet, of the 2443 other essays collected over 2 years, not a
single other essay mentioned this as a topic. Examples
such as this reflect the critical influence individual
teachers have on student interest, knowledge, compre-
hension, and possible misconception. Moreover, it is
important to note that teachers were asked to submit
their “top” essays. While it is impossible to determine if
teachers vetted each essay prior to submission, it is
reasonable to assume that many of the essays that were
submitted were reviewed. Yet, 55.6% of essays reviewed
exhibited a major misconception. This, in combination
with the observation that student writing often clearly
reflected specific information learned in the classroom,
implies that student writing might be indicative of
misconceptions held and perpetuated by the teachers.

This conclusion has important implications for in-
structors of undergraduate biology and genetics courses.
Most high school biology educators receive their train-
ingin genetics through their undergraduate coursework
in biology. Therefore, students are likely entering their
undergraduate courses with these misconceptions and
leaving with the same misconceptions. Our work should
provide undergraduate science educators with the in-
formation they need to begin to eliminate the perpet-
uation of these misconceptions.

Responsibility of scientists for marshaling change: In
addition to scientists recognizing these misconceptions
when they direct their classroom agenda at the un-
dergraduate level, this research calls on those practicing

genetic research to adopt other changes in their com-
munication about their research. Scientists must model
accurate language and terminology usage when com-
municating to their peers, the press, and the community
about their own work and the work of others. Genetics
has a precise vocabulary (e.g., itis a mutation in the cystic
fibrosis gene, not the “cystic fibrosis gene,” that results
in a disease phenotype), and scientists must ensure that
misconceptions are not perpetuated through their own
misuse of these terms.

Another potential way for scientists to make signifi-
cantinroads into correcting misconceptions at the K-12
level is to dedicate themselves to spending time in the
classroom with teachers and students. Multiple pro-
grams offer the opportunity for scientists to mentor
classroom teachers and students through either long-or
short-term experiences. Indeed, many different scien-
tific disciplinary societies foster such programs. Descrip-
tions and information about these programs can be
found at http://hub.mspnet.org/. Scientists can use
these opportunities to promote accurate information
to students and teachers about the nature of their
discipline and scientific research. Unfortunately, this
type of work is often viewed as secondary to professors’
main responsibilities in their departments, especially in
research-oriented departments. New programs must be
developed to encourage, promote, and provide infra-
structural support to scientists who dedicate themselves
to this type of work. Indeed, the National Science
Foundation has recently funded one such program
currently sponsored by a scientific society (http:/www.
genednet.org/pages/GENA_about.shtml).

Challenges for change—Is it time to switch the
paradigm? Gregor Mendel’s work is clearly among the
most important in genetics. However, the relatively
simple view of one gene, one trait has yielded gener-
ations of students who can predict that “tt” will resultin a
small plant and “TT” will result in a tall plant. Un-
fortunately, this monogenic view of the world, while
accurate for a small subset of characteristics, is clearly a
limited one. While students that have an understanding
of genetics consistent with a “Mendelian model” reflect
a certain depth of understanding of genetic disease, can
describe dominantand recessive patterns, and can grasp
the concept of carrier vs. affected status (HENDERSON
and MAGUIRE 2000), the reality is that the nature of most
traits and human disease is more complicated than this
model. Only a minority of state standards require the
coverage of alleles. Even in cases where dihybrid crosses
are required per their inclusion in state standards, this
still represents only monogenic inheritance of two
separate traits (the tall, yellow pea plant vs. the short,
green pea plant). But in the case of both traits, a single
gene contributes wholly to the observed (height or
color) phenotype.

Additionally, the requirement of teaching basic Men-
delian genetics likely is a factor contributing to student
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confusion regarding the deterministic nature of a single
gene in phenotype control. For example, multiple
students specifically selected human height as a charac-
ter to explain how genetics is involved in phenotype.
One example, also shown above, is “If everyone on both
sides of your family is tall, you are going to be tall.”
Students take concepts of true-breeding plants (every-
one being tall) and extrapolate them to human de-
velopment. While we teach students that the genetic
material is common between plants, animals, and hu-
mans, we must be careful to also teach them that genes
and phenotypes are often under distinctly different
molecular and biochemical controls in various organisms.

Despite multiple studies that have enumerated stu-
dent misconceptions in genetics, no studies have shown
that high school curricula have been altered to address
these concerns. Additionally, little specific work has
been done to determine the classroom curriculum that
will most effectively address misconceptions in genetics.
Some of the work currently being done in this area is
through a program called the Geneticist-Educator
Network of Alliances (GENA), a National Science
Foundation-funded Math and Science Partnership pro-
gram of the ASHG (http:/www.genednet.org/pages/
GENA_about.shtml). Several groups have performed
extensive analyses of genetics curricula for the K-12
classroom. Reviews of genetics curricula can be found at
(http:// genetics-education-partnership.mbt.washington.
edu/rev/revres.html and http://genednet.org/pages/
GENA_CCRC.shtml). A number of challenges remain.
The firstis the question of how to reconcile data from a
limited number of research studies that suggest that
students do not retain information when taught in a
traditional manner, relying on lecture to a prescribed
curriculum (KAUFMAN et al. 1989). Then, once data are
collected, compiled, and compared, how does one use
that data to alter curriculum and textbooks to achieve
better student understanding? Finally, while a number
of individuals suggest that scientific education would
benefit from a retooling that includes the requirement
for students to learn information as it applies to their
lives today and in the future, as well as the ability to
evaluate scientific claims and information, this change is
impeded by the need for districts, states, and even entire
nations to demonstrate scientific content knowledge
instead of deep conceptual understanding (ALLEN and
TANNER 2003). Until significant research is performed
by scientists and their educator colleagues that demon-
strates which methods adequately teach both content
and concepts, schools systems are unlikely to change
their methods.
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