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Abstract 

We review the state of genetics instruction in the United States through the lens of 

backward design, with particular attention to the goals and assessments that 

inform curricular practice. An analysis of syllabi and leading textbooks indicates 

that genetics instruction focuses most strongly on foundations of DNA and 

Mendellian genetics. At the same time, a survey of faculty indicates that other 

concepts, such as the application of genetics to society or the environment, are 

viewed as equally or even more important than foundation concepts. This 

disconnect suggests a need for more explicit goal setting prior to curriculum 

development. Similar analysis of existing assessments, specifically concept 

inventories developed for higher education, indicates that assessments are poorly 
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aligned with faculty goals for instruction. In addition, assessments need to be 

modified into more valid and reliable measures of student conceptions. 
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1 Introduction 

Genetics, along with evolution, sits at the core of biology, both spanning and 

uniting other sub-disciplines in the biosciences. Genetics concepts pervade 

everyday life through health care decisions in the form of prenatal testing, new 

drugs and cancer therapies, and direct-to-consumer genetic tests (Harmon 2008). 

Controversies over genetically modified crops and pest resistance (Ronald and 

McWilliams 2010), and environmental contamination and mutation (Caldicott 

2011) demonstrate how vital genetics knowledge is for effective decision-making. 

Without knowledge of basic genetic processes, individuals, legislators, and 

politicians will be unable to advocate for choices that make the most sense for 

personal health and safety, and community wellbeing.  

Unfortunately, the teaching and learning of genetics is inherently difficult 

(e.g., Longden 1982; Marbach-Ad and Stavy 2000). Genetics educators recognize 

this difficulty, and they have identified challenges related to both language and 

scale. Highly technical and often necessary language can inhibit engagement with 

underlying concepts (Pearson and Hughes 1988b; Pearson and Hughes 1988a). 

Understanding genetics also requires thinking across four spatial scales, from 

molecular, through cellular, to organismal and population levels (Tsui and 

Treagust 2007). This multi-level thinking adds conceptual complexity to an 

already challenging subject (Johnstone 1991). Faculty have begun to address the 

linguistic and scalar challenges of the genetics classroom, developing unique 

innovations for teaching genetics across age groups (e.g., Duncan and Tseng 

2011; Gelbart and Yarden 2006; Lindemann et al. 2011; Tsui and Treagust 2004). 

Genetics is also a fast-paced field, changing particularly quickly in the last decade 

with explosive developments in molecular genetics (e.g., Kamimura et al. 2011), 

genomics (e.g., Venter et al. 2001), and epigenetics (e.g., Bird 2007). It is 

imperative that instruction keep pace with advances in the field; without this, the 

classroom quickly becomes ancillary to informal sources of information. Informal 

avenues, such as the Internet, are generally not appropriate as the primary 
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information source for complex subjects in science, particularly since 

misconceptions abound online (e.g., Acar Sesen and Ince 2010)). Recent calls for 

revision of the genetics curriculum at the college level (Dougherty 2009; Hott et 

al. 2002a) are recognized and valued by genetics faculty. In addition, significant 

effort and time has been put into disseminating “best practice” in genetics 

education (e.g., the undergraduate faculty genetics education workshops offered 

by the American Society of Human Genetics).  

 

2 University Genetics Curriculum  

 

2.1 Goals of University Genetics Education 

Undergraduate genetics education at universities within the U.S. occurs within 

several distinct populations of non-science and science majors. Within the non-

science majors, courses in general biology and genetics (particularly human 

genetics) are part of general education programs, with the expectation that these 

courses will help move students towards the scientific literacy necessary for 

effective citizenship (Hott et al. 2002b; Bowling et al. 2007).   Bioscience majors 

generally enroll in genetics-focused courses in their 2nd or 3rd years. These courses 

build on rudimentary instruction that occurs within 1st year introductory biology 

curricula and may be followed by another, more advanced genetics course. In 

addition, increasingly more genetics courses exist for health science programs 

including nursing, nutrition, dietetics, and communication sciences.  

Although recommended standards for precollege and medical school genetics 

instruction have existed for 15 years, standards for undergraduate education have 

been missing until recently (Friedman et al. 1995; National Research Council 

1996). To address that deficiency, Hott et al. (2002), working with the American 

Society of Human Genetics (ASHG), surveyed college faculty about the 

importance of core genetics concepts for instruction of non-science majors at two- 

and four-year institutions. 

Analysis of responses from over 350 faculty indicate that a disconnect exists 

between the importance faculty place on specific concepts and the amount of time 

spent teaching those concepts during classroom instruction (Hott et al. 2002b). In 

particular, although transmission genetics and gene regulation were viewed as 

equally important, faculty routinely spent significantly more time on transmission 
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genetics than on any other topic, and significantly less classroom time focusing on 

gene regulation. We suggest that this inconsistency between faculty behavior and 

their views of concept importance may be related to the content of genetics 

textbooks, the lack of available curriculum materials at the time of Hott et al.’s 

(2002) study, and a lack of attention to backward design (Wiggins and McTighe 

1998) in curriculum development.  

Subsequent work by ASHG and others has further attempted to identify 

essential concepts for genetics literacy (Bowling et al. 2008a; Bowling et al. 

2008b; Dougherty 2009; Dougherty et al. 2011; National Coalition for Health 

Professional Education in Genetics 2004). These concepts have served as the basis 

for a community-based conversation about undergraduate instruction for genetics 

literacy (parentheses added):  

1. DNA is the universal information molecule in living organisms, encoding 

genes and allowing for genetic variation within and genetic continuity 

between generations (DNA);  

2. Mendelian patterns of inheritance are directly related to the mechanisms 

of meiosis (MENDELIAN);  

3. Traits result from the expression of one or more genes working alone or 

together, with the environment, often in unpredictable ways (GENE 

EXPRESSION);  

4. The activities of genes and the environment regulate all developmental 

processes (GENES + ENVIRONMENT);  

5. Genetic variation underlies variation in traits, which is the basis for the 

differential survival and reproduction that allow populations to evolve 

(VARIATION); and  

6. The ability to analyze and manipulate genetic information raises a variety 

of complex issues for individuals and society (GENES + SOCIETY). 

Although the ASHG concepts were developed with non-majors and the general 

public in mind, they provide a starting point for discussion for bioscience majors 

as well.  

 

2.2 University Genetics Education Practice: Syllabi and Textbooks 

Although genetics is recognized as one of the most important scientific issues for 

general public understanding, surprisingly few studies characterize the nature of 
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undergraduate education in genetics. Published data on human genetics courses 

for non-biology majors and genetics content in introductory biology for non-

science majors suggest that the curriculum used to teach genetics is often 

consistent across institutions and course types (Hott et al., 2002; Bowling et al., 

2007). Within Canada, Haffie and colleagues (2000) documented fairly uniform 

usage of a common set of course goals for majors genetics; this included nearly 

50% usage of the same textbook. Given the limited studies on genetics 

curriculum, we have conducted a preliminary study of genetics instruction in the 

US during and just prior to 2011. The general nature of undergraduate classrooms 

is documented in course syllabi and in the textbooks that faculty adopt. A survey 

of 17 syllabi and ten textbooks indicates both common themes and unique 

characteristics within US genetics courses. 

Seventeen exemplar syllabi from introductory genetics courses for bioscience 

majors were accessed via a Google search for “genetics and syllabus”, with focus 

first on 2011 syllabi, then 2010 syllabi, and on until 2006. These syllabi provide a 

snapshot of the typical curricular practices in undergraduate genetics. In general, 

syllabi mirror the order and structure of material presented in textbooks. The 

curriculum used in bioscience majors genetics courses nationwide is consistent 

across institutions, and even across different types of courses aimed at different 

populations. Syllabi cover the ASHG core concepts addressed above, and many of 

the faculty adhere quite closely to the presentation order of topics as laid out in 

their course textbooks.  

All six ASHG core concepts are present in some of the syllabi. All 17 

reviewed syllabi explicitly mention DNA in the outline of topics, and all but one 

explicitly mention MENDELIAN concepts (Fig. 1). GENE EXPRESSION also 

appears in a majority of syllabi (n=14). Application-level concepts are less 

commonly mentioned explicitly. GENES + SOCIETY and GENES + 

ENVIRONMENT appear in just over half of the syllabi; interestingly, the 

GENES+ SOCIETY codes were almost all for discussions of cancer. Only six of 

the syllabi mention GENES + VARIATION at an application level (i.e., 

genomics, quantitative variation, or genetic engineering), although virtually all 

discuss variation in the context of population biology and evolution (e.g., the 

Hardy-Weinberg equation). 
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The order in which topics appear on course syllabi is also illuminating (Fig. 

2). DNA and MENDELIAN concepts are covered first, followed by the 

mechanics of GENE EXPRESSION. When taught, GENES + VARIATION, is 

generally taught before GENES + SOCIETY and GENES + ENVIRONMENT. In 

general, syllabi can be characterized into two groups, those which begin by 

teaching Mendel and transmission genetics and those which begin with the 

molecular nature of the gene--that is, ‘Mendel first’ or ‘DNA first’, respectively. 

Of the 17 syllabi examined, six covered Mendel first, and 11 covered DNA first.  

Ten textbooks possess the majority of the annual market share for higher 

education genetics in the United States (personal communication, McGraw-Hill 

Higher Education). Genetics textbook authors target both majors and non-majors 

populations and often produce two texts, one of which is comprehensive and the 

other a more streamlined text that focuses on general literacy (e.g., Brooker 

2011a; Brooker 2011b) The ten textbooks used in most genetics instruction 

represent both types of books; in terms of market share, comprehensive book 

usage nationwide is nearly double that of competency texts (personal 

communication, McGraw-Hill Higher Education). Interestingly, competency texts 

are a relatively recent addition to the textbook market in genetics. Three authors 

((Brooker 2011a; Hartl and Clark 1997; Pierce 2007) note that their competency 

texts are a direct response to instructor requests for more interesting, more 

accurate and more up-to-date content. In all, six of the texts reviewed here are 

comprehensive, while four are competency focused. 

Although the Mendel-DNA dichotomy observed in course syllabi has been 

noted by textbook authors (e.g., Brooker 2011a), only one of the ten texts 

surveyed here presents DNA before Mendel (Griffiths et al. 1996). The rest begin 

with Mendelian genetics, and specifically transmission. Of particular note is the 

fact that the mechanics of genetics dominate textbook content, while the 

applications of genetics are relegated to the last chapters. This means that students 

are exposed to the facts of the genetics (e.g., molecular nature of gene, prokaryotic 

and eukaryotic gene expression, mutation and DNA repair) while the applications 

of genetics (e.g., population genetics, quantitative genetics, evolutionary genetics, 

developmental genetics) may go uncovered. This focus on mechanics is mirrored 

in course syllabi (Fig. 1; Fig. 2). 
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Reviews such as this highlight the common set of concepts and the common 

order in which ideas are presented in genetics instruction. While such uniformity 

is not inherently incorrect, these specific concepts and their instructional sequence 

have not been adequately studied with respect to student learning at the college 

level. In addition, a traditional approach may leave little room for adaptation to 

encompass important new ideas, such as epigenetics, the genetics of complex 

traits, our evolving understanding of genetic risk, genomics and medicine, etc. 

 

2.3 Faculty Perceptions 

To get an idea of faculty perceptions about genetics curriculum, and their 

expectations for genetics literacy, we conducted a survey in April 2011 of the 

membership of ASHG and GSA, the two primary professional societies for 

genetics instructors nationwide. We specifically targeted over 1000 members who 

had previously designated teaching as their primary work responsibility and/or 

education as a special interest. This survey garnered a nearly 32% response rate 

(n=365); most of these faculty are current teachers of introductory courses in 

genetics for bioscience majors. Respondents also represented a range of 

institutional types, from PhD granting institutions (52%) to MS institutions (185) 

to four-year (28%) and two-year (2%) undergraduate only programs.  

Approximately 70% of instructors agreed with a definition of genetic literacy 

that emerges from consideration of two decades of discussion (Andrews et al. 

1994; Bowling et al. 2008b; McInerney 2002c): Genetics literacy implies 

sufficient knowledge and appreciation of genetics to allow informed decision-

making for personal well-being and effective participation in social decisions on 

genetic issues. In addition to asking about an overarching definition, we surveyed 

instructors for their views about what literacy means in the context of specific 

ASHG core genetics concepts. Faculty views of minimum thresholds of 

understanding for all people with respect to more specific categories of genetics 

concepts matched well with their broader hopes. For example, 55% of faculty 

respondents believe that genetically literate people should be able to “explain that 

changes in the cellular environment can be signaled to genes, which may respond 

by turning on and off”. By contrast, only 7% believe that using enzyme names to 

describe transcription and translation is necessary for literacy regarding gene 

expression. This suggests that genetics faculty believe in genetics literacy at an 
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ideal conceptual, rather than a rote memorization, level, although this survey did 

not investigate whether they assess understanding at this level. Similarly, to gauge 

the importance of the ASHG core genetics concepts mentioned above, we asked 

respondents to rate each as unnecessary, interesting but not important, important 

but not essential, or essential. Five of the six concept categories were rated 

essential by a majority of respondents, with 70-90% of respondents rating every 

concept as either important or essential (Figure 3).  

Interestingly, the single category indicated as ‘important, but not essential’ 

was “Mendelian patterns of inheritance are directly related to mechanisms of 

meiosis”. Taken with the emphasis on Mendelian genetics indicated by the 

syllabus analysis above, these results indicate that although instructors do not 

view Mendelian patterns as essential for comprehending today’s genetics 

concepts, they still place a huge emphasis on Mendel in the classroom. These 

findings echo the work of Hott and colleagues (2002) on non-majors genetics 

teaching practice.  

 

 

2.4 Student Performance 

 

International comparisons of secondary students’ understanding of math and 

science demonstrate that U.S. students lag substantially behind many other nations 

(OECD 2007). It is also clear from the National Assessment of Educational 

Progress that U.S. 12th graders have a poor understanding of basic genetics 

concepts. For example, 80% or more students offer unsatisfactory or only partial 

answers to questions dealing with genes, mutations, and genetic disease 

(O’Sullivan et al. 2003).  

Assessment of genetics students at the college level is nearly absent from the 

literature. Steele and Barnhill (1982) compared medical students that had 

completed an undergraduate genetics course to those whose only exposure to 

genetics had been in their general biology courses. No difference was observed 

between these two groups in performance on both factual recall and genetics 

problem-solving. Thus, students that had taken an entire genetics course had no 

advantage over their colleagues who had not.  
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In sum, the substandard performance in our students, the disconnects between 

the perceived importance of Mendel/transmission genetics and the emphasis 

placed on these topics in the classroom, and the emphasis on mechanics over 

conceptual competency, all indicate that current genetics instruction is insufficient 

for our students. Although testable hypotheses about revisions to genetics 

curriculum exist, high quality assessment instruments appropriate for testing these 

hypotheses, at this writing, do not. 

 

2.5 Suggestions for Curricular Revision 

Dougherty (2009) suggested “inverting” the genetics curriculum—beginning with 

complex rather than single-gene traits—to capitalize on students’ intuitive 

understanding of quantitative traits (e.g., height, weight), to better align 

instruction with the modern discipline (i.e., genomics) and to help avoid 

misconceptions associated with one-gene, one-trait thinking (e.g., genetic 

determinism). An inverted curriculum would also allow genetics to support a 

better understanding of evolution given that the latter is rooted in a firm 

understanding of variation and population-based thinking. Such an approach 

would require a significant departure from current curricula and instructional 

practices. Duncan and Rogat (2010) are skeptical of this approach, at least for 

secondary students, suggesting that what we know about learning progressions 

precludes students’ comprehending concepts presented in such a sequence. 

Empirical studies of learning progressions involving complex-trait genetics have 

not been performed, indicating that this is a second testable hypothesis to 

Dougherty’s (2009). Learning progressions may also be less important to college-

level instruction than they are to pre-college learning. For example, students 

entering college genetics will have already learned major concepts at lower levels 

(or, perhaps more accurately, been exposed to such concepts). Whether college 

students should follow a defined progression through a traditional sequence of 

concepts, or whether an “inverted” approach may be just as successful, are 

testable hypotheses. In order to examine alternative curricula, we need quality 

assessments that can be used across institutions. 
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3 Concept Inventory Assessment in University Genetics Education 

Assessment of learning at the university level, particularly in large bioscience 

courses, often takes the form of multiple-choice tests (Reed-Rhoads and Imbrie, 

2008). The use of diagnostic multiple-choice tests has a long history in bioscience 

education (e.g., Treagust 1986). Concept inventories (CIs) are a specific class of 

diagnostic test used in higher education science, technology, engineering and 

mathematics (Libarkin 2008; Reed-Rhoads and Imbrie 2008). CIs can be used to 

identify knowledge deficits or diagnose areas of conceptual difficulty prior to 

instruction (e.g., Klymkowsky and Garvin-Doxas, 2008), or to inform the 

pedagogical process, as in aligning course objectives with student learning or 

evaluating the effectiveness of a particular curricular innovation (e.g., Hestenes et 

al., 1992; Anderson et al., 2002; Libarkin and Anderson, 2007; Smith and 

Marbach-Ad, 2010). Thus, CIs are assessments that can be used to investigate 

learning in science fields across institutional settings.  

Assessment instrument development requires special attention to validity and 

reliability, and it is a multi-step process that requires input from both disciplinary 

experts and student novices (e.g., Treagust, 1986; Libarkin and Anderson, 2007). 

CI items can be designed to broadly sample the content of an entire discipline 

(e.g., biology; Klymkowsky et al., 2003), sample a specific topic (e.g., molecular 

biology; Shi et al., 2010), or more narrowly sample a sub-topic (e.g., natural 

selection; Anderson et al., 2002). A review of peer-reviewed literature, web-

published CIs, and new NSF grants indicates that at least 45 distinct science CIs 

or sets of items have been or are being developed, not including CIs developed in 

engineering (e.g., Reed-Rhoads and Imbrie, 2008).  

In particular, concept inventory development in biology has been fertile 

ground, with 17 concept inventories published on various topics in biology (Fisher 

and Williams, 2011). The National Science Foundation has sponsored three 

concept assessments in biology (CAB) workshops, which have provided a forum 

for participants to discuss topics, such as the pertinence of backwards design to CI 

development, and writing and validating CI items (Michael et al., 2008). Several 

quantitative instruments for assessing genetics understanding have been discussed 

in the literature: one for secondary students, (Tsui and Treagust, 2010), and two 

for undergraduate students--the Genetics Concept Assessment (GCA; (Smith et al. 

2008)) and the Genetics Literacy Assessment Instrument (GLAI; Bowling et al., 
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2008a). A third instrument for undergraduates, the Genetics Concept Inventory 

(GenCI), may be available for use through contacting the author (S. Elrod, as cited 

in D’Avanzo 2008), but the details of its development have not been published. 

The two-tier diagnostic instrument in genetics by Tsui and Treagust (2010) 

was developed to assess high school student understanding of basic genetics using 

two tiers of questions: one tier that targets specific content knowledge and a 

second tier that has students indicate the reasoning behind their answer. The 

instrument provides useful items to measure knowledge of basic, yet fundamental 

genetics concepts, including the nature of a gene, dominant and recessive alleles, 

inheritance patterns, and the process of meiosis, but it does not extend to more 

advanced genetics content included in college-level courses.  In addition, the 

questions were validated with only a small group of high school students, thus its 

applicability to undergraduates is likely limited.  

The GCA and the GLAI were developed for undergraduates and stand as 

important resources for the higher education genetics community. They foster 

vital conversations about the learning and teaching of genetics at the college level, 

and have introduced at least a portion of the community of genetics faculty to the 

concept of assessment as a necessary component of course design. At the same 

time, neither the GCA nor the GLAI adequately cover the wide array of concepts 

that geneticists agree are central to genetics literacy (Hott et al., 2002; Bowling et 

al., 2008a; Bowling et al., 2008b; Dougherty, 2009; Dougherty et al., 2011).  

While the GLAI was developed in response to Hott et al. (2002) to target non-

majors learning, the original 43 sub-concepts within six broad core concepts were 

narrowed to 17 to focus on only those necessary for genetics literacy (Bowling et 

al., 2008a).  Although a committee from the American Society of Human Genetics 

was initially involved in the development of the non-majors concepts (Hott et al., 

2002), they were not included in the editing of the concepts (Bowling et al., 

2008a). In its current form, the GLAI contains 3-8 items targeting each of the six 

broad core concepts, with some concepts more thoroughly addressed than others.  

In addition, the GLAI is very focused on concepts for non-majors genetics and 

genetics literacy, and does measure learning beyond basic genetics concepts.  

The GCA was developed as an assessment of learning in a particular course at 

the University of Colorado, Boulder. The authors attempted to address central 

learning goals of any genetics course, however only instructors teaching genetics 
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at that university provided input for the development of the major concepts tested 

by the instrument. Thus, although the GCA targets a wide breadth of topics one 

might find in a majors course anywhere, the instrument was designed to evaluate 

learning in one institutional setting.  GCA questions are focused towards courses 

for majors; the GCA does not include items that may be more appropriate for non-

majors courses, as does the GLAI.   

The GenCI is perhaps less known than the GCA and the GLAI to those in the 

genetics education community simply because it is unpublished . Documents on 

the author’s website and bioliteracy.net reveal some information about the 

instrument. The concepts addressed by the GenCI were developed from genetics 

misconceptions documented in the literature (as cited in D’Avanzo 2008), 

primarily studies conducted with students at the secondary level. Although the 

tested concepts did not originate from a specific curriculum or faculty input, the 

instrument does test many of the same concepts as the GCI and the GLAI. The 

GenCI has been piloted in several genetics courses for upper-level majors. 

Both the GLAI and GCA offer insight into the validity and reliability that 

genetics concept inventories can hold. Both Smith et al. (2008) and Bowling et al. 

(2008) took advantage of several key components of effective CI development. 

Particularly, both groups used their instruments to address alternative conceptions, 

and both made an effort to reduce prohibitive technical language. However, some 

items of the GCA and GLAI include jargon and/or images that likely impact the 

ability of the instruments to identify students’ true conceptions. Also, neither 

instrument used novel items originating from open-response data collection. Both 

instruments were assessed for reliability and for content validity via expert review, 

although it is unclear exactly which alternative conceptions or misunderstandings 

each distracter addresses. In the development of the GCA, a significant number of 

one-on-one interviews of students at varying achievement levels provided data for 

revision of the questions and answers, including distracters. Both instruments 

were evaluated for reliability with classical test theory, which has largely been 

replaced by the more rigorous Item Response Theory approach to instrument 

development (Lord 1980). 

 

4. Current Status of Genetics Education Research and Assessment 

A search of CBE-Life Sciences Education, the premier journal for publication of 
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bioscience education research within the discipline, yielded 228 hits for the search 

term “genetics” from 2002 to April 2011. About half of these articles detailed 

state-of-the-art research in genetics education, learning, and curriculum 

development, providing a snapshot of the nature of assessment in genetics 

education research over time. We classified these articles by method to ascertain 

the assessment practices of those scholars most actively engaged in education 

research. Because education researchers are necessarily more involved in 

assessment than faculty at large, we consider this to represent the maximum level 

of assessment rigor present in the genetics education community today. 

Assessment data documenting the efficacy of curricular and educational 

innovations is routinely included in published papers on genetics education. These 

data are overwhelmingly semi-quantitative in nature, with 71% of studies using 

multiple-choice, Likert-scale or true/false questions to determine a quantitative 

measure of performance (Figure 4). Qualitative assessments are generally based 

on student self-reports or open-ended responses to conceptual questions. Overall, 

these assessments were mostly “home grown”; 84% of researchers used existing 

clicker or exam questions, or developed their own tests of conceptual or attitudinal 

change. We can conclude from these data that genetics faculty prefer quantitative 

measures for assessment of learning, and these measures are dominated by tests 

developed by individual faculty for individual classroom use. In addition to 

insight into the use and nature of assessments, these data also point to the types of 

studies being conducted by the genetics education community. Over 90% of these 

studies focused on majors (74%) and non-majors (16%). Remaining studies 

investigated courses, high school students, faculty, and graduate students.   

Together, these data suggest that: 1) Faculty are predominately interested in 

investigating learning among major and non-major undergraduates; 2) 

Quantitative approaches to assessment are preferred; and 3) A significant need 

exists for valid, reliable, and globally applicable quantitative measures of 

conceptual understanding. While great strides have been made in generation of 

curricular innovations for genetics (e.g., Dymond et al., 2009; Goodson-Gregg 

and De Stasio, 2009), these studies lack cohesion and rigorous testing of efficacy.  

 

5. Reconceptualizing Genetics Concept Inventories 

Initial efforts, such as the GLAI, GCA, and GenCI, provide an important 
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foundation for building cutting-edge and effective genetics conceptual 

assessments. Restructuring of GLAI, GCA, and GenCI questions following 

standards in multiple-choice item writing (e.g., (Libarkin and Ward 2011), and 

references therein) has allowed the production of new Genetics Concept Inventory 

questions that avoid common issues with faculty-designed tests, and which are 

aligned with the goals for genetics instruction articulated by the community. The 

production, validation, and revision of effective CI questions is a continuous 

process that necessarily requires significant community input (Libarkin et al. 

2011). We present here examples of new concept inventory items that address 

important goals, align with best practices in item writing, and which can provide 

clearer insight into student thinking (Figs. 5-7). 

Ensuring that CI questions are actually measuring conceptual understanding 

is one of the most difficult aspects of inventory development. We provide three 

examples of revisions that we propose for CI questions in genetics that align with 

best practices in question writing (e.g., Frey et al. 2005; Haladyna and Downing 

1989). In some cases, students may be able to identify correct answers because of 

test-taking skill, not conceptual understanding. We argue that best practice in 

assessment ensures that students are able to correctly answer questions because 

they hold scientific conceptions. Ultimately, development, testing and revision of 

CI questions will require the effort of the entire genetics community, as discussed 

below. 

 

6. Discussion 

In reviewing genetics curricula for non-bioscience majors, Hott et al. (2002) 

proposed a decreased emphasis on Mendelian transmission genetics and increased 

emphasis on genetics and society to better preparetoday’s non-bioscience majors 

as tomorrow’s informed public. To determine the optimal scope of their genetics 

curriculum, Hott et al. (2002) considered what constitutes a genetically literate 

public and then reasoned from this goal backward to the non-majors curriculum, 

seeing a necessity for change in order to reach the goal. The Backward Design 

(Wiggins and McTighe 2001) approach to curriculum reform (Figure 8) works 

from established goals to the design of assessments and only then plans the 

instructional methods of the curriculum. We have the opportunity to do the same--
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to truly engage in Backward Design in considering the genetics curricula for 

bioscience majors.  

Effective assessment design for all genetics courses requires the collaboration 

of the genetics instructional community. The strong response to our faculty 

survey, especially as it was conducted at the end of the semester when faculty are 

often at their busiest, suggests that genetics instructors are engaged, energized, 

and poised for the next step in genetics curriculum and assessment development. 

We propose that the genetics education community would be best served through 

careful attention to Backwards Design during curriculum development. This might 

look like: 

1. Identify goals for a genetically literate biology public, and transform these 

into global learning outcomes for introductory genetics. The ASHG concepts are 

an excellent start and can serve as a springboard for discussion within the 

instructional community. Our learning outcomes should remain broad; it is 

imperative that we heed the advice of the AAAS (AAAS 1994) and focus not on 

facts or vocabulary words but on areas of competency.  

2. Once we have identified learning outcomes, the next step is to devise 

assessments that will allow us to measure progress toward these outcomes. The 

GCA, GLAI, and GenCI offer a wealth of material with which to start, and 

revision of the items from these instruments in alignment with best practice for 

item writing is ongoing by the genetics instructional community. Of course, this 

revision must be responsive to the goals established in step 1. 

3. The final step in Backward Design is the actual curriculum design and 

creation of associated instructional materials. Again, here we have previous 

work on which to build. We have already established that most faculty choose to 

adopt a Mendel-first or a DNA-first approach to teaching introductory genetics. 

Further, one of us (MJD) has hypothesized that “inverting” the genetics 

curriculum-- beginning with quantitative variation--would capitalize on the 

students’ knowledge of quantitative traits and would decrease alternative 

conceptions tied to determinism. In order to examine alternative curricula, we 

need quality assessments that can be used across institutions, designed in step 2. 

These steps are iterative; goals, assessments, and curricula should change in 

response to assessment data and changing community needs. 
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Ultimately, careful attention to Backward Design, with clear articulation of 

goals and development of truly valid and reliable assessments, will allow us to 

develop highly effective instruction for genetics. We challenge the community to 

consider the underlying rational for genetics instruction, and to collaborate in 

building broadly applicable, valid and reliable assessments that are effective 

measures of instruction. 
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Figure 1. Number of syllabi containing each of the six ASHG concepts. 

 

Figure 2. Average order of ASHG concepts on typical syllabi. 

 

Figure 3. Percent of genetics faculty surveyed who identified concepts as 

pertinent to genetic literacy. 1= DNA is the universal information molecule in 

living organisms, 2= Mendelian patterns of inheritance are directly related to the 

mechanisms of meiosis, 3= Traits result from gene expression, 4= Genes and the 

environment regulate developmental processes; 5= Genetic variation underlies 

variation in traits, 6= The ability to analyze and manipulate genetic information 

raises a variety of complex issues for individuals and society. 

 

Figure 4. The majority of assessment data used in genetics education research has 

low rigor (LOW), with only about 15% containing high rigor (HIGH) data. “Low 

rigor” data stem from assessments with minimal to no validity or reliability 

information. “High rigor” data stems from use of established, valid instruments or 

discussion of validity and reliability for new instruments. EVALS = student 

evaluations; QUANT = quantitative data; QUAL = qualitative data. 

 

Figure 5. Revision of items linking cells and genes. 

 

Figure 6. Revision of item linking mutation and inheritance. 

 

Figure 7. Revision of item linking genes and environment. 

 

Figure 8. The components of the Backward Design model, after Wiggins and 

McTighe (2001). 
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Original item 
Learning goal: Describe the molecular anatomy of genes and genomes. 
 
GenCI (as cited in D’Avanzo 2008) 
Which of the following cell types contain genetic information for the eye color of 
an organism? (multiple answers possible) 

a. Brain 
b. Blood 
c. Eye 
d. Heart 
e. Gamete 

GCA (Smith et al. 2008) 
Which of the following human cells contains a gene that specifies eye color? 

a. Cells in the eye. 
b. Cells in the heart. 
c. Gametes (sperm and egg). 
d. Cells in the eye and gametes. 
e. All of the above.	  

Rationale for revision: The original GenCI question is better aligned with best 
practice in item writing than the GCA revision (Frey et al. 2005; Haladyna and 
Downing 1989). The GenCI stem was modified to specify “humans” to avoid 
special situations in unique organisms. Multiple response option items allow for 
identification of complex conceptions (Kubinger and Gottschall 2007).  “All of 
the above” response options, parentheticals “(sperm and egg)” in responses, and 
complex responses formats (option d in GCA question, above) should be avoided 
(e.g., Frey et al. 2005; Haladyna and Downing 1989). 
Revised item 
ASHG concept: DNA is the universal information molecule in living organisms, 
encoding genes and allowing for genetic variation within and genetic continuity 
between generations. 
 
Which of the following human cells contains genetic information for eye color? 
CHOOSE ALL THAT APPLY. 

a. Eye cells. 
b. Heart cells. 
c. Brain cells. 
d. Sperm cells. 

 
 
 
FIGURE 5. 
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Original item 
Learning goal: Describe the mechanisms by which an organism’s genome is 
passed on to the next generation. 
 
GCA (Smith et al., 2008) 
A young man develops skin cancer that does not spread to any other tissues; the 
mutation responsible for the cancer arose in a single skin cell. If he and his wife 
(who does not have skin cancer) have children after the skin cancer diagnosis, 
which of the following statements is most likely to be true? 

a. All the man’s children will inherit the mutation. 
b. All the man’s children will inherit the mutation if the mutation is 

dominant. 
c. Some of the man’s children may inherit the mutation depending on which 

chromosomes they inherit. 
d. None of the man’s children will inherit the mutation.	  

Rationale for revision: The stem was shortened to avoid issues with 
comprehension. Parentheses were removed since reading of parenthetical text 
requires extra cognitive effort.  Response options were modified tomake them 
uniform in length and style (e.g., Frye REF). 
Revised item 
ASHG concept: Mendelian patterns of inheritance are directly related to the 
mechanisms of meiosis. 
 
A young man develops skin cancer from several mutations in a single skin cell. 
Following his diagnosis, he and his wife, who does not have skin cancer, decide 
to have children. Which of the following statements is most accurate? 

a. All of the man’s children will inherit the mutation. 
b. Some of the man’s children will inherit the mutation. 
c. None of the man’s children will inherit the mutation. 

 
 
 
 
 
 
 
 
 
 
FIGURE 6.  
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Original item 
Sub-concept: The functions of a gene and its protein product can be affected by 
the environment at one or many steps involved in producing a given trait. 
 
GLAI (Bowling, 2008) 
At what times during an individual’s life does the environment influence the 
expression of his or her genes? 

a. Beginning at conception and lasting throughout life. 
b. Beginning at birth and lasting throughout life. 
c. Beginning at birth and lasting until adulthood. 
d. Occurring only during key stages of life such as puberty and menopause. 
e. Environment has little or no effect on how genes	  are	  expressed.	  

Rationale for revision: Stem was not modified. Response options were modified 
to make them uniform in length and style (e.g., Frey et al. 2005). Options d and e 
in original item are obviously different and therefore likely incorrect; response 
options were limited to four parallel options in revision. 
Revised item 
ASHG concept: Traits result from the expression of one or more genes working 
alone or together, with the environment, often in unpredictable ways. 
 
At what times during an individual’s life does the environment influence the 
expression of his or her genes? 

a. From conception until death. 
b. From birth until death. 
c. From birth until adulthood. 
d. From conception until adulthood. 

 
 
FIGURE 7.  
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