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Abstract  
The resources dedicated to undergraduate laboratory courses are not insignificant. However, the 
majority of the time these courses are designed around repeating a task with a known outcome. The 
exceptions to this scenario are the Course-based Undergraduate Research Experiences (CUREs). 
However, one area that could benefit from an injection of resources is the characterization of orphan 
crops, particularly those from Africa. These species have not received much attention, either 
scientifically, or through funded resources, since they do not readily lend themselves to rapid 
commercial exploitation. However, they do provide a rich source of enquiry for laboratory courses that 
generate novel data and require the students to interpret new data, not simply decide if they got the 
‘right’ answer. One example of such a course and collaboration is between Case Western Reserve 
University (CWRU), the Namibia University of Science and Technology (NUST) and the University of 
Pretoria (UP) in South Africa ([1], [2], [3], [4]). This collaboration has focused on a potential food crop, 
Tylosema esculentum (marama bean), which is endemic to the Kalahari sands region of South West 
Africa. The laboratory course activities undertaken at CWRU have resulted in whole genome 
sequences of more than 60 individuals and a characterization of the diversity of the germplasm, 
funded by the laboratory support from the Biology Department.  The US based course is 
supplemented by a field course with students travelling to Namibia to collect data and samples in 
collaboration with students and faculty from NUST and UP. The combination of these two courses 
provide an ongoing research collaboration that is capable of being sustained with a minimal of external 
funding, while still providing meaningful research and international experiences for the students. The 
African Orphan Crops Consortium has the goal of sequencing 100 orphan crops for possible 
domestication and/or improvement. With current sequencing technology the acquisition of genome 
and transcriptomic data is no longer the limiting, but the expertise for analyzing this data is now the 
roadblock. However, incorporating the informatics analyses as part of undergraduate research 
courses will provide important advances while also allowing the students to obtain bioinformatic skills. 
The work on a specific plant species will also globally connect the students and the researchers in 
Africa for the benefit of both parties and increase both the understanding and scientific output across 
continents.  
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1 INTRODUCTION  
Course-based Undergraduate Research Experiences (CUREs) are distinctive as learning 
environments un which the students make discoveries that are of interest to the broader scientific 
community. There are several national CURE programs, such as The Genomics Education 
Partnership (http://gep.wustl.edu/) that aims to annotate and finish gene models in Drosophila, and 
The Science Education Alliance-Phage Hunters program (SEA-Phages; http://seaphages.org/; 
http://phagesdb.org/phagehunters/), that is focused on identifying and characterizing soil 
bacteriophage. This program was designed to apply some of the resources, which are currently being 
used for upper level undergraduate laboratories across US institutions of higher education, to engage 
in research that materially contributes to the research on underserved crops. It has been developed in 
collaboration with Universities in Namibia (Namibia University of Science and Technology, NUST) and 
South Africa (The University of Pretoria, UP). This collaboration has been extended to include a field 
course where students for CWRU travel to do field work in Namibia in collaboration with students and 
faculty from NUS and UP. The fieldwork then identifies the material to be the basis of the laboratory 
course in the following semester. It has been focused on an underserved legume, marama (Tylosema 
esculentum), which has been identified as a potential crop for resource poor farmers in arid regions. 
This plant has not been grown in an organized agricultural setting, but is currently collected from wild 
stands. However, it has multiple potential products, the seed, which is protein and oil rich, and the 
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tuber, which has high carbohydrate content. The students in this course have been developing 
genomic resources for marama through extraction of DNA from a diversity of germplasm followed by 
whole genome next generation sequencing and bioinformatics. The primary aim is to associate 
genomic markers with desirable phenotypic characteristic to accelerate the selection of suitable 
germplasm to be distributed to resource-poor farmers in Namibia as a new crop. 

2 METHODOLOGY 
Plant material. This has been collected across the range of marama in Namibia, and from plants 
established at the UP farm.  

2.1 DNA extraction and characterization 
Students extract DNA from either leaf or seed samples, characterize the DNA by gel electrophoresis 
and then have the samples subjected to whole genome sequencing using the Illumina platform. The 
average enrolment in the course has been 23 students and each student extracts and characterizes 
the DNA from one individual plant.  

2.2 Bioinformatics 
The whole genome sequences are aligned to the marama reference genome (developed during the 
initial iterations of the course) and variants identified. These variant regions are then validated using 
the polymerase chain reaction. 

2.3 Chloroplast genome assembly 
The marama chloroplast was assembled from the data generated in this course using both the 
Illumina whole genome data and PacBio long read sequence data [5]. In a similar fashion the 
mitochondrial genome has also being established [6].   

2.4 Genotyping by sequencing 
To establish a robust marker-based selection of potentially agronomically important germplasm, a 
genotyping by sequencing project will be initiated by this course to build a genetic map and 
complement the whole genome assembly. The plant material to be used includes a number of seed 
DNAs along with the maternal parent of each family. Since marama is an obligate outcrossing species, 
the paternal parent is not known, but the individuals around the maternal parent of each family have 
been collected and genotyped so the pollen flow in this species can also be determined in these 
experiments.   

3 RESULTS 

3.1 Genomic resources 
The collaborative has isolated DNA from more than 100 individuals sampled across the range of 
marama in Namibia, most of which have been isolated by the undergraduates in the course. Of these 
samples, 60 have been the subject of Illumina whole genome sequencing and subsequent 
characterization. An early bioinformatic activity was the use of the Illumina and PacBio data to develop 
a first iteration of the marama genome assembly. This was used to identify simple sequence repeat 
regions, which were then investigated to identify the first generation of molecular markers in marama 
[2].  

3.2 Chloroplast genome assembly and heteroplasmy 
The data obtained by the students in the laboratory course was used to assemble the complete 
chloroplast genome from marama [5]. This chloroplast assembly was then used as the reference to 
align the whole genome sequence data from 68 different individuals to identify variation in the 
chloroplast genome across the currently collected marama diversity. The data highlighted two 
interesting facets. The first was that there was significant diversity if the chloroplast genome within 
marama. This variation was not restricted to specific geographic locations, some regions had as much 
variation within a locale as was identified across the range of marama [5]. More surprisingly, from the 
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chloroplast alignments were identified regions of the chloroplast genome that were not homogeneous 
within an individual. Thus, at particular regions there were two possible chloroplast genome 
sequences and the proportions of the two alternatives were similar for most of the heterogeneous 
regions. The sequence trace across one such site is shown in Fig.1. Here the two alternatives are 
where there is a run of either 9 or 10 thymine bases. Where there is a polymorphism within the single 
individual DNA extract, the sequence traces show two sequences subsequent to the 1 base difference 
(arrowed in Fig. 1).  

  
Figure 1. The sequencing traces for a region of the marama chloroplast genome that shows 
heteroplasmy. The polymorphism is in the sequence of either 10 T's or 9T's. Panel A - an individual 
that has the vast majority of its chloroplast genomes with 10 T's (93%). Panel B - an individual that 
has the two major versions with 10 T's (66%) and 9 T's (34%). 

In panel A the two versions are present with ~93% having 10T's while only 7% have 9T's. In panel B, 
the ratio is 66% with 10 T's and 34% with 9 T's.  

The case for there being two different chloroplast genomes is supported when the proportion of the 
two alternatives at each position is determined for many sites within the chloroplast genome. The data 
for one such individual across NNN sites is given in Table 1. Here the relative proportions for each of 
the alternative bases are given along with their position in the chloroplast genome. As can be seen 
from Table 1, the relative proportions of the two alternatives is approximately the same for every 
position, which is consistent with there being two different chloroplast genomes within the cell. Data on 
the progeny of individual plants suggests that the inheritance of the chloroplasts, if in fact there are 
different chloroplast molecules with in a cell, may not be consistent with what has been observed for 
other species. 
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Table 1. The position and proportion of the two possible bases at 35 polymorphisms 
 in the marama chloroplast genome in a single individual.  

Base Pair Position Reference Allele Reference % Alternate Allele Alternate % 
30644 T 72 C 27 
35570 A 75 C 25 
35634 G 76 T 24 
36895 T 75 C 24 
37211 T 73 C 26 
37257 A 72 G 28 
37294 A 67 G 32 
37300 T 68 C 31 
37870 C 77 A 23 
37876 T 79 A 21 
37877 C 77 A 22 
37898 A 76 C 23 
37931 A 74 T 20 
37945 C 74 A 25 
37951 C 75 A 25 
37987 G 77 T 22 
38187 A 78 G 22 
38541 C 74 A 26 
38618 G 75 A 24 
39144 A 76 G 23 
39412 C 74 A 25 
39414 C 74 A 26 
39429 A 75 C 25 
40061 G 78 T 22 
40517 A 76 G 23 
40544 A 77 C 23 
41030 A 74 G 25 
41243 A 77 G 23 
42385 C 75 T 24 
42793 G 76 C 23 
42838 G 77 T 23 
44302 T 77 G 22 
44317 A 76 T 23 
44324 G 77 T 23 
44611 T 75 C 25 

These data were taken from the alignment of whole genome sequencing to the assembled marama 
chloroplast genome and the proportions are numbers of reads for each of the two alternative bases with a 
coverage for every position of > 3000X.   

3.3 Soil microbiome 
Previous attempts to transfer marama for growth in arid regions of Australia and Texas were not 
successful. The field course observed that seeds planted outside of the region that their maternal 
parent grew do not appear to perform as well as those that are part of the natural stand in that region.  
Therefore the students are now determining the soil microbiome around plants originating from various 
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regions to determine if there is an important association between the plant and its soil environment to 
ensure vigorous growth.   

4 CONCLUSIONS 
The engagement of students in research experiences in a course setting provides the opportunity for 
many more students to experience research than can be achieved by individual laboratory-based 
mentoring. The selection of a research area that can augment the resources available to address that 
area of interest can add an important aspect to the student experience, namely, they are providing 
expertise and information that would not otherwise become available.  

In this program, an orphan legume that has been used as a traditional food source, but never the 
subject of organized agriculture, was selected. This plant does not have the potential to become a 
major food crop, but does have the potential to provide a food security resource in arid areas where no 
other commercial food crop can flourish. Therefore, the resources for the application of new 
technologies to this species would need to be derived from non-traditional research resources. This is 
where the application of the funds dedicated to laboratory courses can, and have, make a substantial 
impact on the improvement of under-resourced plants. 

The identified orphan crops are also the subjects of a large-scale sequencing effort spearheaded by 
the African Orphan Crops Initiative (http://africanorphancrops.org). This initiative is providing large 
datasets that can also be the subject of new courses, which, if based on bioinformatics, will provide 
insights and resources for a very low nominal cost. The course described here includes the primary 
data gathering as well as the bioinformatic analyses associated with current genomics research, while 
still associating the data to the biological source material. The interaction, even if through virtual 
classrooms, with the international partners and students also expands the local student experiences 
and reinforces the impact of their efforts in their home classroom. No longer is the exercise one that 
occurs in a vacuum, but the links to important and ongoing activities that could impact the resources 
available to distant populations adds to the engagement of the students.   

The students involved in these courses (laboratory and field) have evaluated them very highly, 
frequently describing them as transformative in their university experience. Their connection to the 
population for whom their efforts might have a life-changing effect results in an engagement that is 
beyond that for most laboratory experiences, and also provides an added value for the educational 
resources that would be expended regardless of the important societal and educational outcomes.  
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