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Cassava is the second most important staple food crop in Uganda. However, the 

adoption of improved varieties remains low, partly because some improved varieties 

do not have the attributes preferred by end-users. To contribute towards addressing 

this gap, I conducted three studies: 1) Examining cassava attributes preferred by 

smallholder farmers in four districts within Uganda. Results revealed yield (many 

roots and big root size),, early maturity, and root quality (taste, long in-ground 

storability of roots, softness of cooked roots, and non-bitter roots) were predominant 

attributes preferred by farmers; 2) Determining heritability of softness of cooked 

cassava roots, one of the key attributes preferred by end-users. Softness was evaluated 

at four cooking time intervals: 15, 30, 45, and 60 minutes using a penetrometer on 268 

cassava genotypes. Estimates of broad-sense heritability ranged from 0.17 to 0.37, 

with the highest value observed at 45 min of cooking time. I also quantified the 

relationship between penetrometer and consumer-testing methods for phenotyping 
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softness of cooked cassava roots. The two methods were strongly correlated (r2 = 0.91; 

P-value = 0.003), suggesting a penetrometer can be used for phenotyping softness; 3) 

Determining the genetic relationships of cassava varieties grown by farmers in 

Uganda, and the relationship between farmer-grown varieties and breeding lines. 

Genotyping-by-sequencing was used to score 287,952 single nucleotide 

polymorphisms in 547 samples of farmer-named cassava varieties collected by 

random sampling of 192 smallholder farms within four districts in Uganda, and a 

panel of 349 breeding lines from the cassava national breeding program in Uganda. 

The genetic differentiation we observed among farming districts in Uganda (mean FST 

= 0.003) is similar to divergence observed within other countries. Despite the fact that 

none of the breeding lines were directly observed in farmer fields, genetic divergence 

between the populations was low (FST = 0.020). Interestingly, we detected the 

presence of introgressions from the wild relative M. glaziovii on chromosomes one 

and four, which implies ancestry with cassava breeding lines. Our study highlights the 

importance of understanding the genetic make-up of cassava currently grown by 

smallholder farmers and relative to that of plant breeding germplasm. 
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CHAPTER 1 EXAMINING ATTRIBUTES OF CASSAVA PREFERRED BY 

UGANDAN MEN AND WOMEN SMALLHOLDER FARMERS: IMPLICATIONS 

FOR BREEDING AND ADOPTION OF NEW CASSAVA VARIETIES 

INTRODUCTION 

Cassava (Manihot esculenta Crantz), which ranks as the sixth major crop after wheat, 

rice, maize, potato and barley, is an important source of food for over 800 million people 

globally (Lebot, 2009). In sub-Saharan Africa (SSA), it is the second most important staple 

food crop (Nweke et al., 2002). The primary product of cassava are the starchy roots which 

can be utilized into a wide range of products for food, feed and industry (El-Sharkawy, 2004; 

FAO, 2013a; Chiwona-Karltun et al., 2015), nevertheless, leaves are also eaten as a vegetable 

in some places (Kombo et al., 2012). The roots may be consumed as non-fermented or 

fermented products depending on the level of cyanogenic glucosides (Montagnac et al., 

2009a; Bechoff et al., 2016; FAO, 2013b). “Sweet” cassava roots often have low quantities of 

the cyanogenic glucosides, and are the only ones that can be consumed in the fresh form, 

while bitter cassava roots need to be processed before they are consumed to rid the root of 

hazardous cyanogens (Cardoso et al., 2005; Montagnac et al., 2009). 

Globally, cassava is mainly grown by smallholder farmers (FAO, 2013a) as it fits well 

in the farming systems of resource-poor farmers due to its inherent ability to give appreciable 

yields under marginal lands and limited rainfall where other crops fail (El-Sharkawy, 2004). 

Cassava also has flexible harvesting and planting schedules, and since it is clonally 

propagated, planting material does not compete with the edible part of the plant (Nweke et 

al., 2002). Collectively, these attributes make cassava a suitable crop for smallholder farmers 

who may have limited resources to invest in crop production.  



 

19 

 

Previous studies have highlighted that cassava attributes preferred by end-users 

influence the adoption of new varieties (Alene et al., 2013; Chiwona-Karltun et al., 2015; 

Bechoff et al., 2016; Teeken et al., 2018). Thus, understanding cassava attributes preferred by 

end-users can help determine the drivers of adoption which could in turn help plant breeders 

in setting their breeding priorities to be more demand driven. As an example, a study 

conducted in Malawi revealed that bitter cassava varieties were more preferred because they 

yielded more and produced better quality of food in addition to being less liable to theft, 

destruction by animals and unplanned harvests  (Chiwona-Karltun et al., 1998). Preferences 

of end-users may be influenced by gender roles, norms, and relations in cassava production, 

processing and marketing in a given country (Masamha et al., 2018). Gender issues have 

been shown to impact technology adoption (Bezner Kerr, 2017) for example there were 

differential adoption of chemical use and improved maize varieties amongst men and women 

farmers which was a result of unequal access to inputs (Doss and Morris, 2001). This 

necessitates gender analysis of drivers of trait preferences to better design and deliver new 

varieties to farmers. This is particularly important for cassava production systems where 

women play a significant role in cassava production and processing to ensure food security 

and income generation for a household (Ogunlela and Mukhtar, 2009; Forsythe et al., 2016). 

Food security is dependent on the functioning of a sustainable agricultural production system 

which involves the interaction of four factors of production: land, labor, capital and 

entrepreneurship (Silver, 2019). For all these, gender plays a key shaping role in determining 

access to and control of available resources. Understanding existing gender relations could 

provide insights in uptake and sustainability of new technologies and addressing issues in 

food security. There are aspects of socio-cultural expectations, roles, rights, privileges, 

norms, and opportunities of men and women that can influence food security in a given 

community (Bezner Kerr, 2017). 
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In Uganda, cassava is utilized both as a food security crop and source of income for 

the smallholder farmers (Otim-Nape et al., 2005; UBOS, 2010; Nakabonge et al., 2018). The 

national root crops breeding program has made efforts to improve productivity of the cassava 

with the main aim of increasing high yields and disease resistance, however, some of the new 

varieties released lack important quality attributes desirable to farmers, contributing to low 

adoption (Kawuki et al., 2011). Farmers consider various attributes such as cooking quality, 

in-ground storability, and early maturity in deciding to conserve cassava varieties 

(Nakabonge et al., 2018). In order to identify the cassava attributes farmers like, there is need 

to work closely with them to understand their priorities. A study conducted by Turyagyenda 

et al. (2012) highlighted that the landraces preferred by farmers may be genetically distinct 

from elite materials used by breeders, thus use of the landraces with attributes preferred by 

farmers in breeding new varieties could potentially lead to higher chances of adopting the 

new varieties (Kizito et al., 2007). The overall aim of this study was to document cassava 

attributes preferred by farmers in Uganda with the purpose of ultimately contributing to 

developing varieties suitable for end-user needs and preferences. Specifically, we examined 

attributes of cassava preferred by men and women farmers within four districts in Uganda.  

METHODOLOGY 

Study sites 

This study was conducted within four districts in Uganda; Arua, Apac, Masindi, and 

Kibaale. We selected these four districts based on the existing literature on cassava 

production, utilization, and disease prevalence (UBOS, 2010), and the findings from a site 

selection online survey that was administered to key informants (Supplementary File 1). The 

selected districts had high cassava production, high consumption of cassava and low disease 

prevalence, this selection criterion was used because we wanted areas where cassava plays a 



 

21 

 

key role in the livelihoods of people and we selected areas with low disease pressure to avoid 

skewing farmer preferences in one direction. After selection of the four districts, a scoping 

study was then conducted in each of the districts to select sub-counties and villages where the 

survey was to be carried out (Figure 1.1). Based on the study objectives and guiding research 

questions; we developed a key informant (KI) guide (Supplementary File 2) to be used in 

selecting sub-counties in each of the selected districts. The key informants for identifying the 

sub-counties were the district agricultural officers and district production officers for the 

respective districts which had been selected. The agricultural and production officers were 

requested to recommend five sub-counties within their respective districts which had high 

cassava production, high cassava utilization and low disease pressure. This selection criterion 

was used also to get study sites where cassava is the main source of livelihood for the people. 

Based on the five sub-counties recommended by the district officials, we randomly selected 

two sub-counties per district where we could do the research. 

Once the sub-counties were selected, we listed all the villages in each of the selected 

sub-counties, the data for the list of villages per sub-county was obtained from Uganda 

Bureau of Statistics. For any given sub-county, we randomly selected three villages using 

sample function in base package in R (R Core Team, 2018). We then developed another key 

informant guide (Supplementary File 3) to aid in identifying which village out of the three 

that had been selected in a given sub-county could be our actual study site for the survey. A 

scoping study was conducted in each of the villages, mainly to gather information relating to 

population size, livelihood activities, main crops, production of cassava, utilization of cassava 

and average number of varieties grown by individual farmers. The information from the 

village scoping study was evaluated to select one village per sub-county, the villages selected 

had high cassava production, utilization in form of fresh root consumption and high diversity. 
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Figure 1.1: Sampling frame used in selection of the study sites 

Sampling procedures to select participants 

The plan for this study and consent forms were reviewed by the Institutional Review 

Board (IRB) of Cornell University and approved (IRB ID 1502005316). In each of the 

villages, stratified simple random sampling was used to select 64 smallholder farmers 

involved in cassava production and processing to participate in the study. Village rosters were 

used to get names of all farmers, the names were then subdivided into four strata based on 

age and sex i.e. younger female group (18-30 years), older female group (31-70 years), 

younger male group (18-30 years), and older male group (31-70 years). The age group for 

declaring younger and older farmers was based on the Uganda national youth policy 

(http://www.youthpolicy.org/national/Uganda_2001_National_Youth_Policy.pdf). After 

obtaining the four different strata, 16 farmers were randomly selected per stratum, of the 

selected farmers, 6 were randomly selected to participate in the semi-structured interviews 

while the remaining 10 participated in the focus group discussions.  

http://www.youthpolicy.org/national/Uganda_2001_National_Youth_Policy.pdf
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Training of enumerators and data collection  

Three different teams of enumerators were formed based on the most common 

languages spoken in the study sites: Lugbara in Arua district, Langi in Apac district and 

Runyoro in both Masindi and Kibaale. Each team of enumerators had high proficiency in the 

language spoken in a given district, and interviews were conducted in the local language. 

Experience collecting qualitative and quantitative data was also an important criterion in 

selecting enumerators. 

Enumerators were trained following Johns Hopkins Bloomberg School of Public 

Health (JHSPH) human subjects research ethics field training guide developed by Johns 

Hopkins University (JHSPH, 2009). One enumerator from each team translated all questions 

in the tools to the local languages spoken in the respective districts where they were going to 

work. In order to ensure the original message was not altered, another member from the team 

back-translated the tool from local language to English. Then all members for each of the 

teams met together and went again over the tools. The tools were pre-tested by each 

enumerator by interviewing farmers who spoke one of the languages in the targeted study 

areas, necessary corrections were made accordingly.  

Data collection started early June, 2015 in Masindi district followed by Arua, then 

Apac and data was collected last in Kibaale district by late July 2015. To collect data, we 

used both quantitative and qualitative methods. From the semi-structured interviews, we 

collected both qualitative and quantitative data (Supplementary File 4). Additional qualitative 

data was collected through focus group discussions (FGDs) (Supplementary File 5) with men 

and women smallholder farmers. The in-depth interviews enabled us to gather information on 

household demographics, varieties cultivated and the attributes of cassava preferred at an 
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individual level while the focus group discussions helped to understand the cassava attributes 

preferred by men and women smallholder farmers at a village level. 

During the in-depth individual interviews, the enumerators read out the questions to 

the respondents in the local language and recorded the respondent’s answers on paper. The 

questions were administered by enumerators to ensure inclusion of respondents that could not 

read and write. During the FGDs, we used two note takers: one took the notes in a note book 

while the other person took notes on flip-chart hanged on a wall. Taking notes by two 

independent people helped us to double check the quality of our data. Additionally, both the 

semi-structured interviews and focus group discussions were audio recorded to ensure 

collection of all the information provided by the farmers.  

After data collection, the quantitative data in semi-structured interviews was entered 

in excel sheets. The qualitative data from the 192 farmers who participated in the surveys and 

the notes taken during the 32 different FGDs with men and women smallholder farmers were 

compiled into notes under common questions. Transcription of all the audio recordings to 

word documents was done to do a quality check of what had been written by enumerators and 

also extract verbatim responses to strengthen our interpretation of the collected data. Since 

both the interviews and FGDs were conducted in the local language, the transcribed 

documents were translated from the respective local languages (Runyoro, Langi and Lugbara) 

to English.  

Coding of the data and analysis  

A coding frame was developed for variables that had been collected using qualitative 

methods e.g. variables that related to different cassava varieties grown, reasons for growing 

cassava, cassava attributes liked or disliked by the farmer, articulation of ideal cassava 

varieties, different forms in which cassava was consumed (Questions 35-40, and 43-54 in the 
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semi-structured interview). Before developing a coding frame, all the interviews were read to 

capture the common themes and patterns pertaining to the attributes of cassava preferred by 

the respondents to get acquainted with the range of responses provided. We then developed a 

coding frame where we assigned a word or phrase (code) to common themes in the responses 

(Supplementary File 6). The coding frame table consisted of four different sections: code, 

definition or description of the code, relevant quotations from the interviews, and the relevant 

phrase in the local language respectively. After developing the coding frame, we used it to 

code the qualitative questions in all the 192 interviews. Upon completion of the coding 

process, the codes for all questions were entered in the excel sheets. The data in excel sheets 

was imported into SPSS and data was analyzed using descriptive statistics to obtain the 

frequency and percentages of the responses to each variable. A chi-square test of 

independence was used to discover the relationships between the given categorical variables 

from the semi-structured interviews. 

RESULTS 

In this section, the results from the questions relating to preferences of smallholder 

farmers are discussed in regard to the cassava varieties they were growing, attributes of an 

ideal cassava variety for fresh root consumption, and best varieties to be consumed for certain 

food products. These results are differentiated by location, sex and age-group of the farmers, 

the key elements used in selecting the participants in the study.  

Preferences about the varieties cultivated  

During the semi-structured individual interviews, men and women smallholder 

farmers were asked about the attributes of cassava varieties they were growing. The 

predominant preferred attributes (in terms of the percentage of a given attribute that was 

mentioned by respondents) were associated with yield (many roots and big root size), early 
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maturity, and root quality in terms of taste after cooking, long in-ground storability of cassava 

roots after reaching their harvest maturity, softness of cooked roots and non-bitter roots 

(Table 1.1). Most of these cassava attributes had a significant relationship (P-value < 0.05) to 

the district where the farmers were situated (Table 1.1). In contrast, attributes such as big root 

size and short cooking time were not significantly associated to the district where the farmers 

were situated. We observed that farmers in Arua had very low proportion of preference for 

tasty and soft cassava roots as opposed to farmers in other districts.  Farmers in Apac district 

also had notably low proportion of preference for in-ground long storability of cassava roots 

as opposed to farmers in other districts. Farmers in all districts except for Kibaale, reported 

relatively low preference for disease resistance. 

We also investigated whether there was a relationship between the preferred cassava 

attributes and the different sub-counties within a given district. Generally, there were no 

significant differences (P-value > 0.05) for cassava attributes preferred in the different sub-

counties within a given district (Table 1.2). However, in some instances, the different sub-

counties had significantly different proportions of preference for a given attribute, for 

example 35.2% of the farmers in Ogoko sub-county mentioned that they preferred big sized 

cassava roots, while in Logiri sub-county, it was only 5.4% of the farmers that preferred big 

sized roots (Table 1.2). 

Further analysis of data on attributes preferred by smallholder farmers about the 

cassava varieties grown revealed that, there were significant differences between males and 

females for the proportion of at least one of the cassava attributes preferred in three of the 

districts (Table 1.3). For example in Apac district, the proportion of men preferring high 

number of roots and early maturity was significantly higher (P-value < 0.05) than the 

proportion of women. In contrast, in Arua district, women preferred bigger root size than 
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men, while in Kibaale district, the proportion of men who liked big root size was significantly 

higher (P-value < 0.05) than the proportion for women who wanted big root size. 

Additionally, in Kibaale district, sex of the farmer was associated with the preference for 

disease resistance, men preferred disease resistant cassava varieties more than women. In 

Masindi, there was no relationship (P-value > 0.05) between the sex of the farmer and the 

cassava attributes preferred (Table 1.3). 

Most of the districts had significant relationship (P-value > 0.05) between the cassava 

attribute preferred and the age of the farmers (Table 1.4). For instance, in Arua and Masindi, 

the proportion of younger farmers preferring early maturity was significantly higher (P-value 

< 0.05) than the proportion of older farmer farmers who reported preferring the same 

attribute. Similarly, in Kibaale district a significantly higher (P-value < 0.05) proportion of 

younger farmers relative to older farmers preferred cassava flour that sticks together during 

cooking the local dish known as Kawunga. On the other hand, there were some cassava 

attributes where both younger and older farmers had similar preferences (Table 1.4). 
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Table 1.1. Predominant cassava attributes smallholder farmers from different locations prefer 

about cassava varieties they cultivate.  

Cassava attribute 

Proportion (%) of preferences per district 

P-value* Apac Arua Kibaale Masindi 

Many roots 36.5 22.8 48.4 35.4 0.000 

Matures fast 28.7 25.5 46.6 25.9 0.000 

Big roots 22.6 20.6 18.6 17.6 0.774 

Tasty 13.9 2.8 45.3 28.6 0.000 

Long storage 7.0 20.0 24.2 21.1 0.003 

 Soft 20.0 1.4 29.2 25.2 0.000 

Not bitter 14.8 20.0 5.0 15.6 0.001 

Disease resistant 2.6 4.1 28.0 8.2 0.000 

Flour sticks 1.7 2.8 11.2 5.4 0.002 

Long roots 6.1 1.4 8.7 4.1 0.029 

Cooks fast 5.2 2.8 5.0 2.7 0.555 

Non-fibrous 7.0 2.1 5.6 1.4 0.047 

*P-value for differences in cassava attributes between districts. The bold P-values were 

significant at   α < 0.05.
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Table 1.2. Proportion (percentages) of predominant cassava attributes men and women farmers from different locations prefer about cassava 

varieties they cultivate.  

Cassava attribute 

Apac  

P-value 

Arua 

P-value 

Kibaale  

P-value 

Masindi  

P-value Aduku Apac Logiri Ogoko Nkooko Nyamarunda Miirya Pakanyi 

Many roots 33.3 40.4 0.434 17.6 28.2 0.128 50.0 46.8 0.688 33.3 37.7 0.582 

Matures fast 27.0 30.8 0.655 24.3 26.8 0.737 48.8 44.3 0.569 23.1 29.0 0.414 

Big roots 23.8 21.2 0.735 5.4 35.2 0.000 19.5 17.7 0.771 9.0 27.5 0.003 

Tasty 15.9 11.5 0.504 1.4 4.2 0.291 54.9 35.4 0.013 19.2 39.1 0.008 

Long storage 4.8 9.6 0.309 20.3 19.7 0.934 31.7 16.5 0.024 19.2 23.2 0.557 

 Soft 9.5 32.7 0.002 2.7 0.0 0.163 34.1 24.1 0.159 33.3 15.9 0.015 

Not bitter 12.7 17.3 0.488 21.6 18.3 0.618 4.9 5.1 0.957 17.9 13.0 0.414 

Disease resistant 0.0 5.8 0.053 0.0 8.5 0.011 22.0 34.2 0.084 6.4 10.1 0.409 

Flour sticks 0.0 3.8 0.116 2.7 2.8 0.967 12.2 10.1 0.677 3.8 7.2 0.364 

Long roots 4.8 7.7 0.513 0.0 2.8 0.146 11.0 6.3 0.296 2.6 5.8 0.323 

Cooks fast 0.0 11.5 0.006 5.4 0.0 0.047 2.4 7.6 0.132 5.1 0.0 0.056 

Non-fibrous 11.1 1.9 0.054 2.7 1.4 0.584 4.9 6.3 0.689 1.3 1.4 0.930 

P-value 
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Table 1.3. Predominant cassava attributes men and women farmers from different locations like about cassava varieties they cultivate. 

Cassava attribute 

Apac  

P-value 

Arua  

P-value 

Kibaale  

P-value 

Masindi  

P-value Males Females Males Females Males Females Males Females 

Many roots 45.6 26.8 0.026 15.1 30.6 0.100 55.1 42.2 0.669 33.8 37.1 0.566 

Matures fast 38.6 17.9 0.014 27.4 23.6 0.601 53.8 39.8 0.073 28.6 22.9 0.429 

Big roots 24.6 21.4 0.692 9.6 30.6 0.002 26.9 10.8 0.009 15.6 20.0 0.483 

Tasty 12.3 14.3 0.753 2.7 2.8 0.989 47.4 43.4 0.605 26.0 31.4 0.465 

Long storage 8.8 5.4 0.479 13.7 26.4 0.056 24.4 24.1 0.969 23.4 18.6 0.476 

 Soft 17.5 21.4 0.602 2.7 0.0 0.157 34.6 24.1 0.142 24.7 25.7 0.885 

Not bitter 14.0 16.1 0.762 16.4 23.6 0.280 5.1 4.8 0.928 14.3 17.1 0.634 

Disease resistant 1.8 3.6 0.548 4.1 4.2 0.986 38.5 18.1 0.004 11.7 4.3 0.102 

Flour sticks 0.0 3.6 0.150 4.1 1.4 0.317 12.8 9.6 0.522 2.6 8.6 0.111 

Long roots 8.8 3.6 0.252 0.0 2.8 0.152 11.5 6.0 0.215 3.9 4.3 0.905 

Cooks fast 0.0 8.9 0.021 1.4 4.2 0.304 7.7 2.4 0.123 2.6 2.9 0.923 

Non-fibrous 5.3 8.9 0.448 1.4 2.8 0.522 7.7 3.6 0.260 1.3 1.4 0.946 
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Table 1.4. Predominant cassava attributes smallholder farmers disaggregated by age groups from different locations like about cassava varieties 

cultivated in the respective districts. 

Cassava attribute 

Apac  

P-

value 

Arua  

P-

value 

Kibaale  

P-

value 

Masindi  

P-

value 

Aged  

18-30 

years 

Aged  

31-70 

years 

Aged  

18-30 

years 

Aged  

31-70 

years 

Aged  

18-30 

years 

Aged  

31-70 

years 

Aged  

18-30 

years 

Aged  

31-70 

years 

Many roots 39.5 34.3 0.573 25.0 21.6 0.651 39.7 54.1 0.074 40.5 33.3 0.413 

Matures fast 32.6 25.7 0.433 37.5 19.6 0.020 49.2 44.9 0.593 49.2 44.9 0.032 

Big roots 23.3 22.9 0.961 18.8 20.6 0.791 23.8 15.3 0.176 21.4 16.2 0.452 

Tasty 16.3 11.4 0.461 2.1 3.1 0.727 39.7 49.0 0.247 38.1 24.8 0.106 

Long storage 2.3 10.0 0.123 18.8 20.6 0.791 20.6 26.5 0.394 21.4 21.0 0.949 

Soft 25.6 15.7 0.198 0.0 2.1 0.316 28.6 29.6 0.889 23.8 25.7 0.810 

Not bitter 16.3 14.3 0.774 15.0 20.8 0.860 7.9 3.1 0.165 11.9 17.1 0.430 

Disease resistant 4.7 1.4 0.301 2.1 5.2 0.382 33.3 24.5 0.222 7.1 8.6 0.775 

Flour sticks 2.3 1.4 0.726 4.2 2.1 0.466 17.5 7.1 0.043 0.0 7.6 0.066 

Long roots 7.0 5.7 0.787 0.0 2.1 0.316 6.3 10.2 0.397 4.8 3.8 0.792 

Cooks fast 4.7 4.3 0.927 2.1 3.1 0.727 3.2 6.1 0.401 2.4 2.9 0.873 

Non-fibrous 4.7 8.6 0.430 4.2 1.0 0.212 6.3 5.1 0.737 0.0 1.9 0.386 
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Illustrative quotes for most frequently mentioned attributes about cassava by farmers who 

participated in semi-structured interviews are presented in Table 1.5.  

Table 1.5. Illustrative quotes for selected codes most frequently mentioned attributes about 

cassava by farmers who participated in semi-structured interviews. 

Attributes 

about cassava 

(codes)  

Quotations from interviews with farmers 

Soft  “Being soft properly, it doesn’t disturb someone eating. It is easy to eat 

because it soft like sweet potatoes”. 

“Even a young child can eat it because it is soft. Since most of us here have 

problems with our teeth, it becomes easy for us” 

“You can determine a nice cassava for eating from when it gets ready. If it’s 

soft…!! And it is not hard after cooking and its ready, it should be soft 

enough.” 

Tasty  “Timpaigwamurwaire is very much tasty; it’s our own from ages ago.  

When cassava is tasty, I eat and get satisfied. You cannot easily eat cassava 

which is not tasty and you get satisfied. Because of the great tasty it has, I 

said to myself, I must have this variety in my home”. 

In-ground 

storability  

“I cultivate Mukuma as food security. You don’t eat it very fast like this 

one. This one saves you from hunger very fast but it gets done very fast but 

Mukuma even if its two years when the soils are good, it will last. It is very 

good, to help even when you eat other food you know your granary is 

there”. 

“I like it because it can stay in the garden for long without getting spoilt 

even if for many years just like you can decide to leave a banana to get so 

ready it can also stay for over three years. 

Many roots “You can harvest from the same plant up to three times before exhausting it, 

there is also another called Bakanyisa, I do plant it because it does produce 

many roots per plant”. 

Matures fast “It matures fast like in six months, you are already eating its cassava. You 

can easily get money especially to those who fry it for selling. It matures 

within a short time. It does not take a full year. It takes between 6-7 months 

when you can start harvesting it if you get problems. I admired it because it 

matures faster and enables one get money faster.”  

“It yielding very fast gives me the happiness, I am hopeful that after one 

year I start to harvest it for breakfast, relieves me from hunger.”  
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“If it yields quickly, you have something to feed on, it boils quickly when 

you don’t have something (poverty).”   

“It should be a type which doesn’t take a lot of time to mature because it’s 

hard to get any other thing for taking tea.” 

Not bitter “Because its sweet (not bitter at all), you can use it for making breakfast in 

case a visitor turns up, or at the funerals, It’s sweetness is the reason why I 

like it, it helps when there are visitors at home, funerals, in everything it 

helps.” 

“It is not like other types of cassava which are bitter which you cannot eat 

raw when you are hungry. For malukua you can eat it raw, or boil it for 

taking tea and even if you cook when it has not matured properly it doesn’t 

become watery like other types.” 

Big roots “It grows big roots and makes food more, you sale, me even eating I don’t 

eat it, I cut out flour. If you are to sell it, it is in plenty.” 

“The cassava tubers are big.”  

“Its cassava is huge, hence much flour.” 

“You find it has produced a great deal with heavy pieces where you’d really 

struggle to dig it out of the soil. That’s a good thing about it.” 

“I like the black gamente because it produces big tubers, even though it is 

fibrous but it has big tubers”  

“Going to harvest it and getting a very big tuber gives me happiness, it 

motivates me, it motivates me to increase on the size of land for cassava 

production, since variety has yielded well in my hand, I should continue 

with the variety  and produce more next time” 

 

Main attributes of an “ideal” cassava variety for fresh consumption   

In addition to asking the farmers what they prefer about the current cassava varieties 

they were growing, we also inquired the attributes that farmers wished an “ideal” cassava 

variety for fresh consumption could have. Findings from this study revealed that the 

predominant attributes about an “ideal” cassava variety were non-bitter roots, roots that 

become soft upon cooking, many roots, early maturity, disease resistance, tasty and long in-

ground storage ability of the roots (Table 1.6). All these attributes are a subset of what was 
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listed in Table 1.1 which is about the predominant cassava attributes preferred about the 

various varieties that the farmers cultivate attributes. The percentage of farmers preferring a 

given attribute was primarily significantly different (P-value < 0.05) across districts (Table 

1.6) although preference for some attributes such as softness and non-bitter roots was not 

significantly different (P-value > 0.05) across districts. On disaggregating the farmers by sex, 

apart from the percentage of farmers that preferred disease resistant varieties, which was 

significantly higher for men than women, the preference for the other attributes was not 

associated with sex (Table 1.6). Similarly, there were no differences in cassava attribute 

preference associated with age category except for softness attribute, the percentage of 

younger farmers (81.6%) preferring softness was significantly higher (P-value < 0.05) that of 

older farmers (Table 1.6).  

We also investigated whether farmers in different sub-counties within a given district 

had different preferences for cassava attributes. There were no significant differences for the 

ideal attributes preferred by farmers in two sub-counties with Kibaale district. Similarly, the 

percentages of farmers preferring most attributes did not vary significantly for sub-counties in 

Apac, Arua and Masindi except for preferences for bigger root size in Apac, long in-ground 

storage of roots for Arua, and non-bitter roots in Masindi district (Table 1.7).  Within a given 

district, cassava attributes preferred by men and women were not significantly different in all 

districts except in Apac district where only women mentioned disease resistance (Table 1.8). 

Similarly, age category did not significantly influence the cassava attributes preferred within 

a given district with an exception of preference for softness of cooked cassava roots in 

Kibaale district where the younger farmers preferred soft roots more than the older farmers 

(Table 1.9). 
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Table 1.6. Predominant cassava attributes reported by smallholder farmers from different locations to be desirable in an ideal cassava variety 

suitable for fresh root consumption.  

Cassava attribute 

District 

P-value 

Sex  

P-value 

Age-group 

P-value Apac Arua Kibaale Masindi Men Women 

Aged  

18-30 years 

Aged  

31-70 years 

Not bitter 66.7 68.8 51.1 46.9 0.167 56.3 58.9 0.755 67.3 51.7 0.066 

Soft 36.4 46.9 57.4 40.6 0.254 43.7 49.3 0.497 65.5 34.8 0.000 

Many roots 42.4 18.8 48.9 62.5 0.004 42.3 45.2 0.721 38.2 47.2 0.290 

Tasty 9.1 3.1 70.2 31.3 0.000 31.0 34.2 0.677 41.8 27.0 0.065 

Matures fast 12.1 18.8 38.3 43.8 0.009 29.6 28.8 0.915 30.9 28.1 0.718 

Disease resistant 21.2 12.5 38.3 37.5 0.039 36.6 20.5 0.033 30.9 27.0 0.610 

Long in-ground storage 6.1 21.9 29.8 37.5 0.020 28.2 20.5 0.286 16.4 29.2 0.081 

Non-fibrous roots 12.1 12.5 42.6 18.8 0.002 26.8 20.5 0.380 25.5 22.5 0.682 

Big roots 12.1 6.3 27.7 15.6 0.069 18.3 15.1 0.602 20.0 14.6 0.399 
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Table 1.7. Desirable attributes for an ideal cassava variety disaggregated by district and sub-county. 

Cassava attribute 

Apac 
P-

value 

Arua 
P-

value 

Kibaale 
P-

value 

Masindi 
P-

value Aduku Apac Logiri Ogoko Nkooko Nyamarunda Miirya Pakanyi 

Not bitter 60.0 72.2 0.458 68.8 68.8 1.000 37.5 65.5 0.057 73.3 23.5 0.005 

Soft 40.0 33.3 0.692 31.3 62.5 0.077 54.2 60.9 0.642 46.7 35.3 0.513 

Many roots 33.3 50.0 0.335 31.3 6.3 0.070 50.0 47.8 0.882 53.3 70.6 0.314 

Tasty 20.0 5.6 0.206 12.1 12.5 0.365 45.8 30.4 0.278 46.7 41.2 0.755 

Matures fast 26.7 16.7 0.484 6.3 18.8 0.285 45.8 30.4 0.278 33.3 41.2 0.647 

Disease resistant 6.7 11.1 0.658 6.3 0.0 0.310 75.0 65.2 0.464 33.3 29.4 0.811 

Long in-ground 

storage 13.3 0.0 0.110 37.5 6.3 0.033 33.3 26.1 0.587 46.7 29.4 0.314 

Non-fibrous roots 20.0 5.6 0.206 6.3 18.8 0.285 29.2 56.5 0.058 26.7 11.8 0.281 

Big roots 26.7 0.0 0.019 6.3 6.3 1.000 41.7 13.0 0.028 13.3 17.6 0.737 
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Table 1.8. Predominant attributes associated with an ideal cassava for fresh consumption disaggregated by district and sex. 

Cassava attribute 

Apac 

P-value 

Arua 

P-value 

Kibaale 

P-value 

Masindi 

P-value Males Females Males Females Males Females Males Females 

Not bitter 66.7 66.7 1.000 61.5 73.7 0.467 45.8 56.5 0.464 56.3 37.5 0.288 

Soft 27.8 46.7 0.261 61.5 36.8 0.169 50.0 65.2 0.292 37.5 43.8 0.719 

Many roots 38.9 46.7 0.653 15.4 21.1 0.687 50.0 47.8 0.882 56.3 68.8 0.465 

Tasty 5.6 20.0 0.206 30.8 10.5 0.150 37.5 39.1 0.908 43.8 43.8 1.000 

Matures fast 27.8 13.3 0.312 15.4 10.5 0.683 45.8 30.4 0.278 50.0 25.0 0.144 

Disease resistant 0.0 20.0 0.047 0.0 5.3 0.401 66.7 73.9 0.587 37.5 25.0 0.446 

Long in-ground storage 11.1 0.0 0.183 15.4 26.3 0.463 33.3 26.1 0.587 50.0 25.0 0.144 

Non-fibrous roots 16.7 6.7 0.381 15.4 10.5 0.683 41.7 43.5 0.900 25.0 12.5 0.365 

Big roots 22.2 0.0 0.051 7.7 5.3 0.780 25.0 30.4 0.677 12.5 18.8 0.626 
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Table 1.9. Predominant attributes associated with an ideal cassava for fresh consumption disaggregated by district and age-group. 

Cassava 

attribute 

Apac 

P-

value 

Arua 

P-

value 

Kibaale 

P-

value 

Masindi 

P-

value 

Aged  

18-30 

years 

Aged  

31-70 

years 

Aged  

18-30 

years 

Aged  

31-70 

years 

Aged  

18-30 

years 

Aged  

31-70 

years 

Aged  

18-

30 

years 

Aged  

31-

70 

years 

Not bitter 84.6 55.0 0.078 77.8 65.2 0.491 61.9 42.3 0.181 50.0 45.0 0.784 

Soft 53.8 25.0 0.092 66.7 39.1 0.160 81.6 38.5 0.003 50.0 35.0 0.403 

Many roots 38.5 45.0 0.710 22.2 17.4 0.753 42.9 53.8 0.454 41.7 75.0 0.050 

Tasty 23.1 5.0 0.120 33.3 13.0 0.186 23.8 50.0 0.066 50.0 40.0 0.581 

Matures fast 15.4 25.0 0.509 22.2 8.7 0.298 38.1 38.5 0.980 41.7 35.0 0.706 

Disease 

resistant 15.4 5.0 0.311 11.1 0.0 0.104 71.4 69.2 0.870 41.7 25.0 0.325 

Long in-ground 

storage 0.0 10.0 0.239 22.2 21.7 0.976 19.0 38.5 0.148 25.0 45.0 0.258 

Non-fibrous 

roots 15.4 10.0 0.643 0.0 17.4 0.181 52.4 34.6 0.221 8.3 25.0 0.242 

Big roots 7.7 15.0 0.530 11.1 4.3 0.477 28.6 26.9 0.900 25.0 10.0 0.258 
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We also asked respondents to describe the different forms in which they consume 

cassava. Farmers reported consuming cassava in 15 different forms, and of these forms boiled 

and Kawunga are the most common in every district (Table 1.10).  Based on the description 

of the form in which cassava is cooked (Supplementary Table 1), as expected there are two 

broad categories in which cassava is consumed: freshly harvested roots and products made 

from cassava flour. In all the four districts, the proportion (> 61 %) of cassava consumed 

from freshly harvested roots was higher than the proportion (< 39 %) of cassava from flour 

(Table 1.10).  The key attributes about the best variety for the given food products in which 

they consume cassava significantly varied (P < 0.0001) across locations.  
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Table 1.10. Different forms in which cassava is consumed across districts. 

Form in which cassava is consumed Product used 
Proportion per district (%) 

Apac Arua Kibaale Masindi 

Boiled  Fresh roots 33.3 34.5 60.8 51.6 

Roasted Fresh roots 15.3 17 4.4 11.2 

Raw Fresh roots 2.7 4.1 0.5 0 

Deep fried Fresh roots 11.3 6.2 8.8 11.2 

Kahunga Flour 22 21.1 21.1 26.1 

Porridge Flour 2.7 10.8 3.9 0 

Alcohol Flour 12.7 4.6 0 0 

Pancakes Flour 0 1.5 0.5 0 

 

DISCUSSION 

As breeding programs endeavor to contribute towards ensuring food security and 

alleviating poverty levels, especially among resource-poor farmers, it is a prerequisite for 

them to gain a proper understanding of the needs and preferences of men and women who are 

the target end-users of the products of breeding (Acheampong et al., 2018). Previous studies 

have noted that plant breeding is not a neutral approach, heterogeneous groups of farmers 

may require different types of varieties in order to meet their needs which could depend on a 

wide range of factors, for example availability of resources and the intended use of the 

varieties (Snapp & Pound, 2017). The most frequently mentioned cassava attributes preferred 

by smallholder farmers were yield (many roots and big root size), early maturity, and root 

quality (taste, long in-ground storability of roots, softness of cooked roots, and non-bitter 

roots) attributes. The implication of this finding is that breeders need to pay attention to these 

major attributes to enhance chances of adoption of the new varieties they breed for instance, 

the breeder may decide to attach varying weights on each of these traits and use the weights 
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to develop a selection index to be used during the breeding process. Although previous 

studies also indicated that some of the cassava attributes highlighted in this study such as 

early maturity, long in-ground storability of roots, and cooking quality influence selection 

and preservation of the cassava varieties for usage in the subsequent seasons (Tumuhimbise 

et al., 2012; Nakabonge et al., 2018), none of them presented their results differentiated by 

sex and age. There were significant differences in proportion of attributes preferred across 

districts, sex and age categories, indicating that gender and age can be important factors in 

preferences of cassava attributes, and can be geographically and culturally defined. Ideally, a 

variety that is liked across a wide range of locations would be desirable, but in scenarios 

where this is not achievable, breeders may need to develop diverse varieties to meet the 

diverse needs and preferences of the end-users although this approach require additional 

resources in terms of land, labor, time and financial resources. Our results indicate that the 

main cassava attributes liked in one location may not necessarily be the top preferred 

attributes in another location. Thus, breeders may focus on different varieties to meet the 

varying needs of end-users in different locations. Considering the top five attributes 

mentioned by farmers within each location, many number of roots and early maturity were 

listed in all the four districts, thus we would consider these as some of the non-negotiable 

attributes to consider during variety development. Softness of cooked cassava roots was also 

among the most predominantly attributes within all the districts except for Arua. One of this 

likely explanation for this kind of observation could be the differential forms in which 

cassava is commonly consumed within the different districts. From the focus group 

discussions, farmers in Arua largely mentioned that cassava is mainly consumed after 

processing cassava roots into flour, whereas in other districts, farmers mentioned that 

consumption of food made from fresh cassava roots was the most predominant form of 

consumption. Thus, for people who do not cook cassava roots, softness of cooked cassava 



 

42 

roots is not an important attribute, despite it being a key attribute for people who eat cassava 

in the boiled form. Interestingly, Kibaale where disease resistance appeared among the top 

five attributes with highest percentage preference, this could partially stem from the fact that 

Kibaale district had relatively high disease incidences compared to other districts. Similarly, 

there was noticeably lower proportion for long in-ground storage of cassava roots in Apac 

relative to other districts, this could probably be that most of the varieties they were growing 

did not have this attribute since the question asked was to name the attributes they liked about 

the cassava varieties they were currently growing.  

There were also significant (P-value < 0.05) sex differentiated cassava attribute 

preferences observed in different districts for instance in Apac district, the proportion of 

liking cassava varieties with many roots and early maturity was significantly higher for men 

than women. This observation could probably be a result of men being more market-oriented 

and interested in making profits that come from extra yields and fast-maturing varieties. In 

most communities decisions regarding sale of the agricultural produce are determined by 

men. Differentiated cassava attribute preferences may stem from differentiated division of 

labor. Kabeer (2015) noted that social relations such as sex, class, age, ethnicity, and race can 

influence the norms and culture of that society. The observed differences among cassava 

attributes preferred based on age and sex among farmers in different districts could stem from 

the different social relations in the various localities, for example, we observed that some 

cassava attributes were associated with age-group for example in Arua district, younger 

farmers preferred early maturing varieties, while older farmers did less so. This observation 

could probably be due to the amount of resources owned by younger farmers relative to older 

farmers. In most cases, the younger farmers own fewer resources in terms of land, labor and 

capital than older farmers and thus may like more early maturing varieties in order to be able 

to get food for their families and earn income from the sale of cassava to be able to meet 
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other household needs. Given that, even within one district, we see different preferences 

amongst the varying social groups of smallholder farmers, there is need to provide diverse 

products to meet the needs and preferences of the various social categories of people.  

CONCLUSION 

The work reported in this study portrays the importance of considering gender in 

identifying the needs of end-users during the design of breeding process. There is need to do 

a gender-based analysis of the needs and preferences of the target end-users. Farmers prefer 

multiple attributes and this may call for trait prioritization during variety development. To do 

this, different approaches could be used such as use of selection index, and using farmer 

participatory breeding approaches. Prioritizing attributes that suit the need and preferences of 

end-users may increase the likelihood of the new varieties being adopted by the target end-

users. Our results also indicated that the majority of farmers eat cassava in fresh form, thus, 

there is more need to focus on the desirable attributes associated with each form in which 

cassava is consumed. 
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SUPPLEMENTARY MATERIAL 

Supplementary Table 1: Description of how various food types are prepared 

Food form Quotations from farmers regarding food preparation  

Boiling  “After harvesting the roots, you remove the hard coat (peeling), and wash it. 

You put it in the saucepan, add one cup of water! You look for some leaves such 

as banana leaves to cover it, cut it and wash it and then cover it. Then you cover 

it with another sauce pan or with another clean utensil. You put it on fire to boil 

for about 30 – 45 minutes. After boiling you can remove it from the fire and put 

it down. After you serve it on plates and serve people with cups of water to 

consume it” (FGD notes).  

“You harvest your soft cassava, remove the peelings, remove some starch, cut it 

into small pieces, wash it, put it in water and add the beans, you put on the fire 

place like for thirty minutes and then remove it from the fire place. You get a 

mingling stick and begin pressing it until it is ready. You press it until it is ready 

and then serve and eat. If you have greens and bitter berries, you can press them 

with the cassava” 

“Go get cassava, peel, scratch it well, after I wash and start chopping into small 

pieces. There are there like of the same small size. Have already prepared beans, 

but sometimes you don’t prepare and make them so ready. I get my cassava that 

is washed very well and I add beans with salt. I put on fire, cover with a banana 

leaf and they get ready, but you wait until soup dries completely”. 

“You go and harvest it, after harvesting, you remove the hard coat, and you chop 
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it into small pieces like chips wash it. You boil it for about 30 minutes, after 

boiling you can remove the excess water! After which you start mingling it 

using the mingling stick or at times you pound it using a mortar! Or you 

continually mingle it like as if you are mingling ordinary Kawunga. Or you 

continuously use the mortar until it becomes so soft like Kawunga! After 

pounding it you serve it on plate and serve sauce, and people consume it as 

food!” (FGD notes). 

Roasting “You harvest and put it on fire. It is first peeled, others are roasted without 

peeling. It takes like half an hour. After roasting you remove it from the fire then 

peel it with knife and put on a plate. You can eat it with salt but if you don’t 

want it is your wish. You start to consume it with the children” (FGD notes). 

Deep 

frying 

“You harvest your cassava, bring it and cut off the stem, some people first wash 

it before peeling it if it is muddy, you remove some starch, and you cut it into 

pieces and get where to put it. You get a saucepan to use for frying and then 

begin frying. When it is ready, you get it and put in the bucket. You get to know 

it is ready when it has changed to yellow color” (FGD notes). 

Cassava 

porridge  

“You go and harvest cassava, after harvesting, you remove the hard coat, and 

you put it to ferment for about one to two days depending on the sunshine! Then 

you remove the fermented coat, after removing the coat, you crush it into 

smaller particles. After which you spread it on the carpet to dry in the sun! After 

drying, you can get in small quantity and pound using a mortar and sieve it using 

a sieve, or take to be milled with a milling machine to become flour! After 

which you put water on fire to boil and you get the flour and mix it in a clean 
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utensil! After which you pour in the boiling water and stir it! If it is too thick, 

you add more water to make it better! After it has boiled, you add sugar in it and 

stir! After which you serve it in cups and serve it and put it before people!” 

(FGD notes). 

“I go to the garden and harvest the cassava, I bring it and peel it, cut it into small 

pieces, I take it to the rock for dying, after drying, I take it to the grinding 

machine or I pound using a mortar and pestle. After grinding it, I get a saucepan, 

put water and I boil it, after it is ready, I get the flour and mix it with cold water 

and then put the mixture in the hot water on the fire place and I mix. After that I 

bring flour ground from germinated sorghum and I add there. I then keep it for 

one day and then I begin taking” (FGD notes). 

Alcohol “You go and harvest it, after harvesting, you remove the hard coat, and you put 

it to ferment for about 2 – 3 days! Then you remove the fermented coat, after 

removing the coat, you crush it into smaller particles. After which you spread it 

on the carpet to dry in the sun! After drying, you go and fetch water and pour in 

the pot! You pour it in the pot, you mix it. You cover it with a saucepan, so that 

it can ferment for about 3 days! You fry it in a frying pan called “Kalaya”! After 

frying, you again pour it back in cold water, add millet, mill it and add to it! The 

millet helps it to brew for about 2 – 3 days, on the 3rd day, you drill a hole under 

the pot, get another big pot with water! After which you connect both pots with 

a pipe from one pot through the pot with cold water which is a coolant to the 

bottle, you add fire to the pot with brewed alcohol, so that it is distilled through 

the pipe into the bottle until it is filled! After which you start selling it! (FGD 

notes). 
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Raw “You go and harvest it, after harvesting, you remove the hard coat, wash it and 

you chop it into small slices, put it on the plate for people to consume!”  

Pancakes  “You go and harvest it, after harvesting, you remove the hard coat, and wash it. 

After which I get a piece of an iron sheet, drill some holes through it, then get 

the cassava that is already washed and continuously grill on the iron sheet, until 

it collects in the utensil. I then squeeze out the water from it and I mix it as 

dough with my hands! I go and purchase cooking oil and pour it in the sauce pan 

and put it on fire! It boils, after boiling it, I roll it into balls! I drop them in the 

oil to boil! It takes around 15 minutes, after changing color; I get a spoon to 

remove the one which are ready because I cannot dip my hands in the hot 

cooking oil! I pick the ready ones and put them on clean plate! I put them in the 

basin, I then count them! I give my wife to take it to the market!” (FGD notes). 

Kawunga “You go and harvest it, after harvesting, you remove the hard coat, and you put 

it to ferment for about 3 – 4 days! Then you remove the fermented coat, after 

removing the coat, you crush it into smaller particles. After which you spread it 

on the carpet to dry in the sun! After drying, you can pound it, or take to be 

milled with a milling machine to become flour! After which you mingle it as 

bread! You put water on fire! The water boils! After boiling you get some little 

flour and sprinkle it in the hot water to assess whether the water is ready! One 

the flour that you sprinkled clears, then you can pour flour into the water in large 

quantity, mingle it into bread!”  
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Supplementary Files 

Supplementary File 1: Site selection survey for research on gendered cassava trait preferences  

Supplementary File 2: Guide for selecting the sub-county  

Supplementary File 3: Scoping study: Key informant guide for village leaders  

Supplementary File 4: Individual interview questionnaire 

Supplementary File 5: Focus group discussion guide 

 Supplementary File 6: Coding frame for cassava attributes from survey in Uganda, 2015  

 

https://drive.google.com/file/d/0B2LOfxWolJyBVWN0TTJ0cGw3SXc/view?usp=sharing
https://drive.google.com/open?id=0B2LOfxWolJyBRmFqRVBrSHVwTUE
https://drive.google.com/open?id=0B2LOfxWolJyBQS10TGwwVVFGOXM
https://drive.google.com/file/d/0B2LOfxWolJyBNkZuYTdrek5maWs/view?usp=sharing
https://drive.google.com/file/d/0B2LOfxWolJyBTFVuRE9QNmVLNWs/view?usp=sharing
https://drive.google.com/open?id=1U6elb2WgJDfKR4a1Oe__y9N_Qhf9aNyt
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CHAPTER 2 ESTIMATES FOR HERITABILITY AND CONSUMER-

VALIDATION OF A PENETROMETER METHOD FOR PHENOTYPING 

SOFTNESS OF COOKED CASSAVA ROOTS1 

ABSTRACT 

Although breeders have made significant progress in the genetic improvement of cassava 

(Manihot esculenta Crantz) for agronomic attributes its, lack of information on heritability 

and limited testing of high-throughput phenotyping methods are major limitations to 

improving root quality attributes, such as softness after cooking, which rank high among 

Ugandan consumers. The objectives of this study were to determine heritability for softness 

of cooked cassava roots, and quantify the relationship between penetrometer and consumer 

testing methods for phenotyping softness of cassava roots. Softness defined as the maximum 

force (N) needed to penetrate cooked root samples using a penetrometer, was evaluated at 

four cooking time intervals: 15, 30, 45, and 60 min on 268 cassava genotypes. Estimates of 

broad-sense heritability (repeatability) ranged from 0.17 to 0.37, with the highest value 

observed at 45 min of cooking time interval. In the second study involving 135 cassava 

consumers from Kibaale district in Uganda, penetrometer measurements of cooked roots 

from six cassava varieties were found to be in strong agreement (r2 = 0.91; P-value = 0.003) 

with ordinal scores of root softness from consumer testing. These results suggest that: (a) 

softness of cooked cassava roots is an attribute amenable for evaluation and selection; and (b) 

a penetrometer can readily be used for assessment of cooked root softness. These findings 

                                                 
1Iragaba, P., E. Nuwamanya, E. Wembabazi, Y. Baguma, D. Dufour, E.D. Earle, R. Bezner 

Kerr, H.A. Tufan, M.A. Gore, and R.S. Kawuki. 2019. Estimates for heritability and 

consumer-validation of a penetrometer method for phenotyping softness of cooked cassava 

roots. African Crop Science Journal 27(2): 147–163. https://doi.org/10.4314/acsj.v27i2.3. 
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form the basis for operationalizing the routine assessment of root softness in cassava 

breeding trials, an output that will enhance ongoing efforts to breed for desired end-user root 

quality attributes. 

Key Words: Breeding, cooking, Manihot esculenta 



 

56 

INTRODUCTION 

Cassava (Manihot esculenta Crantz) is an important source of food for about 800 million 

people worldwide (FAO and IFAD, 2000; Lebot, 2009; FAO, 2013). With a high diversity of 

end-users, cassava varieties that are released without a focus on product quality may not meet 

end-user trait preferences and are thus poorly adopted by farmers (Chiwona-Karltun et al., 

2015; Bechoff et al., 2018a). In a variety adoption study conducted in Malawi, only 7% of 

improved cassava varieties tolerant to African cassava mosaic disease were adopted, simply 

because the new varieties lacked consumption quality attributes desired by end-users (Alene 

et al., 2013). In a related study conducted in the Republic of Congo, farmers abandoned 

varieties that did not meet both their agronomic and culinary trait preferences (Kombo et al., 

2012). These results highlight the critical role of end-users in variety development and 

adoption. 

In Uganda, attributes such as high yield and cooking quality justify farmers’ variety 

choices and hence historic cultivation of cassava varieties (Nakabonge et al., 2017). End-user 

attributes such as softness of cooked cassava roots have been reported to be highly preferred 

by consumers (Ngeve, 2003; Padonou et al., 2005). As a top attribute emerging from 

consumer surveys, we consider softness as an important breeding criterion to respond to the 

needs of cassava farmers and consumers in Uganda. 

One major limitation to breeding end-user culinary root quality attributes such as cassava 

root softness is the lack of reliable, low-cost and accurate high-throughput methods for 

assessing root softness in clones under evaluation. Consequently, consumer acceptability 

testing, which involve assessing the perception of consumers regarding the new products, is 

used as a fallback by most breeding programs as a method to determine culinary root quality 

attributes (Bechoff et al., 2018b). Unfortunately, consumer acceptability testing of culinary 
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root quality attributes is not ideal in early selection stages that are often associated with a 

large number of entries (IITA, 1990; Ceballos et al., 2004). Moreover, consumer 

acceptability studies require significant amounts of resources in terms of time, funds and 

personnel, further complicating the selection process. It is for this reason that most culinary 

root quality attributes are scored later in the selection process, using a group of consumers 

that is tasked to evaluate only a few advanced breeding lines (Ceballos et al., 2004). A major 

disadvantage of this approach may be the unintended loss of genetic variation for culinary 

root quality attributes during the early selection process (Ceballos et al., 2004; Bernardo, 

2010). These shortfalls justify the urgent need to develop alternative phenotyping methods 

which can be used on a large number of lines and are well correlated with consumer 

acceptance. 

Most of the previous studies on softness of cooked cassava roots have focused on food 

quality and with few samples i.e., (n <25) (Eggleston and Asiedu, 1994; Ngeve, 2003; 

Padonou et al., 2005; Sajeev et al., 2010). None of these studies estimated heritability of 

cassava root softness. Information on heritability estimates (in this case for root softness) 

helps develop and standardize methodologies to be used for routine assessment, and 

consequently selection; maximizing heritability readily translates to increased genetic gain 

(Bernardo, 2010; Acquaah, 2012). Thus, the objectives of this study were to determine broad-

sense heritability (or repeatability) for softness of cooked cassava roots, and to quantify the 

relationship between penetrometer and consumer testing methods for phenotyping softness of 

cassava roots. 

MATERIALS AND METHODS 

Genetic materials 

In order to examine the extent of heritability (repeatability) of root softness in cassava, we 

assembled 285 genotypes from two sources in Uganda, namely smallholder farmers residing 
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in northern, western and west Nile region, and from the cassava breeding populations 

developed by National Crops Resources Research Institute (NaCRRI). The names of 

genotypes cultivated by smallholder farmers were recorded during the end-user cassava trait 

preference survey. 

The study plan for this survey and consent forms were reviewed by the Institutional 

Review Board (IRB) of Cornell University and approved (IRB ID 1502005316). After the 

survey, we collected stem cuttings from each of the named varieties at the sub-county level, 

forming a total of 76 variety names. The list of the variety names can be accessed at ftp:// 

ftp.cassavabase.org/manuscripts/Iragaba_et_al_2019_quality/Phenotype_infos/ (in a file 

named: “Farmer varieties included in the study to evaluate genetic variability of softness of 

cooked cassava roots.txt”).  The stem cuttings were collected from three different plants for 

each of the 76 varieties. We treated each plant as a unique genotype, because earlier studies 

had shown that not all varieties with the same name are genetically identical (Rabbi et al., 

2015). In total, we obtained 223 genotypes from the farmers’ fields. 

To complement the farmer varieties, we selected 78 genotypes sampled from a diversity 

panel of 635 genotypes that were generated by crossing germplasm from International 

Institute for Tropical Agriculture (IITA) with that sourced from the International Center for 

Tropical Agriculture (CIAT) (Kayondo et al., 2018). 

To sample the extent of phenotypic variation for two critical agronomic attributes, harvest 

index (HI) and dry matter content (DMC), we constructed a scatter plot (HI against DMC) 

and divided the resultant scatter plot into four quadrants. We selected a nearly equivalent 

number ranging from 19 to 20 genotypes from each quadrant and thus, identified the 

representative 78 genotypes (Figure 2.1). The lists of the selected genotypes are stored in 

CassavaBase: ftp://ftp.cassavabase.org/ manuscripts/Iragaba_et_al_2019_quality/ (in a file 
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named: “The 78 genotypes were selected from a total of 635 genotypes that comprise the 

diversity panel maintained at National Crops Resources Research Institute.txt”) 

 
Figure 2.1. Scatter plot of harvest index (HI) against dry matter content (DMC) for 635 

genotypes from a cassava diversity panel maintained by National Crops Resources Research 

Institute (NaCRRI), with the 78 genotypes (colored points) selected to sample the maximal 

phenotypic diversity. 

We then ascertained whether the 78 genotypes selected for maximum variation in HI and 

DMC represented the extent of genotypic diversity in the panel. To achieve this, we 

conducted a Principal Component Analysis (PCA), with the prcomp function of the stats 

package in R (R Core Team, 2015), using 61,297 single-nucleotide polymorphism (SNP) 

markers that were previously scored on the 635 genotypes (Kayondo et al., 2018). Then, K-

means clustering was performed with the kmeans function of the stats package in R, to divide 

the 635 genotypes into four genetic clusters. This was followed by intersecting the PCA and 

K-means clustering results to determine which of the four clusters each of the 78 genotypes 

belonged (Figure 2.2). Taken together, these analyses confirmed that the 78 genotypes 
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selected for their phenotypic diversity also captured the major patterns of genotypic diversity 

present in the entire panel (Figure 2.3). However, at the time of collection of planting 

materials, we obtained 62 genotypes because they were the only ones with sufficient cuttings. 

 
Figure 2.2. Principal Component Analysis (PCA) plot of PC1 and PC2 of the genetic 

diversity in the NaCRRI population, with only the 78 selected genotypes colored and labeled 

according to which of the four K-means clusters each genotype belongs. The PCA is based on 

61,297 single-nucleotide polymorphism markers scored on 635 cassava genotypes. 
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Figure 2.3. Scatter plot of harvest index (HI) against dry matter content (DMC) for the 78 

selected genotypes labeled according to their K-means cluster. 

Experimental design 

During the second rains of 2015, the 285 genotypes (223 collected from farmers and 62 

from breeding program) were established in the field in an augmented incomplete block 

design in two sites: Adravu village, Manibe sub-county,  Arua district (northwestern 

Uganda), and Namaswata village, Kassanda sub-county, Mubende district (central Uganda). 

The altitude (1200 - 1400 masl), average annual rainfall (1250 mm), and average temperature 

(22 °C) of Arua are higher than those of Mubende (Arua District Local Government, 2012; 

Mubende District Local Government, 2013). Adravu village has an average temperature of 

24.0 °C and annual rainfall of 1385 mm; whereas Namaswata village has an average 

temperature of 21.5 °C and annual rainfall of 970 mm (Fick and Hijmans, 2017). These two 

field sites provide contrasting environments for the phenotypic evaluation of the softness 

phenotype. Arua had 14 incomplete blocks, with 25 plots per incomplete block, while 

Mubende had 12 incomplete blocks with 30 plots per incomplete block. Each incomplete 

block was augmented by the addition of three check genotypes namely, NAROCASS 1, 

NASE 14, and TME 14 grown at the two sites. In addition, NASE 4 was used as a local check 

in Arua, while UGL15228 was used as the local check in Mubende. Three of these genotypes 

(NAROCASS 1, NASE 14 and NASE 4) have been officially released in Uganda. Within 

each incomplete block, the order of entries was randomized. 

Experimental units were one-row plots, measuring 5 m in length; each plot was 

represented by five plants that were evenly spaced and had a between row spacing of 1 m. 

Each block was separated from the other by an alley of 2 m width. 
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At maturity (12 months after planting), all plants were uprooted and their roots bulked per 

plot. Subsequently, four to six intact, uniformly sized roots were randomly sampled from 

each plot, and appropriately labeled as per the field layout available at www.cassavabase.org. 

The sampled roots were immediately washed with tap water to remove soil debris, followed 

by air drying of residual moisture from the root surface for 15-30 min. To prolong the shelf 

life of cassava roots prior to softness assessment, we waxed the roots on the day of harvest 

(Lebot, 2009). The roots were waxed by immersing them for five seconds in pre-melted food-

grade wax maintained at 140-160 °C, and thereafter, cooled to air temperature outside in the 

field from where the cassava was harvested. 

Root samples could not be obtained for all 285 genotypes across the two locations because 

plants for some genotypes did not survive up to the time of harvest. Accordingly, data were 

collected from 236 and 237 genotypes from Arua and Mubende, respectively. This resulted 

into a total of 268 genotypes that had phenotypic data from at least one of the two 

environments. 

Penetrometer assessment 

The waxed roots from the two field locations were stored in a -80 °C freezer to avoid 

deterioration prior to softness evaluation. Freezing was done to ensure long preservation 

(more than one month), because waxing can only preserve roots for about one month (Lebot, 

2009). In a pilot experiment that we conducted earlier with ten genotypes, root softness for 

frozen root samples over a duration of 30 days was strongly correlated (r2 = 0.76, P-value = 

0.0009) with softness from fresh roots. This provided confidence in the freezing process 

adopted to handle the relatively high number of samples analyzed in this study. 

Accordingly, samples for a given block were removed from the freezer and thawed at 

room temperature (approximately 23 °C). After thawing, two roots per plot (genotype) were 
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peeled and sliced into 3 cm sections using a knife and ruler. For each genotype, four sections 

were randomly selected from the sliced sections and loosely wrapped in perforated aluminum 

foil. The selected sections were cooked in a water bath set at a constant near boiling 

temperature of 90 °C, and softness assessment done at four time points: 15, 30, 45 and 60 

min. This was done by removing a root section at each defined time point, and softness 

assessment done. Thus, each root was assessed for softness at four cooking time points: 15, 

30, 45 and 60 min. 

Softness was defined as the maximum force used to penetrate the root section using the 

penetrometer. Thus, at each time point, the 7.9 mm diameter tip of a digital penetrometer 

(Model number: FHT-1122, Vetus Industrial Company Limited, Hefei, China) was pushed to 

a depth of 1 cm into each cooked root section. This was done at three different positions of 

the sectioned root i.e., three technical measurements taken per root section. Hence, we 

obtained three observations for each time point, per genotype per site, a dataset appropriate 

for quantifying heritability for root softness in cassava. 

Consumer acceptability testing in Kibaale 

To corroborate the quantitative softness data, particularly the softness assessment by 

penetrometer, we conducted on-site consumer testing in Kibaale district, one of the districts 

with high consumption of cassava (Nakabonge et al., 2017). The study plan for consumer 

testing and consent forms were reviewed by IRB of Cornell University and approved (IRB ID 

1809008241). Accordingly, root softness for six commonly grown varieties in Kibaale 

(Bukalasa, Gwalanda, Kyawada, NAROCASS1, NAROCASS 2, and Matooke) were 

evaluated using both the consumer testing method, by 135 consumers, and by the 

penetrometer method. For validity of results from consumer acceptability testing, it is 
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recommended to involve at least 112 consumers (Hough et al., 2006); thus in our study the 

aim was to work with a minimum of 112 consumers. 

The six varieties chosen represented the greatest diversity in softness for commonly grown 

varieties: Bukalasa and Matooke were classified as “soft”, while Gwalanda and Kyawada 

were described as “hard” varieties by farmers, during the survey held in 2015. We also 

included two recently released varieties from the NaCRRI breeding program, namely 

NAROCASS 1 (“soft”) and NAROCASS 2 (“hard”). The consumers in this study were men 

and women who had historically grown and consumed cassava, and thus were considered to 

be experienced to provide reliable information (Safo-kantanka and Owusu-nipah, 1992; 

Bechoff et al., 2018b). 

Before starting the consumer testing activity, we read a consent statement to the entire 

group of participants to seek their approval to participate in the study, explained the purpose 

of the study, methods to be used, and let them know that their participation was voluntary and 

that they were free to withdraw at any time during the study. Consumers who participated in 

the study were disaggregated by age and sex. Of the total number of consumers, 51.5% were 

women (18-30 age group that constituted 25.0%, and 31-70 age group that constituted 

26.5%), and 48.5% were men (18-30 age group that constituted 19.4%, and 31-70 age group 

that constituted 29.1%). 

Freshly uprooted cassava roots of the six varieties, harvested at 12 months, were peeled 

and each cut into 3 cm sections to generate at least 140 root sections per variety. These root 

sections for each genotype were washed twice in tap water to remove debris and adhering soil 

particles. Thereafter, the roots were wrapped in banana (Musa spp.) leaves, as routinely done 

when preparing boiled cassava roots in the study area. The six wraps, each representing a 

given genotype, were carefully placed into a single saucepan with tap water at room 
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temperature (approximately 23 °C). The top of the saucepan was fully covered with layers of 

banana leaves and another saucepan was used as a lid; this was followed by cooking of roots 

over wood fire for 50 min. 

After the cassava roots had cooked for 50 min, the roots were withdrawn from the wood 

fire and assessed for softness. Of the 140 root sections cooked per variety, 110 were used for 

assessing consumer acceptability by selected consumers, while the remaining 30 were used 

for measuring softness with the penetrometer. For testing of consumer acceptability, each of 

the 110 root sections was cut into halves, resulting in a total of 220 root sections for 

assessment per variety. At the time of consumer testing, each participant was served one root 

section per variety to score softness, using an ordinal 1-5 scale modified from ISO (1994), 

where 1 = extremely soft, 2 = soft, 3 = neither soft nor hard, 4 = hard, and 5 = extremely hard. 

The softness evaluation was based on the disintegration ability of the cooked roots in the 

mouth of the consumers (Padonou et al., 2005). Each of the six varieties was evaluated once 

by each of the 135 consumers, thus 135 root sections were used. The remaining unused root 

sections were discarded at the end of the consumer testing process. 

Penetrometer-based root softness assessment (after cooking roots for 50 min) was done on 

each variety at six post-cooking time points: 0, 15, 30, 45, 60 and 75 min after withdrawing 

the roots. The first (0 min) and last (75 min) time points corresponded to the initiation and 

completion of consumer testing in Kibaale, respectively. Measuring softness at the six post-

cooking time points throughout the entire period of consumer evaluation allowed us to better 

account for the influence of cooling on root softness. At each time point, five cooked root 

sections per variety were randomly sampled from the bulk (in saucepan) and assessed for 

softness using the penetrometer, as described earlier. Assessments were done on two different 
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sides of each section, and thereafter, the section was discarded. In total, 360 penetrometer 

measurements were recorded. 

Statistical analyses 

Softness quantitative data 

In order to determine heritability of root softness, we jointly analyzed softness data 

generated from Arua and Mubende trials. Initially, we processed each cooking time point (15, 

30, 45 and 60 min) separately, and thus generated four datasets for root softness. For each 

dataset, the Box-Cox power transformation (Box and Cox, 1964) was conducted to identify 

the optimal transformation procedure that best corrected for unequal variances and non-

normality of error terms. This analysis was conducted in the MASS package in R (R Core 

Team, 2015) by fitting a linear model where genotype, environment, incomplete block nested 

within environment, and plot grid row nested within environment, were fitted as fixed effects. 

The softness data for 30, 45, and 60 min time points did not need transformation (optimal 

convenient lambda = 1), whereas the square root transformation (optimal convenient lambda 

= 0.5) was needed for the softness data collected at 15 min. 

We fitted a mixed linear model for softness at each time point, to identify and remove 

significant outliers from the raw data in ASReml-R version 3.0 (Gilmour et al., 2009). The 

full model used to analyze data collected at each time point had check lines as fixed effects 

and all other terms from the simple linear model described above, as random effects. The 

Studentized deleted residuals (Neter et al., 1996) were examined to identify and remove 

significant outliers. 

After outliers were removed, an iterative mixed linear model fitting procedure of the full 

model was conducted in ASReml-R version 3.0 (Gilmour et al., 2009). Likelihood ratio tests 
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were conducted to remove all random effect terms from the model that were not significant at 

α = 0.05 (Littell et al., 2006) to generate a final, best fitted model for softness at each time 

point that enabled generation of best linear unbiased predictors (BLUPs) for each genotype. 

For softness at each time point, the variance components from the final model were used to 

estimate broad-sense heritability (or repeatability) on an entry-mean basis (Holland et al., 

2003). Standard errors of the heritability estimates were approximated with the delta method 

(Holland et al., 2003). Pearson’s correlation coefficients (r) were computed and used to 

assess the relationship between softness BLUPs for each pair of time points. This was done 

using the cor function of the stats package in R (R Core Team, 2015). The significance of the 

Pearson’s correlation coefficient was declared at α = 0.05 with the cor.test function of the 

stats package. To represent the true directionality of the relationship between softness 

BLUPs, the transformed BLUPs at the 15 min time point were back-transformed prior to 

conducting the correlation analysis. 

Analysis of consumer data 

We used a linear model to analyze the consumer evaluation scores. The Box-Cox 

procedure (Box and Cox, 1964) was implemented by fitting a linear model, where the fixed 

effects were variety, sex, and age, with consumer evaluation scores as the dependent variable 

in the MASS package in R. The convenient Lambda of 1.0 was obtained and thus, data were 

not transformed. Data were screened for outliers in ASReml-R version 3.0 (Gilmour et al., 

2009), by examining the Studentized deleted residuals (Neter et al., 1996) obtained from a 

linear model fitted with variety, sex, and age as fixed effects. The resultant data were then 

used to refit the same model in ASReml-R, to conduct an analysis of variance (ANOVA) and 

estimate the best linear unbiased estimator (BLUE) for each variety. The Tukey-Kramer 
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honest significance (HSD) test (P-value < 0.05) was used to determine if varieties were 

significantly different from each other. 

A linear model was also used to analyze penetrometer data that were collected as a 

comparison to the consumer evaluation scores. For the penetrometer data across all six post-

cooking time points (0, 15, 30, 45, 60 and 75 min), a series of linear models with variety, time 

point, and their interaction were fitted as fixed effects to find the most appropriate 

transformation; the log transformation was made for all six time points. We screened for 

outliers as described earlier. We estimated a BLUE for each variety across all six time points 

(used for correlation analysis) and at each single time point (used for time series plot). To 

evaluate whether varieties were significantly different from each other across all six time 

points, the Tukey-Kramer HSD test (P-value < 0.05) was used. The relationship between 

BLUEs of softness from consumer testing and the penetrometer (across all six time points) 

was assessed as described earlier. The log transformed penetrometer BLUEs were back-

transformed prior to conducting the correlation analysis. 

RESULTS 

Heritability estimates 

As for the cassava roots cooked from 15 to 60 min, there was a trend of reduced force (N) 

required to penetrate the roots (Table 2.1). The highest average amount of force (3.33 N) 

required to penetrate the roots was recorded after cooking for 15 min, with genotype 

UG140335 requiring the highest amount of force (3.76 N); while the lowest average force 

(2.20 N) was recorded after the roots cooked for 60 min with genotype UG142019 requiring 

the least amount of force (1.89 N). The BLUPs for root softness of all the genotypes are 

stored in CassavaBase at ftp://ftp.cassavabase.org/ manuscripts/Iragaba_et_al_2019_quality/ 

Phenotype_infos/ (in a file named: “BLUPs softness manuscript.txt”). We observed the 
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widest range of variation (1.94 - 3.21 N) for root softness at the 45 min cooking time point; 

while the narrowest variation (1.89 - 2.49 N) was observed after cooking for 60 min (Table 

2.1). Broad-sense heritability (or repeatability) was estimated for root softness at each of the 

four cooking time points; and overall moderate heritability estimates were observed (Table 

2.1). Heritability estimates increased from 0.22 (after cooking for 15 min) to a maximum of 

0.37 (after cooking for 45 min); and declined to 0.17 for roots cooked for 60 min. 

Table 2.1. Best linear unbiased predictors and heritability estimates of cassava root softness 

following four different cooking durations.  

Cooking 

time 

(min)a 

Number of 

cassava 

genotypesb 

BLUPsc  Broad-sense 

heritability 

Mean (N) SDd 

(N) 

Range (N)  Estimate SEe 

15 268 3.33 0.155 2.94 - 3.76  0.22 0.087 

30 268 2.78 0.154 2.45 - 3.27  0.28 0.081 

45 267 2.47 0.205 1.94 - 3.21  0.37 0.076 

60 267 2.20 0.096 1.89 - 2.49  0.17 0.092 

aData based on analysis across two locations; Arua (west Nile region) and Mubende (central 

region); Back-transformed BLUPs are reported for the 15 min time point. 

bOnly 267 genotypes were evaluated at the 45 and 60 min cooking times, because one of the 

genotypes did not have enough roots for phenotypic evaluation. 

cBLUPs, best linear unbiased predictors.  

dSD, standard deviation of the BLUPs.  

eSE, standard error of heritabilities. 

 

Statistically significant (P-value <0.0001) correlations were detected between all pairwise 

comparisons of root softness (Figure 2.4). All correlations were positive, with an observed 

range of moderate (r = 0.45) to strong (r = 0.73) correlation coefficient values (Figure 2.4). 
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The strongest correlation was detected between trait BLUP values for the 30 min and 45 min 

cooking times, whereas the correlation of trait BLUP values between the 15 min and 60 min 

cooking times was the weakest. In general, correlations were strongest for trait BLUPs 

between cooking times separated by only 15 min, congruent with expectations. 

 
Figure 2.4. Pearson correlation coefficients (r) for best linear unbiased predictors of cassava 

root softness measured by a penetrometer at the end of four cooking time points: 15, 30, 45, 

and 60 min. All correlations were significant at α = 0.05. 

Consumer testing versus penetrometer methods 

A total of 135 consumers from Kibaale district (western Uganda) participated in 

consumer testing of six cassava varieties, namely Bukalasa, Gwalanda, Kyawada, 

NAROCASS 1, NAROCASS 2, and Matooke. Unlike in the above-mentioned results where 

softness was assessed at four time points, for this study, softness was assessed at six post-

cooking time points (0, 15, 30, 45, 60 and 75 min).  Results revealed that root softness varied 

significantly (P-value < 0.0001) between varieties (Table 2.2), while sex and age of the 

consumers had no significant effect (P-value > 0.05).  
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Table 2.2. F-values for fixed sources of variation from an analysis of variance for consumer 

scores of softness for roots from six cassava varieties that were cooked for 50 minutes. 

Source DF F-value 

Variety 5 403.34**** 

Sex 1 0.29NS 

Age 1 0.75NS 

Residual 796  

NS, Not significant at the < 0.05 level. 

**** Significant at the <0.0001 level 

Given that consumer testing occurred over a period of 75 min, the penetrometer was 

used to collect measurements on cooked roots at six post-cooking time points (0, 15, 30, 45, 

60 and 75 min). This provision allowed for taking records of cooling effects on root softness; 

uniquely, this provides for a fair comparison of penetrometer and consumer testing (Figure 

2.5). We found statistically significant differences (P-value < 0.0001) for variety, time point, 

and their interaction (Table 2.3). Indicative of high concordance between softness assessment 

methods, a strong agreement (r2 = 0.91) was detected between the BLUEs of penetrometer 

root softness and consumer testing (Figure 2.6). 
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Figure 2.5. Time series of back-transformed BLUEs for root softness measured by the 

penetrometer at six post-cooking time points for six cassava genotypes. 

Table 2.3. F-values for fixed sources of variation from an analysis of variance for 

penetrometer measurements of softness for roots from six cassava varieties. 

Source DF F-value 

Variety 5 228**** 

Time pointa 5 453**** 

Variety*Time point 25 34**** 

Residual 143  

**** Significant at the <0.0001 level 
aRoots were evaluated at six post-cooking time points (0, 15, 30, 45, 60 and 75 min) after 

cooking for 50 minutes 
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Figure 2.6. The relationship between BLUEs of penetrometer measurements and consumer 

scores of softness for cassava roots of six genotypes that were cooked for 50 minutes. 

The Tukey-Kramer HSD test grouped the varieties from consumer testing and 

penetrometer methods in similar sub-groups (Figure 2.7). In both methods, Matooke, 

Bukalasa and NAROCASS 1 had the lowest values (softer); whereas Kyawada, Gwalanda 

and NAROCASS 2 had the highest values (harder). The sub-groups of the varieties were in 

concordance with the prior consumer classification regarding the level of softness. 
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Figure 2.7. (a) Bar plot showing Tukey-Kramer HSD means separation of softness for six 

cassava genotypes based consumer testing evaluation; (b) Bar plot showing Tukey-Kramer 

HSD means separation of softness for six cassava genotypes obtained by use of the 

penetrometer. Means followed by the same letter are not significantly different at α = 0.05. 

DISCUSSION 

The highest broad-sense heritability  (0.37) was observed among cassava genotypes from 

Arua and Mubende after cooking for 45 min (Table 2.1), implying that selecting for root 

softness at 45 min after cooking would maximize genetic gain for softness. Similarly, it was 
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at 45 min that we obtained the highest standard deviation for the estimates of BLUPs, 

indicating a considerable amount of genetic variation, and thus scope for breeding for root 

softness in cassava. In part, the relatively lower broad-sense heritabilities observed at 15 and 

60 min could be attributed to the fact that most varieties had not yet cooked at 15 min, or had 

over cooked at 60 min. Previous studies, though limited by number of clones (less than 30 

clones), have observed phenotypic variability for softness of cooked cassava roots (Ngeve, 

2003; Beleia et al., 2004a; Padonou et al., 2005). 

In the present study, the reported broad-sense heritability estimates provide an indication 

of the proportion of observed phenotypic variance of a population that is due to genetic 

effects. In theory, this indicates how much genetic gain can be achieved by the breeder 

(Holland et al., 2003; Acquaah, 2012). Notably, none of the previous studies quantified 

heritability for softness, an important aspect in guiding selection of genotypes with favorable 

attributes by breeders during new variety development process. Results in the present study 

provide the first insights in determining the broad-sense heritability for softness. 

The observed differences in softness among genotypes (Table 2.1 and Figure 2.7) could be 

attributed to the differences in the amount of pectin and/or intercellular cell-wall adhesions 

(Eggleston and Asiedu, 1994; Favaro et al., 2008; Maieves et al., 2012). Eggleston and 

Asiedu (1994) reported that the cell-walls of mealy cassava varieties were less cohesive than 

those of non-mealy varieties. Favaro et al. (2008) examined the effect of thermal treatment on 

softening of cassava roots, and found that longer cooking times softened tissue due to 

reduction in intercellular adhesive strength.  Furthermore, previous studies on the softness of 

cooked cassava roots have indicated that age of a genotype at harvest, season and soil type 

affect the level of softness (Ngeve, 2003; Padonou et al., 2005). 
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In the present study, a general trend of reduction in average force was required to penetrate 

the roots from 15 min to 60 min cooking times (Table 2.1).  This trend conforms to what is 

expected since prolonged cooking should lead to softening of the roots. Several studies have 

reported that prolonged cooking time leads to softening of cassava roots (Lorenzi, 1994; 

Beleia et al., 2004b, 2006). 

We quantified the relationship between the two methods of assessment of root softness; 

the penetrometer and consumer-based evaluations. We observed a strong correlation (r2 = 

0.91; P-value = 0.003) between both methods implying that the penetrometer can be reliably 

used to estimate softness of cooked cassava roots as evaluated by consumers. This finding 

compares well with the correlation of 0.75 reported by Padonou et al. (2005) in determining 

the relationship between sensory evaluation and penetration test by an instrument in cassava. 

Ideally, consumer testing would be the best direct method for evaluation of softness 

(Safokantanka and Owusu-nipah, 1992; Padonou et al., 2005); however, it is ineffective for 

assessing variability for a large number of genotypes that are often encountered in early 

evaluation stages. Thus, the strong correlation between penetrometer and consumer testing 

results justify the use of the penetrometer as an indirect method to measure softness of 

cooked cassava roots. The advantage of the penetrometer over consumer testing would be its 

efficiency when dealing with large sample sizes. Furthermore, it avoids subjectivity that is 

commonplace when using non-expert consumer evaluation panels. 

CONCLUSION 

This study has provided the first insights into heritability estimates for softness of cooked 

cassava roots, for which we observed moderate heritabilities (H2 = 0.37) at 45 min cooking 

time. Evaluating genotypes at this time point will, within limits, increase selection efficiency, 

leading to overall increase in genetic gain. Secondly, there is a high correlation (r2 = 0.91) 
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between penetrometer and consumer testing results for root softness. Thus, we recommend 

the use of the penetrometer method as a high-throughput phenotyping tool for softness of 

cooked cassava roots. Lastly, softness of cooked cassava root attribute was added to 

Cassavabase trait ontology, (https://www.cassavabase.org/cvterm/77616/view). 
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CHAPTER 3 GENOMIC CHARACTERIZATION OF UGANDAN SMALLHOLDER 

FARMER-PREFERRED CASSAVA (MANIHOT ESCULENTA CRANTZ) 

VARIETIES2 

ABSTRACT 

Understanding the genetic relationships among farmer-preferred varieties is indispensable to 

cassava genetic improvement efforts. In this study, we present a genetic analysis of 547 

samples of cassava grown by 192 smallholder farmers, which were sampled at random within 

four districts in Uganda. We genotyped these samples at 287,952 single-nucleotide 

polymorphisms using genotyping-by-sequencing and co-analyzed them with 349 lines from 

the national breeding program in Uganda. The samples collected from smallholder farmers 

consisted of 86 genetically unique varieties, as assessed using a genetic distance-based 

approach. Of these varieties, most were cultivated in only one district (30 in Kibaale, 19 in 

Masindi, 14 in Arua and three in Apac) and only three were cultivated across all districts. The 

genetic differentiation we observed among farming districts in Uganda (mean FST 0.003) is 

similar to divergence observed within other countries. Despite the fact that none of the 

breeding lines were directly observed in farmer fields, genetic divergence between the 

populations was low (FST = 0.020). Interestingly, we detected the presence of introgressions 

from the wild relative M. glaziovii on chromosomes one and four, which implies ancestry 

with cassava breeding lines. Given the apparently similar pool of alleles in the breeding 

                                                 
2Paula Iragaba1, Robert S. Kawuki2, Guillaume Bauchet3, Punna Ramu4, Hale A. Tufan1,5, 
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Ugandan smallholder cassava (Manihot esculenta Crantz) varieties. Submitted to Crop 
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germplasm, it is likely that breeders have the raw genetic material they require to match the 

farmer-preferred trait combinations necessary for adoption. Our study highlights the 

importance of understanding the genetic make-up of cassava currently grown by smallholder 

farmers and relative to that of plant breeding germplasm. 

Key words: Genotype, genotyping-by-sequencing, diversity, Manihot esculenta, farmer, 

variety 
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INTRODUCTION 

Cassava (Manihot esculenta Crantz) is an important source of food to about 800 

million people globally (FAO, 2013). Although cassava was originally domesticated in Latin 

America (Allem, 1999), it is currently grown all over the tropics at latitudes between 30°N 

and 30°S (Ceballos et al., 2004). More than half of the total cassava produced in the world is 

grown in sub-Saharan Africa (FAO, 2016), where it ranks as the second most important 

staple food crop (Nweke et al., 2002). Cassava is cultivated by smallholder farmers as a 

reliable source of food and income crop in unstable environments: it is vegetatively 

propagated and tolerates marginal soils, limited rainfall, and has a flexible harvesting 

schedule (El-Sharkawy, 1993; FAO and IFAD, 2000; Nweke et al., 2002; Ceballos et al., 

2004; Kizito et al., 2007). These attributes largely explain its wide scale adoption and 

cultivation across the continent. 

Cassava breeding has led to significant genetic improvement for productivity traits 

such as fresh root yield and dry matter content (Kawano, 2003; Kawuki et al., 2011), but less 

so for quality traits (Ceballos et al., 2004; Lebot, 2009). Farmers in sub-Saharan Africa are 

the main consumers of the cassava they produce, and they often grow multiple locally 

adapted varieties or elite varieties that meet specific end-user traits including processing and 

cooking qualities (Tumuhimbise et al., 2012; Alene et al., 2013; Teeken et al., 2018). 

Previous studies have reported low adoption rates for varieties that do not meet the needs and 

preferences of end-users (Alene et al. 2013; Afolami et al. 2015). Breeding programs must 

therefore prioritize end-user trait preferences to increase adoption and consequently breeding 

impact (Bechoff et al., 2018; Nakabonge et al., 2018). 

In Uganda, a census of agriculture revealed that cassava is cultivated in 96.2% of the 

districts in the country, and that cassava is the second most important food crop after bananas 
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(UBOS, 2010). A recent study conducted by Nakabonge et al. (2018) reported that Ugandan 

farmers grow cassava mainly for home food consumption and/or sale, and that different 

varieties are preferred for certain traits. Some of these important traits include cooking 

quality, storability in ground, texture of boiled roots, and early maturity (Tumuhimbise et al., 

2012; Bechoff et al., 2018; Nakabonge et al., 2018). Despite the importance of cassava in 

Uganda, little is known about the genetic identity and diversity of varieties currently being 

grown in farmers’ fields. Turyagyenda et al. (2012) studied the diversity within Ugandan 

farmer-preferred varieties, however, their study was limited by a small number of individuals 

(51 farmer-varieties and 15 elite accessions) and used only 26 simple-sequence repeat 

markers. Thus, there is a need to further explore the genetic diversity of the cassava varieties 

grown by Ugandan smallholder farmers and determine their relationships to breeding 

populations using a larger number of samples and dense set of genome-wide markers in order 

to better draw inferences about the varieties grown by farmers and the breeding germplasm.  

Achieving genetic gain through artificial selection requires that: a) adequate genetic 

variation for the trait of interest is available; b) the trait of interest is heritable; c) the trait can 

be efficiently and effectively assessed to enable selection decisions (Falconer and Mackay, 

2009). This requires a deep understanding of varieties that are currently being grown, an 

aspect that can be captured through quantitative assessment of their genotypic and phenotypic 

relationships and  comparisons to elite breeding materials that will eventually replace what is 

currently grown (Acquaah, 2012; Alene et al 2013). Neither morphological descriptors nor 

variety names reported by farmers can provide unambiguous varietal identification (Kizito et 

al., 2007; Rabbi et al., 2015; de Leon et al., 2016; Nduwumuremyi et al., 2017; Nakabonge et 

al., 2018), a situation that can complicate excursions aimed at collecting germplasm for 

conservation and/or breeding purposes. In contrast, genetic markers offer robust and 
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objective means of variety identification, which has been demonstrated for cassava farmer-

varieties in Ghana using genotyping-by-sequencing (GBS) (Rabbi et al., 2015).  

In this study, we present a genetic survey of cassava cultivated in four districts within 

Uganda. We analyzed leaf tissue from 547 cassava plants sampled from smallholder farmers 

resident in above selected districts. Our first objective was to assess the structure of genetic 

relationships among cassava cultivated in the four major cassava growing districts. Our 

second objective was to compare the genetic relationships of farmer-grown varieties with 349 

breeding lines sourced from the cassava breeding program at the National Crops Resources 

Research Institute (NaCRRI), Namulonge, Uganda. 

MATERIALS AND METHODS 

Study sites and collection of leaf samples 

This study was conducted in four districts (Apac, Arua, Kibaale, and Masindi) in 

Uganda (Supplementary Figure 1). These districts were selected because they are associated 

with high cassava production and consumption (UBOS, 2010). Also, these districts 

experience low cassava mosaic and cassava brown streak disease prevalence (Alicai et al., 

2007). We conducted a survey to capture cassava trait preferences within two randomly 

selected villages per district. Within each village, we selected 24 smallholder cassava farmers 

(stratified by age and sex) using simple random sampling to participate in the study. In total, 

192 farmers participated in the study from the four districts. The study plan and consent 

forms to engage human participants in the study were reviewed and approved by the 

Institutional Review Board (IRB) of Cornell University (IRB ID 1502005316). The study 

only commenced upon farmers granting us permission. We employed an interview guide to 

collect data on farming practices, cassava varieties cultivated, their names, and traits liked 

and disliked by farmers. In addition, we sampled three to four apical leaves from each 
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farmer-cultivated cassava variety and preserved them in silica gel for genotyping (Girma et 

al., 2017). In total, this resulted in a collection of 556 samples from farmer-varieties. 

DNA extraction and genotyping 

Genomic DNA was isolated from each of the collected leaf tissue samples; extraction 

was undertaken at NaCRRI, Namulonge, Uganda, using the method described by Dellaporta 

et al. (1983). The DNA samples were shipped to the Cornell Biotechnology Resource Center, 

where they were analyzed using the GBS protocol of Elshire et al. (2011) with the ApeKI 

restriction enzyme (Hamblin and Rabbi, 2014). Genotype discovery and calling was done 

jointly on 1530 samples: in addition to the 556 new samples collected for this study, 624 

samples described by Iragaba et al. (2019) were included as well as  a random set of 350 

samples that were selected from a diverse panel of breeding lines at NaCRRI (Kayondo et al., 

2018). The single-end raw reads of 150 bp were processed through the TASSEL GBS v2 

production pipeline (Glaubitz et al., 2014). Genotype calls were allowed only when a 

minimum of two reads were present in a given sample. This process generated 470,413 

single-nucleotide polymorphisms (SNPs) on 1530 samples (Supplementary Figure 2). Sites 

with more than two alleles, extreme deviation from Hardy-Weinberg equilibrium (Chi-square 

> 20), and loci with >80% missing data were removed (Chan et al., 2016). We also removed 

samples that had more than 80% missing data. After this filtering, there were a total of 

287,952 SNPs scored on 1519 samples. The remaining SNP loci with missing genotypes 

were imputed with Beagle version 4.0 (Browning and Browning, 2009). Thereafter, we 

obtained a subset of 968 samples from the above 1519 samples. The selected subset consisted 

of 547 farmer-varieties, (nine of the initial 556 samples had > 80% missing data, thus these 

nine were removed prior to imputation), 349 NaCRRI breeding lines, and 72 biological 

replicates that were the checks used in the study by Iragaba et al. (2019). These 72 biological 

replicates consisted of five genotypes that included: three released varieties: UG110017 
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(NAROCASS 1), UG110004 (NASE 4) and UG110014 (NASE 14); a common breeding line 

UG110015 (TME-14); and a landrace, UGL15228 (Lugigana). These five genotypes had 17, 

12, 19, 18, and 6 biological replicates, respectively. The bioinformatic and statistical analysis 

workflow is depicted in Supplementary Figure 2 for clarity. 

Statistical analyses 

Our principal objective was to determine the number of unique varieties grown in 

Uganda and their relative abundances. Accordingly, using the SNP marker data, we 

determined a threshold of genetic similarity above which differences among samples were 

indistinguishable, as outlined in previous studies (Rabbi et al., 2015; Myles et al., 2011). This 

was done using SNP data of the five genotypes that had multiple biological replicates. We 

used PLINK v1.90 (Purcell et al., 2007) to compute the pairwise identity-by-state (IBS) 

similarities between the replicated samples. We then used the dist function in the stats R 

package (v3.5.1, R Core Team, 2018) to convert the IBS matrix to a dissimilarity structure. 

From the distance matrix, we used the hclust R package to conduct Ward’s hierarchical 

clustering. 

Based on the clustering results, we determined a threshold of Ward’s distance that 

could separate biologically replicated samples into distinct clonal groups of genotypes. The 

chosen threshold was subsequently used in downstream analyses to declare which varieties 

were distinct. The selected threshold was applied to a distance matrix of a dataset including 

547 samples from farmer-varieties, 349 breeding lines and 72 biological replicates using the 

cutree function in the stats R package. To reduce redundancy of multiple samples in the same 

clonal group, after clustering we subsetted each clonal group of samples such that it was 

represented only with a single randomly chosen sample per variety (clonal group) per district-

of-sample-origin. From this point onwards, we refer to this collection of representative 

samples as the set of unique varieties in each district. 
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As a complement to our hierarchical clustering approach to identify genetically-

unique varieties from the 547 samples collected from farmer-varieties, we ran the 

ADMIXTURE model (Alexander et al., 2009; Alexander and Lange, 2011). As 

recommended by Alexander et al. (2009), we first filtered our dataset to obtain a SNP marker 

set that was mostly in linkage equilibrium using PLINK --indep-pairwise with a window size 

of 50, step size of 10, pairwise linkage disequilibrium (LD) r2 threshold of 0.3 and minor 

allele frequency (MAF) < 0.01. With the LD-pruned dataset (119,714 SNPs), we ran the 

ADMIXTURE program with the ancestral population number (K) varying from 1 to 18 to 

determine the optimal K based on the lowest program-reported five-fold cross-validation 

error rate. The ADMIXTURE results for the optimal K value were compared to the IBS-

based set of genetically-unique varieties. We used this to verify that putative identical 

varieties had approximately the same ancestry proportions. 

Additionally, using the IBS-derived set of clonal groups, we examined the 

correspondence between farmer-reported variety names and their genetic identities using a 

chord diagram generated with the chordDiagram function of the circlize R package. For ease 

of visualizing the plot, we considered only clonal groups that had more than 20 members and 

included farmer-reported variety names that appeared more than 11 times in our dataset. 

We quantified the overall level of genetic differentiation between districts using the fixation 

index (FST) as implemented in vcftools (Danecek et al., 2011; Weir & Cockerham 1984). We 

computed between-district FST using the set of samples we described above in which each 

clonal group (unique variety) is represented by one sample per district in which that variety 

was found.  Prior to FST computation, we removed SNPs with MAF < 0.01. We also used 

principal component analysis (PCA, prcomp function in R with center and scale set to TRUE) 

to reduce patterns of genetic relatedness in our dataset to a few dimensions that could be 

visually examined. Before any PCA analysis, we filtered SNPs with MAF < 0.01 and also 
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removed monomorphic SNPs. In order to observe trends in diversity across the genome, we 

used the vcftools function --window-pi (Danecek et al., 2011) to compute the nucleotide 

diversity (π) per 0.5 Mb window for the unique set of varieties per district. 

Following preliminary analyses of our dataset, and given a recent study indicating the 

prevalence in modern cassava of large introgressions from the wild relative Manihot glaziovii 

(Wolfe et al. in review), from our samples, we extracted the dosage of M. glaziovii 

introgression diagnostic alleles at 31642 diagnostic markers described in Wolfe et al. in 

review (Supplementary Table 1 from that paper). We computed the proportion of Manihot 

glaziovii alleles per sample across the set of  introgression diagnostic markers observed in our 

dataset both genome-wide and in two focal regions described in Wolfe et al. (in review), 

chromosome 1 from 25Mb to the end, and chromosome 4 from 5-25Mb. 

Lastly, to explore the relationship between varieties cultivated by farmers and the 

NaCRRI breeding lines, we conducted another PCA, and computed FST and nucleotide 

diversity values between the farmer-varieties and breeding lines. For these analyses, we used 

a random sample of unique varieties per district to represent the farmer-varieties and all the 

349 breeding lines. The nucleotide diversity per 0.5 Mb window and FST were computed in 

vcftools using procedures described above. Thereafter, we plotted the distribution of the ratio 

of nucleotide diversity per 0.5 Mb window of breeding lines to farmer-varieties. 

 

Data availability 

The imputed SNP genotypic data obtained from 968 samples used in this study are 

available on Cassavabase website https://cassavabase.org/breeders_toolbox/protocol/6 or 

(ftp://ftp.cassavabase.org/manuscripts/Iragaba_et_al_2019_diversity/Genotype_infos/) in a 

file named, “Iragaba GBS.vcf.gz”. 

https://cassavabase.org/breeders_toolbox/protocol/6
https://cassavabase.org/breeders_toolbox/protocol/6
http://ftp.cassavabase.org/manuscripts/Iragaba_et_al_2019_diversity/Genotype_infos/
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RESULTS 

Number of unique varieties grown in Uganda and their relative abundances 

In total, we collected 547 leaf samples from different cassava plants grown by 192 

smallholder farmers. Collectively, this translated to 156, 139, 137 and 115 samples that were 

sourced from farmers’ fields in Kibaale, Arua, Masindi, and Apac, respectively (Table 3.1; 

Supplementary Table 1). Based on varietal names assigned by farmers, we recorded mean of 

three varieties cultivated per farmer in Arua, Kibaale, and Masindi districts, and two in Apac. 

Overall, some farmers were growing as few as one and as many as six varieties. 

Table 3.1. Summary of leaf samples collected from cassava plants grown by smallholder 

farmers within four districts in Uganda and the number of unique varieties per household. 

District 

Total number 

of samples 

collected 

Average number 

of samples per 

household 

Total number of 

unique varietiesa 

Average number of 

unique varieties per 

household 

Apac 115 2.4 21 2.3 

Arua 139 2.8 24 2.6 

Kibaale 156 3.4 41 3.3 

Masindi 137 2.7 33 2.6 

 aUnique varieties determined based on identity-by-state distinctions 

Ward’s distance threshold of 0.075 clearly grouped biological replicates together and 

distinctly separated the five known genotypes (NAROCASS 1, NASE 4, NASE 14, TME-14 

and Lugigana) from each other (Supplementary Figure 3.). After applying this threshold to 

the 547 test samples collected from farmers, we identified a total of 86 unique varieties. Most 

of these unique varieties (n=65) were only found in a specific district: 30 in Kibaale, 19 in 
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Masindi, 13 in Arua, and three in Apac. Of the remaining 21 unique varieties, only three were 

present in all four districts, six were present in at least three districts, and 12 were present in 

at least two districts (Supplementary Table 2). Similar to farmer-reported variety names, we 

found an average of two genetically-unique varieties cultivated per farmer in Apac, while an 

average of three distinct varieties were cultivated per farmer in the other three districts (Table 

3.1). Most of the identified unique varieties were highlighted less than five times (n=60); only 

14 varieties were observed more than 10 times (Supplementary Table 3). 

To complement IBS results, we used ADMIXTURE analysis on the 547 samples at 

K=14 because that had the lowest cross-validation error rate (Supplementary Figure 4). We 

observed that these 547 samples with the same proportion of ancestry were almost always 

identified to be in the same clonal group derived from the Ward’s threshold (Figure 3.1; 

Supplementary Table 1). For example, all samples (n=80) in clonal group 3 had 

approximately 100% of their proportion derived from ancestry 11. Similarly, all samples 

(n=38) belonging to clonal group 355 were entirely derived from ancestry 8 (Supplementary 

Table 1). 
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Figure 3.1. a). Dendrogram from Ward’s hierarchical clustering of IBS matrix and b). 

Population structure (based on subpopulations; K=14) analysis on 547 cassava samples using 

ADMIXTURE. In the panel, each sample is indicated by a vertical bar partitioned in one or 

more colored segments, and the respective length of the bar represents the proportion of the 

individual’s genome ancestry in a given subpopulation. Each color represents a different 

ancestry subpopulation. 

Genetic relationships of cassava varieties cultivated in different districts in Uganda 

The genetic divergence between the 86 unique cassava varieties cultivated in the four 

districts was low, with FST < 0.05 for all pairwise comparisons (Table 3.2). Additionally, 

results from PCA indicated no clear clustering pattern of varieties based on their location 

(Figure 3.2). The percentage variation explained by each of the principal components (PCs) 

was relatively low (Supplementary Figure 5). Furthermore, the average nucleotide diversity 

among farmer-varieties was 1.06 x 10-4, 1.05 x 10-4, 1.02 x 10-4, and 1.01 x 10-4 in Apac, 
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Arua, Kibaale, and Masindi, respectively (Table 3.3). Generally, all districts exhibited low 

nucleotide diversity; the least value was observed in Masindi and the highest value observed 

in Apac. 

Table 3.2. FST estimates among cassava varieties cultivated by smallholder farmers in four 

districts of Uganda.  

  Kibaale (n=41) Masindi (n=33) Arua (n=24) Apac (n=21) 

Kibaale -       

Masindi 0.002096 -     

Arua 0.007788 0.006847 -   

Apac 0.002616 0.002748 -0.003265 - 

We used pruned dataset with only 119 samples representing distinct farmer-varieties 

randomly selected from within each district. 
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Figure 3.2. Principal components 1 and 2 based on 189,851 genome-wide SNPs scored on 

119 genetically unique cassava varieties randomly selected from the clonal groups in each 

district after correction for multiple samples within the same clonal group (if a unique variety 

was represented in two or more districts, it had one entry for each of the districts) colored by 

district from where the samples were collected indicated minimal clustering in relation to the 

source of the sample. 

Correspondence between variety names reported by the farmers and their genetic identity 

Based on farmer-reported naming, 156 unique varieties were highlighted 

(Supplementary Table 4). Variety names ‘Gwalanda’, ‘Bukalasa’, ‘Bao’, and ‘Longe’ were 

the most common, accounting for 22.5% of the samples collected (Supplementary Table 4). 

Overall, farmer-reported variety names did not reliably correspond to genetically unique 

varieties as empirically revealed by SNP markers (Figure 3.3). For example, the largest clonal 

group (G_3), which was observed 80 times, included members that had up to 32 different 
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variety names assigned by farmers (Figure 3.3; Supplementary Table 3). However, there are 

instances when almost all farmer-reported variety name aligned within a given clonal group. 

For instance, 80% of the samples referred to as ‘Gwalanda’ had the same genetic identity 

(G_355) derived from IBS distinctions (Figure 3.3; Supplementary Table 3).  

  
Figure 3.3. Correspondence between genetic identity (clonal groups labeled G_3 to G_423) 

(upper semi-circle) and most common variety names given by farmers (lower semi-circle). 

Clonal groups with more than 11 members were considered, and farmer-reported variety 

names that were mentioned more than 11 times in total are presented in this plot. The 

numbers on the axis represents the members in a given clonal group or the number of times a 

given variety name was mentioned during the surveys. The label for “Other_names” 

represent all other variety names that had a count less than 12 times. Ton represents Tonguda, 

Kya represents Kyawada, acol represents Gamente acol, Gam represent Gamente, NAD 

represents NAADs, Mab stands for Mabulu, Omo stands for Omoo, atar stands for Gamente 

atar, Lon stands for Longe, Buk stands for Bukalasa, Gwa stands for Gwalanda. 
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To further visualize how genetically identical varieties derived from IBS distinctions 

related to the respective farmer-reported variety names, the first two genetic principal 

components (PCs) were colored based on the most predominant (at least n=12) clonal groups 

(Figure 3.4a) and the most predominant (at least n=13) variety names reported by farmers 

during the survey (Figure 3.4b). The structuring pattern in the PC plots indicated that 

members of the same clonal group, grouped together as expected. However, when the same 

plot is colored based on variety names given by farmers, members with similar names often 

did not group together (Figure 3.4). Taken together, these results confirmed that a number of 

genetically unique varieties had multiple names reported by farmers. This phenomenon was 

observed both within and between districts (Supplementary Table 1). 

 
Figure 3.4. Principal component analysis plots of PC1 and PC2 based on 190,556 genome-

wide SNPs scored on 547 samples colored by most common a). Clonal groups from IBS-

based distinctions b) Names of the cassava varieties reported by farmers. 

 Genetic relationships among farmer-grown cassava varieties and breeding lines in 

Uganda 

Our results based on IBS indicate that all cassava varieties cultivated by farmers in 

Apac, Arua, Kibaale, and Masindi districts are not clones of the elite breeding lines sourced 
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from NaCRRI (Supplementary Table 5). We also conducted a PCA to visualize how farmers’ 

varieties related to breeding lines. In the genetic space described by the first four principal 

components, the farmer-varieties are a subset of the breeding lines (Figure 3.5). The 

percentage variation explained by each of the principal components (PCs) was relatively low 

(Supplementary Figure 5). Additionally, there was stronger clustering among farmer varieties 

as compared to breeding lines. It was also evident that there is more variation in breeding 

lines as opposed to the varieties cultivated by farmers in the four districts.  

 
Figure 3.5. The principal component analysis plots of PC1 and PC2 (a), and PC3 and PC4 (b) 

based on 349 breeding lines and 119 unique farmers’ varieties scored on 201,117 SNPs. The 

plots show patterns of structure between cassava varieties cultivated by smallholder farmers 

in four districts (Kibaale, Apac, Arua, and Masindi) in Uganda and the cassava breeding lines 

at NaCRRI, Uganda. Only unique varieties per district are used for the farmer varieties. 

The FST indicated low genetic differentiation (0.020) between farmers’ varieties and 

breeding lines. The mean nucleotide diversity was generally higher among breeding lines 

than farmer-varieties (Figure 3.6). The highest ratio of nucleotide diversity of breeding lines 

to farmer-varieties was observed on chromosomes four, 18 and one respectively, while the 

least ratio was observed on chromosome nine.  
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Table 3.3. Average nucleotide diversity per chromosome for unique cassava varieties grown 

by smallholder farmers within four districts in Uganda. 

Chromosome 

Apac_pi 

(n=21) 

Arua_pi 

(n=24) 

Kibaale_pi 

(n=41) 

Masindi_pi 

(n=33) 

1 0.0001574 0.0001479 0.0001445 0.0001379 

2 0.0001162 0.0001154 0.0001144 0.0001107 

3 0.0001106 0.0001105 0.0001091 0.0001072 

4 0.0001223 0.0001184 0.0001094 0.0001099 

5 0.0001041 0.0001044 0.0001040 0.0001035 

6 0.0001149 0.0001129 0.0001120 0.0001089 

7 0.0000849 0.0000847 0.0000860 0.0000837 

8 0.0000861 0.0000846 0.0000815 0.0000814 

9 0.0000919 0.0000942 0.0000908 0.0000904 

10 0.0001158 0.0001158 0.0001099 0.0001095 

11 0.0001208 0.0001199 0.0001147 0.0001152 

12 0.0000808 0.0000804 0.0000780 0.0000784 

13 0.0000832 0.0000841 0.0000833 0.0000818 

14 0.0001307 0.0001318 0.0001286 0.0001238 

15 0.0001225 0.0001230 0.0001206 0.0001196 

16 0.0000828 0.0000831 0.0000775 0.0000771 

17 0.0000921 0.0000945 0.0000890 0.0000874 

18 0.0000906 0.0000906 0.0000874 0.0000887 

Average 0.0001060 0.0001053 0.0001023 0.0001008 

n represent the number of unique varieties  
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Figure 3.6. a) Genome-wide Fst between cassava breeding lines at National Crops Resources 

Research Institute (NaCRRI) and farmer-varieties, b) Nucleotide diversity (pi) ratio of 

cassava breeding lines at NaCRRI to varieties grown by smallholder farmers in Uganda. 

DISCUSSION 

Comparing genetic relationships among varieties adopted by farmers to those of 

breeding lines is important in developing new varieties that best meet the needs and 

preferences of the end-users. This study revealed that despite the low (FST < 0.05) genetic 

differentiation among cassava varieties grown in different districts of Uganda, the varieties 

cultivated across different districts are often distinct genetically. Of the 547 samples collected 
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from Ugandan farmers, there were 86 genetically unique varieties. Of these unique varieties, 

most of them were cultivated in only one single district (30 in Kibaale, 19 in Masindi, 14 in 

Arua and three in Apac), while only three were cultivated across all the four districts. 

However, these unique varieties are likely to be close relatives, given the observed levels of 

genetic differentiation between districts.  

In our study, we found that, in agreement with a recent study in Ghana (Rabbi et al., 

2015), most smallholder farms cultivate two or more cassava varieties in the same field in 

order to meet the diverse needs of farmers and end-users (Nweke et al., 2002). Consequently, 

the different unique varieties could be serving different purposes both for the farmer (risk 

aversion, in case one variety or market fails) and for the consumer (processing, fresh 

consumption) (Nakabonge et al., 2018). For instance, during the interviews prior to leaf 

sample collection, some farmers mentioned that certain varieties were used as a source of 

food for the household members, while other varieties were largely for income generation. 

The genetic differentiation we observed among farming districts in Uganda (mean FST = 

0.003) is similar to that observed between the two breeding programs based within Nigeria 

(Wolfe et al. 2017, FST 0.008) and lower than observed levels of differentiation between, for 

example, East and West Africa (Ramu et al., 2017; Wolfe et al., 2017), which range from 

0.01-0.05. The levels of genetic differentiation observed in cassava populations may be due 

to the common practice of exchanging planting materials between neighboring farmers, 

friends, and relatives (Mtunguja et al., 2014). In addition, cassava is known to have a high 

outcrossing rate in the field (da Silva et al. 2003) and recombinant seed can establish in 

farmers’ fields, be erroneously propagated and lead to new varieties that are closely related to 

what is already in production (Fregene et al., 2003; Duputie et al., 2009). Thus, continued 

gene flow within the continent is likely to be a significant factor in the limited population 

structure that has been observed.   
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In this study, we showed that farmer-reported variety names were not consistent with 

the genotype information. For example, the variety names Akena, Bao, Bukalasa, Gamente, 

Gotta, Kibaho, Mukuma, NAADS, and Olam that were assigned by the farmers were 

classified under the same genetic identity (clonal group 3). The implication of this result is 

that breeders should not solely rely on the farmer-given variety name in variety identification 

studies. This is in agreement with previous studies, which have also reported a large 

discrepancy between genetically unique varieties and the variety names assigned by farmers 

(Rabbi et al., 2015; Bredeson et al., 2016). Indeed, most farmers obtain cassava varieties from 

their neighboring farmers, relatives, and friends (Nweke et al., 2002; Teeken et al., 2018). 

The inconsistency between genotype and variety names is thus attributable to the lack of a 

regulated seed system with the ability to maintain genetic fidelity relative to germplasm 

names. A previous study revealed that naming of cassava varieties is subjective and may 

depend on many factors, such as the place of origin, maturity period, taste, morphology, 

yield, marketability, and resilience (Kizito et al 2007; Nakabonge et al., 2017). Indeed, we 

observed that some variety names (e.g., Bukalasa) refer to the place or source of its origin 

while others refer to phenotypes. For example, Gamente-acol may have been sourced from 

the government, as Gamente is the local language name for the government, and the last part 

of the name separated by a hyphen (acol) is derived from the color of stems that are mostly 

dark (acol means dark in the local language). Our results indicate that variety name alone is 

not reliable and should not be used to define unique cassava varieties in studies of adoption 

by local farming communities in Uganda or for the collection of farmer-varieties to be used 

in breeding. In a few scenarios, the samples with a similar variety name belonged to the same 

clonal group e.g. of the samples that were named as Gwalanda, 80% of them belonged to the 

same clonal group (Figure 3). All the samples named Gwalanda were collected from Kibaale 



105 

 

district, and one of the possibilities for the observed variation in naming pattern was due to 

the distinct morphological characteristics upon which the variety name was derived. 

All breeding lines that we analyzed were genetically different from varieties 

cultivated by farmers though we did not comprehensively sample all breeding lines and those 

we analyzed are known not to have yet been released to the farmers. The differentiation we 

observed between breeding lines and farmers’ varieties was similar to the level observed 

between breeding programs in Nigeria (Wolfe et al. 2017) and implies that both populations 

share a large number of alleles. In a previous study of Uganda farmer-preferred varieties, 

Turyagyenda et al. (2012) also found that genetic distance between landraces and breeding 

lines was small. Indeed, the genetic variability among breeding lines along the first four PCs 

(Figure 5) was greater than among the farmers’ varieties, matching the observation that the 

breeding population is slightly more diverse (Figure 3.6, Supplementary Table 5) and 

similarly homozygous (Supplementary Figure 7). There was only one farmer-variety that was 

notably distinct (along PC2). 

Chromosomes one and four appeared notably more diverse among the breeding lines 

compared to farmer varieties (Figure 6). Based in part on this result as well as those of 

Bredeson et al. (2016), we suspected that some of the farmer accessions might contain 

introgression segments from the wild relative M. glaziovii. Recently, Wolfe et al. (2019, in 

review) revealed that the introgressions on chromosomes one and four are common in 

breeding germplasm, and also present (but less common) in landraces. Based on introgression 

diagnostic markers, we found that the same was true of the difference between breeding lines 

and the farmer varieties we sampled in Uganda (Supplementary Table 5, Supplementary 

Figure 6; Wolfe et al. 2019, in review). Interestingly, the farmer-variety mentioned above as 

an outlier on PC2 (Figures 3.2 and 3.5) appears to be an F1 (39.6 % introgression diagnostic 

alleles, mostly in the heterozygous state) hybrid between an M. glaziovii and an M. esculenta 



106 

 

parent. The passport data we collected from the farmer indicates that it had very bitter roots 

and leaves relative to other cassava varieties and that it was mainly used as a border row to 

deter thieves and animals from the main crop. This kind of information highlights the 

multiple functions of cassava varieties grown by farmers and the value of genetic surveys of 

farmer-preferred varieties.  

CONCLUSION 

In this study, cassava leaf samples collected from 547 different cultivated plants 

grown by smallholder farmers within four districts in Uganda were genotyped with the major 

objective of understanding the genetic relationship among varieties grown by the farmers. We 

also explored the genetic relationship between these surveyed farmer varieties and breeding 

lines used at NaCRRI. We found that most farmers in Uganda grow two or three distinct 

cassava varieties and that each sampled district in Uganda contains several varieties not 

grown in other districts. The overall level of genetic differentiation between districts is 

relatively low, as is the divergence between farmer and breeding populations. Despite the fact 

that none of the breeding lines were directly observed in farmer fields, the presence of M. 

glaziovii introgressions on chromosomes one and four implies ancestry with cassava breeding 

lines. Given the apparently similar pool of alleles in the breeding germplasm, it is likely that 

breeders have the raw genetic material they require to match the farmer-preferred trait 

combinations necessary for adoption. Our study highlights the importance of understanding 

the genetic make-up of cassava currently grown by smallholder farmers and relative to that of 

plant breeding germplasm. 
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Source: UBOS 

(2016) 

Supplementary Figure 1. Map of Uganda highlighting four districts from where cassava leaf 

samples were collected. 
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Supplementary Figure 2: Flowchart indicating the processing pipeline that was done on the 

genotype data used for the statistical analyses in Chapter 3.  
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Supplementary Figure 3. Dendrogram showing clustering of biological replicated samples of 

five known genotypes (UG110017, UG110004, UG110014, UG110015, and UGL15228) that 

were used to declare the threshold for identifying unique varieties from samples collected 

from cassava varieties grown by smallholder farmers in Uganda. 
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Supplementary Figure 4: Estimated five-fold cross-validation (CV) error rate of possible sub-

populations (K) from K = 1 to 18 for population structure analysis using ADMIXTURE on 

547 samples collected from cassava varieties grown by smallholder farmers in Uganda. The 

lowest CV error rate was observed at K =14. 
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Supplementary Figure 5: Scree plots indicating the proportion of variance explained by the 

principal components from PCA: a) Scree plot for the 119 unique farmer-varieties at district 

level b) Scree plot for the 119 unique farmer-varieties at district level and 349 breeding lines  
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Supplementary Figure 6: Boxplot indicating the overall proportion of Manihot glaziovii 

introgressed into the NaCRRI breeding lines and the farmer-varieties grown in Uganda. The 

farmer-varieties are subset of randomly selected unique individuals per clonal group per 

district. 
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Supplementary Figure 7: The level of observed homozygosity of the NaCRRI breeding lines 

and the farmer-varieties grown in Uganda. The farmer-varieties are subset of randomly 

selected unique individuals per clonal group per district. 
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Supplementary Table 1: Per sample summary of ancestries and IBS-based genetic cluster for 

the 547 farmer varieties 

Supplementary Table 2: Unique varieties per district based on identity-by-state distinctions  

Supplementary Table 3: Abundance of varieties cultivated by farmers from IBS-based 
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Supplementary Table 4: Cassava variety names reported by farmers from four districts in 

Uganda 

Supplementary Table 5: Unique varieties per district and from breeding lines from identity-
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SUPPLEMENTARY FILES 
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preference of smallholder farmers in Uganda 
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CHAPTER 4 GENERAL CONCLUSIONS 

The ultimate importance of plant breeding is crop improvement in order to satisfy the 

needs of the end-users (Acquaah, 2012). Despite the significant amount of contribution by 

plant breeders towards crop improvement, there have been incidences where adoption of the 

improved varieties have remained low due to lack of attributes that meet the end-user needs 

and preferences (Alene et al., 2013; Weltzien and Christinck, 2017). The work presented in 

this dissertation was done to contribute towards breeding cassava varieties that meet the 

needs and preferences of smallholder farmers in Uganda. Our findings from study one 

indicated that smallholder farmers like cassava yield, agronomic, and quality attributes. Some 

of the attributes had significant differences across districts, age categories, and sex. The 

implication of this geographically bound gender and age related differences in farmer 

preferences would require farmer-participatory breeding approaches in the target 

geographical zones in order to produce varieties that are acceptable to all the target end-users. 

In real world, it remains hard to produce an ideal variety that meets the needs of all end-users, 

thus there is need for breeding different varieties that meet the needs of varying end-users. 

Consequently, plant breeders need a clear understanding of the needs.  

One of the novelties brought about by findings presented in this dissertation is the 

presentation of results disaggregated by sex and age. Previous studies on cassava trait 

preferences in Uganda reported their results based on different geographical locations (Kizito 

et al., 2007; Tumuhimbise et al., 2012; Nakabonge et al., 2018). As reported in study one, 

within a given locality, men and women may have different preferences, and also younger 

and older farmers may prefer varying attributes, hence the need to understand the needs of the 

target end-users in order to be able to design appropriate breeding methodologies. The 

attributes that had highest count based on the number of times they were mentioned to be 
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liked by the farmers could be used in determining the priority attributes to focus on during 

breeding, for example, the predominant attributes could be used to develop a selection index 

during the breeding pipeline. Different weights can be assigned based on the percentage of 

farmers that prefer given attributes. Existing gender relations in cassava production and post-

harvest handling can strengthen the further understanding of the observed differences in 

cassava attributes preferred by men and women in various locations (Teeken et al., 2018). An 

example of such relations could be the division of labor between men and women, there is 

need to understand who does what and the likely consequences of introducing new varieties. 

It is also worth noting that some of the varieties liked by farmers had both positive and 

negative attributes, for instance most varieties mentioned to be early maturing had a negative 

attribute of short in-ground storage of roots. There is need to explore the genetic correlations 

of some of these attributes in order to be able to design appropriate techniques to break the 

associations between desirable and undesirable attributes.  

The second major contribution from the work presented in this dissertation is the 

determination of broad-sense heritability estimates for softness of cooked cassava roots. 

Softness of cooked cassava roots is one of the key traits of the end-users who eat cassava in 

the boiled forms. Moderate broad-sense heritability estimate was obtained suggesting that 

softness of cooked cassava roots is an attribute that can be improved through breeding. 

Furthermore, we determined the relationship between consumer-testing and penetrometer 

methods for phenotyping softness of cooked cassava roots. Our results indicated a strong 

positive correlation between the two methods suggesting that a penetrometer could give 

comparable results to those of consumer-testing when used in breeding work to measure 

softness. This finding is good news to breeders because a penetrometer can be used to 

phenotype cooked cassava root softness in early breeding stages when breeders are still 

working with large number of samples. Contrary, consumer-testing method can only be 
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effective with fewer number of samples. Phenotyping for softness earlier in the breeding 

process will likely increase the number of elite lines with softness traits that get advanced to 

later generations and ultimately get released to farmers. If breeders are able to effectively 

breed for quality traits that meet the end-user needs and preferences, this will likely improve 

adoption of the new varieties. On the other hand, there is still need to focus on more 

advanced high throughput phenotyping technologies such as use of Near-infrared 

Spectroscopy (NIRS) for measuring cassava root quality traits to increase the efficiency of 

phenotyping. Additionally, due to limitation of resources in terms of time and funds we were 

not able to make crosses between varieties that have roots that get soft upon cooking and the 

varieties whose roots remain hard after cooking but have other desirable traits liked by 

farmers such as high yield and early maturity. We recommend the breeding program in 

Uganda undertakes such studies in an effort to develop breeding pipeline with a long term 

objective of improving the existing germplasm to better suit the needs of end-users. 

Lastly, the work presented in this research contributes to the general understanding of 

genetic relations of cassava grown by the smallholder farmers in Uganda and the breeding 

used by national breeding program at NaCRRI. Our results revealed low genetic 

differentiation between cassava varieties grown by smallholder farmers in different districts 

in Uganda. Similar trend was found between cassava varieties grown by smallholder farmers 

and the breeding lines. Additionally, there was low nucleotide diversity found among both 

farmer-varieties and the breeding lines. Given the close relationship between the locally 

adopted varieties and the breeding lines, there are some chances that some of the improved 

varieties may have some of the attributes of the locally adopted materials, and this will likely 

increase the chance of being acceptable. On the other hand, for long-term genetic 

improvement of cassava, the breeders in Uganda need to find other sources of variation from 

other breeding programs to enhance the genetic base of their breeding germplasm. The 
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variation in nucleotide diversity of farmer-varieties and breeding lines could be due to the 

introgressions from wild cultivars (Manihot glaziovii) to cultivated cassava (Manihot 

esculenta) made on chromosome one and chromosome four (Bredeson et al., 2016). Some of 

the limitations of our diversity study were the smaller number of farmers that participated in 

the study and fewer districts where the study was conducted. It is recommended that the 

number of participants be increased and that sampling of other districts takes place to obtain a 

broader picture of the available diversity of the cassava grown in Uganda. We also 

recommend undertaking other genetic studies such as genome-wide association studies to 

understand the genetic architecture controlling the cassava traits preferred by end-users. 
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