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Core ideas: 

• A set of glaziovii allele-specific markers were designed to track the chromosome 1 
introgression haplotype. 

• Segregation distortion suggests the presence of recessive deleterious or lethal alleles in 
the introgression. 

• Increased recombination is needed to purge deleterious alleles enriched in introgression 
region. 

• The glaziovii introgression was associated with slightly lower vigor rating and stem 
diameter. 

• The effects of the previously-identified glaziovii DM QTL were not detected in this 
population. 
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Abstract  

The cassava (Manihot esculenta) genome has two large introgressions from its wild relative M. 
glaziovii on chromosomes 1 and 4 that originate from historical hybridization efforts. The 10 
Mbp chromosome 1 introgression has been increasing in frequency in African breeding 
populations due to its statistical association with higher dry matter content and root number. 
However, the region also exhibits suppressed recombination, hindering breeders’ ability to 
combine favorable glaziovii alleles with the cultivated esculenta background. Since homozygous 
introgressed lines are rarely selected for advanced trials, dominance effects have not been well-
characterized. To analyze the effects of the introgression with higher resolution, we generated a 
population of over 5000 seedlings from crosses between heterozygous introgressed parents and 
screened for recombinants using ten KASP markers tagging glaziovii-specific alleles. An 
optimized subset of 453 lines was then selected and evaluated over two years for yield and vigor 
traits. Unlike previous studies, composite interval mapping and mixed linear models showed no 
significant associations between glaziovii alleles and dry matter content or root number. Small, 
opposing effects on clonal vigor were observed at different ends of the introgression. The region 
showed significant segregation distortion and enrichment of putative deleterious alleles. Genome 
alignment of M. esculenta and M. glaziovii assemblies did not show any major structural variants 
in the introgression region, suggesting that suppressed recombination is likely driven by 
sequence-level divergence rather than structural rearrangements. These results indicate that the 
glaziovii introgression does not directly contribute to dry matter, supporting the need for 
recombination and purging of the glaziovii introgression to aid cassava improvement. 
 
 
Plain language summary 
A large chromosome segment from a wild relative of cassava is an important structural aspect in 
the cassava genome. Since the chromosome segment tends to be inherited as one block, its 
effects on cassava traits were not well resolved. Through genetic mapping at higher resolution, 
we identified that the wild segment impacts early vigor and does not appear to impact dry yield, 
as was previously thought. While there are no major structural differences between the wild and 
cultivated chromosome segments, their overall divergence seems to suppress the wild 
chromosome segment from pairing with the cultivated chromosome segment during 
reproduction. In the apparent absence of any major benefits from the wild segment, removing it 
from the breeding population may be beneficial. 
 
 
Abbreviations: 

C1GI, chromosome 1 glaziovii introgression; CBSD, cassava brown streak disease, CMD, 
cassava mosaic disease; GWAS, genome-wide association study; KASP, ‘Kompetitive’ allele-
specific PCR (polymerase chain reaction); QTL, quantitative trait locus/loci.  
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1 INTRODUCTION 1 

Wild relatives are an important source of genetic diversity in plant breeding, particularly 2 

for traits that have not historically been prioritized for selection. Making interspecific crosses 3 

with wild relatives can introduce new or lost alleles into breeding populations but can also carry 4 

along deleterious alleles via linkage drag. Through backcrossing and recombination, breeders 5 

aim to isolate the beneficial wild alleles while recovering as much as possible of the elite 6 

background. This process can be challenged when beneficial and deleterious alleles are closely 7 

linked on the introgressed haplotype. It is further complicated by suppressed meiotic 8 

recombination rates, which have been associated with introgression regions in interspecific 9 

hybrids due to sequence divergence or structural variants that can inhibit homologous pairing 10 

(Lawrence et al., 2017; Delame et al., 2019; Rowan et al., 2019).  11 

In the 1930s and 40s, cassava (Manihot esculenta) breeders at the Amani Research 12 

Station in present-day Tanzania made interspecific crosses to introgress disease resistance from 13 

wild relatives. They sought to breed new varieties with resistance to cassava mosaic disease 14 

(CMD) and cassava brown streak disease (CBSD), two viral diseases that threaten the crop 15 

yields and sustenance of millions of smallholder farmers in East Africa (Hillocks & Jennings, 16 

2003). Progeny descending from crosses between M. esculenta and its tree-like wild relative M. 17 

glaziovii became important founders for modern breeding programs (Hillocks & Jennings, 2003). 18 

Today, there are two large (10-20 Mb) glaziovii introgression segments on cassava chromosomes 19 

1 and 4, a remnant from those hybridizations (Bredeson et al., 2016). Wolfe et al. (2019) found 20 

that these glaziovii introgressions are common in the African breeding populations and have 21 

increased in frequency over cycles of genomic selection. 22 

Interestingly, neither glaziovii introgression appears to be associated with cassava mosaic 23 

disease resistance, the original motivation for making the crosses, but they have been associated 24 

with favorable effects on other traits (Wolfe et al., 2019). The chromosome 1 glaziovii 25 

introgression (C1GI) is of particular interest because it harbors important quantitative trait loci 26 

(QTL) for root number and dry matter (DM) content, a key breeding focus for improved yield 27 

and textural qualities that determines varietal adoption (Tahirou et al., 2015). Glaziovii alleles 28 

contributed 4.5% and 16.1% of the heritability of these traits, respectively, in Wolfe et al. (2019). 29 

However, the introgressions are also enriched for putative deleterious mutations, suggesting that 30 

these regions are affected by linkage drag and would benefit from recombination to purge 31 
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unnecessary genetic load (Ramu et al., 2017b; Wolfe et al., 2019). Being able to fix the glaziovii 32 

QTL in a homozygous state would capture the full additive benefit of the favorable allele(s) and 33 

allow breeders to maintain them more easily in the population. 34 

Unfortunately, both introgression regions have significantly suppressed recombination 35 

rates (Chan et al., 2022). The 10Mbp C1GI has a genetic length of about 35cM in non-36 

introgressed lines, while homozygous introgressed lines have a genetic distance of about 10cM 37 

across the same region (Chan et al., 2022). Suppressed recombination limits the resolution of 38 

mapping studies and makes it difficult to break or fix linkages in this region. Notably, there is 39 

hypothesized to be a repulsion linkage between a favorable dry matter allele and unfavorable 40 

carotenoid content allele, which may drive the negative genetic correlation between provitamin 41 

A and dry matter contents (Rabbi et al., 2017; Gemenet et al., 2020). 42 

Another challenge that the C1GI poses to cassava breeding is that it is typically 43 

maintained in a heterozygous state, so the QTL continue to segregate in crosses. Although there 44 

is a high level of heterozygosity across the cassava genome in general, the C1GI region is 45 

particularly important because it harbors the strongest linkage disequilibrium (LD) block in the 46 

cassava genome and contains the dry matter QTL with the largest effect size identified to date 47 

(Rabbi et al., 2017). Homozygous introgressed lines are not well-observed because they are 48 

almost completely excluded from advanced trials (Wolfe et al., 2019).  49 

The exclusion of homozygotes may be due to the enrichment of putative deleterious 50 

mutations on the glaziovii haplotype (Wolfe et al., 2019). It is likely that the C1GI haplotype 51 

descended from the same esculenta x glaziovii hybrid ancestor and thus has low genetic diversity 52 

compared to the esculenta haplotypes and is less tolerant of homozygosity. Homozygous lines 53 

may also be lost early on due to poor germination, vigor, or survival. Before being genotyped or 54 

advanced to clonal evaluation trials (CETs) for yield evaluations, seedlings are typically 55 

screened for disease resistance, desirable plant architecture, and aboveground vigor, which are 56 

assessed visually on a categorical scale. We hypothesized that the C1GI introgression carries 57 

deleterious load that negatively impacts plant vigor, a target of early rogueing in seedling 58 

nurseries. The distribution of putative deleterious alleles throughout the introgression region was 59 

examined to assess whether particular C1GI segments could be targeted for purging. 60 

While the C1GI has an important influence on dry matter content, a major trait prioritized 61 

in West African breeding programs, the extensive LD in the region limits the resolution of QTL 62 
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analysis. Wolfe et al. (2019) identified glaziovii SNPs significantly associated with dry matter 63 

content over a 6 Mbp region, from about 24-30 Mbp. Questions remain about which segment of 64 

the introgression carries the QTL, its distance from the root number QTL, if there are multiple 65 

distinct loci affecting the trait, and if the QTL is separable from other effects of interest, 66 

including a non-favorable effect on carotenoid content associated with the same region (Rabbi et 67 

al., 2017). Recombining the introgression will increase the resolution for QTL analysis and could 68 

generate a more favorable haplotype that isolates the beneficial QTL to a smaller region that 69 

would be less impacted by linkage drag. 70 

The overall approach of this project was to generate a diverse population that contained 71 

more recombination in the C1GI region to map both its advantageous and deleterious effects 72 

with higher resolution. A large population of seedlings was screened to identify a subset of lines 73 

that would maximize the statistical power to isolate effects of introgression segments. We aimed 74 

to determine optimum recombination breakpoints that can be identified with genetic markers to 75 

select the most favorable segment(s) of the C1GI while purging genetic load. Overall, these 76 

analyses provide an interesting case study into the long-term effects of interspecific 77 

hybridizations in breeding an outcrossing crop with inbreeding depression. 78 

 79 

2 METHODS 80 

Cross selection and seedling nursery 81 

The C1GI status of previously genotyped accessions in the 2020 crossing nursery in 82 

Ubiaja, Nigeria was examined using the introgression diagnostic markers (IDMs) identified by 83 

Wolfe et al. (2019). To generate a mapping population with as many recombinations in the C1GI 84 

region as possible, accessions that were heterozygous for all or part of the C1GI were selected as 85 

parents. These 41 parents were clustered into three groups based on genetic distances derived 86 

from pairwise kinship estimates and clustered with the hclust() function in R (R Core Team, 87 

2021). The groups were intercrossed, and open-pollinated seeds from these parents were also 88 

collected. A total of 5062 seedlings from 272 families were planted in a seedling nursery (SN) at 89 

IITA Ibadan, Nigeria in early April 2021. The generated population was therefore analogous to 90 

an F2 intercross population with respect to the C1GI haplotype, though with 41 parents and 91 

therefore more diversity in the rest of the genome. Germinated seedlings were transplanted 0.5m 92 
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apart in rows 1m apart. Field trial management was conducted following standard practices 93 

(Abass et al., 2014).  94 

 95 

Marker design and genotyping 96 

To screen the seedling nursery population for C1GI recombinant accessions, a panel of 97 

ten low-cost ‘Kompetitive’ Allele-Specific Primer (KASP) markers were designed to track the 98 

C1GI haplotype. These SNP markers were adapted from the Wolfe et al. (2019) M. glaziovii 99 

IDMs but validated across a larger reference panel to ensure consistent amplification across a 100 

diverse population. M. glaziovii-specific alleles across the C1GI were identified using a reference 101 

panel of Cassava HapMapII (Ramu et al., 2017b) accessions containing seven M. glaziovii 102 

individuals, 25 individuals heterozygous for the full C1GI, and 68 non-introgressed M. esculenta 103 

individuals, as determined by the previously identified IDMs (Wolfe et al., 2019). Then, 104 

genotyping-by-sequencing SNPs in this panel were filtered with bcftools using the following 105 

criteria: 1) reference allele fixed within the non-introgressed esculenta panel, alternate allele 106 

fixed within the M. glaziovii panel, and one copy of the reference allele in the heterozygous 107 

introgressed accessions; 2) SNP called in more than 90% of the population; 3) average read 108 

depth per site in the surrounding 100 bp region between 2.2-3.5; 4) minimum and maximum read 109 

depths at sites in the surrounding region 0.86 and 3.50, respectively; 5) no indels in the 110 

surrounding region; and 6) two or fewer other SNPs in the surrounding 100bp region.  111 

The 38 candidate SNPs and their surrounding sequences were then tested on the 41 112 

mapping population parents, three M. glaziovii trees, and an M. esculenta x glaziovii hybrid 113 

growing onsite at IITA Ibadan. Freeze-dried leaf tissue samples were sent to Intertek (Intertek 114 

Australia Lab, Parkside South Australia) for DNA extraction and KASP marker genotyping. A 115 

final set of ten markers were selected that showed good amplification, tight clustering, and even 116 

spacing across the C1GI. We validated the markers by evaluating whether the wild M. glaziovii 117 

accessions, hybrid M. glaziovii x esculenta accessions, two non-introgressed checks (TME419 118 

and TMS18F1279P0006) clustered with their expected genotype classes. A random subset of 119 

3006 progeny from the seedling nursery were then genotyped with the KASP marker panel to 120 

determine their introgression status.  121 

The subset of 453 clones advanced to the CET (described below) were also genotyped 122 

genome-wide with DArTSeqLD (Diversity Array Technologies, Canberra, Australia). The 123 
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12,981 DArTSeqLD SNPs were imputed to higher density with Beagle 5.0 (Browning & 124 

Browning, 2016) using the R package genomicMateSelectR version 0.2.0 (Wolfe, 2022) with a 125 

reference panel of 21,856 accessions available on Cassavabase 126 

(https://cassavabase.org/ftp/marnin_datasets/nextgenImputation2019/). Following imputation, 127 

SNPs were filtered with the following parameters: dosage �� (DR2) > 0.75, Hardy-Weinberg 128 

equilibrium p-value (P_HWE) > 1e-20, and minor allele frequency (MAF) > 0.05 for a total of 129 

58,830 biallelic SNPs. 130 

 131 

Optimizing a mapping population subset for replicated trials 132 

 To assess root yield in a clonal evaluation trial (CET) with space for 500 plots, a subset 133 

of accessions was selected to capture as much diversity and recombination in the introgression 134 

haplotypes as possible. The subset was selected using Federov’s exchange algorithm 135 

implemented by the OptFederov() function in the AlgDesign R package with the D criterion, 136 

which maximizes the determinant of the cross-product of the design matrix to capture as much 137 

information about the model parameters as possible (Wheeler, 2019). The additive and 138 

dominance effects of all ten KASP markers were included together in the model as follows: 139 

Equation 1.  � �  ∑ ������
��
��� �  ∑ ������

��
��� � 	�
� � � , 140 

where y is the vector of phenotypic values;  ���  is the matrix of genotypes at marker i in {0,1,2} 141 

encoding of the dosage of the M. glaziovii allele;  ��� is the additive fixed effect of KASP marker 142 

i,; ���  is the matrix of genotypes at marker i in {-1,1,-1} encoding for the M. esculenta 143 

homozygote, heterozygote, and M. glaziovii homozygote, respectively; ��� is the dominance 144 

fixed effect of marker i; 	� is the design matrix of families; 
�  is the vector of family random 145 

effects assumed 
� ~ 
�0, ���
��; and � is the vector of residual effects assumed � ~ 
�0, ��	

��. 146 

 The OptFederov algorithm was run ten times, given the parental genotypes to include by 147 

default and the genotypes of 2981 seedlings without any missing SNPs to select from. The subset 148 

of 400 lines with the highest D value at 0.057 was then selected and propagated to a CET, with 149 

each genotype planted in one plot of five plants. An additional 4 check lines (IITA-TMS-150 

IBA000070, IITA-TMS-IBA070593, TMEB419, and TMS13F1343P0022) and 39 plants 151 

identified as promising clones for breeding purposes by the breeders’ phenotypic evaluation and 152 

were also planted for a total of 453 accessions in the CET. 153 

 154 
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Testing segregation ratios 155 

 The progeny of two heterozygous parents at each C1GI marker were tested for deviation 156 

from the expected 1:2:1 segregation ratio using chi-square goodness of fit tests for the genotype 157 

counts at each KASP marker. To evaluate the possible impact of pollen contamination on 158 

deviations from expected genotype frequencies, the parentage assignment algorithm 159 

AlphaAssign (Whalen et al., 2019) was used to estimate the error rate of pedigree records using 160 

the genome-wide SNPs of the 453 CET individuals and accessions originally present in the 161 

crossing nursery. The seed parent listed on the pedigree was input into AlphaAssign with a list of 162 

all clones present in the crossing nursery as potential pollen parents. Pollen contamination rate 163 

was estimated based on how often the AlphaAssign algorithm identified a different pollen parent 164 

than the one recorded in the pedigree. 165 

To determine if the pollen contamination rate would be large enough to explain the 166 

observed deviation from the expected segregation ratios, a simulation was conducted to model 167 

changes in genotype frequencies when the pollen parent was randomly selected from the 168 

crossing nursery population at the observed pedigree error rate. A total of 812 F2 progeny (the 169 

largest number of progeny with both parents heterozygous at a given C1GI marker; Table 2) 170 

were simulated with ten marker genotypes drawn from the probabilities expected if all parents 171 

were heterozygous and there was no segregation distortion ({P0 = 0.25, P1 = 0.5, and P2 = 0.25}). 172 

Lines representing the pollen contamination errors, based on the rate estimated with 173 

AlphaAssign, were randomly selected. New genotypes were assigned to these lines based on the 174 

expected genotype frequencies when a heterozygote is pollenated with probability (1-q) of 175 

receiving an esculenta allele and probability q of receiving a glaziovii allele ({P0 = 0.5*(1-q), P1 176 

= 0.5*(1-q), and P2 = 0.5*q}, where q is the frequency of the M. glaziovii allele in the parental 177 

population (assuming all accessions were equally likely to be a contaminating pollen parent). 178 

The resulting population was then tested for deviation from a 1:2:1 ratio for each marker with 179 

chi-square tests. This simulation was repeated 1000 times and the number of times the chi square 180 

test for each marker was significant (p < 0.05) were counted as false positives. The significance 181 

threshold was then adjusted to empirically restrict the false-positive rate to 5% accounting for the 182 

pedigree error rate. 183 

 184 

Phenotyping 185 
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The population was grown in five total field trials across four years and two locations. 186 

The trial stages included the seedling nursery (SN; unreplicated plants grown from seed, 5062 187 

genotypes of which 3006 had KASP marker data, planted by family), 2 clonal evaluation trials 188 

(CET; 1 plot of 5 plants per genotype, 453 genotypes, augmented design), and 2 preliminary 189 

yield trials (PYT; 2 plots of 10 plants per genotype, 50 genotypes, randomized complete block 190 

design).  191 

Agronomic traits including cassava mosaic disease (CMD) severity, root number, root 192 

size, root weight, dry matter content, plant architecture, branching type, sprouting ability, and 193 

chromameter values were measured according to standard practices (Fukuda et al., 2010) (Table 194 

2). Agronomic traits were measured per-plant in the SN (Ibadan, 2020), per-plot of five plants in 195 

the CETs (Ibadan 2021 and Ikenne 2022) and per-plot of ten plants replicated twice in the PYTs 196 

(Ibadan 2023 and Ikenne 2023). Correlations between traits were tested with Kendall’s rank 197 

correlation (τ) since the yield data were right-skewed. 198 

In the CGIAR cassava trait ontology, plant vigor is scored on a three-point ordinal scale 199 

(Fernandez-Pozo et al., 2015). To capture more quantitative variation in vigor, plant height and 200 

stem diameter were also measured as traits that contribute to the breeder’s visual assessment of 201 

overall aboveground vigor. Plant height was measured from the soil to the apical meristem with a 202 

meter stick. Stem diameter was measured with a caliper at soil level for the seedlings and at the 203 

base of the new stem for clonally propagated plants; in the case of multiple basal stems, the 204 

diameter of the largest stem was taken. Vigor traits were measured on individual plants in the SN 205 

at 4 months after planting (MAP) and on three plants per plot in the CETs at 6 and 8-9 MAP.  206 

Vigor traits measured on plants grown from seed in the SN trial and grown from stem 207 

cuttings in the clonal trials were considered separate traits since they correspond to different 208 

biological processes and had such different sample sizes (3,006 seedlings vs. 453 clones). 209 

Therefore, seedling and clonal traits were modeled separately as described below. Associations 210 

with yield traits in the SN were not reported since single-plant measures of yield are generally 211 

considered unreliable.  212 

 213 

Genetic mapping  214 

Associations between C1GI markers and all traits were analyzed with two approaches: 215 

mixed linear models (MLM) with individual markers and composite interval mapping (CIM) 216 
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accounting for multiple markers (Zeng, 1994). First, linear models for SN vigor traits 217 

(unreplicated plant height and stem diameter measurements for the 3,006 progeny genotyped 218 

only with the 10 C1GI markers) were fit separately as follows: 219 

Equation 2.  � �   � � X����� �  ������  � 	�
� �  	
:�

:� � � , 220 

with variables as described in Eqn. 1, and where � is the grand mean, 	
:�  is the design matrix 221 

for rows within field blocks, and 

:� is the vector of row/block random effects assumed 222 



:�  ~ 
�0, ��
:�
� ). This model was fit for each C1GI marker i using the lme4 R package v1.1-223 

35.5 (Bates et al., 2015). The significance of marker additive and dominance effects was 224 

assessed by testing the null hypotheses that �� � 0  and �� � 0 with Wald tests. For multiple 225 

testing correction, the number of independent tests was estimated as described in Gao et al., 226 

(2008); since the first 5 eigenvalues explained > 99.5% of the variation in the glaziovii KASP 227 

marker correlation matrix, a significance threshold of � � 0.05 was established at p < 0.01. 228 

Associations for all vigor and agronomic traits among CET-selected accessions 229 

(replicated measurements across environments for the 453 accessions genotyped with both 230 

whole-genome markers and the C1GI markers) were conducted in two steps. First, best linear 231 

unbiased predictions (BLUPs) of genotype effects on agronomic traits were calculated using the 232 

following model using the ASReml-R package v4.1.0.110 (The VSNi Team, 2023): 233 

Equation 3.   � �  � � �
�
� ���� � 	�
� � 	�:

�:
 � �, 234 

with variables as described in Eqn. 1 and 2, and where �
 is the design matrix for trial locations, 235 

�
 is the vector of fixed effects for locations, �� is the design matrix for trial years, �� is the 236 

vector of fixed effects for years, 	� is the design matrix for genotypes, and 
� is the vector of 237 

genotype random effects assumed 
� ~ 
�0, ���
�� where ��

� is the genetic variance, 	�:
 is the 238 

design matrix for blocks nested within trials, 
�:
 is the vector of random effects for blocks 239 

within trials assumed 
�:
 ~ 
�0, ���:

� ), and � is the vector of residual effects assumed 240 

� ~ 
�0, ��, where � � ��	��� 
� � ��	���

�  to account for heterogeneous error variance across trial 241 

types. For the vigor traits with replicated measurements (stem diameter and plant height each 242 

measured on three plants per plot at two timepoints, 4 MAP and 8/9 MAP), an additional fixed 243 

effect for timepoint and a random effect interaction between genotype and timepoint were added 244 

to the models. 245 
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The estimated breeding values (EBVs), 
�, were extracted from these models and de-246 

regressed by dividing by their prediction reliability (1 - 
���

��
� ) as described in Garrick et al., 2009. 247 

The broad-sense heritability (H2) of each trait was calculated as follows: �� �
 �
�

� 
�

���
� � ��

��
�  

, where ��� 
�  248 

is the estimated genetic variance and ����
� is the weighted average of residual error variance 249 

estimates, ����
� = ( 

������ 
� 

�	�
 � �� ������ 
� !�

 + 
������

� 

�	�
 � �� ������
�  !�

 ) / ( 
�

�� ������ 
� !�

 + 
�

�� ������
�  !�

 ), where ��	" is 250 

the total number of plot replicates across locations (2 for CETs and 4 for PYTs) (Holland et al., 251 

2002; Schmidt et al., 2019). Then, the de-regressed EBVs were used for the MLM and CIM 252 

association analyses. For the MLM method, marker effects were estimated with the following 253 

model using the ASReml-R package v4.1.0.110 (The VSNi Team, 2023): 254 

 Equation 4.   � �  X����� � ������   �  	�
� � � , 255 

with variables as described above except � is now the vector of de-regressed EBVs and 
� is the 256 

vector of genotype random effects assumed 
�  ~ 
�0, ���
��, where � is a genomic relationship 257 

matrix calculated with rrBLUP package v4.6.3 (Endelman, 2011) using the DArtSeqLD imputed 258 

SNPs for chromosomes 2-18 (excluding chromosome 1 to separate C1GI effects from rest-of-259 

genome effects). The significance of marker additive and dominance effects were tested with 260 

Wald tests as described above. 261 

The CIM approach was then used to account for multiple marker effects simultaneously 262 

and distinguish whether there are multiple QTL across the C1GI. We used the cim() function in 263 

the R package qtl v1.7 (Broman et al., 2003) to scan the C1GI region using the Kosambi 264 

mapping function with assumed genotyping error rate of 0.0001, window size of 2 cM, up to 8 265 

C1GI marker covariates, the first 10 principal components of the DArtSeqLD imputed genotype 266 

matrix from chromosomes 2-18 to account for population structure in the rest of the genome, the 267 

first 4 principal components of the non-introgression region of chromosome 1 as covariates to 268 

account for effects elsewhere on chromosome 1, and a previously published genetic map from 269 

Chan et al. (2022) uplifted to coordinates for cassava reference genome v7. An LOD (logarithm 270 

of the odds) threshold corresponding to � � 0.05 was determined with a permutation test of 271 

1,000 permutations for each trait. QTL effect estimates were calculated with the fitqtl() function 272 

using the Haley-Knott regression method (Haley & Knott, 1992; Broman et al., 2003). 273 

 274 
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Comparative genomics 275 

One hypothesis for suppressed recombination in interspecific introgressions is that large 276 

structural variants (SVs) between haplotypes impedes homologous pairing (Li et al., 2023). 277 

While some structural variants can be inferred from patterns of read depth in short paired-end 278 

sequencing data, the detection ability is limited to certain types of SVs and typically has poor 279 

sensitivity and high false-positive rates (Sarwal et al. 2022). To look for C1GI structural variants 280 

that might have been missed by alignment to the cassava reference genome (which lacks the 281 

C1GI), we used a new haplotype-resolved M. glaziovii genome assembled with PacBio HiFi, 282 

Nanopore, and HiC sequencing by the Salk Institute Michael Lab (Mgla.hap1.v1 and 283 

Mgla.hap2.v1, available at 284 

https://resources.michael.salk.edu/root/tools.html?tool=%2Fresources%2Fcassava_genomes%2F285 

index.html). The M. glaziovii haplotype assemblies were aligned to M. esculenta AM560-2 286 

reference v7.1 (Bredeson et al., 2016) using AnchorWave v1.0.1 proali with maximum 287 

alignment parameters set to 1 for both reference and query (Song et al., 2022). Structural variants 288 

were called using SVIM-asm in diploid mode (Heller & Vingron, 2020). 289 

A previous study by (Wolfe et al., 2019) found that the C1GI was enriched with putative 290 

deleterious alleles that were identified by Ramu et al. (2017) using SIFT (“Sorting Intolerant 291 

From Tolerant”) scores that predict the functional impact of mutations on proteins. Long et al. 292 

(2023) improved on the SIFT method of identifying deleterious alleles by including evolutionary 293 

conservation across the Euphorbiaceae family. To test the hypothesis that the C1GI carries a 294 

higher deleterious load, the proportion of putative deleterious SNPs to non-deleterious SNPs (as 295 

defined by Long et al., 2023) within the C1GI region was compared to that of an equal number 296 

of randomly selected SNPs from elsewhere in the genome across 1,000 permutations. 297 

 298 

3 RESULTS 299 

KASP marker design and genotyping  300 

 The amplification of the ten glaziovii KASP markers on 3,006 tissue samples from a 301 

random subset of the SN and the parents is shown in Fig. 1. The number of non-callable 302 

genotypes ranged from 79 to 96 per marker, corresponding to an average success rate of 97.2%. 303 

The check individuals clustered as expected with the respective esculenta, heterozygous, and 304 

glaziovii clusters (Fig. 1). Adjacent marker pairs had between 11 and 458 individuals with a 305 
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recombination event between them identified. An optimized subset of 400 individuals were 306 

selected for replication in the CET (Fig. 2). The marker genotypes were highly correlated in the 307 

seedling nursery (adjacent markers with r = 0.81-0.99), as was expected due to their physical 308 

proximity about 1 Mbp apart in a region with suppressed recombination. Correlations decreased 309 

slightly in the CET due to the selection of recombinants (Fig. 3). 310 

Across all 10 markers, fewer homozygous introgressed progeny were observed than 311 

expected under a 1:2:1 Mendelian segregation ratio (Table 1). To test whether the observed 312 

segregation distortion could be an artifact of pollen contamination with a random pollen parent 313 

that may not have been heterozygous, pedigree errors were simulated to evaluate its impact on 314 

genotype frequencies. The parental assignment algorithm AlphaAssign identified a different 315 

pollen parent than the one recorded on the pedigree 16% of the time. Simulating this error rate in 316 

the population as a random pollen parent from the crossing nursery instead of the recorded 317 

heterozygous pollen parent resulted in a significant chi-square test, a false positive for 318 

segregation distortion, 39% of the time. To constrain the false positive rate at 5%, we set an 319 

empirical significance threshold at p < 0.0007. All of the C1GI markers still exhibited significant 320 

segregation distortion at this stricter significance threshold, indicating that pedigree error does 321 

not fully explain the observed segregation distortion (Table 1). 322 

 323 

324 

Figure 1. KASP marker panel tagging ten glaziovii-specific alleles across the introgression. The 325 
wild M. glaziovii, hybrid esculenta x glaziovii, and non-introgressed esculenta checks (TME419 326 
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and TMS18F1279P0006) are represented by blue diamonds, green squares, and orange triangles, 327 
respectively. The top of each panel gives the chromosome 1 marker position in base pairs. X and 328 
Y axes are fluorescence readings from KASP primer amplification of the two alleles. NAs 329 
represent individuals for which the marker genotype could not be called unambiguously. 330 

331 

Figure 2. Selection of an optimum subset of seedlings to advance to a clonal evaluation trial for 332 
analysis of M. glaziovii introgression effects. The bars show glaziovii allele dosage across the 333 
ten C1GI KASP markers. The 2981 individuals in the seedling nursery without missing SNPs are 334 
shown at left and the selected seedlings and their parents are at right. The CET selection was 335 
optimized with Federov’s exchange algorithm to maximize information captured about marker 336 
and family effects. 337 

 338 
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 339 

Figure 3. Pairwise correlations between C1GI KASP markers. The heatmap at left shows the 340 
Pearson’s correlation coefficients between markers among the seedling nursery population of N 341 
= 3,006, and at right are the correlations among the clonal evaluation trial of N = 453 after 342 
selection for recombinants. 343 

 344 
Table 1. Chi-square tests for deviation from the expected 1:2:1 segregation ratio among progeny 345 
in the seedling nursery. N indicates the number of progeny included in a given marker test, for 346 
which both parents were heterozygous at that marker. Asterisks indicate p-values significant at 347 
the empirically-derived threshold of p < 0.0007 accounting for the estimated pedigree error rate. 348 

C1GI 
KASP 

marker 

Chr. 1 position 
(bp; v7) N Chi-square 

statistic P-value 
Observed # 
homozygous 
introgressed 

Expected # 
homozygous 
introgressed 

1 27643909 285 22.06 *1.621e-05 38 71 

2 28103607 285 23.01 *1.009e-05 38 71 

3 29449366 528 36.74 *1.050e-08 81 131 

4 31196826 615 47.42 *5.036e-11 90 152 

5 32865115 655 45.91 *1.076e-10 100 162 

6 34462062 812 42.67 *5.432e-10 137 201 

7 35808218 807 34.33 *3.516e-08 143 200 

8 37123583 797 27.94 *8.577e-07 147 198 

9 38699792 734 19.37 *6.218e-05 145 182 

10 39131171 734 17.82 *1.347e-04 147 181 

 349 
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Vigor trait association analyses 350 

 Vigor traits in the seedling and clonal trials were analyzed separately. In the SN trial, 351 

stem diameter at 4 MAP was significantly correlated with root weight (τ = 0.509, p < 2.2x10-16), 352 

root number (τ = 0.348, p = 7.1x10-13), and root size rating (τ = 0.249, p = 4.3x10-6). Both 353 

quantitative measurements of vigor, stem diameter and plant height, were significantly correlated 354 

with the breeder’s categorical rating of vigor (p = 4.2x10-12; p = 1.1x10-14 respectively).  355 

With the MLM association method, C1GI markers 3 and 5-10 had positive dominance 356 

effects on seedling stem diameter, though the effect estimates were small (~ 0.3 mm) (Fig. 4A). 357 

The CIM method distinguished two separate QTL associated with seedling stem diameter, with 358 

significant LOD peaks at marker 6 (estimated additive effect = -0.79 mm; dominance effect = 359 

0.57 mm) and marker 8 (estimated additive effect = 0.43 mm; dominance effect = 0.40 mm) 360 

(Fig. 5A). There were no significant associations for SN plant height using either the MLM or 361 

CIM methods (Fig. 4B, Fig. 5B). 362 

 363 

 364 

Figure 4. Estimates of additive (red) and dominance (blue) effects of M. glaziovii introgression 365 
markers on seedling vigor traits: A) stem diameter (left) and B) plant height. Error bars represent 366 
95% confidence intervals around the effect estimate. Asterisks represent significantly nonzero 367 
marker effects at the p < 0.01 threshold. 368 

 369 
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 370 

Figure 5. Composite interval mapping (CIM) results for A) seedling stem diameter and B) plant 371 
height at 4 MAP. The 10 C1GI markers are represented by the x-axis ticks according to their 372 
genetic position in cM on the distal end of chromosome 1. The y-axis gives the LOD score. 373 

 374 
Among the clonal trials, stem diameter was also genetically correlated with vigor rating 375 

(τ = 0.18, p = 2.7x10-8) and plant height (τ = 0.42, p < 2.2x10-16). The estimated narrow-sense 376 

heritability was 0.45 for stem diameter and 0.70 for plant height (Table 2). The MLM method 377 

identified significant but small (~0.69 mm) negative additive effects of C1GI markers 1 and 2 on 378 

clonal stem diameter (Fig. 6A), though these effects were not statistically significant with the 379 

CIM method (LOD = 0.69 and 0.02 respectively, Fig. 7A). Instead, with CIM, C1GI marker 8 380 

had a significant LOD peak with small positive effects for both stem diameter (estimated 381 

additive effect = 0.22; dominance effect = 0.03 Fig. 7A) and vigor rating (estimated additive 382 

effect = 0.16; dominance effect = 0.27; Fig. 7B). There were no significant associations with 383 

clonal plant height using either the MLM or CIM methods (Fig. 6A, Fig. 7C). 384 

 385 

386 
Figure 6. MLM estimates of additive (red) and dominance (blue) effects of M. glaziovii 387 
introgression markers on clonal vigor traits: A) plant height, B) stem diameter, and C) vigor 388 
rating. Error bars represent 95% confidence intervals around the effect estimate. Asterisks 389 
represent significantly nonzero marker effects at the p < 0.01 threshold from Wald tests. 390 

A. B. 
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391 

 392 
Figure 7. Composite interval mapping (CIM) results for clonal vigor traits: A) stem diameter, B) 393 
vigor score, C) plant height, and D) stem sprouting percentage. The 10 C1GI markers are 394 
represented by the x-axis ticks according to their genetic position in cM on the distal end of 395 
chromosome 1. The y-axis gives the LOD score.   396 

 397 

 Table 2. Trait broad-sense heritabilities. Heritabilities were estimated using variance 398 
components extracted from the linear model shown in Eqn. 3. 399 

Trait  Cassava trait 
ontology ID 

Abbreviation H2 

Plant height measurement in cm CO_334.0000018 PLTHT 0.70 

Stem diameter measurement in cm CO_334:0000257 STEMGIRTH 0.45 

Initial vigor assessment 1-7 CO_334.0000009 VIGOR 0.29 

Sprouting proportion CO_334.0000008 SPROUT 0.18 

A. B. 

C. D. 
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Dry matter content percentage CO_334.0000092 DM 0.41 

Fresh storage root weight per plot CO_334.0000012 RTWT 0.14 

Root number per plot CO_334.0000011 RTNO 0.25 

Fresh root yield tons per hectare CO_334.0000013 FYLD 0.15 

Dry yield tons per hectare CO_334.0000014 DYLD 0.14 

Top (aboveground) yield tons per hectare CO_334.0000017 TYLD 0.27 

Fresh shoot weight measurement in kg per plot CO_334.0000016 SHTWT 0.11 

Storage root size visual rating 1-7 CO_334.0000019 RTSZ 0.10 

Root neck length visual rating 0-7 CO_334.0000022 NKLGT 0.26 

Rotten root percentage CO_334:0000229 RTROT 0.05 

Proportion lodged plants in percentage CO_334.0000094 LODGE 0.57 

Total carotenoid by chart 1-8 CO_334.0000161 TC 0.82 

Harvest index CO_334.0000015 HI 0.29 

L* chromometer value of fresh root CO_334.0002065 L 0.18 

A* chromometer value of fresh root CO_334.0002066 A 0.36 

B* chromometer value of fresh root CO_334.0002064 B 0.23 

Cassava mosaic disease severity 1 month  CO_334.0000191 CMD1S 0.50 

Cassava mosaic disease severity 3 month  CO_334.0000192 CMD3S 0.42 

Cassava mosaic disease incidence 1 month  CO_334.0000195 CMD1I 0.85 

Cassava mosaic disease incidence 3 month  CO_334.0000196 CMD3I 0.66 

Cassava bacterial blight incidence 3 month  CO_334.0000178 CBB3I 0.50 

Cassava bacterial blight severity 3 month  CO_334.0000175 CBB3S 0.11 

 400 
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401 

Figure 8. Genetic correlations between agronomic and clonal vigor traits. Values in each cell are 402 
pairwise Kendall’s Tau correlation values between de-regressed EBVs, bolded where statistically 403 
significant at the Bonferroni-corrected p < 0.00015 threshold. 404 

 405 

Agronomic trait association analyses 406 

 Across all agronomic traits listed in Table 2, the only significant C1GI marker/trait 407 

associations identified with the MLM method were for rotted root proportion, root neck length, 408 

and A chromameter value (Fig. 9). However, these marker/trait associations were not statistically 409 

significant in the CIM method accounting for multiple markers. With CIM, there was a 410 

marginally significant association between C1GI marker 8 and fresh root yield (additive effect = 411 

0.42, dominance effect = 0.42; Fig. 10A).  412 
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 Unexpectedly, there were no significant associations with DM or root number, the main 413 

traits that have been linked to the C1GI (Wolfe et al., 2019). DM and root number had moderate 414 

heritabilities of 0.41 and 0.21, respectively. Non-significant CIM results for the remaining 415 

agronomic traits are shown in Fig. S2.  416 

 Clonal stem diameter was positively genetically correlated with several yield measures: 417 

root weight (τ = 0.31, p < 2.2x10-16), root number (τ = 0.16, p = 8.8x10-8), root size (τ = 0.12, p = 418 

0.0005), fresh root yield (τ = 0.31, p < 2.2x10-16), and dry root yield (τ = 0.25, p = 1.6x10-14), but 419 

not DM (τ =-0.03, p = 0.35).  420 

 421 

 422 
Figure 9. MLM estimates of additive (red) and dominance (blue) effects of C1GI markers on 423 
selected agronomic traits evaluated in clonal trials: A) chromameter a* value, B) dry matter 424 
content, C) fresh root yield, D) root neck length, E) root number, F) rotted root proportion, G) 425 
total carotenoids. Error bars represent 95% confidence intervals around the effect estimate. 426 
Asterisks represent significantly nonzero marker effects at the p < 0.01 threshold from Wald 427 
tests. 428 

 429 
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430 

 431 

Figure 10. Composite interval mapping results for clonal yield traits: A) fresh root yield, B) root 432 
number, C) dry matter content. The 10 C1GI markers are represented by the x-axis ticks 433 
according to their genetic position in cM on the distal end of chromosome 1. The y-axis gives the 434 
LOD score.   435 

 436 

Genome alignment 437 

The two M. glaziovii haplotype assemblies were aligned to the M. esculenta reference 438 

genome v8.1, which lacks the C1GI. Only insertions/deletions were detected in the C1GI region 439 

(Fig. 11). There were no apparent large inversions or duplications between M. glaziovii and M. 440 

esculenta chromosome 1 in the introgression region (Fig. 12). The largest structural variant in the 441 

C1GI region was an approximately 271kb deletion at 38.78 Mbp (Fig. 12). The full genome 442 

alignment is shown in Fig. S3 and the distribution of genome-wide structural variants called with 443 

SVIM-asm is shown in Fig. S4. 444 

A. B. 

C. 
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 445 

 446 

Figure 11. Distribution of structural variant (SV) sizes between M. esculenta and M. glaziovii 447 

genomes on chromosome 1. The x-axis represents the length of the structural variant in kilobases 448 

and the y-axis represents the number of variants on a log-transformed scale. SVs were called by 449 

SVIM-asm. 450 

 451 

 452 

Figure 12. Alignment of M. glaziovii assembly v1 haplotype 1 (left) and haplotype 2 (right) 453 

to the M. esculenta reference genome v8.1 chromosome 1 show strong collinearity in the 454 

C1GI region. Dots represent physical positions of genes used as alignment anchors in the two 455 

genomes. The C1G1 region is highlighted in green. 456 

 457 
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Enrichment of deleterious alleles 458 

 Across the 39,390 SNPs in the C1GI region, 1,602 were putative deleterious alleles 459 

predicted by Long et al. (2023) compared to 1,516 on average across 1,000 permutations of the 460 

same number of randomly selected sites in the genome. This difference corresponded to a p-461 

value of 0.0096, indicating the C1GI is significantly enriched for deleterious alleles. The density 462 

of putative deleterious alleles across the genome is shown in Fig. 13. 463 

 464 

 465 

Figure 13. Density of putative deleterious alleles across the M. esculenta genome. Blue color 466 
(0) represents a non-deleterious SNP and red color (1) represents a deleterious SNP classified by 467 
Long et al. (2023) based on evolutionary conservation across the Euphorbiaceae family.  468 
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4 DISCUSSION 469 

With the design of glaziovii allele specific KASP markers, a mapping population of 453 470 

individuals with increased recombinations in the C1GI region was generated. Although QTL for 471 

DM and root number were previously identified in the C1GI (Wolfe et al., 2019), neither of these 472 

QTL were detected in this mapping population, despite the moderate heritability of DM 473 

estimated here (h2 = 0.41). One possible explanation is that there are multiple glaziovii 474 

haplotypes, and the one harboring the QTL was not captured in this population. However, given 475 

that the parents for this population were identified from a crossing nursery of parents selected in 476 

the genomic selection breeding pipeline, it is unlikely that the dry matter QTL would have been 477 

absent among them.  478 

Alternatively, the QTL effect sizes could be too small to be detectable in this population 479 

of 453 compared to the population of over 4600 in the Wolfe et al. (2019) GWAS. Glaziovii 480 

introgression diagnostic markers contributed 0.05 to the heritability for DM and 0.01 to root 481 

number heritability in Wolfe et al. (2019). While associations with root number were not 482 

statistically significant (Fig. 9E, Fig. 10B), root number is positively correlated with fresh root 483 

yield (Fig. 8). C1GI marker 8 was associated with a positive effect on clonal fresh root yield 484 

(Fig. 10A). Therefore, the marginally-significant fresh root yield association supports the 485 

hypothesis that there was insufficient statistical power to detect the root number QTL in this 486 

population. 487 

Finally, the original identification of the C1GI QTL may have been influenced by 488 

residual population structure. The presence of the C1GI has been considered an indicator of 489 

improved germplasm since it originated in the breeding programs, which have been selecting for 490 

DM. The Wolfe et al. (2019) GWAS accounted for relatedness with a kinship matrix constructed 491 

from non-glaziovii alleles, but it is possible that the genome-wide kinship relationships did not 492 

well capture the chromosome 1 structure. To test the hypothesis that the DM QTL is spurious, a 493 

stratified GWAS approach on subsets of the Wolfe et al. (2019) population could be used to 494 

determine whether the identification of the QTL is sensitive to the population subset. 495 

 The main C1GI marker-trait associations identified here were with aboveground vigor 496 

traits, both the breeder’s vigor ranking and stem diameter. There were similarities and 497 

differences between seedling and clonal vigor associations, which were analyzed separately since 498 

they reflect different biological processes (germination from seed versus clonal propagation). 499 
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Both seedling and clonal CIM showed a significant LOD peak at marker 8 for stem diameter 500 

(Fig. 5A, Fig. 7A), with no significant peaks for plant height. There was an additional peak at 501 

C1GI markers 5-6 unique to seedling stem diameter (Fig. 5A). These results suggest the C1GI 502 

carries multiple QTL affecting stem thickness and therefore vigor at different developmental 503 

stages.  504 

The positive correlation between stem diameter and vigor score, as well as the co-505 

location of their associated markers, supports that stem thickness contributes to the breeder’s 506 

assessment of vigor. Assessing stem thickness in future trials may clarify its role in early 507 

screening criteria. The strongest selection intensity is applied at the SN stage, when populations 508 

are large, but relatively little attention is given to early selection decisions. Many lines with poor 509 

vigor are screened out at the SN stage before they are genotyped or included in training datasets 510 

for genomic prediction models. Therefore, the effects of recessive deleterious alleles may not be 511 

captured in genomic selection decisions if their expression is limited to homozygotes that are 512 

eliminated during early screening due to reduced vigor. Future studies could investigate 513 

incorporating predictions of deleterious alleles, such as those identified based on evolutionary 514 

constraint by (Long et al., 2023) or DNA language models by Zhai et al. (2024), into genomic 515 

prediction strategies. 516 

Other significant C1GI associations were with chromometer a, root neck length, and 517 

rotted root proportion (Fig. 9). Chromometer a* value, representing redness vs. greenness, is not 518 

a particularly relevant metric alone, as it would usually be interpreted in combination with 519 

chromometer b* value measuring yellowness to estimate total carotenoid content (Bessa de 520 

Carvalho et al., 2022). Since shorter root neck lengths are generally preferred (International 521 

Institute of Tropical Agriculture, 1990), the association of glaziovii alleles at the distal end of 522 

C1GI with longer root neck length are in an unfavorable direction. Rotted root proportion is 523 

agronomically important, depending on the environment, but the association with C1GI was very 524 

small and only identified with the MLM method (Fig. 9F). Therefore, none of these agronomic 525 

trait associations are particularly useful for breeding. Like previous studies, we did not identify 526 

any associations with disease resistance traits (Fig. S2), which was the original impetus for 527 

making the glaziovii x esculenta crosses. Therefore, original motivation for making the glaziovii 528 

x esculenta crosses is no longer the current reason the C1GI is increasing in frequency. It 529 

remains unclear why the C1GI is increasing in frequency through the genomic selection pipeline. 530 
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If the DM QTL is confounded with population structure, genomic predictions may be influenced 531 

by the spurious association in the same way as GWAS can. 532 

Both CIM and MLM QTL mapping methods were used in this study for their relative 533 

strengths in accounting for multiple QTL simultaneously and in accounting for relatedness with a 534 

genomic relationship matrix. The CIM method demonstrated the ability to distinguish separate 535 

marker additive effects in opposite directions (Fig. 5A), which were not detected in the MLM 536 

method as they likely canceled each other out (Fig. 6B). While the MLM approach allows more 537 

flexibility to fit random effect covariates, the CIM method applies a variable selection algorithm 538 

to account for multiple markers simultaneously and distinguish their effects. Variable selection 539 

in mixed linear models is possible through methods like stepwise regression, though this 540 

approach has been criticized (Smith, 2018). Since the two methods accounted for population 541 

structure in different ways, some differences in the association results were expected, though the 542 

presence and absence of QTL between methods (e.g. the fresh root yield QTL identified with 543 

CIM but not MLM) suggests their sensitivity to population structure.  544 

A key result from this study was the identification of segregation distortion of the 545 

glaziovii haplotype, with significantly fewer homozygous introgressed lines than expected, even 546 

after accounting for the rate of pedigree errors. This segregation distortion likely contributes to 547 

the observation of very few homozygous glaziovii lines in advanced trials (Wolfe et al., 2019). 548 

While early selection for vigor may also be a contributors, since the negative effects of glaziovii 549 

markers on seedling stem diameter were less than 1 mm, lower vigor perceived by the breeder 550 

does not fully explain why homozygous introgressed lines are excluded from advanced trials. 551 

Segregation distortion suggests that the C1GI carries deleterious alleles that affect either 552 

pollination success, germination, or survival. The enrichment of putative deleterious alleles in 553 

the C1GI region supports this hypothesis. Phasing the putative deleterious alleles in future 554 

studies would confirm whether they are enriched on the glaziovii haplotype relative to the 555 

esculenta haplotype in the C1GI region.  556 

There were no apparent major chromosomal rearrangements that would explain the 557 

suppressed recombination in the C1GI region; the glaziovii haplotypes both showed strong 558 

synteny with the esculenta reference (Fig. 12). Suppressed recombination may instead be due to 559 

general sequence divergence between the glaziovii and esculenta haplotypes, which has been 560 

shown to affect crossover frequency in model organisms including Arabidopsis (Surtees et al., 561 
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2004; Li et al., 2006; Serra et al., 2018). However, there were many medium-sized insertions and 562 

deletions (Fig. 11), which may collectively contribute to degree of mismatch between the 563 

esculenta and glaziovii haplotypes and thus the suppressed recombination rates. 564 

Given the observed segregation distortion, enrichment of putative deleterious alleles, and 565 

the lack of major beneficial QTL detected in the C1GI, recombining and partially or fully 566 

purging the introgression may be recommended. To facilitate this, a selection index weight could 567 

be placed on clones with recombinant C1GI segments. The C1GI KASP markers developed here 568 

may be useful for this purpose. They were added to a Amplicon-based SNP panel (3KCassCA) 569 

currently in development, which can be used to track the C1GI haplotype in the future. 570 

Overall, this study reports a novel segregation distortion of the C1GI haplotype and a 571 

small but statistically significant association between the C1GI and poor plant vigor. Since the 572 

previously-reported QTL for dry matter content and root number could not be replicated, the 573 

benefit of maintaining the C1GI in cassava breeding populations warrants further evaluation. 574 

These findings demonstrate the long-term effects of wide crosses with wild relatives across many 575 

generations (~80 years of breeding) without attention to purging linkage drag. Large 576 

introgression blocks from wild relatives should be carefully examined, since they can create 577 

regions of suppressed recombination that hinder favorable allelic combinations. 578 
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