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Abstract 15 

Polyploidy is widespread in plants allowing the different copies of genes to be expressed 16 

differently in a tissue specific or developmental specific way. This allele specific expression (ASE) has 17 

been widely reported but the proportion and nature of genes showing this characteristic has not 18 

been well defined. We now report an analysis of the frequency and patterns of ASE at the whole 19 

genome level in the highly polyploid sugarcane genome. Very high-depth whole genome 20 

sequencing and RNA-sequencing revealed strong correlations between allelic proportions in the 21 

genome and in expressed sequences. This level of sequencing allowed discrimination of each of the 22 

possible allele doses in this 12-ploid genome. Most genes were expressed in direct proportion to 23 

the frequency of the allele in the genome with examples of polymorphisms being found with every 24 

possible discrete level of dose from 1:11 for single copy alleles to 12:0 for monomorphic sites. The 25 

rarer departures from allelic balance were more frequent in the expression of defence-response 26 

genes, as well as in some processes related to the biosynthesis of cell walls. ASE was more common 27 

in genes with variants that resulted in significant disruption of function. The low level of ASE may 28 

reflect the recent origin of polyploid hybrid sugarcane. Much of the ASE present can be attributed to 29 

strong selection in nature and domestication for resistance to diseases.   30 
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Introduction 31 

Sugarcane has remarkable potential as a food and bioenergy crop. It is a C4 grass with high 32 

photosynthetic efficiency and biomass yield 1, grown mainly for the dual purpose of producing sugar 33 

and ethanol. Currently, sugarcane comprises 86 % of the sugar crops cultivated worldwide 2. In the 34 

current scenario of rapidly changing global environmental conditions, biofuel obtained from 35 

sugarcane can have a key role in addressing climate change concerns 3,4. Breeding undertakings are 36 

necessary to meet increasing demands for sugar and ethanol, and a better understanding of 37 

molecular processes relevant to carbon partitioning will in turn guide molecular breeding of this 38 

crop 5. 39 

Genomic analyses in sugarcane (Saccharum spp.) are held back by the unique combination of 40 

several layers of genomic complexity. All known Saccharum accessions are highly polyploid 6, with 41 

evidence of both allo- and autopolyploidy events in the evolutionary history of the genus 7. 42 

Commercially cultivated sugarcane clones are interspecific hybrids between S. officinarum and S. 43 

spontaneum, with varying contributions from each genome, multiple aneuploidy events and 44 

recombination between the parental genomes 8. Hybrids show a variable number of chromosome 45 

copies per homology group 9, with different total numbers of chromosomes for distinct genotypes 46 

10, and have large genomes 11. Still, there is a prevalence of 2𝑛 = 12𝑥 among interspecific hybrids 47 

12,13. 14 have recently proposed the existence of three founding genomes in the genus Saccharum, 48 

two of them unevenly found in the sugar-rich S. officinarum, and the third being observed in the 49 

wild S. spontaneum. Last, polyploidy and vegetative propagation together promote high levels of 50 

heterozygosity, and the combination of these factors affects breeding activities 15. 51 

Various genomic resources are being developed for sugarcane 16,17. However, because of this 52 

amalgam of obstacles, researchers are still chasing the level of progress attained for other major 53 

crops 18. One outstanding challenge is the assembly of a genomic sequence that fully represents a 54 
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complete hybrid genome. Despite the recent publication of multiple (partial) sugarcane genome 55 

sequences 19–21, sorghum is still a valuable genomic resource and has been extensively used as a 56 

genome reference for sugarcane 9,22. These two genomes are highly conserved, particularly in 57 

transcribed regions 23. The fact that sorghum is diploid means that using its genome sequence as a 58 

reference sidesteps issues due to the multiple alignment of reads to several chromosome copies. 59 

Polyploidy causes a multitude of changes in cell structure and function, both in allo- 24,25 and 60 

autopolyploids 26. It is usually accompanied by a so-called genomic shock and an increase in allelic 61 

diversity, which can consequently cause dramatic changes to gene expression profiles 27–29. Such 62 

alterations include allele-specific expression (ASE), or preferential allele expression, a phenomenon 63 

whereby the different alleles of a given gene are unevenly expressed 30. This excessive abundance of 64 

one allele stems from differential expression and/or degradation of mRNA molecules originated 65 

from different chromosome copies. Allelic imbalance can occur due to variation in cis-acting 66 

regulatory regions, nonsense-mediated decay and epigenetic imprinting, among other factors 31,32. 67 

ASE has been evaluated in diploid and polyploid plants, such as Arabidopsis 33, maize 34, 68 

autotetraploid potato 35 and allohexaploid wheat 36. The joint availability of high-throughput RNA 69 

sequencing assays (RNA-seq) and methods for quantitative genotyping of single nucleotide variants 70 

(SNVs) has allowed ASE to be studied in sugarcane 37–40. However, these previous investigations are 71 

focused on a small number of genes, rely on limited genomic sampling or suffer from potential 72 

sources of bias in the genotype calls. There are yet no genome-wide analyses of ASE in sugarcane 73 

that make use of high-depth whole genome sequencing (WGS) data. Given the evidence of 74 

pervasive ASE in hybrids 30,41, the hybrid nature of sugarcane makes this an interesting system for a 75 

more thorough exploration. Hybridization events in sugarcane include the likely occurrence of 76 

allopolyploidy in its evolutionary history, interspecific hybridization during early breeding 77 

endeavours, and crosses between elite genotypes to obtain full-sib progenies, which are all possible 78 
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causes of ASE. Artificial selection after interspecific hybridization, mainly for high sugar yield and 79 

disease resistance, has potentially affected the expression patterns of individual alleles in varying 80 

ways. Also, because many genes are involved in the accumulation of sucrose from top to bottom 81 

internodes in sugarcane 42,43, it is conceivable that ASE may play a role in this carbon partitioning 82 

process. 83 

In this context, we aimed to gauge the genome-wide extent of ASE in culms of elite 84 

sugarcane hybrids. Using high-coverage resequencing data to accurately estimate the relative 85 

genomic proportion of alleles, we found that on average one out of every four genes showed 86 

significant preferential allele expression. We observed consistent patterns of ASE in sugarcane 87 

internodes collected at different developmental stages, and further uncovered associations between 88 

ASE and gene structure and function. We discuss how this approach increases our knowledge about 89 

gene expression in polyploid sugarcane and consider its consequences for breeding. 90 

Results 91 

We investigated the occurrence of ASE in a set of seven sugarcane hybrids, all representative 92 

of current elite breeding germplasm. According to the phenotypic characterization detailed in 44, 93 

KQ228 was chosen to represent a high yield (as measured in tonnes of cane per hectare), high early-94 

season sugar genotype. In contrast, although SRA5 was also high-yielding, it showed low sugar and 95 

high fibre content. We additionally selected Q155 and KQB09-20432 (denoted herein by KQB09) to 96 

represent high sugar and high fibre genotypes, respectively. SRA1 showed both low sugar and low 97 

fibre content in this trial and was also used in our work. Finally, we chose MQ239 and Q186 due to 98 

their intermediate behaviour with regard to both traits. 99 

To identify polymorphic sites we first sequenced the entire genomes of the seven hybrids. 100 

We sequenced KQ228 and SRA5 at a depth of coverage of 100 X per chromosome copy, or 1,200 X 101 
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of the monoploid genome, considering a polyploid genome of 10 Gbp with 12 copies of each 102 

chromosome 11,12. For the other genotypes we obtained 240 X of the monoploid genome 103 

(Supplementary Table 1). We aligned the high quality reads against the sorghum genome reference 104 

and achieved alignment rates varying between 37.10 % and 38.48 %. Specificity of alignment against 105 

genic regions was high, with little effect of filtering out low quality alignments, in agreement with 106 

the fact that these are low-copy, conserved regions. As an example for KQ228, we note that the 107 

effective depth of coverage after alignment was close to the expected value of 1,200 X 108 

(Supplementary Fig. 1A). In particular for conserved single copy grass genes, which are more likely to 109 

also be present in sugarcane, we noticed that our approach was successful in unambiguously 110 

assigning reads to genes (Supplementary Fig. 1B). 111 

We identified a total of 9,321,181 polymorphic sites in the genic regions of the seven 112 

genotypes, of which 6,533,916 were biallelic SNVs. The majority of the remaining sites were 113 

insertions and deletions, indicating that the redundancy brought about by the multiple chromosome 114 

copies in sugarcane possibly allows for a substantial amount of indels to be present. Next we filtered 115 

out low quality polymorphisms and kept 5,748,251 biallelic SNVs. By classifying these sites based on 116 

their predicted impact on gene structures, we found the following distribution of predicted effects: 117 

13,619,337 (79.82 %) modifier effects; 1,799,543 (10.55 %) SNVs with low impact; 1,608,014 (9.42 %) 118 

with moderate effects; and 36,392 (0.21 %) with high predicted impact. Note that the number of 119 

effects is larger than the number of SNVs, because each site can be annotated multiple times when 120 

in close proximity to multiple genes. For SNVs present within coding regions, 1,567,565 (48.96 %) 121 

were annotated as silent, or synonymous substitutions; 1,611,587 (50.33 %) caused amino acid 122 

changes (missense substitutions); and 22,716 (0.71 %) were nonsense mutations. It is also interesting 123 

to note that 2,140,328 of the 5.75 million high quality SNVs were polymorphic only in comparison to 124 



7 

 

the sorghum reference, but fixed in these sugarcane genotypes. Because we can only assess ASE for 125 

heterozygous sites, these loci were not used for downstream analyses. 126 

The expression dataset we used corresponds to an RNA-seq assay of sugarcane stalks at five 127 

different developmental stages. For each of the genotypes we had triplicate libraries for internodes 128 

of different ages (collection time points C1 and C2) and varying maturity (internodes 5, 8 and 22, the 129 

latter also denoted by Ex-5 – see the Methods section for details). We had from 56.02 to 85.11 130 

million raw reads available per library, of which 50.57 % to 84.67 % remained after preprocessing to 131 

remove low quality reads and contaminant ribosomal RNA, with a median yield of 81.79 % 132 

(Supplementary Table 2). We also used hierarchical clustering to assess the variation between 133 

biological replicates and thus to diagnose potential issues during library prep and sequencing 134 

(Supplementary Fig. 2). With these sources of information we finally discarded four samples of lower 135 

quality: one biological replicate each of KQ228 C2 In5, SRA1 C1 In5, Q186 C2 In5 and Q186 C2 InEx-136 

5. 137 

As expected, alignment rates of the RNA-seq libraries against sorghum were higher than for 138 

the WGS data, ranging from 72.41 % to 85.98 % (Supplementary Table 2). After quantifying allele-139 

specific abundances for each biallelic SNV, we filtered out poorly covered genomic regions and 140 

lowly expressed genes and analysed from 512,827 to 851,295 heterozygous sites per treatment level 141 

(Table 1). 142 

We initially carried out an exploratory data analysis to investigate the relationship between 143 

genomic and expressed proportions of the reference allele at each site. By doing so several features 144 

of ASE in sugarcane became readily apparent. First, the genomic allele proportions revealed eleven 145 

well-defined clusters, with each cluster centred directly over a fraction of twelve (Fig. 1). This agrees 146 

with there being eleven heterozygous classes, with one to eleven doses of the reference allele in a 147 

dodecaploid genome. We also noticed that the majority of SNVs showed eleven copies of the major 148 
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allele, i.e., the alternative allele was present in a single dose for most variant sites. Some loci did not 149 

cluster tightly with any of the groups, including several with apparent dose greater than eleven or 150 

less than one. In addition to simple random noise, this may indicate events of aneuploidy and/or 151 

copy number variants. 152 

Overall we observed strong agreement between genomic and expressed allele ratios. The 153 

fraction of reads carrying the reference allele in the RNA-seq dataset was directly proportional to the 154 

corresponding WGS fraction (Fig. 1). Also, we saw very limited bias towards the reference allele, 155 

which is a common concern in ASE studies 31. Another interesting feature we found is that many 156 

SNVs showed exclusive expression of one allele, as seen by the masses of points forming the 157 

horizontal lines at Υ = 0 and Υ = 1 in that figure. In fact, these loci are the likely cause of the 158 

departure of the smoothed trend (in pink) from the null expectation (red diagonal line in Fig. 1). We 159 

stress that these observations were consistent for all genotypes and internodes (Supplementary Fig. 160 

3). 161 

A Bayesian hierarchical Beta-Binomial model 37 confirmed that most SNVs showed no 162 

evidence of ASE, with 19,154 to 56,956 heterozygous sites yielding significant tests (Table 1 and Fig. 163 

2). We noticed similar fractions of SNVs with ASE for all genotypes and internodes, except for the 164 

four cases where a lower quality sample was discarded. Uniformity was also seen when we gathered 165 

the heterozygous loci at the gene level, as the number of gene models with at least one informative 166 

SNV ranged from 16,538 to 19,254. Of these, between 2,311 and 5,902 had at least two SNVs with 167 

significant test results, and were classified as genes showing allele-specific expression. They 168 

correspond to 13.65 % to 31.71 % of the effectively sampled genes, with an average of 24.09 % 169 

(Table 1). The full set of genes with ASE, for the 35 combinations of genotypes and internodes, is 170 

provided in Supplementary Table 3. 171 
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When comparing the lists of genes showing ASE for the various treatments we found higher 172 

similarity among samples from the same genotype than from the same internode (Fig. 3). On 173 

average, the percent overlap of genes with ASE for different internodes of the same genotype was 174 

61.58 %, ranging from 57.75 % (SRA1) to 63.90 % (KQ228). In some cases the overlap was as high as 175 

74.60 %, as seen for the pair KQ228 C2 In8 and KQ228 C2 InEx-5. On the other hand, the overlap 176 

among samples of the same internode ranged from 52.34 % (C1 In5) to 57.46 % (C2 In8), with an 177 

average of 54.76 %. Interestingly, we also found that combinations involving different genotypes 178 

and different internodes still showed noticeable overlap, ranging from 31.80 % to 61.69 % (average 179 

of 49.50 %). We therefore note that some genes consistently showed ASE for different treatments, 180 

while there was an added effect of internode and an even greater contribution of the genotype 181 

factor. 182 

A more detailed comparison of heterozygous SNVs in common for KQ228 and SRA5 showed 183 

a strong positive correlation between the genomic allele proportions observed in each genotype 184 

(𝜌 = 0.92, with 𝑝-value < 10−15) (Fig. 4A). Rarely was the difference between their most likely doses 185 

greater than three or four chromosome copies. As a consequence, we saw a similar trend for the 186 

relationship between the expressed allele proportions, with 𝜌 = 0.88, 𝑝-value < 10−15 (Fig. 4B). In 187 

any case, we did observe some loci for which there were substantial differences between the 188 

proportions of the reference allele in the two transcriptomes. 189 

Even more noteworthy, when there was a significant excess of a given allele in both 190 

genotypes, we found that the preferential allele expression often occurred in the same direction (Fig. 191 

4C). In most cases the bias was towards the reference allele. These observations are likely reflections 192 

of their similar genetic background. This may be in part due to the shared domestication history of 193 

Saccharum genotypes, as well as to the recent breeding of sugarcane. All genotypes investigated 194 
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here represent elite germplasm used in breeding programs, and so have been through strong 195 

selective pressures. 196 

We were interested in understanding whether the occurrence of ASE was more frequent in 197 

genes involved in particular cellular functions. To that end we applied the Gene Set Enrichment 198 

Analysis (GSEA) strategy 45,46 and found evidence of enriched Gene Ontology (GO) terms 47,48. Two 199 

functional terms appeared as consistently enriched for most treatments, namely ADP binding 200 

(GO:0043531) and defence response (GO:0006952) (Supplementary Table 4 and Supplementary Fig. 201 

4). These terms are in fact closely related, as many resistance (R) proteins have nucleotide-binding 202 

domains, and many genes were simultaneously annotated with both terms. Interestingly, we also 203 

found enrichment of UDP-glycosyltransferase activity (GO:0008194) for the majority of genotypes 204 

and internodes. UDP-glycosyltransferases are a large protein family with multiple roles, including the 205 

biosynthesis of many cell wall compounds. The terms sulfotransferase activity (GO:0008146) and 206 

sulfation (GO:0051923) were also enriched for many treatments. Additional GO terms were 207 

significantly enriched in particular treatments, but no discernible pattern was observable, except for 208 

an apparent excess of terms for KQ228 and SRA5, the genotypes sequenced at higher depth. It is 209 

noteworthy that we found the terms O-methyltransferase (GO:0008171) and aromatic compound 210 

biosynthetic process (GO:0019438) enriched in the fibre-rich genotype SRA5, particularly in its upper 211 

internodes. Manual inspection revealed that genes annotated with these terms and showing ASE are 212 

potentially involved in the synthesis of cell wall components. For instance, they include a gene 213 

similar to ZRP4 (Zea Root Preferential), which is involved in the synthesis of suberin and possibly of 214 

lignin 49,50. We also saw evidence of strong ASE for a gene similar to Herbicide safener binding 215 

protein, an O-methyltransferase predicted to be involved in the synthesis of lignin precursors 51. We 216 

further noticed that many of the SNVs in genes annotated with these enriched terms showed 217 

exclusive expression of the reference allele (Fig. 5A and 5B). This extreme form of ASE may imply 218 
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that transcriptional and post-transcriptional regulatory mechanisms have a potentially strong impact 219 

on the abundance of different alleles for these genes. 220 

A comparable tendency was seen for SNVs predicted to have a large impact on protein 221 

structure (Fig. 5C). This classification is assigned to SNVs that affect the stop codon, possibly giving 222 

rise to truncated or extended proteins, in the case of stop gain and stop loss mutations, respectively. 223 

Such gene products are often not fully functional and can be detrimental to cell activity. It is thus 224 

not surprising that we observed a single allele to be exclusively present for many of these loci, 225 

providing evidence of absence of transcription or post-transcriptional mRNA decay of the other SNV 226 

allele 52. At the genome level, the distribution of estimated allele doses per SNV class showed an 227 

increase in the frequency of higher doses of the reference allele for variants of higher predicted 228 

impact (Supplementary Fig. 5A). Polymorphisms altering the stop codon showed the highest 229 

frequencies of the reference allele, followed by missense mutations and variants in splice sites and in 230 

start codons (Supplementary Fig. 5B). In addition to the already higher genomic doses, we also 231 

observed a higher than expected abundance of transcripts carrying the reference allele for high-232 

impact SNVs (Supplementary Fig. 5C). 233 

35 found that core angiosperm genes were more likely to show ASE in multiple tetraploid 234 

potato genotypes. Similarly, we found that genes conserved in the monocots had higher odds (> 235 

1.5) of showing ASE as the other genes (Fig. 5D). Conversely, genes that were found to be single 236 

copy in sorghum, rice and Brachypodium were less likely to show preferential expression of alleles. 237 

These observations corroborate the notion that genes controlling key biological processes may be 238 

enriched among those with ASE, while suggesting that single copy genes may be under some 239 

control mechanism inhibiting ASE in sugarcane. A trend of there being lower odds of ASE for 240 

sorghum-exclusive paralogs was also noticeable, but their number was limited and statistical 241 

significance was often not attained (Fig. 5D). 242 
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Discussion 243 

We report limited levels of allele-specific expression in the culms of a set of elite sugarcane 244 

hybrids. Most heterozygous loci showed agreement of allele ratios in genomic and expressed 245 

sequencing reads, with a clear linear relationship between these two variables. This suggests that 246 

mechanisms regulating gene expression have comparable effects on the alleles of a large fraction of 247 

the genes. Previous studies had shown localized evidence of ASE for particular sugarcane genes 38–40, 248 

but our work represents the first genome-wide analysis of high-depth whole-genome sequencing 249 

data in this crop. This comprehensive dataset revealed that ASE may not be a widespread 250 

phenomenon in the highly polyploid and complex sugarcane genomes. 251 

The sequencing design we employed allowed us to assess ASE with higher accuracy in 252 

KQ228 and SRA5, while still achieving high depths to compare all seven genotypes. Due to the high 253 

ploidy levels of sugarcane hybrids, it is essential to make use of high sequencing depths to obtain 254 

precise estimates of allele doses 53,54. This is particularly relevant if one considers the possibility of 255 

bias and overdispersion in allele read counts. Also, to err on the side of being conservative we 256 

removed four RNA-seq libraries from all ASE analyses. We opted for this more conservative 257 

approach to avoid potential issues in accurately quantifying the expression of different alleles. 258 

Nevertheless, we note that these samples were from distinct treatments, such that the effect on 259 

statistical power to detect ASE was limited. 260 

Because we performed cross-species read alignment, we included in our pipeline various 261 

filtering steps to reduce the occurrence of spurious SNVs, while also allowing a large fraction of 262 

reads to be used. In any case, alignment of reads from transcribed regions is relatively 263 

straightforward, such that the majority of relevant alignments were unambiguous. Ensuring that a 264 

large proportion of the reads are effectively and correctly assigned to their corresponding genomic 265 

regions is crucial in ASE studies 31. The fact that we observed very little (if any) bias towards the 266 
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reference allele indicates a good overall performance of the pipeline, underlining the reliability of 267 

our results. 268 

Variations of a Beta-Binomial model are frequently used for investigating ASE in a variety of 269 

scenarios 55,56. Such a model was adapted for mixed- and high-ploidy organisms 37, and we further 270 

modified this method to model uncertainty in estimating allele doses. This approach allows non-271 

homogeneous sequencing depth profiles to be naturally handled by the model, with a 272 

corresponding adjustment of the null hypothesis for each evaluated polymorphism. Our statistical 273 

analysis strategy likely had an impact on the fraction of genes identified as showing significant ASE. 274 

While we found evidence of ASE for 13.65 % to 31.71 % of the genes, other researchers observed 275 

widely varying values: 13.5 % in Arabidopsis 33, roughly a third to half of the genes in potato 35, ~ 50 276 

% of the genes in maize 34, and up to 70 % among wheat homoeologs 36. This variation encompasses 277 

differences between diploids, auto- and allopolyploids, as well as true biological variation in these 278 

various systems. It also includes differences in experimental designs and environmental and 279 

technical noises. Still, we cannot rule out a contribution from the distinct data processing and 280 

methodologies used in each case. Different statistical models and testing strategies, hard thresholds 281 

(e.g., for the minimum number of SNVs with ASE per gene) and other ad hoc criteria can affect the 282 

lists of significant genes. In sugarcane, 37 also observed ASE for approximately 40 % of the sampled 283 

genes. However, this study relied on genotyping-by-sequencing of reduced representation libraries, 284 

a strategy that is prone to biases and genotyping errors 57. These issues can then strongly influence 285 

conclusions about ASE for a set of the polymorphic sites. 286 

In this context, one advantage of the GSEA method we used is that it does not depend on 287 

previous testing for ASE, but only on the ranking of genes. Genes with large absolute deviations 288 

between genomic and expressed allele ratios had higher ranks, and functional terms with many 289 

high-ranking genes were tagged as enriched with allele-specific expression. A small number of GO 290 
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terms showed significant enrichment, with the prominent presence of defence-response genes 291 

among those with ASE in many genotype and internode combinations. Many resistance proteins 292 

have nucleotide-binding domains, and binding to ADP or ATP induces conformational changes that 293 

regulate signalling cascades 58,59. Hence, the large number of genes jointly annotated with defence 294 

response and ADP-binding terms explains the two major GO terms we detected. The higher 295 

frequency of ASE among defence-response genes agrees with observations in allohexaploid wheat, 296 

where many of these genes showed homoeolog expression bias in plants challenged with a 297 

pathogenic fungus 36. Species in the genus Saccharum differ broadly with regard to their response to 298 

pathogen infection, and sugarcane hybridization and breeding have historically focused on selecting 299 

for disease resistance 60,61. Given the strong selective pressure on defence-response genes, it is not 300 

surprising that many of them showed evidence of ASE. Different alleles may respond differently to 301 

particular pathogen strains or races, and breeders may have indirectly selected for higher expression 302 

of specific alleles. This ASE probably is also linked to the smaller contribution of the S. spontaneum 303 

genome to modern hybrids, as a consequence of abnormal chromosome transmission in the initial 304 

backcrossing.  Selection pressure on disease resistance kept those traits from S. spontaneum in the 305 

genome and for most they are left in low doses. 306 

We did not detect homogeneous enrichment of many functional terms associated with 307 

carbon partitioning, such as those involved in sucrose accumulation or cell wall biosynthesis, with 308 

the exception of UDP-glycosyltransferase activity. This does not mean, however, that ASE has no 309 

substantial contribution to these biological processes. We observed enrichment of assorted 310 

transferase terms (including of hexosyl groups), cellulose synthase (UDP-forming) activity 311 

(GO:0016760), plant-type primary cell wall biogenesis (GO:0009833) and mannan synthase activity 312 

(GO:0051753) for scattered treatments. This indicates that sizeable ASE may occur at least in some 313 

genotypes and at some points during the development and maturation of sugarcane stalks. Also, 314 
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the identification of high-level GO terms associated with the synthesis of cell wall compounds in 315 

SRA5 opens up the possibility that ASE has direct effects on phenotypes of economic interest. 316 

When analysing high-impact SNVs, which are predicted to have more drastic effects on 317 

protein structure, we discovered both higher genomic doses and excessive abundance of the 318 

reference allele. The former implies purifying selection against the alternative allele, while the latter 319 

hints at its silencing or increased mRNA degradation. This effect of the type of mutation on the 320 

incidence of ASE has been reported in humans, similarly with a higher frequency of ASE in nonsense 321 

variants 52. Indeed, polymorphisms affecting start and stop codons may be the primary cause of ASE 322 

for many genes. If this is in fact the case, we would expect the genes bearing these SNVs to show 323 

similar expression patterns across tissues and developmental stages. This agrees with our 324 

observation that the transcriptomes of different internodes for the same genotype showed more 325 

similar patterns of ASE than other combinations of treatments (Fig. 3). Hence, the control of ASE in 326 

sugarcane seems to be largely genetic, which has important implications for plant breeding. The 327 

expression of favorable alleles can be directly or indirectly leveraged through selection, at least for a 328 

subset of the genes, and these effects are expected to be partly passed onto the progeny of crosses 329 

between hybrids. Yet, although genotype was the main factor determining the occurrence of ASE, 330 

we did also observe an effect attributable to internodes and collection time points. In other words, 331 

some genes with significant ASE were found in common for the same collection and/or internode of 332 

different genotypes. Developmental and environmental cues thus appeared to have some 333 

contribution to ASE in our experiment. These effects are also partially accessible to selective 334 

breeding, to the extent that they may contribute to genotype × internode interaction. They are also 335 

interesting from a biological perspective, as they enhance our understanding of the biology of 336 

sugarcane hybrids. 337 
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Clusters of genes conserved in the Liliopsida were overrepresented among those with ASE, 338 

while single copy grass genes were underrepresented. Our results support those obtained in 339 

autotetraploid potato, where genes responsible for key plant processes have been shown to be 340 

enriched in ASE 35. Fine-tuning of biological processes that are essential for proper functioning of 341 

plant metabolism may include mechanisms favouring the expression of some alleles over the others. 342 

On the other hand, the lower frequency of ASE among single copy genes suggests that redundancy 343 

may be a relevant factor driving ASE in sugarcane. We hypothesize that the extended mutational 344 

freedom afforded by gene duplication allows regulatory mechanisms to tweak the expression of 345 

individual allelic copies in these high-ploidy genomes. 346 

The genomic data we analysed supports the presence of 12 chromosome copies for the 347 

majority of polymorphic sites in these seven sugarcane hybrids, corroborating recent findings 13. 348 

Despite the extensive variation in ploidy and chromosome number existent in Saccharum, it is 349 

compelling to see such consistency among a set of elite hybrids. As is common in sugarcane 350 

breeding programs, these hybrids share a narrow genetic base and are often derived from crosses 351 

involving repeated parents. We can presume that their common genetic background may have 352 

increased the likelihood of producing genomes with similar composition, in spite of their substantial 353 

phenotypic variation. Our high-depth whole-genome sequencing strategy was paramount in 354 

verifying that 2𝑛 = ~12𝑥 for most genomic regions, which include a mixture of hom(oe)ologs of 355 

varying origin. However, we could neither infer the genomic origin of each allele nor observe any 356 

clear differentiation between putative S. officinarum- and S. spontaneum-derived alleles based on 357 

short-range polymorphisms alone. Although the genus Saccharum may comprise three distinct 358 

subgenomes, these founding genomes are apparently very similar to each other, especially for 359 

exonic regions, where the average sequence identity is greater than 99 % 14. This observation agrees 360 

with 21, who found that coding sequences of hom(oe)logous genes in a sugarcane hybrid have a 361 
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median sequence divergence of less than 1 %. Given such high similarity among gene copies, we 362 

should indeed not expect to be able to tell the three subgenomes apart when working at the SNV 363 

level in transcribed regions. Hence, our results agree with the observations of 14 and further suggest 364 

that this high sequence similarity likely extends across most of the sugarcane genes. 365 

The combination of high-depth WGS data and RNA-seq has provided a comprehensive view 366 

of the incidence of allele-specific expression in sugarcane hybrids. It does not appear to be a 367 

pervasive feature of gene expression in this complex crop. By using the sorghum genome as a 368 

reference we have focused on genes that are conserved between the two species. An interesting 369 

future research opportunity is to investigate sugarcane-exclusive genes and assess whether they are 370 

less likely to show ASE. This will be possible when we have a complete (phased) hybrid sugarcane 371 

genome available. In addition, this genomic resource will allow us to explore polymorphisms in 372 

regulatory regions, and consequently to identify cis-acting elements that control the occurrence of 373 

ASE in sugarcane. Then, we can leverage this information to lead molecular breeding efforts in this 374 

important bioenergy crop. 375 

Methods 376 

Biological material and sample collection 377 

44 describe a field experiment used to evaluate 24 sugarcane hybrids contrasting in several 378 

traits, including fibre content and sugar yield. Later, we carried out RNA-seq to assess differential 379 

gene expression in internodes collected at five different developmental stages. Briefly, 24 Saccharum 380 

hybrids were planted in a 6 × 4 Latin square with three replicates, in August 2017 in Queensland, 381 

Australia. These genotypes were phenotypically characterized in March, June and September 2018, 382 

by measuring the soluble solids content, polarity and fibre percentage. For RNA-seq, three 383 

independent biological replicates of stalks were collected 19 weeks (the first collection, or C1) and 384 
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37 weeks (C2) after planting. Internodes 5 and 8 were sampled in both collections, while internode 385 

Ex-5 was sampled in C2. The latter corresponds to internode 5 from C1, tagged in intact culms to be 386 

collected when more mature. We refer the reader to 44 for further details about the trial. 387 

Based on these phenotypic traits we chose seven genotypes to use in our work. KQ228 and 388 

SRA5 showed contrasting behaviour in terms of sugar and fibre accumulation, and were chosen as 389 

the main genotypes to explore herein. We also sampled the pair Q155 and KQB09-20432, which 390 

showed similar phenotypes to KQ228 and SRA5, respectively. The remaining genotypes, SRA1, 391 

MQ239 and Q186, were selected because of their negative or neutral phenotypic traits. 392 

Whole genome sequencing and quality control 393 

We took samples from leaves +4 and +5 of each of the seven genotypes for whole genome 394 

sequencing, where leaf +1 is the first with a visible dewlap. DNA was extracted using the method 395 

described by 62, modified by adding 5 ml chloroform instead of the phenol:chloroform:isoamyl 396 

alcohol (25:24:1) mixture. Following extraction, DNA integrity was checked with a NanoDrop 397 

spectrophotometer assay to measure the 260/280 and 230/260 ratios. 398 

High-quality genomic DNA was used to build sequencing libraries following the Illumina 399 

protocol. The seven libraries were sequenced on one S4 flowcell of the NovaSeq 6000 platform to 400 

obtain 2 x 150 bp paired-end reads. We further designed the sequencing run to represent the 401 

genotypes at different depths of coverage. Libraries for KQ228 and SRA5 were sequenced at five 402 

times the volume of the other genotypes, with expected depths of 100 X and 20 X per chromosome 403 

copy, respectively. 404 

Raw whole-genome reads were trimmed using CLC GENOMICS WORKBENCH V20.0.4 at a quality 405 

limit of 0.01 to remove data with low Phred scores (Supplementary Table 1). We also removed reads 406 

with more than two ambiguous bases and discarded reads shorter than 50 bases after trimming. 407 
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Read alignment and SNV calling 408 

We used the Sorghum bicolor genome 454 v3.0.1 63,64 as a reference to identify SNVs. To the 409 

original genome sequence and annotation, downloaded from Phytozome v13 65, we collated 410 

annotations from Ensembl Plants 49 66 using BIOMART V2.44.4 67,68 in R V4.0.5 69. 411 

Alignment of genomic reads to the sorghum genome was performed with BOWTIE2 V2.4.1 70. 412 

We used end to end (global) alignment with the very sensitive setting, while requiring fragment sizes 413 

to be between 50 and 800 bp. We further modified the minimum score function (--SCORE-MIN L,0.0,-414 

0.8) and indel penalty (--RDG 4,1 --RFG 4,1) to deal with cross-species alignment. After read sorting 415 

and ordering with SAMTOOLS V1.10 71, we marked duplicate reads with PICARD TOOLS V2.23.4 416 

(http://broadinstitute.github.io/picard). Next we filtered reads to remove secondary and 417 

supplementary alignments, as well as PCR and optical duplicates. Only reads with a minimum 418 

mapping quality of three were kept, as this allows for a limited number of mismatches between the 419 

read and reference sequences. 420 

We used the GATK V4.1.8.1 pipeline 72 to identify SNVs and call genotypes. For doing so we 421 

first ran HAPLOTYPECALLER individually for each sample, restricting the genomic intervals to annotated 422 

genes and with a padding of 100 bp on both sides. We set the ploidy to 12, with a heterozygosity 423 

value of 0.01 and indel-heterozygosity of 0.001. Next we ran GENOMICSDBIMPORT and 424 

GENOTYPEGVCFS to identify variants and initially filtered the sites to keep only biallelic SNVs. We then 425 

loaded the SNVs with VARIANTANNOTATION V1.36.0 73 and filtered sites according to the following 426 

criteria: total depth between 100 and 10,000, quality score >= 50, FISHERSTRAND <= 80 and -8 < 427 

READPOSRANKSUM < 8. We also removed monomorphic sites, which were different from the sorghum 428 

reference, but fixed in our sugarcane samples. Last, we annotated the predicted impact of each SNV 429 

based on their relative genomic position with SNPEFF V5.0 74. 430 
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RNA sequencing, data preprocessing and alignment 431 

Total RNA was extracted from three replicates of each genotype × internode combination. 432 

We used a total of 105 samples representing 35 treatments (7 genotypes × 5 internodes), with each 433 

sample comprising a pool of four clonal stalks. 434 

Sequencing libraries were constructed with the standard TruSeq RNA protocol and the cDNA 435 

was sequenced (in pools with additional indexed libraries) on the Illumina NovaSeq 6000. Samples 436 

were split into four lanes of one S4 flowcell, with a data volume corresponding to 90 samples per 437 

lane. With this multiplexing strategy the expected yield was of more than 50 million paired-end 100 438 

bp reads for each sample (Supplementary Table 2). 439 

We first preprocessed the raw reads with TRIMMOMATIC V0.39 75 to remove Illumina adapters, 440 

allowing a maximum of two mismatches and using parameters PALINDROMECLIPTHRESHOLD 30 and 441 

SIMPLECLIPTHRESHOLD 10. The minimum Phred quality for leading and trailing bases was set to 3, and 442 

a sliding window of size four, with an average required quality score of 30, was used to remove low 443 

quality bases. We also removed the 13 leading bases to account for random hexamer priming bias. 444 

After trimming we removed reads shorter than 70 bp. Next we used BBDUK V38.79 445 

(sourceforge.net/projects/bbmap) to remove contaminating ribosomal RNA reads, based on the 446 

SILVA rRNA database 76 and a kmer length of 31. 447 

For aligning the RNA-seq reads we used the same sorghum genome reference as for the 448 

WGS data. To account for introns in the genome we used the splice-aware aligner HISAT V2.1.0 
77. As 449 

parameters we used the known splice sites from the structural gene annotation, with a maximum 450 

intron length of 20 Kbp, and again modified the minimum score function (--SCORE-MIN L,0.0,-0.8) and 451 

indel penalty (--RDG 4,1 --RFG 4,1). 452 
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Quantification of relative allele proportions 453 

For both the WGS and RNA-seq datasets we applied the ASEREADCOUNTER tool V4.1.8.1 to 454 

estimate the frequency of each allele, in read counts, for each polymorphic site of each genotype. At 455 

the genomic level, this provided an estimate of the relative allele dose. In this case we removed 456 

PCR/optical duplicates to avoid potential bias in estimating the doses. At the expression level, we 457 

used these counts to obtain estimates of the relative expression levels of both alleles. For RNA-seq 458 

reads we disabled the duplicate read filter, so as not to bias the estimated allelic proportions for 459 

highly expressed genes. In both cases we disabled the maximum depth limit to ensure that all reads 460 

were effectively counted. As a diagnostic metric we performed hierarchical clustering with R V4.0.5 to 461 

visualize the dissimilarity among samples. To that end we used SNVs for which the RNA-seq read 462 

count was greater than or equal to five for at least half of the samples. Euclidean distances were 463 

calculated based on the relative frequency of the reference allele and the default complete linkage 464 

method was used to find clusters. 465 

Assessment of allele-specific expression 466 

Based on the clustering pattern and the amount of rRNA and PCR duplicates, we excluded 467 

four samples that were of comparatively lower quality than the rest in the RNA-seq dataset. These 468 

samples were all from distinct treatments, such that four genotype × internode combinations were 469 

represented by two replicates, while the remaining 31 treatments had all three replicates. For each of 470 

the 35 treatments we combined the allele counts of the remaining high quality RNA-seq replicates. 471 

In addition to the raw allele counts, we calculated for each polymorphic site the relative 472 

proportion of the reference allele, both for the genomic and expression datasets. Let 𝑟𝑖𝑘 represent 473 

the number of WGS reads carrying the reference allele for SNV 𝑖 and treatment 𝑘, and let 𝑔𝑖𝑘 474 

indicate the total number of genomic reads for the corresponding locus. We then calculated the 475 
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observed genomic proportion of the reference allele, denoted by Γ, as Γ𝑖𝑘 = 𝑟𝑖𝑘𝑔𝑖𝑘. Similarly for the 476 

transcriptome data, we denote by 𝑦𝑖𝑘 the number of RNA-seq reads with the reference allele and by 477 𝑛𝑖𝑘 the total corresponding read count. The observed expressed proportion of the reference allele is 478 

then given by Υ𝑖𝑘 = 𝑦𝑖𝑘𝑛𝑖𝑘. 479 

To test for ASE we used the hierarchical Beta-Binomial model proposed by 37, with 480 

modifications. We first modelled 𝑦𝑖𝑘 according to a Binomial distribution, 𝑦𝑖𝑘~Binomial(𝑛𝑖𝑘, θ𝑖𝑘). 481 

Next we modelled the a priori distribution of the parameter θ𝑖𝑘 with a Beta distribution, 482 θ𝑖𝑘~Beta(𝛼𝑖𝑘, 𝛽𝑖𝑘), where 𝛼𝑖𝑘 and 𝛽𝑖𝑘 indicate the genomic dose of the reference and alternative 483 

alleles, respectively. Because these doses are unknown, we obtained estimates by approximating the 484 

observed genomic allele proportions, considering a ploidy of 12. In that case, we set 𝛼𝑖𝑘 = [12 × Γ𝑖𝑘], 485 

where the brackets represent the integer closest to 12 × Γ𝑖𝑘 ; we then have that 𝛽𝑖𝑘 = 12 − 𝛼𝑖𝑘 . 486 

According to this model, the posterior distribution of θ𝑖𝑘 is then Beta(𝑦𝑖𝑘 + 𝛼𝑖𝑘 ,  𝑛𝑖𝑘 − 𝑦𝑖𝑘 +487 𝛽𝑖𝑘), but in practice we used Beta(𝑦𝑖𝑘 + 𝛼𝑖𝑘 + 0.5, 𝑛𝑖𝑘 − 𝑦𝑖𝑘 + 𝛽𝑖𝑘 + 0.5) to avoid zero counts. For 488 

each site we obtained the highest density interval (HDI) for this posterior distribution with the R 489 

package HDINTERVAL V0.2.2 78. To account for the large number of genotype × SNV combinations, we 490 

applied the Bonferroni correction 79 to the interval mass, with a global significance level of 0.05 and 491 

considering an approximation of 100,000 independent tests. This is because neighbouring SNVs in a 492 

given gene are not independent, such that the number of tests must be between the number of 493 

genes and the number of positions tested. 494 

Finally, to call an SNV as showing significant ASE we checked whether the HDI included the 495 

observed genomic proportion Γ of the reference allele. Because this proportion is an estimate and 496 

thus subject to random variation, instead of using a point estimate we used the 95% confidence 497 

interval for the binomial distribution calculated with the Wilson method 80. If there was no overlap 498 
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between this confidence interval and the posterior HDI, we deemed the corresponding SNV to show 499 

significant allele-specific expression. 500 

Functional enrichment tests 501 

To search for enrichment of gene groups among those with ASE we first used ORTHOFINDER 502 

V.2.3.12 81,82 to find clusters of genes conserved in the Liliopsida. We downloaded the proteomes of 503 

Aegilops tauschii v4.0, Ananas comosus v3, Brachypodium distachyon v3.1, Dioscorea rotundata v1.0, 504 

Eragrostis curvula v1.0, Hordeum vulgare v2, Leersia perrieri v1.4, Musa acuminata v1, Miscanthus 505 

sinensis v7.1, Oropetium thomaeum v1.0, Oryza sativa v7.0, Panicum virgatum v5.1, Saccharum 506 

spontaneum, Setaria italica v2.2, Sorghum bicolor v3.1.1, Triticum aestivum v2.2 and Zea mays v4 507 

from Phytozome v13 65 and Ensembl Plants 49 66. We ran Orthofinder with default parameters and 508 

identified clusters of genes with at least one representative in each of these species. Based on this 509 

analysis we also identified groups of paralogs that are exclusive to sorghum, the genome we used as 510 

reference, but absent from all other species. In parallel, we downloaded ORTHODB V10.1 83 to find 511 

genes that are present in single copy in sorghum, rice and Brachypodium. 512 

For enrichment tests we filtered for SNVs with at least 50 genomic reads and 10 or more 513 

RNA-seq reads, and considered that genes showed ASE when they included at least two SNVs with 514 

significant ASE. For each genotype and internode combination we tested for enrichment using 515 

Fisher’s exact test, and obtained FDR-corrected 𝑝-values according to 84. In all cases we tested for 516 

enrichment among Liliopsida-conserved, single copy and sorghum-exclusive paralogous genes. 517 

We also searched for enriched Gene Ontology terms among genes with ASE 47,48. First, to 518 

each SNV present within an annotated gene we assigned the GO terms associated with that gene. 519 

Again we filtered to keep SNVs with a minimum of 50 genomic reads and 10 RNA-seq reads, and 520 

also removed genes with less than 10 SNVs. For each gene we calculated the median absolute 521 
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deviation between the expressed allele ratio and the genomic allele ratio of its corresponding 522 

filtered SNVs. We then ranked the genes according to this median deviation and used 523 

GSEAPRERANKED V4.0.3 45,46 to test for enrichment of functional terms. We tested GO terms with five 524 

or more genes, with 10,000 permutations and no collapsing of gene identifiers.  525 
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Table 1. Results of the allele-specific expression (ASE) test. For each combination of sugarcane 728 

genotype and internode we show the total number of informative sites, which are heterozygous with 729 

at least 50 genomic reads and 10 RNA-seq reads, and those with significant ASE. Sampled genes are 730 

those with two or more informative variant sites. 731 

Genotype Internode Sites tested 
Sites with 

ASE 

Sampled 

genes 
Genes with ASE 

KQ228 

C1 In5 784,678 50,969 19,254 5,652 (29.35%) 

C1 In8 776,315 56,956 18,544 5,881 (31.71%) 

C2 In5 670,019 38,142 17,644 4,161 (23.58%) 

C2 In8 779,532 54,029 18,370 5,577 (30.36%) 

C2 InEx-5 788,762 54,494 18,151 5,660 (31.18%) 

KQB09 

C1 In5 635,981 31,955 18,429 3,799 (20.61%) 

C1 In8 682,963 43,452 17,918 4,637 (25.88%) 

C2 In5 740,234 34,953 18,698 4,060 (21.71%) 

C2 In8 708,982 42,213 17,726 4,476 (25.25%) 

C2 InEx-5 769,011 47,203 17,393 4,873 (28.02%) 

MQ239 

C1 In5 591,330 32,415 18,375 3,789 (20.62%) 

C1 In8 640,136 36,967 17,448 4,025 (23.07%) 

C2 In5 673,876 38,622 17,813 4,059 (22.79%) 

C2 In8 708,504 42,413 17,807 4,462 (25.06%) 

C2 InEx-5 644,549 30,013 17,125 3,377 (19.72%) 

Q155 

C1 In5 599,518 28,372 18,052 3,402 (18.85%) 

C1 In8 670,021 40,431 17,776 4,391 (24.70%) 

C2 In5 695,515 38,248 18,057 4,167 (23.08%) 

C2 In8 708,493 36,893 17,750 4,074 (22.95%) 

C2 InEx-5 714,418 37,491 17,522 4,054 (23.14%) 

Q186 

C1 In5 684,824 37,348 18,729 4,224 (22.55%) 

C1 In8 659,836 35,153 17,478 3,833 (21.93%) 

C2 In5 577,941 27,231 16,653 2,971 (17.84%) 

C2 In8 746,505 41,164 17,836 4,342 (24.34%) 

C2 InEx-5 599,414 25,547 16,538 2,849 (17.23%) 

SRA1 

C1 In5 512,827 19,154 16,936 2,311 (13.65%) 

C1 In8 648,316 37,685 17,438 3,976 (22.80%) 

C2 In5 758,633 41,910 18,393 4,482 (24.37%) 

C2 In8 741,704 43,821 18,188 4,602 (25.30%) 

C2 InEx-5 655,869 29,526 17,204 3,215 (18.69%) 

SRA5 

C1 In5 628,813 33,587 18,109 3,967 (21.91%) 

C1 In8 788,206 52,306 18,292 5,467 (29.89%) 

C2 In5 851,295 55,743 18,879 5,902 (31.26%) 

C2 In8 815,312 52,494 18,556 5,642 (30.41%) 

C2 InEx-5 798,053 49,362 17,898 5,264 (29.41%) 
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 733 

Fig. 1. Relationship between expressed and genomic proportions of the reference allele for 734 

genotype KQ228. Different internodes are shown in separate panels. The red line indicates the null 735 

hypothesis of perfect identity between the expressed proportion of the reference allele (Υ, in the Y-736 

axis) and the corresponding genomic proportion (denoted by Γ, X-axis). Each point represents one 737 

single nucleotide variant, and lighter colours indicate a higher density of points. The smoothed trend 738 

of observed points is shown in pink. Notice the majority of sites with high proportion of the 739 

reference allele in the genome. To highlight the discrete nature of clusters we only show high-depth 740 

sites, with 1,000 or more genomic reads and 80 or more RNA-seq reads.  741 
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 742 

Fig. 2. Results of the allele-specific expression test. Each point represents one single nucleotide 743 

variant, and sites with significant ASE are indicated in red. We show the results for a genotype with 744 

high depth of coverage (KQ228) and for one with low sequencing depth (KQB09). Statistical power 745 

was comparable across the genotypes, partly because we modelled uncertainty both in the genomic 746 

and expressed allele ratios.  747 
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 748 

Fig. 3. Percentage of genes with allele-specific expression detected in common for all genotype × 749 

internode combinations. We found higher similarity among different internodes of the same 750 

genotype (hot colours in the diagonal blocks), and there was also similarity between the same 751 

internode of different genotypes (the light orange cells off the main diagonal).   752 
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 753 

 754 

 755 

Fig. 4. Comparison between KQ228 and SRA5, the two genotypes sequenced at higher depth. A) 756 

Relationship between genomic allele ratios (doses) for shared variants, showing overall agreement 757 

between the two genotypes. B) Relationship between allele proportions in their expressed 758 
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sequences. C) Comparison of expression bias for shared SNVs with significant ASE, showing 759 

prevalence of higher expression of the reference allele in both genotypes.  760 
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      761 

      762 

Fig. 5. Enrichment results of genes with allele-specific expression. A) Single nucleotide variants 763 

(SNVs) in genes annotated with ontology term defence response (GO:0006952). B) SNVs in genes 764 

annotated with ontology term UDP-glycosyltransferase activity (GO:0008194). C) SNVs predicted to 765 

have high functional impact. In all cases, note the excess of SNVs with exclusive expression of the 766 

reference allele (horizontal line at Υ = 1). D) Underrepresentation of single copy genes among those 767 

with ASE (odds ratio < 1); overrepresentation of core genes, conserved in Liliopsida (odds ratio > 1). 768 

Multiple points for the same genotype indicate different internodes.  769 
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Supplementary Table 1. Whole-genome sequencing and read trimming statistics. Alignment rates 770 

shown are against the sorghum genome. 771 

Genotype 

Raw 

reads 

(millions) 

Raw bases 

(billions) 

High quality reads 

(millions) 

High quality bases 

(billions) 

Alignment 

rate 

KQ228 7,984.80 1,205.70 7,736.15 (96.89 %) 1,133.90 (94.04 %) 37.66 % 

SRA5 7,906.10 1,193.82 7,651.47 (96.78 %) 1,121.77 (93.97 %) 38.48 % 

Q155 1,595.45 240.91 1,525.27 (95.60 %) 223.38 (92.72 %) 37.31 % 

KQB09 1,616.19 244.04 1,541.7 (95.39 %) 225.91 (92.57 %) 37.84 % 

SRA1 1,618.08 244.33 1,551.67 (95.90 %) 227.25 (93.01 %) 37.24 % 

MQ239 1,523.06 229.98 1,447.08 (95.01 %) 211.52 (91.97 %) 37.10 % 

Q186 1,608.74 242.92 1,528.13 (94.99 %) 222.85 (91.74 %) 37.15 % 

 772 
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Supplementary Table 2. RNA-seq preprocessing and alignment statistics. Alignment rates against 774 

the sorghum genome. 775 

Genotype Collection Internode Raw reads High quality reads 
Alignment 

rate 

KQ228 

C1 

In5 

63,516,146 53,340,070 (83.98 %) 83.50 % 

79,526,358 64,930,414 (81.65 %) 82.11 % 

76,554,790 62,904,286 (82.17 %) 84.39 % 

In8 

76,152,860 63,111,436 (82.87 %) 83.43 % 

73,443,866 61,165,200 (83.28 %) 83.87 % 

65,575,500 54,032,056 (82.40 %) 84.29 % 

C2 

In5 

63,893,630 32,312,360 (50.57 %) 84.24 % 

73,479,056 56,346,352 (76.68 %) 85.39 % 

75,032,818 57,091,702 (76.09 %) 83.46 % 

In8 

77,725,398 63,551,444 (81.76 %) 80.68 % 

63,070,770 49,401,954 (78.33 %) 80.02 % 

58,260,760 48,306,654 (82.91 %) 82.84 % 

InEx-5 

67,083,624 52,099,898 (77.66 %) 73.63 % 

74,335,192 62,727,224 (84.38 %) 74.20 % 

71,197,488 59,525,388 (83.61 %) 77.14 % 

SRA5 

C1 

In5 

63,399,486 52,771,562 (83.24 %) 84.54 % 

56,016,590 46,294,142 (82.64 %) 83.39 % 

62,370,014 51,027,974 (81.81 %) 84.87 % 

In8 

61,376,352 50,873,230 (82.89 %) 82.77 % 

64,792,956 53,279,652 (82.23 %) 82.80 % 

74,020,306 60,540,584 (81.79 %) 82.57 % 

C2 

In5 

76,749,354 64,855,364 (84.50 %) 85.91 % 

79,188,660 65,830,172 (83.13 %) 83.93 % 

60,435,148 48,432,216 (80.14 %) 81.26 % 

In8 

77,105,510 64,382,752 (83.50 %) 81.16 % 

66,308,550 55,367,412 (83.50 %) 82.86 % 

72,417,228 60,088,340 (82.98 %) 83.58 % 

InEx-5 

67,287,950 50,794,552 (75.49 %) 76.00 % 

69,563,210 53,992,048 (77.62 %) 76.60 % 

74,831,050 63,088,510 (84.31 %) 79.66 % 

Q155 

C1 

In5 

70,541,218 58,964,774 (83.59 %) 82.27 % 

63,114,730 50,472,396 (79.97 %) 78.29 % 

66,153,896 55,641,124 (84.11 %) 84.63 % 

In8 

58,515,114 47,072,744 (80.45 %) 80.83 % 

75,307,846 61,748,452 (81.99 %) 82.74 % 

82,714,180 67,775,484 (81.94 %) 84.56 % 

C2 
In5 

70,404,020 58,131,740 (82.57 %) 84.02 % 

61,889,754 48,432,258 (78.26 %) 83.59 % 

74,505,566 57,899,820 (77.71 %) 85.05 % 

In8 71,417,736 59,451,024 (83.24 %) 80.90 % 
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69,679,156 54,216,066 (77.81 %) 81.42 % 

68,475,280 52,720,622 (76.99 %) 76.64 % 

InEx-5 

69,258,394 57,344,844 (82.80 %) 77.53 % 

70,703,414 57,602,860 (81.47 %) 79.26 % 

65,646,298 49,946,400 (76.08 %) 73.34 % 

KQB09 

C1 

In5 

68,393,442 54,669,414 (79.93 %) 84.64 % 

71,101,340 58,461,218 (82.22 %) 81.80 % 

74,372,296 61,970,994 (83.33 %) 84.45 % 

In8 

70,208,596 58,271,460 (83.00 %) 82.85 % 

79,095,960 63,816,580 (80.68 %) 82.86 % 

77,780,894 63,144,840 (81.18 %) 84.80 % 

C2 

In5 

85,113,084 70,321,428 (82.62 %) 81.40 % 

73,688,532 61,365,220 (83.28 %) 84.83 % 

63,771,802 50,692,570 (79.49 %) 82.32 % 

In8 

72,910,004 60,577,168 (83.08 %) 83.68 % 

64,355,436 52,636,932 (81.79 %) 83.83 % 

67,782,386 52,451,172 (77.38 %) 83.84 % 

InEx-5 

78,754,954 65,818,624 (83.57 %) 80.59 % 

83,012,470 62,496,796 (75.29 %) 82.89 % 

66,853,872 52,560,458 (78.62 %) 82.16 % 

SRA1 

C1 

In5 

61,005,106 50,504,258 (82.79 %) 83.36 % 

62,023,168 50,131,538 (80.83 %) 83.25 % 

62,654,368 50,209,682 (80.14 %) 83.45 % 

In8 

59,545,458 50,144,122 (84.21 %) 83.34 % 

65,250,582 53,341,278 (81.75 %) 82.73 % 

67,936,708 54,952,916 (80.89 %) 83.84 % 

C2 

In5 

73,407,066 60,703,188 (82.69 %) 83.00 % 

74,342,666 61,774,744 (83.09 %) 82.31 % 

63,529,892 50,145,954 (78.93 %) 85.22 % 

In8 

79,961,544 65,018,698 (81.31 %) 83.36 % 

65,051,192 50,962,402 (78.34 %) 82.27 % 

72,615,990 60,883,324 (83.84 %) 82.84 % 

InEx-5 

74,938,264 61,684,104 (82.31 %) 75.87 % 

62,497,930 43,001,060 (68.80 %) 76.47 % 

58,096,448 40,901,050 (70.40 %) 77.56 % 

MQ239 

C1 

In5 

68,536,344 57,160,794 (83.40 %) 83.82 % 

74,847,252 62,599,658 (83.64 %) 84.59 % 

75,934,864 64,118,832 (84.44 %) 84.30 % 

In8 

74,913,848 61,791,260 (82.48 %) 83.05 % 

65,440,494 52,293,002 (79.91 %) 82.26 % 

62,502,938 50,976,270 (81.56 %) 79.28 % 

C2 

In5 

59,410,854 46,745,682 (78.68 %) 83.98 % 

64,669,344 50,797,130 (78.55 %) 85.98 % 

69,532,422 58,545,028 (84.20 %) 85.43 % 

In8 

70,905,250 60,033,102 (84.67 %) 83.64 % 

62,224,882 47,999,144 (77.14 %) 81.81 % 

71,626,762 56,685,896 (79.14 %) 83.57 % 
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InEx-5 

71,848,986 58,212,228 (81.02 %) 75.64 % 

59,872,388 49,040,456 (81.91 %) 72.41 % 

60,431,746 46,400,672 (76.78 %) 78.40 % 

Q186 

C1 

In5 

74,543,176 61,870,078 (83.00 %) 83.57 % 

78,870,528 64,737,830 (82.08 %) 81.87 % 

78,035,396 65,065,928 (83.38 %) 84.59 % 

In8 

75,366,534 62,723,942 (83.23 %) 83.22 % 

63,987,526 50,696,984 (79.23 %) 82.71 % 

65,154,614 53,702,984 (82.42 %) 82.48 % 

C2 

In5 

66,536,168 55,550,046 (83.49 %) 84.67 % 

64,176,926 46,509,140 (72.47 %) 82.70 % 

58,481,330 33,879,064 (57.93 %) 83.66 % 

In8 

78,270,556 62,932,100 (80.40 %) 81.48 % 

62,664,308 48,560,828 (77.49 %) 82.20 % 

68,572,542 54,759,398 (79.86 %) 83.49 % 

InEx-5 

64,309,392 37,186,144 (57.82 %) 79.36 % 

67,288,592 52,024,078 (77.31 %) 77.07 % 

76,014,900 58,374,006 (76.79 %) 76.26 % 
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Supplementary Table 3. Genes showing allele-specific expression for each genotype and internode. 777 

Genes are in the rows and treatments in the columns. Each cell of the incidence matrix contains 1 if 778 

the gene showed significant ASE for a given treatment; 0 if there was no evidence of ASE; NA if there 779 

were no informative variants. 780 

 781 

See attached file with Supplementary Table 3.  782 



47 

 

Supplementary Table 4. Functional enrichment of genes with allele-specific expression according 783 

to Gene Ontology terms. Functional terms are in the rows and treatments are in the columns. 784 

Significant 𝑝-values are shown (𝑝 < 0.05) after false discovery rate correction for multiple tests. 785 

 786 

See attached file with Supplementary Table 4.  787 
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 788 

      789 

Supplementary Fig. 1. Distribution of the median depth of coverage when aligning genomic reads 790 

from genotype KQ228 to the sorghum genome. A) Distribution for different gene features: CDS 791 

(coding sequence), exons and the entire gene (including introns). Note the peak at roughly 1200 X, 792 

which is more apparent for more conserved regions. B) Depth of coverage for exons, according to 793 

the classification of genes as single copy in sorghum, rice and Brachypodium. Only genes conserved 794 

in the three species were included. 795 
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 797 

Supplementary Fig. 2. Hierarchical clustering of samples based on the relative proportion of the 798 

reference allele. Euclidean distances were calculated considering heterozygous sites for which at 799 

least half of the samples had five or more RNA-seq reads. Seven clusters separate samples from 800 

each of the seven genotypes, with the exception of the first replicate of SRA1 C1 In5 (highlighted in 801 

red), which was grouped with MQ239 samples. 802 
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 804 

Supplementary Fig. 3. Consistency of allele-specific expression across sugarcane genotypes. Each 805 

panel represents data for a different genotype, from internode 5 in the first collection. Note that 806 

clusters representing different genomic doses are less clearly visible because of the less stringent 807 

filters used (50 genomic reads and 10 RNA-seq reads). 808 
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 810 

Supplementary Fig. 4. Functional enrichment of genes with allele-specific expression according to 811 

Gene Ontology terms. Significant false discovery rate-corrected 𝑝-values for the enrichment test are 812 

shown (𝑝 < 0.05), with lighter colours indicating lower 𝑝-values. Non-significant tests are shown in 813 

grey. For the full description of ontology terms see Supplementary Table 4. 814 
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 816 

 817 

 818 

 Supplementary Fig. 5. Comparison of single nucleotide variants with different predicted impact. A) 819 

Distribution of the genomic dose of the reference allele according to the predicted impact of each 820 

SNV. B) Distribution of the genomic dose of the reference allele for each class of mutation. C) 821 

Distribution of the deviation between RNA and DNA allele ratios (expression bias). Positive values 822 

indicate higher expression of the reference allele. 823 
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