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Abstract: 21 

• Leaf shape, a spectacularly diverse plant trait, varies across taxonomic levels, geography, 22 
and in response to environmental differences. However, comprehensive intraspecific 23 
analyses of leaf shape variation across variable environments is surprisingly absent. Here, 24 
we perform a multi-level analysis of leaf shape using diverse accessions of sweetpotato 25 
(Ipomoea batatas), and uncover the role of genetics, environment, and GxE on this 26 
important trait. 27 

• We examine leaf shape using a variety of morphometric analyses, and complement this 28 
with a transcriptomic survey to identify gene expression changes associated with shape 29 
variation. Additionally, we examine the role of genetics and environment on leaf shape 30 
by performing field studies in two geographically separate common gardens.  31 

• We show that extensive leaf shape variation exists within I. batatas, and identify 32 
promising candidate genes underlying this variation. Interestingly, when considering 33 
traditional measures, we find that genetic factors are largely responsible for most of leaf 34 
shape variation, but that the environment is highly influential when using more 35 
quantitative measures via leaf outlines. 36 

• This extensive and multi-level examination of leaf shape shows an important role of 37 
genetics underlying a potentially important agronomic trait, and highlights that the 38 
environment can be a strong influence when using more quantitative measures of leaf 39 
shape.  40 
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INTRODUCTION 56 

Leaf shape varies spectacularly among plant species at multiple taxonomic levels (Klein et al., 57 
2017; Shi et al., 2019), across geography (Wyatt & Antonovics, 1981; Gurevitch, 1988), and in 58 
response to environmental differences (Andersson, 1991; Jones, 1995; McDonald et al., 2003). 59 
Leaves can vary with respect to their degree of dissection, length-to-width ratio, venation 60 
patterning, prominence of tips and petiolar sinus, or any combinations of the above, meaning that 61 
leaf shape variation across species is multifaceted and complex. Leaf shape diversity is also 62 
present within species (Hilu, 1983). For example, accessions of grapevine and cotton vary with 63 
respect to leaf complexity whereas lineages within tomato and apple show ample variation in the 64 
length-to-width ratio of leaves (Chitwood et al., 2013; Andres et al., 2016; Klein et al., 2017; 65 
Migicovsky et al., 2017). Although a large number of species exhibit variation in leaf shape, 66 
examinations within species are often limited to only a few accessions, with a few notable 67 
exceptions (Conesa et al., 2012; Chitwood et al., 2014a, b). Moreover, these studies often focus 68 
on circularity and length-to-width ratio, which are the most common leaf shape descriptors. 69 
Thus, for most species, truly quantitative analyses of the diversity of leaf shape variation within 70 
species remains largely unexamined. 71 

Leaf shape variation is regulated by genetics, the environment, and the interaction of 72 
genes and environment (GxE). Although the genetic and trancriptomic basis underlying leaf 73 
shape diversity has been uncovered in only a small number of species (i.e., tomato, Arabidopsis, 74 
cotton, and a few others; Kim et al., 2002; Kimura et al., 2008; Vlad et al., 2014; Ichihashi et al., 75 
2014; Andres et al., 2016; Chitwood & Sinha, 2016), there are many examples showing the 76 
influence of different environments on leaf shape (McDonald et al., 2003; Zwieniecki et al., 77 
2004; Hopkins et al., 2008; Royer et al., 2009; Nicotra et al., 2011; Royer, 2012; Campitelli & 78 
Stinchcombe, 2013; Glennon & Cron, 2015). For example, submerged leaves of aquatic plants 79 
are often highly dissected as compared to their aerial counterparts (Arber, 2010) and leaves 80 
growing in colder environments tend to be more complex than similar ones growing in warmer 81 
environments (Huff et al., 2003; Royer et al., 2005). Moreover, the environment can interact 82 
with genes to further modulate leaf shape. For instance, Nakayama and colleagues (2014) found 83 
that changes in temperature leads to abrupt changes in KNOX1 (KNOTTED1-LIKE 84 
HOMOEOBOX1) activity, a key regulator of circularity in multiple species, thus altering leaf 85 
complexity. Although we are beginning to understand how genetics, environment, and GxE 86 
separately influence aspects of leaf shape, few studies have partitioned the effect of genetics 87 
versus the environment on leaf shape variation, and most examinations are limited to only one 88 
environment, such that the role of GxE on leaf shape is often not considered within species. 89 

Leaf shape is most commonly quantified using the ‘traditional’ leaf shape traits -- 90 
circularity (a measure of leaf dissection, or ‘lobedness’), aspect ratio (the length-to-width ratio of 91 
a leaf) and solidity (the relation of the area and convex hull). These traditional morphometric 92 
parameters have previously been used to quantity leaf shape in diverse species, such as grapes 93 
(Chitwood et al., 2014b), tomato (Chitwood et al., 2015) and sweetpotato (Rosero et al., 2019), 94 
among others. Although these traits are linked to important yield traits in crops (Chitwood et al., 95 
2013; Vuolo et al., 2016; Chitwood & Otoni, 2017; Klein et al., 2017; Rowland et al., 2019), and 96 
are important for understanding the broader aspects of plant adaptation to environment, they 97 
capture only a few components of leaf shape variation. A more comprehensive quantification of 98 
leaf shape can be captured with Elliptical Fourier Descriptor (EFD) analyses, which converts leaf 99 
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outlines to harmonic coefficients allowing for Fourier analyses (Chitwood & Sinha, 2016). This 100 
approach captures extensive leaf shape variation due to both symmetry and asymmetry of the 101 
leaf; some examples include shape differences associated with the depth of the petiolar sinus, the 102 
prominence of the leaf tip, and the positioning of the lobes. This approach has been applied to a 103 
handful of species like tomatoes, passiflora, and grape (Chitwood et al., 2013; Chitwood & 104 
Otoni, 2017; Klein et al., 2017), where it was shown that leaf shape based on EFD analysis is 105 
highly heritable. Thus, traditional measures along with consideration of leaf outlines holds 106 
greater power to comprehensively measure and characterize leaf shape, which may yield 107 
important insights about the genetic basis of leaf shape variation. Interestingly, while leaf shape 108 
based on EFD analysis is heritable, no studies have yet examined the genetic or transcriptomic 109 
basis of leaf shape based on leaf outlines. 110 

Ipomoea batatas, the sweetpotato, is an important staple root crop worldwide (Khoury et 111 
al., 2015), as it produces the highest amount of edible energy per hectare (Khoury et al., 2015) 112 
and also provides an important source of nutrients in the form of vitamin A, calcium, and iron 113 
(Kays & Kays, 1998). Sweetpotato displays striking morphological variation in leaf shape across 114 
its ~6000 documented varieties (Huaman, 1987), but very few studies have examined the 115 
extensive leaf shape diversity in this species (Huaman, 1987; Hue et al., 2012; Rosero et al., 116 
2019). Studies that have examined leaf shape phenotypes in sweetpotato are limited to a few 117 
cultivars and/or present traditional measures of leaf shape traits. Additionally, the genetic or 118 
transcriptomic basis of leaf shape variation in this species has yet to be considered. The vast 119 
unexamined diversity of leaf shape in this species, along with its role as a staple food crop 120 
worldwide makes I. batatas an ideal study system to investigate leaf shape diversity at the 121 
species level and how this diversity is influenced by the interplay between genetics and 122 
environment. 123 

Here, we examine the extensive leaf shape variation within accessions of I. batatas, and 124 
uncover the role of genetics, environment and GxE in influencing leaf shape traits. We 125 
specifically ask: (1) How diverse is leaf shape at a species-wide level? (2) what are the candidate 126 
genes associated with leaf shape (extending beyond the traditional shape descriptors)? and (3) to 127 
what degree does the environment and GxE influence leaf shape traits? We show that extensive 128 
natural variation exists in leaf shape within this species and that most of this variation is largely 129 
controlled by genetic factors, with a low proportion of variance in leaf shape attributable to 130 
environmental differences. We also identified promising candidate genes that underlie broad 131 
differences in multiple leaf shape traits. The results of our work fill critical gaps in current 132 
knowledge of leaf shape evolution by expanding analysis beyond that of the traditional measures 133 
of leaf shape and by using many distinct lineages of the species. We unite this with the 134 
transcriptomic basis of these traits along with a multiple-environment assessment of leaf shape 135 
variation in the field. Thus, this work allows us to comprehensively assess leaf shape in this 136 
agronomically important species and partition the role of genetics, environment, and GxE on leaf 137 
shape within this species. 138 

METHODS 139 

Leaf shape variation within I. batatas 140 

We ordered vegetative slips for 68 publicly available accessions of sweetpotato from 141 
USDA and online resources. The location of origin of 68 accessions is represented in Fig. 1 142 
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(Table S1). The accessions 143 
represent the majority of the 144 
genetic variation in the species; 145 
we identified three of the four 146 
population structure clusters 147 
among our chosen accessions as 148 
per a recent study (Wadl et al., 149 
2018). We grew slips at the UM 150 
Matthaei Botanical Garden under 151 
standardized growth conditions 152 
(16 hrs light/8 hrs night cycle) for 153 
approximately six months, at 154 
which time we sampled 4-6 155 
mature leaves (third-sixth mature 156 
leaves from the beginning of the 157 
vine to control for age and 158 

exposure to light) of 57 randomly chosen accessions and scanned them for leaf shape analyses.  159 

We used the scanned images to extract leaf shape trait values using custom macros in 160 
ImageJ (Abràmoff et al., 2004). Briefly, we converted leaves into binary images and then used 161 
outlines from these binary images to measure circularity, aspect ratio and solidity, each capturing 162 
a distinct aspect of leaf shape (Li et al., 2018). Circularity, measured as 4�

����

����������
, is 163 

influenced by serrations and lobing. Aspect ratio, in comparison, is measured as the ratio of the 164 
major axis to the minor axis of the best fitted ellipse, and is influenced by leaf length and width. 165 
Lastly, solidity measured as 

����

�	
��� ����
, is sensitive to leaves with deep lobes, or with a distinct 166 

petiole, and can be used to distinguish leaves lacking such structures. Solidity, unlike circularity, 167 
is not very sensitive to serrations and minor lobings, since the convex hull remains largely 168 
unaffected. 169 

For a more global analysis of leaf shape via Elliptical Fourier Descriptor (EFDs), we used 170 
the program SHAPE (Iwata & Ukai, 2002) as described in (Chitwood et al., 2014b). EFDs 171 
capture variation in shape represented by the outline which is difficult to categorize via 172 
traditional shape descriptors. From the EFD coefficients obtained, we used coefficients a and d 173 
only, thus analyzing symmetric variation in leaf shape. Principal component analysis (PCA) was 174 
performed on the EFD coefficients to identify shape features contributing to leaf morphological 175 
variation (referred to as EFD symPCs below). We calculated the correlation matrices using the 176 
rcorr() function of the Hmisc package version 4.0-3 (Harrell et al., 2017) with multiple test 177 
adjustments using the p.adjust() function in R.  178 

RNA-Seq library construction and sequencing 179 

We sequenced and analyzed transcriptomes of 19 individuals of I. batatas to examine 180 
gene expression differences associated with leaf shape variation associated with circularity, 181 
aspect ratio, and EFD symPCs to obtain an initial set of candidate genes underlying these traits. 182 
We selected greenhouse-grown accessions with differing leaf shape trait values (Fig. S1). Since 183 
high aspect ratio represents both longitudinally longer or latitudinally broader leaf shape 184 
phenotypes, we chose to only examine individuals that had high aspect ratio due to latitudinal 185 
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elongation. We chose multiple accessions to assess each leaf shape trait; eleven for circularity 186 
(six entire, five lobed), eight for aspect ratio (four high and low AR, each), 6 individuals for EFD 187 
symPC1 (three high and three low) and four accessions each for EFD symPC2 and EFD symPC3 188 
(two high and two low) (Fig. S1); EFD symPC4 was not considered for differential expression 189 
analysis. 190 

We used three to five leaves that were in P4-P6 stage of growth (fourth to sixth youngest 191 
primordium), from multiple branches of each individual accession for RNA extractions, and 192 
combined replicate leaves per individual to increase the depth of the transcriptome. We sampled 193 
all individuals on the same day within 1 hour to reduce variation due to developmental stage 194 
and/or time of collection. We froze samples in liquid nitrogen prior to preserving them at -80o for 195 
further processing. We performed RNA extraction using Qiagen RNeasy Plant mini kit with the 196 
optional DNase digestion step, and constructed libraries using the TruSeq Stranded mRNA 197 
Sample Preparation protocol (LS protocol). After barcoding, we bulked all libraries and 198 
performed one lane of Illumina HiSeq2500 sequencing. 199 

RNA-Seq data processing and transcriptome analysis 200 

An overview of our RNA-Seq data processing and transcriptome analysis is given in Fig. 201 
2, with detailed information presented in Method S1. 202 

Differential gene expression--We mapped 203 
reads from all 19 individuals to the de 204 
novo assembled transcriptome using 205 
BWA-MEM v0.7.15 (Li, 2013) and 206 
estimated read counts for uniquely 207 
mapped reads using samtools v1.9 (Li et 208 
al., 2009). We then used read counts to 209 
filter out lowly expressed transcripts using 210 
the Bioconductor package edgeR version 211 
3.18.1 (Robinson et al., 2010) such that 212 
transcripts were retained only if they had 213 
greater than 0.5 counts-per-million in at 214 
least two samples. We then normalized 215 
libraries in edgeR (using the trimmed 216 
mean of M-values method) followed by 217 
differential gene expression analysis using 218 
classic pairwise comparison of edgeR 219 
version 3.18.1. We extracted the 220 
significance of differentially expressed 221 
transcripts (DETs) with FDR <= 0.05. 222 

Field experiment 223 

We performed a field experiment to determine the extent to which genetics, the 224 
environment, and GxE interactions influence leaf shape traits. We generated replicate individuals 225 
by planting 5 cm cuttings of the stem of each accession in 4-inch pots, randomly positioned on a 226 
mist bench at the Matthaei Botanical Gardens. During the first week of June, we planted three to 227 
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seven replicates of each of the 68 accessions in two common gardens--one located at the 228 
Matthaei Botanical Gardens in Ann Arbor, MI (42.18° N, 83.39° W), and the other at the Ohio 229 
University Student Farm, West State Street Research Site in Athens, OH (40.46° N, 81.55° W). 230 
Replicates were planted in either three (MI) or seven (OH) blocks in a completely randomized 231 
block design with 14-inch spacing between individuals. Blocks were kept relatively weed free 232 
but were otherwise allowed to grow undisturbed. We randomly sampled 2-5 mature leaves from 233 
each individual in the first week of October, prior to the first frost, and scanned them for leaf 234 
shape analyses as explained before. 235 

Data analysis--We first examined the potential for variation in leaf shape due to environmental 236 
differences (i.e. variation due to being grown in MI or OH) by performing an ANOVA. To 237 
normalize leaf shape traits, we used the function TransformTukey from rcompanion version 238 
2.0.0 (Mangiafico, 2018). TransformTukey is a power transformation based on Tukey’s ladder of 239 
Powers, which loops through multiple powers and selects the one that normalizes the data most. 240 
These normalized leaf shape traits were then used as dependent variables and accession, garden, 241 
block effects and an interaction term of accession and garden as independent variables in the 242 
following fixed-effects model: 243 

 (Trait ~ Accession + garden + block + Accession:garden). 244 

The term accession represents the genetic component, garden represents variation due to 245 
environment (plasticity), Accession:garden represents the GxE component and the block effect 246 
captures microenvironmental variation (and was nested within each garden). To quantify the 247 
relative effects of each of these variables on leaf shape, we calculated eta squared (η2) as a 248 
measure of the magnitude of effect size using the Bioconductor package lsr version 0.5 (Navarro, 249 
2013). Eta squared for an effect is measured as SSeffect/SStotal, where SSeffect is the sum of squares 250 
of the effect of interest and SStotal is the total sum of squares of all the effects, including 251 
interactions. In other words, it is a measure of the proportion of variance in the dependent 252 
variable associated with independent variable and is one of the most commonly reported 253 
estimates of effect size for ANOVA (Levine & Hullett, 2002; Ialongo, 2016). Further, we 254 
calculated broad sense heritabilities of leaf shape traits to determine the extent to which traits are 255 
genetically controlled within each environment. Broad sense heritability was calculated using 256 
linear mixed modeling with the Bioconductor package sommer version 3.4 (Covarrubias-257 
Pazaran, 2016) based on the phenotypic data collected from the two fields. The model used was 258 

Trait~1, random=~Accession + block + Accession:block, rcov= ~units 259 

Variance components from the model were used to calculate the broad-sense heritability 260 
(H2) using the formula: 261 

�
�

�
�� � �� � ���� � ��

��

 

where Vg is the genotype variance, Ve is the environmental variance due to the blocks, Vgxe is the 262 
variance associated with Vgxe (accession:block), and Vr is the residual variance. 263 

RESULTS 264 

Leaf shape variation among accessions 265 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted July 30, 2019. ; https://doi.org/10.1101/520650doi: bioRxiv preprint 

https://doi.org/10.1101/520650
http://creativecommons.org/licenses/by-nc-nd/4.0/


 8

We found wide variation in leaf traits across 57 I. batatas accessions (Table 1). Among 266 
the three traditional traits examined, circularity is most variable with a phenotypic coefficient of 267 
variation (PCV; (standard deviation(x)/mean(x))*100; where x is the trait of interest) of 22.61% 268 
while aspect ratio is least variable with a narrow distribution and PCV of 4.76%. Figure 3 shows 269 
the phenotypic diversity with respect to two leaf traits, circularity and aspect ratio (AR). Of our 270 
57 accessions, 10 exhibit low circularity (defined as circularity < 0.50). PI 599387, for example, 271 
exhibited leaves that are very deeply lobed and thus has a low circularity (0.09) value. In 272 
contrast, PI 566647 has no serrations or lobing (entire margins) and thus exhibits high circularity 273 
(0.71; Fig. 3). Additionally, we found 22 of 57 accessions to exhibit high aspect ratio (AR > 274 
1.11). For example, PI 531134 (AR = 1.03) has almost equal values of major and minor axis and 275 
thus a low aspect ratio value. In contrast, the leaves of PI 208886 (AR = 1.268) are much wider, 276 
i.e., a larger major to minor axis, and thus has high aspect ratio value. Most often this increase in 277 
AR in sweetpotato manifests itself with increase leaf width (eg. PI 566646, PI 208886) relative 278 
to length (eg. PI 634379). Further, although solidity values range from 0.44-0.95, only 5 279 
accessions had solidity values less than 0.7 (PCV = 11.85%). The lack of low solidity values 280 
indicates that only a few accessions have deeply lobed leaves (eg. PI 599387, solidity = 0.44), in 281 
contrast to accessions with slightly lobed leaved (eg. PI 566630, solidity = 0.76). 282 

 283 

We performed an EFD analysis on leaf outlines to get a more global estimation of leaf 284 
shape variation (Fig. 4). In total, we processed 292 leaves from 57 accessions to identify leaf 285 
shape traits that explain symmetrical shape variation in sweetpotato. Low symPC1 values 286 
describe leaves with deep lobing, prominent tip and shallow petiolar sinus (PI 573318) whereas 287 
high symPC1 values explain non-lobed leaves with flattened leaf tips and enclosed petiolar sinus 288 
(PI 566646). symPC2 explains variation in leaf shape due to differences in breadth and lobing of 289 
the leaf (low symPC2 values describe broad leaves with two lobes whereas high symPC2 values 290 
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depicts narrow leaves with no lobes). 291 
symPC3 primarily captures leaf shape 292 
variation due to the depth of petiolar sinus 293 
(low symPC3 values describe leaves with 294 
highly enclosed petiolar sinus as compared 295 
to high symPC3 eigenleaves which have 296 
flattened sinus). Lastly, symPC4 represents 297 
variation in leaf shape attributed to the 298 
angle of lobe tips -- low symPC4 299 
eigenleaves have lobes with a high obtuse 300 
angle (almost 160º) whereas high symPC4 301 
eigenleaves have lobes with a lower obtuse 302 
angle (almost 125º). The four symPC 303 
components together explain 87.79% of 304 
total variance relating to symmetrical leaf 305 
shape variance in sweetpotato. 306 

Further, we calculated correlation 307 
matrices for traditional shape descriptors 308 
and EFD symPCs to determine if they 309 
capture different aspects of leaf shape (Fig. 310 
S2). We found that symPC1 is correlated 311 

with circularity (r = 0.20; P = 0.03) and solidity (r = 0.20; P = 0.02), which is expected as 312 
symPC1 partially captures shape differences due to lobing. Additionally, circularity was highly 313 
correlated with solidity (r = 0.96; P < 0.001). This is not surprising as circularity is a measure of 314 
serrations and lobing whereas solidity is a measure of deep lobing; leaves having deep lobes (and 315 
lacking serrations) will thus have similar values of circularity and solidity. 316 

Sequencing and de novo assembly of I. batatas transcriptome 317 

We performed a transcriptomic survey to identify gene expression changes associated 318 
with the leaf shape traits described above. For our analyses of the transcriptome, Illumina 319 
HiSeq2500 returned a total of 266 million (125bp) paired-end sequence reads; on average, each 320 
individual had 14 million (M) reads (GEO Submission ID-GSE128065) which was used to 321 
construct a de-novo transcriptome assembly (sequence statistics are presented in Table 2). The 322 
results from BUSCO (Simão et al., 2015) indicate that the de novo transcriptome assembly is of 323 
high quality with 91.32% (1315/1440) complete genes found (single copy genes ~87%) of which 324 
only 4.51% were duplicates. Additionally, only 6.32% of genes were missing from the 325 
assembled transcriptome. Thus, our sequencing and assembly strategy produced a relatively 326 
complete transcriptome. Using blastx, 24,565 transcripts were annotated by the functional 327 
description of their top 20 hits. The transcriptome is available at Transcriptome Shotgun 328 
Assembly Database hosted by NCBI (TSA accession # GHHM01000000). 329 

Identification and functional annotation of differentially expressed transcripts (DETs) 330 

As a first step towards understanding the genetic control of leaf shape, we identified gene 331 
expression changes associated with multiple leaf shape traits -- circularity, aspect ratio 332 
(latitudinal expansion) and the symPCs obtained from the EFD analysis. We did not consider 333 
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solidity and symPC4 due to their high correlation to circularity and low level of variation 334 
captured, respectively. On average, we found that 11 million unique paired-end reads per 335 
individual (range 7.66M - 14.23M) mapped back to the reference transcriptome (net mapping 336 
efficiency of 89.65% with the paired-end high-quality reads). This indicates that we had 337 
sufficient read depth (>10M) to continue with our differential expression analysis (as shown by 338 
Wang et al., 2011). 339 

We uncovered 530 DETs associated with our leaf shape traits (Figure 5, Table S2). 340 
Specifically, we found 47 DETs associated with circularity, and 158 DETs associated with 341 
aspect ratio. For the symPCs examined, we found 121 DETs associated with symPC1, 148 DETs 342 
with symPC2 and 56 DETs with symPC3. Functional annotation of these DETs uncovered 343 
putative leaf shape genes (Table 3). As an example, for circularity, FAR1-related sequence 5 (or 344 
FRS5), a putative transcription factor involved in regulating light control of development, is 345 
differentially regulated with log fold-change of 5.77. Among other DETs for circularity, we 346 
found genes that are involved in regulating cell proliferation and organ morphogenesis 347 
(EXO70A1-like and extra-large guanine nucleotide-binding protein) and could be involved in 348 
regulating leaf dissection.  349 

 350 

Among the 158 transcripts differentially expressed for AR (broad leaves vs rounder 351 
leaves), two genes have been shown in literature to alter the longitudinal vs latitudinal expansion 352 
of the leaves. These are CHS (chalcone synthase), an enzyme involved in the production of 353 
chalcones involved in flavonoid biosynthesis, and feruloyl CoA 6′-hydroxylase which is 354 
involved in scopoletin biosynthesis and causes post-harvest physiological deterioration in 355 
cassava (Liu et al., 2017). Finally, we also found LIGHT-DEPENDENT SHORT HYPOCOTYL 356 
10 (LSH10), to be significantly downregulated (log-fold change of -1.85; P-value < 0.001) 357 

Individuals with extreme values of symPC1, a trait differentiating leaf shape based on 358 
lobing and prominence of tips and petiolar sinus, were also analyzed for DETs. Of the 121 359 
transcripts showing differential expression, two genes had interesting functional annotations. We 360 
found a homeobox gene (HAT22) to be upregulated in individuals with high symPC1 (leaves 361 
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lacking lobes with flattened leaf tips and enclosed petiolar sinus), with a log-fold change of 1.56. 362 
We also found another member of the FRF1 family -- FAR1-related sequence 7 (or FRS7) -- to 363 
be upregulated in the high symPC1 individuals, like in the case of circularity. 364 

We found a total of 148 DETs for symPC2, which explains variation in leaf shape due to 365 
the differences in the broadness and lobing of the leaf. Again, we found two copies of chalcone 366 
synthase (CHS) were negatively regulated in high symPC2 individuals. We also found Sporamin 367 
B transcript, a tuberous root protein (Yeh et al., 1997), to be significantly downregulated (with 368 
log-fold change of -2.76; P-value < 0.001). Finally, we identified 56 transcripts that were 369 
differentially expressed with respect to symPC3; however, functional annotation revealed that 370 
most genes belonged to chloroplastic or mitochondrial genes.  371 

Field experiment 372 

We performed a field experiment to examine leaf shape in different environments, with 373 
the specific goal to determine the extent to which genotype, environment, and GxE altered leaf 374 
shape. We found significant variation among accessions (indicating genotypic or genetic 375 
variation) for circularity, aspect ratio and solidity (F73 = 18.06, F73 = 4.22, F73 = 21.09; P < 376 
0.001), with accession explaining 73.23%, 38.40% and 77.18% of the total variation, 377 
respectively (Table 4). This high variance explained for circularity and solidity is reflected in 378 
high heritability values (Table 5; H2

MI_cir= 0.79, H2
OH_cir= 0.73; H2

MI_solidity= 0.82, H2
OH_solidity= 379 

0.76). We also found evidence of significant block effect (F8 = 3.01, P = 0.002; η2 = 1.33%) for 380 
circularity, whereas aspect ratio and solidity were not significantly influenced by block effects. 381 
Garden differences between OH and MI contributed 1.93% (F1=15.55, P <0.001) of the 382 
variability in AR while the accession by garden interaction contributed 12.95% (a significant 383 
GxE effect: F69 = 5.01, P = 0.009). AR also had lower heritability within each garden (Table 5; 384 
H2

MI_AR= 0.39, H2
OH_AR= 0.26). Circularity and solidity were not significantly altered by 385 

environment and had no significant differences due to GxE. 386 

We also examined symmetrical leaf shape variation in both field sites by performing an 387 
EFD analysis (Figure 6). EFDs from MI captured variation in leaf shape homologous to the 388 
symPCs estimated from greenhouse grown individuals. There was general congruence in 389 
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symPCs between greenhouse and field grown leaves in MI (i.e., MIsymPC1 (field) ≈symPC1 390 
(greenhouse)), but leaf shape variation captured by EFDs from OH differed significantly in their 391 
order of variation explained (Fig. S3). OHsymPC1 explained leaf shape variation due to 392 
differences in the broadness and lobing of the leaf (similar to MIsymPC2), whereas OHsymPC2 393 
explained variation due to lobing, tip and petiolar sinus differences (similar to MIsymPC1). This 394 
indicates that in OH the majority of leaf shape diversity is primarily due to the broadness of the 395 
leaf and secondly due to leaf lobing, while in MI, it is the opposite-- the majority of leaf shape 396 
diversity is due to the leaf dissection rather than leaf width. Thus, although traditional shape 397 
descriptors are only slightly influenced by the environment, leaf shape as a whole can be altered 398 
significantly by the environment. 399 

We also calculated broad sense heritability values for the symPCs in their respective 400 
environments and found that H2 values ranged from 0.47-0.80 across the symPCs (Figure 6). 401 
Heritability values in the OH garden were consistently lower than in the MI garden due to 402 
reduced genetic variance and increased environmental variance. Overall, the high heritability 403 
values indicate that leaf morphology is controlled to a great extent by genetic factors. 404 

DISCUSSION 405 

In this study, we examined the extent of leaf shape variation within an agronomically 406 
important species, determined the role of genetics, the environment and GxE in altering leaf 407 
shape traits, and identified potential candidate genes associated with multiple leaf shape traits. 408 
We found evidence of extensive intraspecific morphological variation, with shape differences 409 
due to lobing, length-to-width ratio of leaves and the prominence of tip and petiolar sinuses 410 
explaining the majority of the variation. We also found that leaf shape has a strong genetic basis 411 
with most phenotypic variation attributed to accessional variation, with low or limited influence 412 
of GxE. Strikingly, we show that although traditional shape descriptors are only slightly 413 
influenced by the environment in this species, when measured comprehensively, leaf shape can 414 
be significantly altered by the environment (evident by the change in symPC1 across the MI and 415 
OH gardens). Below, we expand on each of our findings, and place them in the context of current 416 
knowledge about leaf shape diversity at a species-level as well as what is known about the 417 
environmental influence on leaf shape in other species. 418 

High morphological diversity of leaf shape in I. batatas  419 

A recurring question among plant morphologists is the extent to which leaf shape varies 420 
among genotypes in a species. This study quantified leaf shape variation among multiple 421 
replicated accessions of sweetpotato and identified traits contributing most to leaf shape 422 
variation. We focused our morphometric study on three traditional shape descriptors (circularity, 423 
aspect ratio and solidity) and then expanded into the more comprehensive Elliptical Fourier 424 
Descriptor (EFD) measures. 425 

In our analysis of traditional measures, circularity was found to be the most variable 426 
whereas aspect ratio was found to be least variable. Further, the first two principal components 427 
of the EFD analysis together accounted for 77.46% of the total variation in leaf shape, and 428 
described variation associated with petiolar sinus, tips, and positioning of lobes. Additionally, 429 
lack of correlation between symPCs and traditional leaf shape metrics suggests that they capture 430 
different features of shape. Only symPC1 was slightly correlated with circularity and solidity. 431 
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This is not surprising since symPC1 captures variation in leaf shape due to lobing, tip and sinus. 432 
No other traits were found to be correlated. Thus, variation captured by the EFD symPCs would 433 
have been missed by simply quantifying traditional shape descriptors, suggesting that the use of 434 
comprehensive morphometric techniques can help quantify the full extent of shape variation 435 
across species. Further, combining the results from traditional morphometric approaches with 436 
EFDs revealed that variation in leaf dissection (circularity and symPC1) contributes most to the 437 
morphological variation in leaf shape in sweetpotato (Fig. 3 and Fig. 4), similar to that seen in 438 
grape (Chitwood et al., 2014b). In addition, aspect ratio explains a significant proportion of the 439 
remaining variation, unlike in tomato and apple where aspect ratio is the primary trait of 440 
variation in leaf shape (Chitwood et al., 2013; Migicovsky et al., 2017). This indicates that leaf 441 
shape variation does not follow a trend across species which is likely due to multiple 442 
independent evolution of leaf shape across phylogenetic taxas (Nicotra et al., 2011). 443 

Gene transcripts underlying leaf shape variation 444 

To further our understanding of gene expression changes underlying leaf shape diversity, 445 
we sequenced transcriptomes of 19 accessions and assembled a high-quality gene expression 446 
database for performing a differential expression analysis in I. batatas. We found 47 genes that 447 
were differentially expressed for circularity and 121 DETs for symPC1 -- a trait that accounts for 448 
leaf shape differences due to leaf dissection, prominence of the tip and petiolar sinus. Functional 449 
annotations of these genes identified potential candidates that could contribute to leaf shape 450 
dissection in I. batatas (Table 3). The most promising candidate is FRS gene; we found FRS5 451 
and FRS7 to be upregulated in non-dissected individuals in the differential analysis for 452 
circularity and symPC1, respectively. FRS is a putative transcription factor and contains the 453 
DNA binding domain needed to bind the RB-box promoter region of STM (SHOOT 454 
MERISTEMLESS) (Aguilar-Martínez et al., 2015), a protein required for leaf serrations 455 
(Kawamura et al., 2010). FRS might bind to STM thus regulating its expression. However, we 456 
did not find STM to be differentially expressed in our datasets. This might be due to no real 457 
expression differences or it might indicate that the expression differences is really small and thus 458 
the gene is not detected to be differentially expressed.  459 

Furthermore, genes containing homeobox domains have been shown to be associated 460 
with leaf dissection in multiple species --e.g., PTS in tomato (Kimura et al., 2008), STM in 461 
Arabidopsis (Piazza et al., 2010), RCO in C. hirsuta and other Brassicaceae (Vlad et al., 2014; 462 
Sicard et al., 2014) and LMI1 in cotton (Andres et al., 2016). Most of these genes are 463 
differentially regulated in the SAM (shoot apical meristem) and P0 (the youngest primordium) to 464 
determine the extent of leaf dissection and complexity for the genotype. However, we did not 465 
find any homeobox domain containing genes to be differentially expressed in sweetpotato 466 
accessions that varied for circularity (i.e. lobed vs entire) (Table S3) but found a homeobox 467 
leucine-zipper protein (HAT22) to be upregulated for high symPC1 individuals. This mismatch 468 
could represent a caveat to our transcriptomic sampling stage (P4-P6), which is past the leaf 469 
dissection morphogenic stage of development. Thus, although preliminary, our data indicate that 470 
the degree of lobing in I. batatas might be maintained in later stages of leaf development (P4-P6) 471 
by the action of a gene containing a homeobox domain and that the difference in expression 472 
required might be very small.  473 

Further, we found a total of 158 differentially expressed genes associated with aspect 474 
ratio and 148 DETs associated with symPC2 (leaf shape due to the differences in the broadness 475 
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and lobing). Based on the function of the homologs of these genes, we identified promising 476 
putative candidate genes responsible for broad leaved phenotypes (Table 3). In apples, a 477 
transgenic CHS silenced individual developed longer leaves when supplied with naringenin, thus 478 
altering leaf AR. This indicates that higher expression of CHS (and thus naringenin) is 479 
responsible for the longitudinal expansion of the leaves and thus downregulation of CHS could 480 
lead to broader leaves due to the lack of longitudinal expansion. Another gene of interest that we 481 
found differentially expressed for aspect ratio, feruloyl CoA 6′-hydroxylase, produces broader 482 
leaved phenotypes of cassava when silenced (Liu et al., 2017). Interestingly, however, we found 483 
higher expression of feruloyl CoA 6′-hydroxylase2 in broader-leaved, compared to the rounder-484 
leaved individuals. Finally, the differentially expressed LSH10 belongs to the family of LSH 485 
genes, which have been shown to interact with BOP (BLADE-ON-PETIOLE) and regulate PTS 486 
(PETROSELINUM) expression, a gene that regulates KNOX genes, and thus leaf complexity 487 
(Ichihashi et al. 2014). This indicates the potential role of LSH gene in regulating both leaf 488 
broadness and complexity in this species.  489 

Factors influencing leaf shape traits in multiple environments 490 

While studies often examine the potential for plasticity in leaf shape traits (McLellan, 491 
2000; Royer et al., 2009; Viscosi, 2015), the relative influence of genetic background, 492 
environment and gene by environment interactions are less commonly examined. We show that 493 
leaf shape traits (circularity, aspect ratio and solidity) in sweetpotato are influenced by multiple 494 
effects. Variation in circularity and solidity were mostly attributed to accession (or genotype) and 495 
showed little to no effect due to environment or gene by environment interaction. Circularity and 496 
solidity have exceptionally high broad-sense heritability values in I. batatas (0.76 and 0.79 497 
respectively, averaged between gardens). These traits have likewise been shown to be highly 498 
heritable in tomato with heritability values being 0.65 and 0.67, respectively (Chitwood et al., 499 
2013). The high PCV for circularity and solidity in I. batatas (22.61% and 11.85%) along with 500 
high broad-sense heritability indicates that there is a lot of standing variation for these traits that 501 
can be actively selected for (or against) by breeders. Furthermore, the lack of plasticity and GxE 502 
demonstrate the stability of these simple leaf shape descriptor traits, at least in the environments 503 
tested. 504 

Contrary to our results, multiple studies have found that leaf dissection--captured here by 505 
our measure of circularity--is a plastic trait that responds to changes in temperature. For example, 506 
Royer and colleagues (2009, 2012) found that leaves of Acer rubrum were more dissected when 507 
grown in cooler environments as compared to warmer environments. A similar trend was 508 
observed in grapevine (Vitis spp.) (Chitwood et al., 2016). However, we found that leaf 509 
dissection in sweetpotato is not influenced by the environment. This could reflect that our 510 
gardens were not different enough to lead to plastic responses in these two measures of leaf 511 
shape. The Ohio garden was consistently warmer (by 2°C on average) and experienced less 512 
precipitation than the Michigan garden--the difference between the two gardens was 662.43 513 
mm/month on average throughout the growing season. Although there were environmental 514 
differences between gardens, before we conclude that circularity in I. batatas is not strongly 515 
environmentally responsive, multiple studies in environments that range more widely for 516 
temperature will need to be performed. 517 

Comparatively, we found significant variation in aspect ratio due to environment and 518 
GxE, explaining 1.93% and 12.95% of the total observed variation in this measure of leaf shape, 519 
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respectively. This is reflected in the significant alteration of trait values between environments. 520 
There was small yet significant differences observed (P < 0.001; 95% CI = 0.009-0.03) between 521 
gardens, with clones grown in Michigan consistently showing less round, more elliptical leaves 522 
than clones grown in the Ohio garden. However, we still found that 38.40% of the variation in 523 
the trait was due to accessional variation which was also indicated in the estimated heritability 524 
value of the trait (h2 = 0.24). Aspect ratio has been found to be a major source of leaf shape 525 
variation in apples and tomatoes with high heritabilities of 0.75 and 0.63, respectively (Chitwood 526 
et al., 2013; Migicovsky et al., 2017). In contrast, we found that this important leaf shape trait is 527 
globally not as variable in sweetpotato (4.76% PCV), but it still presents a selection potential. 528 
The considerable effect of GxE on aspect ratio indicates that this trait has a genetic component 529 
that interacts with the environment leading to varied values between environment. 530 

Further, comparing leaf outlines between two environments, we found that although the 531 
traits explaining leaf shape variation are homologous between the two environments, these traits 532 
vary in the percent of variation they explain. The heritability of EFD symPCs measured in MI 533 
and OH were found to be very high, yet the changes in the amount of variation they explain in 534 
their respective environments indicates a strong environmental (and/or GxE) influence on EFD 535 
symPCs measured. Although traditional shape descriptors were only slightly controlled by the 536 
environment (aspect ratio), we found that the more comprehensive measure of leaf shape can be 537 
altered significantly by the environment. This further signifies the importance of measuring leaf 538 
shape using methods apart from traditional shape descriptors in multi-environment conditions.  539 

Overall, this work highlights the extensive natural variation in leaf shape within the globally 540 
important domesticate I. batatas. More broadly, and considering leaf shape analyses from other, 541 
mostly domesticated species, leaf shape variation appears to be species specific -- there is no 542 
evidence of a shared trait between species that explains the majority of within-species variation. 543 
Additionally, we found that most of the variation in the traditional measures of leaf shape 544 
appears to be largely controlled by genetic factors in sweetpotato, with a low proportion of 545 
variance in leaf shape attributable to environmental differences between gardens. However, 546 
when leaf shape was considered more comprehensively and by the use of leaf outlines, we 547 
identified a significant influence of the environment, suggesting that studies relying solely on 548 
circularity or aspect ratio to describe leaf shape may not capture the extent to which 549 
environmental factors can impact leaf development. This multilevel examination highlights the 550 
importance of examining morphological variation at the species-level in multiple environments, 551 
and using a range of leaf shape phenotypes to comprehensively understand the mechanistic basis 552 
(morphological, molecular and environmental) of leaf shape. 553 
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Table 1 Leaf shape trait values across the 57 chosen sweetpotato accessions. SD represents 773 
standard deviation while PCV represents phenotypic coefficient of variation. 774 

Trait Range Mean SD PCV (%) 

Circularity 0.09-0.71 0.50 0.12 22.61 

Aspect Ratio 1.03-1.26 1.10 0.05 4.76 

Solidity 0.44-0.95 0.84 0.10 11.85 
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Table 2 Sequence statistics of the reference transcriptome obtained from EvidentialGene 798 
pipeline. 799 

Number of 
transcripts 

Min 
Len (nt) 

Max Len 
(nt) 

Number of 
bases 

Mean 
Len 
(nt) 

ORF 
percent 

n50 
(nt) 

% reads 
mapped 

33,684 200 16,428 35,769,411 1,062 79.95% 1,608 77% 
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Table 3 Candidate genes maintaining variation in leaf traits (circularity, AR and symPCs) 835 
identified from the set of differentially expressed transcripts (DETs) in Ipomoea batatas. 836 
 837 

Transcript ID LogFC FDR Gene Description 

Circularity 

trn22514 5.77 0.003 FAR1-RELATED SEQUENCE 

trn27202 2.08 0.021 Exocyst complex component EXO70A1 

trn24081 1.33 0.033 Extra-large guanine nucleotide-binding protein 

Aspect Ratio 

trn9778 -2.95 0.035 Chalcone Synthase (CHS) 

trn24267 2.55 0.00 Feruloyl CoA 6’-hydroxylase 2 

trn25053 -1.85 0.021 Protein LIGHT-DEPENDENT SHORT HYPOCOTYLS 10 

symPC1 

trn27227 1.56 0.018 Homeobox-leucine zipper HAT22 

trn23566 3.54 0.00 FAR1-RELATED SEQUENCE 7 

symPC2 

trn27049 -3.09 0.009 Chalcone Synthase 

trn28352 -3.52 0.00 Chalcone Synthase 

trn9093 -2.21 0.00 Sporamin B 
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Table 4 ANOVA table of the leaf shape traits model showing significant explanatory variables. 846 
df: degrees of freedom; F: value of F-statistic; P: p-value; η2: eta-squared value. 847 

  
Variable 

  
df 

Circularity Aspect Ratio Solidity 

F P �
2(%

) 
F P �

2(%
) 

F P �
2(%

) 

Accessio
n 

73 18.0
6 

<0.001**
* 

73.23 4.2
2 

<0.001**
* 

38.40 21.0
9 

<0.00
1 
*** 

77.18 

Garden 1 3.64 0.056 0.20 15.
5 

<0.001**
* 

1.93 3.37 0.067 0.16 

Block 8 3.01 0.002 
** 

1.33 1.3
8 

0.020 1.38 1.94 0.052 0.70 

GxE 69 1.30 0.06 5.01 1.5
0 

0.009 
** 

12.95 1.30 0.065 0.40 

Residuals 36
4 

NA NA 20.2 NA NA 45.31 NA NA 17.56 
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Table 5 Broad-sense heritability values for leaf shape traits in differing environments.  865 

 
Env 

H2 

Circularity Aspect Ratio Solidity symPC1 symPC2 symPC3 symPC4 

MI 0.79 0.39 0.82 0.80 0.58 0.70 0.69 

OH 0.73  0.26 0.76 0.59 0.67 0.63 0.47 

* Note: We can not compare heritability values for EFD symPCs between MI and OH because 866 
the expression of traits vary between environments, and hence what the symPCs capture differs 867 
between the two environments. 868 
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Supporting Information 891 

Method S1 RNA-Seq data processing and transcriptome analysis. 892 

Fig. S1 Green-house grown accessions selected for transcriptomic analysis. 893 

Fig. S2 Correlation plot between leaf shape traits (traditional and EFD PCs). 894 

Fig. S3 Leaf shape variation captured by EFDs from MI and OH differing significantly in their 895 
order of variation explained. 896 

Table S1 Accession IDs with their source and location of origin used in this study. 897 

Table S2 Differentially expressed transcripts associated with leaf shape traits found in this study. 898 

Table S3 Raw read counts of orthologs of homeobox domain genes within the assembled 899 
transcriptomes, for accessions chosen for circularity RNA-Seq analysis. 900 
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