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The genome sequence of Aloe vera reveals
adaptive evolution of drought tolerance mechanisms

Shubham K. Jaiswal,’? Shruti Mahajan,’? Abhisek Chakraborty,’? Sudhir Kumar, and Vineet K. Sharma'-3*

SUMMARY

Aloe vera is a species from Asphodelaceae family having characteristics like
drought resistance and numerous medicinal properties. However, the genetic ba-
sis of these phenotypes is yet unknown primarily due to unavailability of its
genome sequence. Thus, we report the first Aloe vera genome sequence
comprising of 12.93 Gbp and harboring 86,177 protein-coding genes. It is the first
genome from Asphodelaceae family and the largest angiosperm genome
sequenced and assembled till date. We also report the first genome-wide phylog-
eny of monocots including Aloe vera to resolve its phylogenetic position. The
comprehensive comparative analysis of Aloe vera with other available high-qual-
ity monocot genomes revealed adaptive evolution in several genes of drought
stress response, CAM pathway, and circadian rhythm and positive selection in
DNA damage response genes in Aloe vera. This study provides clues on the ge-
netic basis of evolution of drought stress tolerance capabilities of Aloe vera.

INTRODUCTION

Aloe verais a succulent and drought-resistant plant belonging to the genus Aloe of family Asphodelaceae
(Silva et al., 2010). More than 400 species are known in genus Aloe, of which four have medicinal properties,
with Aloe vera being the most potent species (Grace et al., 2015). Aloe vera s a perennial tropical plant with
succulent and elongated leaves having a transparent mucilaginous tissue consisting of parenchyma cells in
the center referred to as Aloe vera gel (Reynolds and Dweck, 1999). The plant is extensively used as a herb in
traditional practices in several countries and in cosmetics and skin care products due to its pharmacological
properties including anti-inflammatory, anti-tumor, anti-viral, anti-ulcers, fungicidal, etc. (Gupta and Mal-
hotra, 2012; Raksha et al., 2014). These medicinal properties emanate from the presence of numerous
chemical constituents such as anthraquinones, vitamins, minerals, enzymes, sterols, amino acids, salicylic
acids, and carbohydrates (Choudhri et al., 2018; Hamman, 2008; Joseph and Raj, 2010). These properties
make it commercially important, with a global market worth 1.6 billion (Choudhri et al., 2018).

One of the key characteristics of this succulent plant is drought resistance that enables it to survive in
adverse hot and dry climates (Silva et al., 2010). The plant has thick leaves arranged in an attractive rosette
pattern to the stem. As an adaptation to the hot climate, the plant is able to perform a photosynthetic
pathway known as crassulacean acid metabolism (CAM) that helps in limiting the water loss by transpiration
(Nobel and Jordan, 1983). Moreover, the leaves have the capacity to store a large volume of water in their
tissues (Jin et al., 2007). It is also known to synthesize more of soluble carbohydrates to make the osmotic
adjustments under the limited water conditions, thus improving the water use efficiency (Delatorre-Herrera
et al., 2010). The transcriptome and chloroplast genome of Aloe vera are available from previous studies,

and a few studies have also highlighted the drought stress tolerance and potential benefits of Aloe vera "MetaBioSys Group,

Department of Biological

. . . . . . Sciences, Indian Institute of

has been a deterrent in understanding the genetic basis and molecular mechanisms of the unique charac- Science Education and

teristics of this medicinal plant. Research Bhopal, Bhopal,
Madhya Pradesh, India

(Choudhri et al., 2018; Ren et al., 2020). However, the unavailability of its reference genome sequence

2These authors contributed

In addition to the functional analysis, the resolution of the phylogenetic position has the potential to reveal cqually

the evolutionary history and understand the correlations between phylogenetic diversity and important
traits of interest. Multiple attempts have been made to resolve the phylogenetic position of Aloe genus
and Aloe vera; however, these efforts only used a few conserved loci such as rbcl, psbA, matK, and ribo-

3Lead contact

*Correspondence:
vineetks@iiserb.ac.in

somal genes and were not performed at the genome-wide level due to the unavailability of the genomic https://doi. org/10.1016/].isci.
sequence (Adams et al., 2000; Grace et al., 2015; Treutlein et al., 2003). The previous phylogenies have 2021.102079

) -

e iScience 24, 102079, February 19, 2021 © 2021 1

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:vineetks@iiserb.ac.in
https://doi.org/10.1016/j.isci.2021.102079
https://doi.org/10.1016/j.isci.2021.102079
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2021.102079&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

¢? CellPress

OPEN ACCESS

reported that Aloe vera shared the most common recent ancestor with the species of Poales and Zingiber-
ales order, also within the Asparagales order; it was closest to the other succulent genera such as Hawor-
thia, Gasteria, and Astroloba (Chase et al., 2016; Qian and Jin, 2016).

Aloe vera has an estimated genome size of 16.04 Gbp with a diploid ploidy level containing 14 (2n) chro-
mosomes according to the Plant DNA c-value database (Zonneveld, 2002). The unavailability of the
genome sequence of Aloe vera is noteworthy given the fact that the representative genomes of species
from almost all the plant families including Brassicaceae, Cannabaceae, Cucurbitaceae, Euphorbiaceae,
Fabaceae, Malvaceae, Rosaceae, Solanaceae, Poaceae, Orchidaceae, and Betulaceae have been
sequenced and studied. However, no species from the Asphodelaceae plant family has been sequenced
till date. Thus, the availability of Aloe vera genome sequence will help to reveal the genomic signatures
of Asphodelaceae family and will also be useful in understanding the genetic basis of the important phe-
notypes such as medicinal properties and drought resistance in Aloe vera.

Therefore, in this study, we report the first draft genome sequence of Aloe vera using a hybrid sequencing
and assembly approach by combining the Illumina short-read and Oxford Nanopore long-read sequences
to construct the genome sequence. The transcriptome sequencing and analysis of two tissues, root and
leaf, was carried out to gain deep insights into the gene expression and to precisely determine its gene
set. The genome-wide phylogeny of Aloe vera with other available monocot genomes was also constructed
to resolve its phylogenetic position. The comparative analysis of Aloe vera with other monocot genomes
revealed adaptive evolution in its genes and provided insights on the stress tolerance capabilities of this
species.

RESULTS
Sequencing of Aloe vera genome and transcriptome

To comprehensively cover the large genome of Aloe vera species, a total of 506.4 Gbp (37.15X) of short-
read and 146.8 Gbp (~10.77X) of long-read data were generated using lllumina and nanopore platforms,
respectively (Tables ST and S2) (Dolezel et al., 2003; Zonneveld, 2002). For transcriptome, a total of 6.6 Gbp
and 7.3 Gbp of RNA-seq data were generated from leaf and root, respectively. The transcriptome data
from this study and the publicly available RNA-seq data from previous studies (Choudhri et al., 2018; Wick-
ett et al., 2014) were combined together, resulting in a total of 37.1 Gbp of RNA-seq data for Aloe vera,
which was used for the analysis (Table S3). All the short-read genomic and RNA-seq data were trimmed
and filtered using Trimmomatic, and only the high-quality read data were used to construct the final
genome and transcriptome assemblies. The complete workflow of the sequence analysis is shown in
Figure S1.

Assembly of Aloe vera genome

The percent heterozygosity was estimated to be 11.3% for Aloe vera species. The final draft genome as-
sembly of Aloe vera had the size of 12.93 Gbp and N50 of 14.6 kbp, of which 11.12 Gbp had length
>500 bp and N50 of 20.4 kbp (Table S4). The genomic coverage and N50 attained in case of the first draft
assembly of Aloe vera genome appears reasonable for such a challenging and a gigantic plant genome and
is also comparable to the other large plant genomes assembled till date (Birol et al., 2013; Neale et al,,
2014; Nystedt et al., 2013; Stevens et al., 2016). This was achieved by the hybrid assembly of short-read
and long-read data, which was further polished by correction using SeqBug, RNA-seqg-data-based scaf-
folding using Rascaf, and long-read-based gap-closing using LR-gap closer. The k-mer-count-distribu-
tion-based method using only the short lllumina reads estimated a genome size of 13.63 Gb, which was
smaller than the c-value-based genome size estimation of 16.04 Gbp, conceivably due to the usage of
only short-read data for the genome size estimation (Figure S2). The percent GC for the final assembly
was 41.98%.

The analysis of repetitive sequences revealed 557,638,058 bp of tandem repeats corresponding to 3.41% of
the complete genome. For interspersed repeat identification, a total of 1,820 repeat families identified us-
ing RepeatModeler were used as custom repeat library for repeat identification in Aloe vera genome. Out
of the 1,820 repeat families, 1,550 families could not be annotated by RepeatModeler. Identification of re-
peats was carried out on short-read assembly using RepeatMasker. It revealed that 82.66% of Aloe vera
genome is constituted by interspersed repeats, of which 55.57% was unclassified and 26.96% was identified
as retroelements. Among the retroelements, 26.71% was LTR repeats (7.34% Ty1/Copia and 19.37% Gypsy/
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DIRST elements) and 0.13% was DNA transposons. Similarly, the identification of repeats in hybrid assem-
bly revealed that interspersed repeats constitute 78.70% of Aloe vera genome, of which 51.26% was unclas-
sified and 27.28% was identified as retroelements. Among the retroelements, 26.94% was LTR repeats
(8.87% Ty1/Copia and 18.07% Gypsy/DIRS1 elements) and 0.16% was DNA transposons.

Transcriptome assembly

The Trinity assembly of transcriptomic reads resulted in a total size of 163,190,792 bp with an N50 value of
1,268 bp and an average contig length of 796 bp (Table S5). The mapping of filtered RNA-seq reads on the
Trinity transcripts using hisat2 resulted in the overall percentage mapping of 92.49%. The complete BUSCO
score (addition of single copy and duplicates) on the transcripts was 90.5%. A total of 205,029 transcripts
were predicted, corresponding to 108,133 genes with the percent GC of 43.69. The clustering of gene se-
quences using CD-HIT-EST to remove the redundancy resulted in 107,672 unigenes. The coding genes
(CDS) from the unigenes were predicted using TransDecoder resulting in 34,269 coding genes.

Genome annotation and gene set construction

A total of 1,978 standard amino-acid-specific tRNAs and 378 hairpin miRNAs were identified in the Aloe
vera genome (Table S6). The MAKER-pipeline-based gene prediction resulted in a total of 114,971 coding
transcripts, of which 63,408 transcripts (> 300 bp) were considered further for clustering at 95% identity re-
sulting in 57,449 unique coding gene transcripts. Application of the same length-based selection criteria
(=300 bp) on trinity-identified 34,269 coding gene transcripts resulted in 33,998 coding gene transcripts.
The merging of these two coding gene transcript sets resulted in the final gene set of 86,177 genes for Aloe
vera, which had the complete BUSCO score of 74.6% and single-copy BUSCO score of 72.4%.

Identification of orthologs across selected plant species

A total of 104,543 orthogroups were identified using OrthoFinder across the selected 16 plant species. Of
which, only a total of 5,472 orthogroups had sequences from all the 16 plant species and were used for the
identification of orthologs. For these 5,472 orthogroups, in case of presence of more than one gene from a
species in an orthogroup, the longest gene representative from that species was selected to construct the
final orthologous gene set for any orthogroup. Thus, including one gene from each of the 16 species in an
orthogroup, a total of 5,472 orthologs were identified. In addition, the fuzzy one-to-one orthologs finding
approach applied using KinFin resulted in a total of 1,440 fuzzy one-to-one orthologs that were used for
constructing the maximum likelihood species phylogenetic tree.

Resolving the phylogenetic position of Aloe vera

Each of the 1,440 fuzzy one-to-one orthologous gene set was aligned and concatenated, and the resultant
concatenated alignment had a total of 1,453,617 alignment positions. The concatenated alignment was
filtered for the undetermined values, which were treated as missing values, and a total of 1,157,550 align-
ment positions were retained. The complete alignment data and the filtered alignment data were both
used to construct maximum likelihood species trees using RAXML with the bootstrap value of 100, and
both the alignment data resulted in the same phylogeny. Thus, the phylogeny based on the filtered
data was considered as the final genome-wide phylogeny of Aloe vera including all the representative
monocot genomes available on Ensembl plants database with Arabidopsis thaliana as an outgroup (Fig-
ure 1). This phylogeny also corroborated with the earlier reported phylogenies by Silvera et al. (2014), Dun-
emann et al. (2014), and Wang and Deng, 2016, which were constructed using a limited number of genetic
loci (Dunemann et al., 2014, Silvera et al., 2014; Wang and Deng, 2016). It is apparent from the phylogeny
that Dioscorea rotundata and Musa acuminata are the most closely related to Aloe vera and share the same
clade (Figure 1). All other selected monocots are distributed in separate clade, with Triticum aestivum and
Aegilops tauschii being the most distantly related to Aloe vera.

Recently an updated plant megaphylogeny has been reported for the vascular plants (Qian and Jin, 2016).
The species of Poales order showed similar relative positions in our reported phylogeny and this megaphy-
logeny. In the megaphylogeny, Musa acuminata was reported to share the most common recent ancestor
with the species of Poales order, but in our phylogeny we observed that Musa acuminata shared the most
common recent ancestor with Dioscorea rotundata from Dioscoreales order (Figures 1 and S3). Also,
among the selected monocots, the species of Dioscoreales order was reported to show the earliest diver-
gence. However, in our genome-wide phylogeny, Aloe vera showed the earliest divergence.
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Figure 1. The phylogenetic tree of the selected 14 monocot species, Aloe vera, and Arabidopsis thaliana as an
outgroup

The values mentioned at the nodes are the bootstrap values. The scale mentioned is the nucleotide substitutions per
base.

See also Figure S3.

With reference to the reported phylogeny of angiosperms, at the order level the Poales and Zingiberales
formed a clade, and their ancestor shared the most recent common ancestor with Asparagales, then all
three shared a recent ancestor with Dioscoreales (Chase et al., 2016). In our genome-wide phylogeny, Zin-
giberales and Dioscoreales shared the most recent common ancestor, and their ancestor shared the most
recent common ancestor with Asparagales, and the three shared a recent ancestor with Poales.

The divergence time for Aloe vera and clade formed by Dioscorea rotundata and Musa acuminata was esti-
mated to be 104.97 Mya with equal-tailed confidence interval of 101.32-112.22 Mya, which is in agreement
with the previous studies (Bremer, 2000; Fiz-Palacios et al., 2011; Pouget et al., 2016). Further, the diver-
gence time of the clade leading to Aloe vera, Dioscorea rotundata, and Musa acuminata and the clade
formed by the other species of Poales order was estimated to be 107.66 Mya with equal-tailed confidence
interval of 103.47-116.73 Mya.

Gene families with expansion and contraction in Aloe vera

For the identification of gene family expansion and contraction, a total of 52,357 families were obtained by
clustering. Of these, 23,016 families having <100 gene copies for every species were used for further anal-
ysis. A total of 5,143 families were found to be expanded, and 2,977 families showed contraction in Aloe
vera in comparison to the recent ancestor (Figure S4). Among the top 20 expanded families in Aloe
vera, ABC transporter, RNA-mediated transposition, transcription initiation factor TFIIB, ATPases, ribonu-
clease H, and serine arginine-rich splicing factor were the families with known function. In contrast, the top
20 contracted families in Aloe vera included the functions related to MADS-box transcription factor, syn-
thase, RNA polymerase |l transcription regulator recruiting activity, peptidase S10, cysteine-rich recep-
tor-like protein kinase, galactoside, WRKY transcription factor, AP2-like ethylene-responsive transcription
factor, and reverse transcriptase.

Genes with a higher rate of evolution

A total of 85 genes showed higher rates of evolution in Aloe vera in comparison to the other monocot spe-
cies. These genes belonged to several eggNOG categories and KEGG pathways as mentioned in Tables S7
and S8, with a higher representation of ribosomal genes. The distribution of enriched (p value<0.05)
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biological process GO terms is mentioned in Table S9. Also, among these 85 genes three molecular func-
tion GO terms, rRNA binding, structural constituent of cytoskeleton, and structural constituent of ribosome
showed an enrichment (p value<0.05) (Table S10). Five transcription factors—WRKY, MYB, bHLH, CPP, and
LBD—showed higher rates of evolution in Aloe vera. Among these, WRKY, MYB, and bHLH are known to be
involved in drought stress tolerance (Fei et al., 2019, Waseem and Li, 2019; Zhao et al., 2018b). There were
six chloroplast-functioning-related genes, namely EMB3127, PnsB3, TL29, IRT3, PDV2, and SIRB, that
showed a higher rate of evolution. Notably, the chloroplast-function-related genes have been implicated
in different abiotic stress conditions in plants, including drought (Yoo et al., 2019; Zhao et al., 2018a).

Identification of positively selected genes

A total of 199 genes showed positive selection in Aloe vera with the FDR g-value threshold of 0.05. The dis-
tribution of these genes in eggNOG categories, KEGG pathways, and GO term categories are mentioned
in Tables S11-515. Among the genes with positive selection, several genes were involved in key functions
with specific phenotypic consequences (Figure S5). These included flowering-related genes that are impor-
tant for the reproductive success, calcium-ion-binding and transcription factors/sequence-specific DNA-
binding genes involved in signal transduction for response to external stimulus, carbohydrate catabolism
genes required for energy production, and genes involved in abiotic stress response (Agarwal and Jha,
2010; Takatsuji, 1998; Tuteja and Mahajan, 2007). Among the abiotic stress response genes, there were
four categories of genes: water-related stress response genes, DNA damage response genes involved
in reactive oxidative species (ROS) stress response, nuclear pore complex genes involved in plant stress
response by regulating the nucleo-cytoplasmic trafficking, and secondary metabolites-biosynthesis-
related genes that deal with different types of biotic and abiotic stresses (Naik and Al-Khayri, 2016; Rol-
déan-Arjona and Ariza, 2009; Yang et al., 2017). The robust and efficient DNA damage response mechanism
is essential for biotic and abiotic stress tolerance and for the genomic stability (Nisa et al., 2019). Thus,
adaptive evolution in this pathway seemingly contributes toward the stress tolerance capabilities and
genomic stability in Aloe vera.

Another gene G6PD5 that showed positive selection in Aloe vera protects plants against different types of
stress such as salinity stress by producing nitric oxide (NO) molecule, which leads to the expression of de-
fense response genes (Arasimowicz and Floryszak-Wieczorek, 2007; Liu et al., 2007). Regulation of osmotic
potential under drought stress is acquired by different ion channels, transporters, and carrier proteins
(Bray, 1993). In this study, K* transporter 1(KT1), bidirectional amino acid transporter 1(BAT1), and
"BASS6,” a sodium/metabolite co-transporter gene, were found to be positively selected in Aloe vera.

The abscisic acid (ABA) responsive element binding factor (ABF) gene was found to be positively selected.
This gene is differentially expressed under drought and other abiotic stress and alters specific target gene
expression by binding to ABRE (abscisic-acid-response element), the characteristic element of ABA-induc-
ible genes (Feng et al., 2019). A previous study showed that mutations in this gene lead to increased sensi-
tivity to drought (Yoshida et al., 2015). ABA also regulates stomatal closure and solute transport and thus
have implications in drought tolerance (Yamaguchi-Shinozaki and Shinozaki, 2006). The trehalase 1 (TRE1)
gene was also found to be positively selected, and the overexpression of this gene causes better drought
tolerance through ABA-guided stomatal closure (Van Houtte et al., 2013).

Genes with site-specific signs of evolution

Two types of site-specific signatures of adaptive evolution, i.e., positively selected codon sites and unique
amino acid substitutions with significant functional impact, were identified in Aloe vera. The unique substi-
tutions analysis has the potential to reveal the amino acid substitutions, which are specific to the species of
interest and can significantly affect the protein function. However, the number of genes with unique sub-
stitutions may increase with the increase in genetic distance, and thus the usage of closely related species is
desired to make the analysis more reliable. Therefore, for this analysis we have only used the monocot ge-
nomes that were available on the Ensembl plant genome database to make the analysis more robust and
reliable. The positively selected codon sites analysis identifies the codon sites that are under positive se-
lection in our species of interest; the setup of using monocot genomes along with Arabidopsis thaliana as
outgroup also helped in effectively identifying the positively selected codon sites with higher accuracy.

Atotal of 1,848 genes had positively selected codon sites, and a total of 2,669 genes had unique amino acid
substitutions with functional impact. The distribution of genes with positively selected codon sites and
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unique amino acid substitutions with functional impact in eggNOG categories, KEGG pathways, and GO
term categories are mentioned in Supplemental Tables S16-525.

One of the characteristics of succulent plants such as Aloe vera is the ability to efficiently assimilate the at-
mospheric CO, and reduce water loss by transpiration through the CAM pathway, a specific mode of
photosynthesis. The evolution of CAM is an adaptation to the limited CO, and limited water condition,
and a significant correlation between higher succulence and increased magnitude of CAM metabolism
has been observed (Teeri et al., 1981). In this study, several crucial genes of CAM metabolism showed
site-specific signatures of adaptive evolution in Aloe vera (Figure 2A). The potassium channel involved in
stomatal opening/closure (KAT2), malic enzyme (ME) that converts malic acid to pyruvate, and phospho-
enolpyruvate carboxylase (PEPC) that converts phosphoenolpyruvate to oxaloacetate and assimilates
the environmental CO, showed both the signs of site-specific adaptive evolution. In addition, the other
CAM genes including potassium transport 2/3 (KT2/3), pyruvate orthophosphate dikinase (PPDK), phos-
phoenolpyruvate carboxylase kinase 1 (PPCK1), carbonic anhydrase 1 (CA1), peroxisomal NAD-malate de-
hydrogenase 2 (PMDH2), tonoplast dicarboxylate transporter (TDT), and aluminum-activated malate trans-
porter family protein (ALMT9) showed unique substitutions with functional impact on Aloe vera.

CAM metabolism evolution is known to be a result of modified circadian regulation at the transcription and
posttranscriptional levels (Mallona et al., 2011). CAM evolution is a well-characterized physiological rhythm
in plants, and it is also a specific example of circadian clock-based specialization (Mallona et al., 2011; Sil-
vera et al., 2010). Several plant circadian rhythm genes showed site-specific signs of adaptive evolution in
Aloe vera (Figure 2B). Three essential genes of red light response—PHYB, ELF3, and LHY showed both the
signs of site-specific adaptive evolution. Also, the FT gene important for flowering and under the control of
circadian rhythm showed both the signs of site-specific adaptive evolution. The PHYA gene, which is also a
part of the red light response, had unique substitutions with functional impact. Among the blue light
response genes, three genes—Gl, FKF1, and SPA2 had unique substitutions with functional impact, and
two genes—HY5 and CHS had positively selected codon sites. The blue light response regulates the UV
protection and photomorphogenesis.

Plant hormone signaling regulates plant growth, development, and response to different types of biotic
and abiotic stress (Santner and Estelle, 2009). Multiple genes of auxin, cytokinin, and brassinosteroid hor-
mone signaling involved in cellular growth and elongation having implications in cellular and tissue succu-
lence showed site-specific signatures of adaptive evolution (Figure 2C). The genes of the abscisic acid hor-
mone signaling involved in stomatal opening/closure required for CAM metabolism and different biotic
and abiotic stress response (Feng et al., 2019) had positively selected codon sites and unique substitution
sites with functional impact (Figure 2C). Also, the genes involved in salicylic acid signaling important for
providing disease resistance and help in biotic stress response showed site-specific signatures of adaptive
evolution (Figure 2C).

Genes with multiple signs of adaptive evolution

Among the three signatures of adaptive evolution i.e., positive selection, a higher rate of evolution, and
unique amino acid substitutions with functional impact, a total of 148 genes showed two or more signs
of adaptive evolution and were identified as the genes with multiple signs of adaptive evolution (MSA)
(Chakraborty et al., 2020; Jaiswal et al., 2018; Mittal et al., 2019). The distribution of these genes in eggNOG
categories, KEGG pathways, and GO categories are mentioned in Tables $26-529. Another study that per-
formed the proteomic analysis of drought stress response in wild peach also found similar categories to be
enriched in the proteins that were differentially expressed under drought conditions (Cao et al., 2017). A
total of 90 genes out of the 148 MSA genes in Aloe vera were from the specific categories that are associ-
ated with drought stress tolerance (Supplementary Data Sheet 1.). The literature references for MSA genes
that were considered to be associated with drought stress tolerance mechanisms are mentioned in Supple-
mentary Data Sheet 1. The specific groups of proteins and their relation with the drought stress tolerance
are mentioned in Figure 3.

Several ribosomal genes and transcription factors genes were found to be MSA genes in this study, and
these were also found to be overexpressed under drought conditions in different proteomic and transcrip-
tomic studies and aid in better drought stress survival (Cao et al., 2017; Janiak et al., 2018; Moin et al., 2016).
Mutational studies in these genes have also shown their role in drought resistance (Moin et al., 2016). Many
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PATHWAYS WITH SITE-SPECIFIC SIGNALS OF ADAPTIVE EVOLUTION IN ALOE VERA
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Figure 2. The adaptive evolution of CAM pathway, plant circadian rhythm, and plant hormone signaling in Aloe
vera

The important genes of the CAM pathway, plant circadian rhythm, and plant hormone signaling are shown with their
function: (A) for CAM pathway, (B) for plant circadian rhythm, and (C) for plant hormone signaling. The genes in Lavender
had positively selected codon sites, the genes in Green had unique substitutions with function impact, and the genes in
Red showed both the signs of site-specific adaptive evolution in Aloe vera. There were no CAM pathway genes that had
only positively selected codon sites.

See also Tables S16-525.
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Figure 3. The MSA genes in Aloe vera that are involved in drought stress response

The relation of specific categories of genes with drought stress response was determined from the literature. The
standard Arabidopsis thaliana gene IDs were used in case of genes that did not have a standard gene symbol.
See also Tables 526-530.

nuclear genes are involved in the functioning of symbiotic organelles chloroplast and mitochondria. Some
of these genes are also involved in the organellar gene expression (OGEs) regulation, and their mutants are
known to show altered response to different abiotic stress, including high salinity stress (Leister et al., 2017;
Robles and Quesada, 2019). Several of these genes belonging to two categories, RNA helicases and PPR
domain proteins, were found to be MSA genes. Thus, in the Aloe vera species, these genes have been
adaptively evolved to provide this species with better salt tolerance.

Two osmotic biosensor genes—"CPA"” and "AT2G42100"” were found to be among the MSA genes in Aloe
vera. Different membrane transporters that can transport signaling molecules, osmolytes, and metals were
also among the MSA genes (Figure 3). These included two peroxisomal transporters—"PNC1" a nucleotide
carrier protein and “PEX14" a transporter for PTS1 and PTS2 domain containing signaling proteins and
different heavy metal transporters such as “IRT3,” an iron transporter, “AT4G17650," a lipid transporter,
"AT2G40420,” an amino acid transporter, “ALA1,” a phospholipid transporter, “NAT8,” a nucleobase-
ascorbate transporter, “NRT2.6,” a high-affinity nitrate transporter, and "BASS6,” a sodium/metabolite
co-transporter. These osmotic sensors and transporters provide significant enhancement in function in
drought stress condition and help in adjusting to the water scarcity (Igbal, 2018; Jarzyniak and Jasinski,
2014).

The genes for several kinases and WD-40 repeat proteins were also found to be among the MSA genes in
Aloe vera. These proteins are involved in signaling and transcription regulation required for the drought
stress tolerance (Feyissa et al., 2019; Janiak et al., 2018; Liu et al., 2017; Ranjan and Sawant, 2015). Also,
the genes involved in energy generation and are part of the thylakoid membrane showed MSA. The stabil-
ity of thylakoid membrane proteins has been associated with drought resistance, and these energy-pro-
duction-related genes are crucial in survival during the drought stress (Janiak et al., 2018; Tian et al.,
2013). Two genes that assist in protein folding were found to show MSA (Figure 3), and these proteins
are very important in protecting the macromolecules of the cells under drought stress conditions (Shinozaki
and Yamaguchi-Shinozaki, 2007). Four genes involved in plant hormone signaling were also among the
MSA genes. The plant hormone signaling is central to the signaling pathways required for drought stress
tolerance (Tiwari et al., 2017). Four genes involved in flowering and reproduction regulation were also
found to be among the MSA genes in Aloe vera. The flowering and reproduction-related genes are known
to be regulated for better reproductive success under drought stress conditions as part of the drought
tolerance strategy used by many plants (Monroe et al.,, 2018; Song et al., 2017).
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Figure 4. Evaluating the co-expression and physical interaction of MSA genes in Aloe vera

(A) The co-expression network of the MSA genes is shown. Only the MSA genes that showed at least one co-expression
connection are shown. The nodes represent the genes, and the edges represent the co-expression of the connected
nodes.

(B) The protein-protein interaction network of the MSA genes is shown. Only the MSA genes that showed at least one
protein-protein interaction are shown. The nodes represent the genes, and the edges represent the protein-protein
interaction between the connected nodes.

The genes shown in Pink are the genes involved in drought stress tolerance mechanisms, and genes shown in Lavender
had other functions. To check the literature reference for the genes associated with the drought stress tolerance
mechanisms, please refer to Table S30. The standard Arabidopsis thaliana gene IDs were used in case of genes that did
not have a standard gene symbol.

The co-expression of MSA genes was examined using the co-expression data from the STRING database
(Szklarczyk et al., 2017), and the MSA genes that co-express with at least one other MSA gene are displayed
as a network diagram (Figure 4A). From the network, it is evident that majority of co-expressing MSA genes
are associated with drought stress tolerance mechanisms, and the genes forming the dense network are
also related to drought stress tolerance. Predominantly, three categories of drought-stress-tolerance-
related MSA genes have shown co-expression: genes involved in energy production, genes involved in
OGEs regulation, and genes that predispose plants to drought stress tolerance.

Similarly, a network diagram was constructed using the protein-protein interaction data of MSA genes from
the STRING database (Szklarczyk et al., 2017). The genes with physical interaction known from the
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experimental studies are shown as a network diagram in Figure 4B. From the network, it is apparent that
among the interacting MSA genes, all of them except four are associated with drought stress tolerance
mechanisms. Further, among the MSA genes, primarily the genes that predispose plants to drought stress
tolerance showed the physical interaction. In addition, three genes involved in signal transduction in
drought stress response, two genes that function as osmotic biosensors, and two OGEs regulation genes
also displayed physical interaction.

DISCUSSION

In this work, we have reported the complete draft genome sequence of Aloe vera, which is an evolutionarily
important, ornamental, and widely used plant species due to its medicinal properties, pharmacological ap-
plications, traditional usage, and commercial value. The availability of Aloe vera genome sequence is also
important because it is the first genome sequenced from the Asphodelaceae plant family and is the largest
angiosperm and the fifth largest genome sequenced so far. It is also the largest genome sequenced using
the Oxford Nanopore technology till date.

The high level of heterozygosity is one of the key challenges in genome assembly because the de novo
assembler tries to generate a single haploid output from the allelic differences, which is difficult to achieve
with high levels of heterozygosity (Asalone et al., 2020). The estimated heterozygosity for the Aloe vera
genome was 11.3%, which is even higher than the heterozygosity of wheat genome (10.1%) that required
the combined effort of several research institutions across the world and more than a decade for its comple-
tion. Thus, the hybrid approach of using short-read (lllumina) and long-read (Nanopore) sequence data
emerged as a successful assembly strategy to overcome the challenge of constructing one of the largest
plant genomes. The study also reported the gene set of Aloe vera constructed using the combination of
de novo and homology-based gene predictions, and also using the data from the genomic assembly and
the transcriptomic assembly from multiple tissues, thus indicating the comprehensiveness of the approach.

This study reported the first genome-wide phylogeny of Aloe vera with all other monocot species available
on the Ensembl plant database and with Arabidopsis thaliana as an outgroup. A few previous studies have
also examined the phylogenetic position of Aloe vera with respect to other monocots but used a few
genomic loci. Thus, this is the first genome-wide phylogeny of monocots that resolves the phylogenetic
position of Aloe vera with respect to the other monocots by using 1,440 different loci distributed
throughout their genomes. The very high bootstrap values for the internal nodes and existence of no poly-
tomy in the phylogeny further attest to the correctness of the phylogeny. This phylogeny is mostly in agree-
ment with the previously known phylogenies and also provided new insights (Dunemann et al., 2014; Grace
et al., 2015; Qian and Jin, 2016; Silvera et al., 2014; Wang and Deng, 2016).

An earlier phylogeny constructed using “ppc-aL1a” gene showed that Sorghum bicolor, Zea mays, Setaria
italica, Brachypodium distachyon, Hordeum vulgare, and Oryza sativa form a monophyletic group, which
was also observed in our phylogeny (Silvera et al., 2014). Similarly, the relative positions of Hordeum vul-
gare, Saccharum officinarum, Zea mays, and Oryza sativa in another phylogeny based on “CENH3" gene
were in agreement with our phylogeny (Dunemann et al., 2014). Using the “NORK" gene, another recent
study reported the relative phylogenetic position of four monocot species: Oryza sativa, Zea mays, Sor-
ghum bicolor, and Setaria italica (Wang and Deng, 2016). Zea mays, Sorghum bicolor, and Setaria italica
were found to share a recent last common ancestor, and Oryza sativa had diverged earlier from their com-
mon ancestor, which is also supported by the genome-wide phylogeny reported in this study.

Although the genome-wide phylogeny showed the species of Poales order with similar topology as re-
ported in earlier studies, a different topology was observed for the relative position of Musa acuminata,
Dioscorea rotundata, and Aloe vera from the orders Zingiberales, Dioscoreales, and Asparagales, respec-
tively (Chase et al., 2016; Qian and Jin, 2016). The observed differences could be due to the usage of a few
genomic loci in the previous phylogenies, whereas the phylogeny reported in this study is a genome-wide
phylogeny constructed using 1,440 one-to-one orthologs distributed across the genome. The availability of
more complete genomes from monocots and the inclusion of more genomic loci in the phylogenetic anal-
ysis will help in explaining the observed differences and confirm the relative positions of these species.

One of the key highlights of the study was the revelation of adaptive evolution of genes involved in drought
stress response, which provides a genetic explanation for the drought stress tolerance properties of Aloe
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vera. This plant is known to display a number of phenotypes such as perennial succulent leaves and CAM
mechanism for carbon fixation that provide it with better drought stress survival (Jin et al., 2007). Several
experimental studies have also reported that it can make adjustments such as increased production of
sugars and increased expression of heat-shock and ubiquitin proteins for efficient water utilization and os-
motic maintenance that eventually provide better drought survival (Delatorre-Herrera et al., 2010; Hazrati
etal, 2017; Huerta et al., 2013). In this study, the majority (60.81%) of genes that showed multiple signs of
evolution (MSA) were involved in drought-stress-tolerance-related functions. These genes were also found
to be co-expressing and physically interacting with each other, which further point toward the adaptive
evolution of the drought stress tolerance mechanisms in this species. The adaptive evolution of genes
involved in drought stress tolerance provides insights into the genetic basis of drought resistance property
of Aloe vera.

Several crucial genes of CAM pathway and circadian rhythm have also shown site-specific signs of adaptive
evolution in Aloe vera in comparison to the other monocot species. The CAM pathway has very high water
use efficiency and is known to have evolved convergently in many arid regions for better drought survival
(Ming et al., 2015). Also, the CAM pathway is a physiological rhythm with temporal separation of atmo-
spheric CO; assimilation and Calvin-Benson cycle and is under the control of plant circadian rhythm (Mal-
lona et al.,, 2011; Yin et al., 2018). This CAM pathway evolution is known to be a specific type of circadian
rhythm specialization (Hartwell, 2018; Silvera et al., 2010). Thus, the observed adaptive evolution of CAM
pathway and its controller circadian rhythm in this study point toward its role in providing this species an
evolutionary advantage for efficient drought stress survival. Furthermore, it should be noted that among
the genes, which showed adaptive evolution in Aloe vera such as the ones involved in drought stress
response, CAM pathway, and circadian rhythm, only the genes with previously known functional role
from experimental studies were used for the interpretation. Therefore, it is likely that the genes with adap-
tive evolution in Aloe vera may have phenotypic consequences.

The evolutionary success of the Aloe genus is also known to be due to the succulent leaf Mesophyll tissue
(Grace et al.,, 2015). Particularly, the medicinal use of Aloe vera is much associated with the succulent leaf
mesophyll tissue, and a loss of this tissue leads to the loss of medicinal properties (Reynolds and Dweck,
1999). The plant species with CAM pathway have large vacuoles in comparison to the non-CAM plants,
and therefore, the leaf succulence is also higher in CAM plants. Thus, it is tempting to speculate that
the observed evolution of CAM pathway in Aloe vera may also be crucial for the higher leaf mesophyll suc-
culence contributing to its medicinal properties. Also previously, it has been proposed that the specific
properties of Aloe vera such as the high leaf succulence, medicinal properties, and drought resistance
are the consequences of evolutionary processes such as selection and speciation rather than due to phylo-
genetic diversity or isolation (Grace et al., 2015). The signatures of adaptive evolution in drought tolerance
and CAM pathway genes in Aloe vera further substantiate this notion.

Limitations of the study

Because of the unavailability of any other genome from the Aloe genus or from the Asphodelaceae family,
the phylogenetic and adaptive evolution analysis was performed on the available species that were
distantly related to Aloe vera. Thus, the availability of more genomes from closely related plant species
will provide more insights into the unique properties of this species and its family. Further, the large
genome size and high heterozygosity in plant genomes such as Aloe vera are among the key challenges
for their complete assembly, and the availability of more data, improved algorithms, and tools are likely
to help in generating a more comprehensive and contiguous assembly of this species.

Resource availability
Lead contact

Further information, requests, and inquiries should be directed to the Lead Contact, Vineet K. Sharma
(vineetks@iiserb.ac.in).

Materials availability

All the materials and methods used for the generation of data and analysis are mentioned in the manuscript
text. The generated data were deposited to the public repositories, and accession numbers are mentioned
in “"Data and code availability” section.
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Data and code availability

The accession number for the Aloe vera sequence data (DNA and RNA) reported in this paper are NCBI
BioProject accession number: PRINA634897, NCBI Biosample accession number: SAMN15010737, and
NCBI accession codes: SRR11842980, SRR11842979, SRR11842978, and SRR11842977.

METHODS

All methods can be found in the accompanying Transparent methods supplemental file.

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.1016/].isci.2021.102079.
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SUPPLEMENTARY TABLES

Supplementary Table S1. Summary of the lllumina sequence data for Aloe vera genome (Related
to “Figure 1” of main text)

Paired-end Insert Average Read | Number of Reads | Total Data Sequence
Size Length Coverage
447 bp and 600 bp | 150 bp 3,393,209,648 506.4 Gb 37.15X

Supplementary Table S2. Summary of the nanopore sequence data for Aloe vera genome (Related
to “Figure 1” of main text)

Average Read Length

Number of Reads

Total Data

Sequence Coverage

3,327 bp

48,240,314

146.8 Gb

10.77X

Supplementary Table S3. Summary of the transcriptome data for Aloe vera genome (Related to

“Figure 1” of main text)

Average Average

read read Total

length R1 | length R2 | number of | Total number of | Total number of | Total number of
Tissue (bp) (bp) read pairs R1 (bp) R2 (bp) bases (bp)
Leaf" 101 101 32,776,695 3,310,446,195 3,310,446,195 6,620,892,390
Root’ 101 101 36,212,970 3,657,509,970 3,657,509,970 7,315,019,940
Leaf 101 101 29,247,010 2,953,948,010 2,953,948,010 5,907,896,020
Root’ 145.6 145.4 51,078,070 7,440,880,511 7,427,363,139 14,868,243,650
1K
genome
projec’c3 73 75 16,218,326 1,183,937,798 1,216,374,450 2,400,312,248
Total data 165,533,071 | 18,546,722,484 18,565,641,764 37,112,364,248

Tour study, “Choudhri et al., 2018 (Choudhri et al., 2018), 31KP project (Wickett et al., 2014)

Supplementary Table S4. Summary statistics of the final assembly for Aloe vera genome (Related

to “Figure 1” of main text)

Genome statistics* Value
Number of scaffold (> 300 bp) 7,545,697
Number of scaffold (= 1000 bp) 1,687,410
Number of scaffold (= 5000 bp) 433,182
Number of scaffold (= 10000 bp) 254,572
Number of scaffold (> 25000 bp) 104,910
Number of scaffold (> 50000 bp) 32,389

Total length (> 300 bp)

12,934,659,027

Total length (21000 bp)

10,404,862,008

Total length (= 5000 bp)

8,523,711,385




Total length (> 10000 bp) 7,293,656,262
Total length (> 25000 bp) 4,912,010,614
Total length (> 50000 bp) 2,385,794,989
Largest scaffold 4,941,863
GC% (> 300 bp) 41.90
N50 (> 300 bp) 14,560
Number of N's per 100 kbp (> 300 bp) 175.12

Supplementary Table S5. Summary statistics of the transcriptome assembly for Aloe vera (Related
to “Figure 1” of main text)

Statistics based on all transcript contigs
Contig N10 3151
Contig N20 2402
Contig N30 1942
Contig N40 1584
Contig N50 1268
Average contig 795.94
Total assembled bases 163,190,792
Statistics based on only longest isoform per gene
Contig N10 3,098
Contig N20 2,338
Contig N30 1,838
Contig N40 1,431
Contig N50 1,061
Average contig 652.68
Total assembled bases 70,576,159
Counts of genes and transcripts
Total trinity 'genes' 108133
Total trinity transcripts 205029




Supplementary Table S6. The tRNAs compared across different monocot species including Aloe
vera (Related to “Figure 1” of main text)

Species tRNA
Aegilops tauschii 547
Brachypodium distachyon 289
Dioscorea rotundata 154
Hordeum vulgare 727
Leersia perrieri 196
Musa acuminata 1,254
Oryza sativa 242
Setaria italicaa 346
Sorghum bicolor 324
Triticum aestivum 1,915
Zea mays 2,834
Arabidopsis thaliana 689
Aloe vera 1,978*

*Only the tRNAs specific to standard amino acids are mentioned
The data for the other species was retrieved from the Ensembl plants genome browser, and for the Aloe vera species the
tRNAs were identified as mentioned in the Supplementary Text S3.

Supplementary Table S7. The distribution of genes with higher rate of evolution in different
eggNOG categories in Aloe vera (Related to “Figure 2” of main text)

eggNOG category Number of genes

Function unknown 17

Translation, ribosomal structure and biogenesis

Posttranslational modification, protein turnover, chaperones

Inorganic ion transport and metabolism

Intracellular trafficking, secretion, and vesicular transport

Transcription

Energy production and conversion

RNA processing and modification

Carbohydrate transport and metabolism

Cytoskeleton

Signal transduction mechanisms

Coenzyme transport and metabolism

Amino acid transport and metabolism

Replication, recombination and repair

Nucleotide transport and metabolism

Lipid transport and metabolism

RlRrlRr|NNMNw MO |||un|o|xo|o

Cell cycle control, cell division, chromosome partitioning




Supplementary Table S8. The distribution of genes with higher rate of evolution in different KEGG
pathways in Aloe vera (Only pathways relevant to plants and with more than one genes are
mentioned) (Related to “Figure 2” of main text)

KEGG Pathway

Number of genes

Ribosome

Oxidative phosphorylation

Glutathione metabolism

Spliceosome

RNA transport

NININ|IN |0

Supplementary Table S9. The biological process GO categories that were enriched in the genes
with higher rate of evolution in Aloe vera (Only statistically significant GO terms p<0.05 are
mentioned) (Related to “Figure 2” of main text)

GO Term ID Description p-value
G0:0051187 cofactor catabolic process 0.0156
G0:0072511 divalent inorganic cation transport 0.0234
G0:0009624 response to nematode 0.0278
G0:0048285 organelle fission 0.0299
G0:0070925 organelle assembly 0.0350
G0:0007017 microtubule-based process 0.0401

Supplementary Table S10. The molecular function GO categories that were found enriched in the
genes with higher rate of evolution in Aloe vera (Only statistically significant GO terms p<0.05 are
mentioned) (Related to “Figure 2” of main text)

GO Term ID Description p-value

G0:0019843 rRNA binding 0.0014

G0:0005200 structural constituent of 0.0042
cytoskeleton

G0:0003735 structural constituent of ribosome 0.0384




Supplementary Table S11. The distribution of genes with positive selection in different eggNOG
categories in Aloe vera (Related to “Figure 2” of main text)

eggNOG category Number of genes
Function unknown 47
Transcription 19
Carbohydrate transport and metabolism 15
RNA processing and modification 13
Signal transduction mechanisms 12
Posttranslational modification, protein turnover, chaperones 11

Inorganic ion transport and metabolism

Intracellular trafficking, secretion, and vesicular transport

Translation, ribosomal structure and biogenesis

Replication, recombination and repair

Energy production and conversion

Amino acid transport and metabolism

Lipid transport and metabolism

Coenzyme transport and metabolism

Cell cycle control, cell division, chromosome partitioning

Secondary metabolites biosynthesis, transport and catabolism

Chromatin structure and dynamics

Cell wall/membrane/envelope biogenesis

Defence mechanisms

Cytoskeleton

RININWW|IAAlOWLININ|O|O|0|LO|LO

Nuclear structure

Supplementary Table S12. The distribution of genes with positive selection in different KEGG
pathways in Aloe vera (Only pathways relevant to plants and with more than one gene are
mentioned) (Related to “Figure 2” of main text)

KEGG Pathway Number of Genes
Cell cycle
RNA transport
Glycolysis / Gluconeogenesis

Starch and sucrose metabolism

alpha-Linolenic acid metabolism

Cysteine and methionine metabolism
Aminoacyl-tRNA biosynthesis
Plant hormone signal transduction

Cellular senescence

Circadian rhythm - plant

WWwiw wwwiwi w|p,lum

Plant-pathogen interaction




Supplementary Table S13. The biological process GO categories that were enriched in the genes
with positive selection in Aloe vera (Only statistically significant GO terms p<0.05 are mentioned)
(Related to “Figure 2” of main text)

GO Term ID Description p-value
G0:0051128 regulation of cellular component organization 0.003
G0:0009415 response to water 0.004
G0:0032504 multicellular organism reproduction 0.007
GO:0051172 negative regulation of nitrogen compound metabolic 0.008
process
G0:0015748 organophosphate ester transport 0.008
G0:0009890 negative regulation of biosynthetic process 0.010
G0:0040008 regulation of growth 0.011
G0:0016052 carbohydrate catabolic process 0.014
G0:0104004 cellular response to environmental stimulus 0.016
G0:0071496 cellular response to external stimulus 0.024
G0:2000241 regulation of reproductive process 0.024
G0:0015979 photosynthesis 0.025
G0:1905392 plant organ morphogenesis 0.031
G0:0051726 regulation of cell cycle 0.031
G0:0006974 cellular response to DNA damage stimulus 0.031
G0:0009735 response to cytokinin 0.036
G0:0080134 regulation of response to stress 0.040
G0:0009409 response to cold 0.043
G0:0009308 amine metabolic process 0.044
G0:0006325 chromatin organization 0.046
G0:0010038 response to metal ion 0.048
G0:0045165 cell fate commitment 0.049

Supplementary Table S14. The cellular component GO categories that were enriched in the
positively selected genes in Aloe vera (Only statistically significant GO terms p<0.05 are
mentioned) (Related to “Figure 2” of main text)

GO Term ID Description p-value
GO0:0030133 transport vesicle 0.031
G0:0005635 nuclear envelope 0.046

Supplementary Table S15. The molecular function GO categories that were enriched in the
positively selected genes in Aloe vera (Only statistically significant GO terms p<0.05 are

mentioned) (Related to “Figure 2” of main text)

GO TermID Description p-value
G0:0005509 calcium ion binding 0.006
G0:0016798 hydrolase activity, acting on glycosyl bonds 0.037




G0:0017056 structural constituent of nuclear pore | 0.038

Supplementary Table S16. The distribution of genes containing positively selected codon sites in
different eggNOG categories in Aloe vera (Related to “Figure 2” of main text)

eggNOG category Number of genes
Function unknown 443
Signal transduction mechanisms 167
Posttranslational modification, protein 157
turnover, chaperones
Transcription 128
Carbohydrate transport and metabolism 123
RNA processing and modification 87
Intracellular trafficking, secretion, and 81
vesicular transport
Amino acid transport and metabolism 80
Translation, ribosomal structure and 79
biogenesis
Secondary metabolites biosynthesis, transport 65
and catabolism
Lipid transport and metabolism 63
Energy production and conversion 59
Inorganic ion transport and metabolism 48
Replication, recombination and repair 42
Cell cycle control, cell division, chromosome 30
partitioning
Cell wall/membrane/envelope biogenesis 28
Cytoskeleton 27
Coenzyme transport and metabolism 25
Chromatin structure and dynamics 24
Nucleotide transport and metabolism 23
Defence mechanisms 15
Nuclear structure 1

Supplementary Table S17. The distribution of genes containing positively selected codon sites in
different KEGG pathways in Aloe vera (Only pathways relevant to plants and with more than ten
genes are mentioned) (Related to “Figure 2” of main text)

KEGG Pathway Number of Genes
Ribosome 25
Protein processing in endoplasmic reticulum 24
Purine metabolism 21
Starch and sucrose metabolism 18
Spliceosome 18
RNA transport 18




Plant hormone signal transduction 18
Cysteine and methionine metabolism 17
Amino sugar and nucleotide sugar metabolism 16
Cell cycle 16

Glycolysis / Gluconeogenesis 15
Glycerophospholipid metabolism 14
Lysosome 13

Ubiquitin mediated proteolysis 12

AMPK signaling pathway 12
Plant-pathogen interaction 12

Supplementary Table S18. The biological process GO categories that were enriched in the genes
containing positively selected codon sites in Aloe vera (Only statistically significant GO terms
p<0.05 are mentioned) (Related to “Figure 2” of main text)

GO Term ID Description p-value
G0:0010038 response to metal ion 0.002
G0:0044087 regulation of cellular component biogenesis 0.005
G0:0021700 developmental maturation 0.005
G0:0015850 organic hydroxy compound transport 0.009
G0:0072330 monocarboxylic acid biosynthetic process 0.019
G0:0006325 chromatin organization 0.019
G0:0006928 movement of cell or subcellular component 0.019
G0:0006366 transcription by RNA polymerase |l 0.022
G0:0071669 plant-type cell wall organization or biogenesis 0.027
G0:0044419 interspecies interaction between organisms 0.029
G0:1905392 plant organ morphogenesis 0.030
G0:0006638 neutral lipid metabolic process 0.042
G0:0019932 second-messenger-mediated signaling 0.045
G0:0006857 oligopeptide transport 0.045
G0:0009812 flavonoid metabolic process 0.049

Supplementary Table $19. The cellular component GO categories that were enriched in the genes
containing positively selected codon sites in Aloe vera (Only statistically significant GO terms
p<0.05 are mentioned) (Related to “Figure 2” of main text)

GO Term ID
G0:0009505

Description p-value

0.006

plant-type cell wall

Supplementary Table S20. The molecular function GO categories that were enriched in the genes
containing positively selected codon sites in Aloe vera (Only statistically significant GO terms
p<0.05 are mentioned) (Related to “Figure 2” of main text)

GO Term ID ‘ Description ‘ p-value




G0:0016798 hydrolase activity, acting on glycosyl bonds 0.006

G0:0001098 basal transcription machinery binding 0.021

G0:0005509 calcium ion binding 0.035

Supplementary Table S21. The distribution of genes containing unique substitutions with
functional impact in different eggNOG categories in Aloe vera (Related to “Figure 2” of main text)

eggNOG category Number of genes
Function unknown 642
Signal transduction mechanisms 242
Posttranslational modification, protein turnover, chaperones 224
Carbohydrate transport and metabolism 169
Translation, ribosomal structure and biogenesis 143
Transcription 142
RNA processing and modification 131
Intracellular trafficking, secretion, and vesicular transport 122
Amino acid transport and metabolism 111
Lipid transport and metabolism 97
Energy production and conversion 85
Inorganic ion transport and metabolism 80
Secondary metabolites biosynthesis, transport and 75

catabolism

Replication, recombination and repair 68
Cell cycle control, cell division, chromosome partitioning 60
Coenzyme transport and metabolism 43
Cytoskeleton 41
Nucleotide transport and metabolism 37
Chromatin structure and dynamics 36
Cell wall/membrane/envelope biogenesis 32
Defence mechanisms 18

Supplementary Table S22. The distribution of genes containing unique substitutions with
functional impact in different KEGG pathways in Aloe vera (Only pathways relevant to plants and
with more than ten genes are mentioned) (Related to “Figure 2” of main text)

KEGG Pathway Number of Genes
RNA transport 36
Spliceosome 31
Protein processing in endoplasmic reticulum 30
Ribosome 29
Purine metabolism 26
Ribosome biogenesis in eukaryotes 24
Glycolysis / Gluconeogenesis 23
Cysteine and methionine metabolism 23




Starch and sucrose metabolism 22
Ubiquitin mediated proteolysis 22
mMRNA surveillance pathway 21
Endocytosis 20

Cell cycle 20

Pyruvate metabolism 19

Amino sugar and nucleotide sugar metabolism 18
Glycerolipid metabolism 18
Aminoacyl-tRNA biosynthesis 18
Lysosome 17

RNA degradation 16

Plant hormone signal transduction 16
Peroxisome 16

Carbon fixation in photosynthetic organisms 14
Glycerophospholipid metabolism 14
Porphyrin and chlorophyll metabolism 14
AMPK signaling pathway 14

Alanine, aspartate and glutamate metabolism 13
Glycine, serine and threonine metabolism 13
Phenylalanine, tyrosine and tryptophan biosynthesis 13
Glutathione metabolism 13

MAPK signaling pathway - plant 13
HIF-1 signaling pathway 13
Plant-pathogen interaction 13

DNA replication 12

Nucleotide excision repair 12

Cellular senescence 12

Glyoxylate and dicarboxylate metabolism 11
Oxidative phosphorylation 11

Valine, leucine and isoleucine degradation 11
Arginine biosynthesis 11
Terpenoid backbone biosynthesis 11
Proteasome 11

Homologous recombination 11

mTOR signaling pathway 11
Circadian rhythm - plant 11

Pentose phosphate pathway 10
Fructose and mannose metabolism 10
Inositol phosphate metabolism 10
Methane metabolism 10

N-Glycan biosynthesis 10

Various types of N-glycan biosynthesis 10
FoxO signaling pathway 10
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Supplementary Table S23. The biological process GO categories that were enriched in the genes
containing unique substitutions with functional impact in Aloe vera (Only statistically significant
GO terms p<0.05 are mentioned) (Related to “Figure 2” of main text)

GO Term ID Description p-value
G0:0009624 response to nematode 0.001
G0:0030001 metal ion transport 0.003
G0:0016051 carbohydrate biosynthetic process 0.004
G0:0015849 organic acid transport 0.006
G0:0051187 cofactor catabolic process 0.007
G0:0009617 response to bacterium 0.008
G0:0051128 regulation of cellular component organization 0.011
G0:0072521 purine-containing compound metabolic process 0.012
G0:0046777 protein autophosphorylation 0.016
G0:0051094 positive regulation of developmental process 0.018
G0:0070085 Glycosylation 0.022
G0:0007166 cell surface receptor signaling pathway 0.026
G0:0042180 cellular ketone metabolic process 0.026
G0:0006820 anion transport 0.026
G0:0048878 chemical homeostasis 0.028
G0:0009308 amine metabolic process 0.028
G0:0005976 polysaccharide metabolic process 0.030
G0:0009100 glycoprotein metabolic process 0.033
G0:0051240 positive regulation of multicellular organismal process 0.033
G0:0006090 pyruvate metabolic process 0.034
G0:0071669 plant-type cell wall organization or biogenesis 0.034
G0:0062012 regulation of small molecule metabolic process 0.034
G0:0044262 cellular carbohydrate metabolic process 0.036
G0:0016049 cell growth 0.038
G0:0010038 response to metal ion 0.040
G0:0006631 fatty acid metabolic process 0.043
G0:0022603 regulation of anatomical structure morphogenesis 0.048

Supplementary Table S24. The cellular component GO categories that were enriched in the genes
containing unique substitutions with functional impact in Aloe vera (Only statistically significant
GO terms p<0.05 are mentioned) (Related to “Figure 2” of main text)

GO Term ID Description p-value
G0:0005802 trans-Golgi network 0.002
G0:0000325 plant-type vacuole 0.005
G0:0005768 Endosome 0.018
G0:0098552 side of membrane 0.021
G0:0000139 Golgi membrane 0.040
G0:0099023 tethering complex 0.042
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Supplementary Table S25. The molecular function GO categories that were enriched in the genes
containing unique substitutions with functional impact in Aloe vera (Only statistically significant
GO terms p<0.05 are mentioned) (Related to “Figure 2” of main text)

GO Term ID Description p-value
G0:0008194 UDP-glycosyltransferase activity 0.002
G0:0022803 passive transmembrane transporter activity 0.012
G0:0042562 hormone binding 0.017
G0:0043177 organic acid binding 0.018
G0:0052689 carboxylic ester hydrolase activity 0.020
G0:0005102 signaling receptor binding 0.022
G0:0016874 ligase activity 0.022
G0:0030551 cyclic nucleotide binding 0.034
G0:0043178 alcohol binding 0.034
G0:0016758 transferase activity, transferring hexosyl groups 0.035

Supplementary Table S26. The distribution of MSA genes in different eggNOG categories in Aloe
vera (Related to “Figure 3” and “Figure 4” of main text)

eggNOG category Number of genes
Function unknown 31
Translation, ribosomal structure and biogenesis 13
Signal transduction mechanisms 11
Carbohydrate transport and metabolism 11
RNA processing and modification 11
Posttranslational modification, protein turnover, chaperones 10
Inorganic ion transport and metabolism 9
Transcription 6
Intracellular trafficking, secretion, and vesicular transport 6
Cytoskeleton 5
Coenzyme transport and metabolism 5
Energy production and conversion 5
Amino acid transport and metabolism 4
Replication, recombination and repair 4
Cell cycle control, cell division, chromosome partitioning 3
Lipid transport and metabolism 3
Cell wall/membrane/envelope biogenesis 3
Secondary metabolites biosynthesis, transport and catabolism 2
Nucleotide transport and metabolism 1
Chromatin structure and dynamics 1

Supplementary Table $27. The distribution of MSA genes in different KEGG pathways in Aloe vera
(Only pathways relevant to plants and with more than one gene are mentioned) (Related to
“Figure 3” and “Figure 4” of main text)
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Number of
genes
Ribosome 7
RNA transport
Cysteine and methionine metabolism
Glycolysis / Gluconeogenesis
Spliceosome
Aminoacyl-tRNA biosynthesis
Circadian rhythm - plant
Plant-pathogen interaction

KEGG Pathway

Wiwiwlwjiw|b~lum

Supplementary Table $28. The biological process GO categories that were enriched in the MSA
genes in Aloe vera (Only statistically significant GO terms p<0.05 are mentioned) (Related to
“Figure 3” and “Figure 4” of main text)

GO term ID Description p-value
G0:0015748 organophosphate ester transport 0.00263
G0:0010038 response to metal ion 0.00621
G0:0032504 multicellular organism reproduction 0.00868
G0:0046700 heterocycle catabolic process 0.01165
G0:0048589 developmental growth 0.01165
G0:0019439 aromatic compound catabolic process 0.01252
G0:0044270 cellular nitrogen compound catabolic process 0.01252
G0:0016052 carbohydrate catabolic process 0.01535
G0:0016049 cell growth 0.01538
G0:1901361 organic cyclic compound catabolic process 0.01643
G0:0009624 response to nematode 0.01748
G0:0045165 cell fate commitment 0.02348
G0:2000241 regulation of reproductive process 0.02462
G0:0080134 regulation of response to stress 0.02652
G0:0042157 lipoprotein metabolic process 0.02825
G0:0007017 microtubule-based process 0.02968
G0:0008283 cell proliferation 0.02968
G0:0072524 pyridine-containing compound metabolic process 0.02968
GO0:1901698 response to nitrogen compound 0.03029
G0:0070482 response to oxygen levels 0.03337
G0:0009735 response to cytokinin 0.03447
G0:0015931 nucleobase-containing compound transport 0.03869
G0:0090351 seedling development 0.03869
G0:0022603 regulation of anatomical structure morphogenesis 0.03883
G0:0021700 developmental maturation 0.04894

13



Supplementary Table S29. The molecular function GO categories that were enriched in the MSA
genes in Aloe vera (Only statistically significant GO terms p<0.05 are mentioned) (Related to
“Figure 3” and “Figure 4” of main text)

GO term ID Description p-value
G0:0015605 organophosphate ester transmembrane transporter activity 0.01886
G0:0005200 structural constituent of cytoskeleton 0.02383
G0:0015932 nucleobase-containing compound transmembrane transporter activity | 0.04144
G0:1901505 carbohydrate derivative transmembrane transporter activity 0.04812
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Supplementary Figure S2. k-mer count distribution for the 51-mer. The y-axis is the proportion of
51-mers and x-axis is the count of the 51-mer. (Related to “Figure 1” of main text)
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Supplementary Figure S3. The phylogenetic tree of the monocot species that were common in our
study and plant megaphylogeny is shown (Qian and Jin, 2016). The Arabidopsis thaliana was used
as an outgroup.

Dioscorea rotundata is a subspecies of Dioscorea cayennensis and both are scientific names for
white yam

(Related to “Figure 1” of main text)
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Supplementary Figure S4. The gene family expansion/contraction for the selected monocot plant
species including Aloe vera with Arabidopsis thaliana as an outgroup.

The number of gene families with expansion and contraction are shown for all the extant species
and ancestor nodes. The expansion numbers are shown with “+” symbol in Green colour and the
contraction numbers are shown with “-” symbol in Red colour. The clade formed by Aloe vera,
Dioscorea rotundata, and Musa acuminata had the A value of 0.005154 and rest of the phylogeny
had the A value of 0.0001388.

(Related to “Figure 1” of main text)
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Positive selection in Aloe vera species
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Supplementary Figure S5. The functional categories of genes that showed positive selection in
Aloe vera.

The standard Arabidopsis thaliana gene IDs were used in case of genes that did not have a

standard gene symbol.

(Related to “Figure 2”, “Figure 3” and “Figure 4” of main text)
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TRANSPARENT METHODS
Sample collection and species identification

The Aloe vera plant was bought from a plant nursery in Bhopal, India. The pulp or gel from the leaf
was scrapped out and the rest was used for the DNA extraction followed by amplification of
complete ITS1 and ITS2 (Internal Transcribed Spacer) and Maturase K (MatK) regions for species
identification. The DNA was extracted using DNeasy Plant mini kit (Qiagen, United States) and was
qguantified on Qubit 2.0 fluorometer by using Qubit DNA BR assay kit (Life Technologies, United
States). The DNA was used for amplification of complete ITS1 and ITS2 (Internal Transcribed Spacer)

and Maturase K (MatK) regions by using following primer sets:

(i) Complete ITS region: forward primer 5-TCCGTAGGTGAACCTGCGG-3’
reverse primer 5'-TCCTCCGCTTATTGATATGC-3'

(ii) ITS1 region: forward primer 5-TCCGTAGGTGAACCTGCGG-3'
reverse primer 5'-GCTGCGTTCTTCATCGATGC-3’

(iii) ITS2 region: forward primer 5-GCATCGATGAAGAACGCAGC-3’
reverse primer 5'-TCCTCCGCTTATTGATATGC-3’

(iv) Mat K region: forward primer 5’-CGATCTATTCATTCAATATTTC-3’

reverse primer 5'-TCTAGCACACGAAAGTCGAAGT-3’

The PCR programme run on Veriti 96 well thermal cycler (Applied Biosystems) for ITS regions was 94
°C for 3 mins, 35 cycles of 94 °C for 1 min, 55 °C for 1 min and 72 °C for 2.5 mins and 72 °C for 10
mins. Similarly, the programme for MatK was 95 °C for 3 mins, 35 cycles of 95 °C for 30 sec, 50 °C for
3 mins and 72 °C for 1:15 min and final extension at 72 °C for 7 mins. The amplification products
were assessed by running them on 2% agarose gel electrophoresis. The amplified products were
purified and sequenced at in-house Sanger sequencing facility. All the sequences were checked for
alignment with NCBI database using BLASTN and showed highest identity with Aloe vera which

confirmed the species as Aloe vera.
Genome sequencing
Short read sequencing

DNA extraction: The DNA was initially isolated from DNeasy Plant mini kit (Qiagen, United States).
The pulp or gel from the leaf was scrapped out before grinding. While grinding with lig. Nitrogen, 1
ml of AP1 buffer was added to increase the yield. Further steps were followed as given in the kit. The
DNA was eluted in 50 pl elution buffer (Qiagen, United States). The DNA was quantified using Qubit
DNA BR assay kit on Qubit 2.0 fluorometer (Life Technologies, United States). The library was
prepared using NEBNext Ultra Il DNA Library preparation Kit for Illumina (New England Biolabs,
England) and TruSeq DNA Nano Library preparation kits (lllumina, Inc., United States). The library
size was evaluated by Agilent 2100 Bioanalyzer and library was quantified by gPCR. The library was
sequenced on lllumina HiSeq X ten platform and NovaSeq 6000 (lllumina, Inc., United States) for 150
bp paired end reads.

Long read sequencing
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The DNA extraction for long read sequencing was done by using Carlson lysis buffer [ 100 mM Tris;
2% CTAB; 1.4 M NaCl; 1% PEG 8000; 20 mM Ethylene read sequencing Diamine Tetra Acetic acid
(EDTA)]. To 50 ml of Carlson buffer, B-mercaptoethanol (125 pl) was added and vortexed to mix it
properly. The plant part taken for DNA extraction was leaf. The pulp or gel from the leaf was
scrapped out before homogenization. The sample was homogenized in liquid nitrogen by using a
mortar and pestle (autoclaved and precooled at -20°C for 30 mins) and transferred to a
microcentrifuge tube. Carlson lysis buffer (1 ml) was preheated at 65°C for 30 mins and added to the
sample. After adding 2 pl of RNase A (20 mg/ml) and 25 ul of Proteinase K (20 uL/mL) and vortexing
for 5 sec, the sample was incubated at 65°C for 1 hr. The sample was mixed in between by inverting
10 times. After incubation, the sample was allowed to cool at room temperature for 5 mins. The
sample tube was provided with 1 ml of chloroform, vortexed and centrifuged at 5,000 xg for 15 mins
at 4°C. The top aqueous layer was transferred with wide bore tip to a new centrifuge tube. The 0.7X
volume of isopropanol was added, mixed by inverting 10 times and incubated at -20°C for overnight.
The tube was centrifuged at 5,000 xg for 45 mins at 4°C. In conventional method, the supernatant
was discarded and pellet was washed with 1 ml of ice-cold 70 % ethanol by centrifuging at 5,000 xg
for 10 mins at 4°C. The supernatant was again discarded and the pellet was air dried to evaporate all
of the ethanol residues. The DNA was eluted in 50 pl of nuclease free water.

In kit-based method, Blood and Cell culture kit with Genomic tip 20 (Qiagen, United States) was
used. The Pelleted DNA was not washed with 70% ethanol but it was dissolved in G2 buffer by
incubating at 50°C for 30 mins. The dissolved DNA was passed through equilibrated Genomic tip 20.
The column was washed thrice with QC buffer (1 ml) and eluted in 1 ml of QF buffer (pre heated at
56°C). The DNA was allowed to precipitate in 0.7X lIsopropanol for overnight at -20°C. The

precipitated DNA was washed and eluted same as in conventional method.

The DNA was quantified with Qubit 2.0 fluorometer by using Qubit DNA BR assay kit (Life
Technologies, United States). The DNA quality was checked by running on agarose gel and
NanoDrop™ 8000 Spectrophotometer (ThermoFisher Scientific, USA). To reach the required purity of
samples, they were purified with Ampure XP beads (Beckman Coulter, USA). The purified samples
were used for library preparation by following the protocol Genomic DNA by Ligation using SQK-
LSK109 kit (Oxford Nanopore). The library was loaded on FLO-MIN106 Flow cell (R 9.4.1) and
sequenced on MinlON (Oxford Nanopore, UK) using MinKNOW software (versions 3.4.5 and 3.6.0).

Transcriptome sequencing

The leaf and root part of plant were taken as sample for RNA extraction. The samples were grinded
in liquid nitrogen with the help of mortar and pestle. The powdered sample (100 mg) was
transferred to centrifuge tube to which 1 ml of TRIzol reagent (Invitrogen, USA) was added and
shaken for 5 mins. For complete dissociation of nucleoprotein complexes the tubes were incubated
for 5 mins at room temperature. Chloroform (200 ul) was added to the tubes and vortexed for 15 sec
and incubated at room temperature for 10 mins. After incubation the tubes were centrifuged at
12,000 xg for 15 mins at 4°C and upper aqueous phase was transferred to a new centrifuge tube.
Isopropanol (500 ul) was added, mixed thoroughly and allowed to precipitate for 5-10 mins at room

temperature. The RNA was pellet down by centrifuging at 12,000 xg for 10 mins at 4°C and
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supernatant was discarded. The pellet was washed with 1ml of 75% ethanol by centrifuging at 7,500
xg for five mins at 4°C. The supernatant was discarded and was kept at 37°C for 30 mins to evaporate
the residual ethanol. The RNA pellet was resuspended in 30 ul of nuclease free water, dissolved the
pellet by pipette mixing and incubated at 55-60°C for 10-15 mins (Johnson et al., 2012). The RNA was
diluted 10 times and quantified on Qubit 2.0 fluorometer by using Qubit HS Assay kit (Invitrogen,
USA). The library was prepared by using TruSeq Stranded mRNA LT Sample Prep kit and following
TruSeq Stranded mRNA Sample Preparation Guide (lllumina, Inc., United States) and sequenced on

Illumina NovaSeq 6000 platform for 101 basepair paired end reads.
Data preprocessing

The raw lllumina sequence data was processed using the Trimmomatic v0.38 tool (Bolger et al.,,
2014). The adapters used for the sequencing were trimmed using the parameters: 2 mismatches to
be allowed in the seed matching with seed length of 16, palindrome clip threshold of 30, and simple
clip threshold of 10. The low quality bases or N’s were removed from the leading and trailing ends of
the reads with the quality threshold of 15. The reads were scanned with a sliding window of 4 bp
and the reads were trimmed when average PHRED quality score per base went below 15. After these
steps, all the reads smaller than 60 bp were removed. For nanopore data the raw sequencing reads
were obtained in fast5 from the MinKNOW v3.6.0 and basecalling was performed using Guppy
v3.2.1. Adapter sequences were then removed based on all known adapters by using Porechop
v0.2.3.

Genome characteristics (heterozygosity and genome size estimation)

The percent heterozygosity was estimated using the quality-filtered paired-end short reads to assess
the complexity of the genome. The k-mer frequency data was generated using Jellyfish (v2.2.10), and
was used for the percent heterozygosity calculations using GenomeScope (v2.0) (Margais and
Kingsford, 2011; Vurture et al., 2017).

SGA-preqc was used to estimate the genome size of Aloe vera using a k-mer count distribution
method (Simpson and Durbin, 2012). It uses a k-mer count distribution method, where only the k-
mers with higher occurrences are considered for genome size estimation. Thus, it reduces the
impact of sequencing errors on the estimation which is very useful for higher repeat containing plant
genomes. At first the sga preprocess was run (with the option -pe-mode set to 0 to consider all the
paired-end and single-end filter reads for the analysis) to preprocess the raw reads. Next, the sga
index was run with ‘ropebwt’ algorithm and --no-reverse option to index the preprocessed reads,

and finally, the sga preqc was run with default options for genome size estimation.
Genome assembly

The filtered paired and unpaired Illumina reads were de novo assembled using ABySS v2.1.5 with
bloom-filter function for a Bloom filter size of 950 GB, the bloom filter hash function and minimum
k-mer count threshold for bloom-filter assembly were used as default (Birol et al., 2009). The other
parameters were: minimum alignment length of a read of 40 bp, minimum unitig size required for
building contigs of 500 bp, and minimum contig size required for building scaffolds of 500 bp.

Different assemblies were generated on a sample dataset at different k-mer values: 41, 87, 96, 107,
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117, 127. The best assembly resulted on k-mer value of 107 hence, the final assembly on complete
data was performed at the k-mer value of 107.

The preprocessed nanopore reads were de novo assembled using wtdbg2 v2.0.0 with an estimated
genome size of 16 GB, subsampling k-mer value of 1.0, minimum read depth of a valid edge of 2,
with keeping the contained reads during alignments (Ruan and Li, 2020). The minimum length of

alignment between reads was set to 2,048 bp.

The obtained genome assembly was first corrected for the assembly and sequencing errors using
short-read data by SeqBug (Mittal et al., 2019). The scaffolding of short-read assembly was
performed by utilizing the long-read assembly using QuickMerge (v0.3) (Chakraborty et al., 2016). All
the ABYySS contigs were searched in the wtdbg2 contigs and all the matching contigs with the criteria
of 50% query coverage, e-value of <10® and 90% identity were removed, and the unique contigs
from ABySS and wtdbg2 assembly were merged to construct a hybrid assembly. The merging of two
assemblies using homology search by BLASTN is one of the standard methods that is commonly used
by similar studies (Schmidt et al., 2020). To further improve the assembly and to remove the
undetermined bases in the assembly, the RNA-seq data based scaffolding and gap closing of the
assembly was performed using the long-read data. The RNA-seq data based scaffolding was
performed using ‘Rascaf’ (Song et al., 2016), followed by the long-read based gap-closing performed
using LR_Gapcloser to generate the final Aloe vera genome assembly.

Genome annotation

The genome annotation was performed on all the contigs of hybrid assembly. The tandem repeats in
the genome were identified using the Tandem Repeat Finder (TRF) v4.09 with the parameters:
matching weight = 2, mismatching penalty = 7, indel penalty = 7, match probability = 0.8, indel
probability = 0.1, minimum alignment score = 50, and maximum period size = 2,000 (Benson, 1999).
To identify the interspersed repeats, the de novo repeat library was constructed using the nanopore
reads (>40 kb) in Aloe vera genome using RepeatModeler v2.0.1 (Flynn et al., 2020). The identified
repeat families were clustered using CD-HIT-EST v4.8.1 with 90% sequence identity and seed size of
8 bp (Fu et al., 2012). This resultant repeat library was used to identify interspersed repeat elements

in Aloe vera using RepeatMasker v4.1.0 (RepeatMasker Open-4.0, http://www.repeatmasker.org).

The tRNAs are very large and complex non-coding RNA families and present in all the living
organisms. Thus, tRNAs in the Aloe vera genome were predicted on the final gap-closed assembly
using tRNAscan-SE v2.0.5 on the default parameters (Chan and Lowe, 2019; Lowe and Eddy, 1997).
The tRNAscan-SE uses a companion Genomic tRNA Database and UCSC genome browser to identify
the tRNAs present in a genome. In this method a total of 3,119 tRNAs were identified, of which
standard amino acids related tRNAs were 1,978, possible suppressor tRNAs (CTA, TTA, TCA) were 9,
undetermined/unknown isotypes tRNAs were 29, and predicted pseudogenes tRNAs were 1,103.

Further, a total of 128 tRNAs with introns were also identified.

A total of 38,589 hairpin miRNAs were retrieved from the miRBase database (Griffiths-Jones et al.,
2007). These hairpin miRNAs were clustered separately to remove redundancies using CD-HIT-EST
v4.8.1 (Fu et al., 2012). After clustering, the hairpin miRNAs dataset had a total of 22,365 sequences.
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The non-redundant sequences were used to identify the hairpin miRNAs in the Aloe vera genome
using homology-based search by BLASTN alignment tool with the thresholds: identity 280% and e-
value <1e-03 (Altschul et al., 1990).

Transcriptome assembly

The transcriptome assembly of Aloe vera was carried out using the RNA-seq data generated from the
root and leaf tissue in this study and previous studies (Choudhri et al., 2018; Wickett et al., 2014). All
the quality-filtered paired and unpaired transcriptome sequencing reads were de novo assembled
using Trinity v2.6.6 software with default parameters to generate the assembled transcripts (Haas et
al., 2013). The transcriptome assembly was evaluated by mapping the filtered RNA-seq data on the
assembled transcripts using hisat2 v2.1.0 (Kim et al., 2015). The BUSCO score was used to assess the
completeness of the transcriptome assembly calculated by BUSCO v4.1.4 software using the
standard database specific to the embryophyta clade known as ‘embryophyta_odb10’ (Sim3o et al.,
2015; Waterhouse et al., 2018).

Gene set construction

The MAKER pipeline was used for gene set construction of the Aloe vera genome (Campbell et al.,
2014). The soft-masked genome of Aloe vera (contigs =300 bp) generated using RepeatMasker
v4.1.0 with Repbase repeat library (RepeatMasker Open-4.0, http://www.repeatmasker.org) was
used for the gene prediction using the MAKER pipeline. Both the ab initio and empirical evidence
were used for the gene predictions. The Aloe vera EST evidence from the RNA-seq assembly of Aloe
vera species, protein sequences of the closest species Dioscorea rotundata and Musa acuminata,
and ab initio gene predictions of the Aloe vera genome were used to construct the gene set using
the MAKER pipeline. AUGUSTUS v3.2.3 was used for the ab initio gene prediction, and the BLAST
alignment tool was used for homology-based gene prediction using the EST evidence in the MAKER
pipeline (Altschul et al., 1990; Stanke et al., 2006; Stanke et al., 2004). Further, Exonerate v2.2.0 was
used to polish and curate the BLAST alignment results (https://github.com/nathanweeks/exonerate).
The evidence from ab initio and homology-based methods were integrated to perform the final gene

predictions.

The genes from predicted transcripts were identified by extracting the longest isoforms. The
unigenes were identified by performing the clustering using CD-HIT-EST v4.8.1 program, and coding
regions were predicted using TransDecoder v5.5.0
(https://github.com/TransDecoder/TransDecoder) (Bateman et al., 2004; Buchfink et al., 2015; Finn
et al., 2011; Fu et al.,, 2012; Suzek et al., 2015). The gene set constructed using the MAKER pipeline
and transcriptome assembly was filtered, and only the genes with 2300 bp length were considered
further. The clustering of remaining MAKER pipeline based genes was performed using CD-HIT-EST
v4.8.1 program with 95% identity and a seed size of 8 bp (Fu et al., 2012). The transcriptome gene
set was searched in the MAKER gene set using BLASTN. The genes from the transcriptome assembly
gene set that matched to the MAKER gene set with the parameters: identity 250%, e-value <10,
and query coverage >50% were removed. The remaining genes for the transcriptome assembly gene

set were directly added to the MAKER gene set to construct the final gene set of Aloe vera. This
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approach of gene set construction is a standard method and has been used for other genomes
(Chakraborty et al., 2020; Cho et al., 2013; Jaiswal et al., 2018).

Orthogroups identification

For orthogroups identification, the representative of monocot species from all the genera, for which
high-quality genomes were available on Ensembl plants database, were selected along with an
outgroup species, the model plant Arabidopsis thaliana. The selected monocot species were
Aegilops tauschii, Brachypodium distachyon, Dioscorea rotundata, Eragrostis tef, Hordeum vulgare,
Leersia perrieri, Musa acuminata, Oryza sativa, Panicum hallii fil2, Saccharum spontaneum, Setaria
italica, Sorghum bicolor, Triticum aestivum, and Zea mays. The proteome files containing all the
protein sequences of the 15 species retrieved from Ensembl plants release 46 (Zerbino et al., 2018),
and the protein-coding genes from the transcriptome assembly of Aloe vera were used to construct
the orthogroups. The longest transcript for each gene was extracted for each species using in-house
python scripts. The proteome files with longest transcripts were used for the orthogroups
identification using OrthoFinder v2.3.9 (Emms and Kelly, 2019). The OrthoFinder v2.3.9 analysis
included a total of 16 species, i.e., 14 monocot species, the model species Arabidopsis thaliana as an
outgroup, and Aloe vera sequenced in this study.

Orthologous gene set construction

From the orthogroups identified by the OrthoFinder analysis, the orthogroups with the taxon count
of 16 were extracted, which included genes from each of the 16 species. A total of 5,472
orthogroups were extracted using this criterion. Only the longest gene of each species was retained
in each of these orthogroups to construct the orthologous gene set. Thus, a total of 5,472 orthologs
were identified across 16 species. From these, 5,472 orthologs one-to-one orthologs were extracted.
To include maximum number of genes in the one-to-one orthology, the fuzzy one-to-one
orthogroups instead of true one-to-one orthogroups were identified using KinFin v1.0 (Laetsch and
Blaxter, 2017). A total of 1,440 one-to-one orthologs were extracted using this method across the

selected 16 species.
Phylogenetic tree construction

The phylogenetic species tree was constructed with the fuzzy one-to-one orthologous genes. The
individual orthologous sets were aligned using MAFFT v7.455 (Katoh and Standley, 2013). The
alignments were trimmed using BeforePhylo v0.9.0 (https://github.com/qiyunzhu/BeforePhylo) to
remove the poorly aligned regions. All protein sequence alighnments of orthologs across 16 species
were concatenated using BeforePhylo v0.9.0, followed by species phylogenetic tree construction
using RAXML v8.2.12 (Stamatakis, 2014). The maximum likelihood phylogenetic tree was constructed
using the rapid hill climbing algorithm with 100 bootstrap replicates. Since the amino acid sequences

were used, the ‘PROTGAMMAGTR’ substitution model was utilized to construct the species tree.
Divergence Time estimations

The divergence time was estimated using MCMCTree methodology of the PAML (v4.9) package

(Yang, 2007). Supermatrix from the concatenated protein sequence alignments of fuzzy one-to-one
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orthologs across 16 species and the maximum likelihood phylogeny constructed in the previous step
were used for the MCMCTree analysis. Two calibration points, one for the divergence of Aloe vera
and Dioscorea rotundata, and the other for the divergence of Aloe vera and Aegilops tauschii were
used from the TimeTree database (Hedges et al., 2015), which is a public database containing
information on evolutionary times for the tree of life for more than 50,632 species from the

published studies.
Gene family expansion and contraction analysis

The gene family expansion and contraction analysis was performed using CAFE (v4.2.1) with a
random birth and death model for estimating the gene gain and loss in Aloe vera genome (Han et al.,
2013). The species phylogenetic tree constructed in this study using fuzzy one-to-one orthologs was
converted into ultrametric tree using the divergence time between Aloe vera and Dioscorea
rotundata of 122 million years as the calibration point. This ultrametric tree was used for the
expansion and contraction analysis with Arabidopsis thaliana as an outgroup. For each gene, only
the longest protein isoform sequence was used for all of the species. An all-versus-all homology
search was performed for all the protein sequences from each species using BLASTP, and the output
was utilized for performing the clustering using MCL (v14.137) (Van Dongen and Abreu-Goodger,
2012). The gene families with > 100 gene copies in any one or more species were removed and the
remaining were used for further analysis. The random birth and death-based two-lambda model was
used for the gene expansion and contraction analysis using CAFE methodology. In the two-lambda
model, the clade formed by Aloe vera, Dioscorea rotundata, and Musa acuminata were given one

lambda value, and the rest of the species were assigned with the other lambda value.
Identification of genes with a higher rate of evolution

The genes that show higher root-to-tip branch length are considered to have a higher rate of
nucleotide divergence or mutation, indicating a higher rate of evolution. For this analysis, the
individual maximum likelihood phylogenetic trees were constructed using the protein sequences of
the 5,472 orthologs identified across the 16 species. The maximum likelihood phylogenetic trees
with 100 bootstrap replicates were constructed using the rapid hill climbing algorithm with the
‘PROTGAMMAGTR’ substitution model by using RAXML v8.2.12 (Stamatakis, 2014). The root-to-tip
branch length values were calculated for each of the 16 extant species using the ‘adephylo’ package
in R (Jombart and Dray, 2010; Jombart et al., 2017). All the genes that showed a significantly higher
root-to-tip branch length for Aloe vera in comparison to rest of the species were extracted using in-

house Perl scripts and were considered to be the genes with a higher rate of evolution in Aloe vera.
Identification of positively selected genes

The positively selected genes in Aloe vera were identified using the branch-site model implemented
in the PAML software package v4.9a (Yang, 2007). An iterative program for sequence alignment,
SAT’e, was utilized to perform the alighments of the 5,472 ortholog protein sequences. The
combination of Prank, MUSCLE, and RaxML was used to perform the SAT’e based alighment to
control the false positives and false negatives in the alignment (Liu et al., 2012). The protein-

sequence alignment guided codon alignment was performed for the 5,472 ortholog nucleotide
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sequences using ‘TRANALIGN’ program of EMBOSS v6.5.7 package (Rice et al., 2000). The ‘codeml’
was run on ortholog codon alignments using the species phylogenetic tree constructed in previous
steps. The alignments were filtered for the ambiguous codon sites and gaps and only the clean sites
were considered for the positive selection analysis. The likelihood ratio tests were performed using
the log-likelihood values for the null and alternative models, and the p-values were calculated based
on the y’-distribution. Further, the FDR corrected p-values or FDR g-values were also calculated. All
genes with FDR-corrected p-values <0.05 were considered to be the genes with positive selection in
Aloe vera. Further, all codon sites with >0.95 probability of being positively selected in the
‘foreground’ branch based on the Bayes Empirical Bayes analysis were considered to be the

positively selected codon sites in a gene.
Identification of genes with unique substitutions that have functional impact

The genes with unique amino acid substitutions in Aloe vera species in comparison to all the selected
species were identified. The protein alignments for the 5,472 orthologs were generated using the
MAFFT v7.455 (Katoh and Standley, 2013). The positions that are identical in all the species but
different in Aloe vera were identified and considered to be the sites with unique amino acid
substitutions in Aloe vera. In this analysis, the gaps were ignored, and also the sites with gaps
present in the 10 amino acids flanking regions on both sides were ignored. This step helped in
considering only the sites with proper alignment for the unique substitution analysis. The
identification of unique amino acid sites was performed by using the in-house python scripts. The
functional impact of the unique amino acid substitutions on the protein function was identified using
the Sorting Intolerant From Tolerant (SIFT) tool with UniProt database as reference (Boutet et al.,
2007; Ng and Henikoff, 2003).

Identification of genes with multiple signs of adaptive evolution (MSA)

The genes that showed at least two signs of adaptive evolution among the three signs of adaptive
evolution tested above (higher rate of evolution, positive selection, and unique substitution with
functional impact) were considered as the genes with multiple signs of adaptive evolution or MSA

genes in Aloe vera.
Functional annotation

The functional annotation of gene sets was performed using multiple methods. The functional
annotation and functional categorization of genes into different eggNOG categories was performed
using the eggNOG-mapper (Huerta-Cepas et al., 2017). The genes were assigned to different KEGG
pathways, and also the KEGG orthology was determined using the most updated KAAS genome
annotation server (Moriya et al., 2007). The gene ontology enrichment or GO term enrichment
analysis was performed using the WebGestalt web server (Liao et al., 2019). In the over
representation analysis, only the GO categories with the p-value <0.05 in the hypergeometric test
were considered to be functionally enriched in the gene set. Further, the functional annotation of
genes was also manually curated. The assignment of genes to the specific categories and phenotypes

was performed by manual annotation. The protein-protein interaction and co-expression data were
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extracted from the STRING database, and the network analysis was performed using Cytoscape
(Shannon et al., 2003; Szklarczyk et al., 2016).
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