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Abstract
Main conclusion  The first South American cactus nuclear genome assembly associated with comparative genomic 
analyses provides insights into nuclear and plastid genomic features, such as size, transposable elements, and meta-
bolic processes related to cactus development.

Abstract  Here, we assembled the partial genome, plastome, and transcriptome of Cereus fernambucensis (Cereeae, Cac-
taceae), a representative species of the South American core Cactoideae. We accessed other genomes and transcriptomes 
available for cactus species to compare the heterozygosity level, genome size, transposable elements, orthologous genes, and 
plastome structure. These estimates were obtained from the literature or using the same pipeline adopted for C. fermabucen-
sis. In addition to the C. fernambucensis plastome, we also performed de novo plastome assembly of Pachycereus pringlei, 
Stenocereus thurberi, and Pereskia humboldtii based on the sequences available in public databases. We estimated a genome 
size of ~ 1.58 Gb for C. fernambucensis, the largest genome among the compared species. The genome heterozygosity was 
0.88% in C. fernambucensis but ranged from 0.36 (Carnegiea gigantea) to 17.4% (Lophocereus schottii) in the other taxa. The 
genome lengths of the studied cacti are constituted by a high amount of transposable elements, ranging from ~ 57 to ~ 67%. 
Putative satellite DNAs are present in all species, excepting C. gigantea. The plastome of C. fernambucensis was ~ 104 kb, 
showing events of translocation, inversion, and gene loss. We observed a low number of shared unique orthologs, which 
may suggest gene duplication events and the simultaneous expression of paralogous genes. We recovered 37 genes that 
have undergone positive selection along the Cereus branch that are associated with different metabolic processes, such as 
improving photosynthesis during drought stress and nutrient absorption, which may be related to the adaptation to xeric 
areas of the Neotropics.

Keywords  Cereus · Nuclear genome · Plastome · Positive selection · Repetitive elements · Transcriptome

Introduction

Whole-genome data are a powerful resource for evolution-
ary studies in model and non-model plant species, providing 
information about the processes underlying species diversi-
fication, genomic organization, recombination/duplication, 
etc. (Li and Harkess 2018). Furthermore, comparative analy-
ses benefit from the increasing collections available in public 
databases, allowing us to explore the genome sequence with 
unprecedented detail. For instance, new information about 
nuclear, chloroplastidial, and mitochondrial genome features 
may provide a structural relationship associated with the 
complexity of genomic evolution (Szövényi et al. 2021). 
Thus, a relevant finding for learning about the colonization 
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and diversification of plant species in harsh environments 
is the identification of genes or genomic regions involved 
in adaptations to specific habitat characteristics (Liu et al. 
2020; Que et al. 2021).

The family Cactaceae is one of the most conspicuous 
examples of flowering plant radiation in the Americas. 
This species-rich group presents remarkable diversity in 
growth forms and adaptations for survival in stressful xeric 
conditions (Hunt et al. 2006). The numbers of molecular-
based studies are growing up to Cactaceae; six low cov-
erage nuclear genomes were sequenced, as well as several 
plastomes (most of them from North American taxa), and 
numerous transcriptomes are available in public databases 
(Sanderson et al. 2015; Copetti et al. 2017; Wang et al. 2018; 
Majure et al. 2019; Xu et al. 2019; Köhler et al. 2020). In 
this regard, the giant saguaro cactus of the Sonoran Desert, 
Carnegiea gigantea (Cactoideae; Pachycereeae), is the most 
studied, with both a complete plastome (Sanderson et al. 
2015) and nuclear genome (Copetti et al. 2017).

This study characterized the partial nuclear genome, 
plastome, and transcriptome of the South American cac-
tus Cereus fernambucensis Lem. (Cereeae), a wide-ranging 
species found in xeric vegetation patches along the Brazil-
ian Atlantic forest (Franco et al. 2017). These are the first 
nuclear genome and transcriptome assemblies from a South 
American cactus, which represents an important source of 
information for evolutionary, structural, and bioprospection 
studies. We compare the heterozygosity, genome size, repeti-
tive DNA content, and plastome structure in our C. fernam-
bucensis to those available in public databases. Finally, we 
investigated the presence of positive selection in the Cereus 
branch by the inclusion of orthologs available for North 
American cactus species.

Materials and methods

Sampling and sequencing

An individual of C. fernambucensis from Porto de Galinhas, 
Brazil (− 8.42 S, − 34.98 W, voucher SORO2672), was used 
for the whole-genome and transcriptome sequencing. DNA 
was extracted from the roots using a DNeasy Plant Mini Kit 
(Qiagen, Hilden, Germany) and sequenced on an Illumina 
HiSeq2500. RNA extraction and cDNA library construc-
tion from the cladodes epidermis were performed at the BGI 
Americas facilities (San Jose, CA, USA) using the DNBSeq 
protocol. In both cases, a short-read (150 bp) paired-end 
library construction was used. We generated ~ 220 million 
and ~ 95 million reads for the genomic and transcriptomic 
datasets, respectively. Access numbers of genome/transcrip-
tome species data are shown in Table S1.

Nuclear genome size estimation, de novo assembly, 
gene prediction, and annotation

The sequenced paired-end genomic reads were filtered 
with SeqyClean v.1.10.09 (Zhbannikov et al. 2017). We 
estimated the genome size with Jellyfish2 v.2.2.3 (Marcaiz 
and Kingsford 2011), heterozygosity with GenomeScope2 
(Vurture et al. 2017), and ploidy with Smudgeplots v.0.1.3. 
(Ranallo-Benavidez et al. 2020). The de novo assembly 
was conducted in Velvet v.1.1 (Zerbino and Birney 2008) 
with the default settings (for Velvet assembly details see 
Table S2). Gene prediction was performed using Maker 
v.3.01.03 (Cantarel et al. 2008) in two rounds of annota-
tion. In the first one, we conducted an ab initio gene pre-
diction, using the AUGUSTUS v.2.5.5 (Stanke and Waack 
2003), followed by a filtering step to recover the coding 
sequences using TransDecoder v.5.5.0 (Grabherr et al. 
2011). In the second round, we included predicted proteins 
from the ab initio prediction and the C. fernambucensis 
transcript (generated in this study) for the AUGUSTUS. 
The annotation was conducted using Blastx (Altschul 
et al. 1997) against the Viridiplantae database (retrieved 
on 04/04/2019), recovering the five best hits for each gene. 
We estimated the genome completeness of all genome (and 
transcriptome) assemblies using BUSCO v.4.0.1 (Simão 
et al. 2015).

Plastome assembly and annotation

The plastome assembly was carried out using the GetOr-
ganelles software (Jin et al. 2020) with the default settings. 
We also assembled the plastome of Pachycereus pring-
lei, Stenocereus thurberi, and Pereskia humboldtii using 
sequences from Copetti et al. (2017; Table 1) and using 
their scaffolds as reference genomes to improve Cereus 
assembly. The annotations were performed in GeSeq (Til-
lich et al. 2017) and CPGAVAS2 (Shi et al. 2019).

Repetitive DNA analysis

Repetitive DNA elements were identified/annotated using 
RepeatModeler v.1.0.8, RepeatMasker v.4.0.9 (http://​www.​
repea​tmask​er.​org), and RepeatExplorer (Novák et al. 2013) 
software in default settings. RepeatModeler and Repeat-
Masker were also used to identify single-sequence rep-
etitions, and RepeatExplorer was used to detect putative 
satellite DNA among Cactaceae.

http://www.repeatmasker.org
http://www.repeatmasker.org
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De novo transcriptome assembly and functional 
annotation

The RNA-Seq reads were filtered also using SeqyClean 
v.1.10.09 and de novo assembled using Trinity v.2.11.0 
(Grabherr et al. 2011). The transcripts were converted to 
the coding sequence and translated to the amino acid by 
TransDecoder. Annotation was performed using Blastp 
against the SWISS-PROT database, recovering the five 
best hits for each gene. Gene ontology (GO) categories 
were assigned in Blast2GO v.5.2.5 (Conesa et al. 2005) 
and plotted using WEGO2.0 (Ye et al. 2018).

Orthologous protein clustering and tests of genes 
under positive selection

Raw genomic and transcriptomic amino acid sequences 
(Table  S1) were clustered in or thogroups with 
OrthoFinder v.2.0.9 (Emms and Kelly 2019). The 74 
orthologous transcripts shared across Cereeae + Eryosices 
(outgroup) were concatenated (supergene) and used for 
phylogenetic reconstruction in IQ-TREE v2.0.3, using 
ultrafast bootstrap (Nguyen et al. 2015), which inferred 
the substitution model to the supergene (LG + G4 + I + F; 
Fig. S1). We used the concatenated gene approach to pro-
duce an ultra-metric tree, which was used as the input tree 
in the test of positive selection. We investigated signa-
tures of positive selection with the PAMLv4.8 program 
(Yang 2007) using the branch model (M2) and the site 
models M7 and M8 to calculate ω within C. fernambucen-
sis, and tested whether positive selection affected specific 
residues in each gene. We also evaluated the null model 
(M0) for the entire tree using the likelihood ratio test 
(LRT) and the Bayes empirical Bayes (BEB) methods. 
False positives were checked using LRTs and multiple 
tests (FDR of 5%) based on the script proposed by Lee 
et al. (2017).

Results and discussion

Sequencing and genome size estimation

Our estimates agree with a diploid genome for C. fernambu-
censis (Fig. S2), with a size of ~ 1.58 Gb, ~ 38.0% GC, and 
0.88% heterozygosity (Table 1). The calculated genome size 
fits within the range estimated for other Cereus species using 
flow cytometry (range from 1.87 Gb in C. hexagonus to 
2.01 Gb in C. jamacaru; Silva 2015) and in silico estimation 
of other cacti (range from 0.98 Gb in Pereskia humboldtii to 
1.47 Gb in Lophocereus schottii; Copetti et al. 2017). The 
genomes studied range in heterozygosity from ~ 0.3% (C. 
gigantea) to ~ 17% (L. schottii) and display a high amount 
of transposable elements (> 50%; Table 1).

Genome and transcriptome assembly 
and annotation

A total of 13,545 genes were predicted in the C. fernam-
bucensis genome. Genome completeness as measured by 
BUSCO was only ~ 56%, which was similar to other public 
cactus genomes, with the exception of C. gigantea and P. 
humboldtii (Table 1). RNA-Seq analysis yielded 186,099 
putative transcript products after assembly, showing the 
completeness of ~ 98%, 92,661 (~ 50%) of which were anno-
tated (Fig. S3).

The C. fernambucensis plastome showed gene loss, 
translocation, and inversion (Fig. 1a), as well as the small-
est plastome (104,273 bp) among the Cactoideae members, 
analyzed here. We identified in the C. fernambucensis plas-
tome the presence of the ndhJ, ndhD, ndhH, and ndhB genes 
(the last one in a possible pseudogenization process in C. 
gigantea, see Sanderson et al. 2015), and two regions dis-
played inversion followed by translocation (between matk/
psbM and rpoC1/petA) when compared to the Opuntia 
quimilo plastomes. We were not able to annotate the two 
inverted repeat (IR) regions, indicating possible problems 
in plastome assembly and/or increased plastome complexity 
in Cereus, as suggested for other cacti (Köhler et al. 2020). 

Table 1   Comparison of genome features among Cactaceae species. TE, transposable element

*Estimated in Copetti et al. (2017); #these values comprise partial sequence and duplicated genes

C. fernambucensis C. gigantea L. schottii P. pringlei S. thurberi P. humboldti

In silico diploid genome size estimated (Gb) 1.58 1.3* 1.47* 1.41* 1.42* 0.98*
Genome completeness as measured in BUSCO# (%)  ~ 56  ~ 75  ~ 58  ~ 43  ~ 53  ~ 29
Heterozygosity level (%) 0.88 0.34–0.36 0.16–17.4 3.25–12.4 3.1–12.1 3.19–3.63
TE (%) 58.43 57.6* 64.2 58.51 66.57 58.3
Genomic coverage 22.43  > 97* 24.2* 20.4* 24.09* 17.2*
Putative Satellite (high Confident number) Yes (2) No Yes (2) Yes (2) Yes (3) Yes (3)
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We report the complete loss of the ndh gene family in the P. 
pringlei and S. thurberi genomes, as in C. gigantea (Sander-
son et al. 2015), while in P. humboldtii, all copies of ndh 
were observed. The putative circular plastome structures of 
these recent assemblies are available in Fig. S4.

The plastome mapping comparison among the inves-
tigated cactus species showed regions of putative losses 
and pseudogenization, which are proposed by Sanderson 
et al. (2015), Majure et al. (2019), and Köhler et al. (2020) 
(Fig. 1b, c), such as accD, ycf1, and ycf2. Majure et al. 
(2019) observed the loss of ndhJ and rpl33 and the absence 
of IR regions in C. bigelovii; Sanderson et al. (2015) identi-
fied the absence of IR regions in C. gigantea, while Köhler 
et al. (2020) described the loss of the ndh gene suite and 
events of translocation. Altogether, these results indicate that 

the plastome may have experienced very active structural 
evolution in Cactaceae, involving changes in genome size 
and synteny and gene loss events in C. fernambucensis when 
compared to the O. quimilo plastomes.

Orthogroups were obtained for the genomic and tran-
scriptomic data (Fig. 2). The number of orthogroups con-
taining shared genes among the genome dataset (11,527) 
was higher than that observed among the transcriptome 
dataset (3053). The difference was more accentuated for the 
orthogroups that contained a single copy shared among them 
(2859 in the genome and 7 in the transcriptome), which may 
be explained by the unbalanced amount of transcriptomic 
and genomic data available for the comparative analyses 
and/or by the multiple transcripts and isoforms generated 
for each gene, even single-copy gene that is quite common 
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Fig. 1   Plastid genome structure (linear) of Cereus fernambucensis (a) 
and the Opuntia quimilo (b), which was used as the reference plas-
tome. The orange and blue lines represent structural rearrangements 
(inversion and translocation regions, respectively). c Alignment and 
coverage mapping among Cactaceae plastome regions. The gray 

boxes are the regions with putative losses and/or pseudogenization 
relative to O. quimilo plastome. The inverted regions (IRA and IRB) 
in the C. fernambucensis plastome were not annotated and are not 
described in the figure
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among transcriptome assembly. However, given that eukary-
otic genomes are highly dynamic, including events of the 
gene or even whole-genome duplication (Peer et al. 2009), 
we cannot reject that the main difference in the number of 
single-copy orthogroups could be associated with gene 
duplication events at the genome level or with the expression 
of paralogous genes and isoforms at the transcriptome level.

Repetitive sequence annotation

Repetitive sequence and transposable element (TE) evalua-
tions in Cactaceae remain underexplored. For C. fernambu-
censis, we obtained a total of 1,790,192 elements of repeti-
tive DNA, representing ~ 55% of the total assembly. The 
numbers of TEs in the other studied cacti were similarly 
high, ranging from ~ 55 to ~ 70% (Table 1). The majority of 
these sequences were classified as interspersed repeats of 

Class I (retrotransposons; Table S3). The percentages among 
the types of elements were similar among the studied spe-
cies, with the exception of C. gigantea, which displayed a 
low number of unclassified elements; this result was prob-
ably due to the completeness of the genome assembly. 
Despite a large number of TEs in Cactaceae genomes (more 
than 55%), we did not observe a direct association between 
the number of repetitive elements and genome size in the 
studied species (Table S3).

RepeatExplorer analyses recovered two putative tandemly 
arranged repetitive elements with a high probability of being 
satellite DNA families in C. fernambucensis, L. schottii, and 
P. pringlei and three of these elements in S. thurberi and P. 
humboldti. We did not recover any high confidence satellite 
DNA (only low confidence; data not shown) for C. gigantea. 
The complete details of the putative satDNAs, including the 
consensus length, are available in Table S4. To the best of 

78
76

3
36

22
5

30
35

9
30

28
9

20
24

5
14

93
7

11
52

7
54

54
39

19
36

76
35

40
35

04
25

98
25

30
22

54
18

13
17

32
17

03
13

94
13

75
11

99
10

68
10

50
96

2
94

2
91

9
83

3
83

2
76

8
76

8
68

0
67

8
67

0
65

0
63

8
59

4
54

2
53

3
53

0
51

8
51

5
50

3
49

5
46

2
39

8
39

8
33

5
32

3
32

2
32

0

0

25000

50000

75000
N

um
be

r 
of

 o
rt

ho
gr

ou
ps

 
(P

ar
al

og
s 

an
d 

or
th

ol
og

s)

Cereus fernambucensis

Stenocereus

Carnegiea gigantea

Lophocereus

Pachycereus

Pereskia

35
13

34
46

30
18

25
89

21
39

20
09

18
02

16
07

14
82

14
04

12
53

12
13

78
7

67
7

62
6

57
1

55
3

53
8

53
6

50
5

45
2

43
1

39
1

34
3

33
7

29
1

28
9

28
7

27
4

26
6

24
0

23
9

22
6

22
2

22
0

21
8

21
7

21
3

19
9

19
8

19
2

18
4

16
8

16
4

16
3

16
1

15
0

13
5

11
9

10
8

0

1000

2000

3000

4000

N
um

be
r 

of
 o

rt
ho

gr
ou

ps
 

   
   

   
 (

O
rt

ho
lo

gs
)

Cereus fernambucensis

Stenocereus

Carnegiea gigantea
Lophocereus

Pachycereus

Pereskia

Ferocactus latispinus
Astrophytum asterias

Stenocereus yunckeria
Pachycereus gatesii

Echinopsis aurea

Cereus fernambucensis
Ariocarpus retusus

Eriosyce wagenknechtii
Copiapoa desertorum

Rhipsalis baccifera
Matucana aurantiaca

Stetsonia coryne
Lophophora williamsii

Carnegiea gigantea
Hylocereus polyrhizus

Pereskia aculeata

N
um

be
r 

of
 o

rt
ho

gr
ou

ps
 

(P
ar

al
og

s 
an

d 
or

th
ol

og
s)

N
um

be
r 

of
 o

rt
ho

gr
ou

ps
 

   
   

   
(O

rt
ho

lo
gs

)
86

82
9

38
42

0
38

41
9

35
57

6
35

23
8

28
69

6
20

93
0

19
84

2
19

31
6

16
35

7
14

86
7

14
41

9
67

62
50

85
44

92
35

49
31

09 30
53

14
62

13
85

10
75

95
9

68
0

62
1

57
7

57
3

54
3

52
1

49
6

45
5

43
5

42
2

40
5

40
0

37
0

35
8

32
0

30
3

30
0

29
6

28
4

28
1

27
2

26
3

26
2

26
2

25
5

24
3

23
5

23
5

0

25000

50000

75000

100000

Peniocereus cuixmalensis

Coryphantha maiz−tablasensis

a

c

b

100000

21
1

16
8

16
1

15
5

12
9

12
7

12
5

12
5

12
2

12
1

11
4

10
9

10
4

10
3

10
1

10
0

98 97 92 87 87 85 83 79 77 73 69 69 68 68 67 66 64 63 63 62 60 60 60 60 59 59 59 57 57 55 54 54 53

100

200

25
3d

01000020000

Number of shared putative genes
010002000

Number of shared putative transcripts

Ferocactus latispinus
Astrophytum asterias

Stenocereus yunckeria

Pachycereus gatesii

Echinopsis aurea

Cereus fernambucensis

Ariocarpus retusus

Eriosyce wagenknechtii

Copiapoa desertorum
Rhipsalis baccifera

Matucana aurantiaca
Stetsonia coryne

Lophophora williamsii
Carnegiea gigantea

Hylocereus polyrhizus
Pereskia aculeata

Peniocereus cuixmalensis

Coryphantha maiz−tablasensis

0

Fig. 2   Plot graph shared and unique orthogroups across genome and 
transcriptome data of Cactaceae species using the UpsetR package 
in R (Conway et  al. 2017). The vertical bars represent the numbers 
of orthogroups, while the horizontal bars represent the numbers of 
orthogroups per species. The dot or dots linked under the histograms 
represent the intersections among species. Plots a and c display the 
number of orthogroups that contain multiple copies per species, 

in the genome and transcriptome datasets, respectively. Plots b and 
d show the number of orthogroups that contain a single copy per 
species, in the genome and in transcriptome datasets, respectively. 
Shared orthogroups across all species are highlighted in blue. Due to 
the enormous possibilities of combinations, we restricted the plots to 
the first 50 intersections



	 Planta (2021) 254:44

1 3

44  Page 6 of 7

our knowledge, this is the first report of satellite DNA in 
Cactaceae.

Positive selection of single‑copy genes

We found evidence that 37 orthologs were under positive 
selection along the Cereus branch (Table S5), of which 12 
were annotated and associated with possible physiological 
responses to drought stress in plants. Among them, we iden-
tified Light-harvesting chlorophyll a/b-binding (Lhc) and 
Maintenance of PSII under high light 1 (MPH1), which are 
genes associated with increased tolerance to drought stress 
(Semedo et al. 2020; Zhao et al. 2020). LHC is regulated 
by phosphorylation-driven state transitions, increasing the 
responsiveness of stomata and thereby reducing evapotran-
spiration (Zhao et al. 2020). MPH1 acts as a photo-inhibitor 
under high radiation, preventing photo-oxidative damage 
(Semedo et al. 2020). Both enzymes present critical func-
tions during photosynthetic activity and homeostasis.

The other annotated genes under selection are implicated 
in stress response, hormone regulation, and development: 
pectinesterase inhibitors, dirigent protein, calcium-depend-
ent kinase, and receptor kinase protein (ZAR1). In particu-
lar, pectinesterase and ZAR1 are influenced by physiologi-
cal stress and play important roles in cell wall development 
during fruit ripening, pollen tube growth, and root develop-
ment (Wormit and Usadel 2018; Atif et al. 2019). One group 
of genes (Ring-H2 finger, E3 ubiquitin-protein ligase, and 
phospholipase D zeta 1) is associated with phosphorus sup-
ply mechanisms in phosphate-starved soils (Pan et al. 2019). 
The first two genes contribute to the regulation of protein 
ubiquitination, playing a central role in the regulation of the 
phosphate starvation response and phosphate acquisition; 
phospholipase D zeta is a regulated root hair morphogenesis 
protein that contributes to the acquisition of inorganic phos-
phorus within the galacto-lipid pathway and is also involved 
in root elongation in phosphate starvation periods (Wang 
et al. 2020). It is possible that the adaptability to xeric South 
American biomes may have been facilitated by the ability of 
this cactus lineage to increase the assimilation of phosphorus 
and other metabolites from the soil.

Conclusion

We performed comparative analyses, evaluating the 
genomic features and shared orthologs among Cactaceae. 
We report the sequencing of the C. fernambucensis par-
tial nuclear genome, plastome, and transcriptome, the first 
for a South American columnar cactus clade. We provide 
insights into the repetitive elements, gene duplication, and 
transcripts within Cactaceae; gene loss and translocation in 

the Cactaceae plastome; and putative genes under selection 
in Cereus. The results presented here and the availability 
of a new cactus genome, plastome, and transcriptome pro-
vide resources for future studies of Neotropical cacti and 
related lineages, which is an important clade for comparative 
genomics, demographic, and evolutionary studies.
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