
Page 1/34

Comparative Transcriptome Analysis of a Fan-
shaped In�orescence in Pineapple Using RNA-seq
Tao Xie 

Foshan University https://orcid.org/0000-0002-0373-7425
Zhiquan Cai 

Foshan University
Aiping Luan 

Chinese Academy of Tropical Agricultural Sciences
Wei Zhang 

South China Agricultural University
Jing Wu 

South China Agricultural University
Quannv Yang 

Foshan University
Yehua He  (  heyehua@hotmail.com )

South China Agricultural University, Guangzhou https://orcid.org/0000-0002-9317-7520

Research article

Keywords: Pineapple, Transcriptome analysis, Fan-shaped in�orescence, RNA-Seq technique, DEGs

Posted Date: September 28th, 2020

DOI: https://doi.org/10.21203/rs.3.rs-52110/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

Version of Record: A version of this preprint was published at Genomics on August 1st, 2021. See the
published version at https://doi.org/10.1016/j.ygeno.2021.08.022.

https://doi.org/10.21203/rs.3.rs-52110/v1
https://orcid.org/0000-0002-0373-7425
mailto:heyehua@hotmail.com
https://orcid.org/0000-0002-9317-7520
https://doi.org/10.21203/rs.3.rs-52110/v1
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.ygeno.2021.08.022


Page 2/34

Abstract
Background: Pineapple plant usually has a capitulum. However, a fan-shaped in�orescence was evolved
in an exceptional material, having multiple crown buds. In order to reveal the molecular mechanisms of
the formation of the fan-shaped in�orescence, fruit traits and the transcriptional differences between a
fan-shaped in�orescence (FI) and a capitulum in�orescence (CI) pineapples were analyzed in the three
tissues, i.e., the �ower stem apex (FIs and CIs), the base of the in�orescence (FIb and CIb), and the
in�orescence axis (FIa and CIa).

Results: Except for a clear differentiation of in�orescence morphology, no signi�cant differences in the
structure of in�orescence organs and the main nutritional components (soluble solids, soluble sugar,
titratable acid, and VC) in fruits were found between the two pineapples. Between the fan- and capitulum-
shaped in�orescences, a total of 5370 differentially expressed genes (DEGs) were identi�ed across the
three tissues; and 3142, 2526 and 2255 DEGs were found in the �ower stem apex, the base of the
in�orescence, and the in�orescence axis, respectively. Of these genes, there were 489 overlapping DEGs in
all three tissue comparisons. In addition, 5769 DEGs were identi�ed between different tissues within each
pineapple. Functional analysis indicated between the two pineapples that 444 transcription factors (TFs)
and 206 in�orescence development related genes (IDGs) were differentially expressed in at least one
tissue comparison, while 45 TFs and 21 IDGs were overlapped across the 3 tissues. Among the 489
overlapping DEGs in the 3 tissue comparisons between the two pineapples, excluding the IDGs and TFs,
80 of them revealed a higher percentage of involvement in the biological processes relating to response
to auxin, and reproductive processes. RNA-seq value and real-time quantitative PCR analysis exhibited the
same gene expression patterns in the three tissues.

Conclusions: Our result provided novel cues for understanding the molecular mechanisms of the
formation of fan-shaped in�orescence in pineapple, making a valuable resource for the study of plant
breeding and the speciation of the pineapples. 

Background
A fruit of pineapple (Ananas. comosus (L.) Merr.) comprises of 30–200 sessile �orets, which are spirally
arranged on the top of the �ower axis and form a terminal capitulum with a crown bud on the top [1, 2].
However, in the pineapple plantations, we found that up to 10% in�orescence axis of some Cayenne
cultivars (i.e., ‘Smooth Cayenne’ and ‘Tainong 17’) were evolved into the fan-shaped in�orescences (fruits)
at the in�orescence differentiation stage. Those in�orescence mutants are good materials for studying
the formation and development of in�orescence, and the related gene regulation. However, the molecular
mechanisms of the transcription variation related to the fan-shaped in�orescence formation has not been
illustrated.

In general, in�orescence development begins with the transformation of shoot apical meristem (SAM)
into in�orescence meristem (IM) [3, 4]. In recent years, for the molecular mechanisms of in�orescence
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formation, some known or potential transcription factors and transcription co-regulators (e.g., microRNAs
and proteins) have been identi�ed in the model plants (e.g., Arabidopsis thaliana and Oryza sativa), by
transcriptome and gene analysis [3, 4]. In many cases, the molecular mechanisms of these regulatory
factors are not clear.

Nowadays, the research about the in�orescence development in pineapple mainly focused on the
expression and signal regulation of the related genes, including functional genes (e.g., ACC synthase,
DELLA genes) [5] and regulatory genes (e.g., MADS box, AP2, and other transcription factor families) [6,
7]. Although some genes related to the in�orescence development were cloned and identi�ed, whether
these genes participated in the development of the fan-shaped in�orescence in pineapple remains to be
further revealed. Due to the advancements of high throughput and its low cost [8, 9], the next generation
sequencing (NGS) technology has been emerged as an invaluable tool to clarify the plant development
[10] and senescence [11, 12], and also provided a new way to accelerate the genetic analysis of
transcriptome changes in response to various abiotic stresses, such as cold [13], salt [14], drought [15],
and waterlogging [16]. Some application of NGS were to use transcriptome analysis to aid in in
identi�cation of genes related to �avor, appearance, and texture in pineapple plants [17]. In addition, the
differentially expressed genes were analyzed in the RNA sequence libraries of mature pineapple fruits,
which revealed that ethylene related genes may also be involved in the regulation of non-climacteric
ripening in pineapple [18].

Recently, research on expressed sequence tags (ESTs) of various pineapple tissues, including root, fruit
and aerial tissues [19], green and yellow fruits [20], and nematode infected gall [21], has been
accumulated. The results showed that metallothionein was the main protein in green (unripe) and yellow
(ripe) fruits libraries [20]. In terms of plant mutants, NGS has become an e�cient tool for the
transcriptome analysis for exploring gene expression patterns in some plants, including cabbage [22],
tomato [23], Arabidopsis and rice [24]. However, there are few reports on the transcriptome of the genome-
wide in�orescence mutants in plants. As the whole genome in pineapple has been sequenced [25], the
gene expression pattern and function in the development of in�orescence in pineapple mutants is
discernible.

In this work, we unraveled the transcriptome differences in three tissues (i.e., the �ower stem apex, the
base of the in�orescence, and the in�orescence axis) between two pineapples with different
in�orescences (i.e., with a fan- and a capitulum-shaped in�orescence). Combined with the functional
annotation of DEG, especially the genes that may be involving in the transformation from SAM to IM, we
tried to identify the key genes that maybe involve in the formation of the fan-shaped in�orescence.
Comprehensive analysis of the transcriptome can serve as a blueprint for the gene expression pro�le of
the �owering or in�orescence development, and also be a source of molecular information for the
development of molecular markers, gene identi�cation, and the functional analysis of differentially
expressed genes. Our results may substantially understand the �owering mechanisms and are helpful for
plant breeding in pineapples.
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Results

In�orescence and fruit traits
Except for the in�orescence and fruit morphology, no great difference in the organ structure of the
in�orescences and the contents of soluble solids, soluble sugar, titratable acid, VC and water in fresh
fruits were found between the two pineapples (Fig. 1a). Fruit weight, number of crown buds, number of
small fruits and depth of fruit eye were much larger in the fan-shaped fruits than those in the capitulum-
shaped fruits (Fig. 1b; Table 1). Especially, the average fresh weight of the fan-shaped fruit was 4.9 times
than that of the capitulum-shaped fruit. Based on our observation, the variation of the fan-shaped
in�orescence was determined by the initial stage of in�orescence. 
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Table 1
Comparisons of fruit traits between the fan- and capitulum-shaped

fruit
Economic trait index capitulum fan-shaped

fruit weight (g) average 1441.33 7175.49a

minimum 586.50 4446.32

maximum 1689.10 8524.60

CV(%) 17.35 40.26

number of crown buds average 1 103

minimum None 71

maximum None 129

CV(%) 0 63.74

number of small fruits average 118.62 838.79

minimum 85 649

maximum 133 1013

CV(%) 11.18 29.54

depth of fruit eye (cm) average 0.92 1.02

minimum 0.69 0.44

maximum 1.34 1.63

CV(%) 9.51 18.75

edible (%) average 84.41 75.25

minimum 76.97 65.50

maximum 92.76 85.65

CV(%) 6.56 16.46

soluble solids (%) average 15.54 15.29

minimum 11.00 12.20

maximum 18.00 17.50

CV(%) 14.09 12.53

titratable acid (mg/g) average 4.69 4.87

CV is an abbreviation for coe�cient of variation.
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Economic trait index capitulum fan-shaped

minimum 4.03 4.02

maximum 6.95 6.75

CV(%) 15.35 13.55

soluble sugar (mg/g) average 89.51 91.42

minimum 82.48 80.78

maximum 97.91 97.48

CV(%) 6.03 5.59

Vc (mg/g) average 0.35 0.35

minimum 0.20 0.22

maximum 0.48 0.47

CV(%) 27.14 27.22

water content (%) average 82.51 82.09

minimum 80.68~ 80.46

maximum 85.44 84.44

CV(%) 1.81 1.82

CV is an abbreviation for coe�cient of variation.

Illumina sequencing and comparison with the reference
genome
For the transcriptional analysis, across the three tissues (i.e., �ower stem apex, the in�orescence axis
base, and the in�orescence axis; Fig. 1c) from the two pineapples, a total of 18 cDNA libraries were
obtained from 18 samples, which were constructed and sequenced using the Illumina HiSeq™ 2500
platform. For the transcriptome sequencing of 18 samples, a total of 130.24 G clean data was generated.
After excluding low-quality reads and trimming adapter sequences, effective data volume was ranged
from 6.80 to 8.84 G; the basis distribution of Q30 was from 92.37–95.33%, and the mean of GC content
was 48.37%. In a clean reading, the basic distribution of Q20 level was 100% (Table 2).
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Table 2
Output statistics of the total reads from 18 libraries.

Library Raw reads (n) Clean data GC percentage Q20 percentage Q30 percentage

FIs_1 47521996 7.13G 47.63% 100.00% 94.74%

FIs_2 58704314 8.81G 48.65% 100.00% 94.87%

FIs_3 54007018 8.10G 48.65% 100.00% 94.91%

FIb_1 51737698 7.76G 48.58% 100.00% 94.82%

FIb_2 52672706 7.90G 48.52% 100.00% 95.24%

FIb_3 49763452 7.46G 48.54% 100.00% 95.01%

FIa_1 53383244 8.01G 48.15% 100.00% 95.04%

FIa_2 51934690 7.79G 48.12% 100.00% 95.09%

FIa_3 58960564 8.84G 47.35% 100.00% 94.79%

CIs_1 52391826 7.86G 48.79% 100.00% 92.44%

CIs_2 48972286 7.35G 48.88% 100.00% 92.89%

CIs_3 57735614 8.66G 48.67% 100.00% 93.01%

CIb_1 49023720 7.35G 47.63% 100.00% 92.37%

CIb_2 45302790 6.80G 48.88% 100.00% 92.59%

CIb_3 49825744 7.47G 48.76% 100.00% 92.45%

CIa_1 48979570 7.35G 48.41% 100.00% 92.75%

CIa_2 45586200 6.84G 48.25% 100.00% 92.67%

CIa_3 52505530 7.88G 48.19% 100.00% 95.10%

FIs, FIb and FIa are the �ower stem apex, the base, and the axis of the fan-shaped in�orescence,
respectively

CIs, CIb and CIa are the �ower stem apex, the base, and the axis of the capitulum-shaped
in�orescence, respectively.

All illumina reads (ranging from 42,949,036 to 57,318,180 reads in each sample) were mapped to the
reference sequence database of reads ranged from 83.80–94.17%. The unique mapped reads accounted
for approximately 79.41% − 89.81% of all mapped reads. Thus, the illumina sequencing technology was
an effective tool to acquire a large portion of the transcriptome rapidly in pineapple (Additional �le 1).

Gene expression annotation and statistics
The expression levels of each gene in the 18 libraries were normalized and calculated using FPKM [26]
(Additional �le 2). The FPKM method can eliminate the in�uence of protein-coding gene length and
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sequencing amount on the calculation of protein-coding gene expression; the calculated protein-coding
gene expression level that re�ected its high or low expression. The �ve statistics in the data [minimum,
�rst-quartile (25%), median (50%), third-quartile (75%), and maximum value] can also be used to describe
the data (Additional �le 3).

The FPKM value boxplot for each sample gene was shown in Fig. 2. Then we used ggplot2 for their
visualization. The gene expression distribution of 18 samples was similar, with no obvious expression
bias. These results indicated that the sequencing quality of FPKM standardization was good enough to
estimate expression of the set of sequencing data. 

Investigation of differentially expressed genes and
functional categorization
Across the three corresponding tissues between FI vs. CI, the differentially expressed genes (DEGs)
analyses resulted in a total of 5370 DEGs (Additional �le 4e); 3142, 2526 and 2255 DEGs at the �ower
stem apex, the base of the in�orescence, and the in�orescence axis were obtained, respectively, between
the two pineapples (Fig. 3b; Additional �le 4a–c). Between different tissues within each pineapple, 5769
DEGs were obtained (Fig. 3a; Additional �le 5a–d); of which 3634 were overlapped with the 5370 DEGs
within each tissue between the two pineapples (Additional �le 5f). Most DEGs (422) were only found in
FIb vs. FIs comparison (Fig. 4; Additional �le 5a), followed by 99 DEGs in FIs vs. CIs comparison (Fig. 4;
Additional �le 4a). 

Between the two different pineapple in�orescences, 489 DEGs were overlapped in all three tissue
comparisons (Fig. 3b; Additional �le 4d). The degree of the overlapping DEGs between the different
pineapple tissues was showed in Fig. 3b. In all four comparisons between different tissues within each
pineapple, a total of 5767 DEGs were identi�ed with 1916, 1035, 1063, and 897 DEGs, in the FIb vs. FIs,
FIa vs. FIb, CIb vs. CIs, CIa vs. CIb, respectively (Additional �le 5a–d).

The 3 top biological groups, including metabolic processes, cellular process and single-organism process,
participated in the biological process category of gene ontology (GO) assignment in all 7 comparisons
(Fig. 5a). In terms of the molecular function category, catalysis and binding were the most abundant
subcategories (Fig. 5b). Based on the KEGG pathway annotation of DEGs between the two pineapples,
575, 386 and 389 DEGs were respectively assigned to 169, 155 and 159 KEGG pathways in the �ower
stem apex, the base of the in�orescence, and the in�orescence axis, respectively (Additional �le 6a–c). 

To examine the function of the identi�ed DEGs, the pathway enrichment analysis indicated that
phenylpropanoid biosynthesis, plant-pathogen interaction, starch and sucrose metabolism, and plant
hormone signal transduction were signi�cantly enriched in the FIs vs. CIs comparison (Additional �le 6a).
In the FIb vs. CIb comparison, the 4 most DEGs (i.e., phenylpropanoid biosynthesis, starch and sucrose
metabolism, plant hormone signal transduction, and biosynthesis of amino acids) were represented
(Additional �le 6b). Moreover, with comparison of FIa vs. CIa, there were 4 prevailing categories (i.e.,
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phenylpropanoid biosynthesis, starch and sucrose metabolism, cell cycle, and plant hormone signal
transduction) (Additional �le 6c).

Between the two pineapples, 890 DEGs were allocated to 180 KEGG pathways in the FIb vs. FIs
comparison (Additional �le 6d), while 273 were allocated to 134 KEGG pathways in the FIa vs. FIb
comparison (Additional �le 6e). Additionally, 255 were allocated to 131 KEGG pathways in the CIb vs. CIs
comparison (Additional �le 6f), and 49 were allocated to 43 KEGG pathways in the CIa vs. CIb
comparison (Additional �le 6 g).

Differently expressed transcription factors
Totally, we identi�ed 1277 TFs in this work (Additional �le 7a); 444 TFs were signi�cantly differentially
expressive between the two pineapples (Fig. 6a; Additional �le 7b). Among 239 differentially expressed
TFs (DETFs) between FIs and CIs, 107 and 132 of them were up- and down-regulated, respectively
(Fig. 6e; Additional �le 8a–b). The prevailing family was the MYB family with 46 DETFs (22 were up-
regulated), followed by the bHLH family with 33 DETFs (21 were up-regulated), the NAC family with 19
DETFs (5 were up-regulated), the WRKY family with 16 DETFs (2 were up-regulated), the C2H2 family with
15 DETFs (10 were up-regulated), and the ERF family with 12 DETFs (2 were up-regulated; Fig. 6b). 

Among the 238 differentially expressed TFs between FIb and CIb, 100 and 138 TFs were up- and down-
regulated, respectively (Fig. 6e; Additional �le 8a–b). The regulated TFs included the MYB family with 39
genes (25 were down-regulated), followed by the bHLH family with 32 genes (17 were up-regulated), the
NAC family with 18 genes (15 were down-regulated), the WRKY family with 17 genes (15 were down-
regulated), and the ERF family with 15 (12 were down-regulated) (Fig. 6c). There were 187 differentially
expressed TFs between FIa and CIa; 32 and 155 of them were up- and down-regulated, respectively
(Fig. 6d–e; Additional �le 8a–b). The predominant TF families included 32 MYB (28 were down-
regulated), followed by 21 bHLH (15 were down-regulated), 18 NAC (15 were down-regulated), 12 WRKY
(all were down-regulated), and 10 C2H2 (all were down-regulated; Fig. 6d).

Across the three tissues between the two pineapples, there were totally 457 highly differentially expressed
TFs. 362, 120, 114, and 45 TFs were obtained in FIb vs. FIs, FIa vs. FIb, CIb vs. CIs, and CIa vs. CIb,
respectively; and the number of up-regulated genes were 203, 53, 60, and 19, respectively (Fig. 6e;
Additional �le 8a–b). Additionally, 311 of the 444 differentially expressed TFs in FIs vs. CIs, FIb vs. CIb,
and FIa vs. CIa comparisons were overlapped with the 457 differentially expressed TFs in FIb vs. FIs, FIa
vs. FIb, CIb vs. CIs, and CIa vs. CIb comparison, respectively (Additional �le 8a). Likewise, 45 of the 444
differentially expressed TFs were overlapped across the three tissues between the two pineapples
(Additional �le 8c). To verify the precision and repetitiveness of the transcriptome analysis results, 12 of
the 45 TFs were randomly selected for the expression level validation using qRT-PCR. The consistent
results between qRT-PCR and RNA-seq data manifested that the RNA-seq was highly reliable (Fig. 9). 

Candidate genes related to in�orescence development
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With respect to the in�orescence formation, except for TFs, there were 206 DEGs in at least one of
comparison between the two pineapples including auxin related genes or homologues to the previously
annotated genes that were potentially in�orescence development related genes. The development related
genes, such as CLAVATA1(CLV1) [27], auxin transporter-like (LAX) [28], cytokinin riboside 5'-
monophosphate phosphoribohydrolase LOG [29, 30], cytokinin oxidase/dehydrogenase (CKX) [31, 32],
FLOWERING LOCUS T protein [33], terminal �ower (TFL) [34], LOB domain-containing protein [35],
TEOSINTE BRANCHED1 (TB1) [36], and other auxin related genes [37, 38] (Fig. 7a; Additional �le 9a).
Among the 206 development-related genes of in�orescence (IDGs), 21 of them were overlapped across
the three tissue comparisons between the two pineapples; 8 overlapping IDGs were randomly selected for
qRT-PCR. The qRT-PCR results for 8 genes (Fig. 9) were agreed with the expression data generated from
RNA-SEq. Moreover, 62 DEGs (57 from the 206 IDGs and 5 from the 444 TFs) were associated with auxin
response; there were 19 auxin-responsive proteins, 12 auxin e�ux carrier components, 6 auxin
transporter-like proteins, 5 ARFs, 13 SAUR family proteins, and 7 GH3 auxin response promoters in FI vs.
CI comparisons (additional �le 9a). The expression of 206 IDGs was shown in Fig. 7b. Interestingly, 159
of them were overlapped with the comparisons within each tissue between the two pineapples (Additional
�le 9b). 

Between the different tissues in the two pineapples, the KEGG pathways were associated with plant
signal transduction. With regards to auxin related genes, AUX1 and SAURs were down-regulated at the
core; AUX1 was up-regulated at both the top of the in�orescence axis and the base of the in�orescence.
GH3 was mix regulated (both up and down) at the top of in�orescence axis, the base of the in�orescence
and the core; SAUR was mix regulated (up and down) at the top of the in�orescence axis and the base of
the in�orescence; Aux/IAA was mix regulated (up and down) at top of the in�orescence axis (Additional
�le 10). ARF was up-regulated at the base of the in�orescence and the core, but Aux/IAA was down-
regulated. Between the different tissues in FI, SAUR was down-regulated in FIb vs. FIs and in FIa vs. FIb,
while GH3 was up-regulated in the FIb vs. FIs comparison. Most auxin-related genes were down-regulated
during the in�orescence formation from FIs initiation to FIb of visible in�orescence initiation, and to the
fan-shape in�orescence formation at FI (Additional �le 10). This implied that the most auxin related
genes were regulated in the process of in�orescence formation.

Expression and GO analysis of the common DEGs in FI vs.
CI comparisons
Further analysis between the two pineapples showed that 489 of all 5370 DEGs were simultaneously
differentially expressed in all the three tissues comparisons. Of these 489 overlapping DEGs, 21 of them
were overlapped in the above-mentioned 206 IDGs, while 45 of them were overlapped in the above-
mentioned 444 TFs. Using GO functional analysis, 489 overlapping DEGs were classi�ed into the three
major functional categories, including cellular component, molecular function, and biological process. For
the biological process category, DEGs were involved in cellular process (194 genes), metabolic process
(175 genes), and response to stimulus (111 genes; Fig. 8). The DEGs related to processes of biological
regulation (95 genes), developmental process (66 genes), multicellular organismal process (59 genes),
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and the positive regulation of biological process (27 genes) were signi�cantly higher across 489
overlapping DEGs (Fig. 8). 93 DEGs related to response to biological regulation included 8 of the 21 IDGs
and 29 of the 45 TFs, indicating that in�orescence formation was closely related to the response to
biological regulation. Therefore, the remaining 56 genes may also be involved in the in�orescence
formation. With regards to the developmental process (66 DEGs) and growth (18 DEGs) in biological
processes these genes were further merged into 66 DEGs because of their multiple functions. Five of the
merged 66 DEGs belonged to 21 IDGs and 17 TFs, and the remaining 44 genes may also be involved in
the in�orescence formation. Twelve of 44 genes were concurrently involved in both developmental and
growth processes. Furthermore, the 56 and 44 genes that potentially involved in in�orescence formation
were merged into 80 genes by the bio-process terms of the GO analysis (Additional �le 11). Six of 80
bioprocesses-involved genes (BPGs) were screened to analyses expression level by qRT-PCR (Fig. 9). The
results indicated that their expression levels were highly matched with the RNA-Seq value (Fig. 9). 

Across all three tissues between the two pineapples, there were 489 overlapping DEGs. Among them, 16
containing 8 annotated genes (3 from the 21 IDGs, 4 from the 45 TFs, and 1 from the 80 BPGs mentioned
above) and 8 unknown genes (Table 3) showed remarkable differences between the different tissues of
FI; while, no signi�cant difference was identi�ed between the different tissues in CI. That suggested that
16 overlapping genes might be related to the in�orescence formation. Moreover, the above-mentioned
genes, including 45 TFs, 21 IDGs, 80 BPGs and 8 unknown DEGs, might contribute to the formation of the
fan-shaped in�orescence in pineapple by the expression comparative and function analysis.
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Table 3
DEGs for qRT-PCR

Category ID Annotation Overlapped
between 3 tissues
in FI not in CI

Bio-processes involved

genes (BPGs)

Aco003366 response regulator 4  

Aco025401 Auxin response factor  

Aco010456 otein phosphatase 2C
family protein

 

Aco004216 Auxin-responsive
protein

Yes

Aco020531 CYCLIND3  

Overlapped TFs Aco003777 HD-ZIP  

Aco006017 MIKC_MADS Yes

Aco006706 RAV  

Aco010917 bHLH  

Aco011886 ARF  

Aco012028 bHLH  

Aco012353 LBD Yes

Aco012619 ZF-HD Yes

Aco013194 G2-like  

Aco013198 MYB  

Aco019379 NAC Yes

Aco022238 LBD  

Overlapped IDGs Aco006318 cytokinin
oxidase/dehydrogenase
1

 

Aco009169 SAUR-like auxin-
responsive protein
family

 

Aco004216 Auxin-responsive
protein

Yes

Aco003045 Peroxidase superfamily
protein

Yes
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Category ID Annotation Overlapped
between 3 tissues
in FI not in CI

Aco016519 Peroxidase superfamily
protein

 

Aco008390 germin-like protein 2 Yes

Aco026249 germin-like protein 4  

Aco021042 Dormancy/auxin
associated family
protein

 

Unknown genes that overlapped
between 3 tissues in FI not in CI

Aco000147 hypothetical protein Yes

Aco000656 uncharacterized protein Yes

Aco001260 Glutathione S-
transferase family
protein

Yes

Aco017829 Glycerophosphodiester
phosphodiesterase
GDE1

Yes

Aco024341 Glucan endo-1%2C3-
beta-glucosidase

Yes

Aco031729 Plant protein of
unknown function
DUF247

Yes

Aco007556 Protein of unknown
function%2C DUF538

Yes

Aco012680 Glycosyltransferase
family 61 protein

Yes

DEGs not overlapped Aco000039 golgin 5  

Aco007412 Protein of unknown
function DUF1218

 

Aco013183 Transmembrane 9
superfamily member

 

Aco024025 Nucleobase ascorbate
transporter

 

Aco029040 ovate family protein 5  

Aco031807 hypothetical protein  

Discussion
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Plant mutant, one of the basic phenomena in plant evolution, is highly valuable for crop breeding. With
the rapid development of modern sequencing technology, we can provide support for the development of
molecular breeding, and speed up the breeding process of new varieties. The fan-shaped in�orescences
(fruits) in pineapple had both high ornamental value and higher fruit yields (Table 1). Therefore, clarifying
the molecular mechanism of the formation of the fan-shaped in�orescence is highly valuable in plant
breeding in pineapples.

No differences in the gene and signal transduction were found between the fan- and capitulum-shaped
in�orescences using NGS. The comparisons across the three tissues and two pineapples provided us
with 5370 DEGs; more DEGs were recognized between FIs vs. CIs and FIb vs. CIb than those between FIa
vs. CIa. In addition, 5769 DEGs were identi�ed between different tissues within each pineapple, indicating
that the regulatory pathway existed in the formation of the fan-shaped in�orescence in pineapple.

Previous studies have identi�ed genes that may be involved in the in�orescence development in plants,
including some genes related to auxin and auxin processes [39, 40]; auxin has recently been reported to
be associated with in�orescence development [41]. Across the three tissues and two pineapples, 206
IDGs were identi�ed, including LAX, LOG, CKX, PAP, FLOWERING LOCUS T, LOB, and Aux / IAA, which may
participate in the formation of the fan-shaped in�orescence in pineapple. Moreover, there exist 21
overlapping genes of them in all 3 comparisons within each tissue between the two pineapples; they were
also crucial for regulating development of fan in�orescence in pineapple.

CLAVATA (CLV), which is related to the in�orescence development by regulating the transformation of
SAM into IM, played an essential role in the transition from SAM into IM [42]. It has been proposed that
LOG was involved in various induction of in�orescence formation, some transcriptional regulators and
cytokinin regulation through the complex interactions [29, 30]. TERMINAL FLOWER and FLOWERING
LOCUS T play an important role in the in�orescence formation [6, 43]. In our study, �ve differently
expressed genes related to TERMINAL FLOWER (1 gene) and FLOWERING LOCUS T (4 genes) were
identi�ed within each tissue between the two pineapples (Additional �le 9a). Cytokinin, auxin and
ethylene are necessary for in�orescence formation [44, 45]. For example, PIN in Arabidopsis was found to
control meristem activity, and was regulated in turn by three redundant PLETHORA (PLT) proteins [46].

As a plant growth hormone, auxin is considered as a necessary condition for plant growth, development
[47, 48], �ower bud differentiation [45], as well as transition from SAM to IM [42]. Auxin was accumulated
during in�orescence development in Arabidopsis, and the endogenous auxin concentration was higher in
IM tissue in developing in�orescence [37]. Auxin was also involved in the induction of �ower bud
differentiation in Juglans sigillata [49]. It was previously found that the free and bound auxin levels are
highly regulated by in�orescence formation [45]. In pineapples, we found that the majority of genes were
down-regulated across the three different tissues between the two pineapples (Fig. 8a). Therefore, we
speculated that the formation of fan-shaped in�orescence may be related to the epigenetic modi�cation
(i.e., DNA methylation). Research of in�orescence development identi�cation and characterization
indicated that the auxin-related genes and proteins were related to in�orescence development in auxin-
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induced acquisition [37]. Thus 206 IDGs, especially the 21 overlapping IDGs, might be involved in the
formation of the fan-shaped in�orescence in pineapple.

TFs have great potential value in plant growth and development. Previous studies on the in�orescence
development showed that the complex transcription regulation networks played an integral part in tissue
differentiation and hormone mediated signaling [47]. In this study, we obtained 271 TFs showing
signi�cantly different expression across the three different tissues between the two pineapples; 45 of
them were simultaneously differentially expressed in across all three different tissue comparisons
between the two pineapples. Of these 444 TFs, MYB, AP2/ERF, and MADS-box showed highly
representative expression.

Cytokinin plays an integral part during regulating the in�orescence structure of different in�orescence
types by regulating the activity of meristem [50, 51]. Cytokinin promoted in�orescence meristem
development and affected in�orescence structure by promoting Arabidopsis meristem gene WUSCHEL
(WUS) and by inhibiting meristem inhibitors CLAVATA1 (CLV1) and CLV3 [52]. The expression of WUS can
be directly induced by cytokinin. WUS enhanced cytokinin signal transduction and formed a positive
feedback loop [53, 54]. At the same time, the transcription of CLV3 gene can also be promoted by WUS
expression. WUS is not only an important target gene of CLV negative control signal, but also a positive
regulatory gene. WUS and CLV constitute a regulatory feedback loop [53, 55]. In our research, the up-
regulated genes of WUS had 3, 4 and 4 genes, respectively, within each tissue comparison between the
two pineapples (Additional �le 7). Compared with the capitulum-shaped in�orescences, the proportion of
down-regulated DEGs at FIs tissue was higher than that FIb and FIa tissues, indicating that they had a
regulatory role in the formation of the fan-shaped in�orescence in pineapple.

AP1, a member of AP2/ERF domain family, shows a signi�cant effect on in�orescence con�guration
regulation [56]. AP1 plays the role of transcriptional inhibition to inhibit �ower development at the
beginning, and can promote �ower development when combined with SEP3 protein [57, 58]. LFY is a
�ower tissue differentiation gene, which is mainly expressed in leaf primordium in vegetative growth
stage, and rapidly increased to the highest level in the �ower induction stage [57]. LFY can regulate the
transformation from the vegetative growth to the reproductive growth of plants, and can also regulate the
special morphology of �ower organs [57]. LFY and AP1 can positively promote each other's expression.
LFY can bind to the promoter of AP1 gene and promote the expression of corresponding gene, while TFL1
gene can inhibit the expression of LFY and AP1 gene [59]. These interactions among the three genes play
a unique role in the regulation of in�orescence con�guration and in�orescence evolution. In addition, AP1
protein and its homologues CAL and FUL in Arabidopsis can inhibit TFL1 gene expression [59]. In this
study, there were 6 AP2/ERF genes differentially expressed across three tissues between the two
pineapples (Additional �le 8a); among them, 2 genes (Aco008597,Aco013345) were expressed differently
among 3 tissues within FI, but not within CI (Additional �le 8a). Therefore, these AP2/ERF genes may be
related to the formation of the fan-shaped in�orescence in pineapple.
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The transcription regulators, e.g., SVP, SOC1 and AGL24 of MADS domain have dual effects [60]:
preventing the reverse of �oral meristem to in�orescence structure [61], and maintaining a moderate level
of expression at a speci�c stage of development. On the one hand, they have redundant functions with
SEP4 and can interact with AP1 to inhibit the expression of TFL1; SEP4 directly suppresses TFL1
expression without SOC1, AGL24 and SVP [60]. On the other hand, SVP, SOC1 and AGL24 also directly
inhibit the expression of SEPALLATA3 (SEP3), a �ower organ characteristic gene, to prevent �ower
meristem from early differentiation, so as to ensure the timely formation and development of �ower
organs in Arabidopsis [62]. Between our two studied pineapples, 8 MADS genes were differentially
expressed in the three tissue comparisons; 2 genes (Aco006017,Aco018015) were expressed differently in
the comparison of tissues in FI, but not in the comparison of tissues in CI (Additional �le 8a).

Members of MYB are involved in growth, development and regulation of phenylpropane secondary
metabolic pathways in plants [63]. They control the cell morphology and participate in the development
and regulation of �oral organs [64]. MYB38 and MYB84 are important regulatory factors that affect the
formation of axillary meristem in Arabidopsis [65]. AtMYB38 affects the formation of auxiliary lateral
branches during in�orescence development [65]. In our study, up-regulated MYB in the �ower stem apex,
the base of the in�orescence, and the in�orescence axis were 22, 39 and 4, respectively (Fig. 6), indicating
that there was a complex regulation in the formation of the fan-shaped in�orescence in pineapple. In
addition, most of MYB genes were up-regulated in the fan-shaped in�orescence tissues (Fig. 6), indicating
that these family members played an important role in the formation of the fan-shaped in�orescence.

Plant in�orescence development is a complex process. In the morphogenesis of higher plants,
in�orescence development is the basic step to determine the �nal yield and reproductive characteristics.
Auxin is essential for �ower development [37]. In this study, many auxin related genes and TFs were
expressed differently in each comparison. Therefore, the auxin related genes and TFs regulate the
formation of the fan-shaped in�orescence in pineapple. In addition to IDGs and TFs, 80 genes were
involved in the GO biological process and reproduction of auxin signal in the three tissue comparisons
between the two pineapples, and they were perhaps related to the formation of the fan-shaped
in�orescence.

Conclusions
Between the two pineapples, there are a clear differentiation of in�orescence morphology; and no
differences in the structure of in�orescence organs and the main nutritional components were found.
Using expression and functional analysis, a total of 5370 DEGs were identi�ed across the three tissues
between the two pineapple in�orescences; Of them, there were 489 overlapping DEGs in all three tissue
comparisons. Besides, 5769 DEGs were identi�ed between different tissues within each pineapple. The
obtained 444 DETFs (45 overlapped across the three tissues between the two pineapples), 206 IDGs (21
overlapped across the three tissues between the two pineapples), 80 BPGs showed signi�cant differences
across three different tissues between the two pineapples. Therefore, the functional analysis of these
genes will promote to address underlying molecular regulatory mechanism for the formation of the fan-
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shaped in�orescence. Due to the formation of fan-shaped in�orescence needs to be formed under
speci�c conditions, further research at the gene functional level is desired to understand the perturbed
biological system of the formation of the fan-shaped in�orescence in pineapple.

Methods

Plant material and RNA extraction
Pineapple cultivar 'Tainong17' were collected in the �eld in Zhanjiang (20°120N 110°240E), Guangdong
province, South China), and no permission was required to collect them. We performed formal
identi�cation of the plant samples. They were planted in South China Agricultural University garden,
Guangdong Province. The collection of samples and the performance of experimental research on such
plant were complied with the national guidelines of China. It is worth to note that pineapple is not
endangered or protected species, and experimental research was environmentally friendly and had no
negative effects on the local ecosystem. The fan-shaped in�orescence (FI) and the capitulum-shaped
in�orescence (CI) were selected for RNA sequencing. It is considered that FI and CI have identical genetic
backgrounds. In April 2019, three tissues (i.e., the �ower stem apex, the base of the in�orescence, and the
in�orescence axis) of red young in�orescence appeared in the center of both the fan- and capitulum-
shaped in�orescences, were immediately frozen in liquid nitrogen and were stored in at -80 ℃ refrigerator
until RNA extraction.

With 3 replications, each pineapple tissue was dissected. The total RNA was extracted by Trizol reagent
(Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions, and then were analyzed by
one 1% agarose gel electrophoresis. The integrity of RNA was quanti�ed using Nanodrop ND-1000
spectrophotometer. All RNA samples with Integrity Number (RIN) ≥ 7 were subjected to the subsequent
analysis.

Determination of fruit traits
Fresh fruits of both the fan- and capitulum-shaped pineapple plants were harvest; over thirty fruit
samples were measured in each pineapple. Soluble reducing sugar was determined by the Anthrone
method [66]. The titratable acid content was determined by acid-base titration (based on citric acid) [67],
and vitamin C content was determined by 2,6-dichloroindophenol titration [66]. Soluble solid content was
measured by LB50T sugar refractometer.

RNA-seq library construction and Illumina sequencing
After the total RNA of the sample was digested with DNase, the eukaryotic mRNA was enriched and
puri�ed by magnetic beads with oligo (dT). The mRNA was broken into short fragments by adding
interruption reagent, and the interrupted mRNA fragments were used as the templates and reverse
transcribed into cDNA. The puri�ed cDNA was repaired at the end. A-tail was added and connected with
sequencing connector, then these cDNA fragments were selected, and �nally PCR ampli�cation was
carried out. The constructed library was quali�ed by Agilent 2100 Bioanalyzer, and then the Illumina



Page 18/34

sequencing platform (HiSeqTM 2500) was used for sequencing to generate 125 bp/150 bp paired-end
reads. The RNA-seq data have been deposited in the NCBI Sequence Read Archive under Accession no.
SRR123467.

Sequence alignment to the pineapple reference genome
The pineapple reference genome and corresponding gene annotation �les were downloaded directly from
the pineapple Genome website [25] (http://pineapple.angiosperms.org/pineapple/html/index.html). The
htseq-count [68] software was used to count the number of reads in each sample which was mapped to
each gene with in the gene annotation �le, and the cu�inks [69] software was used to calculate the
FPKM (fragments per kilobase per million reads) value of each gene expression.

A comparative analysis of the transcriptome and the reference genome were used to reveal the fan- and
capitulum-shaped in�orescence characteristics of pineapple. Raw reads were processed using
Trimmomatic [70], and the reads which contain ploy-N and the low-quality reads were removed to obtain
the clean reads. The clean reads were mapped to the pineapple reference genome using hisat2 [71].

Identi�cation of differentially expressed genes
The DESeq [72] software was used to normalize expression values FPKM of each gene using the DESeq
R package. For signi�cantly differential genes (DEGs), we used the false discovery rate (FDR) statistical
method and compared the normalized expression values FPKM using a threshold value of P ≤ 0.05 and
foldchange ≥ 2 or foldchange < 0.5 based on the FDR < 0.05. Firstly, the expression level of the detected
genes was compared in parallel between libraries from the two pineapples. Then, the common DEGs were
obtained from seven comparisons. For DEGs with similar expression patterns, a hierarchical cluster
analysis of DEGs was carried out to explore genes expression pattern. GO enrichment and KEGG [73]
pathway enrichment analysis of DEGs were respectively performed for the functional analysis of DEGs
using R based on the hypergeometric distribution.

Analysis of transcription factors
All transcription factors were performed by BLASTx against the Plant Transcription Factor Database
(PlnTFDB; http://plant tfdb.cbi.pku.edu.cn/) [74], the pineapple Transcription Factor Database
(http://planttfdb.cbi.pku.edu.cn/index.php?sp=Acm), and the alignment results of orthologous in the
NCBI. Subsequently, the differentially expressed TFs were selected from the DEGs in between the two
pineapples comparisons, and between the different tissues within fan-shaped in�orescence or capitulum-
shaped in�orescence comparisons in pineapples.

Validation of DEG expression by quantitative real‐time PCR
(qRT‐PCR)
Forty DEGs, including 12 TFs, 8 in�orescence development and �owering-related genes, 6 BPGs, 8
unknown DEGs, and 6 DEGs not overlapped were selected for validation using quantitative real-time PCR
(qRT-PCR), which was performed on the Bio-Rad IQ5 Real-Time PCR System (Bio-Rad, USA) using SYBR
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Green PCR mix (Vazyme) as per manufacturer’s recommendations. Sequences of the primers used in this
study were presented in Additional �le 12. Details about the qRT-PCR were described in our previous work
[75]. Each reaction was performed with three replicates, and the data from qRT-PCR ampli�cation was
calculated using 2−△△CT method. CT value of the �ower stem apex (CIs) tissues was selected as the
calibrator and was set at 1.0. The relative expression levels of the same genes in the corresponding fan-
shaped in�orescence tissues were then compared.
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Figure 1

Morphological characteristics of in�orescence and fruit. (a) A capitulum-shaped in�orescence; (b) a fan-
shaped in�orescence; (c) capitulum- and fan-shaped fruit; (d) anatomical map of initial fan-shaped
in�orescence.
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Figure 2

Box-plot of FPKM across all samples. FIs, FIb and FIa: the �ower stem apex, the base, and the axis of the
fan-shaped in�orescence, respectively; CIs, CIb and CIa: the �ower stem apex, the base, and the axis of
the capitulum-shaped in�orescence, respectively.
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Figure 3

Histogram and Venn diagram of the differentially expressed genes (DEGs) in comparisons between the
two pineapples and between different tissues within each pineapple. (a) Histogram showing the number
of DEGs up- or down-regulated in each comparison. (b) Venn diagrams showing similarly or distinctly
regulated genes within each tissue between the two pineapples. FIs, FIb and FIa: the �ower stem apex, the
base, and the axis of the fan-shaped in�orescence, respectively; CIs, CIb and CIa: the �ower stem apex,
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the base, and the axis of the capitulum-shaped in�orescence, respectively. Up and down represent up- and
down-regulated gene, respectively.

Figure 4

Common and speci�c differentially expressed genes among different comparisons. FIs, FIb and FIa: the
�ower stem apex, the base, and the axis of the fan-shaped in�orescence, respectively; CIs, CIb and CIa:
the �ower stem apex, the base, and the axis of the capitulum-shaped in�orescence, respectively.
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Figure 5

Molecular functions and biological processes of DEGs in comparisons of FI vs. CI and between tissues in
FI and CI based on gene ontology categories. FIs, FIb and FIa: the �ower stem apex, the base, and the axis
of the fan-shaped in�orescence, respectively; CIs, CIb and CIa: the �ower stem apex, the base, and the
axis of the capitulum-shaped in�orescence, respectively.
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Figure 6

Analyses of differentially expressed TFs between capitulum- and fan-shaped in�orescence. (a) A heat
map of 444 differentially expressed TFs. Classi�cation of TFs assigned in the three comparisons of FIs
vs. CIs (b), FIb vs. CIb (c), and FIa vs. CIa (d). (e) Histogram showing the number of differentially
expressed TFs up- or down-regulated in 7 different comparisons. FIs, FIb and FIa: the �ower stem apex,
the base, and the axis of the fan-shaped in�orescence, respectively; CIs, CIb and CIa: the �ower stem
apex, the base, and the axis of the fan-shaped in�orescence, respectively.
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Figure 7

Analyses of differentially expressed in�orescence development related genes (IDGs) in pineapple. (a) The
distribution of 206 IDGs in comparisons of FI vs. CI at the 3 tissues. (b) Expression of 206 differentially
expressed IDGs. Numbers represent the percentage of genes out of the differentially expressed genes in
each comparison. FIs, FIb and FIa: the �ower stem apex, the base, and the axis of the fan-shaped
in�orescence, respectively; CIs, CIb and CIa: the �ower stem apex, the base, and the axis of the capitulum-
shaped in�orescence, respectively.

Figure 8
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GO Functional categorization of 206 common differentially expressed genes in FI vs. CI at three tissues
between the two pineapples based on gene ontology.

Figure 9

Relative mRNA levels of 40 DEGs in pineapple were determined by quantitative RT-PCR analyses. Data
were normalized to the β-actin gene (GenBank: HQ148720) and error bars indicate standard deviation
(SD). FIs, FIb and FIa: the �ower stem apex, the base, and the axis of the fan-shaped in�orescence,
respectively; CIs, CIb and CIa: the �ower stem apex, the base, and the axis of the capitulum-shaped
in�orescence, respectively.
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