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Identification of Key Genes Involved in Lemon (Citrus limon) Fruit
Ripening using Microarray Data Analysis
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Table 1. Results of enrichment analysis of KEGG pathway by differential expressed probe sets.

KEGG e O olass

KEGG pathway Gene count P-Value
cit01110:Biosynthesis of secondary metabolites 141 4.59E-04
cit01230:Biosynthesis of amino acids 36 0.002183
¢it00330:Arginine and proline metabolism 13 0.005839
¢it01200:Carbon metabolism 37 0.00731
¢it01100:Metabolic pathways 214 0.009444
¢it00360:Phenylalanine metabolism 12 0.010027
cit04075:Plant hormone signal transduction 34 0.012224
cit00770:Pantothenate and CoA biosynthesis 8 0.015776
cit00250:Alanine, aspartate and glutamate metabolism 10 0.018262
¢it01130:Biosynthesis of antibiotics 54 0.024922
cit00270:Cysteine and methionine metabolism 15 0.039626
¢it00906:Carotenoid biosynthesis 9 0.048391
cit00062:Fatty acid elongation 7 0.050303
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Table 2. List of transcription factors with more than 2-fold increase in expression in the mature vs. immature lemon fruits
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Probe set Protein accession Fold change Family
Cit.10465.1.S1 _s_at; Cit.30576.1.S1 s_at XP_006475902.1 Heat shock factor protein HSF30-like 9.41185 HSF
Cit.12189.1.S1_s_at; Cit.4169.1.S1_at XP_006494895.1 BEL1-like homeodomain protein 1-like 5.7794 HB-BELL
Cit.25299.1.51_at XP_006472692.1 Auxin response factor 17-like 4.4238 B3-ARF
Cit.12214.1.51 s_at XP_006485436.1 NAC domain-containing protein 78-like 4.0156 NAC
Heat stress transcription factor A-6b-
Cit.31333.1.51_at XP_006479647.1 like 3.9479 HSF
Cit.22874.1.51_at XP_006477628.1 Zinc finger protein ZAT4-like 3.8032 C2H2
Homeobox-leucine zipper protein
Cit.5041.1.51 s_at XP_006465679.1 ATHB-15-like 3.4483 HB-HD-ZIP
ABSCISIC ACID-INSENSITIVE 5-
Cit.14155.1.51_s_at XP_006487112.1 like protein 7-like 3.2635 bZIP
Transcription factor DIVARICATA-
Cit.20608.1.51_at XP_006486372.1 like 2.7547 MYB
Cit.13265.1.51_at XP_006483336.1 Transcription factor HY5-like 2.6965 bzIP
Nuclear transcription factor Y subunit
Cit.3970.1.51_s_at XP_006480596.1 B-10-like 2.5686 NF-YB
Floral homeotic protein DEFICIENS-
Cit.15253.1.51_s_at XP_006466888.1 like 2.5635 MADS-MIKC
Probable WRKY transcription
Cit.31124.1.51_at XP_006492427.1  factor 47-like 2.4448 WRKY
Cit.1579.1.51_at XP_006478113.1 Uncharacterized LOC102614255 2.4109 MY B-related
Ethylene-responsive transcription factor
Cit.16636.1.51_at XP_006490017.1 2-like 2.3892 AP2/ERF-ERF
Cit.24864.1.51_s_at XP_006473054.1 Trihelix transcription factor GT-2-like 2.3376 Trihelix
Cit.1497.1.51_s_at XP_006479050.1 NAC domain-containing protein 18-like 2.2626 NAC
Cit.5733.1.51 at XP_006487722.1 Myb-related protein Myb4-like 2.0899 MYB
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Table 3. List of key genes in the network of upregulated genes identified by at least two algorithms.
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Algorithms used to identify key genes
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Protein accession

S P9

Probe set

OeSey b
Protein name

Betweenness, BottleNeck, Closeness, Degree, EPC, MNC,
Radiality, Stress

XP_006473486.1

Cit.29499.1.51 s at

Glucose-6-phosphate isomerase,
cytosolic-like

Closeness, Degree, EPC, EcCentricity, MNC, Radiality,
Stress

XP_006475593.1

Cit.10135.1.51 s at

Arginine--tRNA ligase, cytoplasmic-
like

Betweenness, BottleNeck, Closeness, Degree, Radiality,
Stress

XP_006468099.1

Cit.4430.1.51 s _at

Translocation protein SEC63 homolog

Betweenness, BottleNeck, Closeness, Degree, Radiality

XP_006469783.1

Cit.18337.1.51 at

Uncharacterized LOC102621250

BottleNeck, Closeness, EPC, MNC, Radiality

XP_006480011.1

Cit.12547.1.S1_at

Fumarate hydratase 1, mitochondrial-
like

Degree, EPC, MNC

XP_006486589.1

Cit.14368.1.S1 _at

Glutamate--tRNA ligase,
chloroplastic/mitochondrial-like

Betweenness, BottleNeck

XP_006467893.1

Cit.28258.1.S1 at

Anaphase-promoting complex subunit
4-like

Betweenness, Stress

XP_006483336.1

Cit.13265.1.51_at

Transcription factor HY5-like

DMNC, MCC

XP_006479564.1

Cit.25302.1.51 s at

Betl-like SNARE 1-1-like

EPC, MNC

XP_006470964.1

Cit.11709.1.51 s at

Probable glutamate--tRNA ligase,
cytoplasmic-like

f.5
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Table 4. Genes involved in carotenoid biosynthesis.
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Probe set Gene name Fold change
CIT.17235.1.51 S AT, CIT.29734.1.S1 S _AT 9-cis-epoxycarotenoid dioxygenase 2 2.3721
CIT.14835.1.51 AT Indole-3-acetaldehyde oxidase-like 0.5057
CIT.19346.1.51 AT Abscisic acid 8'-hydroxylase 4-like 1.7385
CIT.29769.1.51 S AT Prolycopene isomerase, chloroplastic 1.7659
CIT.37992.1.S1_AT Abscisic acid 8'-hydroxylase 3-like 1.8977
CIT.13178.1.S1 S AT Capsanthin/capsorubin synthase, chromoplastic 1.9183
CIT.9344.1.S1 S AT Beta-carotene hydroxylase 2.049
CIT.11366.1.S1_AT Phytoene synthase 1.9437
CIT.11407.1.S1 AT Zeaxanthin epoxidase, chloroplastic 2.6855
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Table 5. Genes involved in ethylene biosynthesis pathway.
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Probe set Gene name Fold change
CIT.1718.1.S1 S AT 1-aminocyclopropane-1-carboxylate oxidase 1(ACO1) 13.05
CIT.18037.1.S1_AT 1-aminocyclopropane-1-carboxylate synthase 1-like (ACS1-like) 5.4343
CIT.2568.1.S1 AT 1-aminocyclopropane-1-carboxylate synthase-like (ACS1-like) 2.1265
CIT.30357.1.S1_AT S-adenosylmethionine synthase 3 0.5887

CIT.30535.1.51_S_AT,

CIT21723.1.51 5 AT A\CC oxidase (ACO) 0.34805
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Identification of Key Genes Involved in Lemon (Citrus limon) Ripening
using Microarray Data Analysis

Z. Zinati *, H. Amin and S. Sazegari'

Extensive attempts have been made to clarify the molecular basis of fruit ripening mechanisms
in recent decades. Regarding the effect of molecular and genetic processes in regulating fruit
ripening, a comprehensive understanding of the ripening genetic network which is involved in fruit
quality, ripening time, and shelf life of fruits is necessary. Due to the nutritional and medicinal
value of lemon, microarray data of fruit juice vesicle tissue at two developmental stages (immature
and mature) was analyzed in the present study. We aimed to identify genes and pathways related
to ripening through bioinformatics tools, including the limma package, DAVID, STRING, and
iTAK. According to the results, 4,255 probes showed differential expression between the mature
and immature stages. Based on the analysis, carotenoid biosynthesis was identified as one of the
KEGG-enriched pathways. Considering the upregulated genes in the carotenoid biosynthesis
pathway during maturation and its role in abscisic acid (ABA) biosynthesis, it can be stated that
ABA signaling might play a vital role in the maturation of lemon fruit. Besides, enhanced
expression of ethylene biosynthesis genes during the ripening stage might confirm the role of
ethylene and its signal transduction in the ripening of this fruit. Based on the results of this study,
the gene encoding 1-aminocyclopropane-1-carboxylate oxidase 1 enzyme showed the highest
expression fold change (13.05 times) in the mature compared to immature lemon. A survey for
the determination of upregulated transcription factors, resulted in the identification of 41
transcription factors. Also, upregulated genes network analysis led to the identification of 10
genes, such as the HY5-like transcription factor involved in the maturation process. Manipulation
of these identified genes is introduced as one of the approaches to improve secondary metabolites,
and change ripening time in lemon fruit which can lead to developing cultivars with favorable
ripening time that can be grown in various areas.
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