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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.
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KEGG pathway Gene count P-Value
cit01110:Biosynthesis of secondary metabolites 141 4.59E-04
¢it01230: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
¢it00250:Alanine, aspartate and glutamate metabolism 10 0.018262
cit01130:Biosynthesis of antibiotics 54 0.024922
¢it00270:Cysteine and methionine metabolism 15 0.039626
cit00906: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

bl oo

Protein accession

S P9

Probe set

OeiSey 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.S1 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.

s S35 O3 pb olbe sle s

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 /\CC oxidase (ACO) 0.34805

Jos OVl @ Slhlegs ol (b aS _auSTy g bl s SO dunl a5 > wpe sl 51 (SO Y BLawe &l legd o 3]
S Sl 5 SEge e & bnpe slaml 5 aos a5 wims e OLid lataghy ccnl p 038l (V) 9 oo U T, 955 o
oSeaglnlio g See9gn (55lSTy (V) Wod oo (st si JB (SloyusS (Ag5tians e (S 9 903 2150 Jobo p3 SYLLS]
S0 5 s S e Aoz 5| SYLST (5 jlo 5 S gm e a5 310 (LAS g0 (S Alidee Jolye 50 (S5 2458
Ol Olyee pole imgh 10 (TA) el ouds o8 alizre sl iy y aliwg 4 Wosls (59lSly uluol 1 050 god (o jo a5 ol
ohSen o Lee .ol a8l iol8l og0 u;.\,,w) al> 0 50 jlannST ol =S 9,95:2-Y—(S) JlogimanSTy did 0aisS ey (o5
OF) el 4l olidl ol YA 0o B ogae (Sau;y ool Jolie j0 oo o5 ol Ol Oliee 457 QSsls lis 55 (Y - V)
Sy 18 (srsis; Joloe a5 (oo SaS 0500 (S ) Sl perlo I 0 & (Fitsy b bad o (suigis; Jole Lol
@bolid @ e (olo GRIBIL (pmgis; Jeloe Gt Sln g2t ol iagh )3 (TT) GiiS (oo 095 p b Cusl | 09
2l soolgls a4y glae a5 (Y Jgaz) wisls ylid la (o381 ol 50 51 s« cwngis, Jole YA a5 ayo 5 alises o5 T
il gl i3S ol imgdy clbams ol o wisey WRKY 5 MADS-MIKC MYB bZIP NAC HSF alox ||
59y g 00l lax oSl 51 AT WRKY' s gisg, Jole Jlio flaie 4yl cdlBo  Saww, ;o boolgls cpl as ilosls las
aile NAC cwsgig, Julse a5 conl oot aseie uizpd (V)) 0l Gial38l 1) o o], T ol o o L51 ades 9 ACS
2 09R10) a8 (oo Wl (K342 55 0500 () 50 Gl (Slusply 9 S ing ;3 (cege (24 SINACY 5 SINACA
JryaS )0 bHLH g NAC .l oeoslgls 4 late cungig, Julgs a5 canlonds (5138 (V) o, SKen g Terol iagh 1o ¢y

v


https://dor.isc.ac/dor/20.1001.1.16807154.1400.22.4.2.9
https://journal-irshs.ir/article-1-493-fa.html

[ Downloaded from journal-irshs.ir on 2026-05-19 ]

[ DOR: 20.1001.1.16807154.1400.22.4.2.9 ]

Ohlean 5 i

Sl 003,85 HSF (5 VA (plulids 40 e (K30 59, (0995 IS Gt laaalllas .aijls (ol 0 (5 (S50 0900 (o)
03903 (hyxe 0900 (S 3 903 Wl B (SlrosisS ol plgie 4 | HSF 05 VF iy 50 005 ol 3By iz (1Y)
Sl o 50 anl 8 by ol s seaiiS dal oy e dex 5l CrHSTBS 4 CrHsfB2a sleouisS podas (V) ol
OV) axslos p)5 sl Gizp 5 09 god Jolie Jsbo 5o
BEL1- «(HSF oolgils 40 3lxis) heat shock factor protein HSF30-like aiile cwngis, Jole [l 58 pol> g ;o
B3- oolgils 4y 5lsie) auxin response factor 17-like 5 (HB-BELL oolgil> 4 3lxo) like homeodomain protein 1-like
(splp 1oV o OIVY A/FY aulidl b s 5 4 (NAC oolgls 4 (3l22.) NAC domain-containing protein 78-like 5 (ARF

transcription o gig, Jole conds lulids cugig; Jolse 51 (S omizp (V Jgaz) wisls (Las ) Gl oo (a3l o e
s g (Sar (canlals aSl (alS slagy) 5 (S plsre @ 4Kl (55T slvazs Gulul a5 o5, factor HY5-like
o539, else s Lo 1o (HY5) LONG HYPOCOTYLS a5 s, [i,155 (YY) o, 5 Shin gy y0 .(F Jgoz) 0§ oo

)08 Sgeys0 Sluspla 5 s)s S, 4o St G &S Cwl DZIP

S 5 4o

olans ((BLS (y90y90 play JUES 5 450 Glacaplio g dlox 5l () Slo e (Qlolid ) mie Jol> tagh
BEL1-like dike alox jl cwusig; Jolse «MnS5,S (65 5 SYLST 5 5lo 5 S g 5 Syt dunl 45,2 L Lol 10 0
Jeize ¢ NAC domain-containing protein 78-like 5 auxin response factor 17-like 5 homeodomain protein 1-like
Sz 50 525 5 S5 Ol Rl 4 azgi b iz e 00,5 HYS-like alox 51 (1 5gad a3 (gondats aSils (oS slo s
Chrgedd )3 (S (ooulais aD 50 oo Sl tE ABA 5 sl (Slesely e 99 50 a0 Sl 4 Sl g asig S
SN 330 sy p lp (sl ladan ailgi oo gk (nl )3 0ol (alulid slagy] g b je aims plaisl 095 4,
@B0; Gygtess Wil lsen (Sorw; anTd Sl e S)o gl ) ely 5wl Gbised e (Soaw; g 5ei 50 lag]
Sorte s, lSal) I (S wlgge wls ged anld 0 a5 0,5 5 Ol Olie 4 Azl b wal (Byme Ghagh (nl o &S
oS debxilge wslhe (Sovw; loj b (b)) wg @ Cudige D50 0 a5 WSl (Soem; Oloj e 5 sl slocdsle

A yS 8 i 0,90 alize 3blie jo wlles o

References &bo

1. Aprile, A., C. Federici, T.J. Close, L. De Bellis, L. Cattivelli and M.L. Roose. 2011. Expression of the H*-ATPase
AHA10 proton pump is associated with citric acid accumulation in lemon juice sac cells. Funct. Integr.
Genomics. 11(4): 551-563.

2. Baqui, S.M., A.K. Mattoo and V.V. Modi. 1977. Glyoxylate metabolism and fatty acid oxidation in mango fruit
during development and ripening. Phytochemistry. 16 (1): 51-54.

3. Chen, T., G. Qin and S. Tian. 2020. Regulatory network of fruit ripening: current understandings and future
challenges. New Phytologist. https://doi.org/10.1111/nph.16822

4. Chen, Y., J. Grimplet, K. David, S.D. Castellarin, J. Terol, D.C.J. Wong, Z.W. Luo, R. Schaffer, J.M. Celton, M.
Talon, G.A. Gambetta and C. Chervin. 2018. Ethylene receptors and related proteins in climacteric and non-
climacteric fruits. Plant Sci. 276: 63-72.

5. Chervin, C., A. EI-Kereamy, J.P. Roustan, A. Latché, J. Lamon and M. Bouzayen. 2004. Ethylene seems required
for the berry development and ripening in grape, a non-climacteric fruit. Plant Sci. 167: 1301-1305.

6. Chin, C.H., S.H. Chen, H.H. Wu, C.W. Ho, M.T. Ko and C.Y. Lin. 2014. cytoHubba: identifying hub objects and
sub-networks from complex interactome. BMC Syst Biol. 8 (Suppl 4): S11.

7. Goldschmidt, E.E., M. Huberman and R. Goren. 1993. Probing the role of endogenous ethylene in the degreening
of citrus fruit with ethylene antagonists. Plant Growth Regul. 12: 325-329.

8. Huang, H.X., T. Yu, J.X. Li, S.P. Qu, M.M. Wang, T.Q. Wu and Y.J. Zhong. 2019. Characterization of Cucurbita
maxima fruit metabolomic profiling and transcriptome to reveal fruit quality and ripening gene expression
patterns. J. Plant Biol. 62(3): 203-216.

A


https://dor.isc.ac/dor/20.1001.1.16807154.1400.22.4.2.9
https://journal-irshs.ir/article-1-493-fa.html

[ Downloaded from journal-irshs.ir on 2026-05-19 ]

[ DOR: 20.1001.1.16807154.1400.22.4.2.9 ]

QZJJ}A:JJW))J)@Q L;,;_th;z%;@uu

9. Irizarry, R.A., B. Hobbs, F. Collin, Y.D. Beazer-Barclay, K.J. Antonellis, U. Scherf and T.P. Speed. 2003.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.
24.

25.

26.

217.

28.

Exploration, normalization, and summaries of high density oligonucleotide array probe level data. Biostat. 4:
249-264.

Jia, H., Y. Chai, C.L. Li, D. Lu, J. Luo, L. Qin and Y. Shen. 2011. Abscisic acid plays an important role in the
regulation of strawberry fruit ripening. Plant Physiol. 157: 188-199.

Jia, H., Y. Wang, M. Sun, B. Li, Y. Han, Y. Zhao, X. Li, N. Ding, C. Li, W. Ji and W. Jia. 2013. Sucrose functions
as a signal involved in the regulation of strawberry fruit development and ripening. New Phytologist. 198: 453—
465.

Jiao, X., B.T. Sherman, R. Stephens, M.W. Baseler, H.C. Lane and R.A. Lempicki. 2012. DAVID-WS: a stateful
web service to facilitate gene/protein list analysis. Bioinformatics. 28 (13): 1805-1806.

Katz, E., P.M. Lagunes, J. Riov, D. Weiss and E.E. Goldschmidt. 2004. Molecular and physiological evidence
suggests the existence of a system Il-like pathway of ethylene production in non-climacteric Citrus fruit. Planta.
219: 243-252.

Klimek-Szczykutowicz, M., A. Szopa and H. Ekiert. 2020. Citrus limon (Lemon) phenomenon-a review of the
chemistry, pharmacological properties, applications in the modern pharmaceutical, food, and cosmetics
industries, and biotechnological studies. Plants (Basel). 9(1): 119.

Kou, X., C. Liu, L. Han, S. Wang and Z. Xue. 2016. NAC transcription factors play an important role in ethylene
biosynthesis, reception and signaling of tomato fruit ripening. Mol. Genet. Genomics. 291: 1205-1217.

Lee, Y.P.,, G.H. Yu, Y.S. Seo, S.E. Han, Y.O. Choi, D. Kim, 1.G. Mok, W.T. Kim and S.K. Sung. 2007.
Microarray analysis of apple gene expression engaged in early fruit development. Plant Cell Rep. 26(7): 917-
926.

Lin, Q., Q. Jiang, J. Lin, D. Wang, S. Li, C. Liu, C. Sun and K. Chen. 2015. Heat shock transcription factors
expression during fruit development and under hot air stress in Ponkan (Citrus reticulata Blanco cv. Ponkan)
Fruit. 559: 129-36

Liu, M. and C. Chervin. 2017. Ethylene and Fruit Ripening. In: Reference Module in Food Science. (Reference
Module in Food Science). Elsevier. 1-17. ISBN 978-0-08-100596-5

Liu, M., J. Pirrello, C. Chervin, J.P. Roustan and M. Bouzayen. 2015. Ethylene control of fruit ripening: revisiting
the complex network of transcriptional regulation. Plant Physiol. 169: 2380-2390.

Ma, G., L. Zhang, W. Yungyuen, Y. Sato, T. Furuya, M. Yahata, K. Yamawaki and M. Kato. 2018. Accumulation
of carotenoids in a novel citrus cultivar 'Seinannohikari' during the fruit maturation. Plant Physiol. Bioch. 129:
349-356.

Ma, Q., G. Zhang, L. Hou, W. Wang and J. Hao. 2015. Vitis vinifera VVWRKY13 is an ethylene biosynthesis-
related transcription factor. Plant Cell Rep. 34: 1593-1603.

Moing, A., C. Rothan, L. Svanella, D. Just, P. Diakou, P. Raymond, J.P. Gaudillere and R. Monet. 2000. Role
of phosphoenolpyruvate carboxylase in organic acid accumulation during peach fruit development. Physiol.
Plant. 108: 1-10

Pech, J.C., E. Purgatto, M. Bouzayen and A. Latché. 2012. Ethylene and fruit ripening. Ann. Plant Rev. 44: 275~
304.

Pilati, S., M. Perazzolli, A. Malossini, A. Cestaro, L. Dematte, P. Fontana, A. Dal Ri, R. Viola, R. Velasco and
C. Moser. 2007. Genome-wide transcriptional analysis of grapevine berry ripening reveals a set of genes
similarly modulated during three seasons and the occurrence of an oxidative burst at véraison. BMC Genomics.
8: 428.

Ritchie, M.E., B. Phipson, D. Wu, Y. Hu, C.W. Law, W. Shi and G.K. Smyth. 2015. limma powers differential
expression analyses for RNA-sequencing and microarray studies. Nucleic Acids Res. 43:e47.

Shannon, P., A. Markiel, O. Ozier, N.S. Baliga, J.T. Wang, D. Ramage, N. Amin, B. Schwikowski and T. Ideker.
2003. Cytoscape: a software environment for integrated models of biomolecular interaction networks. Genome
Res. 13: 2498-504.

Shin, S.Y., S.H. Kim, H.J. Kim, S.J. Jeon, S.A. Sim, G.R. Ryu, C.M. Yoo, Y.H. Cheong and J.C. Hong. 2016.
Isolation of three B-box zinc finger proteins that interact with STF1 and COP1 defines a HY5/COP1 interaction
network involved in light control of development in soybean. Biochem. Biophys. Res. Commun. 478(3): 1080-
6.

Tang, H., X. Zhang, B. Gong, Y. Yan and Q. Shi. 2020. Proteomics and metabolomics analysis of tomato fruit
at different maturity stages and under salt treatment. Food Chem. 311: 126009

¥4


https://dor.isc.ac/dor/20.1001.1.16807154.1400.22.4.2.9
https://journal-irshs.ir/article-1-493-fa.html

[ Downloaded from journal-irshs.ir on 2026-05-19 ]

[ DOR: 20.1001.1.16807154.1400.22.4.2.9 ]

29.

30.

31.

32.

33.
34.
35.
36.

37.

38.

39.

Ohlean 5 i

Terol, J., M.J. Nueda, D. Ventimilla, F. Tadeo and M. Talon. 2019. Transcriptomic analysis of Citrus clementina
mandarin fruits maturation reveals a MADS-box transcription factor that might be involved in the regulation of
earliness. BMC Plant Biol. 19(1): 47.

Vanharanta S. and V. Launonen. 2011. Fumarate Hydratase. In: Schwab M. (eds) Encyclopedia of Cancer.
Springer, Berlin, Heidelberg.

Wang, J.H., J.J. Liu, K.L. Chen, H.W. Li, J. He, B. Guan and L. He. 2017. Comparative transcriptome and
proteome profiling of two Citrus sinensis cultivars during fruit development and ripening. BMC
Genomics. 18(1): 984.

Wang, Q.H., C. Zhao, M. Zhang, Y.Z. Li, Y.Y. Shen and J.X. Guo. 2017. Transcriptome analysis around the
onset of strawberry fruit ripening uncovers an important role of oxidative phosphorylation in ripening. Sci.
Rep. 7: 41477.

Wang, R., G.C. Angenent, G. Seymour and R.A. de Maagd RA. 2020. Revisiting the role of master regulators in
tomato ripening. Trends in Plant Sci. 25: 291-301.

Wang, W., J. Cai, P. Wang, S. Tian and G. Qin. 2017. Post-transcriptional regulation of fruit ripening and disease
resistance in tomato by the vacuolar protease SIVPE3. Genome Biol. 18: 47.

Yu, K., Q. Xu, X. Da, F. Guo, Y. Ding and X. Deng. 2012. Transcriptome changes during fruit development and
ripening of sweet orange (Citrus sinensis). BMC Genomics. 13: 10.

Zarembinski, T.I. and A. Theologis. 1994. Ethylene biosynthesis and action: a case of conservation. Plant Mol.
Biol. 26: 1579-1597.

Zhang, M., B. Yuan and P. Leng. 2009. The role of ABA in triggering ethylene biosynthesis and ripening of
tomato fruit. J. Exp. Bot. 60: 1579-1588.

Zhao, Y., Y. Huang, Y. Wang, Y. Cui, Z. Liu and J. Hua. 2018. RNA interference of GhPEPC2 enhanced seed
oil accumulation and salt tolerance in Upland cotton. Plant Sci. 271: 52-61.

Zhu, Q., P. Gao, S. Liu, Z. Zhu, S. Amanullah, A.R. Davis and F. Luan. 2017. Comparative transcriptome
analysis of two contrasting watermelon genotypes during fruit development and ripening. BMC Genomics. 18:
3. https://doi.org/10.1186/s12864-016-3442

AR


https://dor.isc.ac/dor/20.1001.1.16807154.1400.22.4.2.9
https://journal-irshs.ir/article-1-493-fa.html

[ Downloaded from journal-irshs.ir on 2026-05-19 ]

[ DOR: 20.1001.1.16807154.1400.22.4.2.9 ]

Iranian Journal of Horticultural Science and Technology 22 (4): 399-410 (2021)
Research article

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.

Keywords: Transcriptome, Citrus, Gene network, KEGG pathway analysis, Transcription factor.
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