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ABSTRACT

Introduction: Improving yield-related traits in major crops such as rice requires accurate identification of the genomic regions controlling these traits. Although
many studies have reported QTLs for photosynthesis-related traits in rice, differences in mapping populations and experimental conditions have made it difficult
to combine their results for practical applications. Meta-analysis provides an effective approach to integrate QTL data from different studies, identify consensus
genomic regions (Meta-QTLs, MQTLs), and overcome the limitations of individual QTL mapping studies.

Materials and methods: In this study, studies reporting QTLs associated with photosynthesis-related traits in rice were first collected and reviewed. Among the
27 identified studies, 17 studies comprising 129 eligible QTLs were finally selected for the meta-analysis. A consensus map was then constructed, and MQTL
regions were identified in centiMorgans (cM) according to the software guidelines. Subsequently, genes and molecular markers located within or adjacent to the
MQTL regions were identified. Finally, the functional pathways of the candidate genes were analyzed using relevant bioinformatics databases and tools.
Results: A total of 32 MQTLs were identified. Chromosomes 1 and 3 each contained five MQTLs, representing the highest number, whereas chromosome 9
contained only two MQTLs. No MQTLs were detected on Chromosomes 7, 8, 10, or 11. Candidate genes within the MQTL regions were identified using online
databases and bioinformatics tools. Overall, 131 gene IDs were found in 29 MQTLs. MQTL6.3 contained the largest number of candidate genes (59), while
MQTL1.2, MQTL3.2, and MQTL4.3 each contained only one gene. No candidate genes were identified in MQTL12.3 or MQTL3.1. Several important genes,
including OsCML19, OsSTA36, OsRDCP4, OsPP2C60, OsSEC18, OsZIP54, and OsUCL18, were identified as promising candidates. Gene ontology and
pathway analyses indicated that environmental stresses such as cold, heat, and salinity affect photosynthesis and chlorophyll content by activating biological
processes related to protein folding, cell wall metabolism, hydrogen peroxide response, and root development. In addition, molecular functions associated with
transcription factor binding, nitrate reductase activity, and molybdenum cofactor binding were significantly enriched.

Conclusion: Although QTL mapping in individual studies is challenged by environmental effects, differences among parental genotypes, genetic background,
and chromosome map characteristics, the QTL meta-analysis conducted in the present study provided a comprehensive chromosomal map, enabling the
simultaneous analysis of the collected QTLs and the identification of significant meta-QTLs (MQTLS). Investigation of the genomic regions underlying these
MQTLs led to the identification of key genes involved in stress responses, stress-responsive pathways, and their encoded protein products, ultimately revealing
the identification of important biological and functional pathways at the cellular and molecular levels. These findings may improve our understanding of the
molecular mechanisms underlying photosynthesis and provide a basis for more effective crop breeding. However, the results of QTL meta-analysis depend on
the quality and diversity of the primary studies, including population type, marker density, statistical methods, environmental conditions, and developmental
stage. In the present study, due to the limited number of studies addressing photosynthesis-related traits, all available data were included without accounting for
variation in environmental conditions and developmental stages. Therefore, the identified MQTLs and candidate genes require validation in independent
populations and environments through fine mapping, gene expression analysis, and molecular approaches.
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Figure 1- Circos plot illustrating the distribution of the identified Meta-QTLs (MQTLSs) of
photosynthesis-related traits across the 12 rice chromosomes. Chromosome numbers are
shown outside the circle, and the outer ring represents the relative length of each
chromosome in cM. Colored rectangles within the circle indicate the positions of the
identified MQTLs on each chromosome. The name of each MQTL is displayed adjacent to
its corresponding position, while the mean phenotypic variance explained (PVE, %) for

each MQTL is presented in the inner ring of the circle.
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Figure 2- Schematic representation of meta-QTLs (MQTLSs) derived from the meta-analysis of QTLs associated with photosynthesis-related
traits across the rice chromosomes. From left to right, chromosomes 1, 2, 3, and 4 are shown, respectively. The colored regions on each

chromosome represent individual MQTLs. The colored lines to the left of each chromosome indicate QTLs identified in different studies.
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Figure 3- Schematic representation of meta-QTLs (MQTLSs) derived from the meta-analysis of QTLs associated with photosynthesis-related
traits across the rice chromosomes. From left to right, chromosomes 5, 6, 9, and 12 are shown, respectively. The colored regions on each

chromosome represent individual MQTLs. The colored lines to the left of each chromosome indicate QTLs identified in different studies.
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Table 2-Information on meta-QTLs (MQTLSs) identified through the meta-analysis of QTLs associated with photosynthesis-related traits in rice

QT Meta- Meta- o Mean QTL slass
) (b ciz) QTL b (oS58 alols logys olass
JRSTORR IR ool L QTL peak Meta-QTL CI QTL CI by s> gla Sl phenotypic No. of
Meta-QTL " Meta-QTL physical . No. of
Chr. AlCc mod position range (cM) 95% Markers interval variance of the origins
distance (b enes
el (M) (eM) (br) QTL (%) ot ¢
1 MQTL1.1 21743 5 80.4 71.65 — 89.15 17.5 RM576 - E25M48.190-P1 8,138,458-16,095,252 0.1 5 6
MQTL1.2 139.5 138.57-140.44 1.87 S1_17545743 - R530 24,407,031-30,502,629 0.3 12 1
MQTL1.3 162.73 154.97 — 170.49 15.52 S1 21887517 - id1016674 23,971,321-27,080,956 0.31 10 3
MQTL1.4 200.35 196.54 — 204.17 7.63 S1_31076665 - PM423 34,862,041-38,202,659 0.24 11 3
S1_38035395 -
MQTL1.5 229.4 223.08 — 235.72 12.64 41,813,528-42,923,549 0.05 2 5
S1 39578656
2 MQTL2.1 162.52 3 65.44 62.2 — 68.68 6.48 S10847A - R1521 17,436,262 - 28,171,165 0.51 10 2
S2_ 21749834 -
MQTL2.2 101.51 98.175 — 104.845 6.67 23,837,109 - 25,141,391 0.26 8 2
S2_22529400
S2_29401210 -
MQTL2.3 146.88 142.19 — 151,57 9.38 31,980,076 - 34,057,190 0.23 4 2
S2 31117728
3 MQTL3.1 360.2 5 67.53 61.62-73.44 11.82 E37-M59-3-S3_6011601 4,828,338-6,807,354 0.16 9 0
MQTL3.2 102.77 97.695-107.845 10.15 W580-V218A 12,928,253-14,981,256 0.26 16 1
MQTL3.3 124.76 118.115-131.405 13.29 V224-RM16 24,624,002-23,126,256 0.16 10 2
7.69 S3_17143997- 0.14
MQTL3.4 147.05 143.205-150.895 17,143,997-22,480,825 9 2
S3_22480825
MQTL3.5 182.68 180.365-184.995 4.63 S3_27843566-RM1230 27,843,566-32,753,589 0.27 10 0
4 MQTL4.1 218.78 5 15.4 6.31-24.49 18.18 S4 1966593-RM5424 1,966,593-20,427,708 0.12 7 2
MQTL4.2 46.32 41.78 —50.87 9.09 4044134-RG214 18,444,943-32,487,098 0.38 10 3
MQTL4.3 104.84 102.34 — 107.33 4.99 RM3276 -RM1100 30,496,500-31,442,472 0.18 10 1
MQTL4.4 111.98 109.95 — 114.01 4.06 RM6909 — RM349 31,875,539-32,499,619 0.27 11 5
S4 30862338 —
MQTL4.5 132.76 116.42 —149.11 32.69 30,862,338-35,501,387 0.05 3 3
S4 35501387
5 MQTL5.1 128.02 4 57.26 46.88 — 67.65 20.77 RM87-E10916S 17,624,185-18,854,867 0.08 3 2
MQTL5.2 76.15 73.67 — 78.64 4.97 S5_16671007-S05087 21,309,979-23,761,464 0.37 9 3
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3

2

5
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54.47
97.52

160.91

58.72
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51.54
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4,919,619-7,461,871
21,454,591-22,406,889
27019670-24446246

0.3

0.25
0.72
0.09

0.18

0.77
0.23
0.25
0.08
0.25
0.25
0.17

25
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Table 3- nformation on the initial QTLs and their associated traits within the identified photosynthesis-
related meta-QTLs (MQTLS) in rice

MQTL (No. of
chr QTL( ol adsl LQTL L L e #olio
QTL)
1 MQTLL1.1 (5) Zhang et al., 2014- Teng et al., 2004- Dong et al., 2007- Yoo et al., 2007 HSPAD- CC- LCC- DCFS
Zuo et al., 2007- Barik et al., 2020- Dong et al., 2007- Yoo et al., 2007- Sun et
MQTL1.2 (12) LCC- CHLa- LCC- DCFS-CC
al., 2019
Dong et al., 2007- Yoo et al., 2007- Zuo et al., 2007- Sun et al., 2019- Dong et
MQTL1.3 (10) LCC- DCFs-CC
al., 2007
Dong et al., 2007- Yoo et al., 2007- Zuo et al., 2007- Barik et al., 2020- Bing et
MQTL1.4 (11) LCC- DCFS- RCC- Rdg-
al., 2006
MQTLL.5 (2) Zhang et al., 2014- Dong et al., 2007 HSPAD- LCC
. . RFC- Dg- Chla- Rdg- Chlb- FCM-
2 MQTL2.1 (10) Lin et al., 2010- Bing et al., 2006- Yang et al., 2008- Dong et al., 2007
LCC- RSC
MQTL2.2 (8) Lin et al., 2010- Dong et al., 2007- Bing et al., 2006- Fu et al., 2011 FCM- LCC- RSC- rga- SCH- Rrg-csfl
MQTL2.3 (4) Fu et al., 2011- Sun et al., 2019- Bing et al., 2006 csfl- Pn-tcs-QRrg
Sun et al., 2019- Yoo et al., 2007- Yang et al., 2008- Teng et al., 2004- Pn- dcs- Chlb- Total chl- CC- CHRF-
3 MQTL3.1 (9)
Yamamoto et al., 2017 dcfs- ccf
MOTL3.2 (16) Teng et al., 2004- Yamamoto et al., 2017- Yoo et al., 2007- Lin et al., 2010- CC- CHRF- CHRT- dcf- ccfs- dcs-
' Zuo et al., 2007- Dong et al., 2007 dcfs- ccf- FCM- RFC- SCH- LCC-
. dcs- dcfs- ccf- FCM- RFC- SCM-
MQTL3.3 (10) Yoo et al., 2007- Lin et al., 2010- Zuo et al., 2007- Dong et al., 2007
SCH- LCC-
Yoo et al., 2007- Lin et al., 2010- Zuo et al., 2007- Dong et al., 2007- Sun et
MQTL3.4 (9) ccf- SCH- LCC- Pn- CC
al., 2019
. LCC- ccf- CHRT- Rrg- rga- Rdg-
MQTL3.5 (10) Zuo et al., 2007- Yoo et al., 2007- Yamamoto et al., 2017- Bing et al., 2006
NTRO- NTR3
‘Yamammoto et al., 2017- Lin et al., 2010- Dong et al., 2007- Zuo et al., 2007-
4 MQTL4.1 (7) . CHRT- RFC-FCM-LCC- CCFJ
Abdelkhalik wt al., 2005
Lin et al., 2010- Dong et al., 2007- Zuo et al., 2007- Takai et al., 2010- Bing et RFC- FCM- LCC- SPAD- FLHS-Dg-
4 MQTL4.2 (10)

al., 2006- Teng et al., 2004- Abdelkhalik et al., 2005

NPR- CCFJ



MQTLA4.3 (11)

MQTL4.4 (11)
MQTL4.5(3)
MQTL5.1 (3)

5 MQTL5.2 (9)

MQTL5.3 (6)
MQTL5.4(8)
MQTL6.1 (8)

6 MQTL6.2 (3)
MQTL6.3 (2)

MQTLO.1 (25)

9 MQTL9.2 (14)

MQTL12.1 (3)
12 MQTL12.2 (1)
MQTL12.3 (3)

MQTL12.4 (3)

MQTL12.5(2)

Abdelkhalik et al., 2005- Bing et al., 2006- Dong et al., 2007- Yoo et al., 2007-
Jiang et al., 2012- Zhang et al., 2014
Abdelkhalik et al., 2005- Bing et al., 2006- Yoo et al., 2007- Jiang et al., 2012-
Zhang et al., 2014

Jiang et al., 2012-Fu et al., 2011

Yang et al., 2008- Fu et al., 2011

Yang et al., 2008- Lim et al., 2015- Bing et al., 2006- Yoo et al., 2007- Fu et
al., 2011

Yang et al., 2008- Lim et al., 2015- Bing et al., 2006

Lim et al., 2015- Bing et al., 2006- Yang et al., 2008

Yoo etal., 2007- Lin et al., 2010- Teng et al., 2004- Abdelkhalik et al., 2005-
Dong et al., 2007-
Dong et al., 2007- Yang et al., 2008

Fuetal., 2011

Lim et al., 2015- Lin et al., 2010- Yoo et al., 2007- Bing et al., 2006- Yang et
al., 2008- Yamamoto et al., 2017- Abdelkhalik et al., 2005

Yoo et al., 2007- Yang et al., 2008- Lin et al., 2010- Yamamoto et al., 2017-
Abdelkhalik et al., 2005- Bing et al., 2006- Fu et al., 2011
Sun et al., 2019- Zuo et al., 2007
Yamamoto et al., 2017

Yoo et al., 2007- Dai et al., 2015
Dai et al., 2015- Zhang et al., 2014

Fuetal., 2011

CCFJ- Dg- Rdg- dcf- rga- CM-
MSPAD- CH- HSPAD
CCFJ- Dg- Rdg- dcf- rga- CM-
MSPAD-CTH- CH- HSPAD
CM-CH-tcs

Tcs-Chlb-Totalchl

Chlb-Chla- Totalchl- Dcf- Dcfs- Dg-
Dcs-tcs

Chla- Totalchl- Dg- Dcf-Dcs-Dcfs

Dcfs-Dcf-Dcs-Dg-Totalchla-Chla

ccs- RSC- NPR- dcfs- SCM- RCRJ-
LCC-
LCC- Chla

csfl

Dcf- FCH- ccs- Dcfs- Rdcfs- Dcs- Dg-
ccfs- Chlb- SCH- CHRF- CCAI-
CCAJ- CCFJ- Total chl
ccfs- Chlb- SCH- CHRF- CCAI-
CCAJ- CCFJ- Totalchl- Rdg- csfl- tcs

CC- LCC-
CHRF
NH-dcs-dcfs
NAA- MSPAD- HSPAD

csfl

Relative cholrophyll content (RCC), Chlorophyll a (CHLa), Degree of greenness (DG), Retension-degrees of greenness (RDG), Chlorophyll content (CC), SPAD value-Heading stage (HSPAD), Retension
of green area (RGA), Relativa retension of greenness (RRG), Cumulative SPAD values of flag leaf (CSFL), Total cumulative SPAD value of four leaves (TCS), Net photosynthetic rate (Pn), Chlorophyll
content (reduction rate)-flag leaf (CHRF), Chlorophyll content (reduction rate)-3rd leaf (CHRT), Chlorophyll content of flag leaf-heading stage (DCF), Chlorophyll content of second leaves-heading stage
(DCS), The average of DCF and DCS to complement the functional stay-green trait (DCFS), Cumulative chlorophyll content of flag leaves (CCF), Cumulative chlorophyll content of second leaves (CCS),
Mean of cumulative chlorophyll contents of flag and second leaves (CCFS), Chlorophyll content at flowering (CCFJ), SPAD value of flag leaves-heading stage (SPAD), Net photosynthetic rate (NPR),
SPAD value-Maturity stage (MSPAD), Chlorophyll content-heading stage (CH), Chlorophyll content-maturity (CM), Chlorophyll content from tillering to heading stage (CTH), Reduction in chlorophyll
content (RCRJ), chlorophyll content at 25 DAF (day after flowering) (CCAI), chlorophyll content at 25 DAF (day after flowering) (CCAJ), chlorophyll content at flowering (CCFJ), Relative degree of
chlorophyll content of flag and second leaf (RDCFS), Leaf chlotophyll content (LCC), Total chlorophyll (Totalchl), Second-leaf LCC at maturity (SCM), Nitrogen accumulation account (NAA), Nitrogen
harvest index (NH), Flag leaf chlorophyll content at heading stage (FCH), Reduction-speed of second leaf LCC(RSC).
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Table 4- List of identified gene 1Ds and selected genes within each photosynthesis-related meta-QTL (MQTL) across the rice chromosomes.

9359 (03 pB) 55wl 939095 (03 pD) &5 anlids £33509S (03 P (&5 awlids
MQTL MQTL MQTL
Chr Gene ID (Gene name) Chr Gene ID (Gene name) Chr Gene ID (Gene name)
1 MQTL1.1 050190135900 (Oshspl7.9B.) 6 MQTL6.1 0s0690664800 6 MQTL6.3 0s06g0725800

0s01g0136000 (Oshsp16.9C) 050670664900 0s06g0725000 (OsStr9)
050190136050 0s06g0665000 050690719500 (OsbZIP54)
050190136100 (Oshsp16.9A) 050670665100 0s06g0725300
0s01g0136200 (Oshsp16.9B) 050670665200 0s06g0724650 (SIP1)
050190136300 MQTL6.2 0s06g0594600 0s0690724500 (OsWD40-135)

MQTL1.2 050190282251 050690594650 0s06g0722700

MQTL1.3 050190645900 (OsSultr5) MQTL6.3 0s0690719900 0s06g0725350
050190646000 0s06g0720400 0s06g0722450
0s01g0646300 (OsSLRL1) 0s06g0722201 0s06g0720100

MQTL14  0s01g0848766 0s06g0724300 0s06g0720900 (BZIP55)
0s01g0848550 0s0690724600 050690726300 (NAC9I5)
050190848700 (OsSTA36) 0s06g0720500 0s06g0722650

MQTL1.5 050190955400 (OsCML23) 0s06g0726100 (Cht3*) 0s06g0717900
050190955050 0s06g0720000 0s06g0720601
050190955100 (OsCML31) 0s0690719600 0s06g0722600
0s01g0955000 (OsNPC2) 0s06g0717800 (OsPP2C60) 0s06g0718300
050190955500 (OSCML19) 0s06g0723900 050690725100 (OsGELP89)

2 MQTL2.1  0s02g0770500 (OSWRKY32) 0s06g0724800 (OsbHLH155) 9 MQTL9.1 050990560900

0s02g0770600 0s0690725250 0s09g0560500
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5

MQTL2.3

MQTL3.2

MQTL3.3

MQTL3.4

MQTL4.1

MQTL4.2

MTLA4.3

MQTL4.4

MQTL5.1

MQTLS5.2

MQTL5.3

050290783700
050290783650
050390577800
05030678400 (OSRDCP4)
05030678800
050390776400
050390776900 (OsDjC35)
050490192350
05040192775
050490461000 (Os-MYB39)
050490608100 (Galk2)
050490644675
050490644700
050490644750

050490644800 (OsCBSCLCS5)

0s0490644900 (OsNTMC2T2.1)

0s05g0386000
0s05g0386100
0s05g0386201
0s05g0452900
0s05g0453100
0s05g0519200
050590519300
05050519400 (OsSec18)

05050519500 (OsWD40-120)

0s0690720301
0s06g0723650
0s06g0725550
0s06g0726200 (Cht1*(Chil))
050670725200 (OsGELP90)
0s06g0722300
0s06g0725500
0s0690724100
0s0690724200
0s06g0718400 (OsUCL18)
0s06g0725700
0s0690721600
0s06g0725400
0s06g0724000 (BZIP56)
0s06g0720700
0s06g0718100 (OSEXPA29)
0s0690722100
0s06g0724400 (OsDNLZ1)
0s06g0726400 (SBE1)
0s0690721900
0s06g0724700
0s06g0718000
050690725900 (OsFtsH1)
0s06g0726600 (OsMac1)

0s0690723400

12

MQTLO.2

MQTL12.1

MQTL12.2

MQTL12.4

050990560800
050990560850
050990560700
050990560600
050990561000
050990439050
050990439100
050990439150
050990439200 (TIFY10C)
051290152750
051290152800 (OsStrl9)
051290152900 (OshZIP83)
051290194266
051290638200 (OsPTR2)
051290638100

051290638300
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