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Abstract: GLKs (GOLDEN 2-LIKEs) are a group of plant-specific transcription factors regulating the

chloroplast biogenesis, differentiation and function maintains by triggering the expression of the
photosynthesis-associated nuclear genes (PAANGs). The GLKs also play important roles in nutrient’s
accumulation in fruits, leaf senescence, immunity and abiotic stress response. The expression of GLK

genes were affected by multiple hormones or environmental factors. Therefore, GLKs were considered
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as the key nodes of regulatory network in plant cells, and potential candidates to improve the

photosynthetic capacity of crops. Since numerous researches of GLKs have been reported in plants, the

biological function, molecular mechanism of GLKs genes and its applications in breeding were

summarized and a GLK-mediated signaling network model was developed. This review may facilitate

future research and application of GLKs.
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Table 1 The biological functions of GLKs genes reported in plants
Species Gene * Accession °CDS (bp) ¢ Protein (aa) Function reported References
Zea mays ZmGLKI  LOC541882 1428 475 Chloroplast development; [6]

ZmG?2 LOC542493 1386 461 biomass and yield [14]
Physcomitrella PpGLK]I LOC112284183 1536 511 Chloroplast development [7]
patens PpGLK2  LOC112288619 1554 517
Oryza sativa OsGLK1 LOC4340977 1368 455 Chloroplast development [9]
Japonica OsGLK?2 LOC4326363 1614 537
Capsicum CaGLK2  LOC107845460 942 313 Chloroplast development; [11]
annuum fruit quality
Arachis AhGLKIb MK952147 1212 403 Disease resistance; [12]
hypogaea AhGLK]1 KX168636 1212 403 drought resistance [15]
Brassica BnaGLKla BnaA07g00410D 1353 450 Chloroplast development [13]
napus L. BnaGLKI1b BnaC07g00300D 1 341 446

BnaGLKIc BnaC08g36330D 3 066 1021
Arabidopsis AtGLK] AT2G20570 1263 420 Chloroplast development; ozone [16-20]
thaliana AtGLK?2 AT5G44190 1161 386 stress; hormone; senescence;

disease resistance
Solanum SIGLK1 Solyc07g053630.2.1 1395 464 Chloroplast development; fruit [21-22]
lycopersicum  SIGLK2 Solyc10g008160.2.1 933 310 quality; hormone
Giz3)
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(Ex3))
Species Gene * Accession °CDS (bp) ¢ Protein (aa) Function reported References
Nicotiana NbGIk1 Niben101 1209 402 Disease resistance [23]
benthamiana Scf06721g00011.1
Prunus persica PpGLK1I Prupe.3G127700 1629 542 Chloroplast development [24]
Lactuca sativa LsGLK MZ254626 1266 421 Chloroplast development [25]
% GLKs genes accessions of different species were from NCBI (https://www.ncbi.nlm.nih.gov/), phytozome

(https://phytozome-next.jgi.doe.gov/) and Brassica database (http://www.genoscope.cns.fr/brassicanapus/data/), respectively.
®: coding-sequence (CDS) length of the GLKs genes. ©: amino-acid number of the protein encoded by GLKs genes.
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Figure 1 Phylogenetic tree of GLKs from plants. Protein sequences of GLKs were used for alignment by
ClustalW, and the phylogenetic tree was developed by the method of neighbor-joining tested with bootstrap
1 000 using MEGA 7. Three independent evolutionary branches are marked with difference-color vertical
lines indicated as dicotyledons (blue), monocotyledons (red) and moss (brown). The scientific names of
species are abbreviated as: Ah: Arachis hypogaea; Ls: Lactuca sativa; Ha: Helianthus annuus; Ppe: Prunus
persica; Sl Solanum lycopersicum; Ca: Capsicum annuum; Nb: Nicotiana benthamiana; At: Arabidopsis
thaliana; Bna: Brassica napus; Zm: Zea mays; Sb: Sorghum bicolor; Si: Setaria italica; Os: Oryza sativa
Japonica; Bd: Brachypodium distachyon; Ss: Saccharum spontaneum; Pp: Physcomitrella Patens. Each
accession is followed by the corresponding GLKs. The GLKs from C; plants are shown as black, while the
ones from C,4 plants are shown as red.
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Figure 2 Genes encoding the enzymes in
biosynthesis of chlorophyll targeted by GLKs™®*2*",
The GLKs-targeted genes are shown in red.
Abbreviation annotation: G/tX: glutamyl-tRNA
synthetase; HEMA: glutamyl-tRNA reductase; HEML:
glutamate-1-semialdehyde aminotransferase; Alad:
delta-aminolevylinic acid dehy-dratase; HEMD:
uroporphyrinogen III; HEME: uroporphyrinogen III;
Lin2: coproporphyrinogen III oxidase; Ppxl:
protoporphyrinogen; Chll: magnesium-chelatase
subunit chll; Ch/D: magnesium-chelatase subunit
chlD; ChlH: magnesium-chelatase subunit chlH;
ChIM: Magnesium-protoporphyrin O-methyltransferase;
Chi27: magnesium-protoporphyrin IX monomethyl
ester aerobic oxidative cyclase; DVR: 3,8-divinyl
protochlorophyllide a 8-vinyl reductase; POR:
protochlorophyllide oxidoreductase; CAO: chlorophyllide
a oxygenase; CHLG: chlorophyll synthase.

CHLG



A BAEY GLKs £MSERS FEMNERTER

Photosystem I (Psb)

Cytochrome b6/f complex (Pet)

TN
i

Photosystem [ (Psa)

3 WEBMRIR K RGE S PR GLKs $EE RS20

Figure 3 Genes encoding the photosystem components in chloroplast targeted by GLKs****?7]. Pictorial
representation of photosystem I complex (Psa), photosystem [ complex (psb), Cytochrome b6/f complex
(Pet), and electron-transport components including plastocyanin (PC), ferredoxin-NADP" reductase (FNR)
and ferredoxin (Fd) on the thylakoid membrane. The subunits transcriptionally targeted by GLKs are

highlighted in red.
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Figure 4 A model of GLKs-mediated regulatory signaling network in plant. GLKs transcriptionally activate
the expression of PhANGs, which encode proteins to improve the chlorophyll biosynthesis and chloroplast
development. The enrichment of chlorophyll content provides more precursors for the synthesis of carotenoid
and the function improvement of chloroplasts promotes the photosynthesis to produces more sugars, which
together improve the fruit quality. Efficient photosynthesis also increases the biomass and yield, enhances the
tolerance to abiotic stresses and delays the senescence of leaves. ROS released by chloroplasts can trigger the
PCD for defense response. For leaf senescence, light-activated PhyB induces the degradation of PIF4 by
proteasome, and then removes the inhibition of PIF4 to GLKs expressions; BZR1 and BZR2 in BR
signaling negatively regulate GLKs expressions; SIB1/2 (SIB1, SIB2) are transcriptionally induced by
ABA and interacts with WRKY75 to impact the inhibition of WRKY75 to GLKs expressions; ATAF1 is
also induced by ABA, and directly inhibits GLKs expressions or indirectly inhibits GLKs transcriptional
activities through the interaction between ORE1 and GLKs. For fruit quality, TKN2/4 (TKN2, TKN4)
positively regulate GLKs expressions; IAA negatively regulates GLKs expressions, and also induces the
expressions of ARF4 and ARF10 to transcriptionally inhibit or activate GLKs, respectively. For defense
response, SA-activated NPR1 induces SIB/ expression, and the interaction between SIB1 and GLKs
enhances GLKs transcriptional activity to PAANGs; meanwhile, SIB1 enters the chloroplast and interacts
with SIG1 to inhibit PAAPGs expressions; SA-induced LSD1 competes with SIB1 to bind GLKs and then
inhibits GLKs transcriptional activity. By retrograde signaling from chloroplast, GUN1 inhibits GLKs
expressions and an unknown factor mediates degradation of GLKs through ubiquitin-proteasome pathway,
both inhibiting PAANGs expressions.
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