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Summary
How carbon (sucrose) and nitrogen (amino acid) accumulation is coordinatively controlled in

cereal grains remains largely enigmatic. We found that overexpression of the strigolactone (SL)

biosynthesis gene CAROTENOID CLEAVAGE DIOXYGENASE 8 (CCD8) resulted in greater ear

diameter and enhanced sucrose and amino acid accumulation in maize kernels. Loss of ZmCCD8

function reduced kernel growth with lower sugar and amino acid concentrations. Transcriptomic

analysis showed down-regulation of the transcription factors ZmMYB42 and ZmMYB63 in

ZmCCD8 overexpression alleles and up-regulation in zmccd8 null alleles. Importantly, ZmMYB42

and ZmMYB63 were negatively regulated by the SL signalling component UNBRANCHED 3, and

repressed expression of the sucrose transporters ZmSWEET10 and ZmSWEET13c and the

lysine/histidine transporter ZmLHT14. Consequently, null alleles of ZmMYB42 or ZmMYB63

promoted accumulation of soluble sugars and free amino acids in maize kernels, whereas

ZmLHT14 overexpression enhanced amino acid accumulation in kernels. Moreover,

overexpression of the SL receptor DWARF 14B resulted in more sucrose and amino acid

accumulation in kernels, down-regulation of ZmMYB42 and ZmMYB63 expression, and

up-regulation of ZmSWEETs and ZmLHT14 transcription. Together, we uncover a distinct SL

signalling pathway that regulates sucrose and amino acid accumulation in kernels. Significant

association of two SNPs in the 50 upstream region of ZmCCD8 with ear and cob diameter

implicates its potential in breeding toward higher yield and nitrogen efficiency.

Introduction

Carbon and nitrogen allocation are among the most important

and extremely sophisticated biological processes to determine

crop yield (Bihmidine et al., 2013; Guo et al., 2020a; Lalonde

et al., 2004; Yang et al., 2022). Until now, only several

co-regulators of carbon/nitrogen transport have been character-

ized. ELONGATED HYPOCOTYL 5 (HY5) regulates SUGARS WILL

EVENTUALLY BE EXPORTED TRANSPORTER 11 and 12 (SWEET11

and 12) for sugar efflux in the leaf and induces NITRATE

TRANSPORTER 2.1 (NRT2.1) expression for nitrate uptake in

Arabidopsis roots (Chen et al., 2016). In rice,

GROWTH-REGULATING FACTOR 4 (GRF4) promotes expression

of the sugar transporter SWEET11 in the shoot and of nitrogen

transporters in the root (Li et al., 2018). SUCROSE and GLUCOSE

CARRIER 1 (ZmSUGCAR1) directly transports sugars and

nitrate from the basal endosperm transfer layer during

kernel growth; loss of ZmSUGCAR1 function hinders grain

filling and leads to smaller kernels in maize (Zea mays L.)

(Yang et al., 2022).

How to co-regulate transport of sugars and amino acids to

maximize crop production under constantly changing conditions

remains a fundamental biological question to be investigated.

Maize is a worldwide, staple food and feed crop, whose grain

yield is dependent upon proper ear development and robust

kernel growth after silking (Cantarero et al., 1999; Hawkins and

Cooper, 1981). Kernel development is established during a critical

period, 2-to-3 weeks after pollination (Schussler and
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Westgate, 1991; Tollenaar et al., 1992). Sugars and nitrogen

assimilates are co-ordinately allocated for kernel setting and grain

filling via the central cob (Crawford et al., 1982; Pan et al., 2015).

Sugar translocation is partly mediated by SWEETs and sucrose

transporters (SUCs) (Bihmidine et al., 2013; Braun et al., 2014).

SWEET functions as a sucrose or hexose uniporter, contributing to

phloem loading and grain filling (Bezrutczyk et al., 2018; Sosso

et al., 2015; Xuan et al., 2013). As to nitrogen assimilates,

lysine/histidine transporters (LHTs) are high-affinity

broad-spectrum amino acid transporters important for plant

growth and biomass accumulation (Chen and Bush, 1997; Guo

et al., 2020a; Hirner et al., 2006; Schobert and Komor, 1990;

Tegeder and Rentsch, 2010; Wang et al., 2021).

Strigolactones (SLs) are a class of carotenoid-derived phyto-

hormones primarily synthesized in the root. Secretion of SL into

the soil stimulates branching of arbuscular mycorrhizal fungi that

symbiotically enhance the host plant’s nutrient acquisition.

Acropetal SL transport to the shoot regulates branching, and

organ development and growth (Akiyama et al., 2005; Czarnecki

et al., 2013; Gomez-Roldan et al., 2008; Ha et al., 2014; Kapulnik

and Koltai, 2014; Sasse et al., 2015; Sun et al., 2023; Ueda and

Kusaba, 2015; Umehara et al., 2008). Bioactive SLs are

synthesized from b-carotene cleavage mediated by a series of

conserved enzymes in the angiosperms (Alder et al., 2012; Lin

et al., 2009). CAROTENOID CLEAVAGE DIOXYGENASE 7 (CCD7;

MORE AXILLARY GROWTH 3/MAX3) cleaves the 90,100 double
bond of 9-cis-b-carotene to generate 100-apo-b-carotenal, and
the latter is converted by CCD8 to produce carlactone as a SL

intermediate in vivo (Alder et al., 2012; Arite et al., 2007;

Snowden et al., 2005; Zou et al., 2006). Different ccd8 mutant

plants display species-dependent phenotypes in shoot branching,

and root, fruit, and ear growth (Arite et al., 2007; Auldridge

et al., 2006; Guan et al., 2012; Kohlen et al., 2012). A recent

study shows that ZmCCD8 contributes to reducing the thickness

of the cupulate fruitcase (seed coat) of maize kernels; TEOSINTE

GLUME ARCHITECTURE 1 (TGA1) is another regulator of seed

coat that was prominently selected during maize domestication

(Guan et al., 2022). Carlactone is oxidized either by the

cross-species cytochrome P450 monoxygenase MAX1 (Abe

et al., 2014; Yoneyama et al., 2018; Zhang et al., 2014) or the

newly discovered ZmCYP706C37 (Li et al., 2023) in maize. In

combination with carlactonoic acid methyltransferase,

ZmCLAMT1, this results in the formation of different active SLs,

including zealactone, zeapyranolactone, zealactol, zealactonoic

acid and 3-oxo-methyl- carlactonoic acid (Li et al., 2023). The

strigolactone receptor a/b-hydrolase DWARF 14 (D14) perceives

SL, and subsequently interacts with an F-box and leucine-rich

repeat protein DWARF 3 (D3; MAX2) to trigger ubiquitination and

degradation of the critical repressor DWARF 53 (D53; SMXL6/7/8)

(Jiang et al., 2013; Wang et al., 2020; Zhou et al., 2013). D53

interacts with UNBRANCHED 3 (UB3) and TASSEL SHEATH 4

(TSH4) to regulate male and female inflorescence development in

maize (Liu et al., 2021). In rice, D53 also suppresses functions of

the UB3 homologue IPA1 (Jiang et al., 2013; Song et al., 2017).

Only a limited number of downstream transcription modulators

of SL signalling have been reported, i.e., BRANCHED 1 (BRC1),

TCP DOMAIN PROTEIN 1 (TCP1) and PRODUCTION OF ANTHO-

CYANIN PIGMENT 1 (PAP1, a MYB transcription factor), which

control shoot branching, leaf elongation and anthocyanin

accumulation, respectively (Wang et al., 2020). MYB transcription

factors TaODORANT1 and ZmMYB14 are also involved in carbon

and nitrogen storage in cereal grains (Luo et al., 2021; Xiao

et al., 2017).

Notably, biological functions of ZmCCD8 in regulating ear

growth and underlying mechanisms along SL signalling are still

largely unknown. Here, we found that ZmCCD8 overexpression

results in greater ear and cob diameter with more abundant

soluble sugars and free amino acids in the kernel. The

transcription factors ZmMYB42 and ZmMYB63 bind and repress

expression of the sucrose transporters ZmSWEET10 and

ZmSWEET13c and the amino acid transporter ZmLHT14, to

modulate accumulation of soluble sugars and free amino acids.

Together with ZmD14B and ZmLHT14 overexpression lines and

biochemical and GWAS analysis, we reveal a previously unchar-

acterized SL signalling module that mediates sugar and amino

acid transport in maize, with great potential for high-yield

breeding.

Results

ZmCCD8 promoted accumulation of soluble sugars and
free amino acids in the maize kernel

ZmCCD8 is highly expressed in the root and ear during flowering

time (Guan et al., 2012). Notably, ZmCCD8 transcription levels

gradually declined in the ear from the silking stage to 3 weeks

after pollination (Figure S1). We employed two independent

CRISPR/Cas9 edited lines (zmccd8-1 & zmccd8-2) and two

representative overexpression lines (ZmCCD8-OE1 & ZmCCD8-

OE2) of ZmCCD8 (Figure 1a,b) to investigate how ZmCCD8

regulates ear and kernel growth (Figure 1c). Zealactone, a major

SL in maize, was not detected in the root of zmccd8 lines, but

significantly over-accumulated in ZmCCD8 overexpression lines as

compared to wild-type (WT; Figure 1d). ZmCCD8 knockout and

overexpression generated opposing effects on shoot and ear

growth (Figure 1c; Figure S2a). In detail, two zmccd8 lines bore

shorter, thinner and lighter ears at maturity when compared with

the WT (Figure 1c,e–h; Figure S2b–f), as well as lower kernel

weight per ear and 100-kernel weight (Figure 1i,j). In contrast,

ZmCCD8 overexpression plants had longer, thicker and heavier

ears than WT plants (Figure 1c,e–h; Figure S2b-f). Kernel weight

per ear of ZmCCD8 overexpression lines was greater than in WT

siblings, although 100-kernel weight remained unchanged in

ZmCCD8 overexpression lines (Figure 1i, j). In contrast, kernel row

number did not change between transgenic and WT plants

(Figure 1k; Figure S2g). Agronomically, significant decreases in

100-kernel weight of zmccd8 lines (Figure 1j) may trace back to

insufficient carbon (soluble sugars) and nitrogen (free amino

acids) flow during grain filling. Then, we analysed sugar and

amino acid concentrations in kernels at 7 and 21 days after

pollination (7 DAP & 21 DAP). In the field, soluble sugar

concentrations were at similar levels in transgenic and WT kernels

at 7 DAP (Figure 1l), whereas concentrations were significantly

decreased by 12.35% and 8.10% in two knockout lines and

increased by 18.60% and 13.10% in two overexpression lines at

21 DAP, as compared with WT plants (Figure 1l). In particular,

sucrose concentration was 26.64% and 19.47% lower in kernels

of two zmccd8 lines at 21 DAP, and 36.48 and 37.70% higher in

ZmCCD8 overexpression kernels (Figure 1m) as respectively

compared to WT. Glucose and fructose concentrations were

unchanged in transgenic versus WT kernels (Figure 1m). Similarly,

the two zmccd8 lines had 16.45% and 11.53% lower free amino

acid concentrations, and two overexpression lines displayed
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35.23% and 25.67% higher concentrations of free amino acids

at 21 DAP, compared to the WT (Figure 1n). Moreover,

concentrations of alanine, b-alanine, aspartic acid, glycine and

serine were significantly decreased in zmccd8 mutant lines,

whereas alanine and arginine levels were increased in ZmCCD8

overexpression kernels (Table 1).

Transcriptome analysis of the kernel of ZmCCD8
transgenic plants

To identify the genes that regulate the accumulation of soluble

sugars and free amino acids in maize kernels, we performed

transcriptome profiling at 7 DAP and found 401 differentially

expressed genes (DEGs) in zmccd8 kernels and 3593 DEGs in

kernels overexpressing ZmCCD8 as compared to WT (Figure 2a;

Tables S1 and S2). Pathway enrichment analyses showed that

these DEGs were correlated with cell cycle organization, solute

transport, as well as carbohydrate metabolism and amino acid

metabolism (Figure 2a,b). Importantly, 106 DEGs had opposite

expression patterns in zmccd8 and ZmCCD8-OE lines, with 48

annotated genes (Figure 2a,c). Of particular interest, expression

of the sugar transporter genes SWEET10 and SWEET13c and of

the amino acid transporter gene LHT14 were significantly

down-regulated in zmccd8 lines, but up-regulated in the

ZmCCD8 overexpression lines. Transcript accumulation of the

transcription factor genes ZmMYB42 and ZmMYB63 was

enhanced in zmccd8 knockouts and reduced after ZmCCD8

overexpression (Figure 2c; Figure S3a–e). Taken together, these

data suggest that ZmMYB42 and ZmMYB63 expression are

regulated by ZmCCD8 and SL signalling.

ZmMYB42 and ZmMYB63 directly repressed the
expression of transporters ZmSWEET10, ZmSWEET13c
and ZmLHT14

We next examined subcellular localization of the three candidate

transporters. GFP-tagged ZmSWEET10, ZmSWEET13c and

ZmLHT14 localized to the plasma membrane in leaf cells of

Nicotiana benthamiana (Figure S4a). When expressed in a sucrose

uptake defective yeast strain (SUSY7/ura3), both ZmSWEET10

and ZmSWEET13c were able to enhance sucrose absorption as

Arabidopsis sucrose transporter 2 (SUC2) does (Figure 2d)

(Srivastava et al., 2008).

MYB transcription factors affect sugar accumulation in

strawberry and are involved in storage protein biosynthesis

in wheat (Luo et al., 2021; Wei et al., 2018). Promoter analysis

revealed cis-elements correlated with MYB protein binding (MBS:

TAACTG or CCGTTG) in the promoter regions of ZmSWEET10,

ZmSWEET13c and ZmLHT14 (Figure 3a). Thus, we considered

whether ZmMYB42 and ZmMYB63 directly regulate expression of

ZmSWEETs and ZmLHT14, contributing to accumulation

of soluble sugars and free amino acids in kernels. Transient

expression in Nicotiana benthamiana localized ZmMYB42 and

ZmMYB63 proteins to the nucleus (Figure S4b). Yeast one-hybrid

(Y1H) assays suggested binding of ZmMYB42 and ZmMYB63 to

the promoter region of ZmSWEET10, ZmSWEET13c and

ZmLHT14 (Figure 3b). The electrophoresis mobility shift assay

(EMSA) and corresponding retardation in mobility verified

biochemical interaction of ZmMYB42 and ZmMYB63 with the

MBS oligonucleotides of three transporters in vitro (Figure 3c,d).

Further verification of these interactions in vivo, chromatin

immunoprecipitation–quantitative PCR (ChIP-qPCR), was carried

out using maize protoplasts. Significant enrichment of

MBS-containing sequences in immunoprecipitated fractions

suggested direct binding of ZmMYB42 and ZmMYB63 to the

promoter of ZmSWEET10, ZmSWEET13c and ZmLHT14

(Figure 3e–j). Lastly, a dual-luciferase reporter (DLR) assay in

Nicotiana benthamiana leaves indicated that ZmMYB42 and

ZmMYB63 may repress expression of two ZmSWEET transporters

and the amino acid transporter ZmLHT14 in planta (Figure 3k,l).

Knockout of ZmMYB42 and ZmMYB63 promoted
accumulation of soluble sugars and free amino acids in
kernels

CRISPR/Cas9 edited loss of function alleles of ZmMYB42

(zmmyb42-1 & zmmyb42-2) and ZmMYB63 (zmmyb63-1 &

zmmyb63-2) were generated (Figure 4a,b). Expression of

ZmSWEET10, ZmSWEET13c and ZmLHT14 were up-regulated

in zmmyb42 and zmmyb63 kernels at 7 DAP (Figure 4c,d).

Importantly, the soluble sugar concentration of both zmmyb42

and zmmyb63 kernels significantly increased at 7 and 21 DAP,

as compared to WT (Figure 4e,f). In particular, the concentration

of sucrose was 50.00% and 38.39% higher in zmmyb42

kernels, and 19.04% and 33.39% higher in zmmyb63 kernels at

21 DAP, respectively (Figure 4g,h). Free amino acid concentra-

tions of zmmyb42 and zmmyb63 kernels were unaffected at 7

DAP as compared to WT kernels (Figure 4i,j); however, the

amino acid levels were 31.78% and 20.85% higher in

zmmyb42 kernels at 21 DAP, respectively, as compared to the

WT kernels (Figure 4i), including more alanine, b-alanine,
arginine, glutamine, isoleucine, lysine, methionine, threonine

and valine (Table 1) in both zmmyb42-1 and zmmyb42-2 lines.

Similarly, free amino acids were 31.05% and 22.95% more

abundant in zmmyb63 kernels at 21 DAP, respectively, when

compared with the WT kernels (Figure 4j), with higher

concentrations of alanine, b-alanine, threonine and valine in

zmmyb63-1 and zmmyb63-2 lines (Table 1). Thus, ZmMYB42

and ZmMYB63 regulate the accumulation of soluble sugars and

free amino acids in kernels via transcriptional repression of

ZmSWEETs and ZmLHT14.

Figure 1 The ear phenotype of stable transgenic lines of ZmCCD8 at the reproductive stage. (a) Gene structure of ZmCCD8 and mutation sites of

representative zmccd8 mutant lines. The black boxes represent exons, the lines represent introns and the grey boxes represent the untranslated regions.

The sgRNA target sequence is underlined and the PAM motif is highlighted in red. The single bp (A) deletion in the knockout line 1 (zmccd8-1) and two bp

(CA) deletion in the knockout line 2 (zmccd8-2) are highlighted. (b) Relative expression of ZmCCD8 in kernels of two representative overexpression lines at

7 days after pollination (DAP). (c) Ears at maturity of two ZmCCD8 knockout (zmccd8-1, zmccd8-2) and overexpression (ZmCCD8-OE1, ZmCCD8-OE2)

lines. (d) SL levels in the root of ZmCCD8 knockout and overexpression lines. (e–j) Ear diameter (e) and cob diameter (f), ear length (g), ear dry weight (h),

kernel weight per ear (i), 100-kernel weight (j), and kernel row number (k) of ZmCCD8 knockout and overexpression lines. (l–n) Soluble sugar (l), individual

sugar (m), and free amino acid (n) concentrations (con.) in kernels of ZmCCD8 knockout and overexpression lines at 7 days (7 DAP) or 21 days (21 DAP)

after pollination. Error bars represent the SD of three (b) or four (d–n) biological replicates. Asterisks indicate significant differences relative to WT as

determined by the two-tailed Student’s t-test (*P < 0.05; **P < 0.01). The scale bar =5 cm. ns, no significant difference.
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ZmLHT14 promoted amino acid accumulation in kernels

To evaluate ZmLHT14’s contribution to amino acid accumulation

in kernels at 21 DAP, we generated ZmLHT14 overexpression

plants and selected two representative lines (46.9- and 38.8-fold

higher expression, respectively) for further study (Figure 5a). The

free amino acid concentrations increased by 20.31% and

10.47% in kernels from two ZmLHT14 overexpression lines at

21 DAP (Figure 5b) due to enhanced accumulation of alanine, b-
alanine, isoleucine, lysine, methionine and threonine (Table 1).
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These data indicate that ZmLHT14 efficiently promotes amino

acid accumulation in maize kernels. Notably, the soluble sugar

concentration was unchanged by ZmLHT14 overexpression

(Figure 5c,d).

UB3 bound directly to the GTAC elements of ZmMYB42
and ZmMYB63

The D53-UB3 module is a well-known SL signalling component;

d53 (gain-of-function) alleles condition smaller ears (Liu

et al., 2021). ZmUB3 expression was up-regulated in ZmCCD8

overexpression kernels, although ZmD53 transcript accumulation

was unchanged (Figure S3f,g). Interestingly, ZmMYB42 and

ZmMYB63 harboured GTAC motifs (the core UB3 binding site)

in their promoter region (Figure 6a). Y1H assay suggested that

UB3 did bind to the GTAC motif of ZmMYB42 and ZmMYB63,

and mutation of the GTAC motif abolished such binding

(Figure 6b). Our EMSA assay verified in vitro binding of UB3 to

the GTAC motifs of both ZmMYB42 and ZmMYB63 (Figure 6c).

ChIP-qPCR assay using transgenic maize protoplasts confirmed

the significant enrichment of the F7 or F9 fragment (GTAC motif

containing sequence) and affirmed the in vivo interaction of UB3

with target transcription factors ZmMYB42 and ZmMYB63

(Figure 6d,e). The DLR assay suggested that UB3 repressed

ZmMYB42 and ZmMYB63 transcription in planta (Figure 6f).

ZmD14B-mediated sugar and amino acid accumulation

CCD8 functions as a plant SL biosynthesis enzyme (Arite

et al., 2007; Auldridge et al., 2006; Czarnecki et al., 2013). To

test whether SL is involved in the regulation of sugar and amino

acid accumulation in maize kernels, we generated ZmD14B (the

SL receptor) overexpression lines, two of whom (12.3- and

8.6-fold higher ZmD14B expression, respectively) were selected

for further analysis (Figure 7a). ZmD14B overexpression resulted

in higher soluble sugar concentrations at 21 DAP in two lines, and

particularly enhanced sucrose accumulation by 42.12%

and 36.27%, respectively (Figure 7b,c). Concentrations of free

amino acids in kernels also increased by 23.41% and 16.79%,

respectively, including more abundant alanine, b-alanine, glycine,
isoleucine, leucine, lysine, methionine, serine, threonine, trypto-

phan, tyrosine and valine (Figure 7d; Table 1). Importantly,

ZmMYB42 and ZmMYB63 expression was down-regulated, and

ZmSWEET10, ZmSWEET13c and ZmLHT14 expression was

up-regulated in ZmD14B overexpression kernels, in agreement

with expression patterns of these five genes in the ZmCCD8

overexpression kernels (Figures 2c and 7e).

Natural variations of ZmCCD8 were associated with ear
growth in maize

Carbon and nitrogen accumulation lay the foundation for ear

growth (Hirel et al., 2007; Martin et al., 2006; Sosso et al., 2015),

and the cob serves as a central assimilate transfer conduit

supporting ear growth, kernel establishment and grain filling.

Thinner ears and cobs of zmccd8 plants and thicker ears and cobs

of ZmCCD8 overexpression lines (Figure 1c,e,f; Figure S2b–e)
demonstrate that ZmCCD8 modulates ear and cob diameter. To

identify the potential genetic correlation between natural

variations of ZmCCD8 and the ear phenotype, we carried out a

GWAS survey based on a public database (Liu et al., 2017; Yang

et al., 2014) and found several single-nucleotide polymorphic

(SNP) loci associated with maize cob diameter (Figure 8a;

Table S3). Individual SNPs conferred 3.03% to 6.43% of

phenotypic variance. Of particular interest was a SNP

(chr3.S_197020433, 1204 bp upstream of the start codon) in

ZmCCD8 that is significantly associated with cob diameter

(P = 4.82 9 10�5; Figure 8a). This SNP is located in one of

presumed core binding sites of MYB transcription factors for

transcriptional modulation (Figure S5a,b). Higher expression levels

of the ‘C’ haplotype were positively correlated with thicker cobs

of corresponding inbred lines compared with the ‘A’ haplotype

(Figure 8b–d). Moreover, a neighbouring genetically linked SNP

(chr3.S_197020327, 1098 bp upstream of the start codon of

ZmCCD8) was also associated with cob (P = 5.58 9 10�5) and

ear (P = 1.26 9 10�5) diameter (Figure 8a; Figure S6a–c).

Discussion

Coordinated carbon (sugar) and nitrogen (amino acid) transport

in the maize ear is critical for ear growth and grain filling (Yang

et al., 2022). Here we show, using knockout and overexpressing

lines, that ZmCCD8 positively regulates the length, diameter and

kernel weight of the maize ear (Figure 1e–i). Of particular interest
is our observation that grain weight is correlated with alterations

Table 1 Concentrations of individual amino acids in kernels of ZmCCD8, ZmMYB42, ZmMYB63, ZmLHT14 and ZmD14B transgenic lines and

corresponding WT plants at 21 DAP

Genotype b-Ala Ala Arg Asp Asn Glu Gln Gly Orn

WT 4.77 � 0.72 125.62 � 11.90 3.59 � 0.20 56.41 � 5.03 6.74 � 0.39 64.74 � 3.19 68.43 � 19.16 36.20 � 5.75 0.41 � 0.13

zmccd8-1 3.20 � 0.86* 103.59 � 8.79* 4.15 � 0.44 44.20 � 7.78* 5.47 � 1.60 51.03 � 8.63* 69.83 � 5.24 24.29 � 3.48* 0.23 � 0.02*

zmccd8-2 3.02 � 0.36** 99.22 � 15.55* 3.91 � 0.23 41.89 � 3.11** 5.46 � 0.43* 62.97 � 10.07 66.86 � 7.45 23.80 � 4.16* 0.22 � 0.02*

ZmCCD8-OE1 3.88 � 0.27 153.36 � 6.84** 4.81 � 0.58** 51.95 � 4.74 5.84 � 0.91 67.57 � 10.25 91.69 � 14.88 33.69 � 4.43 0.32 � 0.02

ZmCCD8-OE2 4.11 � 0.75 146.05 � 9.03* 4.80 � 0.38** 48.33 � 5.01 7.10 � 1.55 69.41 � 7.55 87.48 � 9.11 32.04 � 2.14 0.30 � 0.03

WT 1.79 � 0.32 53.20 � 3.81 4.08 � 0.16 40.39 � 5.70 10.61 � 3.53 62.63 � 4.94 26.70 � 2.11 8.24 � 0.27 0.16 � 0.03

zmmyb42-1 3.25 � 0.58* 76.28 � 17.88* 7.02 � 2.17* 48.99 � 4.45 18.52 � 7.89 71.47 � 12.84 77.32 � 26.71** 10.52 � 2.19 0.33 � 0.14

zmmyb42-2 3.19 � 0.45** 82.74 � 11.61** 7.17 � 1.49** 48.93 � 3.47* 23.16 � 7.74* 70.07 � 2.96* 87.94 � 22.82** 10.21 � 2.09 0.39 � 0.32

WT 1.50 � 0.32 56.41 � 5.16 4.49 � 0.73 41.01 � 8.20 12.22 � 7.03 56.74 � 4.05 24.66 � 3.97 8.00 � 0.68 0.17 � 0.11

zmmyb63-1 2.69 � 0.14** 70.34 � 9.10* 4.91 � 0.21 44.55 � 5.23 21.35 � 11.08 61.39 � 6.70 62.17 � 8.29** 8.01 � 0.49 0.11 � 0.04

zmmyb63-2 2.01 � 0.24* 127.07 � 38.14* 7.99 � 3.30 44.92 � 5.73 10.05 � 2.88 79.43 � 10.50* 49.74 � 21.16 14.73 � 3.82* 0.18 � 0.05

WT 2.44 � 0.66 71.61 � 14.28 6.17 � 0.83 55.11 � 10.75 59.00 � 10.13 163.86 � 18.06 77.39 � 16.21 8.46 � 2.92 0.36 � 0.05

ZmLHT14-OE1 3.48 � 0.42* 107.47 � 18.39* 6.36 � 0.84 64.89 � 9.17 77.09 � 13.06 302.80 � 122.05 100.75 � 14.71 12.66 � 2.99 0.43 � 0.04

ZmLHT14-OE2 4.70 � 0.52** 93.89 � 7.69* 7.24 � 0.76 55.88 � 2.27 58.46 � 8.00 201.58 � 25.18 86.11 � 8.64 10.71 � 2.60 0.40 � 0.04

WT 2.73 � 0.22 76.47 � 12.78 7.23 � 0.80 60.84 � 4.03 66.48 � 5.83 209.14 � 15.36 82.81 � 8.91 10.84 � 2.03 0.43 � 0.05

ZmD14B-OE1 4.92 � 0.51** 139.23 � 16.98** 8.64 � 1.84 66.01 � 3.38 69.77 � 21.34 245.90 � 46.88 104.12 � 10.95* 18.25 � 4.30* 0.64 � 0.24

ZmD14B-OE2 3.73 � 0.57* 127.43 � 28.95* 8.88 � 2.22 62.68 � 4.31 52.95 � 25.20 230.08 � 47.02 121.45 � 30.30 20.62 � 6.46* 0.37 � 0.09

Note: Asterisks indicate significant differences relative to WT as determined by the two-tailed Student’s t-test (*P < 0.05; **P < 0.01). Unit, mg g�1 DW.
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in concentrations of soluble sugars and free amino acids in

ZmCCD8 knockout and overexpression kernels at the grain filling

stage (21 days after pollination) (Figure 1l,n). Sucrose serves as a

major carbon assimilate for grain filling (Bihmidine et al., 2013;

Shen et al., 2022). Likewise, accumulations of glutamine,

glutamate, aspartic acid, asparagine and alanine are vital for

cob and kernel development (Seebauer et al., 2004; Perchlik and

Tegeder, 2018). Significantly reduced accumulation of sucrose

and free amino acids contributes to lighter kernels in the zmccd8

mutant; in contrast enhanced accumulation of these carbon and

nitrogen assimilates leads to greater kernel weight per ear in

ZmCCD8 overexpression lines (Figure 1e–n). Thus, ZmCCD8

mediates accumulation of soluble sugars and free amino acids

during grain growth and filling.

Allocation of sucrose and amino acids into grains is ultimately

controlled by transporters in the kernel, regardless of dynamic

sink-source crosstalk. Transcriptome analysis revealed significant

enrichment of the ‘solute transport’ pathway in the ZmCCD8

overexpression kernels (Figure 2b). We observed opposite

expression patterns of two sugar transporters (ZmSWEET10 and

ZmSWEET13c) and one amino acid transporter (ZmLHT14), with

down-regulated expression in zmccd8 mutant kernels and

up-regulation in ZmCCD8 overexpression kernels (Figure 2c).

ZmSWEET4c mediates hexose transport across the basal endo-

sperm transfer layer, and zmsweet4c mutants have defective

kernels with empty pericarp due to impaired seed filling (Sosso

et al., 2015). A triple knock-out maize mutant, zmsweet13a,b,c,

retains more sucrose in the leaves (Bezrutczyk et al., 2018). In

Arabidopsis, AtLHT1 and AtLHT6 function in amino acid uptake

from the soil and transport into leaf mesophyll cells (Hirner

et al., 2006). OsLHT1 is also involved in amino acid uptake in

relation to grain yield and quality (Guo et al., 2020a, 2020b). We

showed that plasma membrane-localized ZmSWEET10 and

ZmSWEET13c served as potent sucrose transporters in yeast

(Figure 2d; Figure S4a), and ZmLHT14 overexpression enhanced

amino acid accumulation in transgenic maize kernels at the grain

filling stage (Figure 5b). Owing to the physiological alterations in

ZmCCD8 transgenic lines, gene expression patterns and func-

tional characterization of three transporters (ZmSWEET10,

ZmSWEET13c and ZmLHT14), we conclude that ZmCCD8

functions primarily as a co-regulator of transport and

accumulation of sucrose and amino acids in the kernel for grain

filling/ear growth. Previous GWAS assays suggested that ZmCCD8

is also associated with kernel length (Zhu et al., 2018). Cob

development is directly related to carbon and nitrogen transport

(Crawford et al., 1982; Pan et al., 2015), with an innate link to

grain filling and growth. Our GWAS analysis revealed that two

linked SNPs in the ZmCCD8 promoter region were significantly

associated with cob and ear diameter (Figure 8a–d; Figure S6a–c),
suggesting that ZmCCD8 may be a target for breeding high-yield

maize genotypes.

Whereas SL biosynthesis and signal perception are well

described, the characterization of the downstream transcription

modulators is only just beginning. Here, we identified ZmMYB42

and ZmMYB63 as downstream targets of SL signalling that regulate

seed growth. Up-regulation of ZmMYB42 and ZmMYB63 expres-

sion in zmccd8 kernels, its corresponding down-regulation in

ZmCCD8 overexpression kernels, taken together with their nuclear

localization (Figure 2c; Figure S4b), suggest that both ZmMYB42

and ZmMYB63 are SL downstream signalling components. In

strawberry,MYB44.2 represses sucrose accumulation in fruits (Wei

et al., 2018). Our work demonstrates that ZmMYB42 and

ZmMYB63 directly bind and repress the expression of ZmSWEET10,

ZmSWEET13c and ZmLHT14 (Figures 3a–l and 4c, d). Knockout

alleles of ZmMYB42 or ZmMYB63 significantly increased the

concentration of soluble sugars and free amino acids in kernels at

the grain-filling stage (Figure 4e–j). Overexpression of ZmLHT14

enhanced accumulation of free amino acids including alanine, b-
alanine, isoleucine, lysine, methionine and threonine in kernels

(Figure 5b; Table 1), indicating that ZmLHT14 acts as an amino acid

transporter in vivo favouring nitrogen accumulation in maize

grains. D53 suppresses UB3 and TSH4 activities to regulate male

and female inflorescence development in maize (Kong et al., 2023;

Liu et al., 2021). Our results show that ZmUB3 expression is

regulated by ZmCCD8 (Figure S3f). Furthermore, ZmUB3 directly

binds to the GTAC box in the promoter of ZmMYB42 and

ZmMYB63 to repress their expression, revealing a

ZmUB3-mediated transcription regulatory pathway. Prior data

show that in rice, the grain weight of the d14 mutant is reduced,

and a maize double mutant of D14A and D14B has a shorter ear

(Guan et al., 2022; Yamada et al., 2018). In contrast, ZmD14B

overexpression significantly increased the concentrations of

Ile Leu Lys Met Phe Pro Ser Thr Trp Tyr Val

7.32 � 1.09 6.76 � 1.45 12.64 � 2.11 6.78 � 1.45 3.15 � 0.42 35.37 � 9.78 60.93 � 8.41 19.11 � 6.35 0.93 � 0.13 9.47 � 2.12 26.46 � 2.04

8.06 � 1.84 6.31 � 1.26 11.44 � 2.79 6.20 � 2.62 2.90 � 0.22 26.08 � 3.28 46.64 � 4.49* 20.83 � 4.47 1.23 � 0.21 7.93 � 1.58 23.74 � 3.43

7.57 � 0.38 5.95 � 0.15 10.58 � 0.69 5.65 � 0.52 2.77 � 0.49 25.21 � 5.21 44.64 � 5.57* 19.63 � 1.00 1.10 � 0.09 7.58 � 1.11 22.15 � 1.92*

8.22 � 1.52 7.38 � 0.65 12.34 � 1.01 6.00 � 1.05 3.48 � 0.23 42.25 � 5.05 58.76 � 3.63 25.87 � 1.89 1.22 � 0.21 9.19 � 0.58 27.29 � 1.23

8.65 � 1.12 7.34 � 0.96 12.75 � 0.87 6.81 � 1.11 3.45 � 0.58 44.06 � 5.66 60.87 � 4.94 26.03 � 2.77 1.39 � 0.29* 9.08 � 1.68 27.45 � 3.02

3.23 � 0.23 3.21 � 0.15 8.71 � 0.50 2.13 � 0.18 2.71 � 0.30 50.05 � 15.19 21.89 � 2.42 10.66 � 0.78 0.68 � 0.04 4.52 � 0.46 11.69 � 0.63

4.57 � 0.87* 5.64 � 2.54 14.88 � 4.34* 4.48 � 0.85** 3.36 � 0.77 63.66 � 23.31 28.54 � 6.59 15.18 � 1.87** 0.85 � 0.14 4.93 � 0.76 17.84 � 4.10*

4.74 � 0.92* 5.46 � 1.37* 15.53 � 2.75** 4.37 � 0.93** 3.17 � 0.58 55.21 � 19.97 28.20 � 3.22* 16.71 � 2.33* 0.89 � 0.09* 5.02 � 0.61 19.74 � 3.21*

3.45 � 0.32 3.58 � 0.63 9.43 � 2.91 2.42 � 0.39 2.68 � 0.28 46.00 � 13.83 21.65 � 3.98 10.51 � 1.09 0.71 � 0.08 4.53 � 0.35 12.32 � 0.92

3.90 � 0.54 4.10 � 0.38 12.45 � 1.86 3.27 � 0.77 2.65 � 0.39 46.38 � 9.24 24.42 � 2.80 14.50 � 1.20** 0.70 � 0.09 4.47 � 0.34 16.13 � 1.94*

6.20 � 1.68* 10.02 � 5.19* 13.34 � 4.30 4.49 � 1.97 5.74 � 1.55** 52.51 � 8.78 36.11 � 7.06* 18.60 � 2.61** 1.02 � 0.26 7.95 � 1.63** 23.12 � 5.89*

3.77 � 0.44 4.88 � 0.69 12.52 � 2.28 5.98 � 0.99 2.82 � 0.25 56.48 � 9.96 32.00 � 6.13 14.36 � 0.95 0.70 � 0.09 2.71 � 0.80 17.85 � 3.88

7.75 � 1.56** 6.66 � 1.18* 16.93 � 1.75* 10.02 � 2.45* 3.30 � 0.40 62.70 � 10.10 44.93 � 11.32 23.16 � 5.45* 0.93 � 0.21 4.94 � 1.67 26.89 � 6.44

6.45 � 1.04** 5.79 � 0.67 19.02 � 2.14** 7.59 � 0.63* 3.32 � 0.21* 52.65 � 5.50 36.38 � 4.45 20.91 � 1.81** 0.78 � 0.13 3.30 � 0.58 22.25 � 1.65

4.59 � 0.30 5.77 � 0.54 15.74 � 3.00 6.71 � 0.36 3.36 � 0.23 60.35 � 4.69 33.82 � 1.58 17.02 � 2.20 0.77 � 0.05 3.73 � 0.20 19.20 � 2.28

7.79 � 1.22** 8.12 � 0.79* 24.12 � 4.39* 9.33 � 0.91** 3.90 � 0.59 57.52 � 11.41 50.93 � 7.92** 26.66 � 4.36** 1.15 � 0.13** 5.50 � 0.80** 31.67 � 4.68**

8.20 � 1.07** 10.16 � 3.22* 24.72 � 4.62* 9.69 � 2.24* 4.98 � 0.81** 66.86 � 8.85 49.24 � 7.38** 26.59 � 5.81* 1.16 � 0.26* 6.10 � 1.63* 33.54 � 7.94*
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sucrose and an array of free amino acids in 21 DAP kernels

(Figure 7b–d). Importantly, expressionof ZmMYB42 andZmMYB63

was down-regulated, whereas expression of ZmUB3, ZmSWEET10

and ZmLHT14 was up-regulated in ZmD14B overexpression

kernels, clearly affirming that SL regulates sugar and amino acid

transport in maize via ZmMYB42 and ZmMYB63 (Figure 7e).

Taken together, we propose a model for how ZmCCD8

regulates sugar and amino acid transport via SL signalling in

maize kernels (Figure 9). In zmccd8 mutants devoid of SL

production, D53 interacts with UB3 to restrain its activity.

ZmMYB42 and ZmMYB63 down-regulate expression of

ZmSWEET10, ZmSWEET13c and ZmLHT14, resulting in lowered

accumulation of sucrose and free amino acids in kernels and

smaller ears. In ZmCCD8 overexpression lines, enhanced ZmCCD8

transcription promotes SL biosynthesis. SL is then perceived by

D14 to trigger D53 degradation and release the UB3 protein. UB3

subsequently represses ZmMYB42 and ZmMYB63 transcription,

enabling up-regulation of ZmSWEET10, ZmSWEET13c and

ZmLHT14 expression, which leads to more sucrose and free

amino acid accumulation supporting robust ear growth. Our

work provides new avenues for molecular breeding for high-yield

and nitrogen-efficient maize germplasms.

Materials and methods

Plant materials and growth conditions

Inbred lines B104, B73-329, ZmCCD8 knockout and overexpres-

sion lines, ZmMYB42 knockouts, ZmMYB63 knockouts, ZmD14B

and ZmLHT14 overexpression lines were used for gene expression

analysis and phenotype observation. Negative transgenic lines of

Figure 2 The transcriptome profiling of ZmCCD8 transgenic lines and the transport activity of ZmSWEETs. (a) Venn diagram of differentially expressed

genes (DGEs) in the kernels of ZmCCD8 knockout (zmccd8-1) and overexpression (ZmCCD8-OE1) lines at 7 days after pollination, as compared to WT

plants. UP, up-regulated. DW, down-regulated. (b) Pathway enrichment analysis of DGEs in the kernels of ZmCCD8 transgenic lines compared to WT plants.

The stars indicate gene enrichment involved in the solute transport, carbohydrate and amino acid metabolism pathways. (c) The heat map of DGEs with

opposite expression patterns in the kernels of ZmCCD8 knockout and overexpression lines compared to WT plants. (d) Sucrose transport activities of

ZmSWEET10 and ZmSWEET13c in the yeast strain SUSY7/ura3 providing 2% glucose or sucrose. The empty vector pDR195 and AtSUC2 transformed into

SUSY7/ura3 as the negative and positive control, respectively.
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B104 or B73-329 were used as the wild-type lines. Seedling

experiments were performed in the greenhouse of China

Agricultural University (Beijing) with a 14/10 h light/dark

photoperiod, 28/22 °C day/night temperature, and 60% relative

humidity, following our well-established protocol (Zhong

et al., 2020). The nutrient solution for the hydroponic

Figure 3 Regulation of ZmSWEETs and ZmLHT14 by ZmMYBs. (a) The MBS elements in the promoter of ZmSWEET10, ZmSWEET13c and ZmLHT14. Black

boxes represent exons. F1/F3/F5 are MBS-containing fragments and F2/F4/F6 correspond to non-MBS control fragments. (b) Yeast one-hybrid assay

showing that ZmMYB42 and ZmMYB63 directly bind to MBS elements of ZmSWEET10, ZmSWEET13c and ZmLHT14. The empty vector AD and MBS

mutants (mp) are used as negative control. (c and d) EMSA showing binding of ZmMYB42 and ZmMYB63 to the biotin-labelled MBS-containing

oligonucleotides of ZmSWEET10, ZmSWEET13c and ZmLHT14 promoters. Black triangles indicate bound and free probes, respectively. (e-j) ChIP-qPCR

showing binding of ZmMYB42 (e, f, g) and ZmMYB63 (h, i, j) to the MBS-containing elements in the promoter of ZmSWEET10, ZmSWEET13c and

ZmLHT14. (k and l) Transient expression assay showing down-regulation of ZmSWEET10, ZmSWEET13c and ZmLHT14 by ZmMYB42 (62SK-ZmMYB42) and

ZmMYB63 (62SK-ZmMYB63) compared to the vector control (V/C). Error bars represent the SD of three (e–j) or five (k, l) biological replicates. Asterisks

indicate significant differences relative to the vector control as determined by the two-tailed Student’s t-test (*P < 0.05; **P < 0.01).
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experiments comprised of 2 mM NH4NO3, 0.25 mM KH2PO4,

0.75 mM K2SO4, 0.1 mM KCl, 2 mM CaCl2, 0.65 mM MgSO4,

0.2 mM Fe-EDTA, 1 9 10�3 mM ZnSO4, 1 9 10�3 mM MnSO4,

1 9 10�4 mM CuSO4, 5 9 10�6 mM (NH4)6Mo7O24 and

1 9 10�3 mM H3BO3. Each line had three biological and three

technical replicates and nutrient solutions were changed every
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3 days. Field experiments with four biological replicates were

conducted at the Langfang Experimental Station (Heibei). The

maize ear and kernels were harvested at 7 or 21 days after

pollination (DAP). All samples were immediately frozen in liquid

nitrogen and kept in the �80 °C freezer for further analysis.

The inbred line B104 and representative ZmCCD8 knockout

and overexpression lines were used for strigolactone analysis.

Seedlings were grown in 50 mL falcon tubes in the greenhouse

with 17/7-h light/dark photoperiod, 22/28 °C day/night temper-

ature, and 70% relative humidity for 2 weeks and then under

phosphate starvation for 1 week to collect root samples with

dramatically enhanced SL production.

Reverse transcription-quantitative PCR (RT-qPCR), gene
cloning and subcellular localization

The RNA was extracted from the kernel of maize plants using the

TRIZOL reagent (Invitrogen, CA, USA) and the cDNA was

synthesized using PrimeScriptTM RT reagent Kit with gDNA Eraser

(Takara, Shiga, Japan) following the manufacturer’s instruction.

RT-qPCR was conducted to determine gene expression levels by

using the TB Green� Premix Ex TaqTM (Takara, Shiga, Japan).

ZmUbi was used as the internal control. Each gene had three

biological replicates and three technical replicates. The genes

specific primers are listed in Table S4.

The full-length coding sequence lacking the termination codon

of ZmUB3, ZmMYB42, ZmMYB63, ZmSWEET10, ZmSWEET13

and ZmLHT14 were cloned into the pSuper1300 vector for GFP-

fused protein expression and transformed into Agrobacterium

tumefaciens strain GV3101. NF-YA4-mCherry and AtCBL1-OFP

constructs were used as a nucleus and plasma membrane marker,

respectively, with the empty pSuper1300 vector as a negative

control (Batisti�c et al., 2008; Zhang et al., 2019). The constructs

were separately transformed into Nicotiana benthamiana leaves,

and after 48 h infiltration, fluorescence signals were observed

using a Zeiss confocal microscope. The primers are listed in

Table S4.

Figure 4 Accumulation of soluble sugars and free amino acids in ZmMYB42 and ZmMYB63 knockout kernels. (a–b) Gene structure of ZmMYB42 (a) and

ZmMYB63 (b) and mutation sites of the representative mutant lines. The black boxes represent exons, the lines represent introns, and the grey boxes

represent the untranslated regions. The sgRNA target sequence is underlined and the PAM motif is highlighted in red. (c–d) Relative expression of

ZmSWEET10, ZmSWEET13c and ZmLHT14 in zmmyb42 and zmmyb63 kernels at 7 DAP in comparison with the wild type. (e–j) Soluble sugar (e–f),

individual sugar (g–h), and free amino acid (i–j) concentrations (con.) in kernels of zmmyb42 and zmmyb63 lines at 7 or 21 DAP (7 or 21 days after

pollination). Error bars represent the SD of three (c–d) or four (e–j) biological replicates. Asterisks indicate significant differences relative to WT as

determined by the two-tailed Student’s t-test (*P < 0.05; **P < 0.01). ns, no significant difference. [Correction added on 4 December 2024, after first

online publication: Figure 4’s legend has been updated in this version.]

Figure 5 Accumulation of soluble sugars and free amino acids in ZmLHT14 overexpression kernels. (a) Relative expression of ZmLHT14 in kernels of two

representative overexpression lines at 7 days after pollination (DAP). (b-d) Free amino acid (b) and soluble sugar (c-d) concentrations (con.) in kernels of

ZmLHT14 overexpression lines at 7 or 21 DAP (7 or 21 days after pollination). Error bars represent the SD of three (a) or four (b-d) biological replicates. Asterisks

indicate significant differences relative to WT as determined by the two-tailed Student’s t-test (*P < 0.05; **P < 0.01). ns, no significant difference.
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Constructs and generation of transgenic plants

To generate the construct for CRISPR/Cas9 mediated ZmCCD8,

ZmMYB42 and ZmMYB63 editing, the 20-bp sgRNA

(CTATGGCTTCGTCGTTGTGC, CACGCTTGAGGTCAGGGCGA,

GTCGCCTACATTCAGAAGTA) was inserted into the pCAM-

BIA3301 vector, respectively. To obtain ZmCCD8, ZmD14B and

ZmLHT14 overexpression lines, their full-length coding sequences

were amplified and cloned into pCAMBIA3301 to generate

Pro35S:ZmCCD8, Pro35S:ZmD14B and Pro35S:ZmLHT14 con-

structs. The recombined constructs were transformed into the

Agrobacterium tumefaciens strain EHA105 as previously

described (Zhu et al., 2016). The ZmCCD8 CRISPR/Cas9 and

Pro35S:ZmCCD8 constructs were then transformed into maize

embryos of the inbred line B104. The ZmD14B and ZmLHT14

overexpression lines were generated by transforming Pro35S:

ZmD14B and Pro35S:ZmLHT14 constructs into maize embryos,

and seeds were kindly provided by Center for Crop Functional

Genomics and Molecular Breeding of China Agricultural Univer-

sity. At least three independent knockout and/or six over-

expression lines for each gene were selected for soil

experiments and two representative lines were then chosen for

further characterization. T2 or T3 homozygous transgenic lines

were used in this study for phenotype observation and related

analysis.

Strigolactone extraction and quantification

SL extraction and quantification with root tissues were performed

following a slightly modified protocol (Charnikhova et al., 2017;

Chu et al., 2017; Li et al., 2023). Briefly, maize roots were

homogenized to a fine powder in liquid nitrogen and extracted

with acetone containing the internal standard GR24. SL was

purified using Sep-Pak silica solid-phase extraction cartridges

(Waters, Milford, MA, USA), eluted by ethyl acetate, dissolved in

50% acetonitrile in water, and analysed by a UPLC–MS/MS

system: the UPLC system (Waters, Milford, MA, USA) equipped

with BEH C18 column (1.7 lm, 100 9 2.1 mm, Waters, Milford,

MA, USA) and a QTRAP 6500 mass spectrometer (AB SCIEX)

equipped with an electrospray ionization source. Selected

multiple reaction monitoring transitions were 377.1 > 97.1 for

zealactone and 299.1 > 97.1 for GR24. The analysis included

four biological replicates.

Figure 6 Regulation of ZmMYB42 and ZmMYB63 by ZmUB3s. (a) The GTAC elements in the ZmMYB42 and ZmMYB63 promoter. Black boxes represent

exons. F7/F9 are GTAC-containing fragments and F8/F10 correspond non-GTAC control fragments. (b) Yeast one-hybrid assay showing that ZmUB3 directly

binds to GTAC elements of ZmMYB42 and ZmMYB63. The empty vector AD and GTAC mutants (mp) are used as negative control. (c) EMSA showing

binding of ZmUB3 to the biotin-labelled GTAC-containing oligonucleotides of ZmMYB42 and ZmMYB63 promoters. Black triangles indicate bound and free

probes, respectively. (d and e) ChIP-qPCR showing binding of ZmUB3 to the GTAC-containing fragment in the promoter of ZmMYB42 (d) and ZmMYB63

(e). (f) Transient expression assay showing down-regulation of ZmMYB42 and ZmMYB63 by ZmUB3 (62SK-ZmUB3) compared to the vector control (V/C).

Error bars represent the SD of three (d, e) or five (f) biological replicates. Asterisks indicate significant differences relative to the vector control as determined

by the two-tailed Student’s t-test (*P < 0.05; **P < 0.01). ns, no significant difference.
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Soluble sugar and free amino acid measurements

For soluble sugar analysis, 0.1 g of liquid nitrogen-ground tissue

was incubated with 1 mL of 80% (v/v) ethanol at 80 °C for

30 min, centrifuged for 5 min at 12000 g at room temperature,

and the liquid supernatant was transferred. Repeated this step

once and mixed the supernatant. The soluble sugar concentra-

tion was determined by the anthrone-sulphuric acid method

with glucose as a standard. Measurements of individual sugar

were obtained by high-performance liquid chromatography

(HPLC). Approximately 1 g of fresh samples were incubated

with 5 mL 80% (v/v) ethanol at 80 °C for 30 min and

centrifuged at 12000 g for 5 min at room temperature. After

filtration, the supernatant was collected for HPLC assay. The

Shimadzu HPLC was equipped with a refractive index detector

and XN-NH2 column (4.6 9 250 mm; 5 lm; GL Sciences,

Tokyo, Japan). The mobile phase was acetonitrile/water

(75:25, v/v) with a flow rate of 1 mL min�1. Standard sucrose,

glucose and fructose were purchased from Dr. Ehrenstorfer

(Augsburg, Germany). All solvents were from Thermo Scientific

(MA, USA).

Total free amino acids were analysed using the Rosen ninhydrin

colorimetric method with Leu as a standard (Rosen, 1957). The

amino acid profile was analysed by liquid chromatography–mass

spectrometry (LC–MS) following the previous protocol (Hassan

et al., 2020). Briefly, fresh kernel samples were freeze-dried

and ~ 20 mg dry samples were sonicated in 1 mL deionized

water for 30 min. After centrifugation at 14000 rpm for 10 min

at room temperature, the supernatant was filtered by a 0.11 lm
syringe filter. The filtrate was used for derivatization by the AccQ-

Tag amino acid analysis kit (Waters, Milford, MA, USA). 80 lL
sample was injected into the HPLC column for LC–MS assay

according to the manufacturer protocol (Waters, Milford, MA,

USA). The amino acid standard was purchased from Waters

(Milford, MA, USA).

RNA isolation, library construction and transcriptome
sequencing

Total RNA was extracted from kernels of WT, ZmCCD8 knockout,

and overexpression plants grown in the field 1 week after

pollination, followed by library construction and RNA sequencing

according to detailed protocols described previously (Pan

et al., 2015). After initial screening and trimming, clean reads

were mapped to the B73 reference genome (V4) using the

Tophat 2.0.6 software (Trapnell et al., 2012). Differentially

expressed genes (DEGs) were calculated using Cuffdiff (Trapnell

et al., 2012), with the fold change >2 and the false discovery

rate <0.05 as a threshold. Two representative transgenic lines

(zmccd8-1, ZmCCD8-OE1) with three biological replicates were

selected for sequencing. The Venn diagram was drawn to analyse

DGEs between WT and ZmCCD8 transgenic kernels

(https://bioinformatics.psb.ugent.be/webtools/Venn/). Pathway

enrichment was conducted using the Mapman toolkit with

default setting (https://mapman.gabipd.org/). The heat map was

generated with the R package pheatmap (https://cran.r-project.

org/web/packages/pheatmap/index.html).

Figure 7 Accumulation of soluble sugars and free amino acids in ZmD14B overexpression kernels. (a) Relative expression of ZmD14B in kernels of two

representative overexpression lines at 7 days after pollination. (b-d) Soluble sugar (b), individual sugar (c), and free amino acid (d) concentrations (con.) in

kernels of ZmD14B overexpression lines at 7 or 21 DAP (7 or 21 days after pollination). (e) Relative expression of ZmMYB42, ZmMYB63, ZmSWEET10,

ZmSWEET13c, ZmLHT14 and ZmUB3 in ZmD14B overexpression kernels at 7 DAP in comparison to the wild type. Error bars represent the SD of three (a, e)

or four (b-d) biological replicates. Asterisks indicate significant differences relative to WT as determined by the two-tailed Student’s t-test (*P < 0.05;

**P < 0.01). ns, no significant difference.
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Yeast complementation assay

The coding sequences of ZmSWEET10, ZmSWEET13c, and

sucrose transporter 2 in Arabidopsis (SUC2, AT1G22710) were

cloned into the pDR195 vector and transformed into the sucrose

uptake deficient Saccharomyces cerevisiae SUSY7/ura3 strain

(Wieczorke et al., 1999). The empty pDR195 vector was

transformed into the mutant strain SUSY7/ura3 as a native

control and AtSUC2 transformed into the SUSY7/ura3 as a

positive control. The positive transformants were selected on agar

medium with yeast nitrogen base (YNB) (without uracil) plus

ammonium sulphate and 2% glucose. Then, the dilutions (19,

10�19, 10�29, 10�39, 10�49) of ZmSWEET10, ZmSWEET13c

and AtSUC2 yeast cell suspensions were plated on solid synthetic

deficient (SD) media including 2% glucose (control) or 2%

sucrose. Yeast cell growth was recorded and photographed after

incubation at 30 °C for 2 days. The primers are listed in Table S4.

Yeast one-hybrid assay

Coding sequences of ZmMYB42, ZmMYB63 and ZmUB3 were

inserted into the pB42AD vector (effector). The ~500 bp

promoter fragments of ZmSWEET10, ZmSWEET13c and

ZmLHT14 containing the MBS (TAACTG or CCGTTG) elements

or three tandem repeat elements of ZmMYB42 and ZmMYB63

containing the GATC motif were cloned into the pLacZi2u vector

(reporter). The mutated MBS (AAAAAA) and mutant ATAC motif

were used as negative controls. The effector and corresponding

reporter vectors were co-transformed into the EGY48 yeast strain.

Yeast transformation was carried out according to the Yeast

Protocols Handbook instructions (Clontech, CA, USA). Transfor-

mants were grown on (Trp/-Ura) dropout plates containing 40

ug/mL 5-bromo-4-chloro-3-indolyl b-D-galactopyranoside for

blue colour development. All primers are listed in Table S4.

EMSA

The full-length coding sequences of ZmMYB42, ZmMYB63 and

ZmUB3 were separately cloned into the PET-30a vector. The

fusion plasmids were transformed into the BL21 strain.

The recombinant proteins were purified with Ni-NTA-Agarose.

EMSA was then performed following instructions of the Light-

Shift� Chemiluminescent EMSA Kit (Thermo Scientific). The

~40 bp probe containing the MBS element of ZmSWEET10,

Figure 8 Natural variations in the promoter of ZmCCD8 associated with ear traits. (a) GWAS showing association of ZmCCD8 with the cob diameter. The

dot plot includes a partial Manhattan plot, the candidate gene structure and a linkage disequilibrium (LD) heat map. SNP (chr3.S_197020433) is highlighted

in red. (b) Correlation between ZmCCD8 expression and cob diameter. r, Pearson correlation coefficient; P, significance of the linear relationship. (c and d)

Boxplots of the cob diameter (c) and expression of ZmCCD8 (d) in two different haplotypes of the highlighted SNP (chr3.S_197020433). The P values in the

box plots (c, d) are derived from two-tailed Student’s t-tests.
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ZmSWEET13c and ZmLHT14 or the GTAC elements of ZmMYB42

and ZmMYB63 were synthesized and labelled with biotin, with

the biotin unlabelled probe as the negative control. All primers

and oligonucleotides are listed in Table S4.

ChIP assay

Coding sequences of ZmMYB42, ZmMYB63 and ZmUB3 were

fused to the pUC19-35S-HA-RBS vector and transformed into

maize protoplasts of 14-day-old B73 seedlings for overnight

culture at 28 °C. The empty pUC19-35S-HA-RBS vector was

transformed as a negative control. The ChIP and RT-qPCR assay

were performed according to the well-established protocol

(Wang et al., 2021). Briefly, the transgenic protoplasts were

treated with 1% (v/v) formaldehyde to crosslink protein-DNA

complexes and the reaction was terminated by adding 0.125 M

glycine. The HA antibodies (Kangwei, Beijing, China) and anti-HA

M2 affinity agarose beads (Sigma-Aldrich, MA, USA) were used

for ChIP. The immunoprecipitated DNA was purified using

QIAquick PCR Purification Kit (QIAGEN, Hilden, Germany). RT-

qPCR was performed to analyse enrichment of target fragments

with the negative control (the fraction derived from transforma-

tion with the empty vector). All primers for ChIP-qPCR are listed in

Table S4.

DLR assay

Coding sequences of ZmMYB42, ZmMYB63 and ZmUB3

were inserted into the pGreen 62-SK vector as effectors, and

promoters of ZmSWEET10 (�2 ~ �2019 bp), ZmSWEET13c

(�3 ~ �1933 bp), ZmLHT14 (�1 ~ �2077 bp), ZmMYB42

(�99 ~ �2456 bp) and ZmMYB63 (�68 ~ �1919 bp) were

cloned into the pGreen II 0800-LUC vector as the reporter. The

fusion effector and reporter plasmids were transformed into the

Agrobacterium GV3101 (pSOUP 19) and co-infiltrated into

tobacco leaves. The empty vector was used as the negative

control. After 3 days, activities of firefly luciferase (LUC) and

Renilla luciferase (REN) were determined using the Dual Luciferase

Assay System kit (Promega, WI, USA). The ratio of LUC to REN

was calculated with five biological replicates, with the value of

the vector control normalized to 1. Primers were listed in

Table S4.

Genome-wide association study (GWAS)

Genotype and ear-related phenotype data of 508 maize inbred

lines were retrieved from the public database MaizeGo

(http://www.maizego.org/) (Liu et al., 2017; Yang et al., 2014)

for genome-wide association study. These inbred lines have

tropical, subtropical and temperate origins to represent the global

diversity of maize germplasms. Genotyping data with minor allele

frequency (MAF) below 0.05 were filtered to implement genome-

wide association analysis with a general linear model where the

first three principal components were used to control population

structure in R package GAPIT (v3) (Wang and Zhang, 2021). A

strict significance threshold (-log10P = 4.15) was applied accord-

ing to the previously described method (Ren et al., 2022).

Twenty-nine SNPs within 2 kb upstream of the start codon and

2 kb downstream of the stop codon of ZmCCD8

(GRMZM2G446858) were used to calculate the pairwise linkage

disequilibrium in R package Ldheatmap (https://sfustatgen.

github.io/Ldheatmap/). The position weight matrix was generated

by using JASPAR (https://jaspar.genereg.net/).

Figure 9 A schematic model for regulation of sugar and amino acid accumulation by ZmCCD8 in maize kernels. In ZmCCD8 knockout (zmccd8) lines

blocking SL biosynthesis, D53 interacts with UB3 to repress its functioning, ZmMYB42 and ZmMYB63 repress the expression of ZmSWEET10, ZmSWEET13c

and ZmLHT14 to reduce sugar and amino acid accumulation in kernels and hinder their growth. However, in ZmCCD8 overexpression (ZmCCD8-OE) lines,

ZmCCD8 promotes SL biosynthesis, which is perceived by D14 and triggers degradation of the D53 protein and subsequent UB3 release. UB3 represses the

expression of ZmMYB42 and ZmMYB63, allowing up-regulation of ZmSWEET10, ZmSWEET13c and ZmLHT14 expression for enhanced accumulation of

soluble sugars and free amino acids in kernels and superior growth. Arrow, activation; Bar, repression.
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Statistical analysis

Significance analysis was performed using the two-tailed Stu-

dent’s t test for pairwise comparison in SAS (V8, SAS Institute

Inc., NC, USA). Means of different treatments were compared

based on the least significant difference at a 0.05 or 0.01 level of

probability.
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