
discrimination of apolar (i.e., Ile) and acidic (i.e.,
Asp/Glu) substrates in the transferase reaction
(Fig. 4 and fig. S4B). AtGH3.12 is specific for
Glu, and AtGH3.11 prefers Ile but also accepts
Met, Val, and Leu with reduced efficiency (Fig.
4A). In addition, the amino acid preferences of
other GH3 proteins are known (6, 8, 19, 22)
(Fig. 4B). Within the active site, a lysine resi-
due (Lys428 inAtGH3.12 andLys435 inAtGH3.11)
is positioned near AMP in AtGH3.12 and the
carboxylate of JA-Ile in AtGH3.11 (Fig. 4C). In
GH3 proteins with known amino acid preference,
this residue is highly conserved (Fig. 4B) and
may interact with the amino acid carboxylate
during the second half-reaction. Comparison of
the AtGH3.12 and AtGH3.11 structures (Fig.
4C) shows that Lys146 in AtGH3.12 is oriented
toward the side-chain group of the reaction pro-
duct. Ser151 in AtGH3.11 occupies the same
position as Lys146 in AtGH3.12 (Fig. 4C). Inter-
estingly, Lys146 is conserved in GH3 proteins
that accept acidic amino acids, whereas Ser151

is conserved in enzymes specific to isoleucine
conjugation (Fig. 4B). The K146M and K428M
(M, Met) mutants of AtGH3.12 decrease the
catalytic efficiency with glutamate by 35- and
2300-fold, respectively (table S1), but do not alter
activity in the first half-reaction. Moreover, the
K146M mutant does not affect the activity of
AtGH3.12 with isoleucine, leucine, methionine,
or valine, further demonstrating the likely role of
Lys146 for efficient recognition of acidic amino
acids in the transferase reaction.

The GH3 proteins are a noteworthy example
of gene family expansion in plants, leading to

diversification of substrate specificity and the
evolution of positive and negative metabolic
control systems for JA, auxin, and benzoate sig-
naling molecules. Based on the ANL scaffold
of adenylating enzymes, the GH3 family added
amino acid transferase activity through an elegant
reconfiguration of the active site via C-terminal
domain rotation, providing a mechanism for ac-
tivation and inactivation of a variety of bioactive
molecules in plants. The structures presented
here identify key features of substrate recog-
nition and offer a molecular view of how plants
co-opted the ANL scaffold to provide a chemi-
cally versatile platform for the exquisite control
of hormone levels for plant growth, develop-
ment, and defense.

References and Notes
1. A. Santner, L. I. Calderon-Villalobos, M. Estelle,

Nat. Chem. Biol. 5, 301 (2009).
2. J. Browse, Annu. Rev. Plant Biol. 60, 183 (2009).
3. A. W. Woodward, Ann. Bot. (London) 95, 707 (2005).
4. G. Loake, M. Grant, Curr. Opin. Plant Biol. 10, 466 (2007).
5. G. Hagen, A. Kleinschmidt, T. Guilfoyle, Planta 162, 147

(1984).
6. P. E. Staswick et al., Plant Cell 17, 616 (2005).
7. J. Terol, C. Domingo, M. Talon, Gene 371, 279 (2006).
8. C. S. Westfall, J. Herrmann, Q. Chen, S. Wang, J. M. Jez,

Plant Signal. Behav. 5, 1607 (2010).
9. L. Katsir, A. L. Schilmiller, P. E. Staswick, S. Y. He,

G. A. Howe, Proc. Natl. Acad. Sci. U.S.A. 105, 7100 (2008).
10. S. Fonseca et al., Nat. Chem. Biol. 5, 344 (2009).
11. L. B. Sheard et al., Nature 468, 400 (2010).
12. K. Ljung et al., Plant Mol. Biol. 50, 309 (2002).
13. T. Gaffney et al., Science 261, 754 (1993).
14. P. E. Staswick, I. Tiryaki, M. L. Rowe, Plant Cell 14, 1405

(2002).
15. R. A. Okrent, M. C. Wildermuth, Plant Mol. Biol. 76, 489

(2011).

16. Q. Chen, B. Zhang, L. M. Hicks, S. Wang, J. M. Jez, Anal.
Biochem. 390, 149 (2009).

17. Q. Chen, C. S. Westfall, L. M. Hicks, S. Wang, J. M. Jez,
J. Biol. Chem. 285, 29780 (2010).

18. K. Nobuta et al., Plant Physiol. 144, 1144 (2007).
19. R. A. Okrent, M. D. Brooks, M. C. Wildermuth, J. Biol.

Chem. 284, 9742 (2009).
20. W. P. Suza, P. E. Staswick, Planta 227, 1221 (2008).
21. Materials and methods are available as supplementary

materials on Science Online.
22. A. M. Gulick, ACS Chem. Biol. 4, 811 (2009).
23. T. Takase, M. Nakazawa, A. Ishikawa, K. Manabe,

M. Matsui, Plant Cell Physiol. 44, 1071 (2003).

Acknowledgments: This work was supported by NSF grant
MCB-1157771 to J.M.J. C.S.W. was supported by a U.S.
Department of Agriculture–National Institute of Food and
Agriculture predoctoral fellowship (MOW-2010-05240),
and J.H. was supported by an American Society of Plant
Biologists–Summer Undergraduate Research Fellowship
award and the Howard Hughes Medical Institute–Washington
University Summer Scholars Program in Biology and
Biomedical Research. Portions of this research were carried
out at the European Synchrotron Radiation Facility and the
Argonne National Laboratory Structural Biology Center of
the Advanced Photon Source, a national user facility
operated by the Univ. of Chicago for the U.S. Department of
Energy Office of Biological and Environmental Research
(DE-AC02-06CH11357). Atomic coordinates and structure
factors have been deposited in the PDB (accession codes
are noted in table S2).

Supplementary Materials
www.sciencemag.org/cgi/content/full/science.1221863/DC1
Materials and Methods
Figs. S1 to S5
Tables S1 and S2
References (24–30)

13 March 2012; accepted 11 May 2012
Published online 24 May 2012;
10.1126/science.1221863

Uniform ripening Encodes a Golden
2-like Transcription Factor Regulating
Tomato Fruit Chloroplast Development
Ann L. T. Powell,1*† Cuong V. Nguyen,2† Theresa Hill,1 KaLai Lam Cheng,1 Rosa Figueroa-Balderas,1

Hakan Aktas,1‡ Hamid Ashrafi,1 Clara Pons,3 Rafael Fernández-Muñoz,4 Ariel Vicente,1,5

Javier Lopez-Baltazar,1§ Cornelius S. Barry,6 Yongsheng Liu,7|| Roger Chetelat,1 Antonio Granell,3

Allen Van Deynze,1 James J. Giovannoni,2,7* Alan B. Bennett1

Modern tomato (Solanum lycopersicum) varieties are bred for uniform ripening (u) light green
fruit phenotypes to facilitate harvests of evenly ripened fruit. U encodes a Golden 2-like (GLK)
transcription factor, SlGLK2, which determines chlorophyll accumulation and distribution in
developing fruit. In tomato, two GLKs—SlGLK1 and SlGLK2—are expressed in leaves, but only
SlGLK2 is expressed in fruit. Expressing GLKs increased the chlorophyll content of fruit, whereas
SlGLK2 suppression recapitulated the u mutant phenotype. GLK overexpression enhanced fruit
photosynthesis gene expression and chloroplast development, leading to elevated carbohydrates and
carotenoids in ripe fruit. SlGLK2 influences photosynthesis in developing fruit, contributing
to mature fruit characteristics and suggesting that selection of u inadvertently compromised
ripe fruit quality in exchange for desirable production traits.

For ~70 years, breeders have selected to-
mato varieties with uniformly light green
fruit before ripening, a characteristic that

facilitates maturity determinations and promotes

even ripening at the stem end (1, 2). However,
light green fruit ripen with reduced sugars, com-
promising traits that are valuable for processed
products and the flavor of fresh fruit (fig. S1)

(3–5). The uniform ripening (u) locus determines
the intensity and pattern of chlorophyll distribu-
tion in unripe fruit (3, 5–7). The dominantU allele
results in fruit with dark green shoulders at the
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stem end adjacent to the pedicel; u/u fruit are
uniformly light green.

Chloroplast formation, chlorophyll synthesis,
and photosystem assembly require exposure to
light and genetically defined developmental cues
(8). Developing tomato fruit are capable of pho-
tosynthesis and contribute up to 20%of the fruit’s
photosynthate, with the remainder translocated
from leaves (9). Light-harvesting electron trans-
fer and CO2 fixation proteins are conserved in
fruit (9–12) and regulated by light and develop-
mental signals, as in leaves. However, differences
suggest additional levels of fruit-specific regu-
lation (13–17).

Two GARP family Myb transcription factors
[Golden 2-like 1 (GLK1) and GLK2] determine
the capacity for light-stimulated photosynthesis
by controlling chloroplast formation (18–20). In
C3 photosynthesizing tissues, GLK1 and GLK2
act redundantly, but each may have undefined
specialized roles in C4 tissues (19). Although the
Atglk2 and Atglk1-Atglk2 Arabidopsis mutants
have pale siliques (18), the contributions ofGLKs
to fleshy fruit chloroplast development are un-
known. Expression of AtGLK1 or AtGLK2 is suf-
ficient for leaf chloroplast development through
control of similar photosystem, light-harvesting
complex, and chlorophyll biosynthetic genes
(18, 20–22), although aspects of their function
and/or regulation may have evolved distinctions
(23, 24). We report the identification of tomato
GLKs and show that the u phenotype results from
a mutation in SlGLK2.

Using two interspecific populations segre-
gating for the u locus (1–3, 25–27) (Fig. 1A), U
mapped to a 60,507–base pair (bp) region on the
short arm of chromosome 10 containing eight
predicted genes, including SlGLK2, located at po-
sition Sl2.40chr10:2291209-2295578 (Fig. 2A). Se-
quencing full-length SlGLK2 transcripts predicted
that inU genotypes, SlGLK2 encodes a 310–amino
acid protein (fig. S2A), but in u, Slglk2 encodes a
truncated 80–amino acid protein because of a
single base insertion that causes a frameshift and
a premature stop codon (fig. S2B). The addition-
al adenine (A) between SL2.40ch10:2292260-
2292267 is the only difference in the SlGLK2
sequence that is common to all light green u/u
varieties and absent in all dark-green shouldered
U/U varieties (Fig. 2B).

SlGLK2 and an additional GLK homolog
(SlGLK1) were identified in tomato and related
Solanaceae species (fig. S2A). The amino acid
sequences of the SolanaceaeGLKs are similar to
other dicot GLKs and are approximately 45%
identical to their Arabidopsis counterparts (fig.
S2, A, C, and D).

SlGLK1 and SlGLK2 expression predicts their
roles in leaves and fruit. Transcripts from both
SlGLK1 and SlGLK2 accumulate in cotyledons,
sepals, and leaves, but only SlGLK2 transcripts
accumulate in green fruit (Fig. 3A). SlGLK2 is
eightfold more abundant in the pedicel (shoulder)
than in the blossom (stylar) portions, suggesting
that SlGLK2 contributes to the pattern and in-

tensity of chlorophyll accumulation (table S2).
Maturation in the absence of light reduces, but
does not eliminate, SlGLK2 expression, which
remains 40- to 300-fold greater than that of
SlGLK1 (table S3). Therefore, SlGLK2 expres-
sion is partially regulated by light. In u/u fruit,
Slglk2 expression was 26 to 40% of SlGLK2
levels (Fig. 3A and table S2). Fruit that develop
in the dark with either SlGLK2 allele are pale
(fig. S4), confirming that light is essential for
fruit chloroplast development and chlorophyll
synthesis, but the pattern and extent of chloro-

plast development is determined by SlGLK2
(table S3).

We tested whether the u phenotype is al-
tered byGLK expression. Expression of AtGLK1
or AtGLK2 in a u/u tomato variety (28) with
promoters expressed before ripening resulted in
homogeneously dark green unripe fruit (Fig. 1B
and fig. S3, A to C), with three- to sixfold ele-
vated chlorophyll contents (Fig. 3B). With a pro-
moter expressed later in fruit development,
AtGLK1 or AtGLK2 mRNA was not detected,
and chlorophyll was not elevated (Figs. 1B and 3,

Fig. 1. Fruit phenotypes. (A) Immature green fruit (IM, 15 dpa) from the S. lycopersicum “M82” x
S. pennellii introgression population and S. lycopersicum “Moneymaker” x S. pimpinellifolium back-
cross lines. (B) IM fruit from S. lycopersicum “T63” containing the CaMV35S promoter (Tcontrol) or
AtGLK1 or AtGLK2 with the Ca35S (p35S), RbcS (pRbcS), LTP (pLTP), or PDS (pPDS) promoter. (C)
Mature green (32 dpa) fruit from “Ailsa Craig” U/U and “Craigella” u/u. (D) Mature green fruit from
Ailsa Craig U/U containing p35S::SlGLK2 with overexpression (OE) or cosuppression (CS) of SlGLK2
and from M82 u/u overexpressing p35S::SlGLK2.
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Fig. 2. Map position and sequence of SlGLK2 alleles. (A) Left to right, the
classical morphological map (26), IL map (27), maps derived from the IL 10-1 F2
and the MM x “T0937” populations, candidate genes in the 60,507-bp region
defined by markers, and gene model of SlGLK2 with the additional A underlined
and the resulting stop codon in Slglk2/u allele circled. (B) SlGLK2/U and Slglk2/u
coding sequences. Nucleic acid calls between SL2.40ch10:2292143-2295824
(SGN tomato release 2.4) from cDNA and genomic sequencing of the u/u
S. lycopersicum varieties “Heinz 1706” (HEI), M82, T63, Moneymaker
(MM), “Castlemart” (CSM), “E6203” (E6), “Fireball” (FB), “Long Red” (uLR),

“N93,” S. lycopersicum var. cerasiforme PI114490 (Cer), and Craigella (CRG)
and the U/U S. pimpinellifolium (Spi), S. pennellii (Spe), and S. lycopersicoides
(Sha) wild tomato relatives and S. lycopersicum varieties Ailsa Craig (AC),
“73X,” “T91,” and a “Cuatomate” (CAU) landrace. Translated reverse tran-
scription polymerase chain reaction (RT-PCR) products and Basic Local Align-
ment Search Tool (BLAST) searches predicted the start codon at 2292050; no
differences were detected until position 2292143. The sequence differences
at 2292260-2292267 of all u/u varieties compared with all U/U varieties is
boxed in orange.

Fig. 3. GLK expression and chlorophyll accumu-
lation. (A) SlGLK1 and SlGLK2 RT-PCR products
from Ailsa Craig U/U and Craigella u/u cotyledons
(C), young leaves (YL), developed leaves (OL), flower
petals (P), stamens (S), immature fruit (IM, 10-15
dpa), and the pedicel shoulders (Pd) or the stylar
ends (St) of mature green (MG, 32 dpa) fruit and
ripe fruit (RR, 46 dpa). Results are typical of rep-
licated RNA samples. (B) Chlorophyll in the outer
pericarp and epidermis of IM fruit from AtGLK1- or
AtGLK2-expressing lines. Statistical significance by
means of general linear model (GLM) and Bonferroni
multiple comparison test (MCT) at P < 0.05 are
indicated. (C) Quantitative RT-PCR of AtGLK1 and
AtGLK2 expression in IM fruit. Statistical significance
by means of GLM and Tukey’s honestly significant
difference (HSD) test at P < 0.05 are indicated by
roman (AtGLK1) and italic (AtGLK2) letters, re-
spectively. (D) Chlorophyll in leaves from AtGLK-
expressing lines. Statistical significance determined
by means of GLM and Bonferroni MCT at P < 0.05
are indicated.

www.sciencemag.org SCIENCE VOL 336 29 JUNE 2012 1713

REPORTS



B and C). The chlorophyll contents of the leaves
were not different from controls (Fig. 3D). The
chlorophyll a/b ratio was unchanged by the ex-
pression of AtGLK1 or AtGLK2. Fruit set, size,
overall color, and time to ripen were indistin-
guishable from the control fruit (fig. S3). We also
examined the effects of ectopic expression of
SlGLK2 in U/U and u/u genotypes. Expression
of a full-length SlGLK2 cDNA in either geno-
type resulted in homogeneously dark green un-
ripe fruit (Fig. 1D). Cosuppression of SlGLK2
in four U/U transgenic lines (28) converted the
dark green shoulder U trait to light green, con-
firming that SlGLK2 is U (Fig. 1D and fig. S5).
The dark green fruit phenotype is confined to the
shoulder region, where SlGLK2 is more highly
expressed in U/U varieties (Fig. 1, C and D), and
all lines expressingGLKswith promoters expressed
throughout the fruit produced homogeneously
dark green fruit, affirming that the manifestation
and intensity of the phenotype depends on the
spatial pattern and level of GLK expression.

Transmission electron microscopy (TEM) re-
vealed that AtGLK1 or AtGLK2 expression in-
creased the number (twofold) and size of green
fruit chloroplasts and promoted accumulation
and development of grana thylakoids (Fig. 4A).
Chloroplasts of green fruit expressing AtGLKs
had 6.6 T 0.45 thylakoids/granum; green control

fruit had 3.1 T 0.84 thylakoids/granum. No ob-
vious alterations of leaf chloroplasts were ob-
served (Fig. 4A).

Analysis of transcript abundance in immature
green fruit (28) demonstrated that constitutive
expression of AtGLK1 or AtGLK2 in u/u in-
creased accumulation of transcripts from 672
genes (fig. S6), especially those with photo-
synthetic functions (Fig. 4C). Of the 127 genes
with known cellular compartments, 47% of those
up-regulated by AtGLK1 and AtGLK2 are pre-
dicted to function in chloroplasts (Fig. 4B). Ex-
pression of genes associated with chlorophyll
biosynthesis, light-harvesting complexes, photo-
system, and starch metabolism increased owing
to expression of AtGLK1 or AtGLK2 (Fig. 4C and
tables S4 to S6). In atglk1-atglk2 lines constitu-
tively overexpressing rice or Arabidopsis GLKs,
similar classes of genes are up-regulated (20, 22).
Expression of the photomorphogenic regulators
DE-ETIOLATED1 (DET1), UV-DAMAGED DNA-
BINDINGPROTEIN1 (DDB1), andELONGATED
HYPOCOTYL5 (HY5)was not altered by AtGLK
expression (table S4). Constitutive photomorpho-
genesis in the tomato hp1 (DDB1) mutant does
not reduce the low levels of SlGLK1 expression
(29) and only slightly elevates SlGLK2 expres-
sion, suggesting distinct routes to plastid regula-
tion via photomorphogenesis andGLK expression.

Chloroplast development is exaggerated with
costs to yield when the negative regulators of
photomorphogenesis, DET1 and DDB1, are
down-regulated, with or without GLK expres-
sion (30, 31). Expression of AtGLK1 or AtGLK2
did not affect fruit yield.

In further characterizing the effects of GLKs
on fruit biology and quality, increased starch lev-
els in green fruit were observed in response to
AtGLK expression (28). Furthermore, AtGLK ex-
pression increased fructose and glucose 40% in
red fruit (Fig. 4, D and E). Ripe fruit expressing
AtGLK1 or AtGLK2 had a 21% increase in sol-
uble solids (Fig. 4F). A quantitative trait locus for
increased soluble solids was reported near the
U locus (5). The increase in soluble solids inU/U
compared with that of u/uwas 10% (fig. S1), pre-
sumably because SlGLK2 expression was en-
hanced in the green fruit shoulders. Lycopene
(28) increased 10 to 60%with ectopic expression
of AtGLKs (fig. S8), supporting the conclusion
that GLK expression regulating chloroplast de-
velopment in unripe fruit affects sugars and the
predominant carotenoid in ripe fruit.

Whereas u—that is, Slglk2—results in re-
duced soluble solids in ripe fruit (Fig. 4F and
fig. S1), the soluble solids in red u/u fruit that
develop in the dark decreased by an additional
30% (fig. S7). Thus, both GLK activity and light

Fig. 4. AtGLK-expressing fruit characteristics. (A) TEM of IM (15 dpa) green
fruit (top row) and leaf (bottom row) chloroplasts, 0.5 mm scale. (B) Cellular
components Gene Ontology (GO) terms for significantly (P < 0.05, fold
change >2) overexpressed genes in IM fruit identified in microarray hy-
bridizations. The total number of genes with known GO terms is shown
below bars. (C) GO categories of overrepresented genes (P < 0.05, n > 3

genes) whose transcript abundance were different (P < 0.05, fold change >2).
*P < 0.0001; **0.0001 < P < 0.001; ***0.001 < P < 0.01. (D) Starch in IM
fruit pericarp and epidermis. (E) Glucose (dark bar) and fructose (light bar)
in red ripe (RR, 42 dpa) fruit. (F) Total soluble solids in RR fruit. Statistical
significance determined by means of GLM and Tukey’s HSD at P < 0.05 are
indicated.
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regulate photosynthetic capacity in green fruit
through their regulation of chlorophyll accu-
mulation and chloroplast development and ul-
timately contribute to sugars that accumulate in
ripe fruit.

As in many other plants, twoGLK genes are
present and expressed in tomato, but in fruit,
SlGLK2mRNA predominates and accumulates
in a spatial pattern consistent with chlorophyll
biosynthesis and chloroplast development. All
u/u cultivars examined contain a Slglk2 allele
encoding a truncated loss-of-function GLK pro-
tein. Our results suggest that breeding selections
for the u fruit trait that is helpful for harvesting
methods may have had an unintended negative
impact on fruit quality because suboptimal chlo-
roplasts develop, and consequently, ripe fruit
sugar and lycopene levels decrease. Manipulation
of GLK levels or spatial expression patterns rep-
resents an opportunity to recover and enhance
production and quality traits in tomato and other
crop species.
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Wood is a major pool of organic carbon that is highly resistant to decay, owing largely to the
presence of lignin. The only organisms capable of substantial lignin decay are white rot fungi in
the Agaricomycetes, which also contains non–lignin-degrading brown rot and ectomycorrhizal
species. Comparative analyses of 31 fungal genomes (12 generated for this study) suggest
that lignin-degrading peroxidases expanded in the lineage leading to the ancestor of the
Agaricomycetes, which is reconstructed as a white rot species, and then contracted in parallel
lineages leading to brown rot and mycorrhizal species. Molecular clock analyses suggest that
the origin of lignin degradation might have coincided with the sharp decrease in the rate of
organic carbon burial around the end of the Carboniferous period.

Lignin is a heterogeneous polymer that
provides strength and rigidity to wood,
protects cellulose and hemicellulose from

microbial attack, and is the major precursor of

coal (1). Genomic studies of wood decay orga-
nisms have focused on model fungal systems
for white rot (in which all plant cell wall com-
ponents are degraded), such as Phanerochaete
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