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Orange Is the New Green: Arabidopsis ORANGE Represses
Chloroplast Biogenesis
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Chloroplast development in germinating

seedlings initiates upon illumination.

Whereas chloroplasts in true leaves de-

velop directly from proplastids, chloro-

plasts in cotyledons of dark-grown

seedlings develop from an intermediate

type of plastid called an etioplast. During

development, etioplasts accumulate ca-

rotenoids and protochlorophyllides in

their prolamellar bodies. Once seedlings

emerge from the soil into the light, de-

etiolation occurs and protochlorophyl-

lides are converted into chlorophylls.

Subsequently, the photosystems assem-

ble into thylakoid membranes with the

incorporated chlorophylls to form func-

tional chloroplasts (Sundqvist and

Dahlin, 1997). Rapid chlorophyll syn-

thesis can result in free chlorophylls that pro-

duce highly reactive singlet oxygen, re

sulting in photodamage. Sun et al.

(2019) demonstrate that Arabidopsis

(Arabidopsis thaliana) ORANGE (OR),

a DnaJ-like zinc-finger-domain-containing

protein, interacts with the basic helix-

loop-helix transcription factor TCP14 in

the nucleus and regulates both chloro-

phyll biosynthesis and the development

of thylakoid membranes in germinating

cotyledons.

Overexpression of OR in Arabidopsis

significantly lowered the percentage of

green cotyledons compared with wild-

type and OR-silenced plants (see figure).

Overexpressing lines were delayed in

chloroplast biogenesis and had less chlo-

rophyll, fewer stacks of grana thylakoids,

and accumulated more lutein (but less

b-carotene). These mutants also had

a weaker transcriptional induction and

lower abundance of EARLY LIGHT-

INDUCIBLE PROTEINS (ELIP1 and ELIP2).

The genes encoding these proteins are

upregulated when dark-grown seedlings

are exposed to light and temporarily

bind free chlorophylls (Casazza et al.,

2005). In contrast, OR-silenced lines

(RNAi silenced or the T-DNA knockout

or-1) had a stronger induction of ELIP1

and ELIP2. This indicates that OR nega-

tively regulates chloroplast biogenesis.

OR is localized to both the chloroplast

and nucleus (Sun et al., 2016). Two differ-

ent antibodies were raised to detect and

distinguish between the full-length protein

(including chloroplast transit peptide) and

themature OR protein. The authors found

that the abundance of full-length OR in

the nucleus decreased upon illumination.

In the chloroplast, proteins of the inner

(TIC) and outer (TOC) chloroplast enve-

lope membranes accumulated 12 to 24 h

postillumination, indicating there was

assembly of the TIC/TOC machinery for

chloroplast protein import. Full-length

OR was found in the plastids of cotyle-

dons up to 12 h postillumination but was

absent in the later stages. By contrast, the

mature protein accumulated over time,

indicating that removal of the transit pep-

tide from newly imported OR occurs dur-

ing chloroplast biogenesis. Given the dual

localization, the authors targeted OR to

thenucleusof theor-1mutant.Theresulting

transgenic plants had similar phenotypes

as the overexpression mutant lines, in-

dicating that overexpression of the

nuclear-targeted OR is sufficient to re-

press de-etiolation.

By what mechanism does nucleus-

localized OR repress chloroplast bio-

genesis? OR interacts with the basic

helix-loop-helix transcription factor TCP14

and represses its transcriptional activity.

TCP14 binds to the Up1 element, which

is overrepresented in the promoter re-

gions of germination-related genes

such as ELIP1 and ELIP2. Using an anti-

OR antibody to precipitate chromatin

samples, promoter fragments with Up1

were detected in dark-grown wild-type

seedlings. However, there was no en-

richment of Up1-containing fragments

of ELIP1 and ELIP2 in tcp14-1 knockout

seedlings. These results together sug-

gest that OR affects expression of ELIPs

via its interaction with TCP14.

When OR was overexpressed in the

tcp14-1 knockoutmutant (either by cross-

ing the overexpression mutant with

tcp14-1 or transforming tcp14-1 with

the OR overexpression construct), seed-

lings showed greening rates similar to

wild-type seedlings, and accumulation

Modulating OR Expression Alters the Greening Process of Developing Cotyledons

OR-overexpressing (OE ) seedlings developed fewer green cotyledons compared with

wild-type (Col-0) and OR-silenced plants (RNAi and or-1). (Adapted from Sun et al., [2019],

Figure 1.)
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of ELIPs was rescued. This suggests that

the repression of cotyledon greening by

OR requires TCP14. The OR-TCP14 in-

teraction in the nucleus represses both

ELIP expression and chloroplast bio-

genesis. When illuminated, the nuclear

abundance of OR decreases, and con-

sequently, the derepression of TCP14

transcriptional activity results in the etio-

plast-to-chloroplast transition. This

OR-TCP14 interaction helps elucidate

the underlying regulatory network re-

quired for chloroplast development as

plants respond to illumination.
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