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Chlorophyll, essential for photosynthesis, is composed of a chlorin ring and a geranylgeranyl diphosphate (GGPP)–derived
isoprenoid, which are generated by the tetrapyrrole and methylerythritol phosphate (MEP) biosynthesis pathways,
respectively. Although a functional MEP pathway is essential for plant viability, the underlying basis of the requirement has
been unclear. We hypothesized that MEP pathway inhibition is lethal because a reduction in GGPP availability results in
a stoichiometric imbalance in tetrapyrrolic chlorophyll precursors, which can cause deadly photooxidative stress. Consistent
with this hypothesis, lethality of MEP pathway inhibition in Arabidopsis thaliana by fosmidomycin (FSM) is light dependent,
and toxicity of MEP pathway inhibition is reduced by genetic and chemical impairment of the tetrapyrrole pathway. In
addition, FSM treatment causes a transient accumulation of chlorophyllide and transcripts associated with singlet oxygen-
induced stress. Furthermore, exogenous provision of the phytol molecule reduces FSM toxicity when the phytol can be
modified for chlorophyll incorporation. These data provide an explanation for FSM toxicity and thereby provide enhanced
understanding of the mechanisms of FSM resistance. This insight into MEP pathway inhibition consequences underlines the
risk plants undertake to synthesize chlorophyll and suggests the existence of regulation, possibly involving chloroplast-to-
nucleus retrograde signaling, that may monitor and maintain balance of chlorophyll precursor synthesis.

INTRODUCTION

Chlorophyll is one of the most abundant biological molecules
on earth and plays an essential role in global carbon cycling
through plant solar energy capture and photosynthetic carbon
fixation, yet the regulation of chlorophyll biosynthesis remains
incompletely understood. Chlorophyll is generated by two distinct
biochemical pathways (Figure 1). The tetrapyrrole biosynthetic
pathway produces chlorophyllide, a chlorin moiety synthesized
from protoporphyrin after Mg2+ incorporation. The methylerythritol
phosphate (MEP) metabolic pathway is responsible for the iso-
prenoid phytol tail of chlorophyll, derived from geranylgeranyl
diphosphate (GGPP). Chlorophyll synthase esterifies the hydro-
phobic hydrocarbon chain of phytyl diphosphate to chlorophyllide
(Shalygo et al., 2009). A second, nonplastidic, isoprenoid syn-
thesis pathway, the mevalonate pathway, also exists in plants.
Although pathway intermediates may be exchanged between the
MEP and mevalonate pathways, the majority of isoprenoids are
thought to be derived primarily from one pathway or the other
(Bick and Lange, 2003; Hemmerlin et al., 2003; Laule et al., 2003;

Schuhr et al., 2003; Bouvier et al., 2005; Dudareva et al., 2005;
Hampel et al., 2005).
It is well documented that chemical inhibition or genetic im-

pairment of the MEP pathway results in lethality (Mandel et al.,
1996; Zeidler et al., 1998; Budziszewski et al., 2001; Gutiérrez-
Nava et al., 2004; Rodríguez-Concepción et al., 2004; Hsieh and
Goodman, 2005, 2006; Sauret-Güeto et al., 2006; Flores-Pérez
et al., 2008, 2010; Hsieh et al., 2008; Phillips et al., 2008). For
example, fosmidomycin (FSM), a specific competitive inhibitor of
deoxyxylulose-5-P reductoisomerase (DXR), blocks production
of MEP pathway products (Laule et al., 2003; Steinbacher et al.,
2003; Rodríguez-Concepción et al., 2004) and kills seedlings.
FSM-induced lethality in Arabidopsis thaliana is characterized by
failure of continued growth after germination; the seedlings die,
with bleached-white cotyledons and short roots. These results
have led to the conclusion that MEP pathway products are
required for seedling life (Estévez et al., 2000; Gutierrez-Nava
et al., 2004; Gil et al., 2005; Hsieh and Goodman, 2005, 2006;
Hsieh et al., 2008; Phillips et al., 2008). Overexpression of either
DXR or DXS, the gene encoding deoxyxylulose 5-P synthase
acting one step prior to DXR, results in FSM resistance in
Arabidopsis because enhanced MEP pathway flux can over-
come the inhibition by FSM and result in successful synthesis of
MEP pathway products (Sauret-Güeto et al., 2006). However,
several Arabidopsis mutants, identified through screens for FSM
resistance, grow in the presence of FSM without apparent up-
regulation of the MEP pathway or generation of MEP pathway
products (Sauret-Güeto et al., 2006; Flores-Pérez et al., 2008,
2010; Van Ree et al., 2011). The ability of plants to survive even
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when FSM successfully impairs MEP pathway flux indicates
that the requirement for MEP pathway product accumulation is
conditional; that is, there exist physiological conditions under
which abundant MEP pathway products are not required for life.
To elucidate the physiological basis for plant survival even with
greatly reduced levels of MEP pathway products, we sought to
more fully understand the basis for FSM-induced lethality.

The bleached-white cotyledons of FSM-treated seedlings
provide a clue as to how FSM treatment may kill seedlings.
Bleaching of cotyledons also occurs in the Arabidopsis
fluorescent1-1 (flu1-1)mutant (Meskauskiene et al., 2001). flu1-1
dies upon transition from darkness to light because the mutation
is thought to cause aberrant protochlorophyllide accumulation
in the dark; once moved to light, singlet oxygen (1O2) is gener-
ated from the accumulated protochlorophyllide, causing lethal
photooxidative stress (Meskauskiene et al., 2001; op den Camp
et al., 2003; Kim et al., 2012). Given that aberrant accumulation
of chlorophyll porphyrin precursors is sufficient to result in
deadly photooxidative stress (Aravind Menon et al., 1989; Kruse

et al., 1995; Arakane et al., 1996; Mock and Grimm, 1997), we
hypothesized that basal flux through the tetrapyrrole pathway
may become toxic if there is a failure to supply stoichiometrically
balanced levels of MEP pathway-derived GGPP that are neces-
sary in abundance for conversion of chlorophyllide into chloro-
phyll. In addition, carotenoids are also synthesized from GGPP
and play vital roles, for example, in photooxidative stress pro-
tection in plants. Therefore, reductions in carotenoid synthesis by
FSM may also contribute to the FSM-induced phenotypes.
In this work, we hypothesize that chlorophyll synthesis,

function, and integrity depend upon a balanced accumulation
of GGPP and chlorophyll precursors derived from the MEP and
tetrapyrrole biosynthesis pathways, respectively. Under con-
ditions of MEP pathway inhibition, the loss of stoichiometric
influx of GGPP for esterification to chlorophyllide may be
expected to result in free tetrapyrrolic intermediates that can
become photoactivated, generate reactive oxygen species,
and cause lethality. Furthermore, conditions that reduce tet-
rapyrrole pathway flux would be predicted to alleviate FSM
toxicity. Our findings support these hypotheses and suggest
that metabolic flux through the tetrapyrrole and MEP pathways
may share coordinated regulation, such that tetrapyrrole in-
termediate production is counterbalanced with GGPP synthe-
sis. This proposed metabolic balance between the synthesis of
both moieties of chlorophyll, chlorophyllide and the terpenoid
tail, has significant implications not only for MEP pathway
regulation and interpretation of underlying bases for FSM re-
sistance but also for predicted roles of retrograde chloroplast-
to-nucleus signaling.

RESULTS

Lethality Attributable to FSM Inhibition of the MEP Pathway
Is Light Dependent

If the hypothesis that FSM-induced lethality is attributable to
photoactivation of tetrapyrrole intermediates is true, then FSM
toxicity should be light dependent. Figure 2 shows that in con-
trast with seedlings grown on FSM and exposed to light, which
died with the characteristic bleached seedling leaves (Figure
2A), seedlings grown on FSM in the dark showed no detectable
phenotypic distinctions from etiolated seedlings grown on me-
dium lacking FSM (Figures 2B and 2D). The lack of requirement
for a functional MEP pathway for etiolated seedling growth in the
dark was also reported for the cloroplastos alterados1-1 (cla1-1)
mutant (Nagata et al., 2002), which is defective in the first step
of the MEP pathway (Mandel et al., 1996). By contrast, FSM-
exposed, dark-grown seedlings show negative phenotypic
consequences when transferred to the light; unlike seedlings on
medium lacking FSM, FSM-treated seedlings are defective in
developing green pigmentation and become bleached (Figures
2C and 2E). Therefore, the MEP pathway is essential only for
light-exposed plants, and the bleached-white phenotype is
consistent with the interpretation that death may be a conse-
quence of light-dependent stress, possibly similar to that which
occurs in the protochlorophyllide overaccumulation mutant flu1-1
(Meskauskiene et al., 2001; op den Camp et al., 2003).

Figure 1. The MEP and Tetrapyrrole Pathways Collaborate in Chloro-
phyll Biosynthesis.

Abbreviated skeletons of the pathways are shown, with steps of par-
ticular relevance to this study labeled. Note that only a subset of the
intermediates and products are shown for each pathway, and dotted
lines indicate several biochemical steps. Of relevance to chlorophyll
synthesis, the MEP pathway generates GGPP isoprenoid and the tetra-
pyrrole pathway produces chlorophyllide. Chemical inhibitors used in
this study are shown: FSM inhibits DXR; gabaculine (GC) inhibits gluta-
mate semialdehyde aminotransferase (GSA-AT); and oxyfluorfen (OXF)
inhibits protoporphyrinogen oxidase (PPOX). The names of proteins
analyzed in this study through use of mutants are in boxes located near
pathway step in which the encoded proteins work. ppi1 is the name of
the mutant defective in TOC33. The figure also illustrates that exogenous
phytol can be incorporated into chlorophyll after phosphorylation.
[See online article for color version of this figure.]
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FSM Affects Chlorophyll, Chlorophyll Precursor, and
Carotenoid Accumulation in Light-Grown but Not
Dark-Grown Seedlings

To determine whether the phenotypic effects of FSM treatment
on Arabidopsis correlate with MEP product accumulation, we
quantified chlorophyll and carotenoid levels in etiolated seed-
lings and etiolated seedlings exposed to short-term and longer-
term light. Analysis of dark-grown seedlings was important to
understand the role of the MEP pathway in isoprenoid pro-
duction prior to photomorphogenesis and to monitor changes
in isoprenoid accumulation upon light exposure. Because the
formation of the chlorophyll precursor chlorophyllide is light
dependent (Castelfranco and Beale, 1983), no chlorophyll can
accumulate in dark-grown seedlings regardless of the presence
of FSM (Figures 2F and 2G). In response to light, chlorophyll
a and chlorophyll b levels increased within 2 to 6 h (Figures 2F
and 2G). This light-induced accumulation of chlorophyll a and
chlorophyll b, however, was significantly inhibited in seedlings
exposed to FSM, as expected from inhibition in GGPP pro-
duction. After 24 h of light, FSM-treated seedlings had ap-
proximately half the chlorophyll a and chlorophyll b levels of
control seedlings (Figures 2F and 2G). More profound effects of
FSM were apparent on seedlings with multiday exposure to
light; 7 d of light exposure in the presence of FSM resulted in
at least 100-fold reduction in chlorophyll species and was
accompanied by seedling death (Figures 2F and 2G). The low
levels of chlorophyll that did accumulate in FSM-treated seed-
lings (Figures 2F and 2G) suggest that either this concentration
of FSM did not completely block MEP pathway flux or that
a portion of GGPP for chlorophyll synthesis was generated from
isoprenoid precursors from the mevalonate pathway. These re-
sults demonstrate that FSM treatment is effective in reducing
chlorophyll formation during early seedling development.
FSM inhibition of GGPP availability may be expected to result

in free chlorophyllide upon light exposure. Indeed, although FSM
has no effect on etiolated seedling protochlorophyllide levels
(Figure 2H), FSM-treated Arabidopsis seedlings have nearly
twofold more free chlorophyllide relative to untreated seedlings
after 2 h of light exposure (Figure 2I). However, this FSM treatment-
enhanced chlorophyllide accumulation is transient; chlorophyllide
levels in untreated and FSM-treated seedlings are similar after

Figure 2. Toxicity and Levels of Chlorophyll, Carotenoid, and Tetra-
pyrrole Porphyrin Intermediates in FSM-Treated Plants Are Light De-
pendent.

(A) to (C) Representative wild-type Col-0 seedlings grown in light for 7 d
(A), in dark for 7 d (B), or in dark for 7 d and then light for 7 d (C), either
without (2) or with (+) 50 mM FSM.
(D) Magnified cotyledons of seedlings shown in (B).
(E) Magnified cotyledons of seedlings shown in (C). Bar = 5 mm in (A)
to (E).
(F) to (L) Etiolated wild-type Col-0 seedlings were treated without (color
bars) or with (gray bars) 50 mM FSM and grown in the dark for 6 d, in dark
for 6 d (6d-D) and then exposed to light for various lengths of time: 2 h
(2 h-L), 6 h (6 h-L), 12 h (12 h-L), 24 h (24 h-L), or for 7 d (7d-L). These
tissues were measured for levels of chlorophyll a (F), chlorophyll b (G),
protochlorophyllide (H), chlorophyllide (I), b-carotene (J), lutein (K), and
zeaxanthin (L). Data in (F) to (L) were collected from at least three bi-
ological replicates; each replicate was a pool of ;50 seedlings. Error
bars denote standard deviations. *P < 0.05; **P < 0.005.
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6 or 12 h of light exposure (Figure 2I). Free tetrapyrrole pathway
intermediates, such as protochlorophyllide and chlorophyllide, may
activate feedback inhibition of tetrapyrrole pathway flux (Shalygo
et al., 2009; Richter et al., 2010). By 7 d of growth in light, the FSM-
treated seedlings lack all detectable protochlorophyllide and
chlorophyllide (Figures 2H and 2I), likely because the seedlings
were dead or dying. These data are consistent with the hy-
pothesis that reduced levels of GGPP can promote the transient
availability of potentially dangerous free chlorophyll precursors,
which may underlie FSM-induced toxicity.

To test whether there is also a correlation between carotenoid
accumulation and FSM sensitivity, we assessed carotenoid
levels in FSM-treated Arabidopsis seedlings. b-carotene accu-
mulation in dark-grown seedlings was unaffected by the pres-
ence of FSM (Figure 2J). However, whereas b-carotene levels
increased ;5-fold in untreated seedlings exposed to light for
24 h, this light-induced b-carotene accumulation was largely
lost in seedlings exposed to FSM (Figure 2J). FSM had only
a limited effect on the accumulation of other carotenoid species
in dark-grown seedlings exposed to light for less than 24 h.
That is, FSM-treated Arabidopsis seedlings showed only modest
changes in lutein, neoxanthin, and violaxanthin levels during the
first 24 h of light exposure (Figure 2K; see Supplemental Figure 1
online); zeaxanthin and antheraxanthin levels were unaffected by
the presence of FSM (Figure 2L; see Supplemental Figure 1

online). These data demonstrate that carotenoid synthesis in
etiolated Arabidopsis seedlings is somewhat insensitive to the
presence of FSM during early exposure, providing evidence that
isoprenoid precursors for carotenoid synthesis are generated by
the mevalonate pathway in etiolated seedlings, consistent with
previous reports (Park et al., 2002;Rodríguez-Concepción, 2006).
As was seen with chlorophyll (Figures 2F and 2G), carotenoid
levels were profoundly reduced in seedlings grown on FSM
after 1 week in the light (Figures 2J to 2L; see Supplemental
Figure 1 online). These results reveal that FSM treatment also
results in decreased carotenoid accumulation in light-grown
seedlings; therefore, the reduction in carotenoids may con-
tribute to FSM-induced bleaching of seedlings in the light.

FSM Treatment Results in Elevated Transcript Levels of
Singlet Oxygen-Responsive Genes

When not properly converted into chlorophyll, the photosensi-
tivity of tetrapyrrolic intermediates generates 1O2 (op den Camp
et al., 2003; Triantaphylidès and Havaux, 2009). To further test
the hypothesis that FSM toxicity may be caused by 1O2 gener-
ated by tetrapyrrolic intermediates that fail to be incorporated
with GGPP to form chlorophyll, we monitored transcript levels
of BON2-ASSOCIATED PROTEIN1 (BAP1) and TOUCH (TCH4),
genes identified previously to be responsive to 1O2, but not to
general reactive oxygen stress (op den Camp et al., 2003; Ramel
et al., 2012). To avoid the rapid lethality demonstrated by etio-
lated seedlings exposed to sudden light (Figure 2), seeds were
germinated on FSM-containing medium under light. Under these
conditions, FSM-treated seedlings continue to enlarge for up to
a week, indicating that lethality is more delayed and thus en-
abling us to monitor gene expression changes over longer time

Figure 3. Transcript Levels of Singlet Oxygen-Responsive Genes Are
Increased with FSM Treatment.

Wild-type seedlings were grown in the light for 3 d (3d), 3.5 d (3.5d), 4 d
(4d), or 4.5 d (4.5d) without (black bars) and with (gray bars) 50 mM FSM
and assayed for transcript levels using quantitative RT-PCR. (A) Tran-
script levels of singlet oxygen-associated genes BAP1 and TCH4.
(B) Transcript levels of a general reactive oxygen stress–associated gene
encoding a hypothetical protein.
Data were compiled from three independent experiments, each with
three to five biological samples consisting of;50 pooled seedlings. Error
bars denote standard error of the mean. *P < 0.05; **P < 0.0005.

Figure 4. FSM Toxicity Is Reduced in the Presence of Tetrapyrrole
Pathway Inhibitors.

(A) Representative seedlings grown without inhibitors, with 1 mM gaba-
culine (GC), or with 5 nM oxyfluorfen (OXF).
(B) Representative seedlings grown with 30 mM FSM alone, 30 mM FSM
with 1 mM gabaculine (GC), or 50 mM FSM with 5 nM OXF. Bar = 5 mm.
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periods. Both BAP1 and TCH4 transcript levels are highly ele-
vated (nearly 6- and 14-fold, respectively) in the light-grown
seedlings exposed to FSM compared with control (non-FSM–

treated) seedlings (Figure 3A). As a control, we examined
expression of a gene encoding a hypothetical protein (HP,
At1g49150), which was identified to be responsive to general
reactive oxygen stress (op den Camp et al., 2003; Ramel et al.,
2012). HP transcript levels were transiently increased but this
increase was not sustained in FSM-treated plants (Figure 3B).
These transcript data suggest that FSM treatment may result in
1O2 formation possibly because of photooxidizing tetrapyrrole
intermediates that fail to be incorporated into chlorophyll. Such
photooxidative stress may be responsible for FSM toxicity of
light-grown seedlings.

Chemical Inhibition of the Tetrapyrrole Pathway Enhances
FSM Resistance

If aberrant tetrapyrrole product accumulation owing to GGPP
unavailability were responsible for FSM toxicity, then reduction
of tetrapyrrole pathway flux would be predicted to improve
FSM tolerance. Gabaculine and oxyfluorfen inhibit glutamate
1–semialdehyde aminotransferase and protoporphyrinogen
oxidase, respectively, and block the tetrapyrrole pathway (Flint,
1984; Jacobs and Jacobs, 1993; Lee et al., 1993; Matsumoto
et al., 1999). At low concentrations, gabaculine and oxyfluorfen
impaired Arabidopsis seedling growth slightly (Figure 4A);
however, gabaculine and oxyfluorfen improved seedling growth
on FSM compared with FSM treatment alone (Figure 4B). These
data indicate that chemical inhibition of tetrapyrrole pathway flux
can reduce FSM toxicity.

Mutants Defective in the Tetrapyrrole Pathway Display
Enhanced FSM Resistance

To verify that reduction in the tetrapyrrole pathway can promote
FSM resistance, we tested a series of Arabidopsis mutants with
defects in proteins critical for tetrapyrrole pathway function.
Mutants chlm-2 and chl27-2 have defective enzymes, Mg-
protoporphyrin IX methyltransferase (Pontier et al., 2007) and
Mg-protoporphyrin IX monomethylester cyclase (Bang et al.,
2008), respectively, which act in theMg branch of the tetrapyrrole
biosynthetic pathway (Figure 1), and plastid protein import1 (ppi1)

Figure 5. Tetrapyrrole Pathway Mutants have Defects in Chlorophyll and
Porphyrin Accumulation and Increased FSM Resistance.

(A) The representative wild type (Col-0) and mutants with defects in
tetrapyrrole pathway steps grown on unsupplemented medium.
(B) Intensity of fluorescence emitted at 610 to 670 nm from 7-d-old dark-
grown seedlings excited with 405 nm light. Bar = 0.2 mm.
(C) to (F) Protochlorophyllide (C), chlorophyllide (D), chlorophyll a (E),
and chlorophyll b (F) levels in light-grown seedlings. Data were collected
from at least three biological replicates; each replicate was a pool of;50
seedlings. Error bars denote standard deviation. *P < 0.05; **P < 0.005,
respectively.
(G) Representative Col-0 and mutants grown on 30 mM FSM.
(H) Col-0 and two FSM-resistant mutants, rif1-2 and rif10-1, grown on
unsupplemented medium.
(I) Col-0, rif1-2, and rif10-1 grown on 30 mM FSM.
Bar = 5 mm in (A) and (G) to (I).
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is defective in TOC33, a outer chloroplast membrane transport
protein critical for chloroplast protein import, including uptake
of NADPH:protochlorophyllide oxidoreductase proteins (Jarvis
et al., 1998), which convert protochlorophyllide to chlorophyllide
(Figure 1). hy1-100 and hy2-1 are defective in steps downstream
of heme production to generate phytochromobilin (Parks and
Quail, 1991), the chromophore of phytochrome. Loss of HY1 and
HY2 function is thought to lead to reduced tetrapyrrole pathway
flux as a result of negative feedback on glutamyl-transfer RNA
reductase function mediated through heme accumulation (Figure
1) (Cornah et al., 2003;Rüdiger andGrimm, 2006). As expected for
plants with defects in tetrapyrrole synthesis, chlm-2, chl27-2,
ppi1, hy1-100, and hy2-1 mutants had varying levels of impaired
growth and pigmentation relative to the wild-type (Arabidopsis
ecotype Columbia-0 [Col-0]) control seedlings (Figure 5A). The
genetic defects in thesemutants arepredicted to result in reduced
tetrapyrrole product synthesis and accumulation; to verify this
prediction, we imaged fluorescence emission (610 to 670 nm) of
dark-grown etiolated cotyledons exposed to blue light, to detect
accumulating amounts of protochlorophyllide in etiolated seed-
lings (Meskauskiene et al., 2001). The flu1-1 mutant served as
a control; etiolated flu1-1 has strong fluorescence as a result
of the overaccumulation of protochlorophyllide (Meskauskiene
et al., 2001). Whereas Col-0 showed moderate cotyledon fluo-
rescence and flu1-1 had very bright fluorescence, the tetrapyrrole
mutants had reduced blue light–induced fluorescence relative to
the wild type (Figure 5B), indicating a reduction in accumulation
of chlorophyll intermediates. We also directly quantified proto-
chlorophyllide (Figure 5C), chlorophyllide (Figure 5D), chlorophyll
a (Figure 5E), and chlorophyll b (Figure 5F) levels in thesemutants
when grown in the light. Although there were variations in relative
levels, all of the mutants had significant reductions in the tetra-
pyrrole pathway products measured relative to the wild type,
verifying that these mutants suffer from defects that affect the
tetrapyrrole pathway.

Remarkably, the defects in tetrapyrrole product accumulation
in these mutants correlate with growth advantages in the pres-
ence of the MEP pathway inhibitor FSM (Figure 5G). The degree
of FSM rescue was variable among mutants. Whereas chl27-2
and hy2-1, like Col-0, failed to develop true leaves on FSM,
chl27-2 and hy2-1 cotyledons developed more green coloration
when grown on FSM than Col-0 (Figure 5G). chlm-2, ppi1, and
hy1-100 shoots not only developed green coloration when grown
on FSM-containing medium, but the FSM-grown seedlings also
elongated their roots, expanded their cotyledons, and showed
differing abilities to develop true leaves (Figure 5G). The enhanced
FSM resistance of these tetrapyrrole pathway mutants was at
least comparable to that of mutants previously identified specifi-
cally because of their resistant-in-fosmidomycin phenotypes,
rif1-2 (also known as noa1) and rif10-1 (Sauret-Güeto et al., 2006;
Flores-Pérez et al., 2008) (Figure 5I). Interestingly, on medium
lacking FSM, these rif mutants were also pale green (Figure 5H)
and accumulated less protochlorophyllide, chlorophyll a, and
chlorophyll b (Figures 5B, 5C, 5E, and 5F), suggesting that they
may also be characterized by a reduced tetrapyrrole pathway flux
throughasyet undefined indirectmechanisms. Theoneexception
to this trend is that only rif10-1 and not rif1-2 had significantly
reduced chlorophyllide levels relative to the wild type (Figure 5D).

Although there is a relationship between reduced chlorophyll
accumulation in these mutants and an increased tolerance to
FSM, the relationship is not perfectly correlative. For example,
ppi1 showed more apparent resistance than chl27-2, even
though the two mutants both had similar reductions in chloro-
phyll accumulation relative to the wild type (Figures 5E to 5G).
The relationship is likely complex because the gene defects may
result in different porphyrin species and accumulation levels
depending on the biosynthetic step affected and there may
also be feedback regulation as a consequence. Furthermore, the
mutations alone cause differing degrees of growth impairment
(Figure 5A) that also likely contributed to the seedling pheno-
types on FSM.
Together, the data in Figures 4 and 5 indicate that chemical

inhibition or genetic defects in the tetrapyrrole pathway can
confer enhanced FSM resistance and thus provide additional
strong evidence for a mechanistic positive link between the
toxicity of FSM inhibition of the MEP pathway and the pro-
pensity for accumulation of intermediates from the tetrapyrrole
biosynthetic pathway.

Exogenous Phytol Confers Enhanced FSM Resistance

FSM inhibits flux through the MEP pathway and affects both
chlorophyll and carotenoid accumulation, at least in seedlings
grown in the light for several days (Figure 2). If the deficiency
of GGPP moieties for chlorophyll incorporation is a critical
consequence that leads to FSM-induced seedling death, then
exogenous provision of phytol should confer FSM resistance.
Exogenous phytol can be taken up, phosphorylated, and in-
corporated into chlorophyll and, to a lesser extent, tocopherol in
Arabidopsis (Ischebeck et al., 2006). Figure 6A shows that ex-
ogenous phytol enhanced FSM resistance. This phytol-induced
FSM resistance was dependent on VITAMIN E PATHWAY
GENE5 (VTE5), the enzyme required for phytol phosphorylation
prior to chlorophyll incorporation (Valentin et al., 2006) (Figure

Figure 6. Exogenous Phytol Confers FSM Resistance.

(A) Col-0 seedlings grown in the presence of 50 mM FSM or FSM and
21 mM phytol (top), or unsupplemented medium or 21 mM phytol (bottom).
(B) vte5 seedlings grown in the presence of 50 mM FSM or FSM and
21 mM phytol (top) or unsupplemented media or 21 mM phytol (bottom).
(C) Col-0 seedlings grown in the presence of 50 mM FSM or FSM, and
10 mM gibberellin (GA) (top), or unsupplemented medium or 10 mM GA
(bottom). Bar = 5 mm.
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6B). Finally, exogenous availability of gibberellin A3, a different
MEP-derived isoprenoid similarly converted from GGPP, fails to
confer FSM resistance (Figure 6C), demonstrating that rescue
by phytol is consistent with the ability of phytol to be in-
corporated into chlorophyll. To rule out a role for tocopherol in
FSM resistance, we analyzed whether phytol can confer FSM
resistance to vitamin E pathway gene1 (vte1) and vitamin E
pathway gene1 (vte2), mutants defective in tocopherol synthe-
sis. These two mutants show increased growth and green cot-
yledon coloration in the presence of FSM when supplemented
with phytol compared with FSM-treated seedlings lacking phytol
treatment (see Supplemental Figure 2 online). Therefore, to-
copherol production is not required for phytol-induced FSM
resistance, which is consistent with the interpretation that phytol
provides enhanced resistance to FSM because of the in-
corporation of phytol into chlorophyll and thus a reduction in
porphyrin intermediate accumulation.

DISCUSSION

These results provide evidence that maintenance of MEP
pathway flux is critical for seedling life because the provision of
GGPP is needed in balance with tetrapyrrole pathway products
for chlorophyll biosynthesis. Chlorophyll is highly abundant in
plants and thus in the biosphere; therefore, GGPP for chloro-
phyll biogenesis is undoubtedly a major output of the MEP
pathway. We found that MEP pathway inhibition causes in-
creased expression of singlet oxygen-marker genes and seed-
ling death in a light-dependent manner, data that are consistent
with the hypothesis that FSM lethality is caused by photooxi-
dative stress from tetrapyrrole pathway intermediates that fail
to be metabolized into chlorophyll molecules. Indeed, reduced
MEP pathway flux can be tolerated by reducing the function of
the tetrapyrrole pathway, providing evidence that proportionality
of MEP pathway flux to tetrapyrrole pathway flux, rather than
overall productivity, is the key attribute responsible for seedling
viability. Although carotenoid production through the MEP
pathway is also undoubtedly important for photooxidative stress
protection in plants, FSM-induced carotenoid reduction may not
be the primary cause of FSM lethality. Indeed, we find that
provision of exogenous phytol leads to enhanced FSM toler-
ance, consistent with the interpretation that an elevated level of
isoprenoid precursor that can be incorporated into chlorophyll,
but not carotenoids (Ischebeck et al., 2006), is sufficient to re-
duce the toxic effects of FSM. Furthermore, we find that the
phytol rescue requires the function of VTE5, but not VTE1 or
VTE2, indicating that a modification required for chlorophyll in-
corporation is essential, whereas tocopherol synthesis activities
are not essential for reducing FSM toxicity.

This insight into the consequences of MEP pathway inhibition
may help to inform new interpretations of the mechanistic bases
by which single mutations, such as the rifmutations, confer FSM
resistance. FSM resistance can arise not only from increased
MEP pathway flux (Sauret-Güeto et al., 2006), but also from
decreased tetrapyrrole pathway flux (Figures 4B and 5G). The
pathways may be quantitatively synchronized to elevate toler-
ance to FSM inhibition. Indeed, the FSM resistance phenotypes
of rif1-2 and rif10-1 (Sauret-Güeto et al., 2006; Flores-Pérez

et al., 2008) correlate with reduced chlorophyll and proto-
chlorophyllide accumulation (Figure 5C, 5E, 5F, and 5I); there-
fore, these gene products may possibly affect tetrapyrrole
pathway flux.
The recognition of the importance of metabolic balance be-

tween the MEP and tetrapyrrole pathways leads to the pre-
diction that there may be a regulated coordination between
these chloroplastic biosynthetic pathways. Recent work has
implicated an MEP isoprenoid intermediate, methylerythritol
cyclodiphosphate, as a plastid-derived signaling metabolite that
can trigger the expression of photosynthesis-associated nuclear
genes (Xiao et al., 2012). Our work leads us to hypothesize that
the tetrapyrrole pathway acts as an important signaling pathway
whereby tetrapyrrole pathway flux is monitored and relayed into
signals that may then proportionally regulate MEP pathway flux.
MEP pathway enzymes may be regulated posttranslationally or,
alternatively, at the transcriptional level. Because all of the en-
zymes functioning in the MEP pathway are nuclear encoded,
transcriptional regulation would require tetrapyrrole pathway–
derived retrograde signals, exiting the chloroplast to somehow
regulate transcriptional activity in the nucleus. Revealing the
mechanism of coordination of the MEP and tetrapyrrole path-
ways, two metabolic pathways critical for chlorophyll production
and photosynthesis, is a critical next step toward a full eluci-
dation of chloroplast biogenesis and maintenance in plants.

METHODS

Plant Material and Growth Conditions

Arabidopsis thaliana ecotype Col-0 wild-type and mutant line seeds were
surface-sterilized, stratified, and sown on one-half-strength Murashige
and Skoog agar medium supplemented with or without the inhibitors
FSM (Invitrogen), oxyfluorfen PESTANAL (Sigma-Aldrich), and gabaculine
(Toronto Research Chemicals), and with or without gibberellic acid 3 (MP
Biomedical) and phytol (Sigma-Aldrich), at the indicated concentrations.
Plants were grown in incubators with 22°C under constant light at
;80 mmol m22s21. Seeds were provided by the following: flu1-1 by Klaus
Apel (Boyce Thompson Institute), vte5 by Nick Wagner (Monsanto
Company), ppi1 by Danny Schnell (University of Massachusetts Amherst),
vte1-1 and vte2-1 by Dean Dellapenna (Michigan State University), and
rif1-2 and rif10-1 by Manuel Rodriguez-Concepcion (Centre for Research
on Agricultural Genomics). Mutant lines chlm-2 (At4g25080), chl27-2
(At3g56940), hy1-100 (At2g26670), and hy2-1 (At3g09150) were obtained
from the ABRC.

HPLC Analysis of Pigments and Chlorophyll Precursors

Wild-type and mutant seedlings grown in the dark for 6 d, and then
exposed to light for 0, 2, 6, 12, or 24 h or for 7 d were freeze-dried,
homogenized under frozen conditions, and subsequently suspended in
ice-cold acetone/0.1 M NH4OH (9/1, v/v) and centrifuged. The super-
natants were analyzed by the Agilent 1100 or 1290 HPLC system using
a diode array and fluorescence detectors. Chlorophyll and carotenoids
were separated on a Prontosil 200-3-C30 (Bischoff-Chromatography)
column (3 mm; 250 3 4.6 mm; 21°C) at a flow rate of 1 mL min21, eluted
with a gradient of solvent A (90% acetonitrile; 10% water; 0.1%
triethylamine) and solvent B (100% ethyl acetate), and detected at an
absorption wavelength of 440 nm. Protochlorophyllide and chlorophyllide
were separated on a Nova-Pak C18 (Waters) column (4 µm; 150 3 3.9
mm; 21°C) at a flow rate of 1 mL min21, eluted with a gradient of solvent A
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(90%methanol; 10% 1M ammonium acetate pH 7.0) and solvent B (80%
methanol; 20% acetone), and detected at lex 435 nm and lem 644 nm,
respectively, as well as absorbance at 430 nm. Identification and
quantification of pigments and precursors were performed with authentic
standards. Statistical analysis was performed with the Student’s t test.

Quantitative Real-Time RT-PCR

Seedlingsgrown inunsupplementedandFSM-treatedmediawerepooled to
at least50mgperbiological replicate.At least threebiological replicateswere
assayed per condition, and the data were confirmed with repeated experi-
ments.RNA isolation followedbyDNase treatmentwas completedusing the
ISOLATE II plant kit (Bioline). One milligram of RNA was reverse transcribed
into cDNA with poly (dT) reverse primer and Superscript III reverse tran-
scriptase (Invitrogen), according tomanufacturer’s instructions.Quantitative
real-time PCR was performed with a CFX96 Real-Time PCR Detection
System (Bio-Rad) usingSYBRGreenPCRMasterMix (Eurogentec).Specific
primers for each gene were as follows: BAP1 (forward 59-CGAATCGA-
GAAGAAGCAATCC-39, reverse 59-ACCTTCAGGTGAATACCTTCC-39),
TCH4 as described (Lee et al., 2005) (forward 59-GAAACTCCGCAG-
GAACAGTC-39, reverse 59- TGTCTCCTTTGCCTTGTGTG-39), and HP
as described (Ramel et al., 2012) (forward 59-GACACGACGCCTACA-
GACAA-39, reverse 59-CAACATCTCCATCGCATCAG-39). TUBULIN4
(forward 59-CTGTTTCCGTACCCTCAAGC-39, reverse 59-AGGGAAAC-
GAAGACAGCAAG-39) was used as a control to normalize gene ex-
pression in each sample. Relative transcript levels were quantified as
previouslyreported(Leeetal.,2005).Inshort,comparisonofrelativetranscript
was calculated using the equation: dCt(sample) = Ct(gene of interest) 2 Ct(TUB4)
and relative quantity = 2 – (dCt (sample) – dCt (control). Statistical comparison
between untreated and treated tissues within time points was performed
with the Student’s t test.

Porphyrin Precursor Fluorescence

Seeds were sown on plates under dim light and immediately placed in
complete darkness to grow for 7 d. The etiolated seedlings were ex-
amined using confocal microscopy (Zeiss LSM 710 NLO) with an exci-
tation wavelength of 405 nm and the fluorescence was measured within
the range from 610 to 670 nm to detect the most prominent emission
spectra of protochlorophyllide and chlorophyllide (My�sliwa-Kurdziel et al.,
2003; Stadnichuk et al., 2005). Data were compiled from at least six
biological replicates for each genotype sample.

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL li-
braries under the following accession numbers: FLU (At3g14110), CHLM
(At4g25080), CHL27 (At3g56940), HY1 (At2g26670), HY2 (At3g09150),
RIF1/NOA1 (At3g47450), RIF10 (At3g03710), BAP1(At3g61190), TCH4
(At5g57560), HP (At1g49150), VTE5 (At5g04490), VTE1 (At4g32770), and
VTE2 (At2g18950).
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Supplemental Figure 2. FSM Resistance Conferred by Exogenous
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