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SUMMARY

Carotenoids are a diverse group of tetraterpenoid pigments found in plants, fungi, bacteria and some animals.

They play vital roles in plants and provide important health benefits to mammals, including humans. We pre-

viously reported the creation of a diverse population of transgenic maize plants expressing various

carotenogenic gene combinations and exhibiting distinct metabolic phenotypes. Here we performed an

in-depth targeted mRNA and metabolomic analysis of the pathway to characterize the specific impact of five

carotenogenic transgenes and their interactions with 12 endogenous genes in four transgenic lines represent-

ing distinct genotypes and phenotypes. We reconstructed the temporal profile of the carotenoid pathway

during endosperm development at the mRNA and metabolic levels (for total and individual carotenoids), and

investigated the impact of transgene expression on the endogenous pathway. These studies enabled us to

investigate the extent of any interactions between the introduced transgenic and native partial carotenoid

pathways during maize endosperm development. Importantly, we developed a theoretical model that

explains these interactions, and our results suggest genetic intervention points that may allow the maize

endosperm carotenoid pathway to be engineered in a more effective and predictable manner.

Keywords: metabolic engineering, Zea mays, carotenoids, ketocarotenoids, transcriptomic analysis,

metabolic profiling, endosperm development.

INTRODUCTION

Carotenoids are a group of approximately 800 lipid-soluble

organic molecules whose spectral properties are responsi-

ble for the yellow, orange and red colors of the tissues in

which they accumulate (Britton et al., 2004). Carotenoids

are synthesized by all photosynthetic organisms and many

non-photosynthetic bacteria, as well as certain fungi and

animals (Moran and Jarvik, 2010). In plants, carotenoids

fulfil two essential functions during photosynthesis: light

harvesting and protection of the photosynthetic apparatus

from photo-oxidation (Demmig-Adams and Adams, 1996).

In plants, the synthesis of carotenoids is initiated by the

enzyme phytoene synthase (PSY), which condenses two

molecules of genarylgeranyl diphosphate to form 15–

cis-phytoene (Misawa et al., 1994). Four desaturation steps

catalyzed by phytoene desaturase (PDS), f –carotene isom-

erase (Z–ISO) and f–carotene desaturase (ZDS) produce

the first colored carotene (pro-lycopene). This is converted

to all-trans-lycopene by carotene isomerase (CRTISO) in

non-green tissues and by light in green tissues (Chen

et al., 2010; Li et al., 2010). In bacteria, a single enzyme
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encoded by the crtI gene accomplishes all the desaturation

and isomerization steps and produces all-trans-lycopene

from 15–cis-phytoene directly (Bai et al., 2011; Figure 1).

Lycopene is an important branch point in the carotenoid

pathway because it serves as the substrate for two compet-

ing enzymes that cyclize the free ends, lycopene b–cyclase
(LYCB) and lycopene e–cyclase (LYCE; Bai et al., 2011). In

the a branch, the addition of one e–ring and one b–ring
generates a–carotene, which is converted into zeinoxanthin

by the di-iron non-heme b–carotene hydroxylase (BCH)

and/or the P450-type b–carotene hydroxylases CYP97A and

CYP97B, and then into the yellow pigment lutein by the

P450-type b–hydroxylase CYP97C (Bai et al., 2011). In the b
branch, the addition of two b–rings generates b–carotene,
which is converted into b–cryptoxanthin and then zeaxan-

thin by BCH and/or CYP97A and/or CYP97B (Quinlan et al.,

2007; Kim et al., 2010).

In both prokaryotes and eukaryotes, b–carotene may be

converted into astaxanthin in alternative reactions cata-

lyzed by b–carotene ketolase and b–carotene hydroxylase

(HYDB), which may involve BCH, CYP97A or CYP97B cata-

lyzing the same enzymatic step in the pathway (Figure 1).

Phytoene synthase (PSY), the first committed step in the

carotenoid pathway, is the major rate-limiting step in the

endosperm of maize (Zea mays) (Zhu et al., 2008). Endo-

sperm-specific expression of psy1 in white maize relieves

this bottleneck, increasing the total carotene content and

leading to predominant accumulation of lutein and zeaxan-

thin (Zhu et al., 2008). The LYCE/LYCB ratio is a flux control

point and determines the b:a branch carotenoid ratio (Farr�e

et al., 2011). Over-expressing LYCB shifts the balance

towards the b branch, enhancing b–carotenoids at the

expense of a–carotene and lutein, whereas over-expressing

LYCE has the opposite effect (e.g. Rosati et al., 2000;

D’Ambrosio et al., 2004). Transgenic canola (Brassica

napus) seeds expressing crtB (PSY), crtI and crtY (LYCB)

contained more carotenoids than wild-type seeds (Rava-

nello et al., 2003). In transgenic maize endosperm express-

ing psy1, crtI and lycb, the b:a ratio increased from 1.2 to 3.5

(Zhu et al., 2008). Nevertheless, there was also enhanced

flux through the a–branch of the pathway, producing almost

25 times more lutein than normal (up to 13.12 lg g�1 dry

weight). These examples show that the relationship

between gene expression levels in the carotenoid biosyn-

thesis pathway and the control of the flux through each

branch of the pathway is difficult to predict. Even when the

metabolic flux is shifted towards b–carotene, there is still

enough flux through the alternative branch of the pathway

to produce more than enough lutein (Naqvi et al., 2011).

Another important reaction in the carotenoid pathway is

the conversion of b–carotene to zeaxanthin by BCH. Silenc-

ing the bch gene in potato tubers (Solanum tuberosum)

enhanced b–carotene and lutein levels at the expense of

zeaxanthin (Van Eck et al., 2007). The carotenoid content of

crops may be reduced substantially by the further conver-

sion of zeaxanthin to violaxanthin, representing another

potential intervention target because epoxy carotenoids

(violaxanthin and neoxanthin) are precursors of abscisic

acid. Activating absicisic acid production could then

deplete the carotenoid content. In order to gain insight into

the relationship between the expression of carotenogenic

genes, the production and accumulation of various carote-

noids, and flux through various steps and branches that

are bottlenecks in wild-type plants, we selected representa-

tive transgenic lines for in-depth mRNA and carotenoid

profiling. This was performed in order to investigate the

effects of specific interactions between five carotenogenic

transgenes and 12 endogenous genes on the flux through

each step and branching point of the carotenoid pathway.

To do so we created four transgenic lines (L1, L2, L3 and

L4). These lines expressed a combination of five transg-

enes, namely Zmpsy1 (Zea mays phytoene synthase 1),

PacrtI (Pantoea ananatis phytoene desaturase), Gllycb

(Gentiana lutea lycopene b–cyclase), Glbch (G. lutea b–car-
otene hydroxylase) and ParacrtW (Paracoccus spp. b–caro-
tene ketolase) (Table 1).

The key objective of these experiments was to ascertain

the extent and impact of any interactions between the intro-

duced transgenic pathway and the native carotenoid pathway

during endosperm development. We determined the tempo-

ral profiles of mRNA and carotenoid accumulation, allowing

us to reconstruct the corresponding enzyme activities, iden-

tify activities that were regulated transcriptionally and post-

transcriptionally, and develop a theoretical model of the

interactions allowing additional potential intervention points

to be identified for targeted engineering of the carotenoid

pathway. These potential interventions represent primary

targets for engineering the maize endosperm carotenoid

pathway in a more effective and predictable manner.

RESULTS

Analysis of transgene expression by quantitative real-time

RT–PCR

We compared transgene expression levels in four maize

genetic backgrounds at several endosperm developmental

stages from 10 to 30 days after pollination (DAP; Figure 2).

Zmpsy1 transcript levels peaked between 20 and 25 DAP in

lines 1, 3 and 4, but remained constant throughout the

analysis period in line 2. Pacrtl was expressed in all four

transgenic lines, with line 3 showing the highest expres-

sion levels overall. The expression profile in line 3 peaked

at 25 DAP and then decreased from 30 DAP onwards.

Gllycb was expressed at similar levels in lines 2 and 3 and

at higher levels in line 4 (Figure 2). The maximum expres-

sion was observed at 30 DAP in all four lines. Glbch was

only expressed in line 4, peaking at 20 DAP. ParacrtW was

expressed in lines 3 and 4. Expression was much higher in
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Figure 1. The extended carotenoid biosynthesis pathway in plants and equivalent steps in bacteria.

GGPP, geranylgeranyl diphosphate; GGPPS, GGPP synthase; PSY, phytoene synthase; PDS, phytoene desaturase; ZISO, f–carotene isomerase; ZDS, f–carotene
desaturase; CRTISO, carotenoid isomerase; LYCB, lycopene b–cyclase; LYCE, lycopene e–cyclase; CYP97C, carotene e–ring hydroxylase; HYDB, b–carotene
hydroxylase (BCH, CYP97A or CYP97B). Arrows with a white square in the middle indicate b–carotene ketolase (BKT, known in bacteria as CRTW or CRTO);

arrows with a black circle in the middle indicate b–carotene hydroxylase (BCH or CRTZ) [11].
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line 3 and peaked at 25 DAP, whereas expression levels

remained constant in line 4.

Analysis of endogenous gene expression by quantitative

real-time RT–PCR

We also analyzed the expression of 12 endogenous carote-

nogenic genes (Zmpsy2, Zmpds, Zmzds, Zmcrtiso, Zmlyce,

Zmlycb, Zmbch1, Zmbch2, ZmCYP97A, ZmCYP97B and

ZmCYP97C) during endosperm development in the four

transgenic lines and in wild-type plants (Figure 2). Quanti-

tative real-time RT–PCR showed that Zmpsy2 was

expressed at low levels in all four lines and wild-type

plants, whereas Zmpds and Zmzds were expressed at

higher levels in the transgenic plants. There was little dif-

ference among the transgenic lines, and expression peaked

at 30 DAP.

Zmcrtiso was also expressed at higher levels in the

transgenic plants, although not to the degree seen with

Zmpds and Zmzds. These genes were expressed more

strongly in lines 2 and 3. Zmlyce was also induced in the

transgenic plants and peaked at 30 DAP, but there were dif-

ferences between lines earlier in development. In line 1,

Zmlyce expression decreased from 15 to 25 DAP and then

increased at 30 DAP, whereas in line 2, it was expressed at

a constant level from 15 to 25 DAP, followed by an

increase at day 30. Lines 3 and 4 showed the same expres-

sion pattern, i.e. increasing expression up to day 20,

followed by a plateau and then a peak at 30 DAP. Zmlycb

mRNA levels were similar in all plants, and peaked at 25

DAP.

Zmbch1 levels were similar to wild-type in all lines,

whereas Zmbch2 levels were higher in the transgenic lines,

especially in line 1. Zmbch2 expression in all lines peaked

at 30 DAP except in line 3, where expression peaked at 25

DAP. Lines 1 and 4 showed the same Zmbch2 expression

profile, but the expression level in line 2 was lower. Line 1

showed the highest Zmbch2 expression levels among all

the lines, and expression increased during development

until 30 DAP. The expression of ZmCYP97A, ZmCYP97B

and ZmCYP97C peaked at 30 DAP in the transgenic lines,

but the overall levels were much lower than in wild-type

endosperm.

Carotenoid measurement, aggregate enzyme activities,

and flux control by various genes

Carotenoid levels were measured between 15 and 60 DAP,

and we found that carotenoids were synthesized continu-

ously in the endosperm from 15 DAP onwards. A detailed

description of the carotenoid extraction, separation and

identification procedure is provided in Methods S1. The

concentration of most carotenoids peaked during develop-

ment and then decreased as the seeds matured, with only

b–cryptoxanthin, a–cryptoxanthin and echinenone contin-

uing to accumulate up to 60 DAP (Table 2). The levels of

some carotenoids decreased marginally after peaking (e.g.

lutein), whereas others decreased significantly (e.g. anther-

axanthin).

We interpolated the carotenoid levels for the days

between experimental measurements, providing us with

an extended experimental time series that allowed us to

estimate time-dependent aggregate enzyme activities to

explain the time course of the metabolites in each line.

Because we calculated the activities at each time point, any

regulatory interactions that may modulate those activities

are implicitly considered. The estimate involved fitting an

ordinary differential equation system written in mass

action form (Alves et al., 2008). The rate parameters of the

system were estimated independently at each time point in

order to predict the rate constant for the production and

consumption flux of each variable (Figure 3).

The predicted enzyme activities are the aggregate of

several individual enzymes that catalyze biosynthesis reac-

tions, and we were able to combine these data with the

transcript profiles to determine whether the gene expres-

sion profiles correlated with the aggregated enzyme activi-

ties and explained their variation. If this correlation exists

and is statistically significant, the most parsimonious inter-

pretation is that changes in enzyme activity are regulated

at the level of transcription, and transcript abundance

therefore modulates the relevant aggregate enzyme

activity. If no correlation is found, the data are consistent

with post-translational regulation, because the proteins

encoded by the relevant genes are responsible for the syn-

thesis and degradation of the various carotenoid metabo-

lites. If there are changes in the amount of these

metabolites between the various maize lines and these

changes cannot be explained by variations in gene expres-

sion, metabolite variation must be a cosequence of

changes in mRNA degradation, enzyme synthesis and/or

enzyme activity. Finally, if there is correlation but not

enough to explain the observed variation, we may estimate

how much each gene contributes to the changes in the

aggregate enzyme activity.

The results are presented in Tables S1 and S2. The R2

values were significant (P < 0.01) according to an F–test of

the linear models used to calculate how much of the

Table 1 Transgenic maize lines expressing Zmpsy1 (Zea mays
phytoene synthase 1), Pacrtl (Pantoea ananatis phytoene desatur-
ase), Gllycb (Gentiana lutea lycopene b–cyclase), Glbch (G. lutea
b–carotene hydroxylase) and ParacrtW (Paracoccus spp. b–caro-
tene ketolase)

Line Expressed genes

Line 1 Zmpsy1 and PacrtI
Line 2 Zmpsy1, PacrtI and Gllycb
Line 3 Zmpsy1, PacrtI, Gllycb and ParacrtW
Line 4 Zmpsy1, PacrtI, Gllycb, ParacrtW and Glbch
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(a)

(b)

Figure 2. Quantitative real-time RT–PCR analy-

sis of carotenogenic endogenous genes and

transgenes in transgenic maize plants com-

pared to the wild-type control (a, b). Data repre-

sent relative mRNA levels in the immature

maize endosperm of wild-type plants and four

transgenic lines (L1, L2, L3 and L4) at four

developmental stages (15, 20, 25 and 30 DAP),

normalized against actin mRNA and presented

as the mean of three replicates SD.

Zm, Zea mays; Pa, Pantoea annatis; Gl, Genta-

nua lutea; Para, Paracoccus; PSY1/2, phytoene

synthase 1/2; PDS, phytoene desaturase;

ZDS, f–carotene desaturase; CRTISO, carotene

isomerase; LYCB, lycopene b–cyclase; LYCE,

lycopene e–cyclase; BCH1/2, b–carotene hydrox-

ylase 1/2; CYP97A, carotene e–hydroxylase;
CYP97C; ZEP2, zeaxanthin epoxidase 2.

© 2013 The Authors
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changes in predicted enzyme activity may be justified by

changes in gene expression. The initial predicted aggre-

gate enzyme activity required for the production of phyto-

ene was found to be similar in lines 1–3 but much higher

in line 4. Between days 25 and 40, this activity was pre-

dicted to be approximately constant in lines 1, 3 and 4, but

decreasing in line 2. After day 40, lines 2 and 3 were pre-

dicted to produce less phytoene than lines 1 and 4. These

dynamic changes in predicted enzyme activity correlated

well with the gene expression profile for PSY1 in lines 2

and 4. PSY1 explained more than 60% of the changes in

both lines. The changes in gene expression observed in

lines 1 and 3 explained <30% of the changes in phytoene

production.

In summary, these results suggest that phytoene pro-

duction is regulated mostly at the level of gene expression

in lines 2 and 4, with PSY1 providing the greatest contribu-

tion. On the other hand, our results are consistent with

phytoene production in lines 1 and 3 being regulated both

transcriptionally and post-transcriptionally.

The aggregate enzyme activity responsible for flux entry

into the a–branch was quite low. This flux was predicted to

be approximately the same in lines 2, 3 and 4 after day 20,

and was slightly higher in line 1. Approximately 73% of the

dynamic changes in this activity were explained by

changes in LYCE gene expression in line 1. In line 2, the

correlation between changes in gene expression and

changes in aggregate enzyme activity was non-significant.

In lines 3 and 4, respectively, 39 and 58% of the variation

in aggregate enzyme activity was explained by changes in

the expression of Gllycb. These scenarios are consistent

with either an important role for post-transcriptional regu-

lation of flux or the possibility that several genes contrib-

ute to the flux at significant levels.

The aggregate enzyme activity responsible for flux entry

into the b–branch was predicted to be more than twice that

for flux entry into the a–branch. However, significant

correlations between changes in gene expression and

changes in this activity were only found for lines 3 and 4.

In these lines, variation in Gllycb explained 32 and 56% of

the variations in flux, respectively.

In summary, these results suggest that material flux into

the pathway is regulated mostly at the level of gene

expression in lines 2 and 4, and both transcriptionally and

post-transcriptionally in lines 1 and 3. In contrast, flux into

the branch points appears to be regulated mostly at the

post-transcriptional level.

In lines 3 and 4, flux may be diverted from the b–branch
to the echinone route. Changes in the expression of Para-

crtW explained 48–86% of the changes in the various

enzyme activities that contribute to this flux in line 3. In

contrast, in line 4, variations in the expression of ParacrtW

explained only a small fraction of the changes in aggregate

enzyme activity. This is consistent with predominant tran-

scriptional regulation for this enzyme activity in line 3 and

post-transcriptional regulation in line 4.

The aggregate enzyme activity responsible for the

production of antheraxanthin was explained by variation in

the expression of ZEP2 in line 2, consistent with a predomi-

nance of transcriptional regulation. In all other lines, post-

transcriptional regulation appeared to play an important

role in regulating this activity.

Carotene accumulation during endosperm development

Phytoene began to accumulate at 15 DAP in line 3, and

later in lines 1, 2 and 4, peaking at 40–50 DAP (Figure 4a).

The lowest phytoene concentration was detected in line 4

(13.88 � 0.67 lg g�1 dry weight, DW). Lycopene was only

detected in lines 1 and 3. Lycopene began to accumulate

by 15–20 DAP in both lines. The most significant increase

in lycopene was observed between 20 and 25 DAP in line

3, followed by a marginal increase to the maximum at 40–

50 DAP and a decrease towards 60 DAP, whereas in line 1,

lycopene increased between 15 and 20 DAP, then reached

a plateau between 20 and 25 DAP, followed by another

increase up to 30 DAP and continued accumulation up to

day 50 (Figure 4b). The highest concentration of lycopene

was detected in line 3, followed by line 1 (6.25 � 0.22 and

3.72 � 0.41 lg g�1 DW, respectively).

Line 4 contained the highest concentration of

b–carotene, followed by lines 1, 2 and 3 (26.33 � 0.15,

13.62 � 0.45, 5.36 � 0.14 and 5.34 � 0.33 lg g�1 DW,

respectively). Accumulation of b–carotene began by 15

DAP in line 1, but between 15 and 20 DAP in lines 3 and 4

and after day 20 in line 2, reaching maximum levels

between 30 and 60 DAP depending on the line (Figure 4c).

a–carotene was only detected in line 4 and at low levels

(0.91 � 0.03 lg g�1 DW). In addition, a–carotene accumula-

tion began later than that of other carotenoids.

Table 2 Time of maximum accumulation of various carotenoids
in the four transgenic lines (days after pollination)

Carotenoid Line 1 Line 2 Line 3 Line 4 M37W

Phytoene 50 40–50 50 40 –
Lycopene 50 0 40–50 – –
b–carotene 30–50 40 50 30–40 –
a–carotene – – 50 30–50 –
b–cryptoxanthin 25–30 40 40–60 25–60 –
a–cryptoxanthin 25–40 40 40–60 50 –
Lutein 30–40 30–40 30–40 50 30–40
Zeaxanthin 25–30 25 25–30 30–50 30
Antheraxanthin 20–25 25 20 25 –
Echinenone – – 40–50 30–60 –
3–hydroxyechinenone – – 30–50 20 –
Adonixanthin – – 40 25 –
Astaxanthin – – 25 – –
Total 30–50 40 30–40 30–40 30–40

© 2013 The Authors
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Figure 3. Predicted aggregate enzyme activity for the reactions in Figure 2.

Red, line 1; blue, line 2; green, line 3; black, line 4.

© 2013 The Authors
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Xanthophyll accumulation during endosperm

development

The profile of antheraxanthin accumulation was similar in

all lines, and the highest levels were detected in line 2

(Figure 4d). Antheraxanthin began to accumulate by 15

DAP, peaked at 20–25 DAP (depending on the line), and

rapidly decreased to undetectable levels thereafter, the

most dramatic loss among all the carotenoids we mea-

sured. This behavior may indicate that antheraxanthin is

more reactive than other carotenoids due to the presence

of an epoxy group, or may reflect its status as a precursor

of abscisic acid.

The lutein profile was similar in all the transgenic lines

(Figure 4e), increasing steadily and peaking by 30–40 DAP

(lines 1, 2 and 3) or 50 DAP (line 4), before decreasing

slightly. The highest level of lutein was detected in line 2,

followed by lines 4, 3 and 1 (10.59 � 0.17, 8.51 � 0.02,

7.35 � 0.17 and 6.70 � 0.33 lg g�1 DW, respectively). Zea-

xanthin was the major carotenoid found in all four lines

(39.92, 49.65, 32.95 and 28.18% of total carotenoid concen-

tration at 30, 40, 40 and 30 DAP, in lines 1, 2, 3 and 4,

(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 4. Total and individual carotenoid con-

centration profiles during maize endosperm

development.

(a) Phytoene, (b) lycopene, (c) b–carotene,
(d) antheraxanthin, (e) lutein, (f) zeaxanthin,

(g) b–cryptoxanthin, (h) a–cryptoxanthin,
(i) adonixanthin, (j) 3–hydroxyechinenone,
(k) echinenone, (l) astaxanthin, (m) total ketoca-

rotenoid content and (n) total carotenoid

content in lg per g dry weight (DW).

© 2013 The Authors
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respectively; Figure 4f). Accumulation began by 15 DAP,

and increased steadily until 25–30 DAP in lines 1 and 3, 25

DAP in line 2 and 30–50 DAP in line 4. The accumulation of

b–cryptoxanthin was similar in lines 2, 3 and 4, but the

peak accumulation was higher and earlier in line 1 (Fig-

ure 4g), and there was no decrease from the peak in lines

3 and 4. The maximum concentration of a–cryptoxanthin
was found by 25–40, 40, 40–60 and 50 DAP in lines 1, 2, 3

and 4, respectively, followed by a decrease in all lines

except line 3 (Figure 4h).

Individual and total ketocarotenoid accumulation during

endosperm development

Ketocarotenoids were only detected in lines 3 and 4,

reflecting the expression of ParacrtW in addition to

Zmpsy1, Pacrtl and Gllycb (line 3) or Zmpsy1, Pacrtl,

Gllycb and Glbch (line 4). The most abundant ketocarote-

noid in both lines was adonixanthin (Figure 4i). In line 3,

adonixanthin levels increased significantly between 15

and 25 DAP, then more moderately until 40 DAP before

decreasing. In contrast, adonixanthin levels in line 4

increased significantly between 15 and 20 DAP, peaking

at 25 DAP and then decreasing. We also detected

3–hydroxyechinenone and echinenone in lines 3 and 4 but

at much lower concentrations than adonixanthin (Fig-

ure 4j,k). Echinenone accumulation began after 15 DAP in

line 4 but after 25 DAP in line 3, increasing to a maximum

at 40–50 and 30–60 DAP in lines 3 and 4, respectively, and

decreasing only in line 3 (Figure 4k). The maximum

echinenone concentration was similar for both lines,

whereas adonixanthin levels were higher in line 3 than

line 4. Similarly, the highest levels of 3–hydroxyechinenone

were found in line 3, where the concentration increased

steadily and peaked at 30–50 DAP compared to the earlier

peak at 20 DAP in line 4 (Figure 4j). In both lines, the 3–hy-

droxyechinenone level decreased after reaching its maxi-

mum concentration. Astaxanthin was only detected in line

3 at low levels, starting at 15 DAP and increasing between

20 and 25 DAP before decreasing (Figure 4l). Line 3 accu-

mulated the highest total ketocarotenoid levels (up to

26 lg g�1 DW, starting at 15 DAP; Figure 4m). Total ketoca-

rotenoids increased most significantly between 15 and 25

(i) (j)

(k) (l)

(m) (n)

Figure 4. continued
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DAP in line 3 and between 15 and 20 DAP in line 4, then

more moderately to a peak at 40 DAP in line 3 and at 25

DAP in line 4 before decreasing.

Total carotenoid accumulation during endosperm

development

Although individual carotenoid concentrations peaked on

different days after pollination, the total carotenoid content

peaked between 30 and 40 DAP in all lines (Figure 4n). The

total carotenoid levels in lines 1, 2 and 4 were similar at 15

DAP, but there was higher accumulation in line 3. The

most significant increase in total carotenoid levels took

place between 15 and 25 DAP in lines 1, 2 and 3 but

between 15 and 30 DAP in line 4. There was a further slight

increase in lines 1, 3 and 4 until the maximum, whereas

there was a small dip in concentration between 25 and 30

DAP in line 2. The maximum total carotenoid content in

line 1 was observed at 30–50 DAP (86.34 � 0.65 lg g�1

DW), whereas in line 2 the maximum occurred at 40 DAP

(104.4 � 3.08 lg g�1 DW), and in lines 3 and 4 it occurred

at 30–40 DAP (110.21 � 0.72 and 99.42 � 0.27 lg g�1 DW,

respectively). Total carotenoids then decreased in lines 2, 3

and 4. The highest overall total carotenoid content was

observed in line 3 (Figure 5), which expressed Zmpsy1,

Pacrtl, Gllycb and ParacrtW. The total carotenoid content in

wild-type M37W was 1.10 lg g�1 DW (Figure 5). Thus,

carotenoid content was increased 78.5-, 94.9-, 100.2- and

90.4-fold, respectively, in lines 1, 2, 3 and 4.

DISCUSSION

Regulation of carotenoid biosynthesis in plants

The enzymes required for plant carotenoid biosynthesis are

encoded by nuclear genes and targeted to the plastids (Bart-

ley and Scolnik, 1994). In starchy maize kernels, carotenoids

accumulate predominantly in endosperm tissue (Steenbock

and Coward, 1927; Blessin et al., 1963), particularly in amy-

loplasts, where they play an important role in abscisic acid

production and seed dormancy (Maluf et al., 1997).

Most of the genes encoding carotenogenic enzymes in

plants have been identified and functionally characterized

(Farr�e et al., 2009; Li et al., 2010). The regulation of carot-

enoid biosynthesis is complex and is restricted to specific

tissues (Lima et al., 2005). It therefore requires compre-

hensive understanding of gene regulation, biochemical

interactions among the enzyme complexes, and the inter-

conversion of metabolites (Taylor and Ramsay, 2005).

Carotenoid accumulation in seeds, fruits and flowers corre-

lates with the abundance of transcripts representing key

carotenoid genes (Fraser et al., 1994; Zhu et al., 2010).

A positive correlation between higher psy1 transcript levels

and enzyme activity was observed in tomato (Solanum

lycopersicum), increasing the carotenoid content in the rip-

ened fruit (Fraser et al., 1994). The accumulation of high

levels of lycopene in tomato fruit suggests that a different

regulatory mechanism may be involved in carotenogenesis

in green tissues, which accumulate less lycopene (Fraser

et al., 1994). A similar positive correlation was observed in

carrot (Daucus carota) transformed with psy1, resulting in

a 93-fold increase in total carotenoids (Maass et al., 2009).

A negative correlation between higher zeaxanthin epoxi-

dase (zep) transcript levels and zeaxanthin levels was

observed in potato tubers by silencing the endogenous zep

gene (Romer et al., 2002).

Phytoene synthesis

Phytoene synthase (PSY) is the first committed enzyme in

carotenoid biosynthesis, and has been extensively studied

in maize because it is rate-limiting for production of carote-

noids in the endosperm (Gallagher et al., 2004; Wong

Figure 5. Carotenoid composition at 30 days

after pollination in the four transgenic lines.

Line 1 expresses Zmpsy1 and Pacrtl; line 2

expresses Zmpsy1, PacrtI and Gllycb; line 3

expresses Zmpsy1, PacrtI, Gllycb and ParacrtW;

line 4 expresses Zmpsy1, PacrtI, Gllycb, Parac-

rtW and Glbch.
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et al., 2004; Pozniak et al., 2007; Li et al., 2008; Zhu et al.,

2008). Maize, like other grasses, has multiple genes encod-

ing PSY, but only psy1 transcript levels correlate with

carotenoid levels in the endosperm (Buckner et al., 1996).

The psy2 transcript is mainly expressed in leaves and at

lower levels in embryos (Gallagher et al., 2004). The psy3

transcript is expressed predominantly in the root and

embryo (Li et al., 2008). These expression profiles suggest

that maize PSY genes may be functionally specific rather

than redundant (Li et al., 2009).

Our analysis of mRNA levels revealed that the Zmpsy1

transcript is present at low levels in M37W endosperm,

whereas all the transgenic lines expressed the transcript

strongly. Zmpsy2 expression as determined by quantitative

real-time RT–PCR suggested that the residual carotenoid

content of M37W endosperm may reflect the activity of

PSY2. Although Zmpsy2 transcripts were detected in

M37W endosperm, the total carotenoid content remained

low, confirming that PSY1 rather than PSY2 plays a crucial

role in carotenoid accumulation in the endosperm.

When we integrated the results from our RNA and meta-

bolic analysis in transgenic lines 1–4, we found that PSY1

rather than PSY2 appears to be responsible for most

phytoene production. The results are also consistent with

phytoene production being regulated mostly at the level of

gene expression in lines 2 and 4, but both transcriptionally

and post-transcriptionally in lines 1 and 3. Thus, PSY1

appears to be the preferred choice for designing a pathway

with more efficient phytoene production (first organization

principle).

Phytoene desaturation and isomerization

We found that the phytoene desaturase (Zmpds),

f–carotene desaturase (Zmzds) and carotene isomerase

(Zmcrtiso) transcripts were present at similar levels in all

lines, although Zmpds and Zmzds mRNAs were more

abundant than Zmcrtiso mRNAs. The expression of PacrtI

increased the lycopene content in lines 1 and 3. However,

phytoene was detected in all lines, suggesting that the

desaturation steps may be rate-limiting. The PacrtI and

Zmcrtiso mRNAs were most abundant in line 3, consistent

with the higher accumulation of lycopene in this line.

Phytoene was not detected in wild-type M37W endosperm

but accumulated in all of the transgenic lines. Our estima-

tion of aggregate enzyme activities for transformation of

phytoene into lycopene indicated that this activity is 4–10

times lower than the aggregate enzyme activity for produc-

tion of phytoene (compare panels v9 and v10 in Figure 3).

Taken together, these observations suggest that the con-

version of phytoene to lycopene (catalyzed by both endog-

enous desaturases/isomerases and PacrtI) is a rate-limiting

step for carotenoid biosynthesis in the transgenic lines.

This suggests a second organization principle for design-

ing more efficient pathways, i.e. modifying maize lines

using genes that effectively convert phytoene to lycopene.

Lycopene cyclization

Higher levels of lycopene accumulate in lines 1 and 3, but

no lycopene was detected in lines 2 and 4. The aggregate

enzyme activity responsible for the production of lycopene

is shown in panel v9 in Figure 3, while the aggregate

enzyme activities for production of b- and a–branch metab-

olites are shown in panels v1 and v5, respectively. Because

no lycopene is detected in lines 2 and 4, the ratio (panel

v9)/(panels v1 + v5) is much lower than in line 1. In lines 1

and 3, this ratio is always lower than 0.5. Together, these

observations indicate that production of lycopene is rate-

limiting for the production of metabolites in the two lower

branches of the pathway. Our analysis of the Granger cau-

sality between changes in gene expression and changes in

metabolite levels indicates that changes in lycopene con-

sumption may be explained almost entirely by the changes

in gene expression in the various lines. In turn, this sug-

gests that post-transcriptional regulation plays a small role

in regulating lycopene production and utilization. Line 4

expressed Gllycb at the highest levels and contained more

b–carotene. The b:a ratio was 6.37 in line 1 (Zmpsy1 + Pac-

rtI), 5.85 in line 2 (Zmpsy1 + PacrtI + Gllycb), 7.83 in line 3

(Zmpsy1 + PacrtI + Gllycb + ParacrtW) and 6.39 in line 4

(Zmpsy1 + PacrtI + Gllycb + ParacrtW + Glbch) at 30 DAP.

As observed in transgenic canola (Ravanello et al., 2003)

and rice (Oryza sativa) (Ye et al., 2000), the b–branch of the

pathway appears to be favored in maize.

Hydroxylation

Hydroxylation of the b- and e–rings is performed by

b–hydroxylase and e–hydroxylase, respectively (Pogson

et al., 1996; Hirschberg, 2001). Following gene duplication

and divergence, many plants have multiple b–carotene
hydroxylases, including Arabidopsis (Rissler and Pogson,

2001), tomato (Liu et al., 2003), saffron (Crocus sativus;

Castillo et al., 2005) and maize (Li et al., 2010). We

observed low levels of Zmbch1 in all lines and higher lev-

els of Zmbch2, with particularly high levels in line 1, corre-

lating with higher levels of zeaxanthin. The higher levels of

hydroxylated products (such as lutein and zeaxanthin) and

lower levels of b–carotene in lines 1, 2 and 3 indicated effi-

cient hydroxylation of a- and b–carotenes. In line 2, the low

levels of b–carotene and higher levels of zeaxanthin appear

to reflect the high levels of Zmbch2mRNA and the lower lev-

els of ZmCYP97C mRNA, as suggested by Granger causality

analysis (Table S2).

Ketolation

The carotenoid pathway may be extended to include ketoc-

arotenoids such as astaxanthin by expressing ParacrtW.
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This was expressed together with Zmpsy1, PacrtI and

Gllycb in lines 3 and 4, with the latter also expressing

Glbch. This led to the synthesis of adonixanthin, echine-

none (4–keto-b–carotene) and 3–hydroxyechinenone in

line 4, and these three carotenoids plus astaxanthin (3,3′–

dihydroxy-4,4′–diketo-b–carotene) in line 3. Line 4 has a

genotype similar to that of line 2, with additional Glbch

and ParacrtW genes, and accumulated mainly b–carotene
and zeaxanthin in addition to the ketocarotenoids.

Astaxanthin is formed from b–carotene by the addition

of keto groups at the 4 and 4′ positions and hydroxyl

groups at the 3 and 3′ positions of the b–ionone rings.

These reactions are catalyzed by b–carotene ketolase and

b–carotene hydroxylase, respectively. Each enzyme may

perform its reaction independently, but further events

depend critically on which reaction occurs first (Fraser

et al., 1997). Paracoccus b–carotene ketolase has a strong

preference for carotenoids with at least one non-hydroxyl-

ated b–ionone ring, e.g. b–carotene, b–cryptoxanthin,
echinenone and 3–hydroxy-echinenone, whereas 3–

hydroxylated b–ionone rings such zeaxanthin, 3′–hydroxy-

echinenone and adonixanthin are poor substrates for this

enzyme (Fraser et al., 1998).

The ketolase CRTW uses the same substrate as b–caro-
tene hydroxylase, i.e. an unsubstituted b–ionone ring. The

hydroxylase and ketolase thus compete at four steps for

substrates in the extended carotenoid pathway: for b–caro-
tene, the unsubstituted site of b–cryptoxanthin, echinenone
and 3–hydroxyechinenone (Figure 1). In general, non-keto-

lated zeaxanthin, the mono-keto derivative 3′–hydroxy-

echinenone and the dihydroxy-monoketocarotenoid

adonixanthin represent alternative intermediates in the

pathway to astaxanthin. Thus, astaxanthin in maize endo-

sperm may be preferentially derived from echinenone via

either 3–hydroxy-echinenone or canthaxanthin and then

adonirubin.

Because the 3–hydroxylated b–ionone ring is poorly ket-

olated (Fraser et al., 1998), the ketolase must compete with

the hydroxylase twice (first during ketolation of b–carotene,
then during ketolation of either echinenone or 3–hydroxye-

chinenone), and succeed each time or astaxanthin is not

formed. Therefore, the accumulation of astaxanthin is

determined by the abundance of the ketolase relative to

the hydroxylase. Only plants expressing ParacrtW produce

enough ketolase to ensure the formation of astaxanthin.

Otherwise, adonixanthin is the final keto-hydroxy product

of the pathway. This appears to be the case in line 4, where

total concentrations of ketolated carotenoids are much

lower than in line 3, and the pathway stops without the

second ketolation at the level of adonixanthin. Line 4,

which expresses Glbch and ParacrtW in addition to other

transgenes, did not accumulate astaxanthin due to the rela-

tively high hydroxylase activity (i.e. the additional BCH

activity due to expression of Glbch in line 4 but not in

line 3). Line 3 accumulated the highest ketocarotenoid lev-

els and was the only line able to synthesize astaxanthin,

probably reflecting the relatively low hydroxylase activity

(no BCH activity) and high ketolase activity (high CRTW

activity).

For many plants transformed with a ketolase gene such

as ParacrtW (Zhu et al., 2009), conversion of adonixanthin

to astaxanthin appears to be an important limiting step in

astaxanthin biosynthesis. Astaxanthin and several ketoca-

rotenoid intermediates involved in the formation of asta-

xanthin, including adonirubin, canthaxanthin, echinenone

and adonixanthin, were detected in carrot tissues express-

ing an Haematococcus pluvialis bkt gene, and heterolo-

gous expression of BCH was not required for

ketocarotenoid synthesis due to up-regulation of endoge-

nous hydroxylases in transgenic leaves and roots (Jayaraj

et al., 2008). Canola was transformed with crtZ (BCH) and

crtW from the marine bacterium Brevundimonas SD212, as

well as the Paracoccus N81106 ipi gene and the general ca-

rotenogenic genes crtE, crtB, crtI and crtY from Pantoea

ananatis, and plants expressing all seven genes accumu-

lated 18.6 times more total carotenoids than wild-type

plants, including ketocarotenoids such as echinenone, can-

thaxanthin, astaxanthin and adonixanthin, which were not

found in wild-type seeds (Fujisawa et al., 2009). However,

adonixanthin levels were higher than those for astaxanthin.

Comparing panels v14, v15 and v16 in Figure 3 shows that

the aggregate enzyme activity for the production of asta-

xanthin (panel v16) is lower than that for the other steps of

the pathway, reinforcing the hypothesis that this step is

rate-limiting for astaxanthin biosynthesis. Furthermore,

comparing panels v11–v13 in Figure 3 (conversion fluxes

between the zeaxanthin and astaxanthin branches) with

panels v3, v6 and v7 (zeaxanthin branch) and v14–v16 (as-

taxanthin branch) indicates that predicted aggregate

enzyme activities in panels v11–v13 are up to an order of

magnitude lower than those for the later reactions. Taken

together, these observations imply that metabolite entry

into the astaxanthin branch occurs at a lower rate than the

reactions within each branch.

Transcript and carotenoid levels in various maize genetic

backgrounds during endosperm development

All four transgenic lines exhibited similar transgene tran-

script levels, which increased during endosperm develop-

ment and peaked at 20–25 DAP. However, Gllycb reached a

maximum at 30 DAP, and this may explain why b–carotene
levels peaked 30–50 DAP, depending on the line. Endo-

sperm-specific promoters were used for all transgenes,

and transgene expression had generally commenced by

15–20 DAP. Endogenous gene expression varied consider-

ably, with some transcripts expressed at constant levels

throughout development (ZmCYP97B, ZmCYP97C and

Zmpsy2). Other transcripts increased gradually up to a
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peak level at 30 DAP (Zmpds, Zmzds, Zmlyce, Zmbch2 and

ZmCYP97A) and others reached an earlier peak followed

by a decrease (Zmlycb, Zmbch1 and Zmcrtiso).

Individual carotenoids peaked at different stages of

endosperm development from 15 to 60 DAP (Table 2). The

early carotenoids (phytoene and lycopene) peaked at later

stages (40–50 DAP), suggesting that they are consumed

during early development to produce downstream carote-

noids. Similarly, antheraxanthin accumulated before its

precursor zeaxanthin, which in turn accumulated before its

precursors in all lines (Table 2). However, the maximum

accumulation of b–carotene and b–cryptoxanthin was spe-

cific to each transgenic line. In lines 1 and 2, which did not

express hydroxylase or ketolase transgenes, the end prod-

ucts accumulated before the precursors as discussed

above (zeaxanthin followed by b–cryptoxanthin and finally

b–carotene). Line 3 accumulated astaxanthin, followed by

adonixanthin and zeaxanthin, and then the precursors of

those metabolites (3–hydroxyechinenone, echinenone, b–
cryptoxanthin and b–carotene, respectively). The same

behavior was observed in line 4, although with no astaxan-

thin accumulation due to the low ketolase activity com-

pared with hydroxylases.

CONCLUSIONS

Important advances have been made in the characteriza-

tion of many of the genes encoding enzymes in the carot-

enoid biosynthesis pathway. However, the regulatory

mechanisms controlling carotenoid biosynthesis in maize

endosperm are still unclear. A comparative investigation

in various genetic backgrounds focusing on targeted

carotenoid transcript and metabolite analysis allowed

multiple bottlenecks to be identified in the pathway.

Quantitative real-time RT–PCR revealed the near absence

of Zmpsy1 transcripts in M37W endosperm as expected,

whereas Zmpsy2 transcripts were present, suggesting that

the residual carotenoid content most likely reflects the

activity of PSY2. The conversion of phytoene to lycopene

(catalyzed by both endogenous desaturases/isomerases

and PacrtI) is a rate-limiting step for carotenoid biosynthe-

sis in the transgenic lines because phytoene was still

detected in all lines. In many plants transformed with a

ketolase gene, such as ParacrtW, the conversion of adoni-

xanthin to astaxanthin appears to be an important limiting

step for astaxanthin biosynthesis. Our results are consis-

tent with this, confirming that adonixanthin accumulation

must be avoided to achieve the production of astaxanthin

in transgenic maize endosperm. The accumulation profiles

of individual carotenoids indicate that, although caroten-

oid synthesis starts at the earliest stages of endosperm

development, their accumulation is likely to depend on

feedback regulatory loops. The accumulation of b–caro-
tene cannot begin any earlier than that of zeaxanthin

because the intermediate is initially consumed to make

end products, such as zeaxanthin or various ketocarote-

noids depending on the line. This behavior was observed

for almost all the carotenoid precursors and end products.

The identification of a number of further bottlenecks and

rate-limiting steps in the pathway provides data for fur-

ther investigations to ascertain in more detail the genetic

and molecular factors that influence carotenoid content and

composition in various maize genetic backgrounds, and

for future biofortification strategies that aim to increase

particular carotenoids in maize endosperm.

Table 3 Primer sequences for the amplification of the maize actin gene (for normalization) and the endogenous and heterologous
carotenogenic genes by quantitative real-time RT–PCR

Gene Forward primer Reverse primer

Zmpsy1 5′-CATCTTCAAAGGGGTCGTCA-3′ 5′-CAGGATCTGCCTGTACAACA-3′
Zmpsy2 5′-TCACCCATCTCGACTCTGCTA-3′ 5′-GATGTGATCTACGGATGGTTCAT-3′
Zmpds 5′-TGTTTGTGCAACACCAGTCG-3′ 5′-CTCCTGCTGAAAAGAAGGTGG-3′
Zmzds 5′-GAATGGAGGGAGTGGGAAATG-3′ 5′-AGTCTGCATCCGCCGTGTAC-3′
Zmcrtiso 5′-GAATTATATGATTACGGTGTCAGG-3′ 5′-TGAAGGGTATCTCAAAACAGAACT-3′
Zmlyce 5′-TTTACGTGCAAATGCAGTCAA-3′ 5′-TGACTCTGAAGCTAGAGAAAG-3′
Zmlycb 5′-GACGCCATCGTAAGGTTCCTC-3′ 5′-TCGAGGTCCAGCTTGAGCAG-3′
Zmbch1 5′-CCACGACCAGAACCTCCAGA-3′ 5′-CATGGCACCAGACATCTCCA-3′
Zmbch2 5′-GCGTCCAGTTGTATGCGTTGT-3′ 5′-CATCTATCGCCATCTTCCTTT-3′
ZmCYP97A 5′-CTGGAGCCATCTGAAAGTCA-3′ 5′-GGACCAAATCCAAACGAGAT-3′
ZmCYP97B 5′-CTGAGGAGAAGGACTTGACGG-3′ 5′-TCCACTGGTCTGTCTGCGAT-3′
ZmCYP97C 5′-GTTGACATTGGATGTGATTGG-3′ 5′-AACCAACCTTCCAGTATGGC-3′
PacrtI 5′-ACCTCAACTGGCGAAACTGC-3′ 5′-ACAGCGAGTGGAAAGAAAAC-3′
Gllycb 5′-GATTGGCGCGATTCACATCT-3′ 5′-GCATGGCATAAAGAAAGGTGG-3′
Glbch 5′-CGGTGTTTGGAATGGCGTA-3′ 5′-CGGAGTGATGAAGCGTGTGA-3′
ParacrtW 5′-GTGGCGCAAGATGATCGTCAAG-3′ 5′-GCCAGAAGACCACGTACATCCA-3′
Zmactin 5′- CGATTGAGCATGGCATTGTCA-3′ 5′- CCCACTAGCGTACAACGAA-3′
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EXPERIMENTAL PROCEDURES

Transgenic plants

Four transgenic plant lines carrying various combinations of
transgenes were selected for further analysis (Zhu et al., 2008;
Table 1). Endosperm samples were taken from immature seeds at
15, 20, 25, 30, 40, 50 and 60 days after pollination (DAP), frozen in
liquid nitrogen and stored at �80°C.

Plants were sampled and analyzed in two consecutive seasons.
No statistically significant differences were observed between the
two sets of measurements for mRNA and metabolite analysis.

Total RNA isolation and quantitative real-time RT–PCR

Total RNA was isolated and RT–PCR was performed as decribed
by Naqvi et al. (2009) using the primers listed in Table 3.

Modeling formalisms and model selection

Because no kinetic information was available for the enzymes
participating in carotenoid biosynthesis, we invoked Ockham’s
razor, the principle stating that the explanatory hypothesis that
is consistent with the observations and makes the fewest
assumptions should be selected. Thus, we use the simplest pos-
sible formalism to represent the dynamics of the system (Alves
et al., 2008). This formalism is known as mass action, and has
the following form:

dXk

dt
¼

Xm

i¼1

li;k ci
Yn

j¼1

Xfi;j
j

where n is the number of dependent variables in the system, Xk is
any of those dependent variables, m is the number of elementary
processes occurring in the system, li,k is the stoichiometric coeffi-
cient of Xk in process i, ci is the apparent rate constant for that
process and fi,j is the apparent kinetic order of variable Xj in pro-
cess i. If Xj is a substrate of the process, fi,j is given by its molecu-
larity in the process; if not, fi,j = 0.

Further details on model simplification, data interpolation,
parameter fitting, aggregate enzyme activity profiles and statistical
modelling of gene-enzyme correlations are provided inMethods S2.

ACKNOWLEDGEMENTS

This study was supported by the Ministerio de Ciencia e Innovac-
i�on, Spain (BIO2007-61413, BIO2011-22525 and PM2010PKB-00746
CAROMAIZE) and a European Research Council Advanced Grant
(BIOFORCE) to P.C. G.F. is the recipient of a PhD fellowship from
the Ministerio de Ciencia e Innovaci�on, Spain (BES-2008-003894).
R.A. and A.S. are partially funded through Research Group
2009SGR809 from the Generalitat de Catalunya and through
grants BFU2008-0196 to A.S. and BFU2010-17704 to R.A., both
from the Ministerio de Ciencia e Innovaci�on, Spain.

SUPPORTING INFORMATION

Additional Supporting Information may be found in the online
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changes in gene expression for the genes involved in individual
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