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After fertilization in Arabidopsis, 
auxin response in ovules triggers fruit 

development through the stimulation of 
gibberellin metabolism. In a recent work, 
we showed that this model could not 
explain why CYP78A9 overexpression 
can uncouple these processes. The spe-
cific expression pattern of CYP78A9 sug-
gests its involvement during reproductive 
development. Moreover, controlled polli-
nation showed that CYP78A9 responds 
to fertilization. The genetic evidence 
supports the idea that CYP78A9 and its 
closest paralogs participate in a pathway 
that control floral organ size and ovule 
integuments development as denoted by 
the phenotypes of es1-D overexpression 
and cyp78a8 cyp78a9 double mutants. 
Furthermore, according to previous 
predictions, perturbations in the flavo-
nol biosynthesis pathway were detected 
in cyp78a9, cyp78a8 cyp78a9 and es1-D 
mutants. However, they do not cause the 
observed phenotypes. Our results add 
new insights into the role of CYP78A9 
in plant reproduction and present the 
first characterization of metabolite dif-
ferences between mutants in this gene 
family.

Successful sexual plant reproduction 
depends on fruit-set, an essential process 
that can be defined as the activation of 
a developmental program to convert the 
pistil or gynoecium into a developing fruit 
with seeds. This transition comprises two 
different and coordinated processes: the 
fertilization of the ovule and the growth of 
structures that will protect the developing 
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seeds. In most species, the coordination 
between these two events relies on the 
signal that promotes fruit growth, which 
exclusively originates from the develop-
ing seeds. It is currently accepted that, 
in Arabidopsis, the coordinated action 
of growth signals triggers fruit-set and 
growth, so in the absence of pollination 
and fertilization, the ovary will cease cell 
division and abscise.1-5

In a recent article we showed the 
involvement of CYP78A9 controlling floral 
organ size and its role during reproductive 
development.6 The analysis of the cyp78a8 
cyp78a9 double mutant showed a clear 
genetic interaction between these genes 
controlling seed-set via outer integument 
development. The defects observed in the 
cyp78a8 cyp78a9 double mutant are linked 
to the sporophyte before fertilization, 
which supports the idea that this family 
of genes act maternally during reproduc-
tive development.7,8 Although the defects 
detected in cyp78a8 cyp78a9 were linked 
to the sporophyte before fertilization, the 
expression pattern detected during seed 
and embryo development suggest that 
CYP78A9 could have a possible commu-
nication role between the embryo and the 
seed coat while they develop. Furthermore, 
the fact that pCYP78A9::GUS (tran-
scriptional fusion under the control of 
CYP78A9 promoter) responds to the 
fertilization event, indicates the possible 
communication role of CYP78A9 between 
the placenta, the funiculus and the ovule 
during the fertilization process. This work 
also revealed that in the es1-D activation 
tagging mutant, where the CYP78A9 
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in the hypocotyls anymore but was found 
in roots (Fig. 1B and C). Therefore, the 
CYP78A9 promoter is responsive to these 
hormones in vegetative tissues. We could 
speculate, that during reproductive devel-
opment, both auxin and GA might be 
related to the CYP78A9-produced signal 
in the fruit growth program.

Fertility is affected in the gain-of-func-
tion mutant and cross-pollination experi-
ments showed that both pollen and ovules 
of es1-D were affected. The most relevant 
altered feature in es1-D ovules was integu-
ment size, with more and larger cells than 
wild type.6 Here we further investigated 
the communication between ovules and 
pollen to obtain more insights about the 
reduced fertility. For this, we used the 
LAT52::GUS, a pollen specific marker 
line.11 We followed GUS staining after 
hand-pollinating pistils of es1-D emascu-
lated flowers with LAT52::GUS pollen. 
In wild type pistils LAT52::GUS pollen 
tubes normally reach and penetrate the 
ovules. Their content is discharged inside 
the ovule and therefore, GUS staining is 
clearly observed (Fig. 1D). In affected 
es1-D ovules, i.e., ovules with large outer 
integuments, GUS staining was not 
observed (left ovule in Fig. 1E), mean-
ing that pollen tubes were not able to 
reach and penetrate them. This interest-
ing observation could be explained by at 
least three different scenarios. First, it may 
be that these ovules are not able to chemi-
cally attract the pollen tubes, which nor-
mally occurs.12,13 Second, the structural 
defects of these ovules, such as the altered 
position of the micropyle, may constitute 
a physical barrier for proper pollen tube 
penetration. A third, attractive scenario 
would be that es1-D ovules produce a 
signal that repels the pollen tubes, which 
in Arabidopsis, occurs when ovules are 
already fertilized.12,14,15

Various studies suggest that members 
of the CYP78A family produce a novel 
kind of signal.7,16-18 Predictions made by 
Aracyc, a metabolic pathway reference 
database,19,20 positioned the CYP78A9 
enzyme in the phenylpropanoid pathway. 
The enzyme was positioned in the flavonol 
biosynthesis pathway, as having a putative 
overlapping function with F3’H in the 
conversion of dihydrokaempferol to dihy-
droquercetin. Although the metabolic 

GA20ox1::GUS marker line was not 
changed in es1-D compared with wild 
type plants. Furthermore, es1-D could not 
recover the wild type phenotype of ga1–3 
plants that are unable to synthesize GA. In 
addition, microarray data of plants over-
expressing CYP78A9 compared with wild 
type showed no clear changes in hormonal 
pathways, suggesting that these hormones 
might not be the cause for the uncou-
pled growth of es1-D fruit from fertiliza-
tion. Bioinformatic studies showed that 
CYP78A9 responded transcriptionally to 
the application of different hormones as 
well as hormone inhibitors. Interestingly, 
here we observed that CYP78A9 responds 
to the application of auxin and GA, 
based on an altered pattern of GUS sig-
nal in pCYP78A9::GUS seedlings (Fig. 
1A–C). Twelve day old seedlings grown 
in MS medium without hormones showed 
GUS signal in the hypocotyl (Fig. 1A). 
However, after 20 h of auxin or GA appli-
cation, the GUS signal was not observed 

gene is overexpressed, androecia and 
gynoecia develop in an uncoordinated 
manner. Anthers present a dehiscence 
delay and the filaments never reach the 
stigma so pollination does not occur. In 
wild type plants, during the maturation 
and receptive periods, specific molecular 
pathways restrict the growth of the pistil 
and accessory tissues, preventing them 
from developing into a fruit.9,10 However, 
CYP78A9 overexpression can overcome 
this restriction allowing the pistil to grow 
before the androecium is mature. Dorcey 
and collaborators (2009) showed that 
a fertilization-dependent auxin signal 
induces gibberellin (GA) biosynthesis (via 
GA20ox1, GA20ox2 and GA3ox1) that in 
turn triggers fruit growth.5 However, in 
our work using the DR5::GUS reporter 
line, we observed that es1-D plants did 
not show the characteristic auxin expres-
sion pattern in ovules and funiculi as 
the wild type, but fruits still developed.6 
Moreover, the expression pattern of the 

Figure 1. hormone treatments and pollination experiments. (A–C) the 3 kb CYP78A9 promoter 
(pCYP78A9::GUS) responds to gibberellin and auxin treatments. (A) control pCYP78A9::GUS 
12-d-old seedling showing signal in the hypocotyl. (B and C) pCYP78A9::GUS 12-d-old seedling 
20 h after 0.5 μm gA3 addition (B) and 20 h after 0.5 μm iAA addition (C), showing that the guS 
signal is now present in roots. (D and E) outer integument extension in es1-D seems to change 
the position of the micropyle preventing pollen tube attraction. (D) Wild type ovule crossed with 
LAT52::GUS pollen, showing the signal of a pollen tube that entered the embryo sac (black ar-
rowhead). (E) es1-D ovule showing no attraction of pollen tubes; no LAt52 signal is observed (left, 
gray arrowhead). the difference between the two type of ovules seems to be the length of the 
integuments, which is longer in the ovule on the left (es1-D) than on the right (wild type). Scale bar 
represents 0.5 cm in (A–C) and 10 μm in (D and E).



©
20

13
 L

an
de

s 
B

io
sc

ie
nc

e.
 D

o 
no

t d
is

tri
bu

te
. 

www.landesbioscience.com Plant Signaling & Behavior e25160-3

10. Goetz M, Vivian-Smith AD, Johnson SD, Koltunow 
AM. AUXIN RESPONSE FACTOR8 is a negative 
regulator of fruit initiation in Arabidopsis. Plant Cell 
2006; 18:1873-86; PMID:16829592; http://dx.doi.
org/10.1105/tpc.105.037192

11. Johnson MA, von Besser K, Zhou Q, Smith E, Aux 
G, Patton D, et al. Arabidopsis hapless mutations 
define essential gametophytic functions. Genetics 
2004; 168:971-82; PMID:15514068; http://dx.doi.
org/10.1534/genetics.104.029447

12. Palanivelu R, Preuss D. Distinct short-range ovule 
signals attract or repel Arabidopsis thaliana pol-
len tubes in vitro. BMC Plant Biol 2006; 6:7; 
PMID:16595022; http://dx.doi.org/10.1186/1471-
2229-6-7

13. Palanivelu R, Brass L, Edlund AF, Preuss D. Pollen 
tube growth and guidance is regulated by POP2, an 
Arabidopsis gene that controls GABA levels. Cell 
2003; 114:47-59; PMID:12859897; http://dx.doi.
org/10.1016/S0092-8674(03)00479-3

14. Shimizu KK, Okada K. Attractive and repulsive 
interactions between female and male gametophytes 
in Arabidopsis pollen tube guidance. Development 
2000; 127:4511-8; PMID:11003848

15. Higashiyama T, Yabe S, Sasaki N, Nishimura Y, 
Miyagishima S, Kuroiwa H, et al. Pollen tube attrac-
tion by the synergid cell. Science 2001; 293:1480-
3; PMID:11520985; http://dx.doi.org/10.1126/sci-
ence.1062429

16. Imaishi H, Matsuo S, Swai E, Ohkawa H. CYP78A1 
preferentially expressed in developing inflorescences 
of Zea mays encoded a cytochrome P450-dependent 
lauric acid 12-monooxygenase. Biosci Biotechnol 
Biochem 2000; 64:1696-701; PMID:10993158; 
http://dx.doi.org/10.1271/bbb.64.1696

17. Kai K, Hashidzume H, Yoshimura K, Suzuki H, 
Sakurai N, Shibata D, et al. Metabolomics for the 
characterization of cytochromes P450-dependent 
fatty acid hydroxylation reactions in Arabidopsis. 
Plant Biotechnol 2009; 26:175-82; http://dx.doi.
org/10.5511/plantbiotechnology.26.175

18. Su V, Hsu BD. Transient Expression of the 
Cytochrome p450 CYP78A2 Enhances Anthocyanin 
Production in Flowers. Plant Mol Biol Rep 2010; 
28:302-8; http://dx.doi.org/10.1007/s11105-009-
0153-9

19. Rhee SY, Zhang P, Foerster H, Tissier C, Saito K, 
Dixon RA, et al. AraCyc: Overview of an Arabidopsis 
Metabolism Database and its Applications for Plant 
Research Plant Metabolomics. Plant Metabolomics: 
Saito K, Dixon R, Willmitzer L, ed. Springer Berlin 
Heidelberg 2006; 57:141-54

20. Zhang P, Foerster H, Tissier CP, Mueller L, Paley 
S, Karp PD, et al. MetaCyc and AraCyc. Metabolic 
pathway databases for plant research. Plant Physiol 
2005; 138:27-37; PMID:15888675; http://dx.doi.
org/10.1104/pp.105.060376

21. Peer WA, Brown DE, Tague BW, Muday GK, Taiz 
L, Murphy AS. Flavonoid accumulation patterns of 
transparent testa mutants of arabidopsis. Plant Physiol 
2001; 126:536-48; PMID:11402185; http://dx.doi.
org/10.1104/pp.126.2.536

Acknowledgments

We would like to thank Ravishankar 
Palanivelu for the LAT52::GUS line and 
Ricardo Chávez Montes and Anne-Laure 
Chauvin who both contributed to the 
original work. MSS was supported by 
the Mexican National Council of Science 
and Technology (CONACyT) fellowship 
(229496). This work was financed by the 
CONACyT grants 82826 and 177739, 
CONCyTEG grant 08-03-K662-116, 
support from Langebio intramural funds 
and the FP7 European Union project 
EVOCODE (247587).

References
1. Talon M, Zacarias L, Primo-Millo E. Gibberellins 

and parthenocarpic ability in developing ovaries of 
seedless mandarins. Plant Physiol 1992; 99:1575-
81; PMID:16669076; http://dx.doi.org/10.1104/
pp.99.4.1575

2. Gillaspy G, Ben-David H, Gruissem W. Fruits: A 
Developmental Perspective. Plant Cell 1993; 5:1439-
51; PMID:12271039

3. Ozga J, Reinecke D. Hormonal Interactions in Fruit 
Development. J Plant Growth Regul 2003; 22:73-81; 
http://dx.doi.org/10.1007/s00344-003-0024-9

4. Alabadí D, Blázquez MA, Carbonell J, Ferrándiz C, 
Pérez-Amador MA. Instructive roles for hormones 
in plant development. Int J Dev Biol 2009; 53:1597-
608; PMID:19247940; http://dx.doi.org/10.1387/
ijdb.072423da

5. Dorcey E, Urbez C, Blázquez MA, Carbonell J, Perez-
Amador MA. Fertilization-dependent auxin response 
in ovules triggers fruit development through the 
modulation of gibberellin metabolism in Arabidopsis. 
Plant J 2009; 58:318-32; PMID:19207215; http://
dx.doi.org/10.1111/j.1365-313X.2008.03781.x

6. Sotelo-Silveira M, Cucinotta M, Chauvin AL, 
Chávez Montes RA, Colombo L, Marsch-Martínez 
N, et al. Cytochrome P450 CYP78A9 is involved in 
Arabidopsis reproductive development. Plant Physiol 
2013; PMID:23610218; http://dx.doi.org/10.1104/
pp.113.218214

7. Adamski NM, Anastasiou E, Eriksson S, O’Neill 
CM, Lenhard M. Local maternal control of seed 
size by KLUH/CYP78A5-dependent growth signal-
ing. Proc Natl Acad Sci USA 2009; 106:20115-20; 
PMID:19892740

8. Fang W, Wang Z, Cui R, Li J, Li Y. Maternal con-
trol of seed size by EOD3/CYP78A6 in Arabidopsis 
thaliana. Plant J 2012; 70:929-39; PMID:22251317; 
http://dx.doi.org/10.1111/j.1365-313X.2012.04907.x

9. Vivian-Smith A, Luo M, Chaudhury A, Koltunow A. 
Fruit development is actively restricted in the absence 
of fertilization in Arabidopsis. Development 2001; 
128:2321-31; PMID:11493551

data showed indeed differential accumu-
lation of flavonoids between wild type 
and mutants, other metabolites were also 
differentially accumulated.6 Moreover, 
the es1-D characteristic parthenocarpic 
phenotype was unaffected in the trans-
parent testa 4 (tt4-1) mutant background, 
where the flavonoid pathway is blocked 
and no kaempferol or quercetin is pro-
duced.21 Therefore, the flavonoid altera-
tions observed according to the CYP78A9 
function prediction are not the direct 
cause of the phenotypes observed in the 
gain-of-function mutant.

Conclusions

P450 cytochrome CYP78A9 is involved in 
controlling floral organ size and is impor-
tant during reproductive development. 
Our own data and data on other CYP78A 
family members, suggest that they are 
involved in the synthesis of a novel signal 
other than the known hormones control-
ling fruit-set. Metabolic profiling revealed 
that CYP78A9 is able to alter the fla-
vonoid pathway, though it appears that 
these alterations do not cause the observed 
phenotypes. It has been shown that the 
hormones auxin and GA are essential for 
normal fruit-set. Interestingly, they are 
able to regulate CYP78A9, because hor-
mone treatments caused an altered expres-
sion pattern in pCYP78A9::GUS seedlings 
(this work). Moreover, the communica-
tion between defective es1-D ovules and 
pollen tubes, and therefore fertilization, 
is impaired. Future research on the novel 
role of these genes during reproductive 
development and their possible coordi-
nated action with known growth and 
communication signals will contribute to 
the further understanding of the complex-
ity of the processes that occur before and 
finally lead to fruit-set.
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