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In most non-photosynthetic eukaryotes 
it has been demonstrated a conserved 

signal transduction pathway, namely 
TOR-S6K, that coordinates growth 
and cell proliferation. This pathway 
targets the translational apparatus to 
induce selective translation of ribosomal 
mRNAs as well as stimulate the cell cycle 
transition through the G

1
/S phase. Thus, 

by activation of this pathway through 
environmental signals, nutrients, stress 
or specific growth factors, such as insu-
lin or insulin-like growth factors (IGF), 
this pathway allows organisms to regu-
late growth and cell division. In plants, 
evidence has shown that TOR protein 
has been highly conserved through evo-
lution, being involved in growth and cell 
proliferation control as well. Particularly 
in maize, a peptide named ZmIGF has 
been found in actively growing tissues. 
It targets the maize TOR pathway at the 
same extent as insulin and, by doing so it 
induces growth, as well as ribosomal pro-
teins and DNA synthesis. Thus, higher 
metazoans and plants seem to conserve 
similar biochemical paths to regulate cell 
growth through equivalent targets that 
conduce to activation of the TOR-S6K 
pathway. Recent research shows evidence 
that supports this proposal by uncover-
ing the ZmIGF receptor in maize, pro-
viding further means for analyzing the 
role of the conserved TOR signaling 
pathway in this plant.
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has been reported for both, animals1,2 and 
plants.3,4 It is referred as the TOR path-
way and it is well characterized in no 
photosynthetic eucaryotes. Several inputs 
such as nutrients, stress, cell energy level 
and growth factors stimulates or represses 
this signaling network,5-7 where the ser-
ine/threonine protein kinase TOR plays 
a central role. Insulin and insulin-like 
growth factors (IGFs) are effectors of this 
growth regulatory pathway,8 which selec-
tively activates the translational machin-
ery regulating protein synthesis, ribosome 
biogenesis and ultimately cell growth.9-11 
In plants, an increasing number of reports 
describing several components of the TOR 
pathway, such as TOR, RAPTOR and 
S6K1 and S6K2 kinases5,12,13 and other 
proteins involved in regulate TOR activ-
ity, such as FKBP12,14 or the translation-
ally controlled tumor protein (TCTP),15 
are found across the literature (Fig. 1). 
Particularly in maize, orthologs of TOR 
and S6K kinases have been described and 
characterized.13,16 However, there are few 
reports regarding the plant growth factor 
that activates this pathway. Our research 
group has, recently found and isolated a 
small peptide from actively growing maize 
tissues, namely the maize insulin-like 
growth factor (ZmIGF),17 that has proved 
to perform this role. Indeed, ZmIGF as 
well as insulin, have shown to stimulate 
growth through the TOR signal trans-
duction pathway13 as well as to increment 
DNA and protein synthesis in maize seed-
lings and callus.4,18 Further, this factor 
stimulates cell mitotic transition from G

1
 

to S phase on geminating seeds (unpub-
lished data). Moreover ZmIGF as well 
as insulin induce phosphorylation of the 



676	 Plant Signaling & Behavior	 Volume 7 Issue 6

3.	 Robaglia C, Menand B, Lei Y, Sormani R, Nicolaï 
M, Gery C, et al. Plant growth: the translational 
connection. Biochem Soc Trans 2004; 32:581-4; 
PMID:15270681; http://dx.doi.org/10.1042/
BST0320581.

4.	 Dinkova TD, Reyes de la Cruz H, García-Flores C, 
Aguilar R, Jiménez-García LF, Sánchez de Jiménez 
E. Dissecting the TOR-S6K signal transduction 
pathway in maize seedlings: relevance on cell growth 
regulation. Physiol Plant 2007; 130:1-10; http://
dx.doi.org/10.1111/j.1399-3054.2007.00862.x.

5.	 Mahfouz MM, Kim S, Delauney AJ, Verma DP. 
Arabidopsis TARGET OF RAPAMYCIN interacts 
with RAPTOR, which regulates the activity of S6 
kinase in response to osmotic stress signals. Plant Cell 
2006; 18:477-90; PMID:16377759; http://dx.doi.
org/10.1105/tpc.105.035931.

6.	 Liao XH, Majithia A, Huang X, Kimmel AR. 
Growth control via TOR kinase signaling, an intra-
cellular sensor of amino acid and energy availabil-
ity, with crosstalk potential to proline metabolism. 
Amino Acids 2008; 35:761-70; PMID:18651095; 
http://dx.doi.org/10.1007/s00726-008-0100-3.

7.	 Petersen J. TOR signalling regulates mitotic com-
mitment through stress-activated MAPK and Polo 
kinase in response to nutrient stress. Biochem Soc 
Trans 2009; 37:273-7; PMID:19143645; http://
dx.doi.org/10.1042/BST0370273.

8.	 Giannakou ME, Partridge L. Role of insulin-like 
signalling in Drosophila lifespan. Trends Biochem 
Sci 2007; 32:180-8; PMID:17412594; http://dx.doi.
org/10.1016/j.tibs.2007.02.007.

9.	 Vanhaesebroeck B, Alessi DR. The PI3K-PDK1 con-
nection: more than just a road to PKB. Biochem J 
2000; 346:561-76; PMID:10698680; http://dx.doi.
org/10.1042/0264-6021:3460561.

10.	 Ruvinsky I, Sharon N, Lerer T, Cohen H, Stolovich-
Rain M, Nir T, et al. Ribosomal protein S6 phos-
phorylation is a determinant of cell size and glu-
cose homeostasis. Genes Dev 2005; 19:2199-211; 
PMID:16166381; http://dx.doi.org/10.1101/
gad.351605.

11.	 Deprost D, Yao L, Sormani R, Moreau M, Leterreux 
G, Nicolaï M, et al. The Arabidopsis TOR kinase 
links plant growth, yield, stress resistance and 
mRNA translation. EMBO Rep 2007; 8:864-70; 
PMID:17721444; http://dx.doi.org/10.1038/
sj.embor.7401043.

12.	 Menand B, Desnos T, Nussaume L, Berger F, 
Bouchez D, Meyer C, et al. Expression and disrup-
tion of the Arabidopsis TOR (target of rapamycin) 
gene. Proc Natl Acad Sci USA 2002; 99:6422-
7; PMID:11983923; http://dx.doi.org/10.1073/
pnas.092141899.

13.	 Reyes de la Cruz H, Aguilar R, Sanchez de Jimenez 
E. Functional characterization of maize ribosomal S6 
protein kinase (ZmS6K), a plants ortholog of metha-
zoan p70 (S6K). Biochem 2004; 43:533-9; http://
dx.doi.org/10.1021/bi035222z.

14.	 Sormani R, Yao L, Menand B, Ennar N, Lecampion 
C, Meyer C, et al. Saccharomyces cerevisiae FKBP12 
binds Arabidopsis thaliana TOR and its expression in 
plants leads to rapamycin susceptibility. BMC Plant 
Biol 2007; 7:26-33; PMID:17543119; http://dx.doi.
org/10.1186/1471-2229-7-26.

15.	 Berkowitz O, Jost R, Pollmann S, Masle J. 
Characterization of TCTP, the translationally con-
trolled tumor protein, from Arabidopsis thaliana. 
Plant Cell 2008; 20:3430-47; PMID:19060111; 
http://dx.doi.org/10.1105/tpc.108.061010.

16.	 Agredano-Moreno LT, Reyes de la Cruz H, Martínez-
Castilla LP, Sánchez de Jiménez E. Distinctive 
expression and functional regulation of the maize 
(Zea mays L.) TOR kinase ortholog. Mol Biosyst 
2007; 3:794-802; PMID:17940662; http://dx.doi.
org/10.1039/b705803a.

both, ZmIGF or insulin, compete for the 
membrane receptor site, within the maize 
calli cells before internalizing the signal 
(in preparation).

In summary, the maize growth factor 
ZmIGF or insulin, targets TOR pathway 
in plants, as well as in animals, suggest-
ing high conservation for the effector and 
the receptor structures. Taken together all 
these data indicate that an ancient pep-
tide such as insulin, or its analog ZmIGF, 
regulates growth and cell division by tar-
geting animal as well as plant membrane 
receptors, suggesting high conservation 
of the TOR pathway in photosynthetic 
as well as non-photosynthetic eukaryotes 
from yeast through mammals and plants.
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TOR and S6K kinases, main components 
of this pathway (Fig. 1), and accelerate the 
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somal proteins.
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