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The de-differentiation and re-differentiation programs of 
already differentiated cells are the basis of totipotency, a charac-
teristic unique to plants providing extreme flexibility in fate acqui-
sition. The execution of both programs is generally initiated by 
exogenous and endogenous cues and it is mediated by transcrip-
tional, post-transcriptional, and post-translational mechanisms 
activating signaling cascades. For example, cell de-differentiation 
and embryogenic tissue formation in somatic embryogenesis are 
often triggered by supplementation of auxin, while the re-differ-
entiation step leading to the development of somatic embryos is 
achieved in an auxin-free environment.1 Other hormones, such as 
abscisic acid (ABA), cytokinin (CK), gibberellic acid (GA), eth-
ylene (ET), and brassinosteroid (BR), applied individually or in 
combination, also act as modulators of the de-differentiation/re-
differentiation switch.2-6 The most well characterized example of 
hormone interaction in cell fate specification involves the antago-
nistic link between auxin and CK, which specify the root stem-cell 
niches.7 The interaction between the transcription factor WIND1 
(wound induced de-differentiation 1) and CK has also been impli-
cated in the cell de-differentiation processes.8

Nitric oxide is a transducer of auxin in activating cell divi-
sion during embryogenic cell formation,9 and this process might 
be altered by Hb, an effective scavenger of NO. The expression 
pattern of Hbs has been widely examined in different systems 
in relation to hormone or stress responses.10-15 Investigations 
of how Hb expression patterns contribute to plant develop-
ment, and in particular embryo formation, have been described 
recently. Work from our lab revealed that suppression of 
Arabidopsis Hb2, normally expressed in the explant at the sites 
where embryogenic tissue originates, increased endogenous 
auxin (indole-3-acetic acid, IAA) production and favored the 
formation of somatic embryos.16

Based on the premise that Hbs are effective NO scavengers,17 
a more recent study identified maize Hbs as key determinants in 
the cell death/survival decision during in vitro embryogenesis.18 In 
a model proposed by the authors, suppression of the 2 maize Hbs, 
ZmHb1 and ZmHb2, triggers PCD by favoring the accumulation 
of NO and Zn2+, which through the activation of a mitogen-acti-
vated protein kinase cascade leads to the accumulation of ROS in 
the cells destined to die. While the mode of action of the 2 Hbs 
is similar, their different localization pattern influences somatic 
embryogenesis in opposite ways. While ZmHb1 is expressed in 
many cells of the embryo proper and its suppression results in mas-
sive death and embryo abortion, ZmHb2 is mainly localized in the 
cells anchoring the immature embryos to the embryogenic tissue. 
Removal of these cells by PCD releases the embryos and favors the 
continuation of their developmental program.

To fine-tune development and stress responses employing a 
limited number of mobile growth regulators, plants have devel-
oped mechanisms to differentiate cues in adjacent cells elicited by 
the same growth regulator.17 Toward this end, the close interac-
tion between NO and growth regulators may contribute to this 
differentiation process.19,20 In the case of auxin, the regulation of 
hormone transport is a major factor in determining cell fate, i.e., 
the fate of the cell is determined by the presence or absence of the 
hormone through its transport in that specific domain. In addition 
to being a downstream signaling molecule in the auxin response, 
NO might influence auxin transport, possibly through its regula-
tion by Hbs (Fig. 1).

Cell fate specification by auxin during embryogenesis
The generation of the whole plant from a single cell requires 

the spatial and temporal coordination of cell division, differentia-
tion, and death processes, that are the manifestation of fate acquisi-
tion. During the initial phases of embryogenesis, auxin-mediated 
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Plant hemoglobins (Hbs) have been identified as master regulators in determining the developmental fate of spe-
cific cells during maize embryogenesis. Whether an embryogenic cell lives or undergoes programmed cell death (PCD) 
is modulated by Hbs, through their tight interactions with nitric oxide (NO) and auxin. During maize embryogenesis, 
Hb-suppressing cells accumulate NO, are depleted of auxin, and are committed to die. We propose that Hbs control 
cell fate by regulating NO and auxin homeostasis, and that this type of mechanism may influence other hormonal 
responses modulating plant behavior during development and stress conditions.
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signaling plays a crucial role in cell fate determination.21,22 After 
the first apical division of the zygote, the embryonic pattern is 
largely established and maintained by polar auxin transport (PAT) 
mediated by several PIN members.23 Among the developmental 
processes influenced by auxin are the basal-cell lineage specifica-
tion of the embryo and the differentiation of the suspensor.22 The 
ontogeny, development, and dismantling by PCD of the suspen-
sor are the best studied examples of the influence exercised by a 
plant growth regulator, i.e., auxin, on the fate of a whole organ.24 
Moreover, the antagonistic interaction between auxin and CK dur-
ing early embryogenesis is also critical for the specification of the 
root stem-cell niche.7 The participation of a more complex hor-
mone network, involving ABA and JA, acting in conjunction with 
auxin and CK in the specification of the embryonic poles cannot 
be excluded.25

Involvement of Hbs in the auxin-mediated cell fate 
determination

Auxin occupies a central role in the fate specification of 
embryogenic cells.26 The identification of early master regulators 
influencing the auxin response is, therefore, essential to under-
stand cell behavior. Synergistic effects of auxin and NO have been 
documented in several systems and are not only limited to the 
establishment of the embryonic body plan, but also to the forma-
tion of adventitious roots and root nodules.9,19 Speculations on the 
interaction between auxin and the NO-scavenging Hbs have been 
proposed,17 and evidence that modifying the expression of a spe-
cific Hb modulates several auxin-mediated morphogenic events in 
Arabidopsis has been demonstrated.16

Suppression of the Arabidopsis Hb2 stimulates auxin production 
in specific cells through a process initiated by an elevation in NO 
which downregulates the transcription factor MYC2, an auxin bio-
synthetic inhibitor.27 In addition to repressing auxin levels, MYC2 
is a master regulator of several other growth regulators, including 
jasmonic acid (JA), salicylic acid (SA), GA, and ABA.28 In refer-
ence to these observations, unpublished data from our lab indicates 
that the changes in Arabidopsis embryogenic cell fate are the result 

of an elevation in JA, in the same cells where Hb2 is suppressed and 
auxin levels elevated. Furthermore, the results with the monocot 
maize system demonstrate that the sites of expression of ZmHb1 
and ZmHb2 are instrumental factors in determining the develop-
mental fate, either survival or death, of specific embryogenic cells.18

The distinct Hb-initiated regulatory mechanisms in either 
Arabidopsis, with respect to cell-specific auxin enrichment,16 or 
maize, with respect to the cell lineage-specific survival/death 
decision,18 reveal differences in Hb action between monocots 
and dicots. While suppression of Hb increases auxin level in 
Arabidopsis,16 it decreases it in maize where cells committed to 
die by PCD can be visualized by a reduced or absent auxin sig-
nal (Fig. 2). The induction of PCD following depletion of auxin 
has also been shown in other systems.29 Despite these different 
responses operating among species, it is apparent that expression 
(or repression) of a specific Hb influences cell fate by modulating 
hormone synthesis and possibly response in a process modulated 
by NO. Thus we proposed that in the maize embryogenic system 
cells suppressing ZmHb1 or ZmHb2 have increasing levels of NO, a 
reduced auxin content, and are destined to die by PCD. However, 
the dynamics of the Hb-regulated cell fate switch may require 
other intermediates, as previous studies from our lab revealed that 
suppression of Hb increases ethylene production in maize embryo-
genic suspension cultures,30 and overexpression of Hb1 and Hb2 
favors the in vitro formation of shoots in Arabidopsis by enhancing 
cytokinin sensitivity.31 In addition, as implied by the diversity of 
putative cis-regulatory elements in the maize Hb promoters,32 and 
in the participation of Hbs in pathogen plant interaction,33 future 
efforts should be focused on establishing the factors responsible for 
the specific localization of different Hbs in distinct domains of the 
same tissue, and the involvement of Hbs in diverse developmental 
and stress-related responses through the modulation of NO and its 
interaction with plant growth regulators.
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Figure  1. Immunolocalization of ZmPIN1 proteins in immature somatic maize embryos downregulating ZmHb1 or ZmHb2. Compared with WT 
embryos (A) where ZmPIN1 is mainly localized in the basal domains, in embryos suppressing ZmHb1 (B) the fluorescent signal is restricted to the 
apical layers of cells. ZmPIN1 is expressed throughout the ZmHb2 suppressing embryos (C). Scale = 30μm.
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Figure 2. Immunolocalization of the auxin IAA in immature somatic maize embryos downregulating ZmHb1 or ZmHb2. Compared with WT (A) where 
IAA is present through the whole embryo, in embryos suppressing ZmHb1 (B) the signal is restricted to the apical layers of cells. Sub-apical cells are 
depleted of IAA (C). In embryos downregulating ZmHb2 (D) IAA localizes in all the embryonic cells with the exclusion of “anchor cells” connecting 
the immature embryos (E). Cells depleted of IAA are most likely those suppressing the respective ZmHbs and destined to die (compared with Figure 
1 and 3 in Huang et al., 2014). Scale = 30μm.
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