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Plant natriuretic peptides (PNPs) are 
signaling molecules that are secreted 

into the apoplast particularly under con-
ditions of biotic and abiotic stress. At the 
local level, PNPs modulate their own 
expression via feed forward and feedback 
loops to enable tuning of the response 
at the transcript and protein level and 
to prevent overexpression. PNPs also 
employ a systemic signal, possibly elec-
trical, to rapidly alter photosynthesis and 
respiration not only in treated leaves but 
also in upper and lower leaves thereby 
modulating and integrating physiologi-
cal responses at the level of the whole 
plant.

Plant natriuretic peptides (PNPs) are 
immunological analogs of mamma-
lian atrial natriuretic peptides that have 
homeostatic roles in plants. We have 
previously demonstrated that PNPs and 
PNP analogs have an emerging role in the 
regulation of ion fluxes, stomatal move-
ment and fluid circulation in plants.1,2 
In addition, PNP affects plant biological 
activities such as photosynthesis and respi-
ration both locally and at long distances.3-5 
Moreover, we recently demonstrated that 
PNPs were secreted into the apoplast and 
their expression was upregulated under 
several stress conditions and impor-
tantly PNP was able to modulate its own 
expression.6 Therefore, here we attempt 
to further address the control mecha-
nisms of PNP production in planta and 
the relationship between PNP and plant 
homeostasis.
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Feedback-Regulation  
of PNP Production

Using a “promoter-reporter” assay, where 
the AtPNP-A promoter controls luciferase 
expression (Fig. 1), we show that AtPNP-A 
can modulate its own gene expression. 
At the lower concentration AtPNP-A 
promoted its expression, while at higher 
concentrations, AtPNP-A repressed its 
expression. Apparently, the control system 
of AtPNP-A promoter operates via a feed-
back loop to prevent excessive AtPNP-A 
production. A reasonable explanation to 
this control system may be that in the 
initial stage AtPNP-A induces itself via 
positive feedback. Thereby AtPNP-A can 
be amplified in a very short time. Such a 
biosynthetic pathway which is promoted 
by end-products reflects the importance 
of rapid hormone accumulation for signal-
ing on demand. However, when AtPNP-A 
production reaches the threshold level, 
the self-regulation turns to negative feed-
back to suppress continued expression of 
AtPNP-A thereby avoiding any harmful 
effects from overexpression. Consistently, 
there are similar reports on the positive 
and negative feedback of ethylene,7 abscisic 
acid8 and brassinosteroids9 on their own 
expression. Most plant hormones are bio-
logically active within a certain concentra-
tion range. Hormone-expressed genes are 
often involved in a quantitative control to 
initiate a qualitative change.10 For effec-
tive coordination, hormone levels need 
to be modulated in a rather complicated 
network of operations.11 This means that 
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but given the velocity, we have hypoth-
esized that it could be electrical.5 Long 
distance electrical signaling can invoke 
action potentials or variation potentials.22 
Action potentials are phloem transmitted 
rapid self-propagating waves of membrane 
depolarization with constant velocity and 
amplitude. The membrane depolarization 
is likely to be caused by an initial Ca2+ 
influx that is strengthened by Cl- efflux 
followed K+ efflux required for re-polar-
ization mediated by voltage gated chan-
nels. Variation potentials are due to local 
changes in membrane potential possibly 
caused by ligand activated channels or 
loss of hydraulic pressure from the xylem. 
Variation potentials do not involve volt-
age gated channels and their amplitude 
and velocity alters with distance from the 
stimulus and they have longer and more 
delayed repolarization periods than action 
potentials. The “electrical signal” hypoth-
esis is supported by the previous findings 
that PNPs can cause rapid and significant 
membrane depolarization,23 induce rapid 
ion fluxes24,25 as well as promote the move-
ment of water out of the xylem.26

In conclusion, since local increases 
of PNP can have marked influences on 
plant function distantly,5 it therefore 
becomes evident that for the plant it is 
highly important to maintain levels of 
PNP within a defined range at the local 
level where it is produced. Hence rapid 
responses in the leaves to abiotic or biotic 
stresses will increase transcription and 
production of PNP at the local level.6 This 
in turn will result in “electrical” signals 
altering distant plant homeostasis events 
such as dark respiration and photosyn-
thetic rates5 so that plant homeostasis is 
modulated to respond the stress.
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dynamic equilibrium of the total PNP 
pool in circulation. Protein degradation 
is an essential mechanism for cells to 
manipulate component homeostasis and 
to maintain cellular behaviour. Excessive 
proteins are usually rapidly degraded in 
cells. Thus protein processing has the 
possibility to simultaneously include syn-
thesis and degradation. In terms of PNP, 
both the protein synthesis and degrada-
tion need to be considered equally so that 
the activity of PNP in cells can be defined 
properly.

The ubiquitin proteasome system is 
a common biological process for degra-
dation of major proteins in eukaryotic 
cells.17 A broad array of cellular activi-
ties including cell cycle, DNA repair, 
cell growth and differentiation, protein 
quality control and regulation of recep-
tors (membrane and intracellular) and ion 
channels are regulated by the ubiquitin 
proteasome system.11,18 The system works 
via enzymes that attach ubiquitin pro-
teins to target proteins, and subsequently 
subject the target proteins for degrada-
tion.17,19 The ubiquitin proteasome system 
is probably involved in PNP degradation, 
although other subcellular sites for protein 
degradation include lysosomes and vacu-
oles in plants.20 Receptor degradation is 
an important control mechanism in plant 
signaling and ligand degradation is also 
likely to be important. For instance, the 
auxin receptor, TIR1 is a member of the 
Skp1/Cullin/F-box ubiquitin ligase (E3) 
family and so regulates degradation of 
auxin regulated transcription factors.21

PNP as a Systemic Signal  
for Plant Homeostasis

AtPNP-A also is involved in signaling 
long distances within the plant. AtPNP-A 
application to leaves rapidly increases 
the rate of dark respiration after ≥5 min. 
Interestingly, increases in respiration also 
occur in lower leaves followed with a lag 
time of ≥10 min in the upper and sub-
sequently (after ≥15 min) the opposite 
leaves. This response pattern is indicative 
of a signal with phloem mobility that rap-
idly influences plant homeostasis in distal 
parts.5

The exact nature of the long dis-
tance signal is still under investigation, 

turning on transcription regulators and 
turning off negative controllers can hap-
pen at the same time, and vice versa. 
Perhaps, this is a universal rule in the 
plant hormone regulation.

Our previous report in reference 6 
demonstrated that the wave of gene 
expression of PNP-A did not always cor-
respond to the wave of PNP-A produced 
at the protein level. Such unmatched 
production between RNA and protein 
is probably related to distinctive control 
mechanisms for different expression lay-
ers in biological organisms. Plants may 
adopt a similar receptor-mediated system 
as animals12 to maintain the appropriate 
amount of PNP. Certain amount of PNP 
can bind to a receptor conceivably with a 
cytosolic guanylate cyclase domain13 that 
could allow signaling via the second mes-
senger cGMP.14 The downstream actions 
of cGMP consequently lead to a series of 
biological changes.15,16 Meanwhile, the 
concentration and distribution of PNP 
may be regulated by a clearance recep-
tor. Once the clearance receptor binds to 
PNP, the “ligand-receptor” complex will 
be internalized into the cell and disasso-
ciated. Then PNP is degraded while the 
receptor recycles back to plasma mem-
brane. Such a clearance receptor may be 
an important player in controlling the 

Figure 1. Effect of AtPNP-A treatment on its 
own expression. LUC activity was measured 
in protoplasts transfected with ProPNP-A:LUC 
fusion constructs after 18 h incubation with 
different concentrations of purified recom-
binant AtPNP-A as described previously in 
reference 6. Columns with different letters 
were significantly different from the others 
(p < 0.05; one way ANOVA followed by Tukey-
Kramer post test).
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