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ABSTRACT
Polyamines (PAs) are polycationic compounds found in all living organisms and play crucial roles in growth
and survival. PAs interact with and modulate the functions of anionic macromolecules such as DNA, RNA
and proteins. LHR1/PUT3 is a polyamine influx transporter localized in the plasma membrane in
Arabidopsis. In our recent paper in The Plant Journal,1 we demonstrated that LHR1/PUT3 has a pivotal role
in stabilizing the mRNAs of several important heat stress responsive genes under high temperature. In this
short communication, we discuss about a putative pathway for modulating the PUT3 transport activity
and the significance of evolutionary variations in PUT3 in Arabidopsis.
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LHR1/PUT3 is localized in the plasma membrane and mediates
cellular uptake of polyamines (PAs) in Arabidopsis. Unlike the
signaling via activating MAPK pathways or producing ROS in
response to heat stress,2 fast elevation of the cellular concentra-
tions of PAs through LHR1/PUT3 thus stabilizing the existing
heat stress-induced mRNAs could be a quick response to high
temperature. Although how PAs stabilize mRNAs is still a
question to be addressed, our findings suggest that PAs func-
tion selectively in mRNAs under heat stress. Exogenously
applied PAs seemed only reduce degradation of the transcripts
with relatively short half-life, such as HSFA2, HSP101 and
HSP70 transcripts, whereas HSP18.2 and HSP17.4Cl transcripts
with relatively long half-life did not show an increase of mRNA
stability by PA treatment. RNA-seq analysis also indicated that,
after 2 hours heat treatment, the expression levels of most of
the HSP100 and HSP70 genes are much lower in lhr1/put3
mutant, while the transcripts of most HSP40 and HSP20 genes
showed comparable or even higher expression levels in the
lhr1/put3 mutant than that in the wildtype. Analysis of the
induction and decline of HSP gene transcripts by using
the publicly available data from AtGenExpress(http://jsp.weigel
world.org/expviz/expviz.jsp) revealed that some of the HSP100
and HSP70 genes transcripts indeed have shorter half-life than
that of the HSP20 genes, as exemplified in Fig. 1. The heat-
induced mRNAs of At1g74310 (HSP101) and At2g32120
(HSP70T-2) declined to nearly basal level after 1 hour recovery
at room temperature. Nevertheless, At3g46230 (HSP17.4) and
At1g59860 (encoding a HSP20-like protein) transcripts
declined much slower during recovery at room temperature.
These results suggest that cellular PAs may selectively stabilize
heat-induced mRNAs with relatively short half-life.

In yeast, 4 plasma membrane transporters, DUR3, SAM3,
GAP1 and AGP2, and 2 protein kinases, PTK1 and PTK2, were
found to modulate polyamine uptake.3 PTK2 was identified to
phosphorylate thus regulate the activity of the polyamine

uptake transporter DUR3. Homology search has identified a
group of CIPKs (CBL-Interacting Protein Kinases) including
SOS2 (CIPK24) in Arabidopsis sharing significant similarity
with the yeast PTK2. SOS2, together with SOS1 and SOS3, con-
stitute a so-called SOS signaling pathway that plays a crucial
role in plant salt resistance.4 Interestingly, both sos1 and sos2
mutant seedlings exhibited paraquat resistant phenotype as
lhr1/put3 mutant did (Fig. 2). In addition, RCD1, a regulator of
oxidative stress response, was found to interact with the
C-terminal tail of the plasma membrane NaC/HC antiporter
SOS1, and rcd1 mutant also showed paraquat resistance.5,6

Based on these findings, we hypothesize that SOS2 may func-
tionally resemble the yeast PTK2 and phosphorylate LHR1/
PUT3 to activate its transport activity, while SOS1 may serve as
a harbor to recruit SOS2 to the plasma membrane and RCD1
perhaps functions as a regulator for the complex formation.
Our ongoing research is attempting to verify this hypothesis by
using genetic and biochemical studies.

The LHR1/PUT3 gene exhibits allelic variations in natural
populations in Arabidopsis, and 5 out of 22 tested ecotypes
have a non-functional PUT3 allele (put3-).7 It was found
that all these 5 ecotypes originated from northern latitudes
or at high elevations, where stress-inducible high tempera-
tures are rare. Thus, loss of function of PUT3 gene in these
ecotypes may be associated with disuse of this gene for high
temperature response during evolution. We also found that 4
out of these 5 ecotypes with put3- alleles showed extremely
late flowering under long-day photoperiod and requires
lengthy vernalization treatment of flowering. This observa-
tion further supports that put3- ecotypes may be originated
from cold zones and have evolved mechanisms to cope with
long-time low temperatures for flowering time control. It
would be interesting to address whether loss of function of
PUT3 gene is only because it is evolutionarily disposable
since high temperature stress has not been a stress factor for
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these ecotypes and/or nonfunctional PUT3 is also associated
with vernalization and flowering.
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Figure 1. Relative expression levels of some heat-inducible HSP genes in root and green tissue of Arabidopsis after heat stress treatments and recovery at room tempera-
ture. Blue line represents gene expression level in green tissue and red line represents gene expression level in root. Shown are normalized values relative to the values
of 0.25 hour heat treatment. 1. 38�C treatment of 0.25 hour; 2. 38�C treatment of 0.5 hour; 3. 38�C treatment of 1 hour; 4. 38�C treatment of 3 hours; 5. 3-hour 38�C treat-
ment followed by 1 hour recovery at 25�C; 6. 3-hour 38�C treatment followed by 3 hour recovery at 25�C; 7. 3-hour 38�C treatment followed by 9 hour recovery at 25�C;
8. 3-hour 38�C treatment followed by 21 hour recovery at 25�C.

Figure 2. The lhr1/put3, sos1 and sos2 mutant showed paraquat resistant pheno-
type. Five-day-old seedlings grown in 1/2 MS agar medium were transferred to the
same medium supplemented with 0.1 mM paraquat. Picture was taken at the 10th
day after the transfer. Primary root growth shows the sensitivity of the genotypes
to paraquat. WT, Col-0 wild type; Col-gl1, Col-0 with the gl1 mutation. The lhr1
mutant is in the background of Col-0, while sos1 and sos2 mutants are in the back-
ground of Col-gl1.
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