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1 | INTRODUCTION
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Abstract

Biomarker metabolites are of increasing interest in crops since they open avenues for
precision agriculture, whereby nutritional needs and stresses can be monitored opti-
mally. Putrescine has the potential to be a useful biomarker to reveal potassium (K*)
deficiency. In fact, although this diamine has also been observed to increase during
other stresses such as drought, cold or heavy metals, respective changes are compa-
rably low. Due to its multifaceted biochemical properties, several roles for putrescine
under K* deficiency have been suggested, such as cation balance, antioxidant, reac-
tive oxygen species mediated signalling, osmolyte or pH regulator. However, the spe-
cific association of putrescine build-up with low K" availability in plants remains
poorly understood, and possible regulatory roles must be consistent with putrescine
concentration found in plant tissues. We hypothesize that the massive increase of
putrescine upon K* starvation plays an adaptive role. A distinction of putrescine func-
tion from that of other polyamines (spermine, spermidine) may be based either on its
specificity or (which is probably more relevant under K* deficiency) on a very high
attainable concentration of putrescine, which far exceeds those for spermidine and
spermine. putrescine and its catabolites appear to possess a strong potential in con-
trolling cellular K* and Ca®*, and mitochondria and chloroplasts bioenergetics under

K* stress.

KEYWORDS

deficiency, ion balance, polyamines, potassium, putrescine

Biomarker metabolites that are tractable using metabolomics are
of potential importance in crop management, not only to follow devel-

Putrescine, spermine and spermidine are dominant polyamine species,
naturally found in all organisms. It is now more than 65 years since
putrescine was found to accumulate under K* deficiency in plants
(Coleman & Hegartv, 1957; Coleman & Richards, 1956; Richards &
Coleman, 1952). In fact, when K* availability is low or very low in the
nutrient solution or in soil, putrescine accumulates in several parts of
the plant, particularly in leaves, to levels that can be up to 150 times
higher than the normal content under K*-sufficient conditions. As
such, putrescine is one of the first metabolic biomarkers that has been

discovered in the history of plant physiology.

opmental stages, but also to monitor disease progression, nutritional
needs or abiotic stresses (for a recent review, see [Alexandersson,
Jacobson, Vivier, Weckwerth, & Andreasson, 2014]). Here, putrescine
is an interesting candidate to detect K" deficiency situations, as
suggested back in the 80s (Smith, 1984). Leaf metabolic biomarkers
would be extremely useful to adjust cropping practices and in particu-
lar, K* fertilization. In effect, the simple measurement of K* levels in
leaves can be insufficient to characterize the ion status of crops and
thus to detect K* deficiency. This is typically the case in oil palm

(Elaeis guineensis, a high K*-demanding species) where variations in
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leaf potassium elemental content are relatively small even though K*
availability may vary widely.

Putrescine is synthesized from ornithine, either via the direct
route involving ornithine decarboxylase (ODC) or the indirect route
that involves arginine decarboxylase (ADC) (Figure 1; Slocum,
2005). Metabolomics studies on Arabidopsis have suggested that
putrescine and ornithine are positively correlated with growth
(Meyer et al., 2007) and ADC activity is essential for root growth
(Watson, Emory, Piatak, & Malmberg, 1998). In tobacco, the ODC
pathway is believed to be related to growth and proliferation,
whereas the ADC pathway seems to be associated with morpho-
genesis and stress response (Masgrau et al., 1997). However, the
putrescine biosynthetic pathway depends on the plant species. For
example, Arabidopsis lacks ODC and thus synthesize putrescine
from arginine only (Hanfrey, Sommer, Mayer, Burtin, & Michael,
2001). Most other species have both enzymes, with varying propor-
tions of the biochemical route used. For example, in oil palm there is
a quantitative decrease in ornithine with no appearance of interme-
diates (like arginine) when putrescine accumulates (Figure S1a),
suggesting that the direct route is used. Similarly, in sunflower
leaves, both ornithine and putrescine accumulate under K* defi-
ciency (Figure S1b) and putrescine generally anticorrelates with
arginine (Figure S2), suggesting a competition between arginine and
putrescine synthesis from ornithine and therefore, the direct route
of putrescine biosynthesis. In response to low K* conditions,
Poaceae generally synthesize putrescine via ADC (see e.g., [Young &
Galston, 1984]).

Despite its widespread accumulation (Table 1), the precise

role played by putrescine under K* deficiency remains some-
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FIGURE 1

what enigmatic. There are several reasons to explain this limita-
tion. First, several biochemical roles are in principle possible
(described below). Second, putrescine (as other polyamines) has
been found to accumulate (although to a lower extent and less
systematically) under stress conditions other than K* deficiency,
suggesting it is part of a more general stress response (Table 1).
Third, putrescine accumulation is metabolically ‘expensive’
because it requires ATP, redox power (NADPH) and assimilated
nitrogen (that might be limiting under K* deficiency because of
altered nitrate circulation). Using the direct route, the overall
equation gives:

2 glutamate + ATP + NADPH — putrescine + CO, + 20G + NADP + ADP + Pi

where 20G stands for 2-oxoglutarate. The overall equation with the
indirect route is even more expensive in terms of consumed ATP, as
follows (assuming that fumarate is recycled via NAD-dependent
malate dehydrogenase and that carbamoyl phosphate is synthesized
de novo):

2 glutamate + 4 ATP + NADPH + NAD —
putrescine + CO, + 20G + NADP + NADH + 4 (ADP + Pi).

Considering such an energy requirement, the function of putres-
cine should be of considerable importance. In this short review, we
briefly describe possible roles of putrescine, and summarize data that
help defining most likely and specific roles of putrescine under K*

deficiency.
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\
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Simplified metabolic pathway of putrescine synthesis and utilization. (a) Chemical structure of putrescine. Note that it contains

two N atoms and four C atoms, that all come from glutamate. (b) Pathways showing the direct route starting from glutamate via ornithine (black),
putrescine synthesis via arginine (grey) and other polyamines synthesis (blue). Cofactors and other compounds involved in reactions are shown in
green or light turquoise. The alternative use of N-acetylornithine as an acetyl donor is shown in dashed green. The recycling of fumarate via the
Krebs cycle and aspartate synthesis, and the recycling of ammonium by carbamoyl phosphate synthase are shown in dotted light turquoise.
Abbreviations: 20G, 2-oxoglutarate; ADC, arginine decarboxylase (chloroplastic); CP, carbamoyl phosphate; NAG, N-acetyl glutamate; NAGSA, N-
acetyl glutamate semialdehyde; ODC, ornithine decarboxylase (cytosolic); P-NAG, phospho-N-acetyl glutamate; SAE, S-adenosyl methioninamine;

SAM, S-adenosyl methionine; SMTA, S-methyl thioadenosine
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PUTRESCINE ROLES UNDER K" DEFICIENCY

TABLE 1 Summary and list of abiotic stress situations where putrescine quantity varies in plants

Tabulated summary

5 WILEY_| %%

Stress Do other polyamine accumulate? Change in putrescine content
K deficiency No in most cases x3-%x150
Osmotic shock Variable x2-x14
Drought No, except in drought-tolerant plants? ~X2
Salinity (NaCl) Yes in most cases Generally decreases
Other stresses Generally yes if mineral nutrition also x2-x10
impacted (heavy metals, N, etc.)
Full table (with references):
Do other polyamines Observed fold change in
Stress Species and tissue accumulate? putrescine References
K deficiency
Various Unknown Unknown (based on Coleman and Richards (1956); Richards
colorimetric assays at and Coleman (1952); Smith and
that time) Richards (1962)
Various No (except in radish) Upto 8 Basso and Smith (1974)
Arabidopsis No 5 Watson and Malmberg (1996)
Pea Yes (spermidine, Up to 27 (depending on Klein, Priebe, and Jiger (1979)
slightly) NH,* nutrition)
Blackcurrant leaves Unknown Very high (undetectable Murty, Smith, and Bould (1971)
at high K)
Tobacco leaves Unknown Up to 11 (radioactivity Yoshida (1969)
upon isotopic arginine
feeding)
Grapevine leaves No 5.5 Adams, Franke, and Christensen (1990)
Lucerne Unknown Up to 150 Smith, Lauren, Cornforth, and Agnew
(1982)
Scots pine needles No Up to 100 Sarjala and Kaunisto (1993)
Lemna species Unknown ~10 or 100 (depends on Tachimoto, Fukutomi, Matsushiro,
species) Kobayashi, and Takahashi (1992)
Scots pine seedlings No change (roots) or Upto9 Sarjala (1996)
decline (needles)
Tomato leaves No 5? Corey and Barker (1989)
Poplar roots and leaves No (spermine declines) 25 (leaves), 80 (roots) Houman, Godbold, Majcherczyk,
Shasheng, and Hittermann (1991)
Banana vitroplants Slightly (spermidine) Up to 30 Zaidan, Broetto, de Oliveira, Gallo, and
Crocomo (1999)
Barley leaves Slightly (agmatine) Up to 30 Sinclair (1969)
Gentiana shoots Transiently 56 Takahashi, Imamura, Miyagi, and
(spermidine) Uchimiya (2012)
Tomato roots No 13 Sung et al. (2015)
Qil palm leaves No 10 Cui, Davanture, Zivy, Lamade, and
Tcherkez (2019)
Sunflower leaves No 35 Cui, Abadie, Carroll, Lamade, and
Tcherkez (2019)
Rice cells No (decrease) 3 Sung, Liu, and Kao (1994)
Sesame leaves Unknown (citrulline 9 Crocomo and Basso (1974)
and ornithine also
increase)

(Continues)
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(Continued)

Full table (with references):
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Stress
Osmotic shock

Sorbitol

Polyethylene
glycol

Various
osmotica

Mannitol

Drought/water
deficit

Salt stress (NaCl)

Species and tissue

Cereal leaves
Rice leaves

Oat leaves

Arabidopsis leaves

Wheat leaves

Tobacco leaves

Potato cultured cells

Oat leaves

Wheat

Barley leaves

Rice leaves

Arabidopsis

Resurrection plant

Soybean leaves

Olive tree roots

Soybean roots
Arabidopsis flowers

Tomato leaves

Rice seedling roots
Sunflower xylem sap
Arabidopsis

Rice shoots

Various seedlings

Sunflower seedlings

Arabidopsis

Do other polyamines
accumulate?

No
Unknown

No (slight decrease)

Yes (spermine)

Yes (spermidine)

Unknown

No

No

Yes (cadaverine,
spermine)

No (spermidine
decreases)

No
No

Transient increase in
spermidine and then
declines.

Yes

Yes (spermine).
Spermidine
decreases.

Yes

Yes
Yes (spermidine)

Yes (spermine). No
change in
spermidine.

Unknown

Yes (spermidine)
Yes (both)
Variable

Yes

No (decrease)

Yes (spermidine).
Spermine decreases.

Observed fold change in
putrescine

2to 10
2.5

Up to 4 (no change if
turgor maintained)

Upto 3
Upto 3

2

14 (only insoluble
conjugated putrescine)

Upto5

Up to 3 (in leaves)

1.5
Does not change

1.7 (transient increase)

Upto 3

Decreases

~1.3

Decreases
Decreases

Decreases

Decreases
Upto 2.5
Does not change
Upto 1.5

Decreases

Decreases

Decreases

References

Flores and Galston (1982)
Chen and Kao (1993)
Turner and Stewart (1988)

Feirer, Hocking, and Woods (1998)

Erdei, Trivedi, Takeda, and Matsumoto
(1990)

Kotakis et al. (2014)

Scaramagli, Biondi, Leone, Grillo, and
Torrigiani (2000)

Flores and Galston (1984)

Foster and Walters (1991)

Turner and Steward (1986)

Capell, Bassie, and Christou (2004)
Alcazar et al. (2010)
Alcazar et al. (2011)

Alcazar et al. (2011)

Su and Bai (2008)

Tattini, Heimler, Traversi, and Pieroni
(1993)

Zhang, Xu, Hu, Mao, and Gong (2014)
Tassoni, Franceschetti, and Bagni (2008)
Aziz, Martin-Tanguy, and Larher (1998)

Lin and Kao (2002)

Friedman, Levin, and Altman (1986)
Alet et al. (2012)

Katiyar and Dubey (1990)

Zapata, Ma, Pretel, Amoroés, and Botella
(2004)

Benavides, Aizencang, and Tomaro
(1997)

Bagni et al. (2006); Naka et al. (2010)

(Continues)
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PUTRESCINE ROLES UNDER K" DEFICIENCY

TABLE 1 (Continued)

Full table (with references):

o WILEY_L %%

Stress Species and tissue

Rice seedlings

Sunflower shoots

Wheat leaves

Arabidopsis
Various
Mung bean
Other stresses
Magnesium Various
deficiency
Phosphate Rice cells
deprivation
(along with
K*)
Heavy metals:
Aluminium Rice roots
(AI%*)
Cadmium Oat and bean leaves
(Cd*")
Soybean nodules and roots
Sunflower shoots
Chromium Barley and rape seedlings
(Cr3+, Cré+)
Copper (Cu?*)  Rice leaves
Sunflower shoots
Anoxia/ Cereal seedlings
hypoxia/
submergence Rice coleoptile
Scirpus shoots
Cold Arabidopsis seedlings

Diverse fruits

Cucumber seedlings

Do other polyamines
accumulate?

Yes
Yes (spermidine). Very

small change in
spermine.

Yes (spermine).
Spermidine
decreases.

Yes

Yes (spermine). No
change in
spermidine.

No (decrease)

Yes (spermidine).
Spermine content
not measured.

No (except in radish)

No (decrease)

No (tend to decline)

Spermine increases,
spermidine does not
change

Yes (spermine)

Yes

No

Unknown
Yes

Slightly (but numerical
data not reported)

Slightly

No (decrease)

Spermidine stays
constant, spermine
decreases

Unknown, or decrease

Yes (spermidine)

Observed fold change in
putrescine

Up to 3.5

2

Decreases or does not
change (depends on
variety)

Does not change
2

Decrease

Up to 4 (decrease in
roots)

Upto 7.3

Up to 10

2.5 (nodules), 1.5 (roots)

27

Up to 10

Upto 4
1.6
Upto 2

2to 14

Upto5

Upto 2.5

Does not change

References
Basu and Ghosh (1991)

Basu, Maitra, and Ghosh (1988)

Mutlu and Bozcuk (2007)

Erdei et al. (1990)
Urano et al. (2004)

Priebe and Jager (1978)
Friedman, Altman, and Levin (1989)

Basso and Smith (1974)

Shih and Kao (1996)

Wang and Kao (2006)

Weinstein, Kaur-Sawhney, Rajam,
Wettlaufer, and Galston (1986)

Balestrasse, Gallego, Benavides, and
Tomaro (2005)

Groppa, lanuzzo, Tomaro, and Benavides
(2007)

Hauschild (1993)

Lin and Kao (1999)
Groppa et al. (2007)
Reggiani, Giussani, and Bertani (1990)

Reggiani, Hochkoeppler, and Bertani
(1989); Reggiani, Zaina, and Bertani
(1992)

Lee, Shieh, and Chou (1996)
Cuevas et al. (2008)

Escribano, Aguado, Reguera, and
Merodio (1996); McDonald and
Kushad (1986)

Wang (1987)

(Continues)
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TABLE 1 (Continued)

Full table (with references):

Do other polyamines

Stress Species and tissue accumulate?
Boron Tobacco leaves and roots Yes
deficiency
Change from Tomato No
nitrate to Pepper and wheat leaves Yes (pepper), no
NH4" (wheat)
Mechanical Rapeseed leaves No
wounding Bananas No
Low pH (< 5) Oat and pea leaves Unknown

Observed fold change in

putrescine References

Up to 2 (leaves) and Camacho-Cristébal, Maldonado, and

5 (roots) Gonzélez-Fontes, 2005)

~3 Feng and Barker, 1993)

Up to 20 Houdusse, Garnica, Zamarrefio, Yvin,
and Garcia-Mina (2008)

2 Cowley and Walters (2005)

Upto5 Yoza, Takeda, Sekiya, Nogata, and Ohta
(1996)

2to 8 Young and Galston (1983)

Note: When putrescine decreases or does not change rather than increase, it is mentioned in italics. When the reference cited also include mutants, data

tabulated here only refer to wild-type plants.

2 | ISPUTRESCINE A VERSATILE
BIOMARKER OF K DEFICIENCY?

Putrescine accumulates under K* deficiency up to the 1-10 mM
range, with an increase up to by two orders of magnitude as com-
pared to its level at optimal K* (Table 1). For instance, in oil palm
putrescine concentration is ca. 60 pM at high K" and 1.8 mM at low
K* (i.e., ~ 7 pmol g DWL: Figure S1; Cui, Davanture, et al., 2019).
Conversely, high (>10 mM) external K* causes a decrease in putres-
cine content, which is converted to ‘higher polyamines’ (this term
refers to higher molecular weight polyamines synthesized from
putrescine, such as spermine and spermidine; Aurisano, Bertani,
Mattana, & Reggiani, 1993; Reggiani, Aurisano, Mattana, & Bertani,
1993) and/or putrescine extrusion (Tamai, Shimada, Sugimoto,
Shiraishi, & Qji, 2000). Thus, putrescine metabolism is sensitive to
external K*, but the underlying mechanism is still unknown. It might
be speculated that the increase in putrescine content at low K* is cau-
sed by the stimulation of ammonium assimilation (see high NH4* con-
ditions in Table 1), which has indeed been observed in Arabidopsis
(Armengaud et al., 2009). Regardless of the underlying metabolic
cause for its accumulation, putrescine seems to be a good low-K* bio-
marker in the bio-statistical sense since its increase is highly signifi-
cant (order of magnitude of the p-value far below that of many other
metabolites changed by low K*) and it has a very high weight (loading)
in multivariate analyses. Therefore, it might be used as an index for K*
availability (Cui, Abadie, et al., 2019; Cui, Davanture, et al., 2019).
Nevertheless, putrescine also may accumulate under other condi-
tions, such as low pH, anoxia, heavy metals, low Mg2+, cold or osmotic
stress. In half of cases, putrescine has been found to decrease under
salt stress (Table 1) and to confer no specific advantage for NaCl toler-
ance when applied exogenously (Ndayiragije & Lutts, 2006). Poly-
amines other than putrescine (spermine, spermidine) may also
accumulate under K* deficiency although not to the same extent and
can even decrease (for an example in Arabidopsis, see [Watson &
Malmberg, 1996]; see also Figure S2 where neither spermine nor

spermidine appear in significant metabolites). In fact, the biosynthe-
sis of spermine and spermidine requires S-adenosyl methioninamine
(SAE, Figure 1), which is produced from S-adenosyl methionine
(SAM) decarboxylation. SAM synthetase requires K* as a cofactor
(Takusagawa, Kamitori, & Markham, 1996) and therefore its activity
is probably very limited under K* deficiency, thereby impacting not
only polyamines, but also all cellular reactions that use SAM as a
methyl donor. Also, in plants, it is remarkable that putrescine is not
an effector of SAM decarboxylase activity (contrary to its mamma-
lian counterpart; Bennett, Ekstrom, Pegg, & Ealick, 2002) thereby
allowing putrescine accumulation without stimulation of SAE (and
thus spermine and spermidine) production. Phosphate deprivation
has also been reported to trigger putrescine build-up (Knobloch &
Berlin, 1981; Shih & Kao, 1996). However, in (Shih & Kao, 1996)
phosphate abstraction from the medium seems to have been done
by withdrawing potassium phosphate from the nutrient solution,
meaning that the build-up of putrescine was in fact coupled to K*
deficiency.

3 | ONE MOLECULE, TOO MANY ROLES?

Plant polyamines have been studied for a long time and quite under-
standably, the literature on polyamines in plant physiology is now con-
siderable. Taken as a whole, polyamines are believed to be of
importance under stressful conditions and to play a signalling role dur-
ing plant development (Alcazar et al., 2006; Galston & Sawhney,
1990; Tiburcio, Altabella, Bitrian, & Alcazar, 2014). Historically,
putrescine has been suggested to play a role of (a) a cation to substi-
tute K*, (b) an antioxidant and/or a ROS-mediated signal (via oxida-
tion), (c) an osmolyte under salt or osmotic stress, (d) a root-shoot
transport molecule (either as a nitrogen-containing metabolite or a
cation), and (e) a cryoprotectant at low temperature. However, ion-
omics analyses have shown that when compared to other cations,

putrescine represents a small pool (<5%) of positive charges

85UB017 SUOWILLIOD BAIERID 8 |qedtjdde ay) Aq pausenob a1e 3l e O ‘88N JO'S|ni o Akeiq1T 3Ul|UO AB|IM UO (SUOIPUOO-PUR-SLLBYWI0D" A3 | 1M Afe.q 1 BU1 UO//STRY) SUORIPUOD PUe SWiS | 84} 83S *[7202/20/0T] Uo ARiq1T8UUO AB|IM ‘SouRIS 3URI400D AQ OF2ET80d/TTTT 0T/I0p/L00 A8 | IM AR Iq U1 IUO//SARY WO} papeojumoq 9 ‘0202 ‘Or0ESIET



PUTRESCINE ROLES UNDER K" DEFICIENCY

5 WILEY_L%¥

(a) Oil palm (b) Sunflower
2.0 4 I High K 5 5 * L 3.0
B Low K 4 . 4
— 3 3 —
% 2 * 2 r2.5 g
Tm 15 * 1 1 ﬁlOﬁ
- 0 0 5
= . 20 €
£ * £
© ©
[4M] ©
S 1.0 - L 15 o
[0] [0}
2 2
4] ©
< L10 6
(0] (0]
Z 0.5 =
3 F
e Fos 2
* * %
*
*

Ca K Mg Na Min. Put. Orn.

Compound

FIGURE 2
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Compound

Leaf cation balance under normal or low potassium availability in oil palm (a) and sunflower (b). In each panel, the inset shows the

sum of cations, also in pmol positive charges g_1 DW (dry weight). Abbreviations: Min, other minor cations (Zn?*, Cu®*, Mn?* and H* calculated
assuming a pH value of 7); Put, putrescine (carrying two positive charges); Orn, ornithine (carrying one positive charge). From source data in Cui,
Abadie, et al. (2019); Cui, Davanture, et al. (2019). Asterisks stand for a significant K-availability effect (in sunflower, there is a significant increase
in putrescine although it remains very small in terms of positive charge load)

(Figure 2), so its role in charge balance is minor and the same is true
for its role in osmoprotection. The role of antioxidant, although widely
supported experimentally, seems to depend on concentration and
conditions, since there are examples where polyamine addition may
trigger oxidative stress (Mohapatra, Minocha, Long, & Minocha, 2009)
and polyamine catabolism is indeed an important source of hydrogen
peroxide and other ROS species, especially under stress conditions
(Moschou, Paschalidis, & Roubelakis-Angelakis, 2008; Pottosin,
Velarde-Buendia, Bose, Zepeda-Jazo, et al., 2014; Wang et al., 2019).
In the next sections, we focus on roles of putrescine, as compared to
higher polyamines, in the regulation of K acquisition and re-distribu-

tion, Ca®* signalling, and chloroplast and mitochondrion functions.

4 | PUTRESCINE AND REGULATION OF
CATION TRANSPORT AND BALANCE

41 | Consequences of K deficiency for ion
composition

K* deficiency is not associated with a general decrease, but actually
leads to a significant increase in cation load (Figure 2, insets). That is,
quite counter-intuitively, K* deficiency implies an extra demand in
negative charges to reach electro-neutrality, which is met by accumu-
lated organic and amino acids (Armengaud et al., 2009). The excess of
positive charges mostly comes from the considerable increase in Ca?*
(up to twofold increase) and Mg?* (more than twofold) in oil palm and

sunflower (Cui, Abadie, et al., 2019; Cui, Davanture, et al., 2019).
Under K* deficiency, there is also an increase in the difference
between Ca?* and the sum Mg?* + K* (of about 0.4 mmol positive
charges g~* DW in Figure 2). In general, there is a well-supported neg-
ative relationship between K* and Ca?*, which has been documented
for nearly 50 years in herbaceous crops (such as sunflower, rapeseed,
tobacco, or wheat). This is here examplified in oil palm, cultivated
under varying K* fertilization (Figure S3). Similarly, in other species
such as castor bean, K* deficiency causes an increase in Ca?* and Mg?*,
and a slight decrease in Na* in leaf lamina, but conversely a consider-
able increase in Na* with little change in Ca%* and Mg?* in petioles and
phloem sap, leading to an excess of positive charges (Peuke, Jeschke, &
Hartung, 2002). In grape, low K* is compensated for by Ca?* and Mg?*
in leaves and by Na* in fruits also suggesting that phloem sap carries
more Na* (Ruhl, 1989). While these effects reflect the antagonism
between K*, Na* and Mg?* absorption and exchange (Diem & Godbold,
1993; Jakobsen, 1993), they also show that K* deficiency is associated
with more positive charges in the phloem, and thus that putrescine is
unlikely to play the role as a cation to substitute K* in sap. However,
when K" deficiency is compensated for by K*-substitution with Na* or
Rb*, putrescine accumulates less, suggesting that there is a link with
cations (Richards & Coleman, 1952; Smith, 1984). Quite remarkably, if
K*-deficiency is accompanied by low Ca?* provision, putrescine accu-
mulation is also lower (Coleman & Richards, 1956; Richards & Coleman,
1952). These observations suggest that putrescine is mostly a response
to a disequilibrium in cation composition, in which Ca?* would be over-

represented. Mg?* deficiency also leads to a modest putrescine
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accumulation (Table 1), probably because it changes the cation balance
in favour of Ca?*, but to a lower extent than K* deficiency (due to the
naturally lower Mg?* content compared to K*; for example, see

Figure 2).

4.2 | Regulation of H -ATPases by putrescine

Rather than acting as a charge-balancing cation, putrescine appears to
regulate the cation balance (summarized in Figure 3). Lowering exter-
nal K* concentration causes a rapid (within minutes) membrane hyper-
polarization, which stimulates K™ uptake via inward-rectifying AKT1
channels (Chérel, Lefoulon, Boeglin, & Sentenac, 2013; Wang & Wu,
2013). When K* starvation lasts, however, membrane depolarization
may occur, which correlates with a marked decrease in cytosolic K*
concentration (Armengaud et al., 2009). To drive K* uptake, the activ-
ity of root K*/H* symporter (mainly via HAK5) energized by plasma
membrane H*-ATPase is critical (Wang & Wu, 2013). Potassium ions
uncouple ATP hydrolysis from the H* extrusion by plasma membrane
H*-ATPase (Buch-Pedersen, Rudashevskaya, Berner, Venema, &
Palmgren, 2006). Thus, at low cytosolic K*, ATP/H* coupling is proba-
bly better and H* extrusion is stimulated, thereby favouring ion
uptake (Chérel et al., 2013; Wang & Wu, 2013). Then do polyamines
and putrescine in particular, influence plasma membrane H*-ATPase?
The answer to this question appears to be species- and tissue-depen-
dent. Suppression of both plasma membrane and vacuolar H*-ATPase

activity was observed in cucumber roots pretreated for 24 hr with

EFFECTS ON ION CHANNELS

Inhibition of vacuolar channels <——————-_

Action on K* channels /

(inward, outward rectifiers) ?

Oxidation by DAO

4

ROS |l
GABA

H*-ATPases expression ?

either putrescine, spermine or spermidine (Janicka-Russak, Kabata,
Mtodziriska, & Ktobus, 2010). In that case, the inhibition was caused
by a decrease in the expression for an H*-ATPase isoform and not by a
direct (physical) interaction affecting ATPase catalysis. In rice coleop-
tiles, direct stimulation of plasma membrane H*-pumps by all poly-
amines at millimolar (mM) concentration has been reported, while only
putrescine may reach such a concentration in physiological situations
(Reggiani et al., 1992). In maize roots, plasma membrane H*-pumping is
rapidly stimulated by putrescine (in the elongation zone) and depressed
by spermine (in the maturation zone) (Pandolfi, Pottosin, Cuin, Man-
cuso, & Shabala, 2010). Similarly, spermine at high concentrations
suppresses, whereas putrescine has no direct effect, on H*-pumping
in plasma membrane vesicles isolated from pea roots (Pottosin,
Velarde-Buendia, Bose, Fuglsang, et al., 2014). This contrasted effect
of putrescine and other polyamines on H*-ATPases could originate
from difference in competing with Mg?* for ATP-binding and/or
ATPase phosphorylation. In fact, putrescine does not bind to ATP,
but spermine does (Igarashi et al., 1989) while Mg-ATP (and not free
ATP) acts as a substrate for H-ATPases. In intact roots, both poly-
amines induced CaZ*-pumping, which in turn stimulated H*-
pumping, most likely via a decrease of H*-ATPase protein phosphor-
ylation by a Ca?*-dependent kinase (see Pottosin, Velarde-Buendia,
Bose, Fuglsang, et al., 2014; and references therein). Thus, putres-
cine stimulates H*-pumping whereas spermine stimulates ATPase at
low concentration and suppresses H™-pumping at high concentra-
tion. Taken as a whole, putrescine seems to favour H*-pumping

across the plasma membrane unlike higher polyamines (spermine).

\STIM:JLAT'ON OF H*-ATPASES
Weak competition with MgZ*
v

H*-ATPases activity

A A

Ca%*-dependent kinases

|

O Phosphorylation H*-ATPases

» Mitigation of Ca?*entry from vacuole

Mitigation of K* recapture by vacuole

FIGURE 3

Summary of possible roles of putrescine on cellular cation balance under K* deficiency. Two main roles are highlighted here, via

ions channels (orange, left) and H*-ATPases (green, right). See main text for further details. Abbreviations: DAO, diamine oxidase; GABA,

y-aminobutyrate; ROS, reactive oxygen species
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43 | Putrescine, ROS and K* transport

Externally applied polyamines at relatively high (0.5-1 mM) concentra-
tion inhibit both inward and outward rectifying K*-selective currents in
roots (Pottosin, 2015; Zhao, Song, He, & Zhu, 2007), whereas internal
polyamines at 1 mM halved the current mediated by KAT1 in guard
cells (Liu, Fu, Bei, & Luan, 2000). It is not very likely, therefore, that
these effects have a huge significance for K* absorption and retention.
On the other hand, a combination of polyamines with oxidative stress
induces a substantial K* loss from roots. ROS are produced via the oxi-
dation of putrescine and other polyamines by intrinsic apoplast diamine
and polyamine oxidases (DAO and PAO, respectively) (DiTomaso,
Shaff, & Kochian, 1989; Zepeda-Jazo et al., 2011; Velarde-Buendia,
Shabala, Cvikrova, Dobrovinskaya, & Pottosin, 2012; Pottosin, Velarde-
Buendia, Bose, Zepeda-Jazo, et al., 2014). The occurrence of DAO and
PAOQ is variable, with DAO being more abundant in Dicots and PAO in
Monocots like Poaceae (Moschou et al., 2008). The loss of K, espe-
cially in specialized zones like the root apex, is not necessarily harmful
despite oxidative stress. Instead, low intracellular K* may be sensed and
induces a metabolic switch to defence responses (Shabala, 2017).
Another product of putrescine catabolism, GABA, has recently been
shown to improve K* retention in Arabidopsis roots by a stimulation of
plasma membrane H*-ATPase activity, a decrease of stress-induced
ROS production and a decrease in the expression of outward-rectifying
K* channel, GORK (Su et al., 2019).

44 | Putrescine and Ca?* homeostasis

Overall, the cation load as well as total Ca* increase under K* deficiency
(e.g., Figure 2 and Figure S3). Free cytosolic Ca%* may be kept low by
(a) efficient Ca®* extrusion while as mentioned above, there is a stimula-
tion of plasma membrane Ca* pumps by polyamines; and (b) vacuolar
Ca®* sequestration. The latter is especially important, bearing in mind the
observed increase in total Ca*. In fact, in plant cells, total cellular Ca%*
mostly reflects vacuolar Ca?*. Ca?" accumulates in vacuoles via CAX-
mediated H*/Ca®* antiport, fuelled by the trans-tonoplast H* gradient.
To ensure efficient vacuolar Ca2* retention, channel-mediated Ca* loss
from the vacuole to the cytosol must be negligible. SV/TPC1 channels
are the major routes of vacuolar Ca?* release (Pottosin & Schénknecht,
2007). Consequently, relative expression of TPC1 and CAX is crucial for
vacuolar Ca* accumulation (Gilliham, Athman, Tyerman, & Conn, 2011).
Importantly, ionic currents via SV channels are efficiently suppressed by
polyamines in their physiological range of concentrations. Albeit this
effect is charge-dependent, with putrescine having the lowest affinity
(Dobrovinskaya, Muniz, & Pottosin, 1999), it could be compensated for
by a very high putrescine concentration under K* deprivation.

4.5 | Putrescine and vacuole-cytosol K* balance

Under K* deficiency, maintenance of relatively high cytosolic K* is

achieved at the expense of the vacuolar K* (Walker, Leigh, & Miller,

1996). In the initial phase, the vacuole will indeed compensate for the
decrease in cytosolic K™ by K*-release via selective (TPK) and non-
selective monovalent cation FV channels, both marginally sensitive to
putrescine at the sub-millimolar range (Briiggemann, Pottosin, &
Schonknecht, 1998; Dobrovinskaya, Muniz, & Pottosin, 1999;
Hamamoto et al., 2008). Under very strong K* deprivation, the elec-
trochemical gradient for K" becomes vacuole-directed (Walker et al.,
1996). Thus, to minimize passive vacuolar K* re-uptake, it is certainly
crucial to reduce K*-transport by K*-permeable channels. When
putrescine reaches millimolar concentration, K* transport not only
via SV channels, but also via FV channels will be suppressed
(Briggemann et al., 1998; Dobrovinskaya, Muniz, & Pottosin, 1999).

5 | ROLES OF PUTRESCINE IN
CHLOROPLASTS

Possible roles of putrescine on chloroplast metabolism are summa-
rized in Figure 4. Subcellular fractionation followed by metabolomics
analysis has shown that about 40% of cellular putrescine is present in
chloroplasts in Arabidopsis leaves (Krueger et al., 2011), perhaps
reflecting the activity of chloroplastic ADC (Borrell et al., 1995;
Bortolotti et al., 2004). Stress-induced stimulation of ADC (Alcazar
et al., 2010) might further increase putrescine accumulation in chloro-
plasts. In chloroplasts, polyamines are believed to regulate different
aspects of photosynthesis, with reported differences in action
between putrescine and other polyamines. Exogenous putrescine
decreases non-photochemical quenching (NPQ) and increases photo-
chemical yield (loannidis, Sfichi, & Kotzabasis, 2006). Yet, these results
have been obtained under non-physiological conditions, with a low-
salt medium, to minimize the interference with other cations (such as
Mg2+) and therefore, are perhaps not so informative. On the other
hand, with more physiological saline buffers, all polyamines stimulate
photophosphorylation at low concentrations, whereas spermidine and
spermine but not putrescine act as strong uncouplers at high concen-
tration (>1 mM for spermidine and >0.1 mM for spermine). That is,
only putrescine induces a relatively high and stable stimulation of ATP
production in chloroplasts (loannidis & Kotzabasis, 2007).

Putrescine is a weak base (pK, 10.8) thus its uncharged form
coexist, albeit at a relatively small fraction (0.04%), with the charged
species at pH 7.4. Light induces stromal alkalization and thylakoid
lumen acidification and this proton gradient can be damped by trans-
port of uncharged putrescine across the thylakoid membrane. This
does not affect the electrical potential difference across the thylakoid
membrane (AY) but dissipates ApH and reduces lumen acidification,
optimizing photosynthesis under stress conditions where high ApH
values lead to NPQ (loannidis, Cruz, Kotzabasis, & Kramer, 2012).
Under K* deficiency, the decrease in K* can be compensated for by
an increase in Mg2* (Figure 2). Mg?* is a charge-balancing cation that
can dissipate A¥ and facilitate ApH built-up across the thylakoid
membrane via Mg?*-permeable channels that are present in thylakoid
membranes (Pottosin & Schénknecht, 1996). Thus, putrescine can

have a role of Mg?* antagonist, whereby it prevents excessive energy
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EFFECTS ON MITOCHONDRIAL METABOLISM
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FIGURE 4 Summary of possible roles of putrescine on organelles under K* deficiency. Putrescine has a general positive effect on ATP
synthesis in both mitochondria and chloroplasts via a number of mechanisms, including mitigation of mitochondrial permeability transition (MPT)
and non-photochemical quenching (NPQ), respectively. Abbreviations: NDHs, NAD(P)H dehydrogenases; TCAP, tricarboxylic acid pathway

dissipation and decreased photosynthesis, which may be due to the
excessive lumen acidification even at relatively low light (see [Davis,
Rutherford, & Kramer, 2017], for further details). It has also been
demonstrated that putrescine up-regulates the expression of ATP-
synthase and exerts a general protective effect on the photosynthetic

membrane and in particular PSII structure (Shu et al., 2015).

6 | ROLES OF PUTRESCINE IN
MITOCHONDRIA

Putrescine is synthesized outside mitochondria but can be taken up
by them. It is likely exchanged between the cytosol and the mitochon-
drial matrix via a basic amino acid transporter which is able to carry
arginine, citrulline and ornithine (Hoyos et al., 2003; Palmieri et al.,
2006). In animal cells, mitochondrial putrescine uptake has a low affin-
ity (Kos ® 1-4 mM) but a high capacity driven by electrical gradient,
that is, the high negative potential of the mitochondrial matrix (Dalla
Via, Di Noto, & Toninello, 1999; Toninello, Dalla Via, Siliprandi, &
Garlid, 1992). Similarly, in plants, polyamine accumulation in mito-
chondria depends on membrane potential, but its regulation differs
somewhat from that in animals (Pistocchi, Antognoni, Bagni, &
Zannoni, 1990) and associated molecular mechanisms remain
unknown (Fujita & Shinozaki, 2015). Polyamines have diverse effects
in mitochondria, typically on metabolism, electron transport and the

permeability transition (summarized in Figure 4).

6.1 | Putrescine and mitochondrial metabolism
Under stress conditions, putrescine causes a stimulation of the tricar-
boxylic acid pathway (TCAP) and thus facilitates mitochondrial ATP
production (Zhong et al., 2016). So far, this effect has been demon-
strated for salt stress, when putrescine was supplied exogenously.
This still needs to be tested under K* deficiency, based on large
amounts of putrescine accumulated naturally. However, metabolomics
analyses have suggested that the increased CO, release under K*
deficiency is not associated with a higher ATP production but rather
reflects lower efficiency of the TCAP when K" is limiting enzymatic
activity (Cui, Abadie, et al., 2019). Also, it should be noted that mito-
chondrial carbonic anhydrase, which might play an important role in
anaplerosis (conversion of catabolic CO, into bicarbonate), is inhibited
with a high affinity (low K;) by spermine and spermidine, while putres-
cine has no effect (Carta et al., 2010).

Interestingly, tobacco mitochondrial complex | mutants, which
have a slow growth phenotype, show a significant increase in putres-
cine, along with related compounds such as GABA (Lothier, De
Paepe, & Tcherkez, 2019). At physiologically attainable K*, higher
polyamines inhibit mitochondrial membrane-bound FgF{-ATPase in
Vigna (Peter, Pinheiro, & Lima, 1981), which may be partly caused by
the fact that higher polyamines (but not putrescine) are able to dis-
place Mg?* from Mg-ATP complexes (Igarashi et al., 1989). That is,
putrescine can activate mitochondrial FoF;-ATPases even at low K*/Na*

(in contrast to spermine and spermidine, the action of which decreases
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at low K*/Na®) (Peter et al., 1981) thereby allowing ATP production
despite low K* concentration encountered under potassium deficiency.
In addition, enzymatic transglutaminase covalent binding of putrescine
to mitochondrial membrane proteins is associated with higher FoF4-
ATPase activity and tolerance to osmotic stress (Liu & Zhang, 2004;
Votyakova, Wallace, Dunbar, & Wilson, 1999). Putrescine, albeit with a
100 times lower affinity compared to higher polyamines (yet with
Kos = 0.3 mM), stimulates the activity of the mitochondrial membrane
ATP/ADP exchanger (Kramer, Mayr, Heberger, & Tsompanidou, 1986).
This activation may become significant under K" deficiency, when

putrescine reaches millimolar levels.

6.2 | Putrescine and mitochondrial membrane
permeability

Polyamines can have an impact on mitochondrial transmembrane
potential (AY¥), perhaps mediated by their effect on mitochondrial
ATP-sensitive K* channels (M©Krp). Both the molecular identity of
mito +p and their structural similarity with plasma membrane Karp
channels (which are abundant in animal tissues but absent in plants)
are still a matter of debate (Szabo & Zoratti, 2014; Trono, Laus,
Soccio, Alfarano, & Pastore, 2015). Under the assumption that
mito \1p are structurally similar to K* inward rectifiers (as animal
plasma membrane Karp channels are), the K™ current through the
channel pore would be modulated in a voltage-dependent manner by
cytosolic polyamines. In Mammals, spermine, spermidine and putres-
cine can regulate the K* efflux upon depolarization (Aguilar-Bryan &
Bryan, 1999). Unlike their animal counterparts, plant Katp are not sen-
sitive to Mg?* (Pastore, Stoppelli, Di Fonzo, & Passarella, 1999) but to
our knowledge, the effect of polyamines has not been documented
yet. Mitochondrial depolarization by K* influx is believed to reduce
ROS production in plants under stress (Trono et al., 2015) and, vice
versa, hyperpolarization is associated with excessive electron pressure
in the mitochondrial electron transfer chain (mETC) and higher ROS
production. For example, under osmotic stress, a ROS-mediated acti-
vation of Karp™ has been found in wheat (Trono et al., 2015). Thus,
activation of plant ™K arp could in principle be efficient to regulate
mitochondrial activity, since it not only decreases AY, but also
impedes ROS generation.

The effect of polyamines and in particular putrescine on mito-
chondria can also be linked to the control of mitochondrial permeabil-
ity transition (MPT), which is a massive increase in permeability of the
inner mitochondrial membrane, with a collapse of A¥ and release of
pro-apoptotic factors (cytochrome c). In effect, MPT with properties
similar to those found in animal MPT, such as activation by Ca* over-
load and ROS, and inhibition by Mg?* and low pH, has been reported
in plants and shown to promote programmed cell death (Arpagaus,
Rawyler, & Braendle, 2002; Fortes, Castilho, Catisti, Carnieri, & Ver-
cesi, 2001; Lin, Wang, & Wang, 2005; Scott & Logan, 2008; Tiwari,
Belenghi, & Levine, 2002). Potentially, polyamines can have an action
on MPT via electron pressure on mETC, Ca?* concentration, and ROS

generation.

In fact, MPT is stimulated by the increase in Ca?* via ROS genera-
tion while polyamines have been found to mitigate ROS generation
and inhibit MPT in both plants and animals (Arpagaus et al., 2002;
Tabor, 1960; Toninello, Salvi, & Mondov, 2004). Unlike spermine,
putrescine has been shown to be inefficient on cytochrome c release
at up to 1 mM in mitochondria isolated from rat heart (Stefanelli et al.,
2000). The intermediate of putrescine synthesis, agmatine (Figure 1),
inhibits Ca?*-mediated MPT in Mammals (Battaglia et al., 2010). Con-
versely, in yeast, spermine stimulates Ca?* uptake by mitochondria,
thereby favouring MPT Bazhenova, &
Zvjagilskaya, 1993).

Polyamines at a physiological concentration (0.1 mM) lead to a

(Votyakova,

reduction of A¥ by 30 and 50%, with putrescine and spermine,
respectively; this differential effect of putrescine and spermine has
been found to correlate with substrate preference of mitochondrial
amine oxidase (Maccarrone et al.,, 2001) but whether this effect is
effectively mediated by amine oxidase is not known. In plant mito-
chondria under low cytosolic cation load (low K*), putrescine slightly
stimulates external NAD(P)H dehydrogenases while at high cation
load, it has little effect; this is in contrast with spermidine and spe-
rmine, which stimulate NAD(P)H dehydrogenases activity consider-
ably at low cation load (and inhibit dehydrogenases activity at high
cation load; Phelps & McDonald, 1990; Rugolo, Antognoni, Flamigni, &
Zannoni, 1991; Sjélin & Mgller, 1991). Therefore, when K* concentra-
tion is low, spermine and spermidine tend to increase the electron
pressure on the mETC and promotes ROS generation, while this effect
does not take place with putrescine.

Surprisingly, although polyamines can inhibit MPT at relatively
high concentration, they may also favour Ca?* accumulation in the
mitochondrial matrix, which normally acts as a MPT inducer (reviewed
in [Toninello et al., 2004]). Thus, under K* deficiency, high putrescine
concentration with higher Ca?* load (MPT promoter) and high Mg2*
(MPT opposer) may either stimulate or down-regulate MPT,
depending on whether the change in mitochondrial Ca%* predomi-
nates over Mg?* change, ROS limitation and electron pressure mitiga-
tion. Alternatively, one might speculate that a brief MPT event may
have a protective role, releasing excess ROS and Ca?* from the matrix
and restoring normal mitochondrial ATP production. However, the
release of ROS and Ca?* may become self-propagative, causing Ca?
*.induced Ca®* release and ROS-induced ROS release (Zorov,
Juhaszova, & Sollott, 2014) and ultimately cell death. It is thus more
likely that putrescine accumulation under K* deficiency is beneficial
due to its combination of physiological effects, that is, simultaneous
limitation of Ca* release in the cytosol (see Section 4.4) and down-

regulation of MPT.

7 | SIDEEFFECTS OF PUTRESCINE

The beneficial effects of putrescine in particular on cation balance
(see above) probably explain why the addition of exogenous putres-
cine or the production of endogenous putrescine in transgenics has

often been described as being advantageous to improve stress
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tolerance and mitigate oxidative stress (Ndayiragije & Lutts, 2006;
Oztiirk & Demir, 2003; Verma & Mishra, 2005). However, over-
expression of ADC2 in Arabidopsis induces dwarfism and late
flowering (Alcazar, Garcia-Martinez, Cuevas, Tiburcio, & Altabella,
2005). Also, overexpression of oat ADC in tobacco leads to short
internodes, thin stems and leaves, leaf chlorosis and necrosis, and
reduces root growth (Masgrau et al., 1997), which mimics to some
extent the symptoms of some stresses like K* deficiency or osmotic
shock. Conversely, inhibiting putrescine synthesis using p-arginine
under phosphorus deficiency appears to be beneficial for total bio-
mass in cultured rice cells (Shih & Kao, 1996). It should be recognized
that adding putrescine or boosting putrescine synthesis changes nitro-
gen metabolism and promotes putrescine recycling. In fact, putrescine
is believed to be easily recycled via diamine oxidase to GABA (Shelp
et al., 2012) and importantly, putrescine oxidation can be a source of
ROS (see above), signalling a stress response and leading to changes
in gene expression (Gupta, Sengupta, Chakraborty, & Gupta, 2016;
Minocha, Majumdar, & Minocha, 2014). Putrescine can thus be occa-
sionally detrimental in terms of oxidative stress or net photosynthesis
(Mohapatra et al., 2009; Pal et al., 2018). Whenever the pro-oxidant
effect predominates over the anti-oxidant function of putrescine, the
suppression of arginine formation and ADC activity (along with a
decrease in putrescine and concomitant decrease of ROS production)
may be beneficiary for plant performance under stress (e.g., the
decrease in putrescine synthesis by metasilicic acid (H,SiO3) applica-
tion can alleviate some effects of K* deficiency (Chen et al., 2016)).
However, such a situation nevertheless seems unlikely under K* defi-
ciency since putrescine accumulates to very high levels, certainly

reflecting an adaptive trait of plant metabolism.

8 | CONCLUSIONS AND PERSPECTIVES

Putrescine has specific biochemical properties that differ from other
polyamines and this probably explains why K* deficiency appears to
be closely associated with putrescine rather than spermine or
spermidine. Putrescine accumulation under K* deficiency is perhaps
advantageous via its concerted action on several cellular processes
including cation balance, ultimately down-regulating MPT. To better
understand stress responses where putrescine is involved, a differ-
ence should be made between endogenous, natural putrescine pro-
duction under K* deficiency and artificial putrescine provision. To
definitely appreciate the adaptive role of putrescine under K* defi-
ciency, it will be necessary to use plant lines with altered putrescine
content such as ADC overexpression or knock-out lines and at the
same time, verify putrescine subcellular distribution, measure both K*
and Ca2* content, and monitor mitochondrial activity (ATP synthesis,
transmembrane potential and ROS production). Also, a possible venue
would be to examine further the roles of putrescine in chloroplasts (its
major site of production via the ADC pathway) and in particular, to
check its effect on ion and pH homeostasis, electrochemical gradient
across the thylakoid membrane and ultimately optimization of photo-

synthesis. It should be kept in mind that aside from examples of

positive effects of ADC overexpression (increase in tolerance to
drought, cold, or salinity in Arabidopsis, or rice [Alcazar et al., 2010;
Wang, Zhang, Liu, & Li, 2011]), toxic effects of putrescine over-
production have been observed (see above). It is possible that delete-
rious effects were caused by enhanced DAO activity and excessive
ROS production. Therefore, one might hypothesize that engineering
plants with simultaneous overexpression of ADC and knock-down of
DAO could be beneficial. In the field, the putrescine content in crops
could be used as a component of the metabolomics signature of K*
nutrition or a marker to detect K*-responsive varieties, because it
reflects several processes (described above) triggered by intracellular
K" scarcity. In the near future, it might then be amongst biomarkers
used by precision agriculture.
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