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Plants protect themselves by developing defensive responses against various biotic and abiotic stress factors 
throughout their lives. As a result, they create a stress response called ʻsystemic acquired resistance’ (SAR) 
under pathogen infection. Pipecolic acid is one of the critical signalling molecules in regulating systemic acqui-
red resistance, and it is a product of L-lysine metabolism in all organisms. It is synthesised not only by plants 
but also by microorganisms, animals and fungi. Many studies have been carried out to understand pipecolic 
acid’s biosynthesis, transport and role in plants under biotic stress. But recent studies report that pipecolic acid 
also functions as a stress response in plants under abiotic stress. This paper reviews the historical development 
of studies on pipecolic acid, its biosynthesis, and its function in plants under stress conditions and systemic 
acquired resistance.

Keywords: abiotic stress, biotic stress, L-lysine, N-hydroxy-pipecolic acid, systemic acquired resistance 
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Introduction

Plants are affected by various stress factors 
throughout their lives. They are exposed to many 
abiotic factors such as extreme temperature changes 
(hot and cold), drought, over salinity, lack of nutri-
ents, and toxic metals (Zhang et al., 2021). The ex-
posed abiotic factors are the most critical environ-
mental components that affect the distribution and 
productivity of plants (Zhang et al., 2018). Otherwise, 
herbivore organisms, parasites, and microorganisms 
are biotic factors that adversely affect the plant life 
cycle. Animals and organisms that live as parasites, 
fed by plant tissues such as nematodes, harm their 
development by preventing the removal and use of 
nutrients required for the plant. Microorganisms that 

infect plant tissues are replicated in tissue, causing 
the plant to become ill and die (Iqbal et al., 2021). So, 
plants have developed many defence mechanisms to 
protect themselves and survive the adverse effects of 
the biotic and abiotic stress factors.

Plants have developed a complex immune system 
that can activate the defence mechanism in local and 
non-infected areas to cope with the infestation of mi-
crobial pathogens (Gao et al., 2021). There are two 
types of local defence mechanisms against pathogen 
infections; immunity (PTI) triggered by the molecu-
lar model associated with the pathogen and immunity 
(ETI) triggered by the effector (Zhang et al., 2020). 
Furthermore, both PTI and ETI can start the produc-
tion of long-distance signal molecules to stimulate 
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the systemic acquired resistance (SAR) mechanism 
(Gao et al., 2021).

The ‘systemic acquired resistance’ (SAR) mecha-
nism is considered the essential plant defence mech-
anism, which is broad-spectrum and long-lasting to 
protect the distant tissues of plants under pathogen 
infection. The most critical feature of the SAR mech-
anism is the communication between infected tis-
sue and other healthy tissue (Shah et al., 2014). The 
SAR mechanism that provides this communication 
has been shown to signal molecules such as salicylic 
acid (SA) and SA variant (methyl salicylate) candi-
date signal molecules, a plant hormone (Gao et al., 
2015). In subsequent years, the presence of stronger 
signal molecules in the SAR mechanism has been de-
tected. Other signal molecules involved in the SAR 
mechanism are glycerol 3 phosphate (G3P), azelaic 
acid (AzA), pipecolic acid (Pip), N-hydroxy-pipecol-
ic acid (NHP), nicotinamide adenine dinucleotide 
(NAD), nicotinamide adenine dinucleotides (NDP), 
and nicotinamide adenine dinucleotide phosphate 
(NADP) and dehydroabietic (Gao et al., 2021). The 
transfer of SAR signal molecules from infected tis-
sue to non-infected tissues through phloem ensures 
strong defence communication.

SA is a plant hormone that plays a vital role in or-
ganising local and systemic immunity. In early stud-
ies, SA was considered a long-distance signal due to 
the accumulation of pathogenesis and infected leaves 
in the flourishing content. However, further studies 
have shown that SA is not a critical signal molecule, 
although it is necessary to warn the SAR (Shah & 
Zeier, 2013). In the studies made, it is stated that 
when SA production and accumulation are blocked, 
plants make them more susceptible to pathogen in-
fection (Wang & Xiang, 2020). Therefore, SA and 
subsequent signals are necessary to control diseases 
caused by pathogens that exhibit a biotrophic phase 
in their life cycles, especially when they receive nu-
trients from living plant cells (Shah et al., 2014).

Pip, a derivative and non-protein amino acid of L-
lysine, plays a role in forming a SAR response (Zhang 
et al., 2020). Pip is a critical molecule of plant immu-
nity, stimulated by the accumulation of phytoalexin, 
the processing of SA biosynthesis, and defence gene 
expressions. Studies show that plants under the patho-
gen attack Pip accumulates in infected and non-infect-
ed tissues (Návarová et al., 2012; Wang et al., 2018). 

However, Pip’s role in the SAR has not been fully ex-
plained despite the work carried out.

NHP, an essential molecule of the SAR mecha-
nism, is formed by the hydroxylation of pipecolic 
acid (Hõrak, 2021). NHP interacts with SA to pro-
duce an effective response to the SAR mechanism 
(Bernsdorff et al., 2016; Hartmann et al., 2017). Pip, 
NHP, and SA accumulate in infected tissues and 
non-infected tissues in plants under pathogen infec-
tion (Bernsdorff et al., 2016; Gao et al., 2021; Zeier, 
2021), and they are indicated to be critical signal 
molecules in the formation of plant immunity (Kles-
sig et al., 2018). However, its functions in the SAR 
mechanism have not yet been fully elucidated. Some 
studies in recent years have shown that pipecolic 
acid is also synthesised in plants under abiotic stress. 
However, the effects of pipecolic acid under abiotic 
stress are not fully understood. This study aims to 
draw attention to the roles of Pip and its derivative in 
plants under stress and highlight its features.

History of pipecolic acid studies in 
plants

Pipecolic acid is a non-protein amino acid natu-
rally synthesised in plants, animals, fungi, and micro-
organisms. In 1891, Ladenburg produced pipecolic 
acid for the first time by reducing picolinic acid with 
sodium and ethanol. It was dissolved using optically 
active tartaric acid and obtained partially racemised 
L-pipecolic acid by oxidation of conhydrine (Morri-
son, 1952). In two separate studies in 1947 (Dent et 
al., 1947) and 1950 (Steward & Thompson, 1950), a 
non-protein amino acid with the properties of pipecolic 
acid was identified in two-dimensional paper chroma-
tography of potato tuber and other plant sources. Mor-
rison (1953) and Zacharius et al. (1954) have isolated 
pipecolic acid from Trifolium repens and Phaseolus 
vulgaris, respectively, showing its presence in biologi-
cal materials. Yatsu & Boynton (1959) applied maleic 
hydrazide, a plant growth regulator, and osmotic stress 
to strawberries and measured the pipecolic acid level 
in the plant leaves for the first time. Pálfi and Dézsi 
(1968) have defined pipecolic acid as a marker of ab-
normal protein metabolism in diseased plants. In the 
following years, a study on rat brains has reported 
that pipecolic acid is a product of lysine metabolism 
(Chang, 1976) (Table 1).
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In a study on rat brains (Charles, 1986), it has 
been reported that pipecolic acid functions as a neu-
rotransmitter. In 1987, a survey on Lemna gibba, an 
aquatic plant, reported that pipecolic acid effectively 
stimulated flowering (Fujioka et al., 1987). In their 
research on Arabidopsis thaliana ald1 mutant, Song 
et al. (2004) have shown that Pip plays an essential 
role in regulating SAR. A study conducted in 2006 
identified that pipecolic acid is an osmoregulatory 
amino acid in non-halophilic plants under various 
osmotic stress conditions (Moulin et al., 2006). Ná-
varová et al. (2012) have shown that Pip is a critical 
regulator of plant immunity. Exogenous Pip applica-
tion on tobacco plants has shown an increase in re-
sistance to infection (Vogel-Adghough et al., 2013). 
In a survey of soybean (Glycine max  L.) infected 
with Fusarium virguliforme, it has been reported that 
pipecolic acid accumulates in xylem sap and leaves 
because of stimulation of plant immunity (Abeyseka-
ra et al., 2016).

In the study of drought-stressed sorghum plants, 
it has been reported that high Pip accumulation in 
sorghum roots/rhizosphere suppresses root growth 
(Caddell et al., 2020). Yıldız et al. (2021) have 
shown that the NHP, created by the hydroxylation of 

Table 1. Historical chronology of the discovery of pipecolic acid (isolation, biosynthesis, roles in the development of plant 
growth and under stress conditions)

Studies and results References
Pip was produced by the reaction of picolinic acid with sodium and ethanol. Ladenburg, 1891
Partial L-pipecolic acid was obtained by the oxidation of conhydrine. Willstatter, 1901
An unidentified non-protein amino acid with the properties of pipecolic acid was 
identified in paper chromatography.

Steward & Thompson, 1950; Dent et 
al., 1947

Pip was isolated from Trifolium repens plant. Morrison, 1953
Pip was isolated from Phaseolus vulgaris plant. Zacharius et al., 1954
Pip level was measured under maleic hydrazide and osmotic stress. Yatsu & Boynton, 1959
Pip is a marker of abnormal protein metabolism in diseased plants. Pálfi & Dézsi, 1968
Pip is a product of lysine metabolism. Chang, 1976
Pip has a function as a neurotransmitter. Charles, 1986
Pip is important in stimulating flowering in Lemna gibba. Fujioka et al., 1987
Pip has an essential role in SAR. Song et al., 2004
Pip is an osmoregulatory amino acid in non-halophilic plants. Moulin et al., 2006
Pip is a critical regulator of plant immunity. Návarová et al., 2012
Exogenous Pip application increased the resistance of the tobacco plant under the 
pathogen infection. Vogel-Adghough et al., 2013

Pip accumulates in the xylem sap and leaves of the infected soybeans Abeysekara et al., 2016
Pip accumulation in the roots may suppress root growth. Caddell et al., 2020
Exogenous application of NHP triggers SAR generation. Yıldız et al., 2021
Ald1 mutant tomato plant under drought stress is more tolerant than fmo1 mutant 
tomato plant. Wang et al., 2021

the Pip, is a signal molecule required to complete and 
rearrange the SAR response in Arabidopsis plant. 
Lastly, Wang et al. (2021) have examined the func-
tion of the ALD1 gene, which catalyses the produc-
tion of pipecolic acid from L-lysine, and the FMO1 
gene, which catalyses the hydroxylation of pipecolic 
acid under drought stress. They have asserted that 
ald1 mutant tomato plants have a higher tolerance to 
drought stress than fmo1 mutant tomato plants (Tab
le 1).

Pipecolic acid biosynthesis

Pipecolic acid has two natural enantiomers:  
L-Pipecolic acid and D-Pipecolic acid (Fig. 1). Both 
enantiomers are the products of L-Lysine (Vranova 
et al., 2013). Since the amino acid L-Lysine has an 
amino group in both the α-position and the ε-position, 
they are synthesised in plastids by two different bio-
synthesis pathways: the 1,2-dihydroxy-pipecolic acid 
(P2C) pathway and the 1,6-dihydroxy-pipecolic acid 
(P6C) pathway. In pathogen stimulation in the P2C 
pathway, also known as the KAC pathway, L-lysine 
is converted to α-ketoacid ε-amino α-ketocaproic 
acid (KAC) by a reaction catalysed by a lysine ami-
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notransferase enzyme encoded by AGD 2-like de-
fence response protein 1 (ALD1) gene. As a result 
of the dehydration of KAC, 1,2-dihydroxy-pipecolic 
acid (1,2-DP or P2C) is formed. In the next step,  
L-pipecolic acid is formed from 1,2-DP with the acti-
vation of the SAR deficient 4 (SARD4) gene, which 
encodes a homolog of bacterial ornithine cyclode-
aminase (Fig. 2 A) (Hartmann et al., 2017; Shan & 
He, 2018).

Fig. 1. L-Pipecolic acid (A) and D-Pipecolic acid (B) (modi-
fied from Vranova et al., 2013)

In the saccharopine pathway or P6C pathway, 1,6-
dihydroxy-pipecolic acid (1,6-DP or P6C) is formed 
from α-aminoapidic semialdehyde (AAS), which is 
an intermediate step in the α-aminoadipic acid (Aad) 
production pathway from L-lysine. During pathogen 
infection, 1,6-DP then transforms into L-Pip and is 

vital in stimulating the systemic acquired resistance 
mechanism. In the first step of the pipecolic acid syn-
thesis, saccharopine is formed from L-lysine with the 
lysine ketoglutarate reductase (LKR) gene activation. 
In the next step, hydrolysis of saccharopine occurs 
with the reaction catalysed by a hydrolase enzyme 
encoded by the saccharopine dehydrogenase (SDH) 
gene. α-aminoapidic semialdehyde is formed from 
hydrolysed saccharopine. The promoter region of the 
LKR/SDH gene contains elements that respond to ab-
scisic acid (ABA) and jasmonic acid (JA) (Fig. 2 B). 
Studies have shown that exogenous ABA and me-
thyl-jasmonate application increase the expression 
of these genes. In the second step, 1,6-DP is formed 
by a spontaneous reaction from α-aminoapidic 
semialdehyde. Pipecolic acid is formed by the reac-
tion catalysed by sarcosine/pipecolate oxidase from  
1,6-DP (Zeier, 2013, Neshich et al., 2013, Hartmann 
& Zeier, 2018). The saccharopine pathway has been 
associated with stress response in Arabidopsis and 
rapeseed. It has been determined that the LKR/SDH 
gene expression increases under salt and osmotic 
stress in these plants (Moulin et al., 2000).

A bioactive derivative N-hydroxypipecolic acid 

Fig. 2. Pipecolic acid biosynthesis; P2C (1,2-dihydroxy-pipecolic acid) pathway (A) and P6C (1,6-dihydroxy-pipecolic acid) 
pathway (B): L-lys (L-lysine), KAC (α-ketoacid ε-amino α-ketocaproic acid), 1,2-DP (1,2-dihydroxy-pipecolic acid), 2,3-DP 
(2,3-dihydroxy-pipecolic acid), AAS (α-aminoapidic semialdehyde), 1,6-DP (1,6- dihydroxy-pipecolic acid), L-Pip (L-pipeco-
lic acid), NHP (N-hydroxy-pipecolic acid) (modified from Hartmann & Zeier, 2018)
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(NHP) is formed by increasing pipecolic acid con-
tent in plastids under stress conditions. This reaction 
is activated by Flavin-Dependent Monooxygenase 1 
(FMO1) (Chen et al., 2018) (Fig. 2). Návarová et al. 
(2012) have asserted that the ald1 mutant Arabidop-
sis plant is defective for the SAR response, and it 
could stimulate the SAR response only with the ex-
ogenous pipecolic acid application. They also have 
asserted that the pipecolic acid exogenously applied 
to the roots of the wild-type Arabidopsis plant could 
largely stimulate the resistance in the leaves. In a 
study on transgenic rice plants, the overexpression of 
the ALD1 gene, which is involved in Pip biosynthe-
sis, has been shown to increase the plantʼs defence 
mechanism against Magnaporthe oryzae infection 
(Jung et al., 2016). Similarly, the previous studies on 
sard4 mutant Arabidopsis plants have shown that the 
SARD4 gene is essential for Pip biosynthesis, and 
the sard4 mutation slows down Pip biosynthesis and 
causes the overaccumulation of 2,3-DP, which is 
formed as a result of isomerisation of 1,2-DP (Ding 
et al., 2016; Hartmann et al., 2017). In the study, it 
has been reported that SARD1 and CBP60g genes 
regulate SA biosynthesis in plants under pathogen 
infection (Sun et al., 2015). Sun et al. (2018) have 
reported that the Calmodulin Binding Transcription 
Factor (CAMTA) family suppress the biosynthesis 
of Pip and NHP by negatively affecting the expres-
sion of SARD1 and CBP60g. With the FMO1 gene 
expression, Pip hydroxides and creates NHP. Stud-
ies have shown that the UGT76B1 gene should be 
expressed in the glycosylation of NHP. The loss of 
function in the UGT76B1 gene has been shown to 
stop the accumulation of NHP-OGlc (Mohnike et al., 
2021).

Pipecolic acid in systemic acquired 
resistance

SAR is generally studied as a leaf-to-leaf response 
of two parallel and related pathways, linked to SA 
and Pip or its bioactive form NHP, AzA, NO, ROS, 
and G3P (Kachroo & Kachroo, 2020). The transport 
of signal molecules in the SAR mechanism plays an 
essential role in forming the SAR mechanism in tis-
sues. It has been suggested that SA and its volatile 
derivative form (MeSA) of the SAR mechanism are 

key candidate signal molecules (Ádám et al., 2018) 
and that SA’s presence is necessary to form a SAR 
response in distant tissues (Métraux et al., 1990; 
Gaffney et al., 1993). In subsequent studies, it has 
been stated that SA accumulates in infected and non-
infected tissues but has been compromised by bacte-
rial SA hydroxylase NahG. Both SA-brokerage and 
SAR mechanism-driven protection has been com-
promised (Vlot et al., 2009; Liu et al., 2011). It has 
also been assumed that the SA, which is systemically 
moving, is carried in an apoplastic way in the Arabi-
dopsis thaliana. Its long-distance transport is insuf-
ficient in setting up the SAR mechanism (Vernooij et 
al., 1994; Lim et al., 2016). Therefore, it is believed 
that the SA has been coordinated to form the SAR 
mechanism with other signal molecules (Lim et al., 
2020). During the infection, it was observed that the 
SAR mechanism was weak in plants that could not 
accumulate SA. However, studies have found that 
the SAR mechanism cannot be created in mutant 
plants that cannot produce SA (An & Mou, 2011). 
Therefore, SA accumulation is considered necessary 
for a strong SAR response against pathogen infec-
tions in the plant (Gaffney et al., 1993; Nawrath & 
Métraux, 1999; Bernsdorff et al., 2016).

Návarová et al. (2012) have determined that Pip 
accumulation is shown before the SA accumula-
tion. While SA and Pip/NHP paths are considered 
two paths in parallel, recent studies have indicated 
that both paths are coordinated (Gao et al., 2015). In 
parallel with these findings, Lenk et al. (2019) have 
demonstrated that the external Pip application has an 
effect that increases NO concentration in barley plant 
under the P. syringae infection. These results show 
that Pip has raised the number and alerted the SAR 
and that Pip is at the head of the NO-ROS-AzA-G3P 
flow harness (Wang et al., 2018; Lenk et al., 2019). 
The ALD1 genes expressed in the P2C route form 
de-hydroxy-pipecolic acid from Lys and the SARD4 
genes in reducing the de-hydroxy-pipecolic acid to 
Pip. In the studies conducted, it has been determined 
that mutations in the ALD1 gene prevent Pip accu-
mulation and SAR formation. However, it has been 
stated that SARD4 mutant plants can accumulate Pip 
even in low quantities and have partial SAR response 
(Ding et al., 2016). In previous studies, the cucumber 
plants treated with pipecolic acid stimulated the SAR 
response against Podosphaera xanthii, P. syringae 
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infection (Belu et al., 2021; Pazarlar et al., 2021).
Recent studies indicate that Pip and NHP are 

strong signal molecules that can replace the SA (Hart-
mann et al., 2017). It has been found in studies that 
encouraged the systemic acquired resistivity mecha-
nism of pipecolic acid to be established, strengthen-
ing plant immunity (Lenk et al., 2019). Schnake et 
al. (2020) have reported that NHP accumulation in 
leaves is faster than Pip build-up, and SAR response 
is vital in plants under P. syringae infection. Stud-
ies have shown that ALD1 and FMO1 genes, which 
refer to the NHP biosynthesis, are required for SA 
accumulation (Mishina & Zeier, 2006; Cecchini et 
al., 2015). Yıldız et al. (2021) have demonstrated that 
the external NHP application significantly stimulates 
the SA biosynthesis. ALD1 and FMO1, although the 
genes are non-SA-independent, could be upregulated 
directly by SA (Cecchini et al., 2015). In addition, 
while SA-deficient mutants have been determined 
not to produce a SAR response, NHP-deficient ald1 
and fmo1 mutants have shown that the same situa-
tion does not occur (Hartmann et al., 2018; Shields 
et al., 2022).

It has also been observed that the amount of NHP 
and its conjugate derivative NHP-Glc, accumulate in 
the leaves after infection in the Arabidopsis plants 
(Holmes et al., 2019; Chen  et al., 2018; Hartmann 
& Zeier, 2018). In the studies conducted, it has been 
observed that the amount of free NHP increases as a 
result of mutations in the UGT76B1 gene, that plant 
growth is suppressed and that there is an increase in 
SAR response (Bauer et al., 2021; Cai et al., 2021; 
Holmes et al., 2021). The NHP is considered an es-
sential molecule for understanding the signalling be-
tween molecules in the SAR mechanism and detect-
ing species-specific pathogens in plants.

In their study on soybean (Glycine max L.), 
Abeysekara et al. (2016) have asserted that Pip ac-
cumulates in the systemic tissues in response to 
Fusarium virguliforme infection and positively regu-
lates the SA biosynthesis. Exogenous Pip applica-
tion has been shown to stimulate the expression of 
Pathogenesis-Related 1 (PR1) protein, SA accumu-
lation, and the resistance against Pseudomonas sy-
ringae pv. maculicola (Psm). However, it has been 
shown that exogenous Pip application alone is in-
sufficient for SA production in local and systemic 
tissues. Still, it positively affects the SA production 

under a pathogen stimulus. Accordingly, it has been 
reported that exogenous Pip application in pathogen 
infection effectively stimulates resistance due to the 
increased SA accumulation and signalling (Návar-
ová et al.,  2012). It is known that the Arabidopsis 
genome encodes the calmodulin-binding transcrip-
tion activator (CAMTA) genes, which are related to 
plant immunity (Bouché et al., 2002). These genes, 
especially CAMTA1, CAMTA2, and CAMTA3, are 
directly related to plant immunity (Kim et al., 2013). 
Sun et al. (2020) have reported that camta1-3 mutant 
Arabidopsis shows disease resistance dependent on 
SA and Pip/NHP.

Pip activation stimulates nitric oxide (NO) and 
reactive oxygen species (ROS) in the SAR pathway. 
NO and ROS stimulate the activation of other mol-
ecules involved in SAR. The accumulation of ROS 
promotes the release of 18-carbon (C-18) membrane 
lipids, resulting in the accumulation of 9-carbon (C-9) 
azelaic acid (AzA) (Vlot et al., 2021). In a previous 
study on the Arabidopsis plant, it has been reported 
that the amount of AzA increases in the petiole secre-
tion during pathogen infection. It has been reported 
that, with exogenous AzA application, AzA is trans-
ported in a symplastic way, inducing both SA- and 
Pip/NHP- dependent defence responses (Jung et al., 
2009; Yu et al., 2013). The increased amount of AzA 
stimulates the accumulation of glycerol-3-phosphate 
(G3P), a product of lipid metabolism. AzA-depend-
ent resistance and SAR depend on the accumulation 
of G3P (Fig. 3).

Fig. 3. Relationship between Pip with biotic and abiotic stress; 
Pip (pipecolic acid), NO (nitric oxide), ROS (reactive oxygen 
species), AzA (azelaic acid), G3P (glycerol-3-phosphate)
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Conclusions

Pipecolic acid is known to act as a local/basal sig-
nal in SAR by stimulating the production of salicylic 
acid under biotic stress. It can be used as a signal 
molecule to increase plant tolerance. Previous stud-
ies on pipecolic acid have shown that this molecule 
may have a role in increasing the resistance of plants 
against stress. However, these studies on pipecolic 
acid focused on its function under biotic stress but 
have not been thoroughly examined under abiotic 
stress, especially salt, cold, heavy metal and heat. 
Therefore, this review wants to draw attention to the 
gap in this subject. Also, there is a need for more 
profound research in plant physiology, biochemistry, 
plant molecular biology and agriculture.
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