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1,9-decanediol (1,9-D) is a biological nitrification inhibitor secreted in roots, which effectively inhibits soil
nitrifier activity and reduces nitrogen loss from agricultural fields. However, the effects of 1,9-D on plant root
growth and the involvement of signaling pathways in the plant response to 1,9-D have not been investigated.
Here, we report that 1,9-D, in the 100-400 uM concentration range, promotes primary root length in Arabidopsis
seedlings at 3d and 5d, by 10.1%-33.3% and 6.9%-32.6%, and, in a range of 50-200 uM, leads to an increase in
the number of lateral roots. 150 pM 1,9-D was found optimum for the positive regulation of root growth. qRT-
PCR analysis reveals that 1,9-D can significantly increase AtABA3 gene expression and that a mutation in ABA3
results in insensitivity of root growth to 1,9-D. Moreover, through pharmacological experiments, we show that
exogenous addition of ABA (abscisic acid) with 1,9-D enhances primary root length by 23.5%-63.3%, and an
exogenous supply of 1,9-D with the ABA inhibitor Flu reduces primary root length by 1.0%-14.3%. Primary root
length of the pin2/eiri-1 is shown to be insensitive to both exogenous addition of 1,9-D and ABA, indicating that
the auxin carrier PIN2/EIR1 is involved in promotion of root growth by 1,9-D. These results suggest a novel for
1,9-D in regulating plant root growth through ABA and auxin signaling.

1. Introduction

Nitrate (NO3) and ammonium (NHZ) are the most important sources
of nitrogen (N) for plant growth in most settings (Kronzucker et al.,
1997, 1999). When NHZ-N is applied to the soil, NHj can be converted
to NOj3 via nitrification carried out by soil microbial communities, even
in flooded soils otherwise dominated by NHi (Kirk and Kronzucker,
2005), and the NO3 produced can lead to N leaching and runoff and at
times severe pollution of groundwater and above-ground waterways
(McSwiney and Robertson, 2005; Coskun et al., 2017a, b; Min and Shi,
2018; Min et al., 2021b; Li et al., 2022). Nitrification inhibitors inhibit
nitrification in the soil and can effectively reduce the environmental
risks of NO3 (Sun et al., 2015; Coskun et al., 2017a, b; Min et al., 2021a;
Souza et al., 2021). Most of the currently available nitrification

inhibitors are chemically synthesized and, thus, are referred to as syn-
thetic nitrification inhibitors (SNIs), and the success of their application
is influenced by a variety of environmental factors (Abalos et al., 2014).
SNI application can significantly increase the cost of agricultural pro-
duction but can also pose a potential environmental pollution risk in its
own right. (Woodward et al., 2016).3

Biological nitrification inhibitors (BNIs) are a class of substances
secreted by plant roots, and several of these can effectively reduce soil
nitrification, thus presenting the potential for application in agricultural
fields (Subbarao et al., 2006, 2013; Coskun et al., 2017a; Lu et al., 2019).
At the same time, BNIs, as naturally produced plant materials, are more
environmentally friendly than synthetic nitrification inhibitors (Wood-
ward et al., 2016). Several types of BNIs have been identified from the
root exudates of various species in the past two decades. In sorghum,
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three BNIs, such as methyl 3-(4-hydroxyphenyl) propionate (MHPP) (a
phenylpropanoid), sakuranetin (a flavanone), and sorgoleone (a benzo-
quinone) have been reported from root exudates (Zakir et al., 2008;
Subbarao et al., 2013). In Brachiara humidicol, a cyclic diterpene named
brachialactone was isolated from roots (Subbarao et al., 2009). Two BNIs,
1,9-decanediol (1,9-D) (a fatty alcohol) and syringic acid (an aromatic
acid), were identified in rice root exudates (Sun et al., 2016; Lu et al.,
2022). Recently, 2,7- dimethoxy-1,4-naphthoquinone (Zeanone) and
2-hydroxy-4,7-dimethoxy-2H-1,4-benzoxazin-3(4H)-one =~ (HDMBOA)
were isolated from maize root systems (Otaka et al., 2022). However,
previous studies mainly focused on BNI effects on nitrogen trans-
formation in the soil and not on plant growth and physiology (Subbarao
et al., 2009; Byrnes et al., 2017; Wang et al., 2021). Whether BNIs can
affect plant root development in any significant manner has not been
sufficiently examined. Evidence has been found that root exudates can
dramatically affect the growth of plant seedlings and roots (Yang et al.,
2013). Thus, it is reasonable to assume that BNIs might also influence
plant root growth, for which reason the current study was designed.

It has been noted that MHPP exhibit an inhibitory effect on root
length in Arabidopsis and in the medicinal Perilla genus (Liu et al., 2016;
Ma et al., 2020). Another BNI, syringic acid, had no significant effect on
root growth in a nutrient-rich substrate, whereas it inhibited root
growth in a nutrient-deficient medium (Reigosa and Malvido-Pazos,
2007; Adams et al., 2020). Our previous studies showed that 1,9-D
can inhibit nitrification and reduce N,O emissions in different soil
types (Lu et al., 2019) and that the secretion of 1,9-D can be induced by
NHZ, O,, and nitrifying microbes (Zhang et al., 2019). Although there
have been many studies on the environmental effects of 1,9-D, to our
best knowledge, no studies exist that report the outcomes of 1,9-D
application on root growth and development.

A variety of hormones and signaling molecules that regulate the
growth of plant roots have been reported, including auxin, ethylene,
abscisic acid (ABA), cytokinins (CK), gibberellins (GA), salicylic acid
(SA), jasmonates (JA), and much is known about their interactions (Van
de Poel et al., 2015; Lopez-Ruiz et al., 2020). The auxin indole-3-acetic
(IAA) plays a crucial role in root growth, development, and differenti-
ation (Di et al., 2016) and does so under a variety of soil stresses, such as
alkaline stress or ammonium toxicity (Zou et al., 2012; Xu et al., 2013).
Plants maintain conventional root growth by retaining the maximum
auxin concentration in the quiescent center (Laskowski et al., 2008).
IAA-deficient Arabidopsis mutants exhibit inhibition of lateral root
growth at different developmental stages (Celenza et al., 1995), and pinl
and pin2 single mutants show reduced root length and root meristem
size compared to wild type (Blilou et al., 2005). Exogenous addition of
low concentrations of IAA inhibits plant root elongation and stimulates
cell differentiation, but low concentrations of IAA promote the forma-
tion of adventitious and lateral roots (Lincoln et al., 1990; Di et al., 2021;
Wang et al., 2022). Synergy of IAA with various substances can also
regulate root growth. IAA can act synergistically with brassinosteroids
to promote maize root geotropism (Kim et al., 2000). Ethylene is the
smallest plant hormone and has a simple CoHy structure, with functions
in the regulation of leaf development, senescence, fruit ripening, and
stimulating germination (Dubois et al., 2018). In Arabidopsis roots,
ethylene and its precursor 1-aminocyclopropane-1-carboxylic acid
(ACC) were found to induce ectopic root hairs and increased root width
(Tanimoto et al., 1995; Smalle and Van Der Straeten, 1997) coupled to
an inhibition of plant root cell elongation and growth (Le et al., 2001; Li
et al., 2015a, b). In plants, ethylene interacts with other hormones to
stimulate plant growth. IAA is a positive regulator of ethylene-induced
inhibition of root elongation (Rahman et al.,, 2001). Ethylene can
up-regulate auxin biosynthesis in inhibited root cells to facilitate root
extension and growth (Swarup et al., 2007).

ABA also mediates multiple developmental processes in plants. It has
been shown that high concentrations of ABA inhibit the growth of pri-
mary roots (Thole et al., 2014). On the contrary, low concentrations of
ABA can maintain root growth by reducing ethylene synthesis under
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water stress (Spollen et al., 2000). Under aluminum and ammonium
stress, plants increase ABA accumulation to maintain primary root
growth (Hou et al., 2009; Sun et al., 2020). The exogenous addition of
ABA promoted primary root elongation in pyl112458 seedlings and the
pyl duodecuple ABA receptor mutant (Gonzalez-Guzman et al., 2012;
Zhao et al., 2018). ABA in roots induces genes in the clade A PP2C
family, which may lead to reduced inhibition of primary root growth
(Wang et al., 2019).

Other hormones also play an essential role in regulating root growth.
When plants are under aluminum stress, for instance, CK and JA pro-
mote primary root growth to facilitate acclimation to the stress (Yang
et al., 2017; Wang et al., 2020); however, under cadmium stress, JA has
been shown to produce the opposite trend in root growth (Lei et al.,
2020).

It is unknown whether various BNIs share similar or distinct
signaling pathways involved in plant root growth when such effects are
observed. Sorghum-secreted MHPP has been shown to regulate root
growth through the NO/ROS-mediated auxin response pathway in
Arabidopsis (Liu et al., 2016). In Perilla, MHPP regulates root growth by
changing the expression of genes involved in the phenylpropanoid
metabolic pathway, thereby influencing the accumulation of secondary
metabolites in roots and leaves (Ma et al., 2020). The signaling pathway
through which 1,9-D regulates root growth remains to be determined.

In this study, we attempt to answer the following two questions: (i)
Does 1,9-D regulate the growth of primary and lateral roots of plants?
(i) If so, which signaling pathways are principally involved?

2. Materials and methods
2.1. Plant material and growth conditions

The wild-type Arabidopsis used in this study was Col-0, and the
mutant seeds aba3-1 (CS157) and pin2/eirl-1 (CS8058) were in the Col-
0 background. Seeds were stored at 4 °C for 48h and then surface-
sterilized with 70% (v/v) ethanol and 3% sodium hypochlorite. The
sterilized seeds were plated on Murashige and Skoog medium (MS)
(adjusted to pH 5.8 with 1M KOH), supplemented with 1% (w/v) agar
and 1% (w/v) sucrose. Seedlings were grown vertically under a 16/8h
light/dark cycle in a growth chamber maintained at 23 + 1 °C with
illumination at 100 pmol m 2 s~ %,

2.2. Chemical treatment

The stock solutions of both 1,9-D ( C1oH2205 ) (synthesized by WuXi
AppTec, Shanghai, China) and ABA (Sigma-Aldrich) were dissolved in
ethanol; a stock solution of the ABA inhibitor 1-methyl-3-phenyl-5-[3-
trifluoromethyl)phenyl]-4(1H)-pyridinone (Flu) (Sigma-Aldrich) was
dissolved in acetone.

The seeds were germinated and grown on MS medium for five days,
and then seedlings were transferred with similar root lengths to fresh MS
medium supplemented with 1,9-D at various concentrations (50, 100,
150, 200, 400, and 800 pM) for another 3 or 5 days.

ABA pharmacology experiments were performed by transferring 5-
day-old seedlings to an MS medium containing 1,9-D (0 or 150 uM)
with ABA (0.1, 0.2, 0.5, and 1.0 pM) or 1,9-D (0 or 150 pM) with Flu (0.2
and 0.5 pM) for three days.

2.3. Phenotypic analysis

Primary root length was measured under different treatments.
Measurements were made by marking the apical position at the bottom
of the plate every 24 h and scanned for imaging after 3 or 5 days using
Image J software. The number of lateral roots was measured as mature
lateral roots greater than 0.5 mm in length. At least 12 replicate plants
were calculated for each treatment.
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2.4. qRT-PCR analysis

Total RNA was extracted from three-day-old seedlings using TRIzol
Reagent (TaKaRa). Then DNase-treated total RNA (1 pg) was used for
complementary DNA (cDNA) synthesis with a Reverse Transcription
System Kit (Promega) and oligo(dT) primers. The diluted cDNA (20
times) was used for qQRT-PCR analysis with TB Green Premix Ex Taq
(Takara). The cycle threshold 2(-2ACM)_hased method was used for
relative quantitation of gene expression. Actin2 was used as an internal
control for qRT-PCR standardization. For each gene, qRT-PCR was
performed on three biological replicates, with six parallel replicates set
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up for each biological replicate. The specific primers used for each gene
are listed in Supplementary Table S1.

2.5. Statistical analysis

Each experiment was repeated at least three times. Data were
analyzed by one-way variance analysis (ANOVA, P < 0.05), and the
results are presented as means + SD.
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Fig. 1. Effects of 1,9-D on root system development in Arabidopsis. (A), Five-day-old col-0 seedlings grown in MS medium were treated with or without 1,9-D for 3d-
5d, the broken line indicates the start point after transfer, bar = 1 cm; (B), the primary root length for 3d seedings, n = 16; (C), the primary root length for 5d
seedings, n = 16. Different letters indicate significantly different values (P < 0.05).
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3. Results
3.1. Effects of 1,9-D on root growth of Arabidopsis

To identify the effect of 1,9-D on the primary root elongation, five-
day-old wild-type seedlings were transferred to fresh medium supple-
mented with different concentrations of 1,9-D for 3 and 5 days.
Compared to the control, the primary root length of the seedlings was
stimulated by 10.1%-33.3% when exposed to 100-400 pM 1,9-D, but a
42.4% inhibitory effect of 800 uM 1,9-D was found on the primary roots
growth of seedlings treated 3d (Fig. 1A and B). Similarly, the primary
root length of seedlings was also increased by 6.9%-32.6% after five
days of 100-400 pM 1,9-D treatment (Fig. 1A and C).

As shown in Fig. S1, a range of 50-400 pM, 1,9-D promoted the
number of lateral roots by 8.4%-6.8%. No significant effect of 800 pM of
1,9-D was found on the lateral root number compared to the control.
Thus, 1,9-D tended to promote root growth at low concentrations
(100-400 pM) and displayed inhibitory activity at high concentrations
(>800 pM). At the same time, 150 pM 1,9-D was the optimum concen-
tration for regulating root growth.

3.2. Effect 1,9-D on the expression of major hormone synthesis genes in
Arabidopsis

The content and distribution of hormones are key factors influencing
root growth (Zluhan-Martinez et al., 2021). To investigate which hor-
mone regulatory pathways are involved in the 1,9-D regulation of root
growth, we determined the expression levels of the major hormone
synthesis genes in plants (Lopez-Ruiz et al., 2020). As shown in Fig. 2, 1,
9-D did not significantly increase the transcription levels of leading
auxin synthesis genes (AtYUC9, AtTAA1, AtASA1) in Arabidopsis seed-
lings. Similarly, although the expression levels of ethylene, JA, CK, SA,
and GA synthesis or transport genes in the seedlings treated with 1,9-D
showed either higher or lower levels compared to control, none of these
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differences reached statistical significance. However, the expression of
the ABA synthesis gene AtABA3 was significantly increased in 1,
9-D-treated seedlings. The above data suggest that the AtABA3 gene
may be involved in the process of 1,9-D regulation of root growth.

3.3. ABA is involved in the regulation of primary root length by 1,9-D

In order to explore whether the AtABA3 gene is involved in the
growth promotion by 1,9-D, seedlings of the ABA-synthesis mutant
aba3-1 were treated with or without 1,9-D (Fig. 3A). The addition of 1,9-
D significantly increased primary root length in col-0 seedlings (Fig. 3B).
However, the aba3-1 mutant was insensitive to the treatments, indi-
cating that ABA is a contributing factor in 1,9-D regulation of root
growth in Arabidopsis.

In order to clarify the role of ABA in the regulation of primary root
length by 1,9-D, we performed pharmacological experiments on 3d col-
0 seedlings. As shown in Fig. 4, in treatments without 1,9-D, exogenous
addition of ABA promoted primary root length by 39.8%, 61.2%, 67.3%,
and 48.0% (Fig. 4A and C), respectively, while Flu reduced primary root
length in col-0 seedlings by 23.5% and 28.6% (Fig. 4B and D).

Exogenous supplementation of ABA to media containing 1,9-D could
promote primary root length by 55.1%, 63.3%, 51.0%, and 23.5%
(Fig. 4C), respectively; exogenous supply of Flu to media containing 1,9-
D could reduce primary root length by 1.0% and 14.3% (Fig. 4D).

3.4. Effect of 1,9-D on the expression of ABA genes

In order to more comprehensively investigate the relationship be-
tween 1,9-D and ABA, we analyzed the expression levels of members of
ABA synthesis and metabolism gene families in 1,9-D-treated seedlings
by qRT-PCR analysis. As shown in Fig. 5B, 1,9-D significantly increased
the transcription level of the ABA synthesis genes AtABA1 and AtABA3.
Meanwhile, 1,9-D increased the expression of AtNCED3 and AtAAO1 and
decreased the expression of other synthesis genes, but none of the
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Fig. 2. gRT-PCR analysis of the expression of major hormone synthesis genes in Col-0 seedlings treated with or without 1,9-D for 3d. (A), auxin; (B), ABA, (C),
ethylene; (D), CK; (E), JA; (F), GA; (G), SA synthetic genes. Asterisks indicate a significant difference from the corresponding control (**, P < 0.05).
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Fig. 3. The col-0 and aba3-1 mutant seedlings treated with or without 1,9-D for 3d (A), the broken line indicates the start point after transfer, bar = 1 cm; (B), the
primary root length, n = 24. Different letters indicate significantly different values (P < 0.05).

differences reached significance compared to the control (Fig. 5A,C). We
also found that 1,9-D could significantly increase the expression of the
ABA metabolism gene CYP707A4 (Fig. S2). By contrast, 1,9-D had no
significant impact on the expression of the genes CYP707A1 and
CYP707A2, while the CYP707A3 gene was not detected in this
experiment.

3.5. Promotion of root growth by 1,9-D requires the auxin carrier PIN2/
EIR1

Previous studies have demonstrated that the stimulatory effect of
ABA on root growth requires auxin signaling and auxin transport via the
PIN2/EIR1 auxin efflux carrier (Li et al., 2017). Therefore, we investi-
gated the effect of 1,9-D on the primary root length of the auxin mutant
pin2/eirl-1 (Fig. 6A). In the treatment without 1,9-D, there was no sig-
nificant difference in primary root length between col-0 and pin2/eirl-1
mutants. However, col-0 showed significantly higher primary root
length than the pin2/eirl-1 mutant in the treatment with 1,9-D. Simi-
larly, as shown in Fig. 6B, col-0 seedlings were susceptible to the exog-
enous addition of ABA, while pin2/eirl-1 seedlings were not sensitive to
ABA.

4. Discussion

Previous studies on 1,9-D, a fatty alcohol and biological nitrification
inhibitor isolated from rice root secretions, elucidated its action
pathway on microorganisms and its effect on soil N transformation (Sun
etal., 2016; Lu et al., 2019; Zhang et al., 2019). However, the impact of
1,9-D on root growth and development had not been examined. Here, we
found that 1,9-D can significantly regulate root growth in Arabidopsis,
with a pronounced dose effect; low concentrations of 1,9-D promoted
primary root length and lateral root number, while high concentrations
inhibited growth. Studies had been shown that in Arabidopsis, fatty al-
cohols are an important component of root lipids (Delude et al., 2016),
and Arabidopsis root injury increases fatty alcohol content (Domergue
etal., 2010), suggesting that the fatty alcohol 1,9-D may not be inert and
exercise regulatory effects on root growth.

Meanwhile, 1,9-D, a secondary metabolite secreted by the root sys-
tem, may also have effects similar to allelochemicals. Allelochemicals
extracted from C. canadensis were shown to inhibit root growth in
Arabidopsis at certain concentrations, and the inhibitory effect became
more significant as the concentration increased (Zhang et al., 2022).
However, low concentrations were not examined in the latter study, so
the possibility that such root-exuded allelochemicals could also promote
root growth in different concentration ranges remains unknown. Ferulic
acid, also an allelochemical, has been shown to increase root length,
fresh weight, and dry weight in soybean at a concentration of 0.1 mM;

however, this transitioned to an inhibitory effect at increased concen-
tration (Herrig et al., 2002). The above findings are consistent with a
divergent concentration-dependent effect of 1,9-D on the regulation of
root growth in Arabidopsis.

The role of MHPP as BNI in regulating root growth differs from that
of 1,9-D, with MHPP showing an inhibitory effect on primary roots of
Arabidopsis in the concentration range of 40-80 uM (Liu et al., 2016).
The difference in root growth regulation by MHPP and 1,9-D might be
due to different modes of action on the plant and their different chemical
structures.

In the current study, we present evidence for the possible involve-
ment of ABA signaling during the response of Arabidopsis to 1,9-D
treatment. We found that the mutant aba3-1 was insensitive to 1,9-D
treatment. When 0.2 or 0.5 pM Flu was included along with 1,9-D
treatment, 1,9-D weakened the inhibitory effect of Flu on root growth;
meanwhile, 1,9-D could enhance the promotion of root growth at low
concentrations (0.1, 0.2, or 0.5 pM) of ABA. These results indicate that
1,9-D may have increases the content of ABA in roots, promoting pri-
mary growth. ABA is an essential stress hormone in plant growth and
development (Chernys and Zeevaart, 2000; Geiger et al., 2011). So far,
most studies have indicated that adding ABA inhibits the growth of
primary roots in Arabidopsis (Nguyen et al., 2013; Thole et al., 2014).
Nevertheless, recent studies showed that low concentrations of ABA
could improve root growth in Arabidopsis (Li et al., 2017; Xie et al.,
2020; Miao et al., 2021).

Up-regulation of the gene for ABA synthase leads to an increase in the
ABA content of plants (Liu et al., 2010). The datain Fig. 4 shows that 1,9-D
increased the expression of the ABA synthesis genes AtABA1 and AtABA3
in Arabidopsis seedlings. Induction of ABA-biosynthesis-related gene
expression explains the promotion of root development by 1,9-D treat-
ment. AtABA1 catalyzes the synthesis of violaxanthin by encoding zeax-
anthin epoxidase (ZEP), which generates epoxy carotenoid precursors for
the ABA biosynthetic pathway and functions early in ABA biosynthesis
(Xiong et al., 2002). Increased expression of the AtABA1 gene by 1,9-D
offered the possibility of synthesizing more all-trans-violaxanthin for
ABA (Audran et al., 2001). AtABA3 encodes the sulfurase that produces a
functional cofactor and is a critical enzyme in ABA synthesis, and AtABA3
is a crucial regulator of ABA-stress-responsive gene expression and stress
tolerance (Xiong et al., 2001). Arabidopsis subjected to salt stress or ABA
showed a significantly increased stress response, coincident with an in-
crease in the expression of AtABAI and AtABA3 genes (Barrero et al.,
2006). All of the above indicates that 1,9-D might act as a signaling
substance to enhance the expression of ABA-synthesis genes. Our data
show that the exogenous application of 1,9-D also increased the expres-
sion of the ABA-metabolism gene CYP707A4. However, the upregulation
ratio was less than that for ABA-synthesis genes. This phenomenon might
be explained by feedback exerted by ABA-metabolism genes and their
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Fig. 4. Primary root length of col-0 seedlings treated with or without 1,9-D for 3d with ABA (A) or Flu (B), the broken line indicates the start point after transfer, bar
=1 cm; (C), the primary root length following treatment with ABA, n > 1 2; (D), the primary root length following treatment with Flu, n> 1 2. Different letters

indicate significantly different values (P < 0.05).

products on the upregulation of ABA-synthesis genes (Umezawa et al.,
2006).

Our experiments with the pin2/eirl-1 mutant revealed that the
addition of 1,9-D did not significantly promote the growth of primary
roots in the pin2/eirl-1 mutant, supporting ABA mediation of the pro-
cess. Other studies also offer support for this view (Li et al., 2017). The
accumulation of auxin in plants is the result of its synthesis, transport,
and metabolism (Li et al., 2015). Although 1,9-D did not significantly
increase auxin synthesis in this study, it may regulate root growth by
altering free IAA content in roots and by targeting auxin transport
(Casimiro et al., 2001; Di et al., 2018, 2021). Auxin is transported to-
wards the root meristem, where it modulates root growth, in a balance
between environmental stimuli and plant-internal carbohydrate avail-
ability. TARGET OF RAPAMYCIN (TOR) is a core hub among signaling

cascades that balances cellular responses upon hormonal and nutrient
signaling, including root length activity (Retzer and Weckwerth, 2021).
Yuan et al. (2020) showed that glucose regulates auxin transport and
influences root growth by activating TOR kinase and phosphorylating
the auxin transport protein PIN2 resident in the plasma membrane. It is
therefore not unreasonable to postulate a specific role of 1,9-decanediol
in auxin transport by regulating PIN2 via TOR. However, other response
mechanisms, such as those between ABA and auxin (IAA), are not pre-
cluded. ABA regulates root growth in Arabidopsis by inhibiting the ac-
tivity of the ABA receptor PP2C, preventing it from phosphorylating
downstream targets, and by releasing plasma-membrane H'-dependent
adenosine triphosphatase 2 (AHA2), thereby completing ABA signaling
(Miao et al., 2021).
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5. Conclusion

Our data demonstrate a novel role of the biological nitrification in-
hibitor 1,9-D in regulating root development for the first time. We show
that 1,9-D can stimulate primary root growth in Arabidopsis by
increasing root ABA content and via targeting the PIN2/EIRI auxin
efflux carrier for auxin signaling and transport. The ability of 1,9-D to
not only inhibit nitrification in the root zone but also to stimulate plant
root growth qualifies it as a potentially environmentally friendly and
effective N fertilizer additive and root promoter. In addition, we show
that 1,9-D induces ABA synthesis, offering potentially even broader
benefits by acting as a signaling additive for general plant resistance to
adversity rather than as a simple biological nitrification inhibitor.
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