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Abstract:  

Indole is crucial for plant defense, where it is released as a signaling volatile upon herbivore attack 

and also serves as a starting precursor for defensive specialized metabolites. Indole is known to be 

synthesized in plants from indole-3-glycerol phosphate by the enzyme indole-3-glycerol phosphate 

lyase. Here we report that in core eudicots, indole production for plant defense occurs via an 

alternative pathway. The α subunit of tryptophan synthase (TSA), an enzyme of core metabolism, 

normally binds to tryptophan synthase β subunit (TSB) to produce tryptophan. However, we show 

that a non-catalytic TSB paralogue (TSB-like) can highjack TSA to produce indole. The 

widespread occurrence of TSB-like genes in eudicots suggests that this alternative mechanism for 

indole formation is widespread throughout the plant kingdom. 

 

 

Main Text: 

Indole is a nitrogen-containing aromatic compound that acts as central intermediate in the 

biosynthesis of the amino acid tryptophan in all forms of life. In plants, indole also serves as a 

precursor for specialized defense metabolites such as benzoxazinoids (BXD) (1), nudicaulins (2), 

and indigoids (3). Moreover, many plants release volatile indole upon herbivory attack to either 

deter the herbivore or to warn neighboring plants of impending attack, thereby priming plant 

resistance (4–7). Indole is also released as a flower volatile that is involved in attracting pollinators 

(8, 9). Indole that is utilized for tryptophan formation is produced by the tryptophan synthase α 

subunit (TSA) from indole-3-glycerol phosphate (IGP) (10, 11). TSA is always found as a highly 

conserved heterotetrameric complex with the tryptophan synthase β-subunit (TSB), which allows 

indole to be channeled from the active site of TSA into the active site of TSB, where it is then 

condensed with L-Ser to form tryptophan (12). TSA and TSB alone have very low catalytic 

activity; the heteromeric dimerization provides the mutual allosteric activation that is required for 

both of these enzymes to work efficiently (10–12). In contrast to tryptophan biosynthesis, indole 

for defense or signaling is produced by two types of plant IGP-lyases that have evolved 

independently from TSA. One type, commonly referred to as IGL (indole-3-glycerol phosphate 

lyase), is primarily involved in production of volatile indole, while the second type, referred to as 
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BX1 (benzoxazinoneless-1), produces indole for BXD formation, and appears to be restricted to 

plants that produce BXD natural products (13–16). Unlike TSA, IGL and BX1 are highly active 

as standalone proteins and do not require allosteric activation (17–19). Functional IGL and BX1 

enzymes have so far only been reported in the grasses (Poaceae), a family of monocotyledons, and 

in one species of the Ranunculaceae (Consolida orientalis), a family of basal eudicotyledons (Fig. 

1A and fig. S1A) (2, 16, 20, 21). Recently, the genes responsible for BXD biosynthesis in two core 

eudicot species, Lamium galeobdolon and Aphelandra squarrosa, have been discovered (16, 22). 

However, the respective putative IGL/BX1 enzymes produced indole with poor catalytic 

efficiencies (16). Therefore, it was unclear how free indole is produced in these core eudicots. 

Here, we report the identification of a core eudicot-specific TSB-like pseudoenzyme that itself 

lacks enzymatic activity but allosterically activates TSA for efficient production of indole for BXD 

biosynthesis and, more broadly, for plant defense and communication. 

 

TSB-like is widespread in the core eudicots and promotes the formation of free indole 

In previous work, we have elucidated the BXD biosynthetic pathway in A. squarrosa and L. 

galeobdolon (16, 22), but the mechanism of the first committed step of the pathway, indole 

formation, remained elusive (Fig. 1B and fig. S1B). When the pathway was reconstituted by 

transiently expressing the biosynthetic genes in the heterologous host Nicotiana benthamiana, it 

was observed that putative IGL/BX1 from L. galeobdolon and A. squarrosa were unable to support 

the formation of BXD when combined with downstream BXD pathway genes. In contrast, 

substitution of the L. galeobdolon / A. squarrosa putative IGL/BX1 genes with BX1 from Z. mays 

or Consolida orientalis led to robust production of BXD (Fig. 1C). We therefore concluded that 

A. squarrosa and L. galeobdolon do not utilize IGL/BX1 for BXD biosynthesis and must have an 

alternative mechanism for production of indole. To uncover this mechanism, we screened the A. 

squarrosa and L. galeobdolon transcriptomes for genes that are co-expressed with the previously 

reported BXD pathway genes. This approach revealed a gene in both species that was similar (57% 

nucleotide sequence identity on average) to TSB, named AsTSB-like and LgTSB-like, respectively 

(fig. S1C, D and E). Phylogenetic analysis showed that AsTSB-like and LgTSB-like formed a clade 

well separated from those of TSB and TSB type II, which are both known to catalyze formation 

of tryptophan (fig. S2A) (23, 24). However, the function of TSB-like was unknown. Transient 

expression of AsTSB-like or LgTSB-like together with the maize BXD pathway genes in N. 

benthamiana resulted in efficient BXD biosynthesis (Fig. 1C and D). In contrast, no BXD were 

formed when the canonical AsTSB or AsTSB type II gene was used (fig. S2B). Interestingly, a 

broader BLAST analysis showed that TSB-like are not only present in the BXD-producing species 

A. squarrosa and L. galeobdolon but are widespread in all core eudicots examined (Fig. 1A and 

fig. S2A). Notably, no TSB-like gene was found in monocotyledons and basal eudicotyledons (fig. 

S2A), which are known to possess functional IGLs for the formation of free indole (Fig. 1A, fig. 

S1A and fig. S2A) (16, 18, 20). Testing of additional TSB-like genes from non-BXD-producing 

species of the core eudicots, including N. benthamiana, Populus trichocarpa, and Arabidopsis 

thaliana, showed that all, when transiently expressed in N. benthamiana, resulted in indole 

production (Fig. 1C).  

 

TSB-like is a pseudoenzyme that allosterically activates TSA for indole production 

Because TSA and canonical TSB are known to form a protein complex and mutually activate each 

other, we hypothesized that the formation of indole promoted by TSB-like might be associated 

with TSA. Indeed, when recombinant AsTSB-like protein was incubated with AsTSA protein and 

the substrates IGP and L-serine, indole, but not tryptophan, was produced. Conversely, in reactions 

containing AsTSA and canonical AsTSB, tryptophan was the only product. Each enzyme showed 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 26, 2024. ; https://doi.org/10.1101/2024.08.26.609694doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.26.609694
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

3 

 

negligible activity when assayed alone (Fig. 2A and B), indicating that AsTSB-like acts as 

allosteric activator for AsTSA. Allosteric activation of TSA by TSB-like was also observed for 

other species, including A. thaliana, N. benthamiana, P. trichocarpa, and L. galeobdolon (fig. 

S3A). In species harboring two TSA genes (e.g. L. galeobdolon) (16), allosteric activation of both 

homologues by TSB-like was observed (fig. S3A). Notably, A. thaliana (25) and other 

Brassicaceae plants have both a TSA and a TSA-like enzyme (INS), where the TSA-like enzyme 

has been proposed to produce indole in a tryptophan-independent auxin pathway. We also showed 

allosteric activation of both AtTSA/TSA-like by TSB-like (fig. S3A). To test whether TSB-like 

and TSA form a protein complex that is characteristic of this allosteric activation, we performed 

co-purification assays with different combinations of His-tagged or non-tagged recombinant 

proteins. Incubation of His-tagged AsTSB-like with untagged AsTSA or vice-versa followed by 

nickel affinity purification always resulted in purification of both proteins, regardless of whether 

the His-tag was fused to the C- or N-terminus of the protein (Fig. 2C and fig. S3B and C). This 

demonstrates that AsTSB-like forms a complex with AsTSA that is stable even under the 

conditions of the in vitro purification procedure. Competition assays (in vitro and in N. 

benthamiana) also suggested that TSB-like and TSA form a complex. In vitro, incubation of TSA 

and TSB-like with increasing amounts of TSB resulted in a progressive reduction of indole and 

increase of tryptophan accumulation (Fig. 2Di and ii). Incubation of TSA and TSB with increasing 

amounts of TSB-like resulted in increased indole accumulation, and in this case, minor levels of 

tryptophan (Fig. 2D iii and iv), most likely due to the TSB-like/TSB product-substrate cross talk 

(fig. S4A and B). In N. benthamiana, co-expression of AsTSB-like together with AsTSB and 

ZmBx2-4 resulted in an approximately 50% reduction in the amount of BXD produced compared 

to the control, which expressed only AsTSB-like and ZmBx2-4 (Fig. 2E). Moreover, the subcellular 

localization of AsTSA and AsTSB-like, as evidenced by expression of fluorescence-tagged 

proteins in N. benthamiana, indicated that both proteins were localized close to each other in the 

chloroplasts (Fig. 1E and fig. S5). Taken together, our results suggest that TSB-like has no 

enzymatic function but instead binds to TSA, thereby activating this enzyme for efficient indole 

production (Fig. 2F). 

 

Two conserved residues mediate the different functionalities of TSB-like 

Phylogenetic analysis suggested that TSB-like most likely evolved by gene duplication and 

neofunctionalization of a canonical TSB gene (fig. S2). To understand how TSB-like lost 

tryptophan synthase activity but retained the capacity to allosterically activate TSA, we identified 

active site residues that were consistently different between TSB-like and TSB in all species 

examined (fig. S6A, B and C). We identified a glutamate residue that has been shown to be 

essential for tryptophan formation and an aspartate residue proposed to play a role in TSB 

activation (10–12, 26, 27). In TSB-like, this glutamate residue is almost always replaced by alanine 

(A195 in AsTSB-like), with the only exception found in TSB-like from Solanaceae species, which 

instead contained a serine or a proline at this position (fig. S7A and fig. S8A and B). The aspartate 

residue was universally replaced by glutamate in TSB-like (E388 in AsTSB-like) (Fig. 3A, B and 

C). Mutation of this alanine (A195) in AsTSB-like to glutamate resulted in restoration of 

tryptophan biosynthetic activity, although the AsTSA/AsTSB-like A195E complex still produced 

significant amounts of indole (Fig. 3D and fig. S7C). Mutation of glutamate 388 to aspartate in 

AsTSB-like resulted in reduced indole formation though tryptophan biosynthesis was still not 

observed (Fig. 3D and fig. S7B, C). The double mutant AsTSB-like A195E - E388D in 

combination with AsTSA produced high levels of tryptophan relative to indole (Fig. 3D, fig. S7B 

and C). Transient expression of the double mutant in N. benthamiana showed that TSB-like 

activity was almost completely eliminated in planta, as evidenced by the lack of indole production 
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(Fig. 3E). Introducing the reverse mutations into AsTSB (AsTSB E190A and AsTSB E190A 

D386E) resulted in almost non-functional proteins (fig. S9, S10). Mutagenesis of additional 

residues in or near the active site did not lead to indole production, suggesting that mutation of 

residues outside the active site is also essential (fig. S10A and B). 

 

TSB-like is involved in plant defense and signaling 

Indole is a widespread plant volatile that is often released in response to herbivory or as a 

characteristic floral scent component. N. benthamiana emits indole after herbivory attack (28) (Fig. 

4A). We could show that, along with indole emission, TSB-like expression, but not TSA expression, 

was strongly up-regulated in N. benthamiana upon herbivory (Fig. 4B), suggesting that TSB-like 

promotes indole formation in response to biotic stress. A meta-analysis of literature data across 

core eudicot species for which both metabolome and transcriptome data were available, revealed 

that both herbivory-induced and floral scent-related indole emissions were always accompanied 

by an up-regulation of TSB-like expression, whereas TSA expression remained unchanged or 

showed smaller fold change differences compared to TSB-like (fig. S11). These observations are 

consistent with a recently reported study from tea that showed the upregulation of a TSB-like 

protein after herbivore attack, and that this protein interacts with TSA (29). Along with the absence 

of IGL/ BX1 genes, these data suggest that indole emission in core eudicots is dependent on the 

action of TSB-like.  

 

Conclusion 

Despite the biological importance of indole in plant defense and communication, the mechanism 

underlying its formation in the vast and economically important clade of the core eudicots had 

remained unknown. Recently, the widespread distribution of TSB-like genes has been noticed (30), 

but the function of these genes in the plant kingdom nevertheless remained elusive (fig. S12). In 

this work we report that the pseudoenzyme TSB-like, a catalytically “dead” paralog of TSB, 

appears to be responsible for indole biosynthesis in the core eudicots. TSB-like most likely evolved 

from TSB through a loss of tryptophan biosynthetic activity. The resulting catalytically inactive 

TSB-like mimics the interaction of TSB with TSA, thereby allosterically activating TSA to allow 

indole biosynthesis, but without subsequent conversion to tryptophan. Therefore, TSB-like has 

evolved to serve as a switch that toggles between tryptophan and indole biosynthesis by hijacking 

the pre-existing TSA. Although pseudoenzymes can be challenging to discover, recent work has 

highlighted that these proteins play essential roles in a number of biological processes such as 

vitamin B6 biosynthesis (31), alkaloid biosynthesis (32), and starch breakdown (33, 34). In 

summary, we report the biosynthesis of indole, a fundamental part of the plant defense response 

(35), in core eudicots. The discovery of TSB-like may allow modulation of indole emission by 

targeted breeding or genetic manipulation, subsequently having a profound impact on food security 

in economically important eudicots including e.g. tomato, olive, and coffee. 
 

References and Notes 

1.  M. Frey, P. Chomet, E. Glawischnig, C. Stettner, S. Grün, A. Winklmair, W. Eisenreich, 

A. Bacher, R. B. Meeley, S. P. Briggs, K. Simcox, A. Gierl, Analysis of a Chemical Plant Defense 

Mechanism in Grasses. Science 277, 696–699 (1997). 

2.  B. Dudek, A.-C. Warskulat, H. Vogel, N. Wielsch, R. C. Menezes, Y. Hupfer, C. Paetz, S. 

Gebauer-Jung, A. Svatoš, B. Schneider, An Integrated—Omics/Chemistry Approach Unravels 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 26, 2024. ; https://doi.org/10.1101/2024.08.26.609694doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.26.609694
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

5 

 

Enzymatic and Spontaneous Steps to Form Flavoalkaloidal Nudicaulin Pigments in Flowers of 

Papaver nudicaule L. International Journal of Molecular Sciences 22, 4129 (2021). 

3.  S. Inoue, R. Morita, Y. Minami, An indigo-producing plant, Polygonum tinctorium, 

possesses a flavin-containing monooxygenase capable of oxidizing indole. Biochemical and 

Biophysical Research Communications 534, 199–205 (2020). 

4.  M. Erb, N. Veyrat, C. A. M. Robert, H. Xu, M. Frey, J. Ton, T. C. J. Turlings, Indole is an 

essential herbivore-induced volatile priming signal in maize. Nat Commun 6, 6273 (2015). 

5.  M. Ye, M. Liu, M. Erb, G. Glauser, J. Zhang, X. Li, X. Sun, Indole primes defence 

signalling and increases herbivore resistance in tea plants. Plant, Cell & Environment 44, 1165–

1177 (2021). 

6.  K. C. Park, S. A. Ochieng, J. Zhu, T. C. Baker, Odor Discrimination using Insect 

Electroantennogram Responses from an Insect Antennal Array. Chemical Senses 27, 343–352 

(2002). 

7.  E. Anastasaki, F. Drizou, P. G. Milonas, Electrophysiological and Oviposition Responses 

of Tuta absoluta Females to Herbivore-Induced Volatiles in Tomato Plants. J Chem Ecol 44, 288–

298 (2018). 

8.  A. Cna’ani, M. Seifan, V. Tzin, Indole is an essential molecule for plant interactions with 

herbivores and pollinators. J Plant Biol Crop Res 1 (2018). 

9.  M. Bischoff, R. A. Raguso, A. Jürgens, D. R. Campbell, Context-dependent reproductive 

isolation mediated by floral scent and color. Evolution 69, 1–13 (2015). 

10.  M. F. Dunn, D. Niks, H. Ngo, T. R. M. Barends, I. Schlichting, Tryptophan synthase: the 

workings of a channeling nanomachine. Trends in Biochemical Sciences 33, 254–264 (2008). 

11.  E. Watkins‐Dulaney, S. Straathof, F. Arnold, Tryptophan Synthase: Biocatalyst 

Extraordinaire. ChemBioChem 22, 5–16 (2021). 

12.  M. F. Dunn, Allosteric regulation of substrate channeling and catalysis in the tryptophan 

synthase bienzyme complex. Archives of Biochemistry and Biophysics 519, 154–166 (2012). 

13.  M. Frey, C. Stettner, P. W. Paré, E. A. Schmelz, J. H. Tumlinson, A. Gierl, An herbivore 

elicitor activates the gene for indole emission in maize. Proceedings of the National Academy of 

Sciences 97, 14801–14806 (2000). 

14.  V. Kulik, E. Hartmann, M. Weyand, M. Frey, A. Gierl, D. Niks, M. F. Dunn, I. Schlichting, 

On the Structural Basis of the Catalytic Mechanism and the Regulation of the Alpha Subunit of 

Tryptophan Synthase from Salmonella typhimurium and BX1 from Maize, Two Evolutionarily 

Related Enzymes. Journal of Molecular Biology 352, 608–620 (2005). 

15.  A. Gierl, M. Frey, Evolution of benzoxazinone biosynthesis and indole production in 

maize. Planta 213, 493–498 (2001). 

16.  K. Schullehner, R. Dick, F. Vitzthum, W. Schwab, W. Brandt, M. Frey, A. Gierl, 

Benzoxazinoid biosynthesis in dicot plants. Phytochemistry 69, 2668–77 (2008). 

17.  M. Schupfner, F. Busch, V. H. Wysocki, R. Sterner, Generation of a Stand‐Alone 

Tryptophan Synthase α‐Subunit by Mimicking an Evolutionary Blueprint. ChemBioChem 20, 

2747–2751 (2019). 

18.  M. Frey, D. Spiteller, W. Boland, A. Gierl, Transcriptional activation of Igl, the gene for 

indole formation in Zea mays: a structure–activity study with elicitor-active N-acyl glutamines 

from insects. Phytochemistry 65, 1047–1055 (2004). 

19.  V. Kriechbaumer, L. Weigang, A. Fießelmann, T. Letzel, M. Frey, A. Gierl, E. 

Glawischnig, Characterisation of the tryptophan synthase alpha subunit in maize. BMC Plant Biol 

8, 44 (2008). 

20.  X. Zhuang, A. Fiesselmann, N. Zhao, H. Chen, M. Frey, F. Chen, Biosynthesis and 

emission of insect herbivory-induced volatile indole in rice. Phytochemistry 73, 15–22 (2012). 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 26, 2024. ; https://doi.org/10.1101/2024.08.26.609694doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.26.609694
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

6 

 

21.  H. M. Nonhebel, Tryptophan-Independent Indole-3-Acetic Acid Synthesis: Critical 

Evaluation of the Evidence. Plant Physiology 169, 1001–1005 (2015). 

22.  M. Florean, K. Luck, B. Hong, Y. Nakamura, S. E. O’Connor, T. G. Köllner, Reinventing 

metabolic pathways: Independent evolution of benzoxazinoids in flowering plants. Proceedings of 

the National Academy of Sciences 120, e2307981120 (2023). 

23.  R. Yin, M. Frey, A. Gierl, E. Glawischnig, Plants contain two distinct classes of functional 

tryptophan synthase beta proteins. Phytochemistry 71, 1667–1672 (2010). 

24.  F. Busch, C. Rajendran, O. Mayans, P. Löffler, R. Merkl, R. Sterner, TrpB2 Enzymes are 

O‑Phospho‑l‑serine Dependent Tryptophan Synthases. Biochemistry 53, 6078–6083 (2014). 

25.  R. Zhang, B. Wang, J. Ouyang, J. Li, Y. Wang, Arabidopsis indole synthase, a homolog of 

tryptophan synthase alpha, is an enzyme involved in the Trp-independent indole-containing 

metabolite biosynthesis. J Integr Plant Biol 50, 1070–1077 (2008). 

26.  D. Ferrari, L.-H. Yang, E. W. Miles, M. F. Dunn, βD305A Mutant of Tryptophan Synthase 

Shows Strongly Perturbed Allosteric Regulation and Substrate Specificity. Biochemistry 40, 7421–

7432 (2001). 

27.  D. Ferrari, D. Niks, L.-H. Yang, E. W. Miles, M. F. Dunn, Allosteric communication in 

the tryptophan synthase bienzyme complex: roles of the beta-subunit aspartate 305-arginine 141 

salt bridge. Biochemistry 42, 7807–7818 (2003). 

28.  B. P. Timilsena, I. Seidl‐Adams, J. H. Tumlinson, Herbivore‐specific plant volatiles prime 

neighboring plants for nonspecific defense responses. Plant, Cell & Environment 43, 787–800 

(2020). 

29.  J. Li, G. Jian, J. Qian, J. Xue, C. Liu, Y. Jia, B. Zhou, J. Tang, J. Yang, L. Zeng, Emission 

pattern and anti-insect function of indole from tea plant (Camellia sinensis) attacked by tea 

geometrids. B 4, 0–0 (2024). 

30.  P. J. Almhjell, K. E. Johnston, N. J. Porter, J. L. Kennemur, V. C. Bhethanabotla, J. 

Ducharme, F. H. Arnold, The β-subunit of tryptophan synthase is a latent tyrosine synthase. Nat 

Chem Biol, 1–8 (2024). 

31.  C. Moccand, S. Boycheva, P. Surriabre, M. Tambasco-Studart, M. Raschke, M. Kaufmann, 

T. B. Fitzpatrick, The Pseudoenzyme PDX1.2 Boosts Vitamin B6 Biosynthesis under Heat and 

Oxidative Stress in Arabidopsis. J Biol Chem 289, 8203–8216 (2014). 

32.  I. Carqueijeiro, K. Koudounas, T. Dugé de Bernonville, L. J. Sepúlveda, A. Mosquera, D. 

P. Bomzan, A. Oudin, A. Lanoue, S. Besseau, P. Lemos Cruz, N. Kulagina, E. A. Stander, S. 

Eymieux, J. Burlaud-Gaillard, E. Blanchard, M. Clastre, L. Atehortùa, B. St-Pierre, N. Giglioli-

Guivarc’h, N. Papon, D. A. Nagegowda, S. E. O’Connor, V. Courdavault, Alternative splicing 

creates a pseudo-strictosidine β-d-glucosidase modulating alkaloid synthesis in Catharanthus 

roseus. Plant Physiol 185, 836–856 (2020). 

33.  J. Li, P. Francisco, W. Zhou, C. Edner, M. Steup, G. Ritte, C. S. Bond, S. M. Smith, 

Catalytically-inactive β-amylase BAM4 required for starch breakdown in Arabidopsis leaves is a 

starch-binding-protein. Archives of Biochemistry and Biophysics 489, 92–98 (2009). 

34.  L. C. David, S.-K. Lee, E. Bruderer, M. R. Abt, M. Fischer-Stettler, M.-A. Tschopp, E. M. 

Solhaug, K. Sanchez, S. C. Zeeman, BETA-AMYLASE9 is a plastidial nonenzymatic regulator of 

leaf starch degradation. Plant Physiol 188, 191–207 (2021). 

35.  L. Wang, M. Erb, Volatile uptake, transport, perception, and signaling shape a plant’s nose. 

Essays Biochem 66, 695–702 (2022). 

36. A. Sarrion-Perdigones, M. Vazquez-Vilar, J. Palací, B. Castelijns, J. Forment, P. Ziarsolo, J. 

Blanca, A. Granell, D. Orzaez, GoldenBraid 2.0: A Comprehensive DNA Assembly Framework 

for Plant Synthetic Biology. Plant Physiology 162, 1618–1631 (2013). 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 26, 2024. ; https://doi.org/10.1101/2024.08.26.609694doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.26.609694
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

7 

 

37.  C. Schotte, Y. Jiang, D. Grzech, T.-T. T. Dang, L. C. Laforest, F. León, M. Mottinelli, S. 

S. Nadakuduti, C. R. McCurdy, S. E. O’Connor, Directed Biosynthesis of Mitragynine 

Stereoisomers. J. Am. Chem. Soc. 145, 4957–4963 (2023). 

38.  A. Ivens, O. Mayans, H. Szadkowski, M. Wilmanns, K. Kirschner, Purification, 

characterization and crystallization of thermostable anthranilate phosphoribosyltransferase from 

Sulfolobus solfataricus. European Journal of Biochemistry 268, 2246–2252 (2001). 

39.  D. Liu, L. Shi, C. Han, J. Yu, D. Li, Y. Zhang, Validation of Reference Genes for Gene 

Expression Studies in Virus-Infected Nicotiana benthamiana Using Quantitative Real-Time PCR. 

PLoS ONE 7, e46451 (2012). 

40.  M. W. Pfaffl, A new mathematical model for  relative quantification in real-time RT–PCR. 

Nucleic Acids Res 29, e45 (2001). 

41.  S. Coolen, S. Proietti, R. Hickman, N. H. Davila Olivas, P.-P. Huang, M. C. Van Verk, J. 

A. Van Pelt, A. H. J. Wittenberg, M. De Vos, M. Prins, J. J. A. Van Loon, M. G. M. Aarts, M. 

Dicke, C. M. J. Pieterse, S. C. M. Van Wees, Transcriptome dynamics of Arabidopsis during 

sequential biotic and abiotic stresses. Plant J 86, 249–267 (2016). 

42.  T. A. L. Snoeren, I. F. Kappers, C. Broekgaarden, R. Mumm, M. Dicke, H. J. 

Bouwmeester, Natural variation in herbivore-induced volatiles in Arabidopsis thaliana. Journal 

of Experimental Botany 61, 3041–3056 (2010). 

43.  S. Irmisch, Y. Jiang, F. Chen, J. Gershenzon, T. G. Köllner, Terpene synthases and their 

contribution to herbivore-induced volatile emission in western balsam poplar (Populus 

trichocarpa). BMC Plant Biol 14, 270 (2014). 

44.  D. D’Esposito, D. Manzo, A. Ricciardi, A. P. Garonna, A. De Natale, L. Frusciante, F. 

Pennacchio, M. R. Ercolano, Tomato transcriptomic response to Tuta absoluta infestation. BMC 

Plant Biol 21, 358 (2021). 

45.  F. A. Jabalpurwala, J. M. Smoot, R. L. Rouseff, A comparison of citrus blossom 

volatiles. Phytochemistry 70, 1428–1434 (2009). 

46.  D. J. Ballhorn, S. Kautz, M. Schädler, Induced plant defense via volatile production is 

dependent on rhizobial symbiosis. Oecologia 172, 833–846 (2013). 

47.  M. Heil, E. Ibarra-Laclette, R. M. Adame-Álvarez, O. Martínez, E. Ramirez-Chávez, J. 

Molina-Torres, L. Herrera-Estrella, How Plants Sense Wounds: Damaged-Self Recognition Is 

Based on Plant-Derived Elicitors and Induces Octadecanoid Signaling. PLOS ONE 7, e30537 

(2012). 

 

 

 

Acknowledgments:  

We thank Maritta Kunert and Sarah Heinicke for help with liquid chromatography/mass 

spectrometry analyses and the greenhouse team of the Max Plank Institute for Chemical Ecology, 

especially Danny Kessler and Franz Kaltofen, for rearing the plants. We also thank Susan 

Schlueter for help with cloning and expression of genes. We thank Dagny Grzech, Chloe Langley, 

Gabriel Titchiner, and Maite Colinas for helpful discussions.  

 

Funding: This work was funded by the Max Planck Society. 

  

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 26, 2024. ; https://doi.org/10.1101/2024.08.26.609694doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.26.609694
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

8 

 

Author contributions:  

Conceptualization: MF, TGK, SEO 

Methodology: MF, TGK 

Investigation: MF, HS, VG, KL 

Visualization: MF 

Funding acquisition: SEO 

Project administration: TGK, SEO 

Supervision: TGK, SEO 

Writing – original draft: MF, TGK, SEO 

Writing – review & editing: MF, TGK, SEO 

 

Competing interests: Authors declare that they have no competing interests. 

Data and materials availability: Genes described in this study were deposited in NCBI 

GenBank with the accession numbers given in Table S2. All other data are available in 

the main text or supplementary material. 
 

Supplementary Materials 

Materials and Methods 

Figs. S1 to S12 

Tables S1 to S4 

References (36–47) 

Data S1 to S3 

  

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 26, 2024. ; https://doi.org/10.1101/2024.08.26.609694doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.26.609694
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

9 

 

 

 

Fig. 1. Plants have several ways to produce indole. A) Occurrence of different indole 

biosynthetic enzymes in plants. Plant families with BXD-producing species are colored in green. 

B) Indole as a precursor for benzoxazinoids is produced by BX1 in the monocots and basal dicots 

or, as reported herein, by TSA – TSB-like complexes in the core eudicots. C) BX1 and TSB-like 

from different species provide indole as a precursor for benzoxazinoids. BX1 genes from Zea mays 

(Zm) and Consolida orientalis (Co), IGL genes from Lamium galeobdolon (Lg) and Aphelandra 

squarrosa (As), TSB-like genes from A. squarrosa (As), L. galeobdolon (Lg), Populus trichocarpa 

(Pt), Nicotiana benthamiana (Nb) and Arabidopsis thaliana (At), and the INS gene from A. 

thaliana (At) were transiently expressed in N. benthamiana along with the BXD biosynthetic genes 

ZmBx1, ZmBx2, ZmBx3, ZmBx4, ZmBx5, and ZmBx8 from maize. Plant material was extracted 

with methanol and analyzed using liquid chromatography-time-of-flight mass spectrometry. 

Average accumulation of the BXD product DIBOA-Glc (n = 3) and SEM are displayed. D) 

AsTSB-like promotes the formation of indole. Transient expression of AsTSB-like in N. 

benthamiana leads to higher indole accumulation compared to AsTSA. Plant material extracted 

with MeOH was analyzed through liquid chromatography-tandem mass spectrometry. E) AsTSA 

and AsTSB-like transiently expressed in N. benthamiana co-localize in the chloroplast. AsTrpA-

mCyan, AsTrpB-like-eYFP, and chloroplastic autofluorescence are displayed. 
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Fig. 2. TSB-like binds to TSA, triggering allosteric activation, resulting in indole formation. 

A and B) AsTSB-like induces indole formation by TSA but does not produce tryptophan in vitro. 

Proteins were expressed in Escherichia coli, purified, and assayed with the substrates IGP and L-

Ser. Accumulation of indole and tryptophan was measures by liquid chromatography tandem mass 

spectrometry (LC-MS/MS). Average (n = 3) and SD are displayed. C) TSB-like forms a complex 

with TSA. E. coli cultures expressing C-terminal His-tagged or untagged TSA and TSB-like were 

mixed and His-tagged proteins were retrieved trough affinity purification. Untagged TSA or TSB-

like could be co-purified with the corresponding tagged partner as shown in SDS-page and Western 

blot. D) AsTSB and AsTSB-like compete for AsTSA in vitro. Proteins were expressed in E. coli, 

purified, and assayed with the substrates IGP and L-Ser. i and ii) Equimolar concentrations of TSA 

and TSB-like were incubated with increasing concentrations of TSB resulting in an increased 

accumulation of tryptophan and reduced accumulation of indole. iii and iv) Equimolar 

concentrations of TSA and TSB were incubated with increasing concentrations of TSB-like 

resulting in increased accumulation of indole but also of tryptophan. The x axis shows the 

stochiometric ratio of the protein in brackets. Indole and tryptophan accumulation was measured 

on LC-MS/MS. Average (n = 3) and SD are displayed. E) AsTSB and AsTSB-like compete for 

TSA in N. benthamiana. Coexpression of AsTSB and AsTSB-like with ZmBx2 – 4 and ZmBx8 

resulted in a decrease of ~ 50% of the benzoxazinoid HBOA-Glc produced. Plant material was 

extracted with MeOH and analyzed using liquid chromatography-time-of-flight mass 

spectrometry. Average (n = 4) and SD are displayed. F) Schematic of how TSB-like and TSA 

produce indole. 
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Fig. 3. A195 and E388 play a role in AsTSB-like activity. A) Model of the AsTSB-like active 

site showing A195 and E388. The structure of AsTSB-like was modelled on the crystal structure 

of Salmonella thypi TSB (PDB: 7JMQ) in open conformation with pyridoxal phosphate (yellow). 

Indole (gray) was docked in silico. B and C) Alignment displaying the conservation of A195 and 

E388. TSB-like from A. squarrosa, A. thaliana, L. galeobdolon, N. benthamiana, and P. 

trichocarpa were compared with A. squarrosa and T. maritima TSB. Sequences were aligned using 

the MUSCLE algorithm and the residues of interest were highlighted in blue for TSB-like and in 

red for TSB. D) AsTSB-like mutants resulted in gain of tryptophan biosynthetic activity and 

reduction of indole biosynthetic activity. AsTSB-like A195E gained tryptophan biosynthetic 

activity but retained indole biosynthetic activity. AsTSB-like E388D showed highly reduced indole 

biosynthetic activity and no gain of tryptophan biosynthetic activity. AsTSB-like A195E E388D 

showed gain in tryptophan biosynthetic activity and reduction of indole biosynthetic activity. 

Proteins were expressed in E. coli, purified, and assayed on IGP and L-Ser. Reaction products were 

analyzed on liquid chromatography/tandem mass spectrometry. E) The double mutant AsTrpB-

like A195E – E388D showed highly reduced indole production in N. benthamiana as evidenced 

by monitoring production of the benzoxazinoid DIBOA-Glc. AsTrpB-like mutants were transiently 

expressed in N. benthamiana. Plant samples were extracted with MeOH and analyzed using liquid 

chromatography/time-of-flight mass spectrometry. Means (n = 4) and SD are displayed. * = 

p<0.05, *** = p<0.0005. 
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Fig. 4. Indole accumulation/emission is accompanied with TSB-like expression in the core 

eudicots. A) Nicotiana benthamiana plants treated with Spodoptera littoralis caterpillars 

accumulated indole. Plants were exposed to herbivory for 17 h and methanolic leaf extracts were 

analyzed using liquid chromatography-tandem mass spectrometry. Average (n = 8) and SD are 

shown (**** = p < 0.0001). B and C) Herbivory by S. littoralis caterpillars induces the expression 

of NbTSB-like and not NbTSA. Transcript accumulation of NbTSB-like and NbTSA was measured 

by quantitative PCR. Average (n = 3) and SD are shown (**** = p < 0.0001, * = p < 0.05). D) 

Meta-analysis showing the accumulation/emission of indole and the expression of TSB-like in 

different families of the core eudicots upon herbivory (Hb) or jasmonic acid (JA) treatment. (+) 

indicates an increased accumulation/emission of indole or TSB-like expression compared to the 

control (Table S1). 
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