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Laboratory, University of East Anglia, Norwich Research Park, Norwich, United Kingdom
Chitin soil amendment is known to improve soil quality, plant growth and stress

resilience, but the underlying mechanisms are not well understood. In this study,

we monitored chitin’s effect on lettuce physiology every two weeks through an

eight-week growth period, analyzed the early transcriptional reprogramming and

related metabolomic changes of lettuce, in response to crab chitin treatment in

peat-based potting soil. In commercial growth conditions, chitin amendment still

promoted lettuce growth, increased chlorophyll content, the number of leaves

and crop head weight from week six. The flavonoid content in lettuce leaves was

altered as well, showing an increase at week two but a decrease from week six.

Transcriptomic analysis showed that over 300 genes in lettuce root were

significantly differentially expressed after chitin soil treatment. Gene Ontology-

term (GO) enrichment analysis revealed statistical overrepresentation of GO terms

linked to photosynthesis, pigment metabolic process and phenylpropanoid

metabolic process. Further analysis of the differentially expressed genes (DEGs)

showed that the flavonoid pathway was mostly upregulated whereas the

bifurcation of upstream phenylpropanoid pathway towards lignin biosynthesis

was mostly downregulated. Metabolomic analysis revealed the upregulation of

salicylic acid, chlorogenic acid, ferulic acid, and p-coumaric acid in chitin-treated

lettuce seedlings. These phenolic compounds (PCs) mainly influence the

phenylpropanoid biosynthesis pathway and may play important roles in plant

defense reactions. Our results suggest that chitin soil amendments might

activate induced resistance by priming lettuce plants and promote lettuce

growth via transcriptional changes.
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1 Introduction

Lettuce (Lactuca sativa L.) is an economic important leafy

vegetable cultivated in many countries around the world on a

total area of < 1.8 M ha in 2021 (FAOSTAT, 2021). Lettuce

constitutes an important source of vitamins, carotenoids and

antioxidants (Mou, 2008). Chemical fertilizers and pesticides are

commonly employed in lettuce cultivation to achieve higher crop

yields (Subbarao et al., 2017). However, the use of chemical

fertilizers and pesticides can lead to environmental pollution and

affect human and animal health (Savci, 2012). Therefore,

environmental-friendly alternatives for synthetic fertilizer and

pesticides are recommended for sustainable agriculture (Kumar,

2012; Chen et al., 2018).

Chitin has drawn much attention in the past few decades, not

only for its use as environmental-friendly fertilizer, but also because

of its plant defense-promoting effect on various plants (Muymas

et al., 2015; Debode et al., 2016; Shamshina et al., 2020; De Tender

et al., 2021). Chitin is the second most abundant polysaccharide on

earth, after cellulose. It is found in various organisms, including the

exoskeletons of arthropods, cell walls of fungi, and the spines of

diatoms (Sharp, 2013). Chitin acts as a fertilizer in soil by

biodegrading into ammonia, which also supports the growth of

specific microorganisms (Dahiya et al., 2006). Biodegradation is

achieved by bacterial chitinases, enzymes that degrade chitin:

endochitinases, exochitinases, and b-N-acetylhexosaminidases

(Andronopoulou and Vorgias, 2004). Endochitinases break down

the polymer chain by hydrolyzing random bonds to produce

oligomers, which are further degraded. Exochitinase, on the other

hand, releases diacetylchitobiose units at the polymer ends, while b-
N-acetylhexosaminidases produce N-acetylglucosamine monomers

from oligomers (Velásquez and Pirela, 2016). After this process,

chitin breaks down into ammonia, which can be assimilated

by plants.

In agriculture, chitin and its deacetylated derivative chitosan were

applied as soil amendment or seed/foliar spray, to improve crop

productivity and protection against pathogens (Malerba and Cerana,

2019). Previous studies have suggested that chitin soil amendment

could increase plant growth promoting rhizobacteria (PGPR) and

fungi (PGPF), and that the stimulation of PGPR and PGPF could act

antagonistically against plant pathogens or directly promote plant

growth (De Tender et al., 2019). Chitin and its fragments (i.e., chitin

oligosaccharides) are also general elicitors known as microbe- or

pathogen-associated molecular patterns (MAMPs or PAMPs,

respectively) that can be recognized by plant cell-surface localized

pattern recognition receptors (PRRs), and subsequently induce

pattern-triggered immunity (PTI) (Iriti and Faoro, 2009; Newman

et al., 2013). Such defense responses include the production of

reactive oxygen species (ROS), as well as biosynthesis of

pathogenesis-related (PR) proteins and other antimicrobial

compounds (Newman et al., 2013). In Arabidopsis thaliana, the cell

surface receptor AtLYK5 is the primary receptor for chitin, which

forms a chitin-induced complex with AtCERK1 to induce plant

immunity (Cao et al., 2014). In this study, we further investigate

chitin’s effect as soil amendment, focusing on the growth promotion

through monitoring plant physiology and gene expression using both
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RNA-sequencing (RNA-Seq) and metabolomics analysis. Lettuce

growth was monitored every two weeks during its whole growth

period of eight weeks. Leaf number, chlorophyll content, flavonoids

content and crop weight were measured. RNA-Seq of roots sampled

at 72 hours post‐transplanting (hpt) into chitin-amended soil was

performed to reveal the early reaction of lettuce roots to chitin

treatment. Additionally, metabolomic analyses were done to

investigate changes on a metabolomic level after seven days.
2 Materials and methods

2.1 Soil and lettuce seedling preparation

Chitin flakes obtained from crab shell were purchased from

BioLog Heppe GmbH (lot: 40201609; Landsberg, Germany). Peat-

based potting soil (Saniflor, Beroepspotgrond, NPK 12-14-24) was

purchased from local gardening stores (AVEVE Lammens,

Wetteren, Belgium). Potting soil without chitin addition was used

directly as control (PS). Chitin-amended soil was potting soil mixed

with 2 g L-1 chitin (PS+CH). Both treatments were wetted with

ground water to reach 40% water filled pore space (WFPS) and

incubated in a closed bag in the greenhouse for one week

before using.

Lettuce seedlings were germinated from pelletized butterhead

lettuce seeds (L. sativa L. var. capitata ‘Alexandria’) obtained from

Rijk Zwaan Distribution B.V. (De Lier, the Netherlands). First, peat-

based sowing soil (Saniflor, Potground voor zaaien en stekken) was

used to fill 77-well germination trays, then, one pelleted seed was

gently pressed down with tweezers in the center of each well and

covered with another thin layer of sowing soil. Every two days the

soil was watered to 40%WFPS. Seedlings were transplanted at three

to four true leaf stage in 1.3 L pots filled with 1 L potting soil, with or

without chitin addition, and grown in the greenhouse at ILVO.

Temperature, humidity, photoperiod and light intensity were not

strictly controlled and fluctuated along the local weather (Belgium,

January – March 2021).
2.2 Lettuce physiology measurement

Seedlings of three to four true leaves stage (3-week-old) were

transplanted into 1.3 L pots filled with 1 L potting soil. The soil

moisture was adjusted to 40% WFPS every week. Chlorophyll and

flavonoids content was measured using the Dualex leaf clip sensor

(Goulas et al., 2004). Number of leaves was counted every two

weeks post-transplanting (wpt). Lettuce heads were harvested and

weighed at 8 wpt. Dry weight was measured after drying the fresh

head at 60°C for three days.
2.3 RNA extraction and gene
expression analysis

Lettuce roots and leaves for both treatments (PS, PS+CH) were

sampled at 72 hpt. Per treatment five replicates were measured.
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Each replicate was a pool consisting of five randomly selected

plants. In total 25 plants were measured per treatment. Roots and

leaves were washed to remove soil, dried on tissue, then flash frozen

in liquid nitrogen and stored at -80°C before further use. Total RNA

was extracted using the CTAB method as described in detail by

Luypaert et al. (2017). Contaminating DNA was removed using

DNA-free DNA removal kit (AM1906, Invitrogen; Thermo Fisher

Scientific, Inc., Waltham, USA, Massachusetts) according to the

manufacturer’s protocol.

To study the overall transcriptional reprogramming in lettuce

upon chitin treatment, in total five RNA samples per treatment

sampled at 72 hpt were shipped to BGI Tech Solutions Co. Ltd.

(Hong Kong, China) for cDNA synthesis, library preparation, and

sequencing. Strand specific mRNA sequencing was performed on a

DNBSEQ platform (MGI Tech Co., Ltd, Shenzen, China). Sequence

reads quality of the raw files obtained from BGI was assessed using

FastQC v0.11.9 (Andrew, 2015). Reads were then aligned with STAR

v2.7.10 (Dobin et al., 2013) against the genome of L. sativa cv.

‘Salinas’. The genome version for the fasta and the gtf file was v7

downloaded from https://www.ncbi.nlm.nih.gov/assembly/

GCF_002870075.2. The alignment quality was checked with

Qualimap v2.2.1 (Okonechnikov et al., 2015). All steps were carried

out on the high-performance computer (HPC) Earth cluster of the

School for Life Sciences and Facility Management at ZHAW.

Read counting was performed using featureCounts v2.0.1 (Liao

et al., 2014). To analyze the different gene expression the

featureCounts output was analyzed with R v4.2.1 (Team, 2020)

using the DESeq2 package v1.30.1 (Love et al, 2014) in RStudio

v1.3.959 (RStudio Team, 2019). As a log2-fold change threshold one

was used, the adjusted p-value was set to 0.05. A statistical

overrepresentation test was performed using PANTHER v17.0

(www.pantherdb.org; Mi et al., 2019) by applying Fisher’s exact

test and correction for false discovery rate (FDR). Filtering and

visualizing of the output were performed according to Bonnot et al.,

(2019). An enrichment analysis of the Kyoto Encyclopedia of Genes

and Genomes (KEGG, release 103) pathways was conducted using

clusterProfiler v4.4.4 (Wu et al., 2021). The cut off was set to a p-

value of 0.05. Pathway visualization was performed using R v4.2.1

(Team, 2020) and RStudio 1.3.959 (RStudio Team, 2019). First an

organism package was created using AnnotationForge v1.36.0

(Carlson and Pagès 2023). The mapping against the KEGG

pathways was performed with the pathview R package v1.36.0

(Luo and Brouwer, 2013).

In addition, the expression of several known defense related

genes in lettuce and DEGs selected from RNA-Seq analysis were

studied by RT-qPCR (described in detail in Supplementary Text

S1), using the method described previously (De Keyser et al., 2020).
2.4 Phenolic compounds analysis

For determination of PCs, seedlings were transplanted in 0.9 L

pots. Roots and leaves were sampled at 1 wpt. To collect enough

material, 25 plants from the same treatment were randomly selected

and pooled as one biological replicate. In total four bio-replicates

per treatment were assayed. Leaf and root tissues were grinded
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using mortar and pestle, then freeze-dried and sealed in a vacuumed

bag until further use. PCs were extracted following an in-house

developed two-step extraction protocol using methanol (De Paepe

et al., 2014; Kips et al., 2017). For each sample, 500 mg of freeze-

dried tissue powder was weighed and transferred to a 50-mL tube

and 50 µL internal standard (daidzin, 100ng µL-1) was added. To

extract the PCs, 10 mL pure methanol was added, vortexed for 1

min, then sonicated using Elma Transsonic digitial S (Elma

Schmidbauer GmbH, Germany) at 40 kHz for 15 min. The

suspension was centrifuged at 3,000 g for 5 min, the obtained

supernatant was transferred to a new glass tube and stored at 4°C.

The second extraction was done following the same procedure

using 20% (v/v) methanol. For samples that weighed less than 500

mg, the volume of internal standard (or extraction solvents) was

adapted according to the sample weight to internal standard (or

solvent) volume ratio. The two-step extractions were collected in

the same tube for each sample and filtered with 0.22 µm PVDF

syringe filter. Samples were analyzed with both, targeted approach

using liquid chromatography with tandem mass spectrometry (LC-

MS/MS) and untargeted approach using liquid chromatography-

high resolution mass spectrometry (LC-HRMS).

For LC-MS/MS analysis 5 µL of the final extract was injected

onto an Acquity UPLC BEH Shield RP18 column (2.1 × 150 mm;

1.7 µm) and analyzed using an Acquity Ultra Performance liquid

chromatograph (Waters, Milford, MA, USA) coupled to a Xevo

TQ-XS mass spectrometer (Waters) operated in negative

electrospray. Details of the used LC mass spectrometric method

are described by Kips et al. (2017). Quantification was done using

external calibration curves. Data recording was done in MRM-

mode by MassLynx v4.1 while the integration was performed with

TargetLynx v4.1 (Waters).

The same extracts were also analyzed by LC-HRMS (Synapt G2-

S, Waters) with an untargeted approach in both positive and

negative electrospray. Data recording was done in a data

independent mode (MSe-mode) using Masslynx. For quality

control purposes a mixture of equally amounts of all obtained

extracts of either leaves or roots (QC) were made and analyzed

throughout the run. All samples were randomized prior to LC-

HRMS analysis. For data processing Progenesis Qi v2.4.6911.27652

(Waters) was used to perform peak picking, sample alignment,

deconvolution, and principal component analysis (PCA) to assess

the interrelations between chitin-treated and untreated samples.
3 Results

3.1 Measurements of
physiological parameters

Two and four weeks after transplanting, no significant

difference in number of leaves or chlorophyll content was noticed

for the chitin-treated lettuce plants, except that at 2 wpt the

flavonoids content was increased compared to the control plants.

At 6 and 8 wpt, chitin-treated plants showed a significant increase

in growth, with more leaves and higher chlorophyll content. By the
frontiersin.org
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end of the eight-week growth period, the chitin-treated lettuce

plants had 89.5% more fresh weight and 61.2% more dry weight

compared to the control plants (p< 0.05). For the chitin-treated

lettuce, it appeared that past the heading stage the growth was

promoted whereas the flavonoids content was decreased (Table 1).
3.2 Gene ontology enrichment

In total, 321 genes showed significantly different expression levels

in roots from the chitin-treated plants compared to the control plants

(log2-fold change ≥ 1 or ≤ -1, FDR< 0.05) (Supplementary Table S1).

Of these differentially expressed genes (DEGs), 214 were lower

expressed upon chitin treatment and 107 had a higher expression

level. However, a number of these genes had rather low read counts,

therefore they were not verified using RT-qPCR (Supplementary Text

S1). A Gene Ontology (GO) overrepresentation test, for biological

processes, of the higher expressed genes showed an enrichment offive

GO terms, namely plastid organization (GO: 0009657), response to

light stimulus (GO: 0009416), pigment biosynthetic process (GO:

0046148), pigment metabolic process (GO: 0042440) and

photosynthesis (GO: 0015979) (Figure 1A). The strongest

enrichment for the higher expressed genes was for the

photosynthesis which contained 14 genes and showed a log2-fold

enrichment of 21.4. The GOs for pigment metabolic processes and

pigment biosynthetic process were the second and third strongest

enriched terms with a log2-fold change of 20.1 and 18.6, respectively.

Both however contained less genes (five and four genes,

correspondingly) than the photosynthesis category. Response to

light stimulus and plastid organization showed a log2-fold
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enrichment of 14.0 and 10.9, respectively. Lower expressed genes

were enriched in secondary metabolic processes (GO: 0019748) and

phenylpropanoid metabolic process (GO:0009698), with log2-fold

enrichment of 10.3 and 9.7 (Figure 1B). In lettuce leaves, 15 genes

showed significant different expression levels (Supplementary Table

S2). The GO enrichment did not show any biological process that was

over-represented.
3.3 KEGG pathway enrichment

The KEGG enrichment for the stronger expressed genes in the

roots of the chitin-treated plants showed four pathways which were

enriched (Table 2). The photosynthesis pathway lsv00195 was the

one with the highest significance. Related to the photosynthesis, the

pathway for the photosynthesis antenna proteins lsv00196 was also

enriched. The porphyrin metabolism lsv00860 also showed a

significant enrichment for the chitin-treated plants. The only

pathway which was enriched independent of the photosynthesis

was the flavonoid pathway lsv00941. In total seven pathways were

enriched in the downregulated gene set (Table 2). The only pathway

that was also present in the GO and KEGG enrichment for the

downregulated genes was the phenylpropanoid biosynthesis

lsv00940. For lettuce leaves, no KEGG pathway was enriched.
3.4 Pathway visualization

Since the phenylpropanoid pathway was present in the GO and

KEGG enrichment, this pathway was further investigated and
TABLE 1 Overview of the physiological parameters measured every two weeks post‐transplanting (wpt) for lettuce plants in chitin-amended potting
soil (PS+CH) and in non-treated potting soil as control (PS).

Measurement PS PS+CH Weeks post-transplanting p-value

Flavonoid content*

0.14 ± 0.01 0.15 ± 0.01 2 0.02

0.25 ± 0.02 0.23 ± 0.01 4 0.33

0.52 ± 0.07 0.38 ± 0.04 6 < 0.01

0.81 ± 0.14 0.58 ± 0.08 8 0.01

Chlorophyll content
(µg·cm-2)

11.01 ± 0.45 10.85 ± 0.68 2 0.66

15.49 ± 0.33 15.75 ± 0.72 4 0.50

16.77 ± 1.34 19.68 ± 0.50 6 < 0.01

10.20 ± 2.65 14.65 ± 0.49 8 0.03

Leaf number

10.00 ± 0.58 9.83 ± 1.07 2 0.77

24.50 ± 1.26 25.83 ± 2.11 4 0.26

39.00 ± 3.42 47.00 ± 1.91 6 < 0.01

51.80 ± 2.64 60.00 ± 3.52 8 0.01

Fresh weight (g) 74.85 ± 7.81 141.86 ± 6.12 8 < 0.01

Dry weight (g) 9.37 ± 0.95 15.10 ± 3.42 8 0.03
*: Flavonoids content was given in relative absorbance units, by analyzing the screening effect of flavonoids on chlorophyll fluorescence, thus has no unit.
The different measured parameters are in the first column. Columns two and three show the different treatment groups. Column four indicates the time of measurement. The last column shows
the p-value of the t-test between the two treatment groups for the corresponding measurement. Significant differences (p < 0.05) are marked in bold. For each measurement, n = 6.
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visualized. Next to the phenylpropanoid pathway also the

downstream flavonoid pathway and the photosynthesis pathway

were considered in the RNA-Seq analysis of roots. Significant DEGs

were mapped against the pathways and visualized. The visualization

of the phenylpropanoid biosynthesis pathway shows that all

mapped genes that were significantly downregulated mapped to

the KEGG ontology 1.11.17 (Supplementary Figure S1). Genes

mapped to this KEGG ontology were all downregulated

peroxidases, connecting the phenylpropanoid pathway to the

lignin pathway (Table 3). The mapped genes act further

downstream the phenylpropanoid pathway connecting it to the
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reports a different situation (Supplementary Figure S2). In

contrast to the upstream phenylpropanoid pathway, which

showed a lower expression than the control group, the flavonoid

biosynthesis shows indeed a higher expression than the non-chitin-

treated group. A total of five DEGs mapped to the flavonoid

biosynthesis pathway, and all were upregulated (Table 3). The

mapped genes included two that encode different chalcone

synthases (NCBI Gene ID 111882072 and NCBI Gene ID

111883451, log2-fold change 6.86 and 4.69, respectively), which

were mapped to the KEGG ontology 2.3.1.74 and mark the
TABLE 2 Enriched KEGG pathways for the up- and downregulated gene sets observed for the lettuce plants in chitin-amended potting soil (PS+CH) in
comparison to non-treated control plants (PS).

Gene set KEGG pathway Description Adjusted
p-value

Upregulated

lsv00195 Photosynthesis < 0.01

lsv00941 Flavonoid biosynthesis < 0.01

lsv00860 Porphyrin metabolism < 0.01

lsv00196 Photosynthesis - antenna proteins 0.04

Downregulated

lsv00073 Cutin, suberine and wax biosynthesis < 0.01

lsv00950 Isoquinoline alkaloid biosynthesis < 0.01

lsv02010 ABC transporters < 0.01

lsv00071 Fatty acid degradation < 0.01

lsv04146 Peroxisome < 0.01

lsv00940 Phenylpropanoid biosynthesis < 0.01

lsv00350 Tyrosine metabolism < 0.01
fr
The first column on the left contains the two different gene sets. The second and third column show the pathway abbreviation from KEGG and the corresponding pathway name. The last column
displays the adjusted p-value of the KEGG enrichment.
A

B

FIGURE 1

Gene Ontology (GO) biological processes enrichment of the differentially expressed genes (DEGs) for lettuce plants grown in chitin-amended soil in
comparison to non-treated control plants. The log2-fold enrichment of GO biological processes are displayed for the upregulated genes (A) and the
downregulated genes (B) in chitin-treated lettuce plants. The color of the dots shows the -log10 of the false detection rate (FDR). The dot size is
proportional to the gene number for each GO category.
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connection between the phenylpropanoid biosynthesis and the

flavonoid biosynthesis. The gene encoding the chalcone synthase

11882072 showed the highest log2-fold change of all mapped genes.

The gene with the second highest log2-fold change (5.019) encodes a

dihydroflavonol 4- reductase (NCBI gene ID 111897350) that is

needed to produce fustin. Further DEG encoded a chalcone

isomerase-like protein 2 (NCBI Gene ID 111919658) and a

flavonoid 3’-monooxygenase (NCBI Gene ID 111891078). In total

seven of the higher expressed genes in the chitin-treated group were

mapped to the KEGG ontology of the lsv00195 pathway for

photosynthesis (Supplementary Figure S3). Three genes encode

proteins belonging to the photosystem I while three genes encode

proteins belonging to the photosystem II. The last gene was a

ferredoxin-NADP+ reductase-encoding gene (NCBI Gene ID

111897632) (Table 3).
3.5 Phenolic compounds analysis

The targeted approach using LC-MS/MS detected 19 and 16

PCs in lettuce leaves and roots, respectively (Table 4). In roots, for

example, the amount of salicylic acid and chlorogenic acid was

significantly higher for the chitin-treated plants than roots of the

control plants (Table 4). In the leaves, the concentration of salicylic

acid (SA), p-coumaric acid (p-CA) and ferulic acid (FA) was higher
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for the chitin-treated plants, while the concentration of cynaroside

was higher in control plants (Table 4).

Untargeted analysis using LC-HRMS in both positive ionization

(ESIpos) and negative ionization (ESIneg) each detected 5,833 and

9,308 features in all samples. Profiles of both ESIpos and ESIneg

showed clear difference between root and leaf samples. To further

investigate the differences between treated and non-treated plants,

root and leaf samples were processed separate from each other, and

only those featured ions that showed a variation coefficient below

30% in their respective QC samples were kept for further analysis.

Next a supervised pattern recognition technique (OPLS-DA) was

used to maximize the differences between the chitin-treated and

non-treated plants. Features which showed both the biggest and the

most significant difference between the two treatments were

selected for PCA plot construction. In total, 22 and 104 features

in leaf and root, respectively, showed a clear difference upon chitin

treatment in ESIpos whereas ESIneg showed 90 and 69 features,

respectively (Supplementary Figure S4).
3.6 RT-qPCR

Among 38 target genes, 14 showed expression in all root

samples, the rest were not analyzed due to the high quantification

cycle (Cq) values (>35), indicating low starting concentration of the
TABLE 3 Overview of three KEGG pathways and the mapped differently expressed genes (DEG) in chitin-treated lettuce plants (PS+CH) in comparison
to untreated control plants (PS).

Pathway NCBI
gene ID Description log2-fold

change

Phenylpropanoid

111877700 Peroxidase 51 -1.18

111878787 Peroxidase 4 -1.02

111891404 Peroxidase 12 -1.44

111894964 Peroxidase 11 -1.63

111910447 Peroxidase 11 -1.72

111919669 Peroxidase P7 -1.39

Flavonoid

111882072 Chalcone synthase J 6.86

111883451 Chalcone synthase 4.69

111891078 Flavonoid 3’-monooxygenase 1.52

111897350 Dihydroflavonol 4-reductase 5.02

111919658 Chalcone isomerase-like protein 2 1.74

Photosynthesis

111881229 Photosystem I reaction center subunit IV A, chloroplastic 1.04

111897400 Photosystem II 22 kDa protein, chloroplastic 1.13

111897632 Ferredoxin–NADP reductase, leaf-type isozyme, chloroplastic 1.44

111909181 Photosystem I reaction center subunit VI, chloroplastic 1.07

111912546 Photosystem II reaction center PSB28 protein, chloroplastic 1.59

111915097 Photosystem II reaction center W protein, chloroplastic 1.18

111918291 Photosystem I reaction center subunit XI, chloroplastic 1.12
fr
The first column represents the different pathways. In the second and third column the NCBI gene ID and the description of the genes are shown. The last column displays the log2-fold change of
the gene expression of PS+CH compared to PS.
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target nucleic acids. Although not significant, most of these genes

showed slightly higher expression in roots of chitin-treated plants in

72 hpt samples (Supplementary Text S1). These genes were found

differentially expressed in RNA-Seq with log2Fold change< 1.
4 Discussion

Chitin as soil amendment promoting plant growth has been

reported before (Muymas et al., 2015; Debode et al., 2016;

Shamshina et al., 2020; De Tender et al., 2021). Our results

showed that lettuce grown in crab chitin-amended soil gained

almost 90% increase in fresh weight compared to the control,

which is higher than reported previously (Debode et al., 2016).

Also, the chlorophyll content and the number of leaves were

significantly increased for the chitin-amended plants from 6 wpt

onwards. Temperature, relative humidity and irradiance are all

important factors affecting plant growth (Tibbitts and Bottenberg,

1976; Mortensen, 1986; Ahmed et al., 2020). In this study, instead of

using a growth chamber with strictly controlled environmental

conditions, we went one step further. We evaluated the effect of
Frontiers in Plant Science 07
chitin soil treatment in the greenhouse, where environmental

factors can fluctuate much like in commercial lettuce production

greenhouses. Although the growth conditions were less controlled

compared to previous studies, chitin’s growth promoting effect on

lettuce was still significantly contrasted to non-treated plants. Thus,

the growth promoting effect of chitin appears not to be dependent

on strict environmental conditions of temperature, light

or humidity.

De Tender et al. (2019) demonstrated that the addition of chitin

in potting soil can lead to a higher availability of nitrogen i.e., NO−
3

and NH+
4 . This in turn can cause an activation of ammonium-

oxidizers that will convert ammonium to NO−
2 and NO−

3 providing

more nutrients to the plant. Chitin amendment also increases the

abundance of PGPR and PGPF in the lettuce rhizosphere

(Hallmann et al., 1999; Debode et al., 2016). Plants release a

substantial fraction of their photo-assimilated carbon through

their roots (Kaiser et al., 2015). Since chitin promotes chitin

catabolic organisms, ammonium-oxidizers, PGPR and PGPF this

could lead to a higher demand of photo-assimilated carbon and

therefore to a higher cellular respiration in the roots. Aschan and

Pfanz (2003) showed that roots can recycle CO2 released from
TABLE 4 Phenolic compounds (mg kg-1 ± sd %) determined using LC-MS for chitin-treated lettuce plants (PS+CH) and for untreated control plants
(PS).

Phenolic compounds
Leaf Root

PS PS+CH PS CH

Phenolic acid

Salicylic acid* 0.22 ± 2.51% 0.35 ± 16.92% 1.24 ± 26.69% 2.77 ± 26.29%

4-OH-phenylacetic acid – – 26.74 ± 19.77% 28.05 ± 16.67%

Protocatechuic acid 0.32 ± 8.41% 0.31 ± 5.23% 6.91 ± 21.87% 6.15 ± 32.24%

p-Coumaric acid# 0.11 ± 8.11% 0.16 ± 10.64% 0.50 ± 21.26% 0.51 ± 18.51%

Caffeic acid 19.15 ± 9.03% 26.67 ± 19.30% 26.08 ± 27.99% 34.20 ± 12.16%

Quinic acid 143.82 ± 8.59% 125.85 ± 8.19% 923.25 ± 37.37% 1,081.47 ± 21.24%

Ferulic acid# 0.09 ± 7.34% 0.15 ± 17.44% 0.75 ± 17.66% 0.73 ± 14.13%

Clorogenic acid& 1,509.19 ± 11.52% 1,400.58 ± 4.29% 3,047.58 ± 14.97% 4,115.31 ± 10.48%

Chicoric acid 24,921.23 ± 27.37% 24,882.23 ± 5.02% 65,879.13 ± 16.80% 73,768.17 ± 15.84%

Flavonoids

Apigenin 0.01 ± 4.04% – 0.005 ± 92.91% 0.01 ± 67.15%

Naringenin 0.004 ± 19.69% 0.006 ± 22.24% 0.007 ± 88.18% 0.06 ± 83.58%

Luteolin 0.11 ± 13.64% 0.10 ± 20.28% 0.17 ± 16.73% 0.17 ± 31.23%

Quercetin 0.20 ± 14.14% 0.21 ± 31.80% – –

Isorhamnetin 0.001 ± 22.11% 0.001 ± 35.52% – –

Apigetrin 0.04 ± 15.52% 0.03 ± 15.71% – –

Avicularin 0.02 ± 14.08% 0.01 ± 3.00% 0.04 ± 1.56% –

Phloridzin 0.05 ± 13.09% 0.04 ± 11.50% 0.36 ± 48.73% 0.39 ± 27.93%

Cynaroside# 4.80 ± 11.89% 3.75 ± 11.26% 0.92 ± 28.21% 1.18 ± 45.01%

Isoquercetin 6.97 ± 18.54% 6.00 ± 24.22% 26.10 ± 18.89% 28.72 ± 39.35%

Quercetin-3-O-glucuronide 153.92 ± 5.60% 169.09 ± 10.53% 872.57 ± 31.43% 1,037.18 ± 27.68%

Rutin 6.40 ± 19.07% 4.95 ± 7.39% 18.41 ± 30.58% 20.98 ± 35.67%
*: compounds significantly different in both and leaf. “-”: not detected. #: compounds significantly different in leaf. &: compounds significantly different in root.
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cellular respiration, which might explain the increased transcription

of photosynthesis related genes in lettuce roots in this study.

Three days after transplanting, lettuce grown in chitin-amended

soil showed an upregulation of flavonoids biosynthesis genes in

their roots. Genes that play an important role in flavonoids

biosynthesis, such as different chalcone synthases showed a higher

expression in chitin-treated plants compared to non-treated plants.

Additionally, MYB111, a transcription factor found to regulate

flavonoid biosynthesis in A. thaliana, was also higher expressed

in chitin-treated plants compared to non-treated plants (log2-fold

change >5, padj = 0.00003) (Li et al., 2019). Similar findings were

already made by Akiyama et al. (1994) who demonstrated that

partially N-deacetylated chitin strongly induced antimicrobial

flavonoid production in pea epicotyls. Further, it was shown in A.

thaliana that the expression of MYB domain-containing

transcription was induced upon chitin treatment (Libault et al.,

2007). However, the early upregulation in the roots of these

flavonoid biosynthesis related genes was not found in the leaves

of chitin-treated lettuce. The increased flavonoid levels in the leaves

at a later stage (2 wpt) suggests that there might be a lag in the

upregulation of flavonoid biosynthesis in the leaves due to

long‐distance signaling (Takahashi and Shinozaki, 2019), or that

this pathway upregulation could be only root localized by the direct

contact with chitin. In the latter scenario, flavonoids accumulation

would first happen in roots, and then move over long distances to

leaves (Buer et al., 2008). We tried to verify the expression levels of

MYB111 and the chalcone synthase gene by RT-qPCR. Both genes

had a low base mean in roots and consequently high Cq values

(>35). The expression of these genes in lettuce might be very low

and sensitive to timing. The changes in expression over time can

also be observed by the flavonoid levels in the leaves. Only at 2 wpt,

the flavonoid levels in lettuce leaves were significantly higher in

chitin-treated plants compared to non-treated plants. Already at 4

wpt, the flavonoid content in leaves of lettuce grown in chitin-

amended soil was lower compared to the control group. The

synthesis of flavonoids and lignin are two downstream

bifurcations of the phenylpropanoid pathway. Kandel et al. (2022)

observed that the lignin pathway is upregulated in lettuce roots 24 h

after chitin application to the growing media. Especially the

peroxidases connecting the phenylpropanoid pathway to the

lignin pathway showed an increase in transcript levels. Our

analysis showed that these peroxidases were downregulated 72

hpt in lettuce roots. It is known that in A. thaliana and Medicago

sativa the downregulation of the lignin pathway leads to a change of

flux towards the flavonoid pathway (Besseau et al., 2007; Gallego-

Giraldo et al., 2011). These varying results suggest that chitin affects

the regulation of the peroxidases at the end of the phenylpropanoid

pathway, in a time sensitive manner. Upregulation or

downregulation of these peroxidases leads to a change of flux

towards the lignin or the flavonoid pathway, respectively.

To test if the detected transcriptional changes in lettuce

correlate with changes in the compounds produced by the

encoded enzymes, a metabolomics approach was followed. Since

the upregulation of the flavonoid biosynthesis pathway was found

three days after transplanting of seedlings, without knowing how

fast lettuce accumulates relative metabolites, it was decided to use
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plants at 1 wpt. With the targeted approach using LC-MS, 21 out of

46 (Supplementary Table S3) reference compounds were found

present in lettuce plants. PCs that showed significant difference in

chitin-treated plants (SA, p-CA, chlorogenic acid and FA) are all

phenolic acids, while all flavonoids detected showed relatively low

concentrations and no significant difference with the control plants

(PS). The detected flavonone that showed a significant difference

between treated and non-treated plants was cymaroside, which was

higher concentrated in the roots of untreated plants. Chlorogenic

acid and p-CA were more abundantly detected in the roots of

chitin-treated plants. Both compounds have been reported to have

antifungal properties and are induced as defense response against

fungal plant pathogens (Wojciechowska et al., 2014; Martıńez et al.,

2017; Islam et al., 2019; Yuan et al., 2019; Liu et al., 2020; Zhang

et al., 2020). Since the fungal cell wall is mostly made up of chitin

(Bowman and Free, 2006), it makes sense that chitin flakes would

trigger the same response upon detection by the plant. The only

targeted compound of the LC-MS analysis that showed a significant

increase upon chitin treatment in both roots and leaves was SA. SA

is a hormone that is essential for plant defense (Ding and Ding,

2020). It promotes local immune responses and plays an important

role in the basal defense against (hemi-)biotrophic pathogens. It is

also important for the establishment of systemic acquired resistance

(Peng et al., 2021). SA is needed for PTI as well as for the effector-

triggered immunity (Li et al., 2019). Although we were not able to

detect an upregulation of plant defense related genes, our results

suggest that chitin soil amendment activates PTI in lettuce.

Defense-related genes most likely were not detected due to the

late sampling point (after three days). We were, however, able to

detect higher levels of defense-associated metabolites in both leaf

and root tissues, such as SA. Furthermore, SA is known to increase

flavonoid production in lettuce (Moreno-Escamilla et al., 2020).

This finding is congruent with our results of the flavonoid pathway

being upregulated in the roots, higher flavonoid levels in the leaves

within the first two weeks and higher levels of SA upon chitin

treatment. At four weeks, the levels of flavonoids decreased in

chitin-treated plants. This decrease may also indicate an earlier

drop in SA levels. This short activation of plant defense upon chitin

treatment indicates a defense priming effect, which is a low-cost

defensive measure where plant defense responses are only slightly

activated upon treatment but would enable plants to mount a faster

and/or stronger defense response upon subsequent challenge

(Mauch-Mani et al., 2017). For example, the overall gene

expression in eight-weeks-old strawberry was not changed upon

mere chitin amendment, however, when challenged with a fungal

pathogen, a significant upregulated gene expression was observed in

chitin-treated strawberry plants (De Tender et al., 2021). In

addition, leaves from chitin-treated lettuce also showed a much

higher apoplast ROS burst than the control upon elicitor treatment,

indicating potential priming effect (our unpublished data). Chitin as

soil amendment hence caused a priming effect in lettuce seedlings,

which resulted in the upregulation of flavonoid biosynthesis,

accumulation of PCs. After the initial priming state, due to the

defense-growth trade-off, when chitin-treated plants were

promoted for growth (six weeks), it is thus reasonable to observe

reduced defense related flavonoids content (He et al., 2022). This
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priming effect possibly have long‐lasting defense effect and can be

further verified by gene expression assay upon pathogen challenge

in later growth stage. Chitin remains a promising organic substrate

to promote plant growth and defenses. Whether this activation is

due to chitin perception by the plant or due to a possible (direct or

indirect) change in the lettuce rhizosphere microbiome upon

treatment remains to be investigated.
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