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Abstract
Background  Konjac corms are known for their alkaloid content, which possesses pharmacological properties. In the 
primary cultivation areas of konjac, nitrogen deficiency is a common problem that significantly influences alkaloid 
synthesis. The impact of nitrogen deficiency on the alkaloids in konjac corms remains unclear, further complicated by 
the transition from mother to daughter corms during their growth cycle.

Results  This study examined 21 alkaloids, including eight indole alkaloids, five isoquinoline alkaloids, and eight other 
types of alkaloids, along with the associated gene expressions throughout the development of Amorphophallus 
muelleri Blume under varying nitrogen levels. Nitrogen deficiency significantly reduced corm diameter and fresh 
weight and delayed the transformation process. Under low nitrogen conditions, the content of indole alkaloids 
and the expression of genes involved in their biosynthesis, such as tryptophan synthase (TRP) and tryptophan 
decarboxylase (TDC), exhibited a substantial increase in daughter corms, with fold changes of 61.99 and 19.31, 
respectively. Conversely, in the mother corm, TDC expression was markedly reduced, showing only 0.04 times 
the expression level observed under 10 N treatment. The patterns of isoquinoline alkaloid accumulation in corms 
subjected to nitrogen deficiency were notably distinct from those observed for indole alkaloids. The accumulation of 
isoquinoline alkaloids was significantly higher in mother corms, with expression levels of aspartate aminotransferase 
(GOT), chorismate mutase (CM), tyrosine aminotransferase (TAT), and pyruvate decarboxylase (PD) being 4.30, 2.89, 
921.18, and 191.40 times greater, respectively. Conversely, in daughter corms, the expression levels of GOT and CM in 
the 0 N treatment were markedly lower (0.01 and 0.83, respectively) compared to the 10 N treatment.

Conclusions  The study suggests that under nitrogen deficiency, daughter corms preferentially convert chorismate 
into tryptophan to synthesize indole alkaloids, while mother corms convert it into tyrosine, boosting the production 
of isoquinoline alkaloids. This research provides valuable insights into the mechanisms of alkaloid biosynthesis in A. 
muelleri and can aid in developing nitrogen fertilization strategies and in the extraction and utilization of alkaloids.
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Introduction
Konjac is a name for certain species within the genus 
Amorphophallus, belonging to the family Araceae [1]. 
Valued as an important cash crop, konjac corms are con-
sumed as a vegetable and utilized in traditional medicine 
for their detoxifying and anti-inflammatory properties 
across China and Southeast Asia [2–4]. These corms con-
tain various alkaloids that are crucial for their medicinal 
effects [5]. However, due to the alkaloids, direct con-
sumption or skin contact can cause adverse reactions 
such as redness, swelling, and irritation of the throat 
and skin [6, 7]. It is thus essential to precisely control the 
alkaloid content when using konjac for different applica-
tions. Konjac plants renew their corms annually, with a 
corm typically lasting less than two years. This renewal 
results in no more than two age groups of corms coexist-
ing within a plant. Nonetheless, the variations and pat-
terns of alkaloid accumulation in corms of different ages 
remain unclear.

Alkaloids are a varied group of nitrogen-containing 
natural products with distinct biosynthetic pathways [8–
10]. Originating from primary metabolites such as amino 
acids [11], alkaloids are classified based on their pre-
cursor amino acids [12]. Among the most prevalent are 
indole and isoquinoline alkaloids, known for their anti-
inflammatory [13], antitumor [14], and antimicrobial 
properties [15]. Furthermore, the availability of nitrogen 
affects alkaloid biosynthesis [16–18]. As a vital element 
of the photosynthetic machinery, nitrogen impacts the 
production of secondary metabolites such as alkaloids by 
influencing photosynthesis and primary metabolism [19].

Alkaloids, nitrogen-containing secondary metabo-
lites, are typically produced by plants for protection 
against herbivores, pathogenic bacteria, or to handle 
abiotic stresses [20]. Nitrogen deficiency significantly 
impacts alkaloid synthesis; for example, Lupinus micran-
thus showed a 9–17% reduction in total alkaloid content 
under nitrogen deficiency, although the content may 
increase once nitrogen supply is restored [21]. However, 
nitrogen deficiency can also enhance the accumulation 
of berberine in the roots of Coptis chinensis [22] and 
increase the total alkaloid and goitrin content in Isatis 
tinctoria [23], indicating inconsistent effects of nitrogen 
on alkaloid accumulation in plants.

The primary soil types in the konjac planting area are 
acrisols and alisols [24], which tend to leach nutrients 
due to heavy rainfall and high temperatures, resulting 
in relatively infertile soils, particularly deficient in nitro-
gen [3]. The impact of nitrogen deficiency on alkaloids 
in konjac corms remains unclear, especially considering 

the transformation from mother to daughter corms dur-
ing the growth cycle. Nitrogen plays a crucial role in 
plant metabolism; its deficiency leads to slower growth, 
reduced yields, and enhanced stress tolerance, which may 
compromise growth [25]. This balance between growth 
and defense is crucial for plant survival and has signifi-
cant implications for agriculture and natural ecosystems 
[26, 27].

This study explores the dynamic changes in corm alka-
loids throughout the growth cycle of Amorphophallus 
muelleri Blume, comparing alkaloid composition and 
gene expression in corms treated with varying nitrogen 
levels. This research marks the first examination of alka-
loid accumulation during konjac corm turnover under 
nitrogen deficiency. Understanding this process is essen-
tial for developing more effective nitrogen fertilization 
strategies and improving alkaloid extraction methods in 
A. muelleri.

Materials and methods
Plant materials, growth conditions, and treatment
The corms of Amorphophallus muelleri Blume were 
obtained from Konjac Genetic Resource Garden of Kun-
ming University, Yunnan Province (24.98°N, 102.79°E; 
altitude: 1934 m). Uniformly sized and weighted (approx-
imately 100  g) corms of A. muelleri were selected and 
planted in 10 L plastic pots filled with around 8 L of per-
lite as the growing medium, primarily consisting of silica 
and little to no nitrogen. The experiment was conducted 
in a greenhouse at the Yunnan Urban Agricultural Engi-
neering and Technological Research Center of Kunming 
University from May to November 2022. The greenhouse 
conditions were maintained at temperatures in the range 
of 25–35  °C, less than 50% shade, and 60–80% relative 
humidity. Watering was performed as needed, and liq-
uid fertilizer was applied at 500 mL per pot every three 
days post-sprouting. The basic liquid fertilizer compo-
sition included various minerals and trace elements (2 
mM MgSO4, 2 mM CaCl2, 3 mM KCl, 1 mM NaH2PO4, 
13 mM FeSO4-Na2EDTA, 0.1 mM MnSO4, 1 µM CuSO4, 
0.1 mM H3BO3, 0.05 mM ZnSO4, and 5 µM KI). The sole 
nitrogen source was NH4NO3 at concentrations of 0 mM 
(the substrate contained no nitrogen and was not fertil-
ized with N; 0  N), 5 mM (5  N), and 10 mM (reflecting 
local average nitrogen application rates).

Sampling time, corm biomass, and the measurement of 
nitrogen content
Figure 1A illustrates dormant corms (D) stored at 20  °C 
for 2 weeks without sprouting [28]. Corms with buds 
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germinating between 5 and 8 cm served as materials for 
the bud sprouting stage (B). Upon full expansion of the 
first leaf, the mother corm diminishes, and the daughter 
corm starts growing, marking the first leaf maturation 
stage (L), designated as L and L’. At full expansion of the 
second leaf, mother and daughter corms mark the second 
leaf maturation stage (LL), noted as LL and LL’. During 
the lodging period (T), when the second leaves wither, 
corm measurements including fresh weight and diameter 
(the maximum distance from one rim to another through 
the center) were taken, with at least six corms measured 
per period.

Nitrogen content was assessed using a Flash 2000 Ele-
mental Analyzer (Thermo Fisher Scientific, Waltham, 

MA, USA). The process involves burning samples at high 
temperatures to generate N2 for mass spectrometry, with 
nitrogen content (N%) derived by comparing sample 
peak areas to two or three standards (Atm-N2).

Metabolomic analysis
For metabolite profiling during the growth cycle, corm 
samples were collected approximately 5  mm below the 
buds. Metabolites were extracted by pulverizing 50  mg 
of sample in liquid nitrogen and adding 400 µL of a 4:1 
methanol: water solution containing 0.02  mg/mL of 
L-2-chlorophenylalanine. The mixture was sonicated 
for 30 min at 5 °C and 40 kHz, then stood at − 20 °C for 
30 min, followed by centrifugation at 4  °C and 13,000 g 

Fig. 1  Effect of nitrogen deficiency on corms of A. muelleri during the growth cycle. Diagram illustrating corm growth in A. muelleri (A). Changes in the 
fresh weight (B) and diameter (C) of corms during the growth cycle are shown. Abbreviations: D: dormant corms; B: bud sprouting stage; L: first leaf 
maturation stage; LL: second leaf maturation stage; T: lodging period. Each data point represents the mean ± SE (n ≥ 6). The different letters above the bars 
indicate significant differences between developmental periods (P < 0.05; based on one-way ANOVA followed by a post hoc Tukey’s test)
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for 15  min. The supernatant was then transferred to an 
injection vial for analysis. To ensure quality control, we 
prepared samples by mixing equal volumes of metabo-
lites from all samples and inserted a quality control 
sample every 5–10 samples during analysis. A principal 
component analysis (PCA) of the normalized data was 
conducted using metaX software [29].

The untargeted metabolomics assay was performed 
using a Thermo UHPLC-Q Exactive HF-X system, 
equipped with an Acquity HSS T3 column (100  mm 
× 2.1  mm i.d., 1.8  μm; Waters, USA) at Majorbio Bio-
Pharm Technology in Shanghai, China. The mobile 
phases included 0.1% formic acid in a water/acetonitrile 
mixture (95:5, v/v, solvent A) and 0.1% formic acid in 
an acetonitrile/isopropanol/water mixture (47.5:47.5:5, 
v/v/v, solvent B). The flow rate was set at 0.40 mL/min 
and the column temperature maintained at 40 °C.

For sample mass spectrometry signal acquisition, both 
positive and negative ion scanning modes were utilized. 
The optimal settings were as follows: source temperature 
at 425  °C; mass scanning range (m/z) from 70 to 1050; 
ion-spray voltage set to 3500  V for both modes; sheath 
gas at 40 psi; auxiliary heated gas at 10 psi; cyclic colli-
sion energy varying from 20 to 60 V; full MS resolution at 
60,000; and MS/MS resolution at 7,500.

RNA-seq analysis
Total RNA was extracted from corms positioned approxi-
mately 5 mm below the buds using TRIzol® Reagent (Invi-
trogen, CA, USA), following the manufacturer’s protocol. 
RNA quality was assessed using a 5300 Bioanalyzer (Agi-
lent, CA, USA) and quantified using a NanoDrop-2000 
(Thermo Fisher Scientific). Only high-quality RNA 
(OD260/280 ratio between 1.8 and 2.2, OD260/230 ratio 
above 2.0, RIN above 6.5, 28 S:18 S ratio above 1.0, and 
a minimum quantity of 1  µg) was selected for sequenc-
ing library construction. The quality and concentration 
details of the extracted RNA are provided in Table S1.

RNA purification, reverse transcription, library con-
struction, and sequencing for all treatments (0  N, 5  N, 
and 10  N) were conducted at Shanghai Majorbio Bio-
pharm Biotechnology (Shanghai, China), following the 
guidelines from Illumina (CA, USA). The cDNA librar-
ies were prepared using a NEBNext® UltraTM RNA 
Library Prep Kit for Illumina® (NEB, USA) in accordance 
with the supplied protocol. Sequencing was carried out 
on an Illumina Hiseq 4000 platform. After measure-
ment with Qubit 4.0, the paired-end RNA-seq libraries 
were sequenced on a NovaSeq 6000 sequencer, produc-
ing reads of 2 × 150 bp. The initial quality check of these 
reads was managed using fastp with standard settings. 
Subsequently, clean data from all treatments underwent 
de novo assembly using Trinity [30]. To enhance the 

assembly quality, all sequences were further refined using 
CD-Hit and transrate.

Metabolic pathway analysis utilized the Kyoto Ency-
clopedia of Genes and Genomes (KEGG). We con-
ducted differential expression analysis and functional 
enrichment to pinpoint differentially expressed genes 
(DEGs) between the treatments. Gene expression levels 
were determined using the transcripts per million reads 
method. RNA-seq by expectation maximization was 
employed to quantify gene abundance [31]. Differential 
expression was analyzed using DESeq2 [32], with DEGs 
identified based on |log2FC| ≥ 1 and FDR ≤ 0.05, signi-
fying significant differential expression. Additionally, a 
KEGG functional enrichment analysis determined which 
DEGs were significantly enriched in metabolic pathways, 
with significance set at a Bonferroni-corrected P ≤ 0.05 
compared to the entire transcriptome. KEGG pathway 
analysis was performed using KOBAS [33].

Gene co-expression network construction
To evaluate the relationship between alkaloid content 
and gene expression levels in konjac corms, we con-
ducted a gene co-expression network analysis utilizing 
the Weighted Gene Co-expression Network Analysis 
(WGCNA) package in R [34]. We identified 17,772 dif-
ferentially expressed transcripts from the 0  N versus 
10 N treatments across all three developmental stages of 
new corms using the DESeq2 package in R. Transcripts 
were considered differentially expressed if the adjusted 
p-value < 0.05 and the fold change > 2.

The soft threshold was calculated utilizing the pick-
SoftThreshold package in R. Subsequently, a scale-free 
network was constructed based on the power value at 
which the fitted curve initially approached 0.8, identi-
fied as a power value of 9. The eigenvector values for each 
module were computed and subjected to clustering, with 
modules exhibiting a similarity greater than 75% being 
merged. The content of 21 alkaloids were employed as 
traits to calculate the correlation coefficients between 
alkaloid levels and gene expression abundance within 
each module under varying nitrogen treatments. The 
TOM matrix was computed utilizing the TOMsimilarity-
FromExpr function in R, while the connectivity of indi-
vidual genes within the module was determined using the 
softConnectivity function. The gene co-expression net-
work was visualized by Cytoscape version 3.10.0 [35].

Real-time quantitative PCR analysis (RT-qPCR)
RT-qPCR was used to examine gene expression in the 
indole and isoquinoline alkaloid synthesis pathways 
in corm samples of A. muelleri previously analyzed by 
RNA-seq. RNA extraction utilized TRIzol® Reagent, and 
first-strand cDNA synthesis followed the TUREscript 1st 
Stand cDNA Synthesis Kit’s instructions (Aidlab, Beijing, 
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China). Primers were designed using Beacon Designer 
7.9 (refer to Table S2). The RT–qPCR was conducted on 
a qTOWER 2.0/2.2 Quantitative Real-Time PCR Ther-
mal Cycler (Langewiesen, Germany), employing the ΔCt 
method to calculate gene expression levels. Transcript 
levels for eight housekeeping genes (Actin, GAPDH, 
18SrRNA, EF-1β, QCR, β-Tubulin, CYP, and SAMDC) 
were measured, and the geNorm algorithm identified 
Actin as the most stable reference gene [36]. Each anal-
ysis was performed at least three times with biological 
replicates.

Statistical analysis
To assess growth traits and metabolite contents in the 
corms over different periods, one-way ANOVA and a 
subsequent Tukey’s post hoc test were conducted using 
SPSS version 16.0 (IBM, USA). A p < 0.05 was deemed 
significant. For two-group comparisons, Student’s t-test 
was used, with a significance threshold of p < 0.05. Each 
treatment was replicated at least three times biologically. 
Heat maps were created using TBtools [37], with data 
log2 transformed and hierarchical clustering performed 
through Pearson’s correlation distance/complete linkage. 
GraphPad version 9.0 (GraphPad Software, MA, USA) 
was used for other bar chart visualizations.

Results
Effect of nitrogen deficiency on the growth of corms 
during the growth cycle
Nitrogen deficiency treatments (0 N and 5 N) negatively 
impacted the growth of daughter corms (Fig. 1A), result-
ing in lighter weights (Fig.  1B) and smaller diameters 
(Fig. 1C) compared to the 10 N treatment. For instance, 
at the lodging stage (T), corms treated with 10 N had a 
diameter of 11.33 cm, which was 1.29 times that of those 
treated with 5 N (8.73 cm) and 1.42 times that of those 
treated with 0 N (8 cm).

Furthermore, nitrogen deficiency delayed the transition 
from mother to daughter corms, prolonging the growth 
cycle and reducing yield. At the first leaf maturation stage 
(L), the fresh weight of daughter corms in the 0 N treat-
ment was only 12.53  g, representing 36% of the fresh 
weight of mother corms (34.62  g). In contrast, in the 
10 N treatment, the fresh weight of daughter corms was 
26.94  g, which was 107% of the fresh weight of mother 
corms (25.27  g). By the second leaf maturation stage, 
mother corms in the 10  N treatment had almost com-
pletely been absorbed, resulting in a new corm weight 
of 384.01  g, 4.46 times that of the dormant stage. Con-
versely, treatments 5  N and 0  N retained some mother 
corms, with the fresh weight of daughter corms in the 
0 N treatment at 246.65 g, which was 76% of that in the 
5  N treatment and 64% of that in the 10  N treatment 
(Table S3).

Metabolomic profiles in response to nitrogen deficiency
During the growth cycle, the nitrogen content in mother 
corms exhibited a decline, whereas the nitrogen content 
in daughter corms initially decreased and subsequently 
increased (Fig.  2A). The effect of nitrogen deficiency 
on the nitrogen content in mother and daughter corms 
varied (Fig. 2A; Table S4). Under the 0 N and 5 N treat-
ments, the nitrogen content in daughter corms at the 
L’ stage was either reduced or remained approximately 
constant compared to the T stage. However, in the 10 N 
treatment, nitrogen content in daughter corms increased 
throughout development; it was 1.52 times higher at the 
T stage than at the L’ stage, and 2.68 times higher than in 
0 N-treated corms at the same stage.

In mother corms, we found that the nitrogen applica-
tion mitigated the declining trend in nitrogen content, 
for instance, at the end of development (LL), nitrogen 
content in the 10 N treatment was 0.94%, only 39% of the 
content at the dormancy stage (D), while in the 0 N treat-
ment, it was 1.39%, or 57% of the nitrogen content at the 
D stage.

To analyze metabolomic changes in A. muelleri due 
to nitrogen deficiency, we identified 2250 metabolites in 
corms across 0 N, 5 N, and 10 N treatments using untar-
geted metabolomics (Table S5). Principal component 
analysis (PCA) demonstrated the impact of different 
nitrogen concentrations on corm metabolites. Metabolite 
profiles in the 0  N and 10  N treatments were distinctly 
separated by PC1, explaining 38.70% of the variance, and 
PC2, explaining 25.50% (Fig. 2B). Notably, metabolite dif-
ferences were clear between mother and daughter corms; 
in daughter corms, 597 metabolites were downregu-
lated and 358 upregulated from 0 N to 10 N, whereas in 
mother corms, 388 were downregulated and 274 upregu-
lated (Fig. 2C). To further explore these changes, we con-
ducted KEGG enrichment analysis (Fig. 2D, E). In mother 
corms, differential metabolites were primarily enriched 
in pathways like “plant hormone signal transduction,” 
“tricarboxylic acid cycle,” and “isoquinoline alkaloid bio-
synthesis.” In daughter corms, significant enrichment was 
noted in “phenylpropanoid biosynthesis,” “tryptophan 
metabolism,” and “indole alkaloid biosynthesis.” Both 
“isoquinoline alkaloid biosynthesis” in mother corms and 
“indole alkaloid biosynthesis” in daughter corms showed 
significant enrichment, highlighting their role in alkaloid 
synthesis from 0 N to 10 N treatments.

Comparison of alkaloid content under nitrogen deficiency
To examine the impact of nitrogen deficiency on alka-
loid content in A. muelleri corms, we analyzed 21 alka-
loids under various nitrogen concentrations (Fig. 3; Table 
S6). These included eight indole alkaloids, five isoquino-
line alkaloids, and eight other alkaloid types. Signifi-
cant differences in alkaloid accumulation were observed 
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between daughter and mother corms under different 
nitrogen treatments (Fig. 3). Indole alkaloids were more 
prevalent in 0 N-treated mother corms and in 5 N- and 
10  N-treated daughter corms. Conversely, isoquinoline 
alkaloids were more common in 5  N- and 10  N-treated 
mother corms and in 0 N-treated daughter corms.

We analyzed the variation in the content of indole alka-
loids (Fig. 4) and isoquinoline alkaloids (Fig. 5) during the 
development of konjac corms under different nitrogen 

treatments (0  N, 5  N, and 10  N). The indole alkaloid 
content decreased significantly in the mother corms but 
increased in the daughter corms under the 0 N treatment 
(Fig. 4A–D). In the 0 N treatment, the halmalol content 
in mother corms during the first (L) and second (LL) leaf 
maturation stages was only 40.35% and 36.50%, respec-
tively, of that observed in the 10  N treatment for the 
same stages. Conversely, the halmalol content in daugh-
ter corms during the L’ and LL’ stages was 2.21 and 2.79 

Fig. 2  Analysis of nitrogen content and differential metabolites in corms subjected to different nitrogen concentrations. Effect of nitrogen deficiency 
on the total nitrogen content during the development of corms (A). Red bars represent mother corms and blue bars represent daughter corms, with 
deeper colors indicating a later developmental period. Principal component analysis of corm samples under nitrogen deficiency (B). Venn diagram of 
differential metabolites in corms (C). Kyoto Encyclopedia of Genes and Genomes enrichment analysis of differential metabolites compared between the 
0 N and 10 N treatments in mother corms (D) and daughter corms (E). Asterisks indicate statistical significance based on one-way ANOVA with Tukey’s 
test (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001)
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times higher, respectively, compared to the 10  N treat-
ment (Fig. 4A). Similar trends were noted in other indole 
alkaloids, including ergocornine (Fig. 4B), pumiliotoxin A 
(Fig. 4C), and corynanthine (Fig. 4D), which also exhib-
ited significant changes.

The accumulation of isoquinoline alkaloids in corms 
under nitrogen deficiency showed distinct patterns com-
pared to indole alkaloids. In mother corms, isoquinoline 
alkaloid content, such as hydromorphone-3-glucoside 
(Fig. 5A), during the L and LL phases was 1.12 and 1.81 
times higher in the 0 N treatment than in the 10 N treat-
ment. However, in daughter corms, the content of hydro-
morphone-3-glucoside during the L’ and LL’ stages was 
only 53% and 37%, respectively, of that in the 10 N treat-
ment. Other isoquinoline alkaloids, such as calystegin A3 
(Fig. 5B) and morph (Fig. 5C), also followed similar pat-
terns in response to nitrogen deficiency.

KEGG enrichment analysis of DEGs under nitrogen 
deficiency
To understand the biological functions of genes differen-
tially expressed between the 0 N and 10 N treatments, we 
conducted KEGG enrichment analysis (Fig. 6). The analy-
sis revealed that genes upregulated in both mother and 
daughter corms were associated with pathways such as 
plant hormone signal transduction and plant-pathogen 

interactions. Downregulated genes were primarily 
involved in flavonoid biosynthesis.

Notably, the expression trends for genes in mother 
and daughter corms were opposite. For example, genes 
related to starch and sucrose metabolism were upregu-
lated in mother corms but downregulated in daughter 
corms under the 0  N treatment. Similarly, isoquinoline 
alkaloid biosynthesis genes were upregulated in mother 
corms, while downregulated in daughter corms, and tro-
pane, piperidine, and pyridine alkaloid biosynthesis genes 
were also downregulated. Additionally, the nitrogen 
metabolism pathway was significantly downregulated in 
daughter corms under the 0 N treatment.

Weighted gene coexpression network analysis
To explore the gene regulatory network involved in 
alkaloid biosynthesis in A. muelleri corms, an analysis 
of 17,772 differentially expressed transcripts was con-
ducted. This revealed four coexpression modules (blue, 
brown, gray, and turquoise) identified in a dendrogram. 
These modules represent clusters of genes that show high 
correlation and coexpression (Fig.  7A). The turquoise 
module, containing 90.62% of the transcripts, showed 
a positive correlation with isoquinoline alkaloids and a 
negative correlation with indole alkaloids (Fig.  7B). The 
network analysis pinpointed 20 hub genes significantly 

Fig. 3  Effect of nitrogen deficiency on the content of 21 alkaloids in daughter and mother corms of A. muelleri
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Fig. 4  Trends in the accumulation of four indole alkaloids during the development of corms of A. muelleri under nitrogen deficiency. A, B, C, and D rep-
resent the content of harmalol, ergocornine, pumiliotoxin A, and corynanthine, respectively. Red bars represent mother corms and blue bars represent 
daughter corms, with deeper colors indicating a later developmental period. Asterisks indicate statistical significance based on one-way ANOVA with 
Tukey’s test (ns: not significant; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001)

 



Page 9 of 15Qi et al. BMC Plant Biology          (2024) 24:923 

coexpressed with others, primarily impacting the indole 
alkaloid biosynthesis pathway. Key genes identified 
included TRP (TRINITY_DN29567_c0_g1) for trypto-
phan synthase beta chain 2, and a gene for tryptophan 
dehydrogenase, both crucial for indole alkaloid produc-
tion. Detailed analysis under nitrogen deficiency revealed 

26 genes significantly impacting indole alkaloid synthe-
sis, with 8 downregulated and 18 upregulated (Fig. 7C). 
Additionally, six genes associated with isoquinoline alka-
loid synthesis were all downregulated.

Fig. 5  Trends in the accumulation of three isoquinoline alkaloids during the development of corms of A. muelleri under nitrogen deficiency. A, B, and C 
represent the content of hydromorphone-3-glucoside, calystegin A3 ,and morph, respectively. Red bars represent mother corms and blue bars represent 
daughter corms, with deeper colors indicating a later developmental period. Asterisks indicate statistical significance based on one-way ANOVA with 
Tukey’s test (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001)
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Metabolites and genes involved in the indole and 
isoquinoline alkaloid biosynthesis pathways
Figure 8 highlights notable differences in the biosynthe-
sis of indole and isoquinoline alkaloids between daughter 
and mother corms under nitrogen deficiency. In mother 
corms, tryptophan synthase (TRP) expression remained 
similar across 0 N and 10 N treatments, while in daugh-
ter corms, it was significantly higher (61.99 times) in 0 N 
compared to 10 N. The expression of tryptophan decar-
boxylase (TDC) and strictosidine synthase (STR1) in 
mother corms was substantially lower in the 0  N treat-
ment compared to the 10 N treatment, at 0.04 and 0.14 
times, respectively. Conversely, in daughter corms, these 
expressions were 19.31 and 3.21 times higher in the 0 N 
treatment. Alkaloid content changes showed that in the 
0  N treatment, corynanthine and ergocristine levels in 
mother corms were only 34.82% and 37.04% of those in 
the 10  N treatment, whereas in daughter corms, levels 
were 3.32 and 1.95 times higher, respectively, than in the 
10  N treatment. These expression profiles are detailed 
further in Table S7.

Trends in isoquinoline alkaloids in corms under nitro-
gen deficiency differ significantly from those in indole 
alkaloids. This study revealed decreased expressions of 
enzymes such as aspartate aminotransferase (GOT) and 
chorismate mutase (CM), which are involved in convert-
ing chorismate to tyrosine. Additionally, enzymes in the 
tyrosine catabolic pathway, including tyrosine amino-
transferase (TAT) and pyruvate decarboxylase (PD), were 
downregulated in daughter corms. For instance, expres-
sion levels of GOT1, CM, TAT, and PD in the 0 N treat-
ment were considerably higher (4.30, 2.89, 921.18, and 
191.40 times, respectively) in mother corms compared to 
the 10  N treatment. Conversely, in daughter corms, the 
expression levels of GOT1 and CM in the 0 N treatment 

were substantially lower (0.01 and 0.83, respectively) 
than in the 10 N treatment. Regarding isoquinoline alka-
loid content in corms, the levels of hydromorphone and 
morphine were notably lower in the 0 N treatment com-
pared to the 10 N treatment in both daughter and mother 
corms.

To verify the reliability of our RNA-seq results, we 
conducted a comparison between RNA-seq and qRT-
PCR expression data for seven genes related to alkaloid 
biosynthesis (Fig.  9), correlation analysis confirmed the 
reproducibility of our RNA-seq results, with a correlation 
coefficient (R² = 0.7511, p < 0.0001).

Discussion
Differential responses of mother and daughter corms to 
nitrogen deficiency
As a storage organ, the corm provides energy and materi-
als for leaf growth during periods when photosynthesis is 
insufficient [38, 39]. The consumption of mother corms 
reflects, to an extent, the energy they supply for the 
growth of other organs. Nitrogen deficiency can hinder 
energy conversion in mother corms, delaying the transi-
tion from mother to daughter corms. Our findings indi-
cate that nitrogen deficiency significantly impacts the 
development of daughter corms, but has a minimal effect 
on mother corms. This suggests that daughter corm 
growth is more vulnerable to nitrogen shortages, making 
the period from the first to the second leaf maturity criti-
cal for nitrogen fertilization.

Under nitrogen-deficient conditions, the mother corm 
increases starch and sucrose metabolism while reducing 
the synthesis of various secondary metabolites. Nitro-
gen stress notably affects photosynthesis by decreasing 
the content and/or activity of light-harvesting proteins 

Fig. 6  Kyoto Encyclopedia of Genes and Genomes enrichment analysis of differentially expressed genes in corms of A. muelleri compared between the 
0 N and 10 N treatments. The left side shows the 10 most enriched pathways in mother corms, and the right side shows the 10 most enriched pathways 
in daughter corms. Black bars represent upregulation, and white bars represent downregulation. Numbers in the middle are the numbers of transcripts 
involved in the pathway
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Fig. 7  Correlation analysis of genes related to alkaloid biosynthesis induced by nitrogen deficiency in corms of A. muelleri. Hierarchical cluster trees and 
coexpression modules identified by weighted gene coexpression network analysis in the corms (A). Different modules are labeled with different colors; 
the area in gray contains genes not belonging to any modules. The relevance of the modules to 21 alkaloids (B). Red indicates a positive correlation, 
and blue indicates a negative correlation. Visual display of module intergene correlations (C), in which each node represents a transcript. The greater the 
node connectivity (i.e., the greater the number of connections to other nodes, or the greater the number of radiating edges), the greater the importance
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and photosynthetic enzymes [25]. Consequently, car-
bohydrate accumulation from photosynthesis is signifi-
cantly limited [40, 41]. Enhanced metabolism of starch 
and sucrose in the mother corm may partially offset this 
lack of photosynthetic capability. The downregulation 

of secondary metabolite synthesis in the mother corm 
and delayed transformation are strategies that may be 
adopted to cope with nutrient deficiencies by moderating 
growth.

Fig. 9  Real-time quantitative PCR analysis of genes involved in the indole and isoquinoline biosynthesis pathways compared between corms of A. muel-
leri in the 0 N and 10 N treatments. The data indicate means ± standard deviations of three biological replicates. Red bars represent mother corms, blue 
bars represent daughter corms, solid colors represent the 0 N treatment, and diagonal stripes represent the 10 N treatment. The different letters above 
the bars indicate significant differences between developmental periods (p < 0.05; based on one-way ANOVA followed by a post hoc Tukey’s test). The last 
graph is the Pearson correlation between RNA-seq and RT-qPCR

 

Fig. 8  Comparison of major alkaloids and genes involved in the indole and isoquinoline biosynthesis pathways between 0 N and 10 N treatments. 
Changes in transcript levels are indicated by color. At left is the mother corm, and at right is the daughter corm. Orange indicates upregulated gene ex-
pression, and green indicates downregulated expression. The values of the fold change (0 N vs. 10 N) are log2 scaled. The bar graphs represent the change 
in alkaloid content in the pathway, with red representing mother corms, blue representing daughter corms, solid colors representing the 0 N treatment, 
and diagonal stripes representing the 10 N treatment. The different letters above the bars indicate significant differences between developmental periods 
(p < 0.05; based on one-way ANOVA followed by a post hoc Tukey’s test). Abbreviations: TRP: tryptophan synthase beta chain 2; TDC: tryptophan decarbox-
ylase; STR: strictosidine synthase; GOT: aspartate aminotransferase; CM: chorismate mutase; TAT: tyrosine aminotransferase; PD: pyruvate decarboxylase
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Conversely, starch and sucrose metabolism are reduced 
in daughter corms under nitrogen deficiency, while path-
ways such as phenylpropanoid and terpenoid backbone 
biosynthesis, along with induced systemic resistance, are 
enhanced. The suppression of sucrose and starch break-
down suggests that daughter corms may act as carbo-
hydrate consumers rather than producers during their 
expansion growth phase. The biosynthesis of phenylpro-
panoids and terpenoid backbones, which are crucial for 
metabolite production in plants and play roles in abiotic 
stress response [42–45], indicates that daughter corms 
may bolster their defenses in response to nitrogen defi-
ciency, balancing growth and defense needs.

The mother and daughter corms may have different 
alkaloid accumulation strategies
Nitrogen plays a critical role in the biosynthesis of alka-
loids [10], which is a complex process influenced by mul-
tiple factors [46, 47]. In addition to nitrogen availability, 
precursor substances and developmental stages signifi-
cantly impact alkaloid accumulation in konjac corms. 
Particularly, indole and isoquinoline alkaloids vary signif-
icantly during the developmental stages. The precursors 
for these alkaloids are aromatic amino acids—phenyl-
alanine, tyrosine, and tryptophan [8, 10]—derived from 
the shikimate pathway. The availability of these amino 
acids is closely linked to alkaloid synthesis downstream 
[8, 48]. Our study revealed that L-tryptophan levels 
were notably higher in the early developmental stages of 
daughter corms compared to mother corms during the 
same period and increased further under nitrogen defi-
ciency. Moreover, several genes promoting the synthesis 
and conversion of L-tryptophan to indole alkaloids [12, 
49, 50] were significantly upregulated in daughter corms 
under nitrogen deprivation. This suggests that increased 
tryptophan levels in daughter corms provide a greater 
supply of precursors for indole alkaloid synthesis.

Tyrosine catabolism can be triggered by various factors 
such as wounding, fungal infections, or abiotic stresses 
like drought or nutritional deficiency [51–54]. This pro-
cess leads to the production of isoquinoline alkaloids [12, 
17]. Interestingly, while these alkaloids are resistant to 
stress, they do not tend to accumulate in daughter corms 
under nitrogen deficiency. Contrarily, in mother corms, 
isoquinoline alkaloids accumulate significantly under 
the same conditions, whereas daughter corms show an 
increase in indole alkaloids. This pattern suggests that 
under nitrogen deficiency, daughter corms preferentially 
convert chorismate into tryptophan to synthesize indole 
alkaloids, while mother corms convert it into tyrosine, 
boosting the production of isoquinoline alkaloids. Thus, 
mother and daughter corms may adopt different alkaloid 
accumulation strategies to cope with nitrogen deficiency 
as they develop.

Conclusion
This study enhances our understanding of alkaloid syn-
thesis in konjac corms, highlighting the distinct patterns 
of alkaloid accumulation in corms of different ages under 
nitrogen-deficient conditions typical in konjac cultiva-
tion areas. It also supports the targeted extraction and 
utilization of konjac alkaloids. During alkaloid synthesis, 
enzymes such as TRP and GOT1 catalyze the formation 
of tryptophan and tyrosine, respectively, influencing the 
types of alkaloids accumulated. Additionally, our findings 
indicate that nitrogen deficiency significantly impacts 
the renewal process of corms, particularly inhibiting the 
growth and yield of daughter corms, marking this stage 
as crucial for nitrogen fertilizer application. This discov-
ery offers a new perspective on the strategic use of nitro-
gen fertilizers in konjac cultivation.
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