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Genome-wide studies of PAL genes
in sorghum and their responses
to aphid infestation

Shankar Pant & Yinghua Huang™

Phenylalanine ammonia-lyase (PAL, EC 4.3.1.25) plays a crucial role in plant adaptation to biotic
and abiotic stresses. However, the current knowledge about PAL proteins in sorghum is essentially
lacking. Thus, in this study we aimed to analyze the PAL family genes in sorghum using a genome-
wide approach and to explore the role of PAL genes in host plant resistance to aphids via SA-mediated
defense signaling. Here, we report gene structural features of 8 PAL (SbPAL) genes in sorghum
(Sorghum bicolor), their phylogeny, protein motifs and promoter analysis. Furthermore, we
demonstrated that the SbPAL genes were induced by sugarcane aphid (SCA) infestation and SbPAL
exhibited differential gene expression in susceptible and resistant genotypes. PAL activity assays
further validated upregulated expression of the SbPAL genes in a resistant genotype. In addition,
exogenous application of SA reduced plant damage and suppressed aphid population growth and
fecundity in susceptible genotype, suggesting that those SbPAL genes act as positive regulator of
the SA-mediated defense signaling pathway to combat aphid pests in sorghum. This study provides
insights for further examination of the defense role of PAL in sorghum against other pests and
pathogens.

Phenylalanine ammonia-lyase (PAL) is an important enzyme of phenylpropanoid pathway that catalyzes non-
oxidative deamination of L-phenylalanine into trans-cinnamate. This is the first key rate-limiting enzyme of the
phenylpropanoid pathway which links primary metabolism with secondary metabolism. The pathway is rich in
phenylpropanoid compounds, which are precursors to a wide range of phenolic compounds, such as flavonoids,
plant hormones, anthocyanins, lignin, and phytoalexins'2. Phenylpropanoid derivatives play an important role in
plant defense against pests and pathogens. They respond to various abiotic stresses (UV lights, low temperature,
nutrient stress), serve as regulatory molecules, and are involved in signal transduction and communication with
other organisms'*-. Phenylpropanoid compounds are also utilized in lignin biosynthesis which confers stem
rigidity, vascular integrity, and serve as a physical barrier to invading pathogens in plants®.

Several studies have shown that PALs in dicots are monofunctional in that they can only utilize phenylalanine
as a substrate (PAL activity), whereas some monocot PALs are bifunctional, utilize phenylalanine and tyrosine as
substrates (PAL and TAL activity)’=. PAL is encoded by a multigene family, and their expression in response to
biotic and abiotic stresses is highly regulated, temporally and spatially’®. Several studies state that increased PAL
activity is associated with the earliest responses of plant to pathogens>'!. Since PAL is involved in biosynthesis
of several phenylpropanoid compounds with defense properties, an elevated PAL level is usually considered as
an indicator of resistance in plants'% It is well established that PAL is involved in salicylic acid (SA) biosynthesis
and induced PAL expression is related with SA accumulation in several plants'*~'°. The defense role of PAL and
SA to pathogens have been demonstrated in several studies via PAL-silencing and exogenous application of SA
experiments in Arabidopsis, tobacco, Brachypodoium, Lotus japonicum, maize and pepper'*'*7-2%. However,
SA biosynthesis pathways have been determined only in few plants. Two pathways of SA biosynthesis in plants
have been identified, chorismate and phenylpropanoid pathways, which are regulated by isochorismate synthase
(ICS) and PAL, respectively?>*>?¢. In Arabidopsis and barley, ICS is the dominant pathway for SA biosynthesis®.
In tobacco, a majority of SA is synthesized via the phenylpropanoid pathway?, whereas SA synthesis in soybean
is equally contributed by both pathways'®. Currently, it is unclear which pathway is dominant in sorghum for
SA biosynthesis.

Sorghum [Sorghum bicolor (L) Moench] is an important food, feed and biofuel crop with over a $2 billion
economic impact in the United States?. Sorghum is well-adapted to several abiotic stresses such as high tempera-
ture and dry weather. However, pests and pathogens remain a major challenge to enhance sorghum production.
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Various insect pests feed on sorghum from seedling to mature stages. Among them, sugarcane aphid [Melanaphis
sacchari (Zehntner)] is a major pest of sorghum and was first reported in 1922 in the United States®. Sugarcane
aphid (SCA) was a sporadic pest of sugarcane until recently, when a major outbreak occurred on sorghum in
2013 in Texas and has since become a perennial pest affecting sorghum production in more than 20 states in the
United States®*’!. Besides being a vector for the sugarcane yellow leaf virus, SCA also possess potential threats
to sugarcane production in the U.S. and elsewhere®. Although there are some resistant varieties of sorghum
available against SCA*-*>, however the mechanism of resistance is yet to be explored.

Understanding the defense mechanisms and genes involved in host plant resistance is necessary for improv-
ing sorghum crop by incorporating these resistance genes into new lines. However, there are limited literatures
in identification and characterization of the functional role of potential resistance genes, which has hampered
the sorghum breeding efforts for SCA resistance. Characterization of the potential SCA resistance genes of sor-
ghum will improve our understanding of plant defense against SCA in resistant hybrids and cultivars. Thus, we
aimed to study whether SbPAL genes have any role in host-mediated defense response during SCA infestation.
The present study was carried out with the following two objectives: (1) to characterize SbPAL gene families in
sorghum using a genome-wide approach and (2) to elaborate protective role of SbPAL in sorghum plant resist-
ance to sugarcane aphids.

Materials and methods

Plant materials and growth conditions. Two varieties of sorghum (Sorghum bicolor) with varied
responses to sugarcane aphid, Tx7000 susceptible and Tx2783 resistant to sugarcane aphid, were available
to public use, which were originally obtained from the Germplasm Resources Information Network (GRIN,
https://www.ars-grin.gov) in the U.S.; thus were selected for this experiment. All plant materials used in this
study comply with local and national guidelines. Seeds were planted in plastic pots (7.5 cm in diameter; 7.1 cm
in height), containing potting compost (Sungro Professional Growing Mix, Agawam, MA) after treating with
fungicide (Captan 50W, Bonham, TX) and watered alternating days. Plants were grown in greenhouse set at
constant temperature (28 +/—2 °C) with a 14/10 (light/dark) photoperiod and 60% relative humidity.

Sugarcane aphid rearing and plant infestation. Sugarcane aphid (SCA) were maintained for genera-
tions on Tx7000 plants in greenhouse conditions as described previously***°. Three leaf stage sorghum seedlings
were infested with similar-size 20 adults apterous SCA on adaxial surface of the first leaf. Plants were covered
individually with cylindrical cages (SABIC Polymershapes, Tulsa, OK) to avoid SCA escape and unwanted path-
ogen/pest infestation. Plants without SCA infestation were also kept inside a cage as control.

Sequence acquisition and phylogenetic analysis of PAL genes.  We obtained the SbPAL amino acid
sequence of Sorghum bicolor (sorghum), Brachypodium distachyon (Brachypodium) and Arabidopsis thaliana
(Arabidopsis) from phytozome (https://phytozome.jgi.doe.gov/pz/portal.html). Amino acid sequences of Oryza
sativa Japonica Group (rice) and Zea mays (maize) were retrieved from the National Center for Biotechnol-
ogy Information (NCBI) [http://www.ncbi.nlm.nih.gov/] and Ensembl (http://ensembl.gramene.org/Zea_mays/
Info/Index) and used as references. The obtained ShPAL sequences were aligned using the MUSCLE program
(https://www.ebi.ac.uk/Tools/msa/muscle/)*. Key amino acids and important conserved sequences were iden-
tified by visual observation of SbPAL amino acid sequence alignment. A phylogenetic tree was constructed
based on PAL amino acid sequences of rice, maize, wheat, Brachypodium, sorghum, and Arabidopsis, using the
maximum likelihood method with poisson correction model (using 1000 boot strap values) in the MEGA7.0
program®***. All DNA and RNA sequences used and analyzed during the current study are available in phyto-
zome (https://phytozome.jgi.doe.gov/pz/portal. html) and additional data generated from this analysis are avail-
able in the supplementary materials/information with this paper.

Identification of conserved motif, cis-element and feature analysis of sorghum PAL genes. To
study structural diversity of SbPALs, conserved motifs were captured using the MEME program (http://meme-
suite.org/tools/meme)* with maximum number of motifs set at 20. To analyze Cis-acting elements, the 2000
base pairs upstream from the ATG start codon of SbPAL genes were first obtained from Phytozome, followed by
use of the PLANTRCARE database in the promoter regions*'. TBtools (toolbox for biologists) v0.6741 was used
to generate heat map to visualize expression of cis-acting element related to phytohormones, stress response and
lignin biosynthesis in eight SbPAL promoters using the data presented in Supplementary Table S2. ExPASy bio-
informatics program (https://www.expasy.org/) was used to predict Isoelectric point (PI) and molecular weight
for each amino acid sequence. Sub-cellular localization of the protein was predicted using CELLO2GO software
(http://cello.life.nctu.edu.tw/cello2go). Gene structure display server (GSDS) was used for analysis of exon and
intron regions for PAL genes*?.

RNA extraction and gene expression analysis. Leaf samples were collected from uninfested (control)
and infested plants of both genotypes at 6 hours (h), 12 h, 1 days (d), 2d, 3d, 6d and 9d post aphid infestation.
The samples were immediately frozen in liquid nitrogen and stored in—80 °C. Total RNA was extracted from
flash-frozen stems and leaves of sorghum plants using TRIzol reagent (Invitrogen), followed by DNase treat-
ment (Turbo DNA free kit, Thermofisher, Waltham, MA) for 30 min at 37 °C. cDNA was synthesized from
1.5 ug of total RNA using the GoScript reverse transcriptase kit (Promega, Madison, WI), following manufac-
ture’s instructions. Primers were designed using the IDT DNA program (https://www.idtdna.com/PrimerQuest/
Home/Index), which are listed in Supplementary Table S3. A sorghum p-tubulin gene (Sobic.002g350400) was
used as the internal control*®. Transcript levels were quantified by Quantitative real-time PCR (RT-qPCR) on a
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Exon Length | MW Subcellular
Name Gene ID Chromosome | count | Strand | Location coordinates | (aa) (KDa) PI localization
SbPALI | Sobic.004G220300 | 4 2 reverse 57051383..57055340 | 704 75.60 6.00 | Cytoplasmic
SbPAL2 | Sobic.004G220400 | 4 2 reverse | 57064914..57069724 | 718 77.59 6.04 | Cytoplasmic
SbPAL3 | Sobic.004G220500 | 4 1 reverse | 57075106..57077250 | 714 76.82 6.05 | Cytoplasmic
SbPAL4 | Sobic.004G220600 | 4 1 reverse 57083771..57086639 | 714 76.82 6.05 | Cytoplasmic
SbPAL5 | Sobic.004G220700 |4 1 forward | 57099422..57101566 | 714 76.80 6.04 | Cytoplasmic
SbPAL6 | Sobic.001G160500 | 1 2 reverse 13186392..13188966 | 709 76.24 5.60 | Cytoplasmic
SbPAL7 | Sobic.006G148800 | 6 2 reverse 51,039,816..51042905 | 703 75.69 6.25 | Cytoplasmic
SbPAL8 | Sobic.006G148900 | 6 2 reverse 51053477..51056309 | 714 76.60 5.80 | Cytoplasmic

Table 1. The general information, structural features and properties of PAL genes of sorghum.

Bio-Rad icycler thermal cycler (Bio-Rad Laboratories, Inc., Hercules, CA, USA) using the iTaq™ universal SYBR’
green supermix (Bio-Rad Laboratories, Inc.). The total volume of qRT-PCR reaction was of 10 pl: 1 pl of diluted
cDNA, 0.4 ul (10 uM) of reverse and forward primers each, 5 pl of SYBR green master mix and 3.2 pl of ddH20.
The following conditions were used: one cycle at 95 °C for 3 min, 40 cycles at 95 °C for 10 s and 55 °C for 30 s,
followed by one cycle each of one min at 95 °C and 55 °C. The final melting curve was of 81 cycles at 55 °C for
30 s. Relative gene expression was calculated using the 2 — AACt method** and the data were the average of three
biological and two technical replicates.

PAL activity assay. PAL activity assay was performed using a phenylalanine ammonia-lyase (PAL) micro-
plate assay kit (Cohesion Biosciences) following the manufacturer’s instructions. Briefly, fresh 100 mg shoot tis-
sue from uninfested (control) and SCA-infested sorghum plants, respectively, at different timepoints (6 h, 12 h,
1d, 2d, 3d, and 9d) were homogenized with 1 ml of assay buffer in a pre-chilled mortar and pestle. Homogenized
samples were centrifuged at 8000x g for 15 min at 4 °C. The reaction mixture was prepared by adding 10 pl
supernatant in 130 pl of reaction buffer and 50 ul of L-phenylalanine (substrate) in a 96-well plate, followed by
30 min incubation at 30° C. Stop solution (10 pl) was added to stop the reaction and PAL activity was determined
by taking absorption spectra at 290 nm. The observance value from 2 technical and 5 biological replicates were
used to calculate PAL activity using the following formula:

PAL(U/g) = 66.7 x (ODsample — ODcontrol) /W

where one unit (U) is defined as the OD value change of 0.01 per minute; W, the weight of sample in g. The
experiment was repeated two times.

Exogenous SA treatment and its effect on SCA infestation in sorghum. Three leaf stage sorghum
plants were treated with 50 mL of salicylic acid (SA) [100 ppm] or sterile water per plant by soil-drenching
according to Pant et al.*, followed by SCA infestation after 24 h as described previously**. The second SA treat-
ment was performed after 24 h of SCA infestation, followed by every three days for up to 9 dpi. The number of
aphids on SA-treated and non-treated plants were recorded at 2, 3, 6, and 9dpi to determine the role of exog-
enous SA in aphid defense.

Results

Identification of PAL genes in sorghum and genomic analysis of their structures. To identify
SbPAL gene family members, a homology search using Brachypodium distachyon PAL (BdPAL) amino acid
sequences and key word search using “phenylalanine ammonia lyase” was performed against the S. bicolor genome
database in phytozome (https://phytozome.jgi.doe.gov/pz/portal.html). As a result, 8 putative PAL genes were
identified from sorghum and their characteristic features were studied (Table 1). Sobic.004G220300 was previously
designated as SPALI*, and names of other genes are here designated as SbPAL2, Sobic.004G220400; SbPAL3,
Sobic.004G220500; SHPAL4, Sobic.004G220600; SbPALS5, Sobic.004G220700; SbPAL6, Sobic.001G160500;
SbPAL7, Sobic.006G148800; and SHPALS, Sobic.006G148900. The length of SbPAL proteins varied from 703
(SHPAL?) to 718 (SbPAL2) amino acids, with calculated molecular weights ranging from 75.6 kDa (SbPALI) to
76.82 (SbPAL3 and ShPAL4). However, sorghum PAL proteins exhibit less variability in isoelectric points (PI)
values, indicating that minor variation in ionic strength and/or pH range are required for their optimal activity.
Most of the genes (five genes) are clustered on chromosome four, followed by two and one PAL on chromosome
six and one, respectively. Subcellular localization of SbPAL proteins was predicted using CELLO2GO software
and revealed that all sorghum PAL genes are localized in the cytoplasm (Table 1).

Motifs and gene structural analysis of PAL genes in sorghum.  To gain further understanding about
sequence characteristics in SbPAL, we constructed a phylogenetic tree (Fig. 1A) and multiple sequence align-
ment (Supplementary Table 1) using the SbPAL amino acid sequences. The phylogenetic tree of SbPAL genes
revealed that SOPALI and SbPAL7 are closely related and the other five members of this family (SbPAL2, SbPAL3,
SbPAL4, SbPALS5, and SHPALS) appear in different hierarchical positions on the tree. The SbPAL6 is mostly
related to SbPALI and SbPAL7 but far from the rest. Amino acid sequence alignment revealed that SbPAL3 and
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Figure 1. Phylogenetic relationship, gene structure and architecture of the conserved protein motifs of 8 PAL
genes from sorghum. (A) The phylogenetic tree was constructed based on the full-length amino acid sequence.
(B) Exon-intron structure of SbPAL genes in sorghum. Blue boxes represent untranslated 5'- and 3'-regions;
gray line indicate intron and yellow boxes indicate exon. (C) The motif composition of SbPAL proteins. The
motifs 1-20, are displayed in different color boxes. The sequence information of each motif is provided in
Table 1.

SbPAL4 shared identical amino acid sequence, which is also reflected in the phylogenetic tree. However, they dif-
fer in coding sequence as seen in exon-intron structure (Fig. 1B). Furthermore, amino acids sequence analysis
also revealed that SVPAL differs in specific amino acid residue at position 123; histidine is present in SbPALI
and SbPAL? proteins, tyrosine is present in SOPAL6 whereas phenylalanine is present in rest of the PAL proteins
(Supplementary Table 1). In addition, SDPAL6 has an asparagine at residue position 443 whereas lysine is present
in the rest of the SOPAL proteins. A previous study stated that PALs with histidine in residue 123 are bifunctional
and with phenylalanine in residue position 123 are monofunctional®.

To further study structural diversity of SbPAL genes, we predicted exon-intron and motif compositions
in coding sequences using the Gene Structural Display Server (http://gsds.gao-lab.org/). The results showed
that five genes possess two exons with varying lengths of intron sequences and rest of the three genes have
single exon (Fig. 1B). Interestingly, all genes with single exon were clustered together in the phylogenetic tree
(Fig. 1A). We identified 20 conserved motifs in SbPAL proteins using the MEME suite (http://meme-suite.org/).
The result exhibits that 15 motifs were shared by all PAL proteins, however, rest of the five motifs were uniquely
positioned in certain SbPAL (Fig. 1C). For example, motif 20 is uniquely positioned in SbPAL3, SbPAL4, and
SbPALS5 and motif 17 is absent in SbPAL1 and SbPAL?7. The sequence information of each motif is presented in
Supplementary Fig. S1.

Phylogenetic analysis of PAL in sorghum and other plants. To study the evolutionary relation-
ship of sorghum PAL genes, a total of 51 amino acid sequences from monocotyledon crops (Brachypodium,
rice, setaria, maize, sorghum) and the dicotyledon model plant Arabidopsis and apple were used to construct a
phylogenetic tree using the maximum likelihood method (with 1000 bootstrap replicates) in MEGA5.0 software
(Fig. 2). The phylogenetic tree categorizes all PAL genes into three clusters (Clusters I-III). Furthermore, PAL
genes from each of monocot species are clearly distributed across the tree but as expected dicot plants (Arabi-
dopsis and apple) formed a separate group. There are no dicot PAL genes in cluster II, which consists of the mem-
bers from monocots only (maize, sorghum, and rice) and indicates that these PAL genes might have diverged
after separation of monocotyledon and dicotyledon. As mentioned earlier, SOPAL3, SbPAL4 and SbPALS5 are
highly similar, and aggregate together within cluster II. Interestingly, SbPALI is in cluster I, and is indeed within
a same sub-cluster as OsPALI and BAPALI, which are known to be involved in pathogen defense in host plant,
suggesting a similar defense function of SbPALI in sorghum.

Comparative expression analysis of PAL genes during sugarcane aphid infestation. To get
insight into the role of SOPAL genes during SCA infestation in sorghum, we analyzed their gene expression in
shoot tissues from resistant and susceptible sorghum lines using QRT-PCR. We collected shoot tissues from early
and late stages of SCA infestation. The samples collected at 6 h, 12 h, 24 h and 48 h were categorized as early stage
and those collected at 3d, 6d and 9d after infestation were grouped as late stage. Since SPAL3 and SbPAL4 are
identical in amino acid sequence, we have only selected SbPAL3 for gene expression analysis. The transcript lev-
els of SDPAL6 and SbPALS8 were undetectable or very low in both control and SCA infested samples, hence, were
excluded from gene expression analysis. For comparative purposes, the expression of each gene under control
conditions was normalized to 1.

In SCA infested samples, SODPAL1, SbPAL2, and SbPAL7 showed a similar trend, and their expressions were
significantly induced compared to the uninfested control in the resistant sorghum line at most of the time points
of early stage of infestation (Fig. 3A, B). Whereas their expressions in the susceptible line were not significantly
increased in the early stage of SCA infestation (Fig. 3). However, their expression on average slowly dropped from

Scientific Reports |

(2022) 12:22537 | https://doi.org/10.1038/s41598-022-25214-1 nature portfolio


http://gsds.gao-lab.org/
http://meme-suite.org/

www.nature.com/scientificreports/

[ 19)sn[D)

Cluster u

Figure 2. Phylogenetic analysis of the phenylalanine ammonia-lyase (PAL) genes in sorghum (SbPAL), rice
(OsPAL), maize (ZmPAL), Brachypodium (BdPAL), barley (Horvu), and Arabidopsis (AtPAL).

their peaks at early stage of infestation. At 9 days post infestation (dpi), the expression of SOPAL2 and SbPAL3
genes were significantly elevated again in compared to un-infested plants. We didn’t observe any significant
induction of SbPAL5 expression in either resistant or susceptible lines at most time points except in the resist-
ant line at 6 dpi and 9 dpi following SCA infestation (Fig. 3D, E). Interestingly, SbPALI and SbPAL2 exhibited
significant upregulated at 9 dpi in the susceptible line. SbPAL3 showed the highest level of expression at 48 h
post infestation (hpi) and consistently showed elevated expression up to 9 dpi in the resistant line. Together, the
qRT-PCR analyses revealed that SbPAL genes have differential expression in resistant and susceptible lines, and
they are most likely involved in host defense against SCA in a time dependent manner.

Assessment of PAL activity in resistant and susceptible plants. To determine whether the changes
in PAL expression mirrored in PAL activity, we performed PAL activity assays to detect the formation of trans-
cinnamate from L-phenylalanine in SCA susceptible and resistant sorghum lines after 6 h, 12 h, 1d, 2d, 3d and
9d post-infestation with SCA. The results revealed that on average, the SbPAL activities were higher in the resist-
ant line compared to the susceptible line (Fig. 4). Moreover, SCA infestation triggered SbPAL activities in both
sorghum lines at all time points.

Analysis of cis-acting elements in SbPAL gene promoter region. To better understand the tran-
scriptional regulation of SbPALs, we analyzed the promoter region by scanning 2000 bp sequences of the ini-
tiation codons of SbPAL genes using the PlantCARE tool*! (Fig. 5A, B). The PlantCARE tool has predicted
dozens of cis-acting elements in SbPAL genes (Supplementary Table S2). Among them, several cis-acting ele-
ments belong to phytohormone response and lignin biosynthesis (AC-elements). The cis-acting elements analy-
sis showed that SbPAL genes are mainly regulated by the following phytohormones: methyl jasmonate (Me]JA),
abscisic acid (ABA), auxin (IAA), gibberellin (GA), and salicylic acid (SA). The sum of the cis-acting elements
related to these hormones are presented in Fig. 5A. We predicted several stress-related cis-acting elements that
could regulate the ShPAL expression in response to biotic and abiotic stress. The common cis-acting elements
related to stress are anaerobic, defense, drought, low temperature, and wound, among which anaerobic-related
(ARE) cis-acting elements were the most common, followed by those defense-related elements (STRE and TC-
rich repeats) and the binding set of the MYB transcription factor (MYB-like sequence) (Fig. 5B). AC-elements
which regulated the biosynthesis of lignin, was detected from promoter regions of SPAL. The AC-elements were
found in abundant number in SbPALI, SbPAL3, SbPAL4, and SbPAL6, indicating their possible role in lignin
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Figure 3. Gene expression analysis of five SbDPAL genes (PALI, PAL2, PAL3, PAL15, and PAL7) in controls and
sugarcane aphid (SCA) infested shoot tissues from two sorghum lines (Tx7000, Tx2783). qRT-PCR was used

to determine the relative expression of each SbPAL gene, and the relative expression was estimated using the
2728C method. Samples were collected at 6 hours post infestation (h), 12 h, 1 day post infestation (d) 2d,3d, 6
d, and 9 d. Gene expression in control (none-infested) plants of each line is normalized to 1. Error bars represent
standard error among replicates (n=3) and the asterisks represent statistically significant changes between the
controls and SCA infested samples as determined using Student’s t-test (p <0.05), while the bars without asterisk
are non-significant (p>0.05).
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Figure 4. Comparison of the PAL activities between sugarcane aphid (SCA) infested sorghum plants and in the
controls at various time points after exposure to SCA, and also the PAL activities shown in susceptible genotype
Tx7000 (A) and resistant genotype Tx2783 (B), respectively. Error bars represent standard error among
replicates. The asterisks represent statistically significant changes between the controls and SCA infested plants
as determined using Student’s t-test (p <0.05).
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Figure 5. Heat map view of the sum of putative cis-acting elements related to phytohormones, stress response
and lignin biosynthesis (A), and the specific number of stress related cis-acting elements (B) in eight sorghum
PAL promoters. Color bars represent number of putative cis-acting elements present in each PAL gene. This
heat map was created by the authors using TBtools (toolbox for biologists) v0.6741 from the data presented in
Supplementary Table S2.

synthesis in sorghum. The list of all cis-elements identified in promoter region of PAL genes in sorghum are
presented in Supplementary Table S2.

Effect of exogenous application of SA on host plants during SCA infestations. PAL is an impor-
tant enzyme of SA biosynthesis pathway. We have demonstrated via QRT-PCR that PAL expression is induced
after SCA infestation in sorghum. It is well established that PAL contributes to activate SA induction in response
to biotic stresses'***214748 "We were interested to evaluate if exogenous application of SA could restore sus-
ceptibility phenotype of Tx7000 line. For this, we treated plants with SA and studied the plant phenotype, and
survival and fecundity of SCA. We found that treatment with SA has a dramatic effect on infestation phenotype,
and survival and reproduction in sorghum. Exogenous application of SA partially reduced the SCA susceptible
phenotype (e.g., chlorosis, necrosis), which is more pronounced in susceptible lines compared to resistant lines
(Fig. 6). In addition, plants treated with SA survived longer compared to untreated plants during the infestation
testing when infested with SCA. For instance, the Tx7000 plant usually died two weeks after SCA infestation,
whereas after SA treatment, it was able to survive up to three weeks (data not shown). We also counted the
number of aphids in the SA-treated and untreated sorghum lines. We found that SA treatment significantly
decreased the number of aphids in both resistant and susceptible lines. These differences were more evident in
susceptible line, especially in late-stage infestations (9 and 12 dpi) (Fig. 7). Taken together, these results suggest
that an induced level of SA plays an important role in resistance to SCA infestation by moderating symptom
severity and limiting SCA fecundity.

Discussion

PALs are widely studied plant enzymes in response to biotic and abiotic stresses in plants>*!>2*2!, PALs have
also been reported recently, showing their response to aphids in crop plants'***74°, In this study, we focused
on molecular characterization of the PAL gene family and their functional role in SCA resistance in sorghum
using bioinformatics, phenotypic and molecular approaches, and here we reported that SbPAL is involved in
host resistance to SCA infestation in sorghum.

The PAL enzyme is encoded by a multigene family in plants. The numbers of PAL genes vary in different spe-
cies, for example, Arabidopsis and tobacco has four PALs*>***!, rice has nine*?, and Brachypodium has eight*. In
this study we identified eight genes in sorghum localized in chromosome 1, 4 and 6, with most of them clustered
in chromosome 4 (Table 1). Compared to the number of PAL genes in dicot model plants (Arabidopsis and
tobacco), the number of PALs in grass family are higher. The increase in number of genes is considered a natural
process of frequent duplication and long evolution. Jun et al.*® found that amino acid residue at position 123
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Figure 6. Effect of exogenous application of salicylic acid (SA) on reducing aphid damage in susceptible line
Tx7000. Representative Tx7000 (A) and Tx2783 (B) plants at 12 days post infestation (dpi) of sugarcane aphids.

determines specificity to it substrates in SbPAL proteins. Through sequence alignment, we found that at posi-
tion 123 histidine is present in SbPALI and SbPAL?7, tyrosine is present in SO PAL6 and phenylalanine is present
in the rest of the PAL proteins. PALs with histidine at residue 123 are bifunctional and displayed both PAL and
TAL activities, whereas with phenylalanine residue, they are monofunctional and only have PAL activity****. One
bifunctional PAL protein has been identified from Brachypodium (BdPAL1) and maize (ZmPAL1)%%. The varia-
tion in number of bifunctional PAL enzymes in closely related grass families suggest an inherent variation among
grass species to regulate metabolic flux to respond specific abiotic and biotic stresses*. To study whether SbPAL
genes are conserved in gene sequences, we performed gene structure and motif analysis. SOPAL2, SbPAL7 and
SbPALS are intronless and are positioned together in the phylogenetic tree (Fig. 1A). The remaining five SbPALs
have single introns and are diverged in the phylogenetic tree based on their varying lengths and sequences of
intron. The intron-exon pattern in a gene family reflects the evolutionary history of the gene family>**. In this
study, we identified 20 distinct conserved motifs in SbPAL (Fig. 1C), most of which are conserved among the
SbPAL family. The results also revealed a few unique motifs whose compositions contribute to the functional
diversity of SbPAL genes. The high level of motif conservation in SbPAL suggests conserved biological functions
of PAL family members in sorghum.
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Figure 7. Aphid count in control and SA treated sorghum lines at 1-, 2-, 3-, 6-, 9- and 12-days post infestation
of sugarcane aphid (SCA). Error bars represent standard error among replicates. The asterisks represent
statistically significant changes between control and SA treated samples as determined using Students t-test (¥,
P<0.05;*, p<0.01; **, p<0.001).

The biological function of the SbPAL genes were analyzed in both resistant and susceptible sorghum plants
in response to SCA infection at multiple time points. We found different expression patterns among the SbPAL
genes, for instances, SbPAL6 and SbPAL8 showed low expression in sorghum shoots and were excluded in this
study. Low expression of these two PAL genes were further supported by expression data in the phytozome,
which suggested that SbPALS is only expressed in roots and SbPAL6 expressed in low levels in the internode
region. Expression of remaining genes were significantly induced except SbPAL5 in a time-dependent manner
upon exposure to SCA in the resistant line (Fig. 3). However, variance of SbPAL expression level was not sig-
nificant in the susceptible line. Elevated expression of the SbPAL genes in the resistant sorghum line suggests a
strong correlation between upregulation of the SbPAL genes and SCA resistance. Previous reports have shown
differential expression of genes belonging to the phenylpropanoid biosynthetic pathway in the susceptible and
resistant lines?*%3¢, Tetreault et al.* reported down-regulation of SbPAL genes in the susceptible line (BCK60) at
10- and 15-days post SCA infestation. But Grover et al.*” showed a suppression of phenylpropanoid proteins on
day 1 after SCA infestation, while upregulated on day 7 in a different sorghum line. It is a little inconsistency but
is understandable that differential expression of the PAL genes was not consistent among those reports because
they were not the same gene though they all belong to the PAL gene family. Apparently, individual genes of the
PAL family exhibit very different patterns in response to SCA attack and changes in expression levels at different
time points as shown in Fig. 3. This suggests that each member of the PAL gene family plays a different role in
the host plant and acts at certain times during the interaction between the host plant and the aphids.

In choice assays, authors showed that SCA has strong preference for the susceptible genotype (BCK60) and
have a higher fecundity rate when compared to Tx2783. The authors also found that PALs are localized in cyto-
plasm and Tx2783 that provide phloem-based resistance, which further confirm other reports about the existence
of aphid-resistance factors in phloem?>*”*8, Pant and Huang®* also reported higher SCA fecundity in the suscep-
tible line (Tx7000) when compared to the resistance line (Tx2783) which could co-relate to low accumulation
of phenylpronoid accumulation along with other resistance factors such as phloem protein coagulation, callose
and lectin deposition, and other secondary metabolites®-%2. Induction of SbPAL genes and PAL enzyme activity
in the resistance line during SCA infestation suggests that the accumulation of phenylpropanoid products in
phloem during infestation could have led to the deterrence of SCA.

A strong induction of SbPALI at an early stage of infestation suggests its primary defense role in SCA infesta-
tion in sorghum. Our in-silico analysis and phylogenetic analysis showed that SbPALI and SbPAL?7, the bifunc-
tional proteins, are closely associated with Brachypodium bifunctional PAL protein (BdPALI) and rice PAL
(OsPAL1). The role of BAPALI in pathogen defense was well documented against Magnaporthe sp., Fusarium
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cuimorum and Panicum mosaic virus**. Overexpression of OsPALI in susceptible variety enhanced resistance
to Magnaporthe oryzae®. Potential cis-elements associated with stress response like salicylic acid and wounding,
and MYB-like sequences, were predicted from promoter regions of SbPAL1, which could drive an overexpression
during SCA infestation. For example: An R2R3 MYB transcription factor confers brown plant hopper resistance
by inducing expression of the majority of phenylalanine ammonia-lyase genes in rice®. Pandey et al.*® dem-
onstrated that insecticidal proteins were significantly induced under a wound-inducible promoter from rose
(RbPCD1pro) in the early stage of Helicoverpa armigera and Myzus persicae infestation, and transgenic plants
showed strong resistance against insects. These findings imply SbPALI expression was induced early upon SCA
infestation in sorghum. However, further studies are needed to understand the functional role of these promot-
ers in SCA resistance in sorghum. The heat map indicated that SOPAL1, SbDPAL5, SbPAL7 and SbPALS8 have a
higher number of stress responsive cis-elements. Interestingly, SOPAL7 has a greater number of stress responsive
and anaerobic stress (ARE)- and wound (WEE3)- responsive and W-box elements, which is consistent with
its relatively higher expression in shoots upon SCA infestation (Fig. 3). W-box is a binding site for the WRKY
transcription factor and commonly present in the promoter region of PR genes and is induced by SA. A prior
study®® suggested that the W-box plays an important role in SAR and has been identified in promoter regions of
PAL genes in cucumber and rice®” and proposed for their role in SAR and SA-induced defense. Moreover, AC
elements are also found from the promoter regions of SbPAL. AC elements are abundant in lignin biosynthesis
genes and induce lignin monomer biosynthesis by binding to the MYB transcription factor®®-"°. Therefore, higher
number of AC elements in promoters of SOPALI, SbPAL3, SbPAL4 and SbPALG6 suggest that these genes may be
involved in the lignin biosynthesis in sorghum.

To further understand the role of SbPAL in SCA resistance in sorghum, a PAL activity assay was performed
which affirmed that PAL activity was higher in the resistant line compared to susceptible plants. These findings
are aligned with a recent report of proteome analysis in resistant sorghum genotype (SC265), which showed
induced expression of PAL protein after 7 days post SCA infestation®’. These results suggest that PAL enzymes
play a crucial role conferring resistance to SCA infestation in sorghum. An elevated level of PAL expression and
activity were also commonly observed in other plants during their reactions to pests/pathogens. For example, PAL
expression were upregulated in beans, sorghum, Brachypodium, and rice in response to fungal infection'*"47,
in Brachypodium and maize to virus infection®*, in Lotus japonicus to Rhizobium symbiosis’!, in pepper and
beans to bacterial pathogens®'* and in rice to broad spectrum disease resistance’. These studies suggested that
the defense role of PALs in plants may be due to accumulation of SA and phenylpropanol intermediates. Fur-
thermore, we investigated whether exogenous application of SA on plants would affect the SCA infestation in
susceptible sorghum line. From this study, we demonstrated that the susceptible plant treated with SA alleviated
the susceptibility phenotype and significantly reduced the number aphids on the plant compared to SA-untreated
plants. Furthermore, SA-treated susceptible plants exhibited delays in the development of the damage symptoms
such as chlorosis, necrosis, and subsequent plant death by 5-7 days (Fig. 7). Similar observations were also
reported in recent studies, which demonstrated a higher accumulation of SA level in SCA resistant genotype
at multiple timepoints**”>7%. Furthermore, the recent research results showed upregulation of SA production
in sorghum plants following SCA infestation relatively to uninfested plants in both resistant and susceptible
genotypes and the levels of SA increased continuously starting from 1-, 3-, through 6-dpi”. In the report, the
aphid-induced SA production in sorghum plants was also supported by the upregulated expression of SbPAL
genes. SA and JA phytohormones behave antagonistically, and defense role of SA in SCA infestation is further
supported by a recent study in JA in sorghum”’. The authors found that JA-deficient sorghum plant reduced
aphid feeding and population while exogenous supply of JA attenuated the resistance phenotype and enhanced
aphid feeding and population. These observations further support the positive correlation in SA level and aphid
resistance in sorghum. Interestingly, exogenous application SA failed to fully restore resistance phenotype to the
level of resistant genotype, which entails the existence of multiple resistance factors in phloem in addition to SA.

Taken together, these results suggest that SbPAL confers resistance in sorghum to SCA via SA-dependent
defense signaling, which is consistent with the published results’>. In our results from PAL expression, PAL
activity and SA treatment experiments suggest that certain threshold levels in PAL protein and SA were required
to confer the resistance to aphid. Susceptible lines failed to meet the minimum threshold level; thus, the plant
became susceptible to SCA. However, more studies are required to demonstrate a direct connection between
PAL induction and the salicylic acid-mediated defensive response of the plant. Prior studies demonstrated via
PAL-silencing experiments in Arabidposis, Brachypodium, maize, and pepper, that PAL plays an important
role in SA-dependent signaling of the defense response to plant-pest and pathogen infections'>!*171821:23 Thus,
these results confirmed that the SbPALSs play an important role in SCA resistance in sorghum via SA-dependent
defense signaling.

Conclusion

The present study provides the first analysis for motifs, promoters, gene structure, and phylogenetic classifica-
tion of the PAL gene family in sorghum. Furthermore, our comparative gene expression studies of sorghum in
response to SCA between susceptible and resistant lines demonstrated that members of the SbPAL family genes
expressed differently during SCA infestation. We showed that SCA infestation in sorghum triggered the induction
of ShPAL activation in both susceptible and resistant genotypes. However, strong expression was observed in the
resistant line, suggesting that a certain threshold of PAL enzyme activity is required to confer resistance during
SCA infestation. A higher PAL enzyme activity in the resistant line further supports that PAL contributes to the
host resistance during SCA infestation in sorghum. Exogenous application of SA alleviates the susceptibility
phenotype and suppresses the growth and reproduction of SCA in the susceptible line, suggesting an important
role of PAL in SCA tolerance via SA-mediated defense signaling. Overall, the findings of our study broaden the
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understanding of the defense role of PAL in sorghum and offer an opportunity to further dissect its role in host
resistance to other pests and diseases.

Data availability
All data generated during this study are included either in main text or as supplementary data; otherwise, addi-
tional data can be requested from the corresponding author.

Received: 4 May 2022; Accepted: 28 November 2022
Published online: 29 December 2022

References

1. Dixon, R. A. & Paiva, N. L. Stress-induced phenylpropanoid metabolism. Plant Cell 7, 1085 (1995).

2. La Camera, S. et al. Metabolic reprogramming in plant innate immunity: The contributions of phenylpropanoid and oxylipin
pathways. Immunol. Rev. 198, 267-284 (2004).

3. Edwards, K. et al. Rapid transient induction of phenylalanine ammonia-lyase mRNA in elicitor-treated bean cells. Proc. Natl. Acad.
Sci. 82, 6731-6735 (1985).

4. MacDonald, M. J. & D’Cunha, G. B. A modern view of phenylalanine ammonia lyase. Biochem. Cell Biol. 85, 273-282 (2007).

5. Ferrer, J.-L., Austin, M., Stewart, C. Jr. & Noel, . Structure and function of enzymes involved in the biosynthesis of phenylpropa-
noids. Plant Physiol. Biochem. 46, 356-370 (2008).

6. Vogt, T. Phenylpropanoid biosynthesis. Mol. Plant 3, 2-20 (2010).

7. Havir, E. A, Reid, P. D. & Marsh, H. V. Jr. L-phenylalanine ammonia-lyase (maize) evidence for a common catalytic site for
L-phenylalanine and L-tyrosine. Plant Physiol. 48, 130-136 (1971).

8. Rosler, J., Krekel, F, Amrhein, N. & Schmid, J. Maize phenylalanine ammonia-lyase has tyrosine ammonia-lyase activity. Plant
Physiol. 113, 175-179 (1997).

9. Kyndt, J., Meyer, T., Cusanovich, M. & Van Beeumen, J. Characterization of a bacterial tyrosine ammonia lyase, a biosynthetic
enzyme for the photoactive yellow protein. FEBS Lett. 512, 240-244 (2002).

10. Bate, N. J. et al. Quantitative relationship between phenylalanine ammonia-lyase levels and phenylpropanoid accumulation in
transgenic tobacco identifies a rate-determining step in natural product synthesis. Proc. Natl. Acad. Sci. 91, 7608-7612 (1994).

11. Orczyk, W, Hipskind, J., De Neergaard, E., Goldsbrough, P. & Nicholson, R. Stimulation of phenylalanine ammonia-lyase in
sorghum in response to inoculation withBipolaris maydis. Physiol. Mol. Plant Pathol. 48, 55-64 (1996).

12. Nicholson, R. L. & Hammerschmidt, R. Phenolic compounds and their role in disease resistance. Annu. Rev. Phytopathol. 30,
369-389 (1992).

13. Pallas, J. A, Paiva, N. L., Lamb, C. & Dixon, R. A. Tobacco plants epigenetically suppressed in phenylalanine ammonia-lyase
expression do not develop systemic acquired resistance in response to infection by tobacco mosaic virus. Plant J. 10, 281-293
(1996).

14. Kim, D. S. & Hwang, B. K. An important role of the pepper phenylalanine ammonia-lyase gene (PAL1) in salicylic acid-dependent
signalling of the defence response to microbial pathogens. J. Exp. Bot. 65, 2295-2306 (2014).

15. Shine, M. et al. Cooperative functioning between phenylalanine ammonia lyase and isochorismate synthase activities contributes
to salicylic acid biosynthesis in soybean. New Phytol. 212, 627-636 (2016).

16. Rivas-San Vicente, M. & Plasencia, J. Salicylic acid beyond defence: its role in plant growth and development. J. Exp. Bot. 62,
3321-3338 (2011).

17. Elkind, Y. et al. Abnormal plant development and down-regulation of phenylpropanoid biosynthesis in transgenic tobacco con-
taining a heterologous phenylalanine ammonia-lyase gene. Proc. Natl. Acad. Sci. 87, 9057-9061 (1990).

18. Mabher, E. A. et al. Increased disease susceptibility of transgenic tobacco plants with suppressed levels of preformed phenylpropanoid
products. Proc. Natl. Acad. Sci. 91, 7802-7806 (1994).

19. Rohde, A. et al. Molecular phenotyping of the pall and pal2 mutants of Arabidopsis thaliana reveals far-reaching consequences
on phenylpropanoid, amino acid, and carbohydrate metabolism. Plant Cell 16, 2749-2771 (2004).

20. Huang, J. et al. Functional analysis of the Arabidopsis PAL gene family in plant growth, development, and response to environ-
mental stress. Plant Physiol. 153, 15261538 (2010).

21. Cass, C. L. et al. Effects of PHENYLALANINE AMMONIA LYASE (PAL) knockdown on cell wall composition, biomass digest-
ibility, and biotic and abiotic stress responses in Brachypodium. J. Exp. Bot. 66, 4317-4335 (2015).

22. Chen, J. Q. et al. Melon resistance to the aphid Aphis gossypii: Behavioural analysis and chemical correlations with nitrogenous
compounds. Entomol. Exp. Appl. 85, 33-44 (1997).

23. Yuan, W. et al. Maize phenylalanine ammonia-lyases contribute to resistance to Sugarcane mosaic virus infection, most likely
through positive regulation of salicylic acid accumulation. Mol. Plant Pathol. 20, 1365-1378 (2019).

24. Pant, S. & Huang, Y. Elevated production of reactive oxygen species is related to host plant resistance to sugarcane aphid in sor-
ghum. Plant Signal. Behav. 16, 1849523 (2021).

25. Wildermuth, M. C., Dewdney, J., Wu, G. & Ausubel, F. M. Isochorismate synthase is required to synthesize salicylic acid for plant
defence. Nature 414, 562-565 (2001).

26. Catinot, J., Buchala, A., Abou-Mansour, E. & Métraux, J.-P. Salicylic acid production in response to biotic and abiotic stress depends
on isochorismate in Nicotiana benthamiana. FEBS Lett. 582, 473-478 (2008).

27. Lee, H.-I,, Leon, J. & Raskin, I. Biosynthesis and metabolism of salicylic acid. Proc. Natl. Acad. Sci. 92, 4076-4079 (1995).

28. USDA, N. Quick stats. USDA National Agriculural Statistics Service, Washington, DC (accessed 3 May 2019) https://quickstats.
nass.usda.gov/ (2017).

29. Wilbrink, G. An investigation on spread of the mosaic disease of sugarcane by aphids. Medid Procfst. Java Suikerind 10, 413-456
(1922).

30. Bowling, R. D. et al. Sugarcane aphid (Hemiptera: Aphididae): a new pest on sorghum in North America. J. Integr. Pest Manag. 7,
12 (2016).

31. Elliott, N. et al. Sugarcane aphid1 spatial distribution in grain sorghum fields. Southwest. Entomol. 42, 27-35 (2017).

32. Smith, G. R, Borg, Z., Lockhart, B. E., Braithwaite, K. S. & Gibbs, M. ]. Sugarcane yellow leaf virus: A novel member of the Luteo-
viridae that probably arose by inter-species recombination. J. Gen. Virol. 81, 1865-1869 (2000).

33. Mbulwe, L., Peterson, G. C., Scott-Armstrong, J. & Rooney, W. L. Registration of sorghum germplasm Tx3408 and Tx3409 with
tolerance to sugarcane aphid [Melanaphis sacchari (Zehntner)]. J. Plant Regist. 10, 51-56 (2016).

34. Limaje, A. et al. Antibiosis and tolerance discovered in USDA-ARS sorghums resistant to the sugarcane aphid (Hemiptera: Aphidi-
dae). J. Entomol. Sci. 53, 230-241 (2018).

35. Scott Armstrong, J. et al. Sugarcane aphid (Hemiptera: Aphididae): Host range and sorghum resistance including cross-resistance
from greenbug sources. J. Econ. Entomol. 108, 576-582 (2015).

Scientific Reports |  (2022) 12:22537 | https://doi.org/10.1038/s41598-022-25214-1 nature portfolio


https://quickstats.nass.usda.gov/
https://quickstats.nass.usda.gov/

www.nature.com/scientific

36

reports/

. Shrestha, K., Pant, S. & Huang, Y. Genome-wide identification and classification of Lipoxygenase gene family and their roles in
sorghum-aphid interaction. Plant Mol. Biol. 105, 527-541 (2021).

. Edgar, R. C. MUSCLE: Multiple sequence alignment with high accuracy and high throughput. Nucleic Acids Res. 32, 1792-1797
(2004).

. Zuckerkandl, E. & Pauling, L. in Evolving genes and proteins 97-166 (Elsevier, 1965).

. Felsenstein, J. Phylogenies and the comparative method. Am. Nat. 125, 1-15 (1985).

. Bailey, T. L., Johnson, J., Grant, C. E. & Noble, W. S. The MEME suite. Nucleic Acids Res. 43, W39-W49 (2015).

41. Lescot, M. et al. PlantCARE, a database of plant cis-acting regulatory elements and a portal to tools for in silico analysis of promoter
sequences. Nucleic Acids Res. 30, 325-327 (2002).

42. Lu, Y. et al. Genome-wide identification and expression analysis of the expansin gene family in tomato. Mol. Genet. Genomics 291,
597-608 (2016).

43. Li, H. & Huang, Y. Expression of brown-midrib in a spontaneous sorghum mutant is linked to a 5’-UTR deletion in lignin biosyn-
thesis gene SbCAD?2. Sci Rep 7, 11664 (2017).

44. Livak, K. J. & Schmittgen, T. D. Analysis of relative gene expression data using real-time quantitative PCR and the 2-AACT method.
Methods 25, 402-408 (2001).

45. Shrestha, K. & Huang, Y. Genome-wide characterization of the sorghum JAZ gene family and their responses to phytohormone
treatments and aphid infestation. Sci. Rep. 12, 1-18 (2022).

46. Jun, S.-Y. et al. Biochemical and structural analysis of substrate specificity of a phenylalanine ammonia-lyase. Plant Physiol. 176,
1452-1468 (2018).

47. Giberti, S., Bertea, C. M., Narayana, R., Maffei, M. E. & Forlani, G. Two phenylalanine ammonia lyase isoforms are involved in
the elicitor-induced response of rice to the fungal pathogen Magnaporthe oryzae. J. Plant Physiol. 169, 249-254 (2012).

48. Pant, S. R. et al. Brachypodium phenylalanine ammonia lyase (PAL) promotes antiviral defenses against panicum mosaic virus
and its satellites. MBio 12, €03518-03520 (2021).

49. Grover, S. et al. Reprogramming of sorghum proteome in response to sugarcane aphid infestation. Plant Sci. 320, 111289 (2022).

50. Wanner, L. A, Li, G., Ware, D., Somssich, I. E. & Davis, K. R. The phenylalanine ammonia-lyase gene family in Arabidopsis thaliana.
Plant Mol. Biol. 27, 327-338 (1995).

51. Reichert, A. I, He, X.-Z. & Dixon, R. A. Phenylalanine ammonia-lyase (PAL) from tobacco (Nicotiana tabacum): characterization
of the four tobacco PAL genes and active heterotetrameric enzymes. Biochem. J. 424, 233-242 (2009).

52. Hamberger, B. ef al. Genome-wide analyses of phenylpropanoid-related genes in Populus trichocarpa, Arabidopsis thaliana, and
Oryza sativa: the Populus lignin toolbox and conservation and diversification of angiosperm gene families. Botany 85, 1182-1201
(2007).

53. Barros, J. et al. Role of bifunctional ammonia-lyase in grass cell wall biosynthesis. Nature Plants 2, 1-9 (2016).

54. Lynch, M. Intron evolution as a population-genetic process. Proc. Natl. Acad. Sci. 99, 6118-6123 (2002).

55. Cannon, S. B., Mitra, A., Baumgarten, A., Young, N. D. & May, G. The roles of segmental and tandem gene duplication in the
evolution of large gene families in Arabidopsis thaliana. BVMC Plant Biol. 4, 1-21 (2004).

56. Tetreault, H. M. et al. Global responses of resistant and susceptible sorghum (Sorghum bicolor) to sugarcane aphid (Melanaphis
sacchari). Front. Plant Sci. 10, 145 (2019).

57. Klingler, J. et al. Aphid resistance in Medicago truncatula involves antixenosis and phloem-specific, inducible antibiosis, and maps
to a single locus flanked by NBS-LRR resistance gene analogs. Plant Physiol. 137, 1445-1455 (2005).

58. Diaz-Montano, J., Reese, J. C., Louis, J., Campbell, L. R. & Schapaugh, W. T. Feeding behavior by the soybean aphid (Hemiptera:
Aphididae) on resistant and susceptible soybean genotypes. J. Econ. Entomol. 100, 984-989 (2007).

59. Tjallingii, W. E. Salivary secretions by aphids interacting with proteins of phloem wound responses. J. Exp. Bot. 57, 739-745 (2006).

60. Down, R. E., Gatehouse, A. M., Hamilton, W. D. & Gatehouse, J. A. Snowdrop lectin inhibits development and decreases fecundity
of the glasshouse potato aphid (Aulacorthum solani) when administered in vitro and via transgenic plants both in laboratory and
glasshouse trials. J. Insect Physiol. 42, 1035-1045 (1996).

61. Kehr, J. Phloem sap proteins: their identities and potential roles in the interaction between plants and phloem-feeding insects. J.
Exp. Bot. 57, 767-774 (2006).

62. Gatehouse, A. M. et al. Transgenic potato plants with enhanced resistance to the tomato moth, Lacanobia oleracea: growth room
trials. Mol. Breed. 3, 49-63 (1997).

63. Zhou, X. et al. Loss of function of a rice TPR-domain RNA-binding protein confers broad-spectrum disease resistance. Proc. Natl.
Acad. Sci. 115, 3174-3179 (2018).

64. He,J. et al. An R2R3 MYB transcription factor confers brown planthopper resistance by regulating the phenylalanine ammonia-
lyase pathway in rice. Proc. Natl. Acad. Sci. 117, 271-277 (2020).

65. Pandey, S. P, Singh, A. P, Srivastava, S., Chandrashekar, K. & Sane, A. P. A strong early acting wound-inducible promoter, RbP-
CD1pro, activates crylAc expression within minutes of wounding to impart efficient protection against insects. Plant Biotechnol.
J. 17, 1458-1470 (2019).

66. Yu, D., Chen, C. & Chen, Z. Evidence for an important role of WRKY DNA binding proteins in the regulation of NPRI gene
expression. Plant Cell 13, 1527-1540 (2001).

67. Rezaee, S., Gharanjik, S. & Mojerlou, S. Structure and upstream region analysis of phenylalanine ammonia-lyase gene in rice (Oryza
sativa L. ssp. japonica) and cucumber (Cucumis sativus L. cv. Chinese long). Arch. Phytopathol. Plant Protect. 53, 355-378 (2020).

68. Cao, Y., Han, Y,, Li, D, Lin, Y. & Cai, Y. MYB transcription factors in Chinese pear (Pyrus bretschneider i Rehd.): Genome-wide
identification, classification, and expression profiling during fruit development. Front. Plant Sci. 7, 577 (2016).

69. Xu, Q. et al. Activator-and repressor-type MYB transcription factors are involved in chilling injury induced flesh lignification in
loquat via their interactions with the phenylpropanoid pathway. J. Exp. Bot. 65, 4349-4359 (2014).

70. Yusuf, C. Y. L., Abdullah, J. O., Shaharuddin, N. A., AbuSeman, I. & Abdullah, M. P. Characterization of promoter of EGPALI, a
novel PAL gene from the oil palm Elaeis guineensis Jacq.. Plant Cell Rep. 37, 265-278 (2018).

71. Chen, Y. et al. The phenylalanine ammonia lyase gene LjPALLI is involved in plant defense responses to pathogens and plays diverse
roles in Lotus japonicus-rhizobium symbioses. Mol. Plant Microbe Interact. 30, 739-753 (2017).

72. Tonnessen, B. W. et al. Rice phenylalanine ammonia-lyase gene OsPAL4 is associated with broad spectrum disease resistance.
Plant Mol. Biol. 87, 273-286 (2015).

73. Grover, S., Agpawa, E., Sarath, G., Sattler, S. E. & Louis, J. Interplay of phytohormones facilitate sorghum tolerance to aphids. Plant
Mol. Biol. 109, 1-12 (2020).

74. Grover, S., Puri, H., Xin, Z., Sattler, S. & Louis, J. Dichotomous role of jasmonic acid in modulating sorghum defense against aphids.
Mol. Plant-Microbe Interact. 35, 755-767 (2022).

75. Huang, J., Shrestha, K. & Huang, Y. Revealing differential expression of phytohormones in sorghum in response to aphid attack
using the metabolomics approach. Int. J. Mol. Sci. 23(22), 13782. https://doi.org/10.3390/ijms232213782 (2022).

Acknowledgements

We thank Ms. Angela L. Phillips for her excellent technical assistance. This research was supported by the fund-
ing from the United States Department of Agriculture — Agricultural Research Service, CRIS project number:

Scientific Reports |  (2022)12:22537 | https://doi.org/10.1038/s41598-022-25214-1 nature portfolio


https://doi.org/10.3390/ijms232213782

www.nature.com/scientificreports/

3072-21000-009-00D (YH). USDA is an equal opportunity provider and employer. Mention of trade names or
commercial products in this publication is solely for the purpose of providing specific information and does not
imply recommendation or endorsement by the U.S. Department of Agriculture.

Author contributions

S.P. and Y.H. designed the research and Y.H. supervised the entire study, S.P. performed genome analysis and
all experiments, both S.P. and Y.H. interpreted the data, contributed to the discussion of the results and wrote
the paper.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-022-25214-1.

Correspondence and requests for materials should be addressed to Y.H.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

This is a U.S. Government work and not under copyright protection in the US; foreign copyright protection
may apply 2022

Scientific Reports |

(2022) 12:22537 | https://doi.org/10.1038/s41598-022-25214-1 nature portfolio


https://doi.org/10.1038/s41598-022-25214-1
https://doi.org/10.1038/s41598-022-25214-1
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Genome-wide studies of PAL genes in sorghum and their responses to aphid infestation
	Materials and methods
	Plant materials and growth conditions. 
	Sugarcane aphid rearing and plant infestation. 
	Sequence acquisition and phylogenetic analysis of PAL genes. 
	Identification of conserved motif, cis-element and feature analysis of sorghum PAL genes. 
	RNA extraction and gene expression analysis. 
	PAL activity assay. 
	Exogenous SA treatment and its effect on SCA infestation in sorghum. 

	Results
	Identification of PAL genes in sorghum and genomic analysis of their structures. 
	Motifs and gene structural analysis of PAL genes in sorghum. 
	Phylogenetic analysis of PAL in sorghum and other plants. 
	Comparative expression analysis of PAL genes during sugarcane aphid infestation. 
	Assessment of PAL activity in resistant and susceptible plants. 
	Analysis of cis-acting elements in SbPAL gene promoter region. 
	Effect of exogenous application of SA on host plants during SCA infestations. 

	Discussion
	Conclusion
	References
	Acknowledgements


