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ABSTRACT: Germin (GER) and germin-like proteins (GLPs) play an
important role in various plant processes. Zea mays contains 26 germin-like
protein genes (ZmGLPs) located on chromosomes 2, 4, and 10; most of which
are functionally unexplored. The present study aimed to characterize all ZmGLPs
using the latest computational tools. All of them were studied at a
physicochemical, subcellular, structural, and functional level, and their expression
was predicted in plant development, against biotic and abiotic stresses using
various in silico approaches. Overall, ZmGLPs showed greater similarity in their
physicochemical properties, domain architecture, and structure, mostly localized
in the cytoplasmic or extracellular regions. Phylogenetically, they have a narrow
genetic background with a recent history of gene duplication events on
chromosome 4. Functional analysis revealed novel enzymatic activities of
phosphoglycolate phosphatase, adenosylhomocysteinase, phosphoglycolate
phosphatase-like, osmotin/thaumatin-like, and acetohydroxy acid isomer-
oreductase largely mediated by disulfide bonding. Expression analysis revealed their crucial role in the root, root tips, crown
root, elongation and maturation zones, radicle, and cortex with the highest expression being observed during germination and at the
maturity levels. Further, ZmGLPs showed strong expression against biotic (Aspergillus flavus, Colletotrichum graminicola, Cercospora
zeina, Fusarium verticillioides, and Fusarium virguliforme) while limited expression was noted against abiotic stresses. Concisely, our
results provide a platform for additional functional exploration of the ZmGLP genes against various environmental stresses.

1. INTRODUCTION
Germins (GERs) and germin-like proteins (GLPs) are
ubiquitous plant glycoproteins. They play an important role
against diverse environmental stresses. Initially, GER was
identified in wheat embryos as a germination-specific marker,
but later, they were classified as a homohexamer glycoprotein
with oxalate oxidase (OXO) activity,1,2 while proteins showing
an average similarity of 50% with it were called germin-like
protein (GLPs). GLPs play an important role in diverse plant
processes via oxalate oxidase (OXO), superoxide dismutase
(SOD), glucophosphodiesterase, and polyphenol oxidase
(PPO) enzymatic activities. GLPs can be found in all plant
groups with their number varying greatly among different plant
species.3 Till now, around 254 GLP genes have been reported
in almost 53 plant species from numerous databases4 with their
number constantly increasing with a recent report of 350.5

Many of them have been confirmed for providing potential
resistance against various biotic and abiotic stresses.6 However,
still, their function is not fully understood. GLPs are expressed
in all types of tissues (flowers, seeds, roots, stems, leaves, and
embryos) by playing a pivotal role against diverse environ-
mental stresses.6,7 Previously, among abiotic stresses, they were
found effective against heavy metals,8,9 drought,10,11 salt,12,13

desiccation,14 heat,15,16 abscisic acid (ABA),17 and UV
radiation acclimation18 mediated by methylation in the
promoter region as observed in rice.19 Among biotic stresses,
they were active against herbivore-induced damage,20

Sclerotinia sclerotiorum (S. sclerotiorum),21 Verticillium and
Fusarium wilt,22,23 and Blumeria graminis f. sp. tritici,24 etc.
Recent advancements in various techniques of computa-

tional biology such as next-generation sequencing (NGS) and
the development of various plant-specific databases and their
associated tools provide an opportunity to explore and unravel
the hidden properties of plant genomes. Such tools include
Ensemble Plants (https://www.ensembl.org/index.
html?redirect=no), National Center for Biotechnology In-
formation (NCBI) (https://www.ncbi.nlm.nih.gov/), Genei-
ous (https://www. geneious.com/), Rice XPro (https://
ricexpro.dna.affrc.go.jp/), Blast2Go (https://www.blast2go.
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com/), LibD3C (http://lab.malab.cn/soft/LibD3C/weka.
html),25 Pse-in-One 2.0 (http://bliulab.net/Pse-in-One2.0/
),26 BioSeq-Analysis (http://bliulab.net/BioSeq-Analysis2.0/
home/),27 and Max-Relevance-Max-Distance (MRMD)
(http://lab.malab.cn/soft/MRMD/index_en.html).28

Structural or functional characterization of genes and their
associated proteins using various in silico approaches is a
valuable practice in plant biotechnology.29 In recent years, the
functional assessment of GLPs through computational
approaches is a subject of wider interest among the scientific
community. Previously, 43 Oryza sativa germin-like protein
genes (OsGLPs) and their promoters were analyzed using
computational tools, which gave significant novel insights into
their function and regulation30,31 with recent reports on
OsGER4 and OsGLP3-7.32,33 Similarly, an analysis of VvGLP3
in Vitis vinifera predicted its role against powdery mildew.34 A
sequence of TaGLP-2b was analyzed with different tools to
predict its functional and structural properties.35 Similarly, 258
GLPs were identified in wheat, and their function was
confirmed against Blumeria graminis f. sp. tritici (Bgt).24

Recently 70 StGLPs were identified in potatoes, and their roles
were confirmed against various stresses.36 A similar report
suggested the crucial role of AsGLP1 (Astragalus sinicus) in
symbiotic nodulation by interacting with an outer membrane
protein of Rhizobia.37

The Zea mays genome contains 26 GLP genes38 among
which ZmGLP1 regulates the development of young and
whorled leaves at the late-whorl, tassel, and silk stages39 and
regulates pathogen resistance via oxidative burst and JA
signaling pathway activation.40 However, the rest are function-
ally unexplored. So, keeping in view the importance of GLPs
and their wider role in various stresses, the current study was
designed to investigate various structural and functional
properties of the 26 ZmGLP genes using the latest computa-
tional tools. In the future, they can be utilized against diverse
stresses in commercially important plants.

2. METHODS
2.1. Sequence Retrieval. DNA and protein sequences of

the 26 ZmGLP genes were retrieved from the Plant Ensemble
database (release 52-Dec 2021, Copyright EMBL-EBI)41

(http://plants.ensembl.org/index.html accessed on December
2021). The cupin domain of the protein sequence was
confirmed with the NCBI conserved domain (CD) search
tool42 (http://www.NCBI.nlm.nih.gov/structure/cdd/
wrpsb.cgi accessed on December 2021). The chromosomal
locations of the ZmGLP genes were mapped through
MapGene2Chrom (http://mg2c.iask.in/mg2cv2.1/, accessed
on 03 February 2022).
2.2. Alignment and Motive Analysis. The protein

sequences were aligned using the Clustal Omega program43

(https://www.ebi.ac.uk/Tools/msa/clustalo/ accessed on
February 2022), and the GER motives, peptide signals, etc.
were identified. The sequences were further searched for 5
possible motives through “Multiple Em for Motif Elicitation”
(MEME) (http://meme.nbcr.net/meme/cgi-bin/meme.cgi ac-
cessed on March 2022) software (version 5.4.1),44 and their
functions were predicted with Motif scan (https://myhits.sib.
swiss/cgi-bin/motifscan/software) and Motif search (https://
www.Genome.jp/tools/motif/) servers.
2.3. Protein Analysis. Physicochemical properties of the

selected proteins were investigated with the ExPASy-
ProtParam server (operated by SIB or Swiss Institute of

Bioinformatics)45 (http://web.expasy.org/protparam/, ac-
cessed on March 2022). Subcellular localization was predicted
with CELLO (subCELlular LOcalization predictor ver. 2.5)46

(http://cello.life.nctu.edu.tw/, accessed on March 2022) and
WoLF PSORT47 (https://www.genscript.com/wolf-psort.
html, March 2022). N-glycosylation and phosphorylation
sites (N- and P-sites) were predicted with NetNglyc (ver.
1.0)48 (http://www.cbs.dtu.dk/services/NetNGlyc/) and Net-
Phos (ver. 3.1)49 (http://www.cbs.dtu.dk/services/NetPhos/
), respectively (accessed on April 2022). The peptide signal
was predicted with “SignalP 4.1”50 (http://www.cbs.dtu.dk/
services/SignalP/). Structural models (3D) were built with a
Swiss modeling server51 (http://swissmodel.expasy.org/
interactive) and further authenticated with the Rampage server
(RPA) (http://mordred.bioc.cam.ac.uk/~rapper/rampage.
php) accessed on April 2022. Their phylogeny was investigated
with the Molecular and Evolutionary Genetics Analysis tool
(MEGA10) using neighbor-joining tree-making methods.52

Tajma’s neutrality test of selection and percentage (%) amino
acid were deduced with the same software. Each analysis was
performed twice for authentication.
2.4. Functional Analysis. Each gene was investigated for

its possible function and expression pattern with the Search
Tool for the Retrieval of Interacting Genes/Proteins (STRING
ver. 11), which considers its homology and coexpression
pattern with the previously reported genes.53 Functional values
for ZmGLP1, 4-2, 10-2, and 10-5 were obtained on higher
stringency (medium confidence 0.40), while the rest were
obtained on a low stringency (low confidence 0.150) level.
2.5. Expression Analysis. In silico expression analysis was

carried out in different anatomical parts, at different
developmental stages, and under various biotic and abiotic
stresses using the online server Genevestigator54 (https://
genevestigator.com/ accessed on May 2022). The server
utilized an mRNA expression data set (ZM_RNAseq_MAI-
ZE_GL-0) of Zea mays across 4064 experiments. The results
were obtained as a heat map, which shows the percentage of
the expression potential (log2 scale) via the hierarchical cluster
analysis tool.

2.5.1. Anatomical Parts and Developmental Stages. The
expression profile of the 26 ZmGLP genes across 82 different
anatomical plant parts was investigated. Parts with no
expression were omitted. Similarly, their expression profile
was also investigated at 8 developmental stages (germination,
seedling stage, stem elongation, inflorescence formation,
anthesis, fruit formation, dough stage, and at the maturity
level), and the results were presented as heat maps.

2.5.2. Abiotic Stresses. In silico-based expression analysis of
the ZmGLP genes was conducted for plants grown under
auxin, drought, heat, and plant density stresses.

2.5.2.1. Auxin. For auxin treatment, plants were grown in a
greenhouse under 16 h light/8 h dark cycles at 20−25 °C, and
their embryos were isolated from CAL caryopses 10−12 days
after pollination, cultured on N6 medium containing 1.5 mg/L
2,4-D (2,4-dichlorophenoxyacetic acid, a synthetic auxin) in
darkness at 27 °C for 1, 2, 4, 6, and 8 days, and then sampled.

2.5.2.2. Drought Stress. For drought stress, B73 plants were
grown in a greenhouse condition without water limitation (the
soil moisture content was maintained close to the field
capacity) during drought,55−57 till the onset of silk emergence;
then, irrigation was withheld for 3 days. At the end of the 3-day
drought period, the plants were hand-pollinated and kept for
another 24 h without watering (4 days of drought stress in
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total; at the end of this period, the leaf relative water content
was 66.5%). The basal meristematic tissue of the three
youngest leaves was then harvested. Plants were grown in 10 L
pots containing a mixture of peat, vermiculite, perlite (1:1:1), 6
g of pulverized limestone, 35 g of CaSO4, 42 g of FeSO4, and 1
g of trace fritted element; before the drought stress, a general
purpose fertilizer (15-16-17; Scott-Sierra Horticultural Prod-
ucts) was supplied once a week.

2.5.2.3. Heat Stress. For heat stress, different samples of R1-
stage B73 plants were grown in a phytotron under 14 h light/
10 h dark cycles at 25 °C and 65% relative humidity and then
exposed to 38 °C for 2 and 48 h. Ear leaf and the third leaf
above the ear were collected from Xianyu 335 plants (at grain
filling) grown under high planting density. A control was used
in each experiment.

2.5.2.4. High Plant Density. In this study, RNA-seq analysis
of leaves at different nodes of the maize hybrid Xianyu 335
under different (low and high) plant densities were conducted
to explore the mechanisms of responding to high plant density.

2.5.3. Biotic Stresses. The in silico-based expression profile
of the ZmGLP genes in maize was obtained against Aspergillus
flavus (A. flavus), Colletotrichum graminicola (C. graminicola),
Fusarium verticillioides (F. verticilliioides), Cercospora zeina (C.
zeina) (late-stage GLS disease), and Fusarium virguliforme (F.
virguliforme).

2.5.3.1. Aspergillus flavus. For A. flavus infection, B73
plants were grown in field conditions at the Central Crops
Research Station near Clayton, NC, USA. Ears were hand-
pollinated and covered with paper bags. After pollination (21−
22 days), the ears were inoculated with the Aspergillus flavus
strain NRRL 3357 by dipping a 3 mm needle into a conidial
suspension and inserting it into the caryopsis crown (approx.
13 fungal conidia were introduced into the endosperm of a
caryopsis). Caryopses were sampled 4, 12, 24, 48, and 72 h
after inoculation. At sampling, no fungal mycelia were visible in
the caryopses.

2.5.3.2. Colletotrichum graminicola. For C. graminicola, 4-
days-old B73 plants were inoculated with the Colletotrichum
graminicola wild-type strain M2 (CgM2) by placing 10 μL
droplets of a spore suspension (106 spores/mL, in 0.01%

Tween 20) on a horizontally oriented third leaf (counting from
the shoot base). The inoculated plants were incubated at 25 °C
with high humidity for 24, 48, and 120 h (the penetration
phase of the fungus), and the inoculated leaf segments were
then harvested.

2.5.3.3. Fusarium verticillioides. For F. verticillioides, B73
plants were grown in field conditions at the Central Crops
Research Station near Clayton, NC, USA. Ears were hand-
pollinated and covered with paper bags. After pollination (21−
22 days), the ears were inoculated with the strain n16 by
dipping a 3 mm needle into a conidial suspension and inserting
it into the caryopsis crown (approx. 13 fungal conidia were
introduced into the endosperm of a caryopsis). Caryopses were
sampled 4, 12, 24, 48, and 72 h after inoculation. At sampling,
no fungal mycelia were visible in the caryopses. A control was
used in each experiment.

2.5.3.4. Cercospora zeina. For C. zeina (late-stage GLS
disease), B73 plants were grown for 77 days (planted in
December 2012) in a field at Hildesheim Research Station,
Pannar Seed Pty Ltd., Greytown, KwaZulu-Natal, South Africa.
The plants developed symptoms typical of gray leaf spot
(GLS) disease caused by the fungal Cercospora zeina. The
middle parts of the lower leaf (leaves located at the second and
third internodes below the internode bearing the ear shoot)
blades showing late-stage GLS disease symptoms (big
rectangular lesions) were harvested for analysis.

2.5.3.5. Fusarium virguliforme. For F. virguliforme,
E13022S seeds were surface sterilized, incubated in sterile
water for 24 h in the dark, and germinated for 5 days in
darkness at 21 °C in a Petri dish between two sterile, water-
soaked sheets of 100 mm Whatman filter paper. Germinated
seedlings were thoroughly sprayed with Fusarium virguliforme
Mont-1 isolate inoculum (105 macroconidia/1 mL sterile
H2O), incubated for 1.5 h (after the first 30 min of incubation,
the excess inoculum was removed), and then moved to
distilled water-moistened plastic pouches (CYG germination
pouch, 16.5 cm × 18 cm, Mega International). The pouches
with the seedlings were kept for 2, 4, 7, 10, and 14 days in a
growth chamber under 14 h light (140 μmol photons m−2

s−1)/10 h dark cycles at 12 °C (watering with sterile distilled

Figure 1. Chromosomal locations and distributions of the Zea mays germin-like protein genes (ZmGLP) in the maize genome. The chromosomal
numbers are shown at the top of each chromosome. The map was built with MapGene2Chrom (http://mg2c.iask.in/mg2cv2.0/) software
(accessed on 03 February 2022).
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water as needed), after which the 4 cm-long original
inoculation site of the primary root was sampled.

3. RESULTS AND DISCUSSION
3.1. Sequence Retrieval. The Zea mays genome has 26

ZmGLP genes (details given in Table S1) among which 20
were located on chromosome 4 while 5 on 10 and 1 on
chromosome 2 (Figure 1). GLPs play an important role in
growth and development, but their number varies greatly
among different plant species. For example, Arabidopsis
contains 32, rice 43, barley 48, soybean 69, and wheat 258
GLP genes. Mostly, ZmGLPs are located on the chr 4
suggesting their origin through tandem duplication events.
Clustering and duplication on specific chromosomes are
common in GLP families. Previously, most of the OsGLPs30,58

and HvGLPs59 were found on chr 8, while in Sorghum bicolor
and Brachypodium distachyon,38 they can be found on chr 7 and
3, respectively. The same is true for soybean (GmGLPs) where
most are located on chr 16, 19, and 20.60 Similarly, most of the
TaGLPs can be found on chr 4b.24 Sometimes, these clustered
loci offer incredible resistance against a wide range of biotic

and abiotic stresses.38 The high duplication rate may be due to
ectopic recombination, transposable elements, and epigenetic
effects, which offer more diverse structural and functional roles
within the changing environment.30 The highest number of
nucleotides (690) was shown by ZmGLP4-5, ZmGLP4-6,
ZmGLP4-8, and ZmGLP4-16, while the smallest (438) was by
ZmGLP4-10. Similarly, the largest peptide sequence (229 aa)
was shown by ZmGLP4-5, ZmGLP4-6, and ZmGLP4-16, while
the smallest (97 aa) by ZmGLP4-11. It may be due to high
sequence similarity and common origin that ZmGLPs showed
little variation in their sizes, which indicated their functional
redundancy.59 Similarity indicates their origin through recent
tandem duplication events, showing that tandem repeats are
important in the implication of the ZmGLP gene family.
3.2. Protein Sequence Analysis. 3.2.1. Motive Analysis.

Sequence alignment revealed several conserved regions among
ZmGLPs showing greater similarity, but certain mutational
gaps were also found. The peptide signal (MASS) was found at
the start of each sequence, which is important for protein
function by helping in targeting the protein to or across the
plasma membrane.50 GER motif 1 (M1) was found ≈25 aa

Figure 2. Motive analysis of the Zea mays germin-like protein (ZmGLP) genes. Each motif is represented with a distinct color. The analysis was
conducted with Multiple Em for Motif Elicitation (MEME) suite (http://meme.nbcr.net/meme/cgi-bin/meme.cgi). The function of the domain
was found with Motif scan and Motif search servers. CK: casein kinase II phosphorylation site, MS: N-myristoylation site, Microbodies CT:
microbodies C-terminal targeting signal, Protein kinase C: protein kinase C phosphorylation site, and NA: not available.
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while GER motif 2 (M2) was found ≈90 to 100 aa away from
the N-terminus of the protein. Similarly, GER motif 3 (M3)
was found ≈155 to 165 aa away from the N-terminal end (N-
end) of the protein. Motives 1, 2, and 3 are part of the GER
box, which is the fundamental signature of GLPs with a
consensus sequence of GxxxxHxHPxAxEh (where “x” is any
amino acid and “h” is hydrophobic).61 The putative KGD
motif was found upstream of the GER motif 3, which is an
important structural feature of the GLPs,62 playing an
important role in protein−protein interactions. Plant proteins
with such motifs perform their function by interacting with

other membrane proteins by mediating signal transduction in
the matrix,63 which is relevant to the role of these genes in
plant pathogenicity and stress responses. Further, ZmGLP
sequences were scanned with a MEME server to get more
insight into their motive structures and functions (Figure 2). It
showed that the first 4 motives were part of the basic cupin
domain or GER box.6 The importance of the cupin domain in
controlling plant responses against a wide range of biotic and
abiotic stresses is well-validated.7 However, M1 also exhibited
casein kinase II phosphorylation and N-myristoylation-related
activities. The former plays an important role in various

Table 1. Computational Analyses Based on Various Structural and Functional Properties of the Zea mays Germin-Like Protein
(ZmGLP) Familya

name M.wt Pl −R +R EC II Al GRAVY
Pfam
domain

subcell
prediction
(CELLO)

subcell
prediction
(PSORT) N-sites P-site

ZmGLP2-1 24,603.25 6.40 20 19 22,585 32.27 94.51 0.051 cupin
domain

cytoplasmic extracellular 0 0

ZmGLP3-1 16,921.44 6.25 13 12 4595 19.75 96.24 0.088 cupin
domain

cytoplasmic extracellular 6 1

ZmGLP3-3 24,802.43 7.77 17 18 18,575 86.54 92.81 0.022 cupin
domain

cytoplasmic extracellular 8 1

ZmGLP3-4 24,637.19 6.50 19 18 15,595 25.51 92.41 0.034 cupin
domain

cytoplasmic extracellular 6 1

ZmGLP3-5 24,766.29 6.28 20 18 17,085 26.18 94.89 0.054 cupin
domain

cytoplasmic extracellular 8 1

ZmGLP3-6 24,791.30 6.28 20 18 17,085 24.75 92.88 0.015 cupin
domain

cytoplasmic extracellular 8 1

ZmGLP3-7 26,607.17 6.50 19 18 15,595 26.55 93.29 0.046 cupin
domain

cytoplasmic extracellular 9 1

ZmGLP3-8 24,781.37 6.57 19 18 17,085 23.89 94.1 0.06 cupin
domain

cytoplasmic extracellular 9 1

ZmGLP3-9 2464.27 6.89 18 18 17,085 26.12 95.00 0.077 cupin
domain

cytoplasmic extracellular 8 2

ZmGLP3-10 15,851.11 6.96 10 10 15,470 30.30 92.21 −0.064 cupin
domain

periplasmic extracellular 7 0

ZmGLP3-11 10,462.09 10.11 6 11 n-ter. 25.30 106.49 0.069 cupin
domain

cytoplasmic chloroplast 4 0

ZmGLP3-12 24,568.14 6.57 19 18 15,595 24.79 94.12 0.053 cupin
domain

cytoplasmic extracellular 4 1

ZmGLP3-13 24,568.14 6.57 19 18 15,595 24.79 94.12 0.053 cupin
domain

cytoplasmic extracellular 8 1

ZmGLP3-14 20,400.24 6.50 16 15 15,470 20.64 90.27 −0.102 cupin
domain

cytoplasmic extracellular 8 1

ZmGLP3-15 24,597.18 7.01 18 18 15,595 23.82 93.68 0.042 cupin
domain

cytoplasmic extracellular 7 2

ZmGLP3-16 24,793.38 6.57 19 18 17,085 26.11 92.88 0.042 cupin
domain

periplasmic extracellular 8 1

ZmGLP3-17 24,720.33 6.96 19 19 15,595 26.92 93.29 0.029 cupin
domain

cytoplasmic extracellular 10 1

ZmGLP3-18 21,253.25 6.57 18 17 14,105 23.64 87.59 −0.021 cupin
domain

cytoplasmic extracellular 7 1

ZmGLP3-19 24,515.05 6.50 18 17 15,595 24.21 94.56 0.066 cupin
domain

cytoplasmic extracellular 5 1

ZmGLP3-20 23,819.38 6.89 18 18 8605 24.34 96.26 0.118 cupin
domain

cytoplasmic extracellular 7 1

ZmGLP10-1 28,946.06 7.00 25 25 18,575 32.09 90.91 −0.108 cupin
domain

cytoplasmic chloroplast 14 2

ZmGLP10-2 24,685.31 6.18 22 20 21,095 27.33 92.74 0.001 cupin
domain

cytoplasmic extracellular 6 2

ZmGLP10-3 297.3 6.04 23 20 19,605 25.19 94.49 0.000 cupin
domain

cytoplasmic extracellular 6 2

ZmGLP10-4 24,300.90 6.03 19 16 18,575 25.04 94.09 0.146 cupin
domain

cytoplasmic cytoplasmic 7 1

ZmGLP10-5 24,249.82 6.28 18 16 18,575 29.02 94.09 0.163 cupin
domain

cytoplasmic extracellular 8 1

aPM: plasma membrane, M.wt: molecular weight, pI: isoelectric point, +R: positively charged residues, −R: negatively charged residues, EC:
extinction coefficient, II: instability index, Al: aliphatic index values, GRAVY: grand average of hydropathicity, N-sites: N-glycosylation site, and P-
site: phosphorylation site.
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environmental stresses and signaling by regulating protein
activity and stability in various signaling pathways.64 The latter
regulates plant responses against diverse stresses via membrane
targeting and signal transduction.65 Similarly, M4 is important
in microbody C-terminal targeting signals having a role in
microbody production. It is considered an alternative to a
peroxisome that possesses catalase (H2O2-degrading enzymes)
as well oxidase activities.66 M5 showed protein kinase activity,
which is important in protein phosphorylation, which controls
activities and interactions of the proteins with other molecules.
It is also involved in regulatory processes and metabolic
activities of the cells including light signaling, pathogenicity,
hormonal regulation, nutrient deprivation, heat stresses, etc.67

All the motives were found in variable numbers and at the
different positions where the highest variability in number and
position was noted for M4 and M5, which may be due to the
high mutation rate and retrotransposon activity. However,
GER M1, 2, and 3 showed similar positioning in 88% of the
sequences, which represents their importance and evolutionary
significance as being part of the core protein structure. Similar
results were also reported for GLPs of various other plants
such as soybean, rice, and grapes.5,30,60

3.2.2. Physicochemical Properties. Physicochemical prop-
erties of the ZmGLPs revealed noticeable variations (Table 1).
The size and molecular weight varied substantially ensuing
variations in other properties as well. The molecular weight
ranged from 297.3 (ZmGLP10-3) to 28946.06 Da
(ZmGLP10-1), while the isoelectric point (pI) ranged from
6.01 (ZmGLP1) to 10.11 (ZmGLP4-11). Both are considered
important parameters for the estimation of solubility, electro-
phoresis, and electrophoretic separation of the protein.68 The
extinction coefficient (EC) at 280 nm ranged from 8605
(ZmGLP4-20) to 22,585 (ZmGLP2-1) indicating protein
stability in the cellular environment. EC also describes the type
and purity of protein. ZmGLPs of chr 2 and 10 have slightly
high EC values, which may be due to the presence of a large
number of Tyr (tyrosine), Phe (L-phenylalanine), and Trp
(tryptophan) residues.69 The instability index (II) ranged from
19.75 (ZmGLP4-1) to 86.54 (ZmGLP4-3). Protein stability in
the cellular environment is crucial for protein function.70,71 All
the ZmGLPs are stable in the cellular environment having an II
value lower than 40, except ZmGLP4-3, which may be due to
variations in the structural and functional properties. However,
sometimes, II values are questionable as protein stability is
dependent not only on the intrinsic nature of the protein but
also on the condition of the protein milieu.72 The aliphatic
index (AI) ranged from 87.59 (ZmGLP4-13) to 102.12
(ZmGLP1). Thermal stability of the proteins is positively
indicated by high AI values as noted for ZmGLP1, ZmGLP4-1,
and ZmGLP4-9. However, proteins with lower AI values
indicate that their structural flexibility at a wide range of
temperatures largely contributed to the presence of aliphatic
amino acids (alanine, valine, isoleucine, and leucine) with an
aliphatic side chain.73 It is in accordance with the fact that Ala,
Leu, and Val were the most frequent residues in the ZmGLPs,
forming 10.70, 9.90, and 8.90% of the total AAs, respectively,
while Trp (0.80%) and Cys (0.90%) were the least occurring
amino acids (Figure 3). GRAVY ranged from −0.102
(ZmGLP4-14) to 0.163 (ZmGLP10-5). Analysis showed that
22 proteins (84.61%) were hydrophobic in nature as their
GRAVY values were positive (above zero), while the rest
(ZmGLP4-10, ZmGLP4-14, ZmGLP4-18, and ZmGLP10-1)

were hydrophilic in nature showing their better interaction
with water molecules.

3.2.3. Subcellular Localization. At the subcellular level,
ZmGLPs are either expressed in the cytoplasm or extracellular
regions indicating their role in these regions. It is contradictory
to the study of OsGLPs and VvGLPs where a diverse
expression pattern was noted.5,30 However, some ZmGLPs
showed either chloroplast- (ZmGLP4-11 and ZmGLP10-1) or
periplasm (ZmGLP4-10 and ZmGLP4-16)-specific expression,
which may be due to their fundamental role in the
photosynthesis or metabolism. Previously, organelle-specific
expression was also reported for some members of the AhGLP
family.12 Similarly, OsGLP1-2, OsGLP4-7, and OsGLP4-1
showed chloroplast-, endoplasmic reticulum-, or mitochond-
rion-specific expression, respectively.30 Similar observations
were also noted for VvGLPs.5

3.2.4. N-Glycosylation and Phosphorylation Sites.
ZmGLPs revealed a variable number of N-glycosylation
(from 1 to 2) and phosphorylation sites (4−14). The highest
N-sites (2) were found in ZmGLP4-9, ZmGLP4-15,
ZmGLP10-1, ZmGLP10-2, and ZmGLP10-3, while no sites
were predicted in ZmGLP2-1, ZmGLP4-10, and ZmGLP4-11.
N-glycosylation is one of the major post-translational
modifications. Most of the plant’s extracellular proteins are
glycosylated by N-linked oligosaccharides, which greatly affect
their physicochemical properties and function. It also plays an
important role in protein folding and quality control. Despite
the limited knowledge of complex N-glycans in plants, their
role in protein stability, conformation, cellular activities,
cellulose biosynthesis, and growth under stress is well-
validated.74,75 The lowest P-sites (4) were found in
ZmGLP2-1, ZmGLP4-11, and ZmGLP4-12, while the highest
ones (14) were found in ZmGLP10-1. Protein phosphor-
ylation regulates various cellular processes in plants including
differentiation, proliferation, metabolism, and apoptosis,
particularly at threonine, serine, or tyrosine residues.49 The
presence of a variable number of N-sites and P-sites predicted
the crucial role of ZmGLPs in these processes.
3.3. 3D Structural Analyses. Three structural models

were obtained for each ZmGLP (Figure S1 in supplementary
data). The best model was chosen based on its global model
quality estimation (GMQE) and Qmean (Z-score) estimation
scores where high values suggest reliable results. The models
were further confirmed with RPA, which revealed that on
average, each protein has 87.68% of its residues existing in

Figure 3. Amino acid composition of the Zea mays germin-like
proteins (ZmGLPs). The analysis was conducted with the Molecular
and Evolutionary Genetics Analysis tool (MEGA10).
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favored, 10.39% in allowed, and 93% in outliner regions, which
confirmed their good quality. RPA is a standard tool used for
the structural analysis of various molecules. Previously, various
techniques such as crystallography and nuclear magnetic
resonance (NMR) were used for structural studies, but now,
they can be predicted by aligning and blasting with the known
protein structure using various softwares.76 Most of the
ZmGLPs (20 or 76.92%) showed similarity in the overall
structure and position of the cupin domains, which either
consist of a single GER monomer each bound by a single Mn+2
ion or may combine to form a hexameric structure that is
similar to the earlier findings.38 Similar results were also
reported for OsGLPs.30 Structurally, ZmGLPs are similar due
to common evolutionary history, but functionally, they are
diverse, which may be due to their better interactive abilities
with other proteins to deal with various functions and stresses.
On the other hand, ZmGLP2-1, ZmGLP4-10, and ZmGLP10-
5 showed significant variation in their structure, which may be
due to the absence or presence of certain residues. Similarity
indicates their common origin, while variation specifies
evolutionary changes caused by environmental constraints.
Genes located on the chr 4 and 10 have greater similarity
caused by tandem duplication. Despite the resemblance,
variation was also observed in the distribution of protein
cavities and residue location, which may give rise to their
functional diversity. It may be due to variable interactive

abilities with the substrate largely affected by protein’s surface
and cavities.77 Similarities and differences in protein cavities
indicate some clues about their proposed function caused by
various evolutionary forces and environmental factors resulting
in neofunctionalization or subfunctionalization of the protein.
However, it may also have an undesirable effect on protein’s
function78 due to which a new function can be gained or lost.
3.4. Phylogenetic Analysis. Phylogenetic analysis re-

vealed a narrow genetic background with an overall genetic
variation of 0.05 percent (0.05%) showing a recent history of
gene diversification events (Figure 4), which is similar to the
study of GLPs in Oryza sativa30 and Vitis vinifera.5 Genes
located close to each other in the phylogram suggest their
common origin. It may be due to gene duplication events on
specific chromosomes that result in gene clustering with similar
exon structures. Previously, GLP clusters on specific
chromosomes were reported in rice,30,58,79 barley,59 soybean,60

cucumber,17 and wheat.24 More often, such clusters are
associated with disease resistance by offering incredible
resistance against various stresses. For example, in rice and
barley, GLPs of chr 8 provide protection against rice blast,
sheath blight,79 and Blumeria graminis f. sp. hordei.59 GLPs of
chr 4 were mostly similar and advanced with recent tandem
duplication events. The highest similarity was observed
between ZmGLP4-2 and ZmGLP4-3, ZmGLP4-5 and
ZmGLP4-6, ZmGLP4-7 and ZmGLP4-9, ZmGLP4-10 and

Figure 4. Phylogenetic analysis of the germin-like protein in Zea mays (ZmGLPs). The analysis was conducted with the Molecular and
Evolutionary Genetics Analysis (MEGA10) tool. The phylogram is divided into various groups. Genes in each group are represented with distinct
colors. The evolutionary history was inferred using the neighbor-joining method. The optimal tree with the sum of branch length = 1.34338359 is
shown. The percentages of replicate trees in which the associated taxa clustered together in the bootstrap test (1000 replicates) are shown next to
the branches. The tree is drawn to scale, with branch lengths in the same units as those of the evolutionary distances used to infer the phylogenetic
tree. The evolutionary distances were computed using the p-distance method and are in the units of the number of amino acid differences per site.
This analysis involved 27 amino acid sequences. All ambiguous positions were removed for each sequence pair (pairwise deletion option). There
was a total of 270 positions in the final dataset. Chr: chromosome.
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ZmGLP4-16, ZmGLP4-12 and ZmGLP4-13, and ZmGLP4-18
and ZmGLP4-20. However, ZmGLP4-11 and ZmGLP4-14
showed a distant relationship. Similarly, the GLP of chr 10
serves as an ancestral group from which chr 4 GLPs arose
through the course of evolution. ZmGLP10-4 and ZmGLP10-5
were highly similar to chr 4 GLPs, which may be due to their
shared exon structure probably because of retrotransposon
activity. Other similar genes include ZmGLP10-1, ZmGLP10-
2, and ZmGLP10-3. A high diversification rate was observed
on chr 4 as compared to 10 as represented by their high
bootstrap’s values, which may be due to the high mutation rate.
However, distinctive positions were noted for ZmGLP2-1 and
ZmGLP1, which may be due their presence on separate
chromosomes. They are the most primitive members of this
family among which ZmGLP1 followed a separate lineage
while ZmGLP2-1 shared their evolutionary history with chr 4
and 10 GLPs. Chromosomes with the highest number of GLPs
represent high duplication rate forming clusters, which may be
due to high selection pressure. However, the reason why
certain chromosomes are under high selection pressure is still
unknown.
3.5. Functional Analysis. The functional analysis

predicted various roles for ZmGLPs based on their domain
homology and coexpression pattern with other related proteins
(Table 2). However, no functional values were recorded for

ZmGLP4-1, ZmGLP4-10, ZmGLP4-11, and ZmGLP4-14.
STRING obtained values from UniProt, Pfam, InterPro, and
SMART protein domain databases. Analysis showed that genes
of the same chr have similar functional properties. Among all,
19 showed disulfide bonding, which is important for the proper
biological function of the protein. It increases stability as well
as protects against the destructive effect of extreme environ-
ments and proteolytic degradation.80 ZmGLP4-4, ZmGLP4-5,
ZmGLP4-6, ZmGLP4-7, ZmGLP4-8, ZmGLP4-9, ZmGLP4-
12, ZmGLP4-13, ZmGLP4-15, ZmGLP4-16, ZmGLP4-17,
ZmGLP4-18, ZmGLP4-20, ZmGLP10-1, and ZmGLP10-3
showed phosphoglycolate phosphatase-like (PGLP), domain 2,
and osmotin/thaumatin-like enzymatic activities. PGLP
activity is important for photorespiration, carbon assimilation,
and allocation81 as well as improving plant responses to light
intensity and drought.82 Similarly, osmotin/thaumatin is a
multifunctional protein family related to plant responses
against biotic and abiotic stresses by acting as an
osmoregulator.83 The observation suggested that these genes
might act in a coregulated manner to control plant responses
against various stresses. Previously, the combinatorial action of
GER4 or GER5 subfamilies protects barley epidermal cells
from Blumeria graminis f. sp. hordei infection.59 In another
study, a QTL consisting of 12 OsGLPs provides immunity
against rice blast disease.79 Recently the role of OsGLP3-7 was

Table 2. Functional Analysis of Germin-like Proteins in Zea mays (ZmGLPs)a

s. no. gene predicted functional domains

1 ZmGLP1 remorin, n-terminal, and cupin
2 ZmGLP2-1 remorin, N-terminal, cupin protease, ricin B-like lectin EULS3-like, Clp protease proteolytic subunit, translocation-enhancing protein TepA,

Clp ATPase, and ClpP/crotonase-like domain superfamily
3 ZmGLP4-1 NA
4 ZmGLP4-2 disulfide bond, S-adenosyl-L-homocysteine hydrolase, adenosylhomocysteinase-like superfamily, thaumatin family, acetohydroxy acid

isomeroreductase, and NAD/NADPH-binding domain
5 ZmGLP4-3 disulfide bond, S-adenosyl-L-homocysteine hydrolase, adenosylhomocysteinase-like superfamily, thaumatin family, and NAD/NADPH-

binding domain
6 ZmGLP4-4 disulfide bond, phosphoglycolate phosphatase-like, domain 2, and osmotin/thaumatin-like superfamily
7 ZmGLP4-5 disulfide bond, phosphoglycolate phosphatase-like, domain 2, and osmotin/thaumatin-like superfamily
8 ZmGLP4-6 disulfide bond, phosphoglycolate phosphatase-like, domain 2, and osmotin/thaumatin-like superfamily
9 ZmGLP4-7 disulfide bond, phosphoglycolate phosphatase-like, domain 2, and osmotin/thaumatin-like superfamily
10 ZmGLP4-8 disulfide bond, phosphoglycolate phosphatase-like, domain 2, and osmotin/thaumatin-like superfamily
11 ZmGLP4-9 disulfide bond, phosphoglycolate phosphatase-like, domain 2, and osmotin/thaumatin-like superfamily
12 ZmGLP4-10 NA
13 ZmGLP4-11 NA
14 ZmGLP4-12 disulfide bond, phosphoglycolate phosphatase-like, domain 2, and osmotin/thaumatin-like superfamily
15 ZmGLP4-13 disulfide bond, phosphoglycolate phosphatase-like, domain 2, and osmotin/thaumatin-like superfamily
16 ZmGLP4-14 NA
17 ZmGLP4-15 disulfide bond, phosphoglycolate phosphatase-like, domain 2, and osmotin/thaumatin-like superfamily
18 ZmGLP4-16 disulfide bond, phosphoglycolate phosphatase-like, domain 2, and osmotin/thaumatin-like superfamily
19 ZmGLP4-17 disulfide bond, phosphoglycolate phosphatase-like, domain 2, and osmotin/thaumatin-like superfamily
20 ZmGLP4-18 disulfide bond, phosphoglycolate phosphatase-like, domain 2, and osmotin/thaumatin-like superfamily
21 ZmGLP4-19 disulfide bond, S-adenosyl-L-homocysteine hydrolase, NAD/NADH-binding domain, acetohydroxy acid isomeroreductase, thaumatin family,

and adenosylhomocysteinase-like
22 ZmGLP4-20 disulfide bond, phosphoglycolate phosphatase-like, domain 2, and osmotin/thaumatin-like superfamily
23 ZmGLP10-1 disulfide bond, phosphoglycolate phosphatase-like, domain 2, and osmotin/thaumatin-like superfamily
24 ZmGLP10-2 S-adenosylmethionine decarboxylase, arginine and proline metabolism, zinc finger C2H2 superfamily, cysteine and methionine metabolism,

polyamine biosynthesis, ornithine/DAP/Arg decarboxylase, spermidine biosynthesis, zymogen, Schiff base, and autocatalytic cleavage
25 ZmGLP10-3 disulfide bond, phosphoglycolate phosphatase-like, domain 2, and osmotin/thaumatin-like superfamily
26 ZmGLP10-4 disulfide bond, S-adenosyl-L-homocysteine hydrolase, NAD/NADH-binding domain, acetohydroxy acid isomeroreductase, thaumatin family,

and adenosylhomocysteinase-like
27 ZmGLP10-5 PGG domain, germin, and manganese binding site, mostly uncharacterized, incl. domains of unknown function duf2040 and asparaginyl

endopeptidase
aThe analyses were conducted using the Search Tool for the Retrieval of Interacting Genes/Proteins (STRING). NA: not available; NAD:
nicotinamide adenine dinucleotide.
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Figure 5. Expression analysis of the germin-like protein genes in Zea mays (ZmGLPs) in different plant parts. Plant parts with no expression were
omitted. The analysis was conducted with Genevestigator (https://genevestigator.com/).
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confirmed against leaf blast, panicle blast, and bacterial blight
by activating JA and phytoalexin metabolic pathways.32

Similarly, TaGLPs located on 4A, 4B, and 4D chr provide
potential resistance against Blumeria graminis f. sp. tritici (bgt)
infection.24 ZmGLP4-2, ZmGLP4-3, ZmGLP4-19, and
ZmGLP10-4 have similar enzymatic functions related to S-
adenosyl-L-homocysteine hydrolase (SAHH) and acetohy-
droxy acid isomeroreductase activities. The former removes
S-adenosyl-L-homocysteine (SAH), a byproduct of the trans-
methylation reaction, thereby helping plants to grow and
acclimatize to the natural environment.84 The latter helps in
the biosynthetic pathways of branched-chain amino acids, i.e.,
valine, leucine, and isoleucine. Because of its plant-specific
nature, it serves as a potential target for various fungicides and
herbicides.85 Further, these genes also showed thaumatin-like
protein (TLP) properties, which is a highly complex protein
family linked with host-defense and developmental processes
in plants, animals, and fungi.83 ZmGLP1 and ZmGLP2-1
exhibited remorin-related enzymatic activities, a plant-specific
membrane-localized protein having a role in plant growth and
development, signaling, and various stress responses.86

Previously, ZmGLP1 was also found active in young whorled
leaves and tassels and cobs by mainly expressing in
mesophyllous, phloem, and guard cells mediated by several
important regulatory elements in the promoter, which control
the expression level and circadian rhythm-oscillated patterns in
transgenic Arabidopsis.39 It also regulates resistance against
biotrophic PstDC3000 and necrotrophic S. sclerotiorum via

oxidative burst and JA signaling pathway activation in
transgenic Arabidopsis.40 ZmGLP2-1 contains a ricin B-like
lectin (RBL) domain, which protects against Fusarium head
blight (FHB) caused by Fusarium graminearum (F. graminea-
rum) in wheat87 and other fungal infections. It suggests that
these genes protect against various pathogens by regulating
membrane biology. Other domains that are present in
ZmGLPs include the Clp protease proteolytic subunit, which
is important in the biogenesis of plastids, protein unfolding
response in the chloroplast, metabolism, or cellular proteo-
stasis. Similarly, Clp ATPase serves as a molecular chaperon
that falls within the AAA+ superfamily of ATPases involved in
protein unfolding and degradation along with a broader range
of biological processes.88,89 Similarly, translocation-enhancing
protein TepA [UniProtKB-Q99171 (TEPA_BACSU)] is
required for the efficient secretion and translocation of protein
across the membrane.90 Another important domain in
ZmGLPs belongs to the ClpP/crotonase-like domain super-
family (IPR029045). Protein crotonylation is an important
post-translational modification having an important regulatory
role in a wide range of processes.91 The analysis revealed that
ZmGLPs are mostly active in the cellular processes; however,
they may also provide protection against various stresses by
regulating various internal pathways.
3.6. Expression Analysis. 3.6.1. Anatomical Parts.

Hierarchical cluster analysis of the selected genes showed
diverse expression patterns across 82 different anatomical parts
of the maize plant (Figure 5). Parts with no expression were

Figure 6. Expression analysis of the germin-like protein genes in Zea mays (ZmGLPs) at different growth stages of the maize plant. The analysis was
conducted with Genevestigator (https://genevestigator.com/). The intensity of the colors represents the expression level of the genes.
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omitted. ZmGLPs either showed individual or combinatorial
expression patterns in different plant parts. The highest was
noted in the root, root tips, crown root, elongation and
maturation zones, primary root, radicle, and cortex, while other
parts showed either moderate or minimal expression. The
study revealed that they regulate various plant processes mainly
in the root and maturation zones, which is per the prominent
role of GER and GLPs in roots.7,12,92 Previously, a germin-like
oxalate oxidase activity was detected in the primary root
(epidermal cells) and coleorhiza of barley seedlings.93

Similarly, the GUS gene controlled by the OsRGLP1 promoter
showed strong activity in the root when tested against drought,
ABA, wounding, and salinity.94 A similar result was also noted
for the OsRGLP2 promoter.95,96 In the same way, the JA-
mediated role of OsGER4 in crown root development was also

confirmed in rice.33 Likewise, a moderate response was noted
in seedlings, anthers, seminal roots, etc., which is similar to the
expression of germin-like oxalate oxidase in seedlings of
Hordeum vulgare93 and Beta vulgaris L.97 However, foliar leaf,
blade, shoot, etc. showed reduced expression, which is
comparable to the study of HvGerB, which was mainly
expressed in developing shoots, while GerF showed enhanced
expression in seedling roots, developing spikes, and pericarp/
testa.98 Similarly, HvGLP1 was mainly expressed in young
leaves and less abundant in older leaves but not in roots.99

Currently, the highest expression in the abovementioned parts
was noted for ZmGLP2-1, ZmGLP4-2, ZmGLP4-3, ZmGLP4-4,
ZmGLP4-5, ZmGLP4-8, ZmGLP4-12, ZmGLP4-13, ZmGLP4-
14, ZmGLP4-15, ZmGLP4-16, ZmGLP4-19, ZmGLP4-20,
ZmGLP10-1, ZmGLP10-2, ZmGLP10-3, ZmGLP10-4, and

Figure 7. In silico expression analysis of germin-like protein genes in Zea mays (ZmGLPs) under different abiotic stresses. For auxin stress, embryos
were isolated from CAL caryopses 10−12 days after pollination, cultured on an N6 medium containing 1.5 mg/L 2,4-D (2,4-dichlorophenoxyacetic
acid, a synthetic auxin) in darkness at 27 °C for 1, 2, 4, 6, and 8 days, and then sampled. Before embryo isolation, plants were grown in a
greenhouse under 16 h light/8 h dark cycles at 20−25 °C. For drought stress, B73 plants were grown in a greenhouse without water limitation (the
soil moisture content was maintained close to the field capacity) till the onset of silk emergence; then, irrigation was withheld for 3 days. At the end
of the 3-day drought period, the plants were hand-pollinated and kept for another 24 h without watering (4 days of drought stress in total; at the
end of this period, the leaf relative water content was 66.5%). The basal meristematic tissue of the three youngest leaves was then harvested. Other
conditions: plants were grown in 10 L pots containing a mixture of peat, vermiculite, perlite (1:1:1), 6 g of pulverized limestone, 35 g of CaSO4, 42
g of FeSO4, and 1 g of trace fritted element; before the drought stress, a general purpose fertilizer (15-16-17; Scott-Sierra Horticultural Products)
was supplied once a week. For heat stress, different samples of R1-stage B73 plants were grown in a phytotron under 14 h light/10 h dark cycles at
25 °C and 65% relative humidity and then exposed to 38 °C for 2 and 48 h. Ear leaf and the third leaf above ear were collected from Xianyu 335
plants (at grain filling) grown under high planting density along with the control. For high plant density, RNA-seq of leaves at different nodes of the
maize hybrid Xianyu 335 under different (low and high) plant densities was conducted to explore the mechanisms of responding to high plant
density. A control was used in each experiment.
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ZmGLP10-5, showing that these genes may play important
biological roles in these parts. However, other genes showed
minimal expression. Such a diverse role was previously
reported for OsGLPs.30 The expression pattern suggested
that these genes, which are mostly located on chromosome 4,
act in a combinatorial manner to regulate various plant
processes. Previously, 14 OsGLPs located on chromosome 8
acted as a QTL by providing resistance against rice blast and
sheath blight.79 Recently, OsGLP3-7 provides protection
against leaf blast, panicle blast, and bacterial blight mainly
expressed in leaves and the cytoplasm.32 A similar response
was also reported for HvGERs (chromosome 8) against
Blumeria graminis f. sp. hordei in barley.59 Recently, most of the
Blumeria graminis f. sp. tritici (Bgt)-resistant genes (TaGLPs)

were found on the fourth (4D) homolog chromosome in
wheat.24 In addition to the abovementioned parts, some of the
genes were also active in specific parts as well. For example,
ZmGLP2-1 showed enhanced expression in embryo-callus,
scutellar-aleurone layer, pericarp, and placenta-chalazal regions.
Similarly, ZmGLP10-5 was active in meiocytes confirming its
role in development, while ZmGLP4-19 was active in spikelets
and sheath cells suggesting its role in the development and
storage of various materials. Previously, GerF was also
predominantly expressed in seedling roots, developing spikes,
and pericarp/testa.98 Similarly, a distinct expression pattern
was observed for AhGLPs in various parts of peanuts.12

Recently, AhGLP17-1 was specifically found active in pericarp,
while no expression was detected in other parts (leaves, stems,

Figure 8. In silico expression profile of Zea mays germin-like protein (ZmGLP) genes against various biotic stresses. For Aspergillus flavus (24 hpi),
B73 plant ears were hand-pollinated, and after 21−22 days, the ears were inoculated with the Aspergillus flavus strain NRRL 3357 by dipping a 3
mm needle into a conidial suspension and inserting it into the caryopsis crown (approx. 13 fungal conidia were introduced into the endosperm of a
caryopsis). Caryopses were sampled 4, 12, 24, 48, and 72 h after inoculation. For Colletotrichum graminicola (B73; 24 hpi), 4-days-old B73 plants
were inoculated with the wild-type M2 (CgM2) strain by placing 10 μL droplets of a spore suspension (106 spores/mL, in 0.01% Tween 20) on a
horizontally oriented third leaf (counting from the shoot base), incubated at 25 °C and high humidity for 24, 48, and 120 h (the penetration phase
of the fungus), and harvested. For Fusarium verticillioides, B73 plants were grown in field conditions at the Central Crops Research Station near
Clayton, NC, USA. Ears were hand-pollinated and covered with paper bags. After pollination (21−22 days), the ears were inoculated with the strain
n16 by dipping a 3 mm needle into a conidial suspension and inserting it into the caryopsis crown (approx. 13 fungal conidia were introduced into
the endosperm of a caryopsis). Caryopses were sampled 4, 12, 24, 48, and 72 h after inoculation. At sampling, no fungal mycelia were visible in the
caryopses. Fusarium verticillioides is a fungus that can colonize maize ears via silk and wounds and grows into ears from infected stalks. It produces
fumonisin. A control was used in each experiment. For Cercospora zeina (late-stage GLS disease), B73 plant’s middle parts of lower leaf blades
showing late-stage gray leaf spot (GLS) disease symptoms (big rectangular lesions) were harvested. For Fusarium virguliforme, E13022S seeds were
surface sterilized, incubated in sterile water for 24 h in the dark, and germinated for 5 days in darkness at 21 °C in a Petri dish. Germinated
seedlings were thoroughly sprayed with Fusarium virguliformeMont-1 isolate inoculum, incubated for 1.5 h, and kept for 2, 4, 7, 10, and 14 days in a
growth chamber under 14 h light (140 μmol photons m−2 s−1)/10 h dark cycles at 12 °C after which the 4 cm-long original inoculation site of the
primary root was sampled.
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roots, flowers, cotyledons, or embryos) of peanuts.100 Contra-
rily, some of the genes (ZmGLP2-1, ZmGLP10-1, and
ZmGLP10) showed expression in all parts suggesting their
role in overall plant development and defense.

3.6.2. Developmental Stages. ZmGLP expression was
tested at 8 developmental stages of Zea mays, namely,
germination, seedling phase, stem elongation, inflorescence
formation, anthesis, fruit formation, dough stage, and at
maturity levels (Figure 6). The highest expression was
observed at germination and maturity levels, while other
stages showed limited expression, which is closely linked to the
crucial role of ZmGLPs in seed germination. Previously,
PvGLP1 was active during the early stages of embryo
development but showed weak expression at later stages in
Phaseolus vulgaris L.101 Another study revealed a striking
increase in germin-like oxalate oxidase (“gl-OXO”) expression
in wheat calli.102 Among all, ZmGLP2-1 showed the highest
expression followed by ZmGLP4-2, ZmGLP4-3, ZmGLP4-13,
and ZmGLP4-12 showing their role in plant development.
However, ZmGLP2-1 was active at all levels, particularly during
fruit formation, dough stage, germination, and maturity, which
suggested the importance of these genes. However, others
showed stage-specific expression, for example, ZmGLP10-1 is
highly active at the maturity level. Previously, high GLP
expression was noted at maturity levels, for example, 2 novel
GLPs (Ps-GLP1 and 2) were highly active during fruit
development and ripening stages of early and late plum
cultivars largely regulated by auxin and ethylene production.103

3.6.3. Abiotic Stresses. ZmGLPs did not show any
substantial expression in abiotic stresses (Figure 7), but
some of them were either up- or downregulated. The highest
expression was noted against heat stress where many genes
such as ZmGLP4-2, ZmGLP4-3, ZmGLP4-5, ZmGLP4-6,
ZmGLP4-8 , ZmGLP4-12 , ZmGLP4-13 , ZmGLP4-14 ,
ZmGLP4-15 ZmGLP4-16 , ZmGLP4-19 , ZmGLP4-20 ,
ZmGLP10-1, ZmGLP10-2, ZmGLP10-3, and ZmGLP10-4
were highly active. Previously, PsGER1 was highly active in
high-temperature stress via SOD activity in the developing pea
root nodules.104 Similarly, StGLP protects potatoes against
gradual heat stress (GHS) by activating several antioxidant
enzymes and heat shock-responsive genes.15 Recently, the role
of 70 StGLP genes was confirmed against salt, ABA, and heat
stresses among which 19 were highly active in heat stress with
more focus on 3 (StGLP14, StGLP17, and StGLP30).36 In
drought, ZmGLP10-1 and ZmGLP10-3 showed minor
expression, but most of them were downregulated contra-
dicting the study in CsGLP, which showed upregulation against
drought, salt, and ABA stresses.17 A similar expression was also
shown by OsGLP8-4, OsGLP8-7, and OsGLP8-12 in two rice
varieties (Super Basmati and KS282) largely mediated by
methylation of specific cytosine residues in the promoter of
OsGLPs.105 In another study, GLP was highly accumulated in
the leaves of Boea hygrometrica against drought.14 In the case of
auxin, no observable response was observed where ZmGLP4-2,
ZmGLP4-3, ZmGLP4-4, ZmGLP4-8, ZmGLP4-13, ZmGLP4-
15, ZmGLP10-1, ZmGLP10-2, ZmGLP10-3, and ZmGLP10-4
showed moderate expression toward callus induction on auxin-
less medium and in embryo samples, but ZmGLP2-1 showed
the h ighes t expre s s ion . Prev ious l y , ZmGLP2-1
(Zm00001d004401) and ge rmin - l i k e p ro t e in -1
(Zm00001d008210) were also highly upregulated during
transcriptome analysis of Zea mays embryogenesis.106 Contra-
rily, expression of germin-like OXO was noted during wheat

embryogenic callus formation upon auxin treatment.102

Similarly, the study of CpGLP1 and 2 showed no expression
during callus induction.107 In the case of plant density,
ZmGLP2-1, ZmGLP4-2, ZmGLP4-3, ZmGLP4-4, ZmGLP4-13,
ZmGLP4-14, ZmGLP4-19, ZmGLP4-20, ZmGLP4-15, and
ZmGLP10-1 showed minor expression, whereas relatively
high expression was noted for ZmGLP10-4. Plant density
plays an important role in plant−plant interactions under
different environmental stresses.108 The generation of high-
density planting (HDP) stress-tolerant cultivars in tropical
maize has been previously reported.109 The current study
showed that ZmGLPs play an important role in HDP stress
tolerance. However, according to our knowledge, no such
studies have still far been conducted on such an aspect of
GLPs.

3.6.4. Biotic Stresses. 3.6.4.1. Aspergillus flavus. ZmGLPs
showed better expression in biotic stresses as compared to
abiotic stresses (Figure 8). In Aspergillus flavus, the highest
response was noted at 48 and 72 hpi (hours postinoculation)
periods, minor at 24 hpi, but no response was observed at 4
and 12 hpi. The highest expression was noted for ZmGLP4-2,
ZmGLP4-3, ZmGLP4-4, ZmGLP4-8, ZmGLP4-12, ZmGLP4-
13, ZmGLP4-15, ZmGLP4-16, ZmGLP4-18, ZmGLP4-19,
ZmGLP4-20, ZmGLP10-1, ZmGLP10-2, ZmGLP10-3, and
ZmGLP10-5. A similar expression was previously noted for
AhGLP1, 2, 3, 4, and 5, which showed significant upregulation
after A. flavus infection.12 In another study, germin-like protein
subfamily-1 member 17 was found abundant during a
proteomic study of the rachis tissue of the susceptible maize
inbred line (B17) after Aspergillus flavus infection.110 Similarly,
several ZmGLPs showed upregulation during the study of the
host/pathogen interaction pathway in the Zea mays/Aspergillus
flavus pathosystem.111 However, it is contrary to the study of
GhGLP1, which showed downregulation when cultured ovules
were subjected to A. flavus infection.63

3.6.4.2. Colletotrichum graminicola. In Colletotrichum
graminicola, the highest response was observed after 120 h of
inoculation followed by a 48 and 24 hpi period. Highly active
genes were ZmGLP2-1, ZmGLP4-2, ZmGLP4-3, ZmGLP4-4,
ZmGLP4-6, ZmGLP4-7, ZmGLP4-8, ZmGLP4-10, ZmGLP4-
10, ZmGLP4-12, ZmGLP4-15, ZmGLP4-17, ZmGLP4-18,
ZmGLP4-19, ZmGLP4-20, ZmGLP10-1, ZmGLP10-2,
ZmGLP10-3, and ZmGLP10-4, while moderately expressed
genes were ZmGLP4-5, ZmGLP4-13-, ZmGLP4-14, and
ZmGLP10-5. However, ZmGLP4-9 and ZmGLP4-11 showed
minor expression. Recently, several germin-like proteins
showed upregulation during a transcriptomic study of the
maize leaves infected with Colletotrichum graminicola.112

Similarly, several GLPs were involved in the defense response
against C. graminicola in maize.113 In another study, a maize
plant inoculated with C. graminicola showed 2000 genes being
upregulated with a 2.5-fold increase in the transcript level
including GLPs.112

3.6.4.3. Fusarium verticillioides. In Fusarium verticillioides,
the highest expression was noted after a 72 hpi period where
most of the active genes were ZmGLP10-1, ZmGLP10-2,
ZmGLP10-3, ZmGLP10-4, ZmGLP10-5, ZmGLP4-2, ZmGLP4-
3, ZmGLP4-4, ZmGLP4-5, ZmGLP4-8, ZmGLP4-12, ZmGLP4-
13, ZmGLP4-15, ZmGLP4-16, ZmGLP4-18, ZmGLP4-19, and
ZmGLP4-20. Moderate expression was noted at 48 hpi where
ZmGLP4-2, ZmGLP4-3, ZmGLP4-4, ZmGLP4-8, ZmGLP4-12,
ZmGLP4-15, ZmGLP4-19, ZmGLP4-20, ZmGLP10-1,
ZmGLP10-2, ZmGLP10-3, ZmGLP10-4, and ZmGLP10-5
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were mostly active, while no expression was observed at 4, 12,
and 24 hpi. Previously, few GLPs showed expression at 7 days
postinteraction with Fusarium verticillioides in maize.114 In
another study, a few GLPs along with other defense proteins
were upregulated after Fusarium graminearum inoculation.115 A
similar study conducted in wheat showed GLPs being the main
player in defense against F. graminearum.116

3.6.4.4. Cercospora zeina. In the case of Cercospora zeina,
all the genes were highly expressed except ZmGLP4-7,
ZmGLP4-9, ZmGLP4-10, ZmGLP4-11, ZmGLP4-17, and
ZmGLP4-18. Previously, various candidate genes and QTLs
have been identified that provide resistance against gray leaf
spot (GLS) disease caused by Cercospora zeina in maize.117−119

However, no comprehensive study has still far been conducted
using GLPs. The present study provides a clue to test these
genes against GLS disease in maize.

3.6.4.5. Fusarium virguliforme. In the case of Fusarium
virguliforme, the highest expression was shown by all genes
except ZmGLP2-1, ZmGLP4-11, ZmGLP4-17, and ZmGLP10-
3. Similarly, the highest expression was noted at 4, 7, and 10
dpi (days postinfection), while the minimal response was
noted at 0 and 2 dpi, but no expression was noted at 14 dpi.
Till now, no significant data are available regarding the use of
GLPs against F. virguliforme, but reports can be found against
Fusarium solani,96,120 Fusarium oxysporum,22,121 Fusarium
graminearum,115 and Fusarium verticillioides,114 Similarly,
GhABP19 regulates resistance against Verticillium (Verticillium
dahliae) and Fusarium wilt (Fusarium oxysporum) in plants via
SOD activity-regulating JA pathways in cotton.22 A similar
observation was noted for 11 GhGLP genes against Verticillium
dahliae-infected Gossypium barbadense.122 Recently JA and
phytoalexin-mediated protection was noted for OsGLP2-7
against leaf blast, panicle blast, and bacterial blight.32

4. CONCLUSIONS AND FUTURE
RECOMMENDATIONS

Identification and characterization of useful genes with novel
functions are among the main challenges for crop improve-
ment in plant biotechnology. The study revealed that ZmGLPs
seem similar in structure, but functionally, they are much more
diverse mainly evolved on chromosome 4 via tandem
duplication events. Genes located on the same chr possess
similar physicochemical properties, subcellular localization, 3D
structures, functional properties, and expression patterns and
close phylogenetic relationships. Through the course of
evolution, ZmGLPs adapted phosphoglycolate phosphatase,
adenosylhomocysteinase, phosphoglycolate phosphatase-like,
osmotin/thaumatin-like, and acetohydroxy acid isomeroreduc-
tase-like enzymatic activities mostly mediated by disulfide
bonding. Functionally, ZmGLP acts in a coregulated manner
remaining active in the root system at a germination stage and
maturity level protecting against various biotic stresses mainly
expressed in the cytoplasm or extracellular region. In the
future, this information can be used to produce economically
and agronomically resilient cultivars against a wide range of
stresses.

■ ASSOCIATED CONTENT
Data Availability Statement
The authors confirm that the data supporting the findings of
this study are available within the article [and/or] its
supplementary materials.

*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsomega.3c01104.

(Figure S1) 3D structural analysis of the Zea mays
germin-like protein (ZmGLP) family; (Table S1) Zea
mays germin-like protein gene (ZmGLP) sequences
(PDF)

■ AUTHOR INFORMATION
Corresponding Author
Dalal Nasser Binjawhar − Department of Chemistry, College
of Science, Princess Nourah bint Abdulrahman University,
Riyadh 11671, Saudi Arabia; Email: dnbanjawhar@
pnu.edu.sa

Authors
Muhammad Ilyas − Department of Botany, Kohsar University
Murree, Murree 19679 Punjab, Pakistan

Iftikhar Ali − Centre for Plant Science and Biodiversity,
University of Swat, Charbagh 19120, Pakistan; Department
of Genetics and Development, Columbia University Irving
Medical Center, New York, New York 10032, United States;
orcid.org/0000-0003-2319-2175

Sami Ullah − Department of Forestry & Range Management,
Kohsar University Murree, Murree 19679, Pakistan

Sayed M Eldin − Center of Research, Faculty of Engineering,
Future University in Egypt, New Cairo 11835, Egypt

Baber Ali − Department of Plant Sciences, Quaid-i-Azam
University, Islamabad 45320, Pakistan; orcid.org/0000-
0003-1553-2248

Rashid Iqbal − Department of Agronomy, Faculty of
Agriculture and Environment, The Islamia University of
Bahawalpur, Bahawalpur 63100, Pakistan

Syed Habib Ali Bokhari − Department of Biosciences, CUI,
Islamabad, Pakistan; Faculty of Biomedical and Life Sciences,
Kohsar University Murree, Murree 19679, Pakistan

Tariq Mahmood − Department of Plant Sciences, Quaid-i-
Azam University, Islamabad 45320, Pakistan

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsomega.3c01104

Author Contributions
M.I., I.A., D.N.B., and S.U. collected the data, did the analysis,
and wrote the original draft; T.M., B.A., S.M.E., R.I., I.A., and
S.H.A.B. helped with interpretation, manuscript writing, and
editing.
Notes
The authors declare no competing financial interest.
No humans/animals were used in the current research project.

■ ACKNOWLEDGMENTS
Princess Nourah bint Abdulrahman University Researchers
Supporting Project no. (PNURSP2023R155), Princess Nourah
bint Abdulrahman University, Riyadh, Saudi Arabia, is
acknowledged.

■ REFERENCES
(1) Jaikaran, A. S.; Kennedy, T. D.; Dratewka-Kos, E.; Lane, B. G.
Covalently bonded and adventitious glycans in germin. J. Biol. Chem.
1990, 265, 12503−12512.
(2) Thompson, E. W.; Lane, B. G. Relation of protein synthesis in
imbibing wheat embryos to the cell-free translational capacities of

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c01104
ACS Omega 2023, 8, 16327−16344

16340

https://pubs.acs.org/doi/10.1021/acsomega.3c01104?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c01104/suppl_file/ao3c01104_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dalal+Nasser+Binjawhar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:dnbanjawhar@pnu.edu.sa
mailto:dnbanjawhar@pnu.edu.sa
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Muhammad+Ilyas"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Iftikhar+Ali"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-2319-2175
https://orcid.org/0000-0003-2319-2175
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sami+Ullah"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sayed+M+Eldin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Baber+Ali"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-1553-2248
https://orcid.org/0000-0003-1553-2248
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rashid+Iqbal"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Syed+Habib+Ali+Bokhari"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tariq+Mahmood"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01104?ref=pdf
https://doi.org/10.1016/S0021-9258(19)38374-7
https://doi.org/10.1016/S0021-9258(19)70725-X
https://doi.org/10.1016/S0021-9258(19)70725-X
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c01104?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


bulk mRNA from dry and imbibing embryos. J. Biol. Chem. 1980, 255,
5965−5970.
(3) Ali, I.; Mahmood, T. Identification and analysis of regulatory
elements in the germin and germin-like proteins family promoters in
rice. Turk. J. Bot. 2015, 39, 389−400.
(4) Chen, A.; Gu, M.; Sun, S.; Zhu, L.; Hong, S.; Xu, G.
Identification of two conserved cis-acting elements, MYCS and P1BS,
involved in the regulation of mycorrhiza-activated phosphate
transporters in eudicot species. New Phytol. 2011, 189, 1157−1169.
(5) Ilyas, M.; Rahman, A.; Khan, N. H.; Haroon, M.; Hussain, H.;
Rehman, L.; Alam, M.; Rauf, A.; Waggas, D. S.; Bawazeer, S. Analysis
of Germin-like protein genes family in Vitis vinifera (VvGLPs) using
various in silico approaches. Braz. J. Biol. 2022, 84, No. e256732.
(6) Ilyas, M.; Rasheed, A.; Mahmood, T. Functional characterization
of germin and germin-like protein genes in various plant species using
transgenic approaches. Biotechnol. Lett. 2016, 38, 1405−1421.
(7) Dunwell, J. M.; George Gibbings, J.; Mahmood, T.; Saqlan
Naqvi, S. M. Germin and germin-like proteins: evolution, structure,
and function. Crit. Rev. Plant Sci. 2008, 27, 342−375.
(8) Bernier, F.; Berna, A. Germins and germin-like proteins: plant
do-all proteins. But what do they do exactly? Plant Physiol. Biochem.
2001, 39, 545−554.
(9) Atta, M. I.; Zehra, S. S.; Dai, D.-Q.; Ali, H.; Naveed, K.; Ali, I.;
Sarwar, M.; Ali, B.; Iqbal, R.; Bawazeer, S. Amassing of heavy metals
in soils, vegetables and crop plants irrigated with wastewater: Health
risk assessment of heavy metals in Dera Ghazi Khan, Punjab, Pakistan.
Front. Plant Sci. 2022, 13, 1080635.
(10) Yijun, G.; Zhiming, X.; Jianing, G.; Qian, Z.; Rasheed, A.;
Hussain, M. I.; Ali, I.; Shuheng, Z.; Hassan, M. U.; Hashem, M.,
Mostafa, Y. S., Wang, Y., Chen, L., Xiaoxue, W., Jian, W., The
intervention of classical and molecular breeding approaches to
enhance flooding stress tolerance in soybean−An review. Front.
Plant Sci. 2022, 13, DOI: 10.3389/fpls.2022.1085368.
(11) Zada, A.; Ali, A.; Binjawhar, D. N.; Abdel-Hameed, U. K.; Shah,
A. H.; Gill, S. M.; Hussain, I.; Abbas, Z.; Ullah, Z.; Sher, H.; Ali, I.
Molecular and Physiological Evaluation of Bread Wheat (Triticum
aestivum L.) Genotypes for Stay Green under Drought Stress. Genes
2022, 13, 2261.
(12) Wang, T.; Chen, X.; Zhu, F.; Li, H.; Li, L.; Yang, Q.; Chi, X.;
Yu, S.; Liang, X. Characterization of peanut germin-like proteins,
AhGLPs in plant development and defense. PLoS One 2013, 8,
No. e61722.
(13) Ullah, A.; Ali, I.; Noor, J.; Zeng, F.; Bawazeer, S.; Eldin, S. M.;
Asghar, M. A.; Javed, H. H.; Saleem, K.; Ullah, S. Exogenous γ-
aminobutyric acid (GABA) mitigated salinity-induced impairments in
mungbean plants by regulating their nitrogen metabolism and
antioxidant potential. Front. Plant Sci. 2022, 13.
(14) Giarola, V.; Chen, P.; Dulitz, S. J.; König, M.; Manduzio, S.;
Bartels, D. The dehydration- and ABA-inducible germin-like protein
CpGLP1 from Craterostigma plantagineum has SOD activity and may
contribute to cell wall integrity during desiccation. Planta 2020, 252,
84.
(15) Gangadhar, B. H.; Mishra, R. K.; Kappachery, S.; Baskar, V.;
Venkatesh, J.; Nookaraju, A.; Thiruvengadam, M. Enhanced thermo-
tolerance in transgenic potato (Solanum tuberosum L.) overexpressing
hydrogen peroxide-producing germin-like protein (GLP). Genomics
2021, 113, 3224−3234.
(16) Ain, Q. T.; Siddique, K.; Bawazeer, S.; Ali, I.; Mazhar, M.;
Rasool, R.; Mubeen, B.; Ullah, F.; Unar, A.; Jafar, T. H. Adaptive
mechanisms in quinoa for coping in stressful environments: an
update. PeerJ. 2023, 11, No. e14832.
(17) Liao, L.; Hu, Z.; Liu, S.; Yang, Y.; Zhou, Y. Characterization of
germin-like proteins (glps) and their expression in response to abiotic
and biotic stresses in cucumber. Horticulturae 2021, 7, 412.
(18) He, Z.-D.; Tao, M.-L.; Leung, D. W. M.; Yan, X.-Y.; Chen, L.;
Peng, X.-X.; Liu, E. E. The rice germin-like protein OsGLP1
participates in acclimation to UV-B radiation. Plant Physiol. 2021,
186, 1254−1268.

(19) Anum, J.; O’Shea, C.; Skriver, K.; Saeed, M.; Hyder, M. Z.;
Farrukh, S.; Yasmin, T. The promoters of OsGLP genes exhibited
differentially methylated sites under drought and salt stress in rice
cultivars. Euphytica 2023, 219, 42.
(20) Fu, J.-Y.; Wang, X.-C.; Mao, T.-F.; Cheng, H.; Chen, F.; Yang,
Y.-J. Identification and functional analysis of germin-like protein Gene
family in tea plant (Camellia sinensis). Sci. Hortic. 2018, 234, 166−
175.
(21) Zhang, Y.; Wang, X.; Chang, X.; Sun, M.; Zhang, Y.; Li, W.; Li,
Y. Overexpression of germin-like protein GmGLP10 enhances
resistance to Sclerotinia sclerotiorum in transgenic tobacco. Biochem.
Biophys. Res. Commun. 2018, 497, 160−166.
(22) Pei, Y.; Li, X.; Zhu, Y.; Ge, X.; Sun, Y.; Liu, N.; Jia, Y.; Li, F.;
Hou, Y. GHABP19, a novel germin-like protein from Gossypium
Hirsutum, plays an important role in the regulation of resistance to
verticillium and fusarium wilt pathogens. Front. Plant Sci. 2023, 10,
789−801.
(23) Ahmad, M.; Ali, A.; Ullah, Z.; Sher, H.; Dai, D.-Q.; Ali, M.;
Iqbal, J.; Zahoor, M.; Ali, I. Biosynthesized silver nanoparticles using
Polygonatum geminiflorum efficiently control fusarium wilt disease of
tomato. Front. Bioeng. Biotechnol. 2022, 1679.
(24) Yuan, B.; Yang, Y.; Fan, P.; Liu, J.; Xing, H.; Liu, Y.; Feng, D.
Genome-wide identification and characterization of Germin and
Germin-Like Proteins (GLPs) and their response under Powdery
Mildew Stress in Wheat (Triticum aestivum L.). Plant Mol. Biol. Rep.
2021, 39, 821−832.
(25) Lin, C.; Chen, W.; Qiu, C.; Wu, Y.; Krishnan, S.; Zou, Q.
LibD3C: ensemble classifiers with a clustering and dynamic selection
strategy. Neurocomputing 2014, 123, 424−435.
(26) Liu, B.; Wu, H.; Chou, K.-C. Pse-in-One 2.0: an improved
package of web servers for generating various modes of pseudo
components of DNA, RNA, and protein sequences. Nat. Sci. 2017, 09,
67−91.
(27) Liu, B.; Gao, X.; Zhang, H. BioSeq-Analysis2. 0: an updated
platform for analyzing DNA, RNA and protein sequences at sequence
level and residue level based on machine learning approaches. Nucleic
Acids Res. 2019, 47, e127−e127.
(28) He, S.; Guo, F.; Zou, Q. MRMD2. 0: A python tool for
machine learning with feature ranking and reduction. Curr. Bioinf.
2020, 15, 1213−1221.
(29) Ali, I.; Sardar, Z.; Rasheed, A.; Mahmood, T. Molecular
characterization of the puroindoline-a and b alleles in synthetic
hexaploid wheats and in silico functional and structural insights into
Pina-D1. J. Theor. Biol. 2015, 376, 1−7.
(30) Ilyas, M.; Irfan, M.; Mahmood, T.; Hussain, H.; Latif-ur-
Rehman; Naeem, I.; Khaliq-ur-Rahman. Analysis of germin-like
protein genes (OsGLPS) family in rice using various in silico
approaches. Curr. Bioinf. 2020, 15, 17−33.
(31) Ilyas, M.; Naqvi, S. M.; Mahmood, T. In silico analysis of
transcription factor binding sites in promoters of germin-like protein
genes in rice. Arch. Biol. Sci. 2016, 68, 863−876.
(32) Sun, B.; Li, W.; Ma, Y.; Yu, T.; Huang, W.; Ding, J.; Yu, H.;
Jiang, L.; Zhang, J.; Lv, S.; Yang, J.; Yan, S.; Liu, B.; Liu, Q. OsGLP3-7
positively regulates rice immune response by activating hydrogen
peroxide, jasmonic acid, and phytoalexin metabolic pathways. Mol.
Plant Pathol. 2023, 24, 248.
(33) To, H. T. M.; Pham, D. T.; Le Thi, V. A.; Nguyen, T. T.; Tran,
T. A.; Ta, A. S.; Chu, H. H.; Do, P. T. The Germin-like protein
OsGER4 is involved in promoting crown root development under
exogenous jasmonic acid treatment in rice. Plant Cell Rep. 2022, 112,
860−874.
(34) Ahmad, A.; Ahmed, A.; Essa, R.; Baber, S.; Jamshed, A.;
Shoukat, A.; Younas, T.; Saleem, M. A.; Naveed, M. In-Silico analysis
of grapevine Germin like Protein (VvGLP3) and its probable role in
defense Against Powdery Mildew disease. Life Sci. J. Pak. 2019, 1, 17−
23.
(35) Rathod, M. M. M. In silico characterization and molecular
modeling of GLP-2b protein from (Triticum aestivum L.). Indian Res.
J. Genet. Biotechnol. 2021, 10, 120−126.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c01104
ACS Omega 2023, 8, 16327−16344

16341

https://doi.org/10.1016/S0021-9258(19)70725-X
https://doi.org/10.3906/bot-1405-48
https://doi.org/10.3906/bot-1405-48
https://doi.org/10.3906/bot-1405-48
https://doi.org/10.1111/j.1469-8137.2010.03556.x
https://doi.org/10.1111/j.1469-8137.2010.03556.x
https://doi.org/10.1111/j.1469-8137.2010.03556.x
https://doi.org/10.1590/1519-6984.256732
https://doi.org/10.1590/1519-6984.256732
https://doi.org/10.1590/1519-6984.256732
https://doi.org/10.1007/s10529-016-2129-9
https://doi.org/10.1007/s10529-016-2129-9
https://doi.org/10.1007/s10529-016-2129-9
https://doi.org/10.1080/07352680802333938
https://doi.org/10.1080/07352680802333938
https://doi.org/10.1016/S0981-9428(01)01285-2
https://doi.org/10.1016/S0981-9428(01)01285-2
https://doi.org/10.3389/fpls.2022.1080635
https://doi.org/10.3389/fpls.2022.1080635
https://doi.org/10.3389/fpls.2022.1080635
https://doi.org/10.3389/fpls.2022.1085368
https://doi.org/10.3389/fpls.2022.1085368
https://doi.org/10.3389/fpls.2022.1085368
https://doi.org/10.3389/fpls.2022.1085368?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/genes13122261
https://doi.org/10.3390/genes13122261
https://doi.org/10.1371/journal.pone.0061722
https://doi.org/10.1371/journal.pone.0061722
https://doi.org/10.1007/s00425-020-03485-0
https://doi.org/10.1007/s00425-020-03485-0
https://doi.org/10.1007/s00425-020-03485-0
https://doi.org/10.1016/j.ygeno.2021.07.013
https://doi.org/10.1016/j.ygeno.2021.07.013
https://doi.org/10.1016/j.ygeno.2021.07.013
https://doi.org/10.7717/peerj.14832
https://doi.org/10.7717/peerj.14832
https://doi.org/10.7717/peerj.14832
https://doi.org/10.3390/horticulturae7100412
https://doi.org/10.3390/horticulturae7100412
https://doi.org/10.3390/horticulturae7100412
https://doi.org/10.1093/plphys/kiab125
https://doi.org/10.1093/plphys/kiab125
https://doi.org/10.21203/rs.3.rs-1951659/v1
https://doi.org/10.21203/rs.3.rs-1951659/v1
https://doi.org/10.21203/rs.3.rs-1951659/v1
https://doi.org/10.1016/j.scienta.2018.02.024
https://doi.org/10.1016/j.scienta.2018.02.024
https://doi.org/10.1016/j.bbrc.2018.02.046
https://doi.org/10.1016/j.bbrc.2018.02.046
https://doi.org/10.1007/s10681-023-03173-6
https://doi.org/10.1007/s10681-023-03173-6
https://doi.org/10.1007/s10681-023-03173-6
https://doi.org/10.3389/fbioe.2022.988607
https://doi.org/10.3389/fbioe.2022.988607
https://doi.org/10.3389/fbioe.2022.988607
https://doi.org/10.1007/s11105-021-01291-w
https://doi.org/10.1007/s11105-021-01291-w
https://doi.org/10.1007/s11105-021-01291-w
https://doi.org/10.1016/j.neucom.2013.08.004
https://doi.org/10.1016/j.neucom.2013.08.004
https://doi.org/10.4236/ns.2017.94007
https://doi.org/10.4236/ns.2017.94007
https://doi.org/10.4236/ns.2017.94007
https://doi.org/10.1093/nar/gkz740
https://doi.org/10.1093/nar/gkz740
https://doi.org/10.1093/nar/gkz740
https://doi.org/10.2174/2212392XMTA2bMjko1
https://doi.org/10.2174/2212392XMTA2bMjko1
https://doi.org/10.1016/j.jtbi.2015.04.001
https://doi.org/10.1016/j.jtbi.2015.04.001
https://doi.org/10.1016/j.jtbi.2015.04.001
https://doi.org/10.1016/j.jtbi.2015.04.001
https://doi.org/10.2174/1574893614666190722165130
https://doi.org/10.2174/1574893614666190722165130
https://doi.org/10.2174/1574893614666190722165130
https://doi.org/10.2298/ABS151116076I
https://doi.org/10.2298/ABS151116076I
https://doi.org/10.2298/ABS151116076I
https://doi.org/10.1111/mpp.13294
https://doi.org/10.1111/mpp.13294
https://doi.org/10.1111/mpp.13294
https://doi.org/10.1111/tpj.15987
https://doi.org/10.1111/tpj.15987
https://doi.org/10.1111/tpj.15987
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c01104?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(36) Zaynab, M.; Peng, J.; Sharif, Y.; Fatima, M.; Albaqami, M.; Al-
Yahyai, R.; Raza, A.; Khan, K. A.; Alotaibi, S. S.; Alaraidh, I. A.;
Shaikhaldein, H. O.; Li, S. Genome-Wide Identification and
Expression Profiling of Germin-Like Proteins Reveal Their Role in
Regulating Abiotic Stress Response in Potato. Front. Plant Sci. 2022,
12, 3450.
(37) Zeng, X.; Li, D.; Lv, Y.; Lu, Y.; Mei, L.; Zhou, D.; Chen, D.;
Xie, F.; Lin, H.; Li, Y. A Germin-Like Protein GLP1 of Legumes
Mediates Symbiotic Nodulation by Interacting with an Outer
Membrane Protein of Rhizobia. Microbiol. Spectrum 2023, e03350−
e03322.
(38) Breen, J.; Bellgard, M. Germin-like proteins (GLPs) in cereal
genomes: Gene clustering and dynamic roles in plant defense. Funct.
Integr. Genomics 2010, 10, 463−476.
(39) Fan, Z.; Gu, H.; Chen, X.; Song, H.; Wang, Q.; Liu, M.; Qu, L.-
J.; Chen, Z. Cloning and expression analysis of Zmglp1, a new germin-
like protein gene in maize. Biochem. Biophys. Res. Commun. 2005, 331,
1257−1263.
(40) Mao, L.; Ge, L.; Ye, X.; Xu, L.; Si, W.; Ding, T. ZmGLP1, a
Germin-like Protein from Maize, Plays an Important Role in the
Regulation of Pathogen Resistance. Int. J. Mol. Sci. 2022, 23, 14316.
(41) Bolser, D. M.; Staines, D. M.; Perry, E.; Kersey, P. J., Ensembl
plants: Integrating tools for visualizing, mining, and analyzing plant
genomic data. In Plant genomics databases; Springer: 2017; pp. 1−31,
DOI: 10.1007/978-1-4939-6658-5_1.
(42) Lu, S.; Wang, J.; Chitsaz, F.; Derbyshire, M. K.; Geer, R. C.;
Gonzales, N. R.; Gwadz, M.; Hurwitz, D. I.; Marchler, G. H.; Song, J.
S.; Thanki, N.; Yamashita, R. A.; Yang, M.; Zhang, D.; Zheng, C.;
Lanczycki, C. J.; Marchler-Bauer, A. CDD/SPARCLE: the conserved
domain database in 2020. Nucleic Acids Res. 2020, 48, D265−D268.
(43) Sievers, F.; Higgins, D. G. Clustal Omega for making accurate
alignments of many protein sequences. Protein Sci. 2018, 27, 135−
145.
(44) Bailey, T. L.; Johnson, J.; Grant, C. E.; Noble, W. S. The
MEME suite. Nucleic Acids Res. 2015, 43, W39−W49.
(45) Duvaud, S.; Gabella, C.; Lisacek, F.; Stockinger, H.; Ioannidis,
V.; Durinx, C. Expasy, the Swiss Bioinformatics resource portal, as
designed by its users. Nucleic Acids Res. 2021, 49, W216−W227.
(46) Yu, C. S.; Chen, Y. C.; Lu, C. H.; Hwang, J. K. Prediction of
protein subcellular localization. Proteins: Struct., Funct., Bioinf. 2006,
64, 643−651.
(47) Horton, P.; Park, K.-J.; Obayashi, T.; Fujita, N.; Harada, H.;
Adams-Collier, C. J.; Nakai, K. WoLF PSORT: protein localization
predictor. Nucleic Acids Res. 2007, 35, W585−W587.
(48) Gupta, R.; Brunak, S. Prediction of glycosylation across the
human proteome and the correlation to protein function. Pac. Symp.
Biocomput., 17th 2002, 310−322.
(49) Blom, N.; Sicheritz-Pontén, T.; Gupta, R.; Gammeltoft, S.;
Brunak, S. Prediction of post-translational glycosylation and
phosphorylation of proteins from the amino acid sequence. Proteomics
2004, 4, 1633−1649.
(50) Armenteros, J. A.; Tsirigos, K. D.; Sønderby, C. K.; Petersen, T.
N.; Winther, O.; Brunak, S.; von Heijne, G.; Nielsen, H. SignalP 5.0
improves signal peptide predictions using deep neural networks. Nat.
Biotechnol. 2019, 37, 420−423.
(51) Waterhouse, A.; Bertoni, M.; Bienert, S.; Studer, G.; Tauriello,
G.; Gumienny, R.; Heer, F. T.; de Beer, T. A. P.; Rempfer, C.;
Bordoli, L.; Lepore, R.; Schwede, T. SWISS-MODEL: homology
modelling of protein structures and complexes. Nucleic Acids Res.
2018, 46, W296−W303.
(52) Kumar, S.; Stecher, G.; Li, M.; Knyaz, C.; Tamura, K. MEGA
X: Molecular Evolutionary Genetics Analysis across Computing
Platforms. Mol. Biol. Evol. 2018, 35, 1547−1549.
(53) Szklarczyk, D.; Gable, A. L.; Lyon, D.; Junge, A.; Wyder, S.;
Huerta-Cepas, J.; Simonovic, M.; Doncheva, N. T.; Morris, J. H.;
Bork, P.; Jensen, L. J.; Mering, C. . STRING v11: protein−protein
association networks with increased coverage, supporting functional
discovery in genome-wide experimental datasets. Nucleic Acids Res.
2019, 47, D607−D613.

(54) Hruz, T.; Laule, O.; Szabo, G.; Wessendorp, F.; Bleuler, S.;
Oertle, L.; Widmayer, P.; Gruissem, W.; Zimmermann, P.
Genevestigator v3: a reference expression database for the meta-
analysis of transcriptomes. Adv. Bioinform. 2008, 20, E111.
(55) Khan, A.; Ali, A.; Ullah, Z.; Ali, I.; Kaushik, P.; Alyemeni, M.
N.; Rasheed, A.; Sher, H. Exploiting the drought tolerance of wild
Elymus species for bread wheat improvement. Front. Plant Sci. 2022,
13, 982944.
(56) Ali, I.; Salah, K.; Sher, H.; Ali, H.; Ullah, Z.; Ali, A.; Alam, N.;
Shah, S.; Iqbal, J.; Ilyas, M. Drought stress enhances the efficiency of
floral dip method of Agrobacterium-mediated transformation in
Arabidopsis thaliana. Braz. J. Biol. 2022, 84, No. e259326.
(57) Ali, I.; Sher, H.; Ali, A.; Hussain, S.; Ullah, Z. Simplified floral
dip transformation method of Arabidopsis thaliana. J. Microbiol.
Methods 2022, 197, 106492.
(58) Davidson, R. M.; Manosalva, P. M.; Snelling, J.; Bruce, M.;
Leung, H.; Leach, J. E. Rice germin-like proteins: Allelic diversity and
relationships to early stress responses. Rice 2010, 3, 43−55.
(59) Zimmermann, G.; Bäumlein, H.; Mock, H.-P.; Himmelbach, A.;
Schweizer, P. The multigene family encoding germin-like proteins of
barley. Regulation and function in basal host resistance. Plant Physiol.
2006, 142, 181−192.
(60) Lu, M.; Han, Y. P.; Gao, J. G.; Wang, X.-J.; Li, W.-B.
Identification and analysis of the germin-like gene family in soybean.
BMC Genom. 2010, 11, 620.
(61) Dunwell, J. M.; Purvis, A.; Khuri, S. Cupins: The most
functionally diverse protein superfamily? Phytochemistry 2004, 65, 7−
17.
(62) Beracochea, V. C.; Almasia, N. I.; Peluffo, L.; Nahirñak, V.;
Hopp, E.; Paniego, N.; Heinz, R. A.; Vazquez Rovere, C.; Lia, V. V.
Sunflower germin-like protein HaGLP1 promotes ROS accumulation
and enhances protection against fungal pathogens in transgenic
Arabidopsis thaliana. Plant Cell Rep. 2015, 34, 1717−1733.
(63) Kim, H. J.; Triplett, B. A. Cotton fiber germin-like protein I:
Molecular cloning and gene expression. Planta 2004, 218, 516−524.
(64) Wu, X.-Y.; Li, T. A Casein Kinase II Phosphorylation Site in
AtYY1 Affects Its Activity, Stability, and Function in the ABA
Response. Front. Plant Sci. 2017, 8, 336−345.
(65) Podell, S.; Gribskov, M. Predicting N-terminal myristoylation
sites in plant proteins. BMC Genom. 2004, 5, 37.
(66) Hayashi, Y.; Shinozaki, A. Visualization of microbodies in
Chlamydomonas reinhardtii. J. Plant Res. 2012, 125, 579−586.
(67) Stone, J. M.; Walker, J. C. Plant Protein Kinase Families and
Signal Transduction. Plant Physiol. 1995, 108, 451−457.
(68) Hermjakob, H.; Flower, D. R.; Perez-Riverol, Y. Accurate
estimation of isoelectric point of protein and peptide based on amino
acid sequences. Bioinformatics 2016, 32, 821−827.
(69) Adeloye, A. O.; Ajibade, P. A. A high molar extinction
coefficient mono-anthracenyl bipyridyl heteroleptic ruthenium (II)
complex: Synthesis, photophysical and electrochemical properties.
Molecules 2011, 16, 4615−4631.
(70) Ali, I.; Yang, W. C. The functions of kinesin and kinesin-related
proteins in eukaryotes. Cell Adhes. Migr. 2020, 14, 139−152.
(71) Shi, D.-Q.; Ali, I.; Tang, J.; Yang, W.-C. New insights into
5hmC DNA modification: generation, distribution and function.
Front. Genet. 2017, 8, 100.
(72) Gamage, D. G.; Gunaratne, A.; Periyannan, G. R.; Russell, T. G.
Applicability of instability index for in vitro protein stability
prediction. Protein Pept. Lett. 2019, 26, 339−347.
(73) Ikai, A. Thermostability and aliphatic index of globular proteins.
J. Biochem. 1980, 88, 1895−1898.
(74) Nagashima, Y.; von Schaewen, A.; Koiwa, H. Function of N-
glycosylation in plants. Plant Sci. 2018, 274, 70−79.
(75) Rayon, C.; Lerouge, P.; Faye, L. The protein N-glycosylation in
plants. J. Exp. Bot. 1998, 49, 1463−1472.
(76) McGuffin, L. J.; Buenavista, M. T.; Roche, D. B. The
ModFOLD4 server for the quality assessment of 3D protein models.
Nucleic Acids Res. 2013, 41, W368−W372.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c01104
ACS Omega 2023, 8, 16327−16344

16342

https://doi.org/10.1128/spectrum.03350-22
https://doi.org/10.1128/spectrum.03350-22
https://doi.org/10.1128/spectrum.03350-22
https://doi.org/10.1007/s10142-010-0184-1
https://doi.org/10.1007/s10142-010-0184-1
https://doi.org/10.1016/j.bbrc.2005.04.045
https://doi.org/10.1016/j.bbrc.2005.04.045
https://doi.org/10.3390/ijms232214316
https://doi.org/10.3390/ijms232214316
https://doi.org/10.3390/ijms232214316
https://doi.org/10.1007/978-1-4939-6658-5_1
https://doi.org/10.1007/978-1-4939-6658-5_1
https://doi.org/10.1007/978-1-4939-6658-5_1
https://doi.org/10.1007/978-1-4939-6658-5_1?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1093/nar/gkz991
https://doi.org/10.1093/nar/gkz991
https://doi.org/10.1002/pro.3290
https://doi.org/10.1002/pro.3290
https://doi.org/10.1093/nar/gkv416
https://doi.org/10.1093/nar/gkv416
https://doi.org/10.1093/nar/gkab225
https://doi.org/10.1093/nar/gkab225
https://doi.org/10.1002/prot.21018
https://doi.org/10.1002/prot.21018
https://doi.org/10.1093/nar/gkm259
https://doi.org/10.1093/nar/gkm259
https://doi.org/10.1002/pmic.200300771
https://doi.org/10.1002/pmic.200300771
https://doi.org/10.1038/s41587-019-0036-z
https://doi.org/10.1038/s41587-019-0036-z
https://doi.org/10.1093/nar/gky427
https://doi.org/10.1093/nar/gky427
https://doi.org/10.1093/molbev/msy096
https://doi.org/10.1093/molbev/msy096
https://doi.org/10.1093/molbev/msy096
https://doi.org/10.1093/nar/gky1131
https://doi.org/10.1093/nar/gky1131
https://doi.org/10.1093/nar/gky1131
https://doi.org/10.3389/fpls.2022.982844
https://doi.org/10.3389/fpls.2022.982844
https://doi.org/10.1590/1519-6984.259326
https://doi.org/10.1590/1519-6984.259326
https://doi.org/10.1590/1519-6984.259326
https://doi.org/10.1016/j.mimet.2022.106492
https://doi.org/10.1016/j.mimet.2022.106492
https://doi.org/10.1007/s12284-010-9038-7
https://doi.org/10.1007/s12284-010-9038-7
https://doi.org/10.1104/pp.106.083824
https://doi.org/10.1104/pp.106.083824
https://doi.org/10.1186/1471-2164-11-620
https://doi.org/10.1016/j.phytochem.2003.08.016
https://doi.org/10.1016/j.phytochem.2003.08.016
https://doi.org/10.1007/s00299-015-1819-4
https://doi.org/10.1007/s00299-015-1819-4
https://doi.org/10.1007/s00299-015-1819-4
https://doi.org/10.1007/s00425-003-1133-1
https://doi.org/10.1007/s00425-003-1133-1
https://doi.org/10.1186/1471-2164-5-37
https://doi.org/10.1186/1471-2164-5-37
https://doi.org/10.1007/s10265-011-0469-z
https://doi.org/10.1007/s10265-011-0469-z
https://doi.org/10.1104/pp.108.2.451
https://doi.org/10.1104/pp.108.2.451
https://doi.org/10.1093/bioinformatics/btv674
https://doi.org/10.1093/bioinformatics/btv674
https://doi.org/10.1093/bioinformatics/btv674
https://doi.org/10.3390/molecules16064615
https://doi.org/10.3390/molecules16064615
https://doi.org/10.3390/molecules16064615
https://doi.org/10.1080/19336918.2020.1810939
https://doi.org/10.1080/19336918.2020.1810939
https://doi.org/10.3389/fgene.2017.00100
https://doi.org/10.3389/fgene.2017.00100
https://doi.org/10.2174/0929866526666190228144219
https://doi.org/10.2174/0929866526666190228144219
https://doi.org/10.1016/j.plantsci.2018.05.007
https://doi.org/10.1016/j.plantsci.2018.05.007
https://doi.org/10.1093/jxb/49.326.1463
https://doi.org/10.1093/jxb/49.326.1463
https://doi.org/10.1093/nar/gkt294
https://doi.org/10.1093/nar/gkt294
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c01104?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(77) Liang, H.; Maynard, C. A.; Allen, R. D.; Powell, W. A. Increased
Septoria musiva resistance in transgenic hybrid poplar leaves
expressing a wheat oxalate oxidase gene. Plant Mol. Biol. 2001, 45,
619−629.
(78) Islam, M. S.; Fang, D. D.; Thyssen, G. N.; Delhom, C. D.; Liu,
Y.; Kim, H. J. Comparative fiber property and transcriptome analyses
reveal key genes potentially related to high fiber strength in cotton
(Gossypium hirsutum L.) line MD52ne. BMC Plant Biol. 2016, 16,
36.
(79) Manosalva, P. M.; Davidson, R. M.; Liu, B.; Zhu, X.; Hulbert, S.
H.; Leung, H.; Leach, J. E. A germin-like protein gene family functions
as a complex quantitative trait locus conferring broad-spectrum
disease resistance in rice. Plant Physiol. 2009, 149, 286−296.
(80) Bulaj, G. Formation of disulfide bonds in proteins and peptides.
Biotechnol. Adv. 2005, 23, 87−92.
(81) Levey, M.; Timm, S.; Mettler-Altmann, T.; Luca Borghi, G.;
Koczor, M.; Arrivault, S.; PM Weber, A.; Bauwe, H.; Gowik, U.;
Westhoff, P. Efficient 2-phosphoglycolate degradation is required to
maintain carbon assimilation and allocation in the C4 plant Flaveria
bidentis. J. Exp. Bot. 2018, 70, 575−587.
(82) Timm, S.; Woitschach, F.; Heise, C.; Hagemann, M.; Bauwe, H.
Faster Removal of 2-Phosphoglycolate through Photorespiration
Improves Abiotic Stress Tolerance of Arabidopsis. Plants 2019, 8, 563.
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