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Metagenomic analysis referring to CAZymes (Carbohydrate-Active enZymes) of CAZy classes encoded by
the most abundant genes in rhizosphere versus bulk soil microbes of the wild plant Moringa oleifera was
conducted. Results indicated that microbiome signatures and corresponding CAZy datasets differ
between the two soil types. CAZy class glycoside hydrolases (GH) and its a-amylase family GH13 in rhi-
zobiome were proven to be the most abundant among CAZy classes and families. The most abundant bac-
teria harboring these CAZymes include phylum Actinobacteria and its genus Streptomyces and phylum
Proteobacteria and its genus Microvirga. These CAZymes participate in KEGG (Kyoto Encyclopedia of
Genes and Genomes) pathway ‘‘Starch and sucrose metabolism” and mainly use the ‘‘double displace-
ment catalytic mechanism” in their reactions. We assume that microbiome of the wild plantMoringa olei-
fera is a good source of industrially important enzymes that act on starch hydrolysis and/or biosynthesis.
In addition, metabolic engineering and integration of certain microbes of this microbiomes can also be
used in improving growth of domestic plants and their ability to tolerate adverse environmental
conditions.
� 2023 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Moringa oleifera is a wild plant belonging to the family Moringa-
ceae. This species is a large tree commonly known as the horserad-
ish tree, which is native to several habitats including west region of
Saudi Arabia (Al-Eisawi and Al-Ruzayza 2015). This wild plant has
many health benefits (Selim et al., 2021) as it harbors several
important bioactive (ex., minerals) and antioxidant (ex., beta-
carotene) compounds (Gopalakrishnan et al., 2016). Edible seeds
and/or leaves of M. oleifera may also be used in lowering human
blood sugar and cholesterol levels and can also reduce inflamma-
tion related to chronic human diseases (Gopalakrishnan et al.,
2016).
Utilization of next generation sequencing (NGS) in terms of
metagenomic whole genome sequencing (mWGS) approach allows
cataloging soil microbial genes that can be used in the detection of
more accurate soil microbial composition and function (Vorholt
et al., 2017). The soil microbes include bacteria, archaea, eukaryotic
microorganisms and viruses (Odelade and Babalola 2019). mWGS
also allows studying the environmental influence in shaping/re-
shaping microbiome signatures and the influence of plant root
exudates in assemblage of beneficial microbial communities across
different stages of plant development that most likely act in pro-
moting plant growth (Raes et al., 2007). Based on the important
medical characteristics of M. oleifera, the more the surrounding
beneficial microbes that help the intact plant to grow better, the
more the benefits this plant can gain.

Differential abundance of microbes in soil rhizosphere is mainly
due to their differential response to varying chemical composition
of the plant root exudates that seem to affect microbial growth
dynamics, biomass, diversity, community assembly and metabolic
potential (Pett-Ridge et al., 2021). It was recently reported that
genomes of the microbial communities in rhizosphere region are
highly abundant in genes encoding carbohydrate active enzymes
(Levy et al., 2018). These enzymes are named Carbohydrate-
Active enZymes (or CAZymes) as they act in building/degrading
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soil carbohydrates (Lombard et al., 2014). CAZymes were assigned
to CAZy classes (level 1) and families (level 2) and received enzyme
classification (EC) codes (level EC), then, deposited in CAZy
(https://www.cazy.org/) and CAZypedia (https://www.cazypedia.
org/) databases. In addition, expression of rhizosphere bacterial
genes at different environmental niches also changes in response
to differences in physicochemical condition/type of the root rhizo-
sphere (Nuccio et al., 2020). The high potential of rhizosphere gen-
ome translates into high rate of complex carbohydrate build-up/
degradation that differ from one environmental niche to the other.

In the present study, we have searched CAZymes of rhizosphere
soil microbes that are encoded by the most abundant microbial
genes that allow cross-talking with roots of M. oleifera in order to
reach insights as to how plant and microbes interact and mutually
benefit from carbohydrates with different levels of complexities.
2. Materials and methods

2.1. Soil sample collection and DNA extraction

Soil samples were collected from coordinates 21�12017.800N
39�31026.400E of Mecca region of Saudi Arabia near the red sea coast
as previously described (Al-Eisawi and Al-Ruzayza 2015). Collected
bulk soil in three replicates was � 10 m apart from collected rhizo-
sphere soil. Trees selected for rhizosphere sample collection were
single-grown and have similar sizes. Procedure and conditions of
sample collection were previously described (Hurt et al., 2001)
and concentration of isolated DNAs was adjusted to 10 ng/ll to
meet whole genome sequencing requirements.
2.2. Whole genome shotgun sequencing and bioinformatics analysis

An amount of 30 ll of each DNA sample was shipped to Novo-
gene Co. (Singapore) for whole metagenomic sequencing using Illu-
mina HiSeq 2500 platform as described in the company report.
Recovered sequences were deposited in the European Nucleotide
Archive (ENA) (https://www.ebi.ac.uk/ena/browser/) under study
no. ERP139990 and received accession nos. ERR10100770-74 and
ERR10100781. Then, library preparation, dataset assembly and
steps of quality control (QC) were performed as previously
described (Karlsson et al., 2012, Mende et al., 2012, Oh et al.,
2014). Novogene Co. approached to mix together unassembled
clean reads of all samples that resemble low abundant genes to
recover NOVO_MIX scaffolds. Scaffolds were used to generate scaf-
tigs as described (Mende et al., 2012, Nielsen et al., 2014). Clean
data of assembled ORFs and scaftigs were mapped using Soap
2.21, and predicted genes by MetaGeneMark (Nielsen et al., 2014)
were dereplicated using Cluster Database at High Identity with
Tolerance (CD-HIT) (Li and Godzik 2006, Fu et al., 2012). Then, we
targeted non-redundant gene catalogues (nrGC) generated by
greedy pairwise comparison (Li et al., 2014). These genes were
annotated using MEGAN, then, functional abundance based on egg-
NOG database (version 4.0) was generated (Huson et al., 2011,
Powell et al., 2014, Huson et al., 2016, Huerta-Cepas et al., 2017),
and subsequent analyses including table clustering and PCoA were
performed (Lozupone and Knight 2005, Lozupone et al., 2007,
Lozupone et al., 2011). Deduced amino acid sequences of different
annotated genes were mapped to the eggNOG database using Dia-
mond (Buchfink et al., 2015) and integrated annotation information
was subsequently utilized to map the recovered protein sequences
against CAZy database (version 2014.11.25) (Lombard et al., 2014).
CAZymes that have the highest gene abundance (a threshold
of > 5000) were assigned to their families and manually drawn to
their respective map pathway(s) of KEGG (Kyoto Encyclopedia of
2

Genes and Genomes) pathway database (https://www.genome.jp/
kegg/pathway.html).

3. Validation of highly abundant genes encoding selected
CAZymes via qPCR

Total RNAs of different samples were isolated using RNA Power-
Soil� Total RNA isolation kit (Mo Bio, cat. no. 12866–25). First-
strand cDNA was synthesized by mixing 2.5 ug RNA with 0.5 ug
oligo (dT) primer, 4 uL first strand buffer (5x) and 1 uL Superscript
II reverse transcriptase (200 U) (Invitrogen), then, volume reached
20 uL using sterile distilled water. Primers of five randomly-
selected highly abundant genes encoding CAZymes of family
GH13 were designed using Netprimer software (https://www.pre-
mierbiosoft.com/netprimer/index.html) (Table S1). Gene expres-
sion levels were quantified by qPCR with MaximaTM SYBR Green/
ROX using Agilent Mx3000P System (Agilent technology, USA) as
described (Bahieldin et al., 2015). Then, 16S rRNA gene of Bacillus
subtilis (accession no. AB042061) was used in the reactions as the
house-keeping gene.

4. Results

4.1. Fidelity testing of CAZy datasets

Fidelity of CAZy datasets encoded by non-redundant genes was
tested by mapping the distance among samples within each of the
two soil types surrounding M. oleifera at CAZy database levels 1, 2
and EC via principle coordinate analysis (PCoA) (Figure S1). The
results indicated complete separation between microbiomes of
the two soil types, where bulk soil microbiome samples were
located at the negative side of the PCoA 1 (or PC1), while those
of rhizobiome samples were located in the positive side of PC1 in
terms of CAZy levels 1 and 2 (Fig. S1a-b). In terms of CAZy level
EC, opposite results were reached where samples of rhizosphere
soil were located at the negative side and vice versa for bulk soil
samples (Fig. S1c). Thus, microbiome signatures and corresponding
CAZy datasets differ in the two soil types.

4.2. Description of assembled sequences

ORFs/scaftigs described in Table S2 are the results of assembling
raw reads of different samples. The table describes the queries
after being aligned with analogue sequences in the National Center
for Biotechnology Information (NCBI, https://www.ncbi.nlm.nih.-
gov/), namely subject ID, that shows match and mismatch in anno-
tated ORFs and gap sizes (nt) and nucleotides assigning gene start
and end points, if available. Numbers of 20,981 ORFs and 29,133
scaftigs were recovered from the two methods of gene assembly
(Table S2). These numbers refer to aligned sequences with lengths
between 30 and 1541 nt and identity of � 50 %. Two hits in the
NCBI were detected for a number of 2960 ORFs/scaftigs to reach
the total of 53,076 assembled sequences to be analyzed further.

4.3. Differential abundance of genes encoding CAZymes

The results indicate that the total number of genes encoding the
six different classes (or CAZy level 1) is 53,076 across the two soil
types, where class glycoside hydrolases (GH) was the highest
(23923 genes, �45.0 %) followed by those of classes glycosyl trans-
ferases (GT) (16153 genes, �30.0 %), carbohydrate-binding mod-
ules (CBM) (7159 genes, �13.5 %), carbohydrate esterases (CE)
(2925 genes, �5.5 %), auxiliary activities (AA) (2194 genes,
�4.1 %), and polysaccharide lyases (PL) (722 genes, �1.4 %)
(Table S3 and Fig. 1a). Percentage of genes encoding CAZy classes
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Fig. 1. Number (a) and abundance (b) of genes encoding different CAZy classes (e.g., AA, CBM, CE, GH, GT and PL) of CAZy database at level 1 across microbiomes of
rhizosphere and surrounding bulk soils of M. oleifera.
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out of the total assembled non-redundant genes in the microbiome
was estimated to be � 2.2 % (Table S3).

4.3.1. CAZy database level 1
The results of gene abundance at CAZy database level 1 across

soil types of M. oleifera perfectly align with those of number of
genes, where class GH showed the highest abundance level fol-
lowed by classes GT, CBM, CE, AA, then, PL (Table S4 and Fig. 1b).
In other words, the higher the number of CAZyme encoding genes,
the higher the abundance of these genes. In terms of gene abun-
dance across CAZy classes among microbiome samples, the results
indicated lower level in bulk soil microbiomes (227593 in average)
compared with that in rhizosphere microbiome (305711 in aver-
age) (Table S4 and Fig. 2a). Relative gene abundance at CAZy level
1 within CAZy classes indicated no discrete differences between
the two soil types except for classes GH, GT and PL, where gene
abundance for the first and third classes was higher in the rhizo-
biome than that of bulk soil, while that of class GT showed oppo-
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Fig. 2. Abundance (a) and relative abundance (b) of genes encoding different CAZy cla
samples of rhizosphere (R) and surrounding bulk (S) soils of M. oleifera.

3

site results (Table S4 and Fig. 2b). Therefore, we thought that
class GH might require higher attention as number and abundance
of encoding genes in rhizobiome are higher than those of other
classes.
4.3.2. CAZy database level 2
Description of families encoding different classes of CAZy (e.g.,

AA, CBM, CE, GH, GT and PL) at level 2 across microbiomes of rhi-
zosphere (R) and surrounding bulk soil (S) of M. oleifera along with
gene (query) and subject IDs are shown in Table S5. The table also
indicates the CAZyme members of the different families along with
their EC numbers. Table S6 refers to abundance of CAZy families in
microbiomes samples of rhizosphere (R) and surrounding bulk soil
(S) of M. oleifera. Of which, we have selected the top 10 families in
terms of gene abundance within CAZy classes AA, CBM, CE, GH, GT
and PL of CAZy database (Fig. 3). Most of the families of different
classes were highly abundant in rhizobiome, except for AA3 and
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Fig. 3. The top 10 CAZy families in terms of gene abundance within each CAZy class (e.g., AA, CBM, CE, GH, GT or PL) of CAZy database at level 2 in microbiomes of rhizosphere
(R) and surrounding bulk (S) soils of M. oleifera.
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AA7 of class AA, CE14 of class CE, GH15 of class GH, and most GT
families, e.g., GT4, GT2, GT51, GT9, GT35, GT 20 and GT28.

4.3.3. CAZy database level EC
In terms of gene abundance of CAZy database at level EC, the

results perfectly align with those at level 2, where microbiome
samples of the bulk soil showed lower level of gene abundance
at CAZy database level EC compared with those of the rhizosphere
(Figure S2). Table S7 indicates the microbes harboring the genes
encoding CAZymes of different CAZy families of classes AA, CBM,
CE, GH, GT and PL at CAZy database level EC along with encoding
gene IDs (queries) in microbiomes of rhizosphere (R) and sur-
rounding bulk soil (S) of M. oleifera. Abundances and IDs of these
genes along with their encoded CAZymes are shown in Table S8.
Expectedly based on data of Fig. 3, the highest gene abundance
(>5000) across microbiomes of rhizosphere and surrounding bulk
soils of M. oleifera was all scored for CAZy family GH13 with 26
CAZymes (Table S7). The latter CAZymes are partially shared with
other GH families (Fig. 4). We have placed these CAZymes of CAZy
family GH13 in five groups of which the first included family GH15
in addition to family GH13 (6217 genes), while the second
included families GH4, GH31, GH97 and GH63 (6130 genes), the
third included families GH57 and GH126 (5335 genes), the forth
included GH133 (5306 genes), and the fifth included no CAZy fam-
ilies other than GH13 (5179 genes) (Fig. 4).

Referring to the bacteria harboring the 26 CAZymes, the calcu-
lated results shown in Table S7 and described in Fig. 5a indicate
that phylum Actinobacteria dominates in terms of gene abundance
(125920) across different CAZy classes followed by Proteobacteria
(81180), Bacteroidetes (22605), Verrucomicrobia (19529), Gem-
matimonadetes (6241) and Firmicutes (1610). Gene abundance of
these phyla represent � 60 % of the abundance of all genes across
microbiomes of rhizosphere and surrounding bulk soils of M. olei-
fera. Note that a large proportion of the left 40 % abundance refers
to uncharacterized/unknown/unclassified microbes (Table S7).
4

Phyla Actinobacteria and Proteobacteria seem to harbor all GH
families containing the 26 CAZymes except for GH133 and
GH126 for the first phylum, while GH126, only, for the second
(Table 1). Phylum Firmicutes solely harbors GH126. At the genus
level, genera Streptomyces and Microvirga harbor six (e.g., GH13,
GH15, GH31, GH4, GH63, GH97) and four (e.g., GH13, GH15,
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Table 1
Bacterial phyla and their genera that harbor glycoside hydrolases (GHs) of CAZy family GH13 (26) with the highest gene abundance (>5000) that is partially shared with other GH
families across microbiomes of rhizosphere and surrounding bulk soils of M. oleifera.

Phylum Genus CAZy family Phylum Genus CAZy family

Actinobacteria Mycobacterium GH13, GH63 Actinobacteria
(Continued)

Streptomyces GH13, GH15, GH31, GH4, GH63, GH97
Mycolicibacterium GH15 Streptosporangium GH15
Frankia GH13 Solirubrobacter GH57
Blastococcus GH13, GH15 Thermoleophilum GH31
Geodermatophilus GH13, GH15 Bacteroidetes Niastella GH31, GH97
Modestobacter GH13 Pontibacter GH97
Kineococcus GH13 Firmicutes Class: Bacilli GH126
Quadrisphaera GH13 Gemmatimonadetes Gemmatirosa GH13
Cellulomonas GH13, GH15 Proteobacteria Microvirga GH13, GH15, GH31, GH63
Ornithinimicrobium GH13 Rubellimicrobium GH4
Phycicoccus GH31 Belnapia GH13
Diaminobutyricimonas GH13 Azospirillum GH133
Arthrobacter GH13, GH15, GH4 Inquilinus GH4
Kocuria GH13, GH15 Sphingomonas GH13, GH15, GH97
Isoptericola GH31 Sphingosinicella GH15, GH31, GH97
Kribbella GH31 Ramlibacter GH15
Marmoricola GH13 Massilia GH31, GH97
Nocardioides GH13, GH15 Methylobacillus GH57
Amycolatopsis GH57 Myxococcus GH4
Pseudonocardia GH57 Verrucomicrobia Roseimicrobium GH133
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GH31, GH63) GH families, respectively, out of the nine CAZy fam-
ilies containing the 26 CAZymes, while genera Sphingomonas and
Sphingosinicella harbor only three GH families, e.g., GH13, GH15,
GH97 for the first genus, while GH15, GH31, GH97 for the second
(Table 1). In terms of gene abundance, genus Microvirga (11485)
dominates followed by Streptomyces (9492), Sphingomonas (6840)
and Sphingosinicella (2741) (Table S7 and Fig. 5b).

Gene abundance of the selected 26 CAZymes in microbiome
samples of rhizosphere and surrounding bulk soils of M. oleifera
shown in Table S9 and Fig. 6 also align with that of CAZy database
level EC (Figure S2), where microbiomes of rhizosphere soil (R)
were more abundant in genes encoding these CAZymes than those
of bulk soil (S). EC hierarchy of these selected CAZymes that was
retrieved from the Comprehensive Enzyme Information System
of BRENDA Enzyme Database and BRITE of KEGG database across
microbiomes of rhizosphere and surrounding bulk soils of M. olei-
fera is shown in Table 2. EC classes of these CAZymes involved
5

‘‘Transferases” (EC 2) with seven CAZymes, ‘‘Hydrolases” (EC 3)
with as high as 16 CAZymes and ‘‘Isomerases” (EC 5) with three
CAZymes. ‘‘Transferases” of these highly abundant GH CAZymes
included EC subclass ‘‘Glycosyltransferases” (EC 2.4) with seven
CAZymes that, in turn, included EC sub-subclasses
‘‘Hexosyltransferases” (EC 2.4.1) with six CAZymes and ‘‘Transfer-
ring glycosyl groups other than hexosyl and pentosyl” (EC 2.4.99)
with one CAZyme. EC class ‘‘Hydrolases” included one EC subclass
namely ‘‘Glycosylases” (EC 3.2), which included one EC sub-
subclass namely ‘‘Glycosidases”, i.e. enzymes that hydrolyze glyco-
syl compounds (EC 3.2.1). In terms of EC class ‘‘Isomerases”, one EC
subclass namely ‘‘Intramolecular transferases” (EC 5.4) and one EC
sub-subclass namely ‘‘Transferring groups other than acyl, amino,
hydroxyl and phosphorus” (EC 5.4.99) are included (Table 2).

CAZyme numbers in the five groups are 1, 1, 4, 1 and 19, respec-
tively (Table 2). Interestingly, 16 of these CAZymes exist mainly in
KEGG pathway ‘‘Starch and sucrose metabolism” (map00500) (Fig-
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Fig. 6. CAZymes of glycoside hydrolases (GHs) of CAZy family GH13 (26) with the highest gene abundance (>5000) (a and b) that are partially shared with other GH families
in four combinations (b) in microbiome samples of rhizosphere (R) and surrounding bulk (S) soils of M. oleifera. Group 1 = GH13/GH15, Group 2 = GH13/GH4/GH31/GH97/
GH63, Group 3 = GH13/GH57/GH126, Group 4 = GH13/GH133, Group 5 = GH13 (for more details see Tables S8 and S9).
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ure S3) with some of them exist in KEGG pathways ‘‘Metabolic
pathways” and ‘‘Biosynthesis of secondary metabolites” (https://
www.genome.jp/kegg/pathway.html). CAZymes with comparable
functions to CAZymes with ECs 2.4.1.-, 3.2.1.-, 3.2.1.116,
3.2.1.135, 3.2.1.33, 3.2.1.60, 3.2.1.70 and 3.2.1.98 include CAZymes
with ECs 2.4.1.7, 3.2.1.1, 3.2.1.98, 3.2.1.41, 3.2.1.116, 3.2.1.10 and
3.2.1.1/3.2.1.116, respectively (Table 2).
4.4. Validation of CAZy in silico datasets

CAZy datasets of microbiomes of the two soil types was done at
the level of real time PCR (Figure S4). Reactions included five genes
encoding highly enriched CAZymes with ECs of 2.4.1.18, 2.4.1.25,
2.4.99.16, 3.2.1.1 and 3.2.1.20. Chromosome accession no. of genes
encoding these CAZymes is CP050522.1 referring to genome of
Streptomyces coelicolor strain M1154, except for CAZyme with EC
3.2.1.1 whose accession no. of the encoding gene is M18244.1 of
Streptomyces limosus. All studied CAZymes are members of CAZy
family GH13 in addition to other families, e.g., GH57, GH126,
GH4, GH31, GH97 and GH63 (Table 2). The results of real time
6

PCR for selected meta-transcriptomic data in Figure S4 align with
those for in silico genomic data in Fig. 6.
5. Discussion

Most of the prior plant metagenomics studies focus on crop
plants although the domestication process during growth acts in
reshaping structure of plant’s native root rhizobiome. The latter
possibly results in losing microbial taxa with crucial roles, e.g.,
nutrient acquisition, plant growth promotion, plant disease protec-
tion, etc. (Pérez-Jaramillo et al., 2017). Wild plants, on the other
hand, grow in their native environment and have their natural root
rhizobiome structures sustained (Bulgarelli et al., 2015). Besides,
native rhizobiome allows researchers to study the succession of
microbial community assembly and dynamics of microbial evolu-
tion in a given ecosystem (Pett-Ridge and Firestone 2017, Pett-
Ridge et al., 2021). Therefore, we thought to study microbiomes
of the wild plant M. oleifera growing naturally in the wild to know
the native structure of these microbiomes and their natural inter-
action with plant root.

https://www.genome.jp/kegg/pathway.html
https://www.genome.jp/kegg/pathway.html


Table 2
EC hierarchy of glycoside hydrolases (GHs) retrieved from the Comprehensive Enzyme Information System of BRENDA Enzyme Database and BRITE of KEGG (Kyoto Encyclopedia of Genes and Genomes) database referring to CAZy family
GH13 (26) with the highest gene abundance (>5000) that is partially shared with other GH families across microbiomes of rhizosphere and surrounding bulk soils of M. oleifera.

Class Subclass Sub-subclass CAZyme EC CAZyme name GH family Group

2 Transferases 2.4 Glycosyltransferases 2.4.1 Hexosyltransferases EC 2.4.1.-a

EC 2.4.1.18*
EC 2.4.1.19*
EC 2.4.1.25*
EC 2.4.1.4*
EC 2.4.1.7*

6?-P-sucrose phosphorylase
1,4-alpha-glucan branching enzyme
cyclomaltodextrin glucanotransferase
4-alpha-glucanotransferase
amylosucrase
sucrose phosphorylase

GH13
GH13/GH57/GH126
GH13
GH13/GH57/GH126
GH13
GH13

5j

3
5
3
5
5

2.4.99 Transferring glycosyl
groups other than hexosyl
and pentosyl

EC 2.4.99.16* alpha-1,4-glucan: phosphate, alpha-
maltosyltransferase

GH13 5

3 Hydrolases 3.2 Glycosylases 3.2.1 Glycosidases, i.e.
enzymes that hydrolyse O-
and S-glycosyl compounds

EC 3.2.1.-b

EC 3.2.1.1*
EC 3.2.1.10*
EC 3.2.1.116c

EC 3.2.1.133*
EC 3.2.1.135d

EC 3.2.1.141*
EC 3.2.1.20*
EC 3.2.1.33e

EC 3.2.1.41f

EC 3.2.1.54*
EC 3.2.1.60 g

EC 3.2.1.68*
EC 3.2.1.70 h

EC 3.2.1.93*
EC 3.2.1.98 g

maltopentaose-forming, alpha-amylase
alpha-amylase
oligo-alpha-glucosidase
maltotriose-forming alpha-amylase
maltogenic amylase
neopullulanase
malto-oligosyltrehalose
trehalohydrolase
alpha-glucosidase
amylo-alpha-1,6-glucosidase
pullulanase
cyclomaltodextrinase
maltotetraose-forming alpha-amylase
isoamylase
glucan 1,6-a-glucosidase
trehalose-6-phosphate hydrolase
maltohexaose-forming alpha-amylase

GH13
GH13/GH57/GH126
GH13
GH13
GH13
GH13
GH13
GH13/GH4/GH31/GH97/GH63
GH13/GH133
GH13
GH13/GH57/GH126
GH13
GH13
GH13/GH15
GH13
GH13

5
3
5
5
5
5
5
2 k

4 k

5
3
5
5
1 k

5
5

5 Isomerases 5.4 Intramolecular transferases 5.4.99 Transferring groups
other than acyl, amino,
hydroxyl and phosphorus

EC 5.4.99.11i

EC 5.4.99.15*
EC 5.4.99.16*

isomaltulose synthase
malto-oligosyltrehalose synthase
trehalose synthase

GH13
GH13
GH13

5
5
5

KEGG pathway of most CAZymes is ‘‘Starch and sucrose metabolism” (ec00500) followed by ‘‘Metabolic pathways” (ec01100) and ‘‘Biosynthesis of secondary metabolites” (ec01110).
Total number of CAZymes of KEGG pathway ‘‘Starch and sucrose metabolism” is 76.

a Cf. EC 2.4.1.7 gCf. EC 3.2.1.1 and EC 3.2.1.116.
b Cf. EC 3.2.1.1 hHarobrs similar activity as EC 3.2.1.10.
c Cf. EC 3.2.1.98 iNo hits or analogues in KEGG database.
d Cf. EC 3.2.1.41 jGroup of one GH family (e.g., group 5).
e Acts on glycogen degradation, glycogen => glucose-6P and Cf. EC 2.4.1.25 kGroups of one CAZyme each (e.g., groups 1, 2 and 4).
f Acts on glycogen degradation, glycogen => glucose-6P and modified in 2000 to 3.2.1.69 *CAZymes participating in pathway ‘‘Starch and sucrose metaolis.
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CAZy is a database that provides genomic, structural and bio-
chemical information of Carbohydrate-Active enZymes (or
CAZymes) that are separated into six classes and designated as
(Lombard et al., 2014). Each of the CAZy classes was subclassified
into subclasses and families with a range of discrete modules
mainly based on amino acid sequence similarity, of which func-
tion/specificity characteristics of hundreds of these CAZymes
remain to be deciphered. CAZymes are members of CAZy families
that act on building or breaking down complex carbohydrates
and/or glycoconjugates (Cantarel et al., 2009). The number of
CAZyme protein families exceeds 300 separated in classes based
on enzyme activities. These classes include glycoside hydrolases
(GHs) that acts on hydrolysis and/or rearrangement of glycosidic
bonds as exemplified in the KEGG pathway ‘‘Starch and sucrose
metabolism” (Lombard et al., 2014). Such an updated CAZy data-
base adds to our understanding of the nature, intensity and orien-
tation of the breakdown/biosynthesis shuttle of complex
carbohydrate in soil microbes of which decomposed organic car-
bon is the main source (Haiming et al., 2020).

In our bioinformatics analysis, the number of annotated non-
redundant genes (or gene IDs) that encode CAZymes reflects the
size of CAZy genome in a given microbiome, while gene abundance
in CAZy database not only considers the number of genes but also
the number of CAZy family members (or CAZymes) encoded by
these genes (in the form of ORFs or scaftigs) that are eventually
given query IDs in the microbiome. For example, the gene ID
NOVO_MIX_2771553 in the present datasets comprises an ORF
assembled from our in silico analysis. This gene or query ID has a
certain identity percentage with an analogue gene in the NCBI that
has a subject ID of WP_013705405.1 referring to CAZy family
GH13. The latter family is made of 26 CAZymes (or family mem-
bers) with different ECs. Thus, this gene ID solely refers to an abun-
dance of 26 as long as it is assigned to family GH13 (Table S5).
Then, genes referring to a given CAZy family will be multiplied
by the number of family members to detect total gene abundance
of a given microbiome sample. A given gene ID always refers only
to one subject ID, while subject ID (ex., A5JTQ3.1, Table S5) of fam-
ily GH3 can refer to a number of gene (ORF or scaftig) IDs (e.g.,
R3_258685, R3_135522, R3_132334, R1_201450, R1_144966,
NOVO_MIX_2505990 and NOVO_MIX_172975, Table S5) with dif-
ferent percentages of sequence identity. Note that each CAZyme
(ex., alpha-amylase with EC 3.2.1.1, Table 2) can have hits with
more than one CAZy family (e.g., GH13/GH57/GH126, Table 2) of
a given CAZy class (e.g., GH) as there are some similarities between
different CAZy families of a given CAZy class in terms of structure,
function and possibly the response of the encoding gene(s) to a
given stimuli. As gene abundance is based on family members or
CAZymes of a given microbiome sample, then, it can be described
as functional abundance of the microbiome.

In the present study, the highest gene abundance (>5000) across
microbiomes of rhizosphere and surrounding bulk soils ofM. oleifera
was scored for CAZy familyGH13with 26CAZymes that are partially
shared with other GH families (Table 2 and S7 and Fig. 4). Family
GH13 is the largest family of glycoside hydrolases (MacGregor
1988). This family harbors majority of enzymes acting on starch
metabolism (Stam et al., 2006). Some members of this family bear
starch-binding modules (Janec̆ek 1997). All members of this family
received ECs of 3.2.1.X (carbohydrate-hydrolyzing enzymes), which
is the most abundant (Stam et al., 2006), 2.4.1.X (carbohydrate-
transferring enzymes) and 5.4.99.X (isomerases). Several members
of these three enzyme categories adopt the ‘‘double displacement
catalytic mechanism” in their reactions. These reactions proceed
through both building and subsequent breaking down of a
glycosyl-enzyme intermediate (Davies and Wilson 1999). A perfect
example is the CAZyme 4-alpha-glucanotransferase (EC 2.4.1.25) or
4alphaGTase that seems to be involved in two opposite reactions
8

during the transfer of 4-alpha-glucan (Fig. 7). These two reactions
results in rearrangement of glucoseunits ofmaltodextrins (e.g.,mal-
tose) to yield a glucose unit and eventually a longer chain, e.g., amy-
lose (Figure S5). The enzyme can also elongate short
maltooligosaccharides (e.g., maltotriose) by linking two units of
maltooligosaccharide via a 1,4-alpha-glucosidic bond (Yoon et al.,
2017). This eventually results in the biosynthesis of amylose; a
polysaccharide chains of a-1,4-linked D-glucose, with the disaccha-
ride maltose used as the substrate (reaction 1) (orange arrow, Fig-
ure S3). In addition, 4alphaGTase is also involved in the production
of glucose units as a breakdown reaction of maltose (reaction 2)
(red arrow, Figure S3). Information in BRENDA database indicates
that the two reactions of thismechanism occur concurrently, where
CAZyme acts on transferring a segment of a-1,4-D-glucan of mal-
totriose (3 glucose units) to a new position in one of two acceptors,
e.g., glucose or (1? 4)-alpha-D-glucan. For more explanation of the
mechanism, the site indicates that the enzymecan catalyze the reac-
tion ofmaltononaose (C54H92O46) andmultotriose (trisaccharide) to
produce maltoundecaose (C66H112O56) (build-up reaction) and D-
glucose (breakdown reaction). The mechanism in KEGG database
indicates that the enzyme can also utilize maltose instead of muto-
triose to produce amylose (see Figure S3). There is a possibility that
abundance of the two final products (e.g., amylose and glucose) in
the two reactions might differ as a result of the failure to conduct
the build-up reaction. This speculation is based on one or more of
the following reasons: (1) differential abundance of specific root
exudates or signals favoring either reaction; (2) differences in envi-
ronmental condition or pathogenesis; (3) the enzyme approaches
conformational change post-translationally to block the build-up
reaction; and/or (4) the occurrence of feedback inhibition of build-
up reaction when enough amount of amylose was generated. Up
to our knowledge, there is no prior research searched these possibil-
ities. Thus, further experimentation is required to support or decline
one or more of these claims

It was previously suggested that roots partially stimulate and/or
inhibit growth of some specific rhizosphere bacterial and archaeal
populations (Pett-Ridge et al., 2021). For example, relative abun-
dance of several genera of the fast-growing bacterial phylum Pro-
teobacteria, including genus Microvirga (Madigan et al., 2010),
increase in the rhizosphere zone, while other genera of phyla Acti-
nobacteria and Acidobacteria decrease (DeAngelis et al., 2009).
However, other genera of phylum Actinobacteria, including genus
Streptomyces, displayed high abundance in the rhizosphere zone
(Nuccio et al., 2016, Shi et al., 2016). These data are in accordance
with ours in terms of the high enrichment of GH CAZymes of KEGG
pathway ‘‘Starch and sucrose metabolism” in genera Microvirga
and Streptomyces (Table 1 and Figure S3). A recent report has
shown that genus Microvirga harbors > 100 genes encoding
enzymes that act in degrading and/or creating glycosidic bonds
(Jiménez-Gómez et al., 2019). These activities are similar to those
of family GH13 CAZymes in the present study that are involved
in KEGG pathway ‘‘Starch and sucrose metabolism”. Interestingly,
Jiménez-Gómez and colleagues (Jiménez-Gómez et al., 2019) indi-
cated that none of the detected genes encodes any members of
family GH13 in disagreement with our results for the same
microbe (Table 1). However, when we consider the factor of plant
exudates, we might explain this contradicting results by the differ-
ential response of the genus due to the exposure to different exu-
dates of two different plants, e.g., Brassica napus in prior research
(Jiménez-Gómez et al., 2019), while Moringa oleifera in the present
study. Another recent report indicated that a member of genus
Streptomyces harbors 186 CAZyme domain sequences, where fam-
ilies of the CAZy class GH are the most abundant followed by those
of GT (Králová et al., 2021). This makes the rhizosphere micro-
biome of Moringa oleifera a good source of these economically-
important enzymes.
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Fig. 7. CAZymes participating in starch breakdown and biosynthesis in the KEGG pathway ‘‘Starch and sucrose metabolism” that are highly enriched in rhizosphere soil of M.
oleifera compared with those in the bulk soil. CAZyme with EC 2.4.1.25 conducts the ‘‘double displacement catalytic mechanism” by hydrolyzing maltose into two D-glucose
units (breaking down) of which one unit is incorporated in biosynthesis of amylose (building up) by a 1,4-alpha-glucosidic bond. Four routes are shown for breaking down
starch into D-glucose of which three routes involve enriched CAZymes in rhizosphere soil of M. oleifera (see Figure S3). Orange, blue and red arrows refer to the three routes.
CAZyme glucan 1,6-alpha-glucosidase (EC 3.2.1.70) does not exist in the pathway but has similar activity to oligo-alpha-glucosidase (EC 3.2.1.10).
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The KEGG pathway ‘‘Starch and sucrose metabolism” (KEGG
level 3) belongs to ‘‘Carbohydrate metabolism” domain (KEGG
level 2) of the KEGG category ‘‘Metabolism” (KEGG level 1). We
speculate that the two major routes in this pathway in soil
microbes surrounding rhizosphere of M. oleifera include starch
biosynthesis as route 1 and starch hydrolysis as route 2. There is
a chance that plant-stored starch can be provided exogenously
via exudation (Pett-Ridge et al., 2021) in order for soil microbes
to produce simpler carbohydrates required by the plant and sur-
rounding rhizosphere microbiome (Nuccio et al., 2020). It seem
that the major players in this pathway among the abundant
CAZymes in the present study in the rhizosphere region strongly
promote the intermediate steps towards starch biosynthesis. These
CAZymes involve 4-alpha-glucanotransferase (EC 2.4.1.25) of GH
group 3 and alpha-1,4-glucan:phosphate (or alpha-
maltosyltransferase) (EC 2.4.99.16) of GH group 5 (see Table 2
and Fig. 4). The two CAZymes act, respectively, on converting mal-
tose and a-maltose-1P to amylose; the unique substrate for starch
biosynthesis (Figure S3). One more player in starch biosynthesis in
the present study is amylosucrase (EC 2.4.1.4) that promotes
biosynthesis of the polysaccharide amylose with the disaccharide
sucrose as the substrate. Action of the latter enzyme is dependent
on that of sucrose phosphorylase (EC 2.4.1.7) that makes biosyn-
thesis of this sugar indirectly an important step towards starch
biosynthesis. The other major player in this pathway, e.g., 1,4-
alpha-glucan branching enzyme (EC 2.4.1.18) of CAZyme group 3
(Fig. 4), acts on the final step of starch biosynthesis (Figure S3). This
CAZyme promotes the conversion of amylose to starch. Soil com-
plex carbohydrates, like starch, were reported to act for intra-
and intercellular recognition and to significantly promote several
biological functions (Lombard et al., 2014). Such complex com-
pounds are considered as the most abundant with structurally
the most diverse chemical structures in nature (Hart and
Copeland 2010). Accordingly, number of enzymes acting in biode-
grading soil complex compounds should be enormous, thus, deci-
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phering function/activity and substrate specificity of these
biodegrading enzymes require further attention.

In the present study, we also speculate that plant roots release
specific exudates towards storing starch in the rhizobiome as an
extra sink of carbohydrates required by the plant, while plant
can release other specific exudates to promote hydrolysis of starch
in the sink when the plant required simpler carbohydrates or sug-
ars. The latter type of exudate pattern is much more dynamic in
rhizosphere of M. oleifera where it promotes several steps in the
pathway as it induces higher abundance of microbes harboring
genes encoding certain starch-hydrolyzing CAZymes in this path-
way (Figure S3). This dynamic multi-step approach results in the
production of trehalose in two routes by the action of CAZymes
isoamylase (EC 3.2.1.68), malto-oligosyltrehalose synthase
(5.4.99.15) and malto-oligosyltrehalose trehalohydrolase
(3.2.1.141) in one route, and cyclomaltodextrin glucanotransferase
(2.4.1.19) and cyclomaltodextrinase (EC 3.2.1.54), malto-
oligosyltrehalose synthase (5.4.99.15) and malto-
oligosyltrehalose trehalohydrolase (3.2.1.141) in the second route
(Figure S3). As indicated earlier, other important target carbohy-
drate is maltose. CAZymes participating in the hydrolysis of starch
to maltose can be one of three, e.g., alpha-amylase (EC 3.2.1.1),
beta-amylase (EC 3.2.1.2) or maltogenic amylase (3.2.1.133). The
gene encoding the first CAZyme was proven in silico in the present
study to be highly abundant (Fig. 6), thus, the enzyme can effec-
tively act in hydrolyzing starch to maltose. The same enzyme in
addition to oligo-alpha-glucosidase (EC 3.2.1.10) can also result
in the production of D-glucose (Figure S3). The latter enzyme
shares the same activity with the CAZyme encoded by the highly
abundant gene in the rhizosphere microbiome of M. oleifera
namely glucan 1,6-a-glucosidase (EC 3.2.1.70) (Stam et al., 2006).
Thus, it is likely that the microbiome will accumulate excessive
amounts of glucose due to the action of the latter enzyme
(Fig. 7). Also, two other routes (with maltose as the substrate),
including alpha-glucosidase (3.2.1.20) and 4-alpha-
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glucanotransferase (EC 2.4.1.25), mediate the production of glu-
cose (Figure S3). Overall, we speculate that excessive maltose, a-
maltose-1P or the case of high availability of energy would pro-
mote plant root to release certain exudates to convert this simple
disaccharide to starch as a storage step. In case plant requires to
do metabolism to gain energy, then, it releases another type of exu-
dates to promote the hydrolysis of starch, while certain microbes
in rhizosphere microbiome serves the plant in either case
(Fig. 7). The CAZymes oligo-alpha-glucosidase (EC 3.2.1.10) and
alpha-glucosidase (EC 3.2.1.20) also act, respectively, in hydrolyz-
ing isomaltose and maltose to produce glucose (Figure S3). The lat-
ter CAZyme can also hydrolyze sucrose to produce glucose.

Different combinations and abundances of simple and complex
exudates were reported to result in specific responses of rhizobiome
(Badri et al., 2013). For example, it was recently proposed that roots
of Avena barbata plant have consistent successive patterns of root
exudation during different developmental processes that are pre-
ferred by specific microbial metabolite substrates (Zhalnina et al.,
2018, Pett-Ridge et al., 2021). Referring to temporal root exudation
pattern, another recent report indicated that old roots that begun
senescence, whose cells started to approach program cell death,
secrete exudation patterns specific for distinct microbial popula-
tions required at this late growth stage (Pett-Ridge et al., 2021).
Examples of these microbes involve family Streptomycetaceae and
order Catenulisporales of Actinobacteria that approach high tran-
scription levels of genes encoding CAZymes to breakdown plant cel-
lulose and xylose; two processes that promote soil carbon turnover
(Nuccio et al., 2020). Complications of studying exudation patterns
include the complex nature of exudates that varies based on plant
genotype, root maturity, and environmental condition (Sokol
et al., 2019) and the large signal background that makes it difficult
to characterize exudate chemical composition (Kuzyakov and
Domanski 2000). Prior reports also indicate that progression of
the phenological stages of plant growth results in spatiotemporal
differences in root habitats, which promote rhizosphere microbial
community to undergo a pattern of compositional succession meet-
ing their required functions and life strategies (Shi et al., 2015, Shi
et al., 2018). Root exudates also promote rhizosphere microbes to
utilize and degrade existing organic materials and to colonize/stabi-
lize carbon. The latter actions monitor/balance the level of soil car-
bon as carbon will be stabilized in the soil by incorporation into
microbial cellular materials followed by subsequent association
with cellular minerals, while the non-stabilized carbon will be lost
to respiration (Pett-Ridge et al., 2021).

In general, we can conclude that class GH is the most abundant
among CAZy classes in microbiomes surrounding roots of M. olei-
fera. These microbiomes can be a source of industrially important
enzymes acting on starch hydrolysis/biosynthesis that are nowa-
days used in several industries like juice, paper and ethanol pro-
ductions (Raveendran et al., 2018). Therefore, efforts to isolate
microbes with high abundance of genes encoding CAZymes of fam-
ily GH13 from the rhizosphere microbiome of Moringa oleifera will
have good impact on these industries. We also deeply recommend
detecting the relationship between root exudation pattern and
function of rhizosphere soil microbes in terms of CAZy classes. This
will allow engineering and integrating root microbiomes in breed-
ing programs of domesticated plants to improve their growth by
monitoring the availability of required nutrients and the ability
to withstand adverse conditions.
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