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Abstract. The plant A/T-rich protein and zinc-binding protein (PLATZ) family has
been regarded as one of the important plant-specific transcription factors that are
involved in various biological processes during evolution. Unfortunately, the
expansion of this gene family in cassava (Manihot esculenta) is hardly recognized.
This recent work aims to explain the evolution of the MePLATZ gene family by using
various bioinformatics tools. Based on the similarity, a total of eight duplicated
MePLATZ genes, including seven duplicated pairs and one pair of three duplicated
genes have been predicted in the MePLATZ gene family in cassava. Among them,
segmental and tandem duplication events were noted to play a crucial role in the
expansion of the MePLATZ gene family. We found that the majority of members of
the MePLATZ genes contained three or four exons, while at least 10 conserved motifs
have been found in the full-length protein sequences. Next, the MePLATZ family
could be categorized into seven different groups similar to those described in the
PLATZ family in other higher plant species. Interestingly, the expression levels of
17 duplicated MePLATZ genes in leaf samples under drought conditions suggested
the hypothesis of the functional conservation, redundancy, and divergence that
occurred in this family. Taken together, our study could provide a foundation to get
insight into the MePLATZ gene family in cassava.
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1. Introduction

Cassava (Manihot esculenta), an essential staple crop, is critical to agriculture and
food security, making it a valuable asset to worldwide societies [1], [2]. This drought-
tolerant tube crop from South America has spread across continents to become a common
sight in a variety of tropical and subtropical places throughout the world [2]. Cassava,
known for its flexibility, is a critical source of nutrition for millions of people, giving vital
carbohydrates and essential elements [3]. Its resistance to severe stress conditions and
capacity to thrive in an array of soil types add to its agricultural significance. Furthermore,
cassava's use extends beyond its nutritional value because it plays an important role in the
industrial sector, functioning as an integral component in several food products and other
commodities [3], [4]. Despite its major benefit to food security, cassava confronts hurdles
in terms of post-harvest losses, demanding continued research and technological
developments to fully realize its potential [2]. Cassava's complex nature and adaptability
illustrate its tremendous impact on global agriculture and underline its continuous
significance in addressing our times' growing concerns. Thus, understanding the growth
and development of cassava plants under adverse environmental conditions at the
molecular level will be important.

The plant A/T-rich protein and zinc-binding protein (PLATZ) transcription factors
(TFs) represent a distinct group of regulatory proteins in the plant kingdom, notable for
both their unique structural characteristics and their pivotal roles in plant development
and stress responses [5], [6]. From a structural standpoint, these plant-specific TFs are
defined by the presence of a zinc finger motif within their DNA-binding domain [7]. This
motif facilitates specific binding to AT-rich sequences in the plant genome, a feature
integral to the functional capacity of these proteins [7], [8]. Functionally, PLATZ proteins
are implicated in a myriad of plant physiological processes. They play critical roles in
regulating plant growth, orchestrating the development of various plant organs, and
mediating plant responses to environmental stressors. This regulatory function is
achieved through their capacity to modulate gene expression, either by activating or
repressing the transcription of specific target genes [9]. Consequently, PLATZ TFs are
instrumental in shaping plant developmental pathways and enabling adaptive responses
to fluctuating environmental conditions [5], [9], [10]. In our recent work, a total of 20
members of the PLATZ TFs, namely MePLATZ, have been identified and annotated in
the cassava assemblies [11]. The expression levels of this multiple-gene family in major
organs/tissues during the growth and development of cassava plants have been well-
characterized [11]. However, little is known about the evolution of the MePLATZ gene
family in cassava. Recently, the shreds of evidence of the expansion of the PLATZ gene
family in many plant species, such as apple (Malus domestica) [12] and several Malus
spp. [13], Chinese cabbage (Brassica rapa) [14], ginkgo (Ginkgo biloba) [15], and wheat
(Triticum aestivum) [16] were provided. Thus, it could be a great platform to get insight
into the evolution of the MePLATZ gene family in cassava.

This current work aimed to explain the evolution of the MePLATZ gene family in
cassava. We first predicted the gene duplication events that occurred in the MePLATZ
gene family. Structural analysis, including gene organization and motif enrichment, was
performed. Next, we constructed an unrooted phylogenetic tree to categorize the
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MePLATZ proteins. Finally, the expression patterns of genes encoding several MePLATZ
were re-analyzed.

2. Content

2.1. Materials and methods

2.1.1. Materials

The newest cassava assembly (NCBI RefSeq assembly: GCF_001659605.2)
obtained from the previous work [17] was downloaded from the Phytozome [18] and
NCBI sources.

Transcriptome atlas (GEO accession: GSE98537) obtained in leaf samples under
drought conditions [19] was obtained in NCBI Gene Expression Omnibus [20].

Twenty well-characterized PLATZ proteins in cassava reported in the previous work [11]
were explored to obtain the full-length protein sequences, coding DNA sequences
(CDSs), and genomic DNA sequences (JDNAs) for in silico analysis.

2.1.2. Methods

Chromosomal distribution of genes: The annotation of each MePLATZ gene obtained
in previous work [11] was used to retrieve its location. In particular, the gene identifier
of each gene was searched against the cassava genome [17] in the Phytozome [18] and
NCBI sources. The physical locations of the MePLATZ genes were then illustrated using
the Adobe Illustrator software.

Prediction of the gene duplication: The duplicated MePLATZ genes were predicted
as previously described [21]. In particular, all CDSs of 20 MePLATZ genes collected in
the previous work [11] were used for multiple sequence alignment using the ClustalX
software [22]. The similarity score was calculated by using the BioEDIT software [23].
Duplicated MePLATZ genes were defined as their corresponding CDSs may share a
similarity of > 70% [21].

Estimation of the Ka/Ks value: The number of nonsynonymous substitutions per non-
synonymous site (Ka) and the number of synonymous substitutions per synonymous site
(Ks) of each duplicated MePLATZ pair were calculated as previously described [21].
Briefly, aligned CDSs of each duplicated MePLATZ gene pair were subjected to the
DNASp software [24]. When the Ka/Ks ratio is larger than one, it shows positive
selection; when it is less than one, it represents purifying or stabilizing selection; and
when it is exactly one, it indicates neutral selection [21].

Construction of phylogenetic tree: The phylogenetic tree of the MePLATZ family
has been generated as previously described [21]. In particular, full-length amino acid
sequences of the MePLATZ proteins found in the previous work [11] were used to
analyze in the Molecular Evolutionary Genetics Analysis software [25]. The Neighbor-
Joining algorithm was applied to construct the phylogenetic tree with bootstrap values of
10,000. All results were then illustrated using the Adobe Illustrator software.

Analysis of gene structure: The exon/intron organizations of the MePLATZ genes
were explored as previously described [21]. Briefly, the CDS and gDNA sequences of all
MePLATZ genes obtained in the previous work [11] were analyzed using the Gene
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Structure Display Server tool [26]. The arrangement of the MePLATZ genes was exactly
followed by the order in the phylogenetic tree. All gene structures were then illustrated
using the Adobe Illustrator software.

Analysis of conserved motifs: The conserved regions of the MePLATZ proteins were
analyzed as previously described [21]. In particular, the full-length amino acid sequences
of the MePLATZ proteins were subjected to the Multiple Em for Motif Elicitation tool [27].
The minimum width and maximum width of motifs were six to 50 amino acid residues
and the cut-off value was < 1e-10 [21].

Analysis of gene expression: The expression profiles of the MePLATZ genes were
analyzed using the NCBI Gene Expression Omnibus [20]. Based on the previous
transcriptome database (GEO accession: GSE98537) [19], the expression levels of the
MePLATZ genes in treated leaf samples were analyzed. The fold-change values of > 2.00
and < -2.00 indicated the up-regulated and down-regulated genes, respectively.

2.2. Results and Discussion

2.2.1. Chromosomal localization and prediction of duplication events of the PLATZ
transcription factor family in cassava

To identify the physical distribution of the MePLATZ genes in the chromosomes of
cassava plants, a gene identifier was searched against the cassava genome. As a result,
Figure 1 illustrates the chromosomal localization of the MePLATZ genes. As expected,
all MePLATZ genes were found to be randomly located in the whole 18 chromosomes of
the cassava genome. In particular, chromosomes 01, 03, 05, 08, 09, and 15 contain two
members of the MePLATZ family. It has been realized that chromosomes 06, 11, 14, 16,
and 18 had only one MePLATZ gene each, including Manes.06G043200,
Manes.11G153600, Manes.14G120600, Manes.16G052100 and Manes.18G000750,
respectively. Meanwhile, chromosome 17 contains the highest members of the MePLATZ
family, including Manes.17G083200, Manes.17G085975 and Manes.17G011500.
Additionally, no MePLATZ genes have been found in chromosomes 02, 04, 07, 10, 12
and 13.

Previously, the PLATZ genes were also localized in the genome of higher plant
species with uneven rates [12, 14, 15, 16]. For example, whole 17 PLATZ genes were
found on 14 different chromosomes in the genome of an apple [12]. Among them,
chromosomes 02, 06, and 16 have the most PLATZ genes, with two each, whereas
chromosomes 01, 03, 05, 07, 10, 11, 12, 13, 14, 15, and 17 each had one [12]. Next, the
PLATZ genes in Chinese cabbage were found on eight of the 10 chromosomes in an
unequal distribution [14]. Specifically, chromosome 09 had six PLATZ genes, which were
followed by chromosomes 07 (five PLATZ genes) and 08 (four PLATZ genes) [14].
Chromosomes 02, 03, 04, and 06 each contained two PLATZ genes, whereas chromosome
01 only had one PLATZ gene. No PLATZ genes were found in chromosomes 05 and 10
[14]. In ginkgo, 11 PLATZ genes were scattered irregularly across six (out of 12)
chromosomes [15]. Number of PLATZ genes was greatest (three PLATZ genes) on
chromosome 3, while chromosomes 2, 6, and 10 each contained two PLATZ genes [15].
Chromosomes 7 and 9 each had one PLATZ gene, while two remaining PLATZ genes
were not annotated in the current assembly of ginkgo [15]. Except for chromosomes 4A,
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4B, 4D, 5A, 5B, and 5D, all identified 62 PLATZ genes were discovered to be unequally
distributed on 15 chromosomes in wheat [16]. A total of 40 (out of 62) PLATZ genes were
found on chromosomes 2A, 2B, 2D, 6A, 6B, and 6D, while chromosomes 1A, 1B, and
1D each contained only two PLATZ genes [16].
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Figure 1. The physical location of the MePLATZ genes in the genome of cassava

Next, to explain the expansion of the PLATZ TFs, we performed a prediction of
duplication events that occurred in this multiple-gene family. As a result, a total of eight
duplication events, including seven gene pairs and one pair of three duplicated genes,
have been found in the PLATZ family (Table 1). The similarities of these duplicated
MePLATZ genes varied from 78.4 (Manes.08G016000 and Manes.09G048606) to 98.4%
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(Manes.03G075500 and Manes.03G075532). Based on the chromosomal localization, it
has been recognized that seven (out of eight) duplicated pairs have occurred from the
segmental duplication. In particular, eight segmental duplication pairs included
Manes.05G130400 (on chromosome 05) and Manes.18G000750 (on chromosome 18),
Manes.08G016000 (on chromosome 08), and Manes.09G048606 (on chromosome 09),
Manes.08G064000 (on chromosome 08) and Manes.09G128900 (on chromosome 09),
Manes.15G188400 (on chromosome 15) and Manes.17G011500 (on chromosome 17),
Manes.01G268300 (on chromosome 01) and Manes.05G048200 (on chromosome 05),
Manes.03G075500 (on chromosome 03) and Manes.16G052100 (on chromosome 16),
Manes.03G075532 (on chromosome 03) and Manes.16G052100 (on chromosome 16),
Manes.06G043200 (on chromosome 06) and Manes.14G120600 (on chromosome 14),
Manes.15G136800 (on chromosome 15) and Manes.17G085975 (on chromosome 17).
Only one tandem duplication event was found to be Manes.03G075500 and
Manes.03G075532 (on chromosome 03).

Table 1. Duplication events of the MePLATZ genes in cassava

No. | Duplicated MePLATZ pairs | Duplication events | Similarity | Ka/Ks

1 Manes.05G130400 Segmental 85.6 0.97
Manes.18G000750

2 Manes.08G016000 Segmental 78.4 1.10
Manes.09G048606

3 Manes.08G064000 Segmental 84.7 0.65
Manes.09G128900

4 Manes.15G188400 Segmental 81.9 1.00
Manes.17G011500

5 Manes.01G268300 Segmental 88.2 1.38
Manes.05G048200

6 Manes.03G075500 Tandem 98.4 0.32

Manes.03G075532 Segmental 85.1 0.58

Manes.16G052100 Segmental 84.5 0.58

7 Manes.06G043200 Segmental 89.7 0.90
Manes.14G120600

8 Manes.15G136800 Segmental 79.5 0.70
Manes.17G085975

Previously, the segmental and tandem duplication events could be explained as the
main reasons for the expansion of the PLATZ gene families of higher plant species. For
example, a total of 20 duplicated pairs were recorded in the PLATZ gene family in
Chinese cabbage [14]. All duplicated PLATZ genes were localized on the different
chromosomes, clearly indicating that they were segmentally duplicated paralogous genes [14].
At least nine PLATZ pairs of segmental duplication events were found in the
chromosomes of the M. domestica cv. Gala genome [13]. Similarly, eight segmental
duplication pairs were found in the PLATZ gene families in M. domestica cv. Hanfu and
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M. sieversii, whereas only one tandem duplication pair occurred in the PLATZ gene family
in M. sieversii [13].

To understand the selection pressures acting on this gene family, we estimated the
Ka/Ks ratio for 8 duplicated gene pairs that occurred in the MePLATZ gene family in
cassava. As provided in Table 1, the Ka/Ks ratios of the duplicated MePLATZ gene pairs
varied from 0.32 (Manes.03G075500 and Manes.03G075532) to 1.38
(Manes.01G268300 and Manes.05G048200). In particular, five (out of eight) duplication
events, including four gene pairs and one pair of three duplicated genes, exhibited Ks/Ka
values of less than 1.00. It indicated that these duplicated MePLATZ genes are most likely
performing a critical function, alterations to its amino acid sequence (nonsynonymous
modifications) are being rejected (negative selection). In contrast, the two remaining gene
pairs, including Manes.08G016000 and Manes.09G048606, and Manes.01G268300 and
Manes.05G048200 had Ka/Ks ratios of more than 1.00, suggesting accelerated evolution
with positive selection. This finding suggested that the nonsynonymous alterations that
occurred in these duplicated MePLATZ genes are preferred they are more likely to provide
an adaptive advantage to cassava plants during the evolution process. Additionally, the
Ka/Ks rate of one gene pair (Manes.15G188400 and Manes.17G011500) of 1 revealed
that two MePLATZ genes are drifting neutrally (neutral selection). It signifies that the rate
of nonsynonymous substitutions is equal to the rate of synonymous substitutions,
implying that both copies of the MePLATZ gene are evolving without any functional
limitations, or that the mutations that occur have no impact on the cassava's fitness.

2.2.1. Categorization and structural analysis of the PLATZ transcription factor
family in cassava

To get insight into the evolution of the MePLATZ family in cassava, we constructed
a Neighbor-Joining phylogenetic tree of all full-length amino acids. As a result, an
unrooted phylogenetic tree of 20 members in the MePLATZ family has been generated
and described in Figure 2. We found that the MePLATZ family could be clearly classified
into seven groups, namely A, B, C, D, E, F and G. Specifically, groups A, B and F
contained only two members of the MePLATZ family each, including Manes.01G268300
and  Manes.05G048200, Manes.06G043200 and Manes.14G120600, and
Manes.05G130400 and Manes.18G000750. Next, three (Manes.03G075532,
Manes.03G075500, and Manes.16G052100) and three (Manes.08G016000,
Manes.09G048606 and Manes.11G153600) members of the MePLATZ family were
clustered into groups C and E, respectively. Interestingly, groups D and G shared the
highest (four) members of the MePLATZ family, including Manes.01G121150,
Manes.15G136800, Manes.17G083200 and Manes.17G085975, and 08G064000,
Manes.09G128900, Manes.15G188400, Manes.17G011500, respectively.

Previously, the classification of the PLATZ families had been reported in other
higher plant species. For example, a comprehensive phylogenetic tree of the PLATZ
proteins in six Malus spp., woodland strawberry (Fragaria vesca), peach (Prunus
persica), common pear (Pyrus communis), Arabidopsis thaliana, and rice (Oryza sativa)
revealed that these proteins could be phylogenetically categorized into seven different
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groups [13]. Another phylogenetic tree of the PLATZ proteins in Chinese cabbage,
Arabidopsis, soybean, rice, wheat, maize, potato, and tomato revealed that these proteins
could be categorized into seven different clades [16]. Similarly, this phenomenon was
also recognized in the PLATZ families in apple [12], Chinese cabbage [14], and ginkgo [15].
Taken together, our study strongly suggested that the PLATZ family in higher plant
species, perhaps in cassava, could be sorted into seven groups.
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Figure 2. Categorization and gene structure of the MePLATZ family in cassava

Next, we analyzed the gene structure of all members of the MePLATZ family in
cassava. As provided in Figure 2, the numbers of exons of the MePLATZ genes ranged
from three to five. In particular, 11 (out of 20) members of the MePLATZ genes had three
exons, while eight and one (out of 20) MePLATZ genes contained four and five exons,
respectively. Interestingly, we found that the MePLATZ genes in the same clade should
share similar structural patterns. For example, two MePLATZ genes in group A, including
Manes.01G268300 and Manes.05G048200, shared the same gene sizes and amounts of
the exon. This finding was also recorded in the MePLATZ genes belonging to groups B, C,
F,and G.
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Figure 3. Conserved motifs of the MePLATZ transcription factor family in cassava

It is well understood that structural variation among genes drives the expansion of
multigene families. Here, we discussed the gene structure of the PLATZ gene families in
other higher plant species [15]. In ginkgo, a majority of the PLATZ genes contained 2 - 4
introns, whereas the remaining PLATZ genes were intronless [15]. The amounts of exon
in the PLATZ gene family in Chinese cabbage ranged from two to five [14]. Among them,
14 (out of 24) PLATZ genes had four exons, whereas seven, one, and two PLATZ genes
contained three, two, and five exons, respectively [14].

As a major part of this current work, the typical motifs of the MePLATZ proteins
have been screened. Based on the p-value, a total of 10 specific motifs have been found
in the MePLATZ proteins. As illustrated in Figure 3, motifs 1, 4, and 9 occurred in the
whole members of the MePLATZ proteins. Motif 2 was found to be localized in the
majority (19 out of 20) members of the MePLATZ proteins, excluding
Manes.01G121150. Numerous of the MePLATZ proteins contain motif 3, excluding
Manes.01G121150, Manes.15G 136800, Manes.17G083200 and Manes.17G085975. The
remaining motifs were found in the similar MePLATZ proteins. In previous works, the
presence of 10 common motifs was also recorded in the PLATZ families in higher plant
species [12]-[16].
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2.2.3. Expression analysis of the PLATZ transcription factor family under the
drought condition in cassava

Cassava has been well-reported to be a drought-tolerant crop. Thus, to understand
how the duplicated MePLATZ genes are involved in drought resistance in cassava, we
investigated the expression patterns of 17 duplicated genes in treated leaf samples. Based
on the previous RNA-Seq dataset [19], the fold-change values of eight duplicated pairs

were re-analyzed and provided in Figure 4.
Drought-treated leaf
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Figure 4. Expression profiles of the duplicated MePLATZ genes in drought-treated

leaf samples in cassava
Our study revealed that the duplicated MePLATZ genes exhibited variable expression
levels in leaf samples under drought conditions. In particular, four duplicated MePLATZ
genes that occurred by negative selection, including Manes_05G130400 and
Manes_18G000750, Manes_08G064000 and Manes_09G128900, Manes_06G043200
and Manes_14G120600, and Manes_15G136800 and Manes 17G085975, were not
significantly expressed (|fold-change| < 2) in leaves under drought condition. Similarly,
we also found that the expression levels of one duplicated MePLATZ gene pair that
occurred by neutral selection were not highly altered in leaf samples under drought
conditions. Their non-differential expression under drought conditions implies these
duplicated genes might not be directly involved in the drought response, or this response
is mediated at a post-transcriptional level or by other genes/pathways. This constancy in
expression could also signify robustness to environmental stresses, ensuring the stability
of vital processes under varying conditions. Additionally, the presence of these duplicated
MePLATZ genes might contribute to functional redundancy, allowing the cassava plant
to maintain its basic functions even when one gene copy undergoes mutations or changes.
Of our interest, we found that two duplicated MePLATZ gene pairs exhibited different
expression levels in leaf samples under drought conditions. In particular,
Manes_01G268300 and Manes_08G016000 were noted to be highly reduced in drought-
treated leaves, whereas Manes 05G048200 and Manes 09G048606 were not
significantly expressed in the tested tissues. The different expression patterns under
drought conditions could be a manifestation of this divergence, where two genes,
including Manes_01G268300 and Manes_08G016000 might have evolved a specific role
in the drought response while the remaining genes, like Manes 05G048200 and
Manes_09G048606 maintained their original function or has developed a different role.
It could be explained that positive selection is a key driver of adaptive evolution, leading
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to functional divergence between gene copies. In particular, mutations that occurred in
these duplicated MePLATZ genes have been beneficial for cassava, providing some sort
of evolutionary advantage, perhaps in response to environmental stresses like drought.
Over time, these advantageous mutations are retained and accumulated, leading to the
evolution of specialized functions. This hypothesis could explain why one MePLATZ
gene's expression is significantly reduced under drought conditions while the other
remains unchanged.

Previously, Manes_01G268300, Manes_09G048606 and Manes_08G016000 were
not expressed in any major organs, including root, lateral bud, leaf, mid vein, stem, and
petiole tissues under normal conditions [11]. Additionally, Manes 05G048200 was
expressed in lateral bud tissues under normal conditions [11]. This finding suggested that
Manes_01G268300, Manes_09G048606, and Manes_08G016000 could be house-
keeping genes, while Manes_05G048200 might regulate the biological processes related
to the lateral bud tissues during the growth and development of cassava plants. Recently,
several duplicated PLATZ genes in apples, including MdPLATZ1, MdPLATZ6,
MdPLATZ7, and MdPLATZ16 were ubiquitously expressed across all examined organs
with the exception of pollen, suggesting their pivotal role in supporting apple growth and
development [12]. Conversely, the expression of MAPLATZ15 demonstrated a
progressive decline concurrent with the ripening of fruit, potentially implicating its
involvement in the modulation of fruit firmness [12]. Taken together, the expression
profiles of these duplicated MePLATZ genes under various environmental conditions
should be validated to confirm this hypothesis.

3. Conclusions

To get insight into the evolution of the MePLATZ gene family in cassava, we
provided a comprehensive analysis of the duplication event, gene structure, classification,
conserved motifs, and expression profiles of the MePLATZ genes by using various
bioinformatics approaches. Structural analysis indicated that three and four exons are the
most common gene organizations of the MePLATZ genes, while at least 10 conserved
motifs were found in the structure of the corresponding proteins. Our phylogenetic tree
revealed that the MePLATZ proteins could be grouped into seven clades. The segmental
and tandem duplication events were predicted as the main reasons for the expansion of
the MePLATZ gene family in cassava. Among them, all 17 duplicated MePLATZ genes
exhibited different expression levels in leaf tissues under drought conditions. To sum up,
this current work could provide solid evidence for the expansion of this multiple-gene
family in cassava.
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