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Introduction: The microcephaly is a rare and severe disease probably under purifying selection due to the reduction of human brain-size. In contrast, the brain-size enlargement is most probably driven by positive selection, in light of this critical phenotypical innovation during primates and human evolution. Thus, microcephaly-related genes were extensively studied for signals of positive selection. However, whether the pathogenic variants of microcephaly-related genes could affect the regions of positive selection is still unclear.

Methods: Here, we conducted whole genome sequencing (WGS) and positive selection analysis.

Results: We identified novel compound heterozygous variants, p.Y613* and p.E1368K in TUBGCP6, related to microcephaly in a Chinese family. The genotyping and the sanger sequencing revealed the maternal and the paternal origin for the first and second variant, respectively. The p.Y613* occurred before the second and third domain of TUBGCP6 protein, while p.E1368K located within the linker region of the second and third domain. Interestingly, using multiple positive selection analyses, we revealed the potential impacts of these variants on the regions of positive selection of TUBGCP6. The truncating variant p.Y613* could lead to the deletions of two positively selected domains DUF5401 and Spc97_Spc98, while p.E1368K could impose a rare mutation burden on the linker region between these two domains.

Discussion: Our investigation expands the list of candidate pathogenic variants of TUBGCP6 that may cause microcephaly. Moreover, the study provides insights into the potential pathogenic effects of variants that truncate or distribute within the positively selected regions.
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Introduction

Autosomal recessive primary microcephaly is a rare genetic disease, in which a baby’s head circumference is much smaller than expected. According to Centers for Disease Control and Prevention (CDC) of the United States, the microcephaly is defined as a head circumference measurement more than two standard deviations (SDs) below the average. In some cases, the head circumference was reported to be over four standard deviations lower than normal at birth (Puffenberger et al., 2012). As a birth defect, microcephaly is estimated to affect 1 in every 800–5,000 babies in United States. In western China, the prevalence was estimated to 3.3 (95% confidence interval 2.8–3.9) per 1,000 live births (Shen et al., 2021). In Europe, the prevalence of microcephaly was 1.53 (95% CI 1.16 to 1.96) per 10,000 births (Morris et al., 2016). The symptoms of microcephaly usually include global developmental delay, motor retardation, and intellectual disability, etc. (Arboleda et al., 2015; Abuduxikuer et al., 2020).

The human microcephaly has long been spotlighted, due to their self-evident importance in mirroring the phenotypic innovation of human as a species (Evans et al., 2004; Montgomery and Mundy, 2014). The rationale underlying these evolutionary interests roots in the brain expansions of primates, especially in human, which are exceptional among mammals. The enlargement of the brain-size is, arguably, the most distinguished hallmark of primate and human evolution. Indeed, compared with other mammals, primates have larger brains after adjusting allometric scaling with body mass (Martin, 1990). Indeed, compared with apes, human has more than 3 times larger brain-size emerged 0.2–0.4 MY ago, leading to high-order cognitions including language (Herculano-Houzel and Kaas, 2011). Strikingly, the brain phenotypes of microcephaly cases are comparable level of early hominids (Wood and Collard, 1999; Kumar et al., 2002). Multiple evolutionary studies have focused on the questions involving whether selection had shaped the evolution of genes related to microcephaly.

One of common procedures of identifying pathogenic variants emphasizes the importance of evolutionary conservation. Indeed, based on the ACMG guideline and numerous genetic studies on rare diseases, evolutionary conservation, which is indicative of purifying selection, is an important criterion for identifying causal variants (Richardson et al., 2020). This “rule of thumb” seems rational because the deep evolutionary conservation across species indicates the fundamental importance of, and thus the purifying selection on, viability- or fertility-related phenotypes. However, this common procedure may not be applicable for detecting pathogenic mutations of microcephaly. From the perspective of evolutionary biology, the brain size change in human is apparently a novel phenotype under positive Darwinian selection. Thus, the gene mutations accounting for the phenotypic innovation could be under positive selection in evolutionary past. Consistent with this idea, multiple previous studies have observed a pattern of positive selection on microcephaly genes, which indicates the elevated evolutionary rates or plasticity across species (Evans et al., 2004; Wang and Su, 2004; Montgomery et al., 2011; Montgomery and Mundy, 2012).

Although it is now known that positive Darwinian selection drives the evolution of microcephaly genes, it is still unclear about the relationship between positive selection and pathogenic variants. Whether the pathogenic mutations occur within positively selected regions or negatively selected regions? In this study, we conducted trio-based whole-genome sequencing for a 4-year-old microcephaly patient and his parents. We uncovered novel compound heterozygous variants, p.Y613* and p.E1368K of TUBGCP6, Tubulin Gamma Complex Associated Protein 6, related to the microcephaly. Interestingly, the variant p.Y613* deletes the positively selected domains of TUBGCP6 while p.E1368K occurs within the two domains. Our study revealed an interesting pattern that the pathogenic variants of TUBGCP6 may cause disruptive and sequence-altering changes in evolutionarily important regions under positive selection.



Results


The variant statistics revealed balanced whole genome sequencing depths

The intelligence assessment revealed that the proband’s intellectual development is delayed compared to kids in similar age (4-year-old). Aside the developmental delay, the most unusually phenotype is the head circumference of the proband. When compared to the reference standards for growth and development of children in China issued in 2009 by China Ministry of Health, the head circumference of the proband is 3 standard deviations (SDs) lower than the average level.

We conducted WGS on a family trio, of which a proband with microcephaly (Figure 1A). The DNA from throat swabs of all individuals were sequenced into depth of ∼20x on average (father: 19.95x, mother: ∼19.96, proband: ∼18.76). The reason for the WGS of this depth is based on conclusions of multiple sensitivity studies that the WGS depth of 15x is sufficient for achieving accurate single-nucleotide variants (SNVs) calling, while 30x is appropriate for insertions and deletions (indels) calling (<50 bp) (Zhao et al., 2020; Sun et al., 2021). Thus, the depths of WGS sequencing data in this study can empirically guarantee the high reliability of SNVs and some small indels.
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FIGURE 1
(A) The pedigree of our samples. (B) The pipeline for the computational identification for candidate gene and variants. (C) The numbers of variants (SNPs and Indels) for our whole-genome sequenced samples.


The variant calling with WGS data was majorly based on the GATK pipelines include data cleaning, mapping, duplications marking, base recalibration, initial calling with haplotypeCaller, and genotyping with multiple samples (Figure 1B). In total, we obtained 6,340,999 variants including 5,291,379 SNVs, and 1,049,620 Indels, respectively (Supplementary Table 1 and Figure 1C). We observed similar level of variant count distributions for three individuals, suggesting our WGS data are effectively balanced to guarantee equally optimal calling results (Figure 1C).



Population genetic analyses confirmed pedigree relationship and ethnic population

The Mendelian diseases can be rapidly exposed in consanguineous marriage, which can facilitate the detection of deleterious and rare homozygosity (Wright et al., 2018). To confirm the orally described genetic relationship between these individuals, we tried to explore whether there are potential hidden consanguineous signals, by estimating empirical kinship based on identity-by-state (IBS) model. As expected, IBS distances between parent and proband were lower than distance between mother and father, which confirmed the orally description of familial relationship (Figure 2A). This genetic relationship was further confirmed with kinship analysis (Manichaikul et al., 2010). The inferred kinship coefficient between father and proband (0.217) was nearly equal to that between mother and proband (0.212), while the father and mother were unrelated with each other (−0.02). This result confirmed that both father and mother were the first-degree relatives to proband.
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FIGURE 2
(A) The identity-by-state (IBS) relationship between newly sequenced pedigree samples and randomly chosen individuals with East Asian ancestry from “1,000 genome” project. (B) The principal component analysis (PCA) for three samples in this study and 208 publicly available individuals from 26 population of the 1,000 genome project. The “EA” indicates “East Asian population.” The populations AFR, AMR, CDX, CHB, CHS, JPT, KHV, EUR, and SAS represent African, Admixed American, Chinese Dai in Xishuangbanna, Han Chinese in Beijing, Southern Han Chinese, Japanese in Tokyo, Kinh in Ho Chi Minh City, European, and South Asian, respectively.


Based on knowledge from population genomics, allele frequencies are usually different among ethnic populations. New rare variants during evolution may introduce population heterogeneity in disease penetrance (McClellan and King, 2010). Thus, we analyzed the population ancestry of individuals in this study using the commonly used PCA method. We revealed that all newly sequenced individuals should belong to the ancestry of East Asia (Figure 2B).



The compound heterozygosity was detected in TUBGCP6

To identify the related gene(s) for microcephaly in proband of our sampled family, we performed screening based on the principle of ACMG guidance (Richards et al., 2015). Firstly, due to the larger effects of rare variants on disease phenotypes (Carss et al., 2017; Wright et al., 2018), we filtered out the non-rare variants with frequency over 0.01 which can be found in normal population in gnomAD database (v3.1). Among the 6,181,562 biallelic variants, 8.58% were found to be rare, while 4.16%, and 87.27% were less common (0.01 < Allele frequency < 0.05) and common (Allele frequency > 0.05) variants, respectively. Among rare variants, mutational burdens were estimated using protein-disruption mutations (“HIGH” annotated in SnpEff) as a proxy. Subsequently, we filtered out sites with low-quality mapping, where the numbers of supporting reads in alignment were less than 8 reads/variant. We further focused on co-segregated variants with disease-control status to guarantee the proper inheritance models. The microcephaly is generally reported to be the autosomal recessive disease (Kaindl et al., 2010). Some reports also support the X-linked recessive mode of this rare disease (Deshaies et al., 1979). Thus, both modes were used for screening. For X-linked recessive pattern, we only analyzed the variants within non-pseudoautosomal regions (non-PAR) of X chromosome, ranging from 10,001 bp to 2,781,479 bp (PAR1) and from 155,701,383 bp to 156,030,895 bp (PAR2). The variants were then predicted with the Ensembl Variant Effect Predictor (VEP) and only the variants with MAF < 0.01 in all non-disease populations of genomAD and 1,000 genome dataset were kept. To identify whether there are compound heterozygous variants, we focused on two or more heterozygous rare variants that were detected in one gene but showed different parental origins for the proband.

Finally, we identified two candidate pathogenic variants in exon 10 and 15 of TUBGCP6, following the inheritance mode of compound heterozygosity (Figure 3 and Table 1). Based on HGVS recommended nomenclature system, these two variants are denoted as NP_065194.2:p.(Y613*) and NP_065194.2:p.(E1368K). The variant NP_065194.2:p.(Y613*) is absent in the gnomAD, a public database with 76,156 human genomes of diverse population ancestries. It is also absent in the Exome Aggregation Consortium (ExAC) dataset of over 60,000 exomes (Karczewski et al., 2016), suggesting the rarity of this disruptive variant in population level. The variant NP_065194.2:p.(E1368K), also the variant rs184425523, is comparatively higher in allele frequency (AF). Based on gnomAD estimation, NP_065194.2:p.(E1368K) has the global AF 0.000079 (12/152254) and East Asian AF 0.0023 (12/5198).
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FIGURE 3
The compound heterozygous variants identified from proband of microcephaly in this study. (A) The compound heterozygous variants in proband and their parental origin based on genomic sequencing and IGV. (B) The Sanger sequencing for two variants in three individuals.



TABLE 1    Variants’ locations, genotype, numbers of supporting reads, and allele frequencies (AF) in global population and East Asian population (EA) for TUBGCP6.
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These variants were supported by at least 18 sequencing reads, indicating the high quality of variants. It is considerably interesting to know the parental origin of these two variants. By manually checking the mapping file (“bam” format) using IGV software and performing the Sanger sequencing for three individuals, we determined the parental origin of heterozygous variants (Figure 3B). We found that the C > T variant was inherited from father, while G > T variant from mother. Based on annotation of gene structure, RNA transcriptional machinery of the gene TUBGCP6 reads from the reverse strand (Figure 4A). Thus, the maternal inherited G > T is the leading variant relative to paternal inherited variant C > T. The maternal origin variant NP_065194.2:p.(Y613*) results in premature termination in site 613 of protein NP_065194.2. The paternal inherited C > T variant, NP_065194.2:p.(E1368K), is the subsequent variant that result in a missense variant from Glutamic acid (E) to Lysine (K). Compared to orthologous genes in other species, we found that the maternal disruptive variant NP_065194.2:p.(Y613*) locates within a conserved region while the paternal variant in highly diverged region across species (Figure 4B). Based on the tertiary structure of TUBGCP6 from Alphafold2 prediction, the leading variant NP_065194.2:p.(Y613*) occurred in a α-helix region (confidence score > 85.04) while the second variant NP_065194.2:p.(E1368K) occurred within a random coil region with very low modeling confidence (confidence score = 21.73).
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FIGURE 4
(A) The gene structure of TUBGCP6, locations of the identified two variants, and the regional similarities across mammalian species. The similarity percentages were inferred with SimPlot V3.5.1 (Lole et al., 1999). (B) The protein secondary structure and multiple species protein alignment, with a focus on the two variants (Y613* and E1368K). The protein domain were inferred with PSIPRED (Jones, 1999).




The brain-tissue expression and frequent protein-protein interaction

The anatomical position(s) of gene expression may indicate the affected organs/tissues of patients. The RNAseq and proteomics data have been piled up to facilitate our understanding on normal function of human genes. TUBGCP6 was found to be widely expressed based on both GTEx1 and HPA2 databases. Notably, the GTEx is a large-scale gene expression resource based on 54 tissues, allowing for gene expression analysis at population level (The GTEx Consortium et al., 2015). GTEx data revealed that TUBGCP6 is expressed highest in brain tissues (median TPM, transcript per million, 124.7) and lowest in heart (median TPM 9.628). In addition, the expression levels in reproduction-related organs of female (ovary and uterus) are higher than that of male (testis and prostate).

Based on the single-cell RNAseq from HPA, although the expression of TUBGCP6 has relatively low cell type specificity and brain regional specificity, the highest expression was found in the astrocytes and excitatory neurons of brain (Supplementary Figure 1A). Interestingly, it is well-known that the differentiation of astrocytes is related to brain size (Kang et al., 2020). In addition, the Zika virus can result in the disruption of astrocytic proteins, thereby leading to the featuring symptom of microcephaly (Sher et al., 2019). The excitatory neurons make up the majority (80%) of neurons in the cerebral cortex. The microcephaly gene was validated to be essential for progenitors of cortical glutamatergic neurons (Venkataramanappa et al., 2021). TUBGCP6 also expressed in cerebellum, cerebral cortex, olfactory region, hippocampal formation, amygdala, basal ganglia, thalamus, hypothalamus, midbrain, and pons and medulla (Supplementary Figure 1B). This broad expression of TUBGCP6 in different brain regions suggest the critical role of its protein in normal brain development and function.

To understand whether the gene expression in brain is common for microcephaly-related genes, we focused on gene annotation of primary microcephaly from HPO and the population-level RNA-seq expression from GTEx. Among the 38 genes related to microcephaly based on HPO annotation (Supplementary Table 2), 42.11% (16/38) of genes, which are PSAT1, AFF3, EOMES, MECP2, NSF, RELN, TELO2, TRIO, TSEN54, VPS4A, GRIN2A, TUBB3, SLC1A4, NDE1, PHGDH, and ZEB2, shows the highest expression in brain. Interestingly, apart from brain, testis is also the preferred organ for microcephaly-related genes to show the highest expression. The highest testis expression pattern covers 23.68% (9/38) of genes, which are CLPB, LMNB2, NUP188, RBBP8, RNF2, SMC3, SPATA5, TRAPPC12, and TRMT10A. The high testis expression, which could be due sexual selection (Montgomery et al., 2011), has been used to interpret the rapid evolution of some microcephaly-related genes.

We further analyzed the protein-protein interaction (PPI) network of TUBGCP6 based on the STRING database v11.5 (Jensen et al., 2008). Among 20 genes with significant protein interactions with TUBGCP6, we found half of the genes (10) are disease genes for microcephaly (local clustering coefficient: 0.915; PPI enrichment p-value < 1.0e–16 Supplementary Figure 1C). The functional enrichments for these genes revealed the microtubule and mitosis-related functions for the top five significant biological processes, including microtubule nucleation (GO:0007020; False discovery rate, FDR = 8.96e–17), microtubule cytoskeleton organization (GO:0000226; FDR = 1.56e–14), microtubule nucleation by microtubule organizing center (GO:0051418; FDR = 2.63e–14), spindle organization (GO:0007051; FDR = 5.03e–13), and mitotic cell cycle (GO:0000278; FDR = 8.64e–13). Disease-gene associations revealed significant enrichment of congenital nervous system abnormality (FDR = 2.62e–12), microcephaly (FDR = 3.65e–11), and monogenic disease (FDR = 0.00022).



The positive selection on TUBGCP6

Previous reports have revealed multiple microcephaly-related genes are under positive selection along lineages leading to human. For example, the microcephalin gene has signals of accelerated evolution or positive selection in the common ancestor of great apes (Evans et al., 2004). In addition, some sites of microcephalin have unexpectedly higher frequency of derived alleles during human evolution, which is inconsistent with genetic drift under neutral evolution (Wang and Su, 2004). Other microcephaly-related genes including the ASPM, CDK5RAP2, and CENPJ have also been found to undergo positive selection, suggesting a general propensity for them to be positively selected in primates (Montgomery et al., 2011; Montgomery and Mundy, 2012). These studies connote the importance of positive selection on brain enlargement during human and primate evolution. However, probably due to insufficient number of identified pathogenic variants before the advent and application of WES (Whole exome sequencing) or WGS (Whole genome sequencing), these evolutionary studies did not reveal whether the pathogenic variants may impact the positively selected regions or not. It is highly expected that the pathogenic variants could influence positively selected regions more frequently than the unselected regions, under the assumption that historical positive selection had driven the molecular evolution of microcephaly-related genes to facilitate the enlargement of brain size.

We performed gene selection analyses based on multiple complementary methods, including the MK (McDonald–Kreitman) test, the CODEML branch-site model test, CODEML branch model test, CODEML site model test, the Hudson–Kreitman–Agaude (HKA) test, and MEME method in HyPhy package (Figure 5). The MK test can be used to detect the violation of the neutral expectation, in which the ratio of non-synonymous and synonymous polymorphism (pN/pS) should be similar to the ratio of non-synonymous and synonymous divergence (dN/dS) (McDonald and Kreitman, 1991). Based on genomic analyses covering 26 chimpanzees (Fair et al., 2020; García-Pérez et al., 2021), 1,000 human individuals (Clarke et al., 2012), and the annotation of variants from gnomAD database (Gudmundsson et al., 2021), the MK test revealed that the divergence ratio (dN/dS = 1/5) is not significantly higher than the polymorphism ratio (pN/pS = 2/3, maf > 0.05) (p = 0.39). This result suggests multiple testable possibilities, including very weak positive selection in human protein of TUBGCP6, selection in regulatory regions instead of protein regions, selection in evolutionary past instead of modern human branch.
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FIGURE 5
The positive selection signals for TUBGCP6 based on multiple methods. (A) The gene structure of TUBGCP6, including exons (boxes) and introns (lines). (B–C) The combined methods of nucleotide diversity (π) and the HKA test. (D) The exons (red and black boxes) of TUBGCP6. (E) The branch model test results based on the comparisons between two-ratio models and one-ratio model. All branches in the phylogeny were used as foreground lineage in an iterative way. The numbers above the ancestral branches showed the dN/dS and significance level. Only the significant branches and dN/dS were shown in red. (F) The MEME method in HyPhy package. The significance level was shown with dotted line and with the consideration of multiple test correction (p < 0.01). The red points showed the inferred positively selected sites. (G) The potentially positively selected sites (blue, dN/dS > 1) based on the site model test of CODEML (M7 vs. M8). The two green squares represent two variants (Y613* and E1368K). The black arrows indicate the three domains.


To understand whether the regulatory region of human TUBGCP6 might be under selection, we used two methods: (1) comparing nucleotide diversities (π) between human and chimpanzee sequences (Supplementary Table 3); (2) comparing the number of divergence sites to that of polymorphic sites across the gene (also the HKA test). Hallmarks of positive selection in DNA sequence would demonstrate the reduction of regional nucleotide diversity (π) and the faster depletion of polymorphic sites than divergent sites (Hudson et al., 1987; Booker and Keightley, 2018). We found that the shared positive selection signals from these two methods converged into two DNA regions, which are the region within exon 14 and exon 16 and the region within exon 21 and exon 25 (Figures 5A–C), supporting the selection at regulatory regions of human TUBGCP6.

We further tried to examine whether the positive selection occurred in evolutionary past using the branch model of CODEML. Based on the iterative comparisons between two-ratio models and one-ratio model for all external and internal branches, we found the signals of positive selection with dN/dS > 1 on two ancestral branches, the common ancestor of apes (Hominin) and the common ancestor of primates (chi-squared test, p < 0.01, Figures 5D,E). This result echoes the finding of the MK test and suggests that the positive selection on protein sequence of TUBGCP6 could be significantly stronger in the evolutionary past than the extant branch of human.

We also examined the site-level selection signals for the protein domains of TUBGCP6 based on MEME method in HyPhy package and the site model of CODEML (M7 vs. M8). These two methods showed consistently the potential positive selection on a few sites within the first two domains (GCPN terminal and DUF5401, Figures 5F,G) and the linker region between the second and the third domain (DUF5401 and Spc97_Spc98). The second and third domain were also supported by the combined methods of nucleotide diversity (π) and the HKA test (Figures 5A–C). Because the first variant (Y613*) occurred just before the positively selected domains DUF5401 and Spc97_Spc98, these two domains could be affected and deleted by this truncating mutation. In addition, the second variant (E1368K) was found within the linker section between DUF5401 and Spc97_Spc98, suggesting the rare mutation burden on this positively selected region. Nevertheless, we noted that, due to the reliability problem in the site model prediction (Nozawa et al., 2009), further studies based on experimental validations could be more critical and decisive for phenotypical importance of the two domains of TUBGCP6.




Discussion

In cellular biology, a salient feature of neurons is that neuron proliferation is largely complete by mid-gestation (Spalding et al., 2005) and nearly none of cerebral cortex neurons are generated after birth (Stiles and Jernigan, 2010). Although the brain volume grows until adulthood, the increase is limited to only the neuropil, which are cell connections including glial processes, axons, dendrites, etc. Moreover, the ratios of brain volumes to neuron numbers across primates are almost constant, suggesting a isometrical function between the brain volume and the number of pre-existed neurons (Herculano-Houzel et al., 2007). Thus, children with developmental microcephaly is ultimately due to neuron deficiency rooted in genetic defects (Gilmore and Walsh, 2013).

The microcephaly has been generalized as a cell cycle disease (Doobin et al., 2017). It is now known that the cell cycle-dependent nuclear machinery and activities are powered by microtubule motor proteins. Multiple microcephaly-related genes, for example, ASPM, CDK5RAP2, PLK4, Microcephalin, STIL, WDR62, CEP152, and CENPJ, are involved in microtubule or centrosomal-related activities, mitotic cell division, and DNA damage pathways (Bond and Woods, 2006; Cox et al., 2006; Fish et al., 2006; Kumar et al., 2009; Bilgüvar et al., 2010; Buchman et al., 2010; Press et al., 2019). As a direct phosphorylation target of the PLK4 kinase, TUBGCP6 has also been found in multiple unrelated microcephaly cases of Caucasian, the Middle East, and South American ancestry (Puffenberger et al., 2012; Martin et al., 2014). The molecular mechanism of TUBGCP6 may be involved in the shared cellular pathway with PLK4 to cause the microcephaly (Martin et al., 2014). The in vitro experiment revealed that TUBGCP6 is the substrate of PLK4-induced centriole overduplication and required for centriole duplication (Bahtz et al., 2012). Altogether, current knowledge collectively support the indispensable role of evolutionary changes of genes related to cell division in contributing a bigger brain during human evolution (Fish et al., 2008; Matsuzaki and Shitamukai, 2015).

Here, we expanded the list of candidate pathogenic variants contributing to the microcephaly, based on trio sequencing and rigorous medical bioinformatics analyses. We found the compound heterozygous variants (Y613* and E1368K) in a previously known gene TUBGCP6 as the most probable pathogenic variants. Literature review revealed the evidence of the causative relationship between TUBGCP6 defects and microcephaly (Table 2). A homozygous variant resulting in read-through of TUBGCP6 (X1820G) was identified in six Pennsylvania Mennonite patients with microcephaly and chorioretinopathy (Puffenberger et al., 2012). In another study, based on four patients from three families with microcephaly, compound heterozygous mutations in the TUBGCP6 gene were identified (Martin et al., 2014). Interestingly, a shared feature between Martin et al. (2014) and this study is the involvement of heterozygous mutations leading to premature stop codon.


TABLE 2    Gender, age, and identified variants in previous literature for TUBGCP6.
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Evolutionary methodologies have been applied extensively to address questions involving the molecular evolution of critical genes and the phenotypical novelty of brain-size enlargement (Montgomery et al., 2011; Montgomery and Mundy, 2012). It’s known that the mammalian evolution leading to human lineage accompanies a long-term, gradual, and complicated process of brain-size enlargement (Seyfarth and Cheney, 2002; Herculano-Houzel et al., 2007). Thus, it is conceivable that the positive natural selection of microcephaly genes could contribute to the phenotypical innovation of human species (Evans et al., 2004; Wang and Su, 2004; Montgomery et al., 2011; Montgomery and Mundy, 2012). Until now, however, the knowledge gap between the pathogenic mutations and positive selection still exists. In this study, we provided evidence that the compound heterozygous variants could strongly impact the positively selected regions of TUBGCP6. We focused on the fine-scale structures and selection signals for TUBGCP6 at both gene- and protein-level. We found evidence of positive selection on the two domains (DUF5401 and Spc97_Spc98) and the liner region between these domains. Although currently there is no function studies on DUF5401, Spc97_Spc98 belongs to a family of spindle pole body (SBP) component, which is functional in microtubule cytoskeleton organization (Chen et al., 2017). Interestingly, based on the mapping of candidate pathogenic variants, these variants would influence the regions of positive selection. The truncating mutation (Y613*) occurred before the two positively selected domains, which could cause deletions of the two domains. The second missense variant (E1368K) would influence the structure or stability of the linker region, which was also found to be under positive selection.



Conclusion

The findings in this study could shed light on a growing knowledge base and a new paradigm for the investigation of human-specific traits and the gene evolution. The evolutionary conservation, which is maintained by the force of purifying selection, may have served as the cornerstone for the identification of pathogenic variants in medical genetics. In contrast, the novel DNA changes and the subsequent positive selection are even more important for phenotypical innovation and speciation. Our study reconciles the two evolutionary forces in medical genetics and layouts a useful potential for further studies on the pathogenic disruption of positively selected regions for species-specific traits and diseases.



Materials and methods


Patient background

The proband was diagnosed to be developmental, intelligence, and motor delays in multiple hospitals including the West China Second University Hospital (also the Women and Children hospital in Chengdu, China). The intelligence assessment was conducted and the proband’s intellectual development was compared to kids in similar age (4-year-old) by professional clinicians. For the phenotype of head circumference of the proband, the official release of the reference standards for growth and development of children under 7 years of age in China issued in 2009 by China Ministry of Health was used for calculating the standard deviations (SDs) from average level. Informed consent was obtained from the participating parent. The study was approved by the Ethics Committee of West China Hospital (Registration number: 2021389).



Whole-genome sequencing, variants calling, and genotyping

Deoxyribonucleic acid was extracted from throat swabs of all individuals. The WGS of 150 bp paired-end reads with an insert-size 350 bp was conducted for three samples using DNBSEQ-T7 sequencer developed by MGI. The raw reads were treated with the tool fastp for quality control, adapter trimming, and quality filtering cleaning (Chen et al., 2018). The clean reads were then aligned to the human reference genome (hg38) retrieved from GATK file bundle using the Burrows-Wheeler Aligner mem algorithm (Li, 2013). The subsequent processes including alignment sorting, duplicates marking, and base quality scores recalibration were performed by following the Best Practice protocol of GATK v4.1 (McKenna et al., 2010; Van der Auwera and O’Connor, 2020). The dataset covering human variants from the “1,000 genomes” project and 26 chimpanzee genomic variants were also composed for the positive selection analysis.



Family genetic relationship network and population ancestry

We tried to use genomic information to answer questions involving genetic background. The super-population ancestry was estimated using the principal component analysis (PCA) with FlashPCA2 (Abraham et al., 2017), after performing the linkage disequilibrium filtering (–indep 50 5 2) with PLINK (Purcell et al., 2007). The relationship between familial members was evaluated with identity by state (IBS) using PLINK with MAF threshold 0.05. IBS was visualized with R package qgraph (Epskamp et al., 2012). KING software was used to estimate kingship (Manichaikul et al., 2010). The threshold of kinship value range > 0.354, (0.177, 0.354), (0.0884, 0.177), and (0.0442, 0.0884) was translated into duplicate/MZ twin, 1st-degree, 2nd-degree, and 3rd-degree relationship, respectively.



The identification of variants related to microcephaly

An in-house pipeline was used to perform disease-related variants identification following the guidance of ACMG (Richards et al., 2015). The major procedures include: (1) allele frequency filtering (Minor allele frequency, MAF < 0.01); (2) the number of supporting reads in alignment (≥ 8 reads/variant); (3) focusing on variants of co-segregated with disease status, following two inheritance modes: the autosomal recessive and X-linked recessive patterns. For X-linked recessive pattern, only the variants within non-pseudoautosomal regions (non-PAR) of X chromosome were used. The variants were then predicted with the Ensembl Variant Effect Predictor (VEP). Only the variants with MAF < 0.01 in all populations based on genomAD and mutational impact predicted with “HIGH/MODERATE” were kept. The compound heterozygous variants were identified by focusing on two or more heterozygous variants within a single gene but with different parental origin.

Notably, the threshold of MAF < 0.01 can indicate the rarity of the variant in common population and thus suggest the potential purifying selection. The variant impact prediction was based on SIFT (Ng and Henikoff, 2003), PolyPhen (Adzhubei et al., 2013), and LoFtools (Fadista et al., 2017). The “HIGH” impact on protein comprises disruptive and knock-out effects on genes, including the chromosome number variation, exon loss, frameshift, rare amino acid, splice acceptor, splice donor, start codon losses, stop codon gains and losses, and transcript ablation. The “MODERATE” comprised inframe insertions, disruptive inframe insertions, inframe deletions, disruptive inframe deletions, missense variants, splice region variants, 3 prime UTR truncations, and 5 prime UTR truncations, all of which may result in non-disruptive but effectiveness-alteration consequences on the protein.



The protein structure prediction, RNAseq expression, and protein-protein interaction network

PSIPRED4.0 (McGuffin et al., 2000) and SCANSITE4.0 (Obenauer et al., 2003) were used for predicting secondary structure for the protein of the identified gene. The impacts of variants on tertiary structure were based on Alphafold2 prediction. The orthologous gene alignment was performed based on MAFFT (Katoh et al., 2002) with visualized with SimPlot V3.5.1 (Lole et al., 1999). The protein-protein interaction (PPI) network was analyzed based the STRING database (Szklarczyk et al., 2019). The population-level RNAseq expression and single-cell RNA expression pattern were retrieved from GTEx (Thul and Lindskog, 2018) and HPA (The GTEx Consortium et al., 2015).



The evolutionary selective pressure analyses

Since human brain-size has been changed extremely during primate evolution, we tried to understand whether the microcephaly-related gene should be under positive selection in primate or human lineage. We estimated dN/dS ratios using CODEML package of PAML 4.9 (Yang, 2007) for maximum likelihood analysis. For branch model, we estimated dN/dS ratios for different lineages with confident orthologous genes retrieved from Ensembl. The statistical significance was estimated by following a chi-square distribution, with two times the difference in log-likelihood values and freedom degree as the difference in number of parameters for the two models. The MK test was based on the variants datasets covering 26 chimpanzees (Fair et al., 2020; García-Pérez et al., 2021), 1,000 human individuals (Clarke et al., 2012), and the annotation of variants from gnomAD database (Gudmundsson et al., 2021). HKA test and nucleotide diversity (π) based on human and chimpanzee genomic data were also performed along the genic coordinates (Hudson et al., 1987; Booker and Keightley, 2018). The MEME method (Murrell et al., 2012) and the site model of CODEML (Yang, 2007) were used for screening potential sites under positive selection.
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SUPPLEMENTARY FIGURE 1
The gene expression of single-cell RNAseq in multiple tissues (A) and brain subregions (B), were retrieved from HPA database. The red arrow shows the tissue with highest expression. (C) The protein-protein interaction network of TUBGCP6, based on the STRING database. The red genes are related to the mitosis processes and functions.
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