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Abstract
Background: Rare genetic diseases (RGDs) affect individuals, families, and healthcare systems
worldwide. Population-scale genomic data remain largely restricted to Western cohorts with

estimated 10,000 RGDs. South Asian populations remain underrepresented in molecular, clinical,
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and genomic databases. This study presents the first molecular epidemiological analysis of RGDs
in the Punjabi population of Pakistan.

Methods: Data were collected from the provincial RGD registry at the Punjab Thalassemia and
Genetic Disorders Prevention and Research Institute (PTGDPRI), Lahore. Families diagnosed
using next-generation sequencing (NGS) between 2021 and 2023 were enrolled. Structured
questionnaires captured clinical, demographic, and socioeconomic information, and statistical and
genetic analyses were performed to assess the inheritance patterns, allele frequencies, and disease
distribution.

Results: The registry included 167 families with 72 distinct RGDs, with a mean burden of
0.81+0.24 affected children per family. Niemann—Pick disease (NP), progressive familial
intrahepatic cholestasis (PFIC), and mucopolysaccharidosis (MPS) were the most common
diseases. Consanguinity was observed in 89% of families, 77% of which involved first-cousin
marriages, and was significantly associated with RGD incidence. Most families belonged to low-
income groups despite high literacy rates, underscoring inequity in healthcare. The primary and
secondary variants included 131 variants including CNV and SNVs annotated pathogenic, likely
pathogenic or variants of unknown significance across 110 genes, including 24 founder pathogenic
variants.

Conclusions: This study provides the first genomic and epidemiological overview of RGDs in the
Punjabi population. The findings reveal how genetic, socioeconomic, and cultural factors converge
to amplify the RGD burden and highlight the need for affordable molecular diagnostics, inclusive
genomic databases, and regional genomic surveillance initiatives in South-Asia.

Keywords: Consanguinity, founder pathogenic variants, Punjabi population, rare genetic diseases,

sequencing, variants
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Introduction
An RGD occurs intermittently or rarely in the general population. Rarity means only a
handful of patients are affected by the disease. The number of estimated RGDs is ~10,000 (Cipriani
et al., 2025), which are caused by both genetic and somatic variations. Characterization of RGDs
is challenging due to rarity of incidence and remain mysterious. However, advancing technologies
and collaborative efforts of experts are providing novel information to resolve this mystery. In a
recent study conducted in 2020, 6172 unique RGDs were identified (Nguengang Wakap et al.,
2020). Of these 6172, 69.9% (3,510) had pediatric onset, 11.9% (600) had adult onset, and 18.2%
(908) had onset spanning both pediatric and adult groups. Most RGDs occur as natural genetic
defects or from missing heritability (Plaiasu et al., 2010, Nguengang Wakap et al., 2020) and are
genetically classified as monogenic, polygenic, oligogenic, or chromosomal anomalies (Iourov et
al., 2019). RGDs affect approximately 10% of the population (Smith et al., 2022). In some studies,
survey point prevalence was expected to be approximately 6.53%, 0.34%, and 0.30% in random
populations for common, rare, and ultra-rare genetic diseases, respectively (Fernandez-Marmiesse
et al., 2018). RGDs can be grouped into metabolic, neurological, or developmental diseases based
on their pathology and phenotype. Diseases that affect fewer than 20 people globally are called
ultra-rare diseases (Kar et al., 2024).
The definition of RGDs varies across different geographic regions and healthcare systems
(Klimova et al., 2017), but an international definition provided by the World Health Organization
(WHO) states that RGD is a medical condition with a specific pattern of signs, symptoms, and

clinical findings affecting less than or equal to 1 in 2000 (50/100,000) people in any region
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(Wainstock and Katz, 2023). We collected information from different global regions about the
RGD definition and presented it in Table 1, which shows the differences in RGD definitions across
the globe. In Europe, a disease is considered rare when fewer than 50/100,000 people are suffering
from it (Dharssi et al., 2017, Haendel et al., 2020). In Latin America, Brazil classifies a disease as
RGD when 65/100,000 people are affected, Colombia classifies a disease as rare when 20/100,000
people are affected, and Argentina, Chile, Mexico, Panama, and Uruguay classify a disease as rare
when 50/100,000 people are affected (Passos-Bueno et al., 2014, Wainstock and Katz, 2023). In
Southeast Asian regions, RGDs are administratively defined as 50, 40, and 10 per 100,000
individuals in China, South Korea, and Taiwan, respectively (Dharssi et al., 2017, Khan, 2023). In
South Asian countries, including Bangladesh, India, and Pakistan, no local definitions exist, but
they depend on WHO and European definitions.

The definitions of "rare" and "ultra-rare" diseases vary across countries and regions,
primarily based on disease prevalence within the population, as shown in Table 1. RGDs are
generally defined based on their low prevalence within a population, with thresholds varying by
country. Ultra-rare diseases are typically considered to affect fewer than 1 in 50,000 individuals,
although official definitions are less common. Hyper-rare diseases are likely to exist among
undiagnosed RGD patients. The major challenges include the characterization of these disease
genotypes and phenotypes, given that for most of these diseases, only a single patient will be
diagnosed (Landrum et al., 2020). Pakistan currently lacks an official definition, but international
standards are often used as references.

From a medical perspective, the characterization of an RGD depends on the broader
diversity of diseases and symptoms that can vary from disease to disease as well as within the same

disease (Thevenon et al., 2016). The same disease can have variations in clinical manifestations
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97  from person to person, which are differentiated into subtypes of the same disease, and it remains

98 challenging in the diagnostic journey due to variable factors (Frederiksen et al., 2022).

99  Furthermore, each RGD has a different effect on life expectancy: some are fatal at birth, some are
100  degenerative and life threatening, whereas others are compatible with a normal life if diagnosed in
101  time and properly managed and/or treated (Rode, 2021).
102 Due to the wide range of diversity and complexity, it is difficult to properly recognize an
103 RGD at earlier stages, resulting in a longer diagnostic odyssey (Janku et al., 1980, Cooper et al.,
104 2013, Ahluwalia et al., 2009). Generally, the first line of diagnosis is a clinical diagnosis, including
105  routine hematology and biochemistry tests and radiographic examinations. Once a provisional
106  diagnosis is established, confirmatory diagnostic tests are necessary to make a definitive diagnosis.
107  Classically, biochemistry and histopathology practices have been used to identify pathology at the
108  protein level. Recently, karyotyping and in situ hybridization methods have been applied on a vast
109  scale to identify pathologies at the genetic level. These methods, together with polymerase chain
110 reaction-based assays, have been widely accepted for their target-oriented accuracy (Hartley et al.,
111 2020). However, the etiology of many RGDs has not yet been established. This unknown etiology
112 has led to the use of advanced genomic techniques for RGD diagnosis. Despite the known variants,
113  there are unknown variants that probably have 10-90% pathogenic effects (Richards et al., 2015).
114 The growing chances of ambiguity in the results of RGD are due to these unknown variants called
115  variants of uncertain significance (VUS).
116 Recently, short- and long-read NGS (Merker et al., 2018, Mizuguchi et al., 2019) and
117  single-cell genomic technologies (Katsanis and Katsanis, 2013) have been used for RGD diagnosis.
118  NGS has accelerated the precise diagnosis of RGDs with a confirmed outcome of 25-50% (Li et

119  al, 2018). Comparative analysis of clinical data and NGS data, together with advanced
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120  bioinformatics methods, has proven to be a powerful technique for accurate diagnosis (Wenger et
121 al.,2017). Three types of NGS approaches have been applied: whole-genome sequencing (WGS),
122  whole-exome sequencing (WES), and targeted capture sequencing. These approaches can be used
123  for both variant discovery and copy number variations (Akhtar et al., 2022). WES is a leading
124  diagnostic strategy (Masri et al., 2022); however, one-third of RGDs remain undiagnosed because
125  of technical limitations in determining variations in non-coding regulatory genomic regions
126  (Frésard and Montgomery, 2018). To overcome these limitations of WES, WGS can identify non-
127  coding region variants and is able to identify 99% of the significant risk of RGD (Adhikari et al.,
128 2020, Woerner et al., 2021) in addition to those possible with WES (Wang et al., 2015, 100, 2021,
129  Manickam et al., 2021, Malinowski et al., 2020, Lavelle et al., 2022). However, in cases when a
130 provisional diagnosis is strong and patient had a family history of a particular disease, it is possible
131 to utilize targeted capture sequencing instead of WGS and WES. In addition to these conventional
132  NGS applications, single-cell genomic technologies have the potential to identify pathologies at
133 the cellular level. Single-cell technology defines cellular heterogeneity at the cell level; however,
134  specialized computational tools are required for comparison with disease phenotypes (Auerbach
135 etal., 2021).

136 Despite the availability of these advanced technologies, RGD diagnosis remains a
137  challenge because these technologies have not been optimized for this purpose owing to limited
138  testing options. Challenges in RGD diagnosis also lead to challenges in treatment. Most RGDs
139 involve neurodevelopmental and metabolic pathologies (Tarailo-Graovac et al., 2016). Affected
140  patients are on a life-death race, and death tolls always remain higher. Higher mortality and limited
141  lifespans have made it challenging to devise treatments using conventional methods (Black et al.,

142 2015, Carmichael et al., 2015). Most RGDs do not have a treatment, but different therapeutic
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143  regimens are used only to manage the clinical presentation (Clark et al., 2019, Farnaes et al., 2018,
144  Owen et al., 2021, Sanford et al., 2019, Willig et al., 2015). Due to the rarity of RGDs, drug
145  development is challenging, and medicinal treatment exists for only 5% of RGDs to date
146  (Nguengang Wakap et al., 2020). However, recent advances in genomics and drug development
147  have opened new avenues for discovery. Moreover, biobanking, organ-on-chip devices, and in
148  silico docking technologies have the potential to validate novel drugs (Sequeira et al., 2021).

149 It is worth noting that among the general population, six to eight people out of a hundred
150 are carriers of RGDs. There is no significance of these carrier individuals, but if two individuals
151  marry and carry the same genetic abnormality, there is a 25% chance of inheriting a genetic
152  abnormality per pregnancy. It can be frequent to “be affected by” an RGD in a family carrying
153 RGD but it is “rare” to find a family carrying RGD (Rode, 2021). Marrying a cousin
154  (consanguinity) in such families can lead to a higher incidence of RGD. The consanguinity rate
155  varies among populations based on religion, culture, and politics. The global distribution of
156  consanguinity is 10.4% of the entire population (Bittles and Black, 2010). Consanguineous
157  marriages are prevalent in North Africa, West, and South Asia. The consanguinity rates of some
158  countries in this region are reported as Saudi Arabia, 30% (Warsy et al., 2014), Libya, 38%
159  (Abudejaja et al., 1987), Qatar, 54% (Bener and Alali, 2006), and Pakistan over 80% (Akhtar et
160 al, 2019, Small et al., 2017). The consanguinity level is comparatively low (1-1.5%) in European,
161  South American, and Australian populations depending on the social demographic effect
162  (Liascovich et al., 2000, McCullough and O'Rourke, 1986).

163 Numerous barriers to RGD patients and carriers are observed in developing countries.
164  Pakistan is one such country where RGD patients suffer from socioeconomic crises. In addition,

165  the Pakistani population has a consanguinity rate of more than 80%. This higher consanguinity at
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166  the population scale increases the risk of genetic diseases, including RGD (Akhtar et al., 2019,
167  Aslamkhan et al., 1969, Zar et al., 2020, Wasim et al., 2023, Aslamkhan et al., 2023). A high
168  consanguinity rate leads to reproductive loss, risk of abortion, and neonatal or postnatal death
169 (Romdhane et al., 2019). However, no statistics exist on the incidence of RGDs in the Pakistani
170  population. It is important to look for existing RGDs, causal genes, pathogenic variants, and their
171  relationships with demographic factors in the Pakistani population (Akthar, 2019). The Pakistani
172 population is generally comprised of Caucasian ethnic groups (Mohyuddin et al., 2002). The major
173  ethnic groups include Punjabi, Pathan, Sindhi, Saraiki, Balochi, Kashmiri, and Kalash. Punjabi
174  people comprise the largest group, with approximately 150 million people. Punjabi people not only
175  live in Pakistan but also have major populations in India (~37 million), Canada (~1 million), United
176  States (~0.25 million), and England (~0.75 million).

177 All these Punjabi populations were homed in the Punjab state of British India until 1947,
178  when it was divided into two countries, India and Pakistan. Following this partition, many Punjabis
179 moved out of India due to religious, political, or identity crises. Many of these migrating
180  populations moved to the United States, Canada, England, and other European countries only one
181  or two generations ago and thus share the same genetic backgrounds as the Pakistani and Indian
182  Punjabi populations. In Pakistani Punjab, the majority of Punjabi people practice Islam and are
183  practicing Muslims, while in India, the majority of Punjabi follow Sikhism. Sikhism prohibits
184  consanguinity up to seven generations, but it is common in Pakistani Punjab. This is the reason
185  why Pakistani Punjabi have consanguinity rates of over 80% (Akhtar et al., 2019), while in Indian
186  Punjab, it is less than 5% (Acharya and Sahoo, 2021). This higher consanguinity is not only

187  common among Pakistani Punjabis but also in the Muslim world in general (Ghanim et al., 2023).
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188  Itis not only religion but also culture, family wealth, power politics, and other associated factors
189  that have historically led to increased consanguinity practices.

190 In this study, we reported a recently built RGD provincial registry in the Punjab region of
191  Pakistan. We registered the maximum possible number of families of Punjabi origin with
192  confirmed RGD diagnosis and obtained information on RGD, causal gene, pathogenic variant,
193  consanguinity, and other demographic factors. Compiling all this data, we presented the incidence
194  of RGDs, causal genes, pathogenic variants, and the role of consanguinity during 2021-2023 in
195  this manuscript.

196

197

198  Methods

199  Study Settings

200 The study was conducted from January 2021 to December 2023 at the PTGDPRI at Sir Ganga
201  Ram Hospital, Lahore, Pakistan and National Center for Excellence in Molecular Biology (CEMB),
202  University of Punjab (PU), Lahore, Pakistan. An informed consent was obtained from all registered
203  families and the study was approved by institutional review board of CEMB under letter no. IRB-
204  5/24.

205

206  Sampling Technique

207  The snowball sampling technique was used to include the maximum possible RGDs in the registry
208 presented in this study. The PTGDPRI offers chorionic villus sampling (CVS) for prenatal
209  screening of genetic diseases; thus, RGD carrier families walked in for CVS have been registered

210  in this registry since January 2021 after informed consent.


https://doi.org/10.1101/2025.11.05.25339593
http://creativecommons.org/licenses/by/4.0/

medRxiv preprint doi: https://doi.org/10.1101/2025.11.05.25339593; this version posted November 6, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY 4.0 International license .

211

212  Inclusion and exclusion criteria

213  The inclusion criterion for our study (also the registry) was any family with a confirmed RGD
214  diagnosis. All diagnoses were based on WGS, WES, or targeted capture sequencing. In case a
215  patient was suspected of having an RGD, the patient was followed up until a final diagnosis was
216  made. Patients with suspected disease for whom a final diagnosis was not made by December 31,
217 2023, were not included or presented in this study.

218

219  Patient Data Collection

220  Patient data were recorded using a registry questionnaire, including demographic information such
221 as ethnicity, caste, district, consanguinity, family income, and total number of children in the family,
222  including affected, died and normal children. In addition, gravida (G [total pregnancies]), parity
223 (P [viable births]), and abortions (A), collectively termed GPA information, were also recorded.
224

225  Genetic data

226  RGD genotypes were registered for 91 families in the current registry. This genotype information
227  was obtained from trio massive parallel NGS (WGS, WES, or targeted capture sequencing) of the
228  proband and both parents. WGS was performed either by referring clinician’s office or a third party,
229 and only genotypes of potential clinical interest, including pathogenic, likely pathogenic, or
230 variants of unknown significance, were registered.

231

232  Healthy Controls Data
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233  Consanguinity data of 1011 healthy couples without RGDs were obtained from the Punjab
234  Consanguinity Survey (Shenk et al., 2024). These data were used to compare the RGD carrier
235  families with healthy couples.

236

237  Consanguinity Analysis

238  We conducted a descriptive comparison of consanguinity patterns in RGDs. Data were collected
239 from demographic sources based on their link to consanguineous marriages. We report the
240  frequencies of the overall rates of cousin marriages. This analysis provided a more precise
241  breakdown of the proportion of marriages between first cousins, second cousins, relatives, and
242  unrelated individuals among RGD carrier families. The consanguinity information of RGD carrier
243  families and healthy couples from Shenk et al. (2024) (Shenk et al., 2024) was tested for the
244  association of consanguinity with RGDs using the chi-square test.

245

246  Variant annotation

247  After recording each patient/proband and RGD carrier family in the registry, primary, secondary,
248  and variant of unknown significance information were also recorded in the registry. All variants
249  were annotated against their registered single nucleotide polymorphism (SNP) identification
250 numbers (rsIDs) allocated by the database of SNPs (dbSNP) (Sherry et al., 1999) or nucleotide
251  identification (NM) allocated by the ClinVar database. The allele frequency of each registered

252  variant in our registry was calculated using the following formula:

ron.
253 Allele Frequency (%) = E—anl X 100
254 Where i ; 7, is the sum of alleles of carriers for each variant and 2N is the sum of ploidy

255  (total chromosomes) in the registry.
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256 The allele frequency of each registered variant worldwide was annotated using rsIDs from
257  the gnomAD v4.0 database to understand the global distribution of variants and identify
258  population-specific variants.

259

260  Statistical Analysis

261  We performed descriptive statistics, including frequencies and percentages, for qualitative
262  variables. Central tendency and distributions were measured using the mean and standard deviation.
263  Crosstabs were constructed between the variables to establish relationships. Chi-square was
264  applied to determine association between qualitative variables with p-value threshold of 0.05.
265  SPSS v22.0, Microsoft Excel 2016, GraphPad Prism 10 or R Studio (2025.05.1+513) packages
266  tidyr and ggplot2 were used for these analyses and visualizations.

267

268

269 Results

270  Identification and incidence of RGDs

271 The PTGDPRI is the only public institute dedicated to RGDs in Punjab and Pakistan. This institute
272  is run by the provincial government of Punjab and has maintained an RGD registry since January
273  2021. We have presented data spanning 2021-2023 in this study. We registered patients visiting the
274  PTGDPRI for clinical services, including diagnosis, prenatal screening, or genetic counselling.
275  Although this institute is a provincial body, patients from other geographic regions and provinces
276  of the country also visit for clinical services (Supplementary Figure 1A). RGDs are broadly
277  distributed across many districts, but most RGD-city combinations involve only a single affected

278 family. However, certain cities, such as Lahore, Faisalabad and Rawalpindi, which are
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279  metropolitan, show clusters of higher frequencies for specific RGDs, with up to six cases observed
280 in some instances. These data underscore the importance of region-wide genetic screening, as
281  RGDs are present throughout the country (Supplementary Figure 1B).

282 In our data spanning 36 months from January 2021 to December 2023, 167 families visited
283  the PTGDPRI. These families presented 72 RGDs of pediatric onset as primary diagnosis. A list
284  of these 72 RGDs along with their incidence within the current registry is provided in
285  Supplementary Table 1. These 167 families represented 118 probands and 391 children. Of the 391
286  children, 293 were affected by RGDs and 188 had died. Of these 188 children who died, 70 died
287  without any diagnosis, including both pre- and post-mortem investigations.

288 All 167 families were aware of the incidence of RGD in the family and underwent CVS
289  for an ongoing pregnancy. However, only 91 families submitted detailed genetic data at the time
290  of'registration, while others only submitted a clinical final diagnosis (confirmed on genetic testing)
291  with a referral registration form submitted by the referring clinician’s office. All 91 families who
292  submitted genetic data were tested using massive parallel NGS for short and structural variants.
293  Short variant testing was performed for 56 families, and 35 families were tested for structural
294  variants in addition to short variant testing. Eight of these families underwent whole-genome
295  sequencing (WGS), 56 underwent whole-exome sequencing (WES), and 27 underwent targeted
296  capture sequencing. This information is presented in Table 2. In 91 cases, 72 RGDs were associated
297  with primary variants whereas other 34 RGDs were associated with secondary variants
298  (Supplementary Table 2A). All these RGDs showed an autosomal recessive inheritance pattern,
299  except for adrenoleukodystrophy, G6PD deficiency, hemophilia, and mental retardation type S5,
300  which are known to be X-linked recessive. These RGDs were caused by pathogenic, likely

301  pathogenic or VUS in 110 genes (Supplementary Table 2(B &C)). A primary variant was identified
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302 in all 91 cases, with 58 secondary variants and 31 variants of unknown significance
303  (Supplementary Table 2D). All these variants were SNVs except one CNV in TJP2 gene. A
304 summary of the pathogenic classification of these variants is provided in Table 3.

305 Of these 72 RGDs, 42 were of metabolic origin, including 37 inborn errors of metabolism;
306 11 neurodevelopmental diseases; five immunodeficiency diseases; three congenital, endocrine or
307 connective tissue diseases; and one lymphatic, skeletal, hematological, or bone disease. In our
308  registry, we had 21 families with, 20 with PFIC [including PFIC I, PFIC II, PFIC IV, and PFIC
309 V], 15 with MPS [including MPS I, MPS IIIA, MPS IIIB, and MPS 1V], seven with Gaucher
310 disease, five with methyl malonic aciduria or cystic fibrosis, four with glycogen storage disease,
311 hemophilia, or Sandhoff disease, three with X-linked adrenoleukodystrophy, severe combined
312  immunodeficiency (SCID), osteoporosis, propionic acidemia, gangliosidosis, or citrullinemia, two
313  with congenital adrenal hyperplasia, congenital hydrocephalus type 3, glutaric aciduria, Pompe
314  disease, spinal muscular atrophy, Tay Sach disease, or tyrosinemia. For the remaining RGDs in the
315  registry, only a single family was registered per RGD. The number of RGD carrier families is
316  shown in Figure 1. In our registry, 36 of the 72 RGDs were categorized as ultra-rare diseases
317  according to the global RGD directories (Supplementary Figure 2). No hyper-rare disease was
318 found in the current cohort. Two RGDs, PFIC and gangliosidosis, known as ultra-rare diseases
319  globally, were not rare in our registry, with 20 and three carrier families, respectively. Also, we
320 reported gangliosidosis and its subtypes (Sandhoff disease and [(-galactosidase deficiency)
321  separately based on their differing genotypes and phenotypes. In addition, the five most common
322  diseases, NP, PFIC, MPS, Gaucher disease, and methyl malonic aciduria, contributed to

323  approximately 40% of the burden in this registry.
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324 Of the 91 primary variants, 76 were single nucleotide variants (SNVs), six were deletions,
325  five were insertions, three were CNVs, and one was an inversion. Among the 58 secondary variants,
326 45 were SNVs, 11 were deletions, one was an insertion, and one was a substitution.

327 The current registry is naive and is still recruiting patients in collaboration with clinicians,
328  hospitals, and PTGDPRI’s province-wide district centers. To date, a snowball sampling strategy
329  has been used, and our registry is not representative of population-wide RGD statistics. However,
330 this is the first study to identify the incidence of many RGDs in the region. Thus, we did not use
331  any population-wide statistics to report RGD incidence but the number of patients and pathological
332  allele frequencies (AF) within the registry. We have shown the number of patients per RGD in
333  Figure 1, which illustrates that NP has the highest incidence in our registry, followed by PFIC and
334  then MPS. This incidence is representative of the accumulated burden of affected children with
335  each disease. We calculated the pathological allele frequency of each registered RGD within our
336  registry, as shown in Figure 1. We counted the zygosity of RGD carriers or affected children in
337 this registry and calculated the pathological allele frequency for each RGD. The allele frequencies
338 in our dataset ranged from 0.34% to 5.80% in the registry. The highest observed pathogenic alleles
339  were observed in MPS (5.8%), PFIC (5.46%), and NP (3.75%) in our registry.

340

341  Epidemiological profiling of RGD carrier families

342 In total, 167 families were included in our dataset, with 293 affected children. We extended
343  our search criteria and counted the total number of children, including probands, died, and
344  unaffected children. On average, each family had 2.34+1.1 children per family. Of these, 0.71+0.6
345  were diagnosed with RGD. These families also reported that their 1.13+1.1 children died due to

346 an RGD. Ultimately, these families had only 0.59+0.7 normal children. The total number of
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347  children per couple (2.34+1.1) in this registry was lower than the national average of 3.6 per couple
348  (Shenk et al., 2024), suggesting lower fertility in RGD carrier families. Of the 391 children, 188
349  died, with a mortality rate of 480 children per 1000, which is significantly higher than the national
350  child mortality rate (62/1000) (Shenk et al., 2024). These statistics of higher mortality and fewer
351  normal children in RGD carrier families are indicators of poor quality of family life. The burden
352  of RGD per family (0-1) was calculated as the ratio between affected and total children in each
353 RGD family. The overall burden of RGD children per family is presented in Figure 2A. Mean
354  burden of affected children among all families was 0.81+0.24. The maximum RGD burden
355  observed was 1.0 in 95 families, which means that all born children were affected by an RGD.
356  However, the lowest disease burden was 0.3, observed in six families with a history of RGD
357  carriers who walked into PTGDPRI for prenatal screening and genetic counselling.

358 The family wise plot of GPA revealed important reproductive health patterns (Figure 2A).
359  The G per family generally ranged between one and nine (mean 3.92+1.4), with P between one
360 and six (mean 2.34£1.1), and A between one and four (mean 0.58+0.8). Most of these families
361  were registered while they were pregnant, and the outcome as P or A was not yet understood. The
362  close observation of P with G suggests consistently lower P underscoring the impact of A. These
363  findings highlight the general reproductive trends in the cohort, with high desired fertility rates (G)
364  and moderate outcomes as viable births (P) due to the influence of A. Such insights are valuable
365  for maternal health interventions and understanding reproductive patterns in RGD carrier families.
366  These important findings suggest that the desired fertility rates are higher, but the actual fertility
367  rates are lower among RGD carrier families.

368 We also identified 37 RGDs associated with the incidence of abortion in our registry

369  (Figure 2B). These 37 RGDs were observed in 66 families. Moreover, we observed that couples
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370  who are carriers of chylomicron retention disease or X-linked adrenoleukodystrophy are at a higher
371  risk of abortion. Although we only had one family with chylomicron retention disease, this family
372  had a history of four abortions. Chylomicron retention disease is a life-threatening disease caused
373 by a rare autosomal mutation in the SAR1B gene, and patients cannot absorb fats or fat-soluble
374  vitamins due to the lack of chylomicron synthesis and secretion. This is family 6, as shown in
375  Figure 2A, had a G:P:A of 7:2:4, which included one current pregnancy with four abortions, and
376  only two fetuses survived. Among these two, only one was normal, and the other was a patient
377  with chylomicron retention disease.

378 In addition to chylomicron retention disease, X-linked adrenoleukodystrophy also showed
379  the highest abortion rate. Three families with X-linked adrenoleukodystrophy were included in our
380  registry (families 125, 126, and 127 in Figure 2A). These families had G:P:A ratios of 5:4:0, 6:1:4,
381 and 5:3:1. Family 125 did not have any abortions, but family 126 had the highest abortion
382 incidence of four fetuses. Family 127 had six pregnancies, including the current pregnancy, but
383  only one fetus survived and was diagnosed with X-linked adrenoleukodystrophy.

384

385 RGD burden across ethnic groups

386  Although our institute is based in Punjab, RGD patients of both Punjabi and non-Punjabi ethnic
387  origins are part of our registry. These non-Punjabi ethnic groups are either residents of the province
388  of Punjab or registered with the PTGDPRI for clinical services from other provinces. According
389  to ethnicity, there were 118 RGD families of Punjabi ethnic origin, 34 Pathan, five Saraiki, four
390  Sindhi, three Kashmiri, two Balochi, and one Hindko. Our data show clear patterns of differential
391  distribution of RGDs in ethnic groups that emphasize the importance of inclusion in RGD studies.

392  These trends were most significant when comparing the Punjabi population with all other
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393  populations, as demonstrated in Figure 3. The Punjabi population demonstrated a significantly
394  higher incidence of RGDs than the non-Punjabi population. A close examination of Figure 3 shows
395 that 58 RGDs are present in the Punjabi population in our registry. Of these 58 RGDs, 47 were
396  specific to the Punjabi population in the current registry, indicating a possible founder effect or a
397  higher prevalence of pathogenic alleles within the population.

398 While looking into the non-Punjabi population, we found 16 RGDs present in the Pathan
399  population. Of these 16 RGDs, eight were present only in the Pathan population. These eight RGDs
400 include 3-B hydroxysteroid dehydrogenase 2 deficiency, a-methyl acetoacetic aciduria, cerebellar
401  hypoplasia, Crigler-Najjar syndrome, glutaric aciduria type I, mitochondrial depletion syndrome,
402  pseudohypoaldosteronism, and short rib thoracic dysplasia type 2. Five RGDs, including cystic
403 fibrosis, gangliosidosis, Gaucher disease, glycogen storage disease, and Sandhoft disease, were
404  cumulatively present in the Punjabi and Pathan populations. The other three diseases (NP, MPS,
405 and PFIC) were shared by more than two ethnic groups.

406 Five RGDs were present in the Saraiki population. Of these five, two RGDs (HADH-
407  related disorder and Maple Syrup Urine Disease) were only present in Saraiki ethnic families. Four
408 RGDs were observed in the Sindhi population. Among these RGDs, two (HHH Syndrome and
409  Pyruvate Kinase Deficiency) were specific to the Sindhi population in this registry. Moreover, two
410  other RGDs (citrullinemia and propionic acidemia) were shared between the Punjabi and Sindhi
411  populations. Among the two Balochi ethnic families, the POLG-related disorder was observed in
412  one family and was specific to the Balochi population. However, Tay-Sachs disease, the second
413  RGD observed in the Balochi ethnic group, was also found in the Saraiki population, consistent
414  with the colocalization of both groups in the Southern Punjab region. In the Hindko ethnic group,

415  we observed only one disease (osteoporosis), which was also shared among the Punjabi and


https://doi.org/10.1101/2025.11.05.25339593
http://creativecommons.org/licenses/by/4.0/

medRxiv preprint doi: https://doi.org/10.1101/2025.11.05.25339593; this version posted November 6, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY 4.0 International license .

416  Kashmiri ethnic groups, consistent with the historical closer geographic existence of the Hindko,
417  Kashmiri, and Punjabi populations.

418

419  RGD distribution across castes

420  Ethnicity was further subdivided into castes. The number of families carrying an RGD within each
421  caste is shown in Figure 4. In Punjabi castes, highest RGD incidence was recorded in Arain (22,
422 13.2 %) and Rajput (22, 13.2%), followed by Sheikh (14, 8.4 %), Butt (9, 5.4%), and Jutt (9, 5.4%)
423  castes. On a disease-wise pattern, we found that 21 RGDs were distributed across the castes and
424 51 RGDs were specific to only one caste, while others, including MPS, NP, osteoporosis, and PFIC,
425  were distributed across the castes. Among Rajput caste, seven RGDs were caste-specific including
426  Cerebrotendinous Xanthomatosis, congenital diarrheal syndrome, HSD17B4-related disorder,
427  hypercholesterolemia type B, Menke-Hennekam Syndrome, RAG1-associated disorder and
428  Sjogren-Larsson Syndrome. Six RGDs were specific to the Arain caste, including congenital
429  disorder of glycosylation, CPTAl-gene defect, junctional epidermolysis bullosa, mental
430 retardation type 5, neuraminidase deficiency, and Omenn syndrome. Five RGDs were specific to
431  Sheikh caste, including cerebral dysgenesis neuropathy, FADD gene defect, osteogenesis
432  imperfecta, spinal muscular atrophy, and tyrosinemia. The Jutt caste had three caste-specific RGDs,
433  including hypoaldosteronism, mitochondrial complete deficiency, and presynaptic congenital
434  myasthenic syndrome. Among the Butt caste, two RGDs (Joubert syndrome and peroxisome
435  biogenesis disorder) were caste-specific.

436 Looking deeper into caste-specific disease incidence, we found that most castes had a
437  specific RGD incidence, except Arain, Baloch, Barber, Bhatti, Butt, Gujjar, Jutt, Khawaja,

438  Khokhar, Malik, Memon, Mughal, Pathan, Qureshi, Rajput, Sheikh, Syed, and Yousafzai. All other
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439  castes showed a specific incidence of RGD. A detailed outlook of the RGD-caste relationship is
440  shown in Figure 4.

441

442  Association of Consanguinity with RGDs

443  There were four categories for recording the consanguinity status of the parents in RGD carrier
444  families: first cousin, second cousin, relative, and unrelated. Among the RGD families, first cousin
445  marriages were 129 (77.2%), second cousin marriages were 14 (8.4%), marriages within relatives
446  were 7 (4.2%), and 17 (10.2%) couples were married to an unrelated spouse. Cumulatively, first
447  cousins, second cousins, and marriages with relatives accounted for 89.8% of the current cohort in
448  this registry. This is one of the highest consanguinity rates observed in RGD carrier families.

449 To illustrate the distribution of families affected by various RGDs according to
450  consanguinity status, a stacked bar plot shows RGD-wise consanguinity rates in Figure 5. The
451  visualization in Figure 5 highlights a pronounced trend in which a significant number of RGDs
452  showcase consanguineous marriages, particularly first-cousin marriages. In our current registry
453  cohort, 100% first-cousin marriages were observed in 50 RGDs, 100% second-cousin marriages
454  were observed in four RGDs (methyl crotonyl-coA carboxylase deficiency, mitochondrial
455  complete deficiency type 1, POLG-related disorder, and short rib thoracic dysplasia type 2), 100%
456  marriage with a relative in one RGD (nephropathic cystinosis), and 100% marriage with an
457  unrelated person in three RGDs (HHH syndrome, HADH-related disorder, and X-linked
458  adrenoleukodystrophy). Thus, 69 out of the 72 RGDs in our registry showed a history of
459  consanguinity, suggesting a causal role of consanguinity in the incidence of RGD in this cohort. A
460  total of 14 RGDs showed mixed patterns of consanguinity. These RGDs include cystic fibrosis,

461  citrullinemia, Gaucher disease, glutaric aciduria type 1, glycogen storage diseases, hemophilia,
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462  methylmalonic aciduria, MPS, NP, osteoporosis, PFIC, Pompe disease, Sandhoff disease, and
463  spinal muscular atrophy. All these RGDs showed different percentages of consanguinity patterns,
464  but the consanguinity rate remained 50% or higher, consistent with our observation of
465  consanguinity in the causal role. To further assess the statistical association between consanguinity
466  and RGDs, we used previously published consanguinity data of 1011 families from the Punjab
467  Consanguinity Survey with no RGDs (Shenk et al.,, 2024) and compared them with our
468  consanguinity records using a chi-square test (X*=44.78, p-value<0.00001). The association was
469  extremely statistically significant, supporting our observation of the causal association of
470  consanguinity with RGDs.

471 Significant variations in consanguinity patterns among different ethnic groups were also
472  observed, and the cumulative share of each ethnic group is shown in Supplementary Figure 3.
473  Punjabi, Pathan, Saraiki, and Sindhi shared both consanguinity and non-consanguinity patterns,
474  while Kashmiri, Balochi, and Hindko showed only consanguinity patterns.

475

476  Molecular epidemiology of RGDs in current registry

477  Following the registration and identification of RGDs in the current registry, we examined genetic
478  variants identified by NGS in 91 RGD families spanning a repertoire of 110 genes, including
479  primary and secondary RGD findings. Most RGDs and causal genes are unique to each family;
480  however, there are RGDs in which the causal gene or pathogenic variant is observed in more than
481 one family. The family-wise incidence of each RGD and gene repertoire is shown in
482  Supplementary Table 2A. These 110 genes cumulatively had 131 variants, and disease-associated

483  genes and variants with family incidence are listed in Supplementary Table 2B. The gene-wise


https://doi.org/10.1101/2025.11.05.25339593
http://creativecommons.org/licenses/by/4.0/

medRxiv preprint doi: https://doi.org/10.1101/2025.11.05.25339593; this version posted November 6, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY 4.0 International license .

484  relationship is presented in Supplementary Table 2C, while the variant-wise relationship is
485  presented in Supplementary Table 2D.

486 For each of the 131 variants, we annotated rsIDs and allele frequencies from the dbSNP
487  and gnomAD databases. These allele frequencies, along with rsIDs, are listed in Supplementary
488 Table 2A. The allele frequencies in this table are categorized according to global ethnicities,
489  including African, American, European, Middle Eastern, and South Asian ancestries. The purpose
490  of'this comparison was to determine whether the pathogenic variants in our dataset are population-
491  specific or globally distributed. Although most pathogenic variants from our cohort were global,
492 24 pathogenic variants associated with 23 RGDs were specific to the South Asian population. This
493  population specificity of pathogenic variants of associated RGDs argues if these variants are
494  founded in the South Asian population, and termed as founding pathogenic variants. The allele
495  frequencies of these variants, according to the gnomAD database, are shown in Figure 6 A. These
496 23 RGDs with founding pathogenic variants include Aicardi-Gouti¢res syndrome type 5, a-methyl
497  acetoacetic aciduria, aspartyl glucosaminuria, breast cancer, Cerebrotendinous Xanthomatosis,
498  congenital hypoaldosteronism, dihydro-pyrimidine-dehydrogenase deficiency, hemophagocytic
499  lymphohistiocytosis, junctional epidermolysis bullosa, microencephaly, MPS I, MPS 1V,
500 neuraminidase deficiency, Omenn syndrome, ornithine transcarbamylase deficiency, PFIC II,
501 Pompe disease, pontocerebellar hypoplasia type II, Sandhoff disease, severe combined
502 immunodeficiency, spondyloenchondrodysplasia, Stromme syndrome and 3-B hydroxysteroid
503 dehydrogenase type Il deficiency. Among these diseases, the same MPS I founding variant in the
504 IDUA gene was observed in three different families.

505 In addition to the South Asian population specificity, we investigated variants with shared

506  origins in the European and Middle Eastern populations. We found 19 variants with ancestry shared
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507  between South Asian and non-Finnish European populations only (Supplementary Table 2A).
508  Moreover, we found two variants of shared ancestry between the South Asian and Middle Eastern
509 populations according to the gnomAD allele frequency database. Four variants were shared among
510  South Asian, European, and Middle Eastern populations. The higher shared variants observation
511  between South Asian, Middle Eastern and European populations is consistent with Out-of-Africa
512  migration history. It is also worth noting that both the current study population and the European
513  population have Caucasian origins. Identification of founder pathogenic variants in this study is
514  also suggestive of inclusion of underrepresented populations in global genomic and clinical
515  projects.

516

517  Association of Socioeconomic demographics with RGDs

518 The entire family of RGD patients is affected psychologically, socially, culturally, and
519  economically. In this study, we conducted an in-depth evaluation of RGD carrier families to
520 investigate whether they belong to the low-, middle-, or high-income groups. In the current cohort
521  of our registry, the annual income of RGD carrier families ranged between $214 and $17142, with
522  a mean annual income of $1780. An income group classification is shown in Figure 6B, where
523  RGD families are divided into eight groups with an interval size of 931. We used the World Bank’s
524 gross national income (GNI) per capita as the annual income per RGD carrier family to rank the
525  economic status of each family. The first group, with an annual income between $214 and $1145
526  had 75 RGD carrier families, which is consistent with the World Bank’s low-income group,
527  suggesting a high incidence of low-income families carrying RGDs. Second, there were 86
528  families with annual family incomes between $1145 and $4869, consistent with the World Bank’s

529  low-middle income group. The third group, with an annual family income between $5800 and
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530  $8593, ranked as the high-middle income group, and had five RGD carrier families. The fourth
531  group had only one family with an annual income of $17142 and ranked in the high-income group.
532  In conclusion, the 161 families in the current cohort belonged to either the low- or lower-middle-
533  income groups, implying a higher economic burden on RGD carrier families. While assuming a
534  higher economic burden, it is necessary to remember that there is no national health insurance
535  system in Pakistan; therefore, any costs associated with the patient are out-of-pocket expenses for
536  the RGD family, creating inequities in accessing standard healthcare.

537 We further collected data on the literacy rate, including the highest education status of these
538 167 RGD families. Figure 6C shows the educational status among RGD families, with the highest
539  number of spouses with at least university-level education, followed by post-graduation, college,
540  and high school level education. This high literacy rate in this cohort is consistent with the growing
541  literacy rate in Pakistan and provides a niche for genetic counselling and better care of RGD
542  patients if appropriate resources are provided at the national or provincial scale.

543

544

545  Discussion

546  This study is the first and only RGD registry with molecular, health, and socioeconomic data from
547  Pakistan. In this manuscript, we report the spectrum of RGDs in the Punjabi population for the
548 first time. Several individual case reports of RGDs in the Punjabi population have been published;
549  however, a population-wide spectrum is not known. The PTGDPRI took the initiative to build a
550  province-wide registry and registered 167 families with 72 RGDs of pediatric onset (Figure 1).
551  These 72 RGDs include metabolic diseases, neurodevelopmental diseases, immunodeficiency

552  diseases, connective tissue diseases, and others. In addition to disease identification, we annotated
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553 110 genes with 106 RGD phenotypes, including primary and secondary diagnoses. These genes
554  showed 91 primary variants and 58 secondary variants, of which 31 variants among these were
555  VUS. Furthermore, we identified RGDs among Punjabi and non-Punjabi ethnic groups, and a
556  caste-wide incidence was also presented. In our registry, we also incorporated consanguinity as a
557  risk factor for RGDs and found that 89.8% of RGD carrier families were consanguineous, and an
558  association between RGD and consanguinity was observed. Molecular epidemiology methods
559  suggested that 24 of the total registered variants were specific to South Asian populations and were
560 annotated as the founding pathogenic variants. Finally, we observed an economic burden giving
561  rise to inequities in accessing healthcare despite a high literacy rate among registered RGD families.
562 As mentioned earlier, PTGDPRI, a provincial government institute known for genetic
563 testing of thalassemia and other genetic diseases, came across the line of action to prevent such
564  RGDs that are life-threatening and affect a large population of the Punjab region. In the dataset
565  presented in this manuscript, 167 RGD carrier families were registered in PTGDPRI and obtained
566 clinical services, including CVS sampling, prenatal genetic testing, and genetic counselling, based
567  on their clinical picture or past clinical history; thus, the majority of registered families were
568 already identified as risk groups. In the current dataset, registered families had 293 affected
569  children, including 188 who had already died, and only 98 children were born normal. We have
570 calculated burden of RGD-affected children in these families and mean RGD-burden was
571  0.81£0.24 out of 1.00 presenting a significant RGD-affected children burden on each family
572  (Figure 2A). Although several previous studies have reported the incidence of genetic diseases in
573  the Pakistani and Punjabi populations, this evidence remains generalized to phenotypes, traits, and
574  common genetic diseases such as hemoglobinopathies (Bibi et al., 2022, Naqvi et al., 2024,

575  Azmatullah et al., 2024, Bhatti et al., 2019, Nawaz et al., 2025, Ahmad and Naeem, 2025). In
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576  addition to these traits and common genetic diseases, there have been many case reports of RGDs,
577  but collective evidence of a population-wide spectrum is lacking. This is the first report of
578  clinically diagnosed RGDs based on molecular evidence. RGD patients are mostly children, with
579  associated higher morbidity and mortality, and the worst of these is the diagnostic odyssey
580 (Mazzucato et al., 2023, Ferreira, 2019). The RGD carrier families in our registry represent the
581  final outcome of any diagnostic odyssey they faced in the past. This registry not only compiles
582  epidemiological information on RGDs but also serves as a platform to introduce carrier families
583  with their desired clinical services through its field presence in the Province of Punjab.

584 In our registry, we found that metabolic RGDs were the most prevalent, followed by
585  neurodevelopmental, immunodeficiency, congenital, endocrine, connective tissue, lymphatic,
586  skeletal, bone, and hematological RGDs. This is the first population-based evidence to understand
587  the RGD trends. Among the high-incidence metabolic RGDs, 37 were inborn errors of metabolism.
588  Although these metabolic RGDs, including inborn errors of metabolism, are fatal, many of them
589 are curable after the identification of metabolic malfunction or metabolic element deficiency
590 (Gambello and Li, 2018). This potential cure highlights the need for fast and accurate genetic
591  testing availability to the general population and/or at least to carrier families which is currently a
592  challenge for RGD carrier families.

593 In this study, the five most common RGDs were NP, PFIC, MPS, Gaucher disease, and
594  methylmalonic aciduria. Together, these diseases account for approximately 40% of the RGD
595  burden in our registry. In addition to the higher incidence of RGDs, we also observed varying
596  phenotypes of NP, PFIC, and MPS. These phenotypes included NP I and NPC for NP; PFIC I,
597  PFICII, PFIC 1V, and PFIC V for PFIC; and MPS I, MPS IIIA, MPS IIIB, and MPS IV for MPS.

598 In addition to these RGDs, many other families exhibit several secondary variants in addition to
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599 the primary variants. The existence of secondary variants is evidence of the unique genotype of
600 each RGD patient, which then produces a unique phenotype of the clinical condition. In addition,
601  these molecular findings of unique genotypes remain consistent for associated primary and
602  secondary genes and pathways; thus, a pathway-based approach can also be established for the
603 identification of RGDs at the molecular level. Current diagnosis best practices mainly include
604  WGS, WES or targeted sequencing which are not always successful due to complexities associated
605 with RGDs and technical limitations of these technologies. However, involvement of multiple
606  genes suggests disruption of physiological pathways can be used in a reverse fashion to identify
607  associated genes or at least understand molecular scale pathology of RGDs. The PTGDRI currently
608  only offers prenatal testing and genetic counselling, but a complete solution with intervention is
609 desired by provincial or national stakeholders. Several treatment regimens with regulatory
610 approval are already available for these RGDs, and immediate relief in terms of accessible and
611 equitable clinical services is necessary (Santos-Lozano et al., 2015, Matencio et al., 2020, Loomes
612 etal, 2022, Gunaydin and Bozkurter Cil, 2018, McKiernan et al., 2024, Kingma and Jonckheere,
613 2021, Stapleton et al., 2019). In addition to the available treatment regimens, many potential
614  therapeutics are being developed and are under clinical trials. Access to potential therapeutics for
615  these patients is also necessary for clinical trial enrollment.

616 Furthermore, it is not only about RGDs; we have tried to incorporate the maximum
617  available information associated with RGDs. The impact of carrying RGD-associated alleles does
618  not only affect newborn children, but also worsens the family well-being and reproductive health
619  of carrier mothers, as shown by higher child mortality and GPA statistics in our registry. We learned
620 that the families in our registry had 2.34+1.1 total children, with only 0.59+0.7 normal children.

621  The remaining children were either affected or deceased. The mean mortality burden per family in
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622  our registry was 1.13+1.1, which is approximately half of the total mean children in each family.
623  These data suggest a child mortality rate of 480 per 1000, which is significantly higher than the
624  national average of 62 children per 1000, arguing that higher mortality rates (seven times the
625 national average) are associated with RGDs (Demographic, Shenk et al., 2024). These higher
626  numbers of mortality and RGD-affected children worsened family well-being, although we did not
627 investigate this on an established scale. In addition to higher mortality, RGD carrier mothers also
628  face a higher incidence of abortion. The GPA statistics (Figure 2A) indicated that the mean G was
629  3.92, with mean P, 2.34 and mean A, 0.58. This P is also representative of the fertility rate among
630 RGD carrier mothers, which is much lower than the national fertility rate of 3.6 per mother
631  (Demographic, Shenk et al., 2024), arguing lower fertility rates than the national average. The
632  difference between P and the other two statistics, G and A, represents the fertility challenges faced
633 by RGD carrier mothers and families, especially in terms of lower viable births and higher rate of
634  abortions. Although this trend of abortions was not common among all RGDs, 37 RGDs showed
635 an incidence of A in 66 RGD families (Figure 2B). In Pakistan, several maternal health surveys
636  haverevealed population rates of A between 29 and 66 per 1000 women (Khalid et al., 2025, Sathar
637 etal., 2025, Sathar et al., 2007). However, we believe that our current dataset is still too small to
638  draw conclusions about the abortion rate in RGDs in the study population. However, based on our
639  results, it is evident that at least 37 RGDs are associated with abortion, and 66 carrier mothers out
640  of 167 (395 per 1000 women, at least six times the national rate) had experienced an abortion at
641  least once (Figure 2).

642 The Punjabi population and other ethnicities living in Pakistan are anthropologically and
643  genetically heterogeneous (Malik and Amin-ud-Din, 2013, Aftab et al., 2017, Sajid Hussain et al.,

644  2013), representing historical migrations to this region (de Gila-Kochanowski, 1990, Agarwal,
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645 2000, Witzel, 2019, Pathak et al., 2018). Therefore, we profiled RGDs according to the major
646  ethnic groups represented in our registry. These groups include Punjabi, Pathan, Saraiki, Sindhi,
647  Kashmiri, Balochi, and Hindko families. Although all families were recruited from Pakistan, these
648  ethnic groups are also widely distributed across other South Asian countries. The Punjabi
649  population resides primarily in the Punjab province of eastern Pakistan and in the adjoining Indian
650 state of Punjab. The Pathan (Pashtun) population mainly inhabits the northwestern province of
651  Khyber Pakhtunkhwa in Pakistan and the neighboring regions of Afghanistan. The Saraiki
652  population is concentrated in southern Punjab, Pakistan, and extends into the Indian Punjab. The
653  Sindhi population lives in Pakistan’s Sindh province and the adjacent regions of Rajasthan and
654  Gujrat in India. The Kashmiri people inhabit the Kashmir region, which is divided between India
655 and Pakistan, while the Balochi population originates from Pakistan’s western province of
656  Balochistan and extends into Iran and parts of Western and Central Asia. Thus, knowledge in this
657  registry about ethnic groups is relevant not only to the Pakistani population but also to neighboring
658  populations in South, West, and Central Asia. In the current registry version, we have 118 families
659  of Punjabi origin, 34 Pathan, five Saraiki, four Sindhi, three Kashmiri, two Balochi, and one
660 Hindko. Among these registered families, 58 RGDs were observed, of which 47 were Punjabi
661  population-specific. Among the registered Pathan families, 16 RGDs were present, of which eight
662  were Pathan population-specific. Among the Saraiki-registered families, five RGDs were present,
663 two of which were Saraiki population-specific. There were only two Balochi families in this
664  registry exhibiting two RGDs, one of which was Balochi population-specific. However, the
665 Hindko and Kashmiri populations shared RGDs with the Punjabi and Pathan populations, and no
666  population-specific RGDs were identified in this registry. Although these findings highlight the

667  population specificity of several RGDs, there is still a chance that these RGDs could occur in other
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668  ethnic population groups. Because these registry data are more observational and do not lead to
669 the inference that other populations could not be affected by these traits unless a genomic survey
670  of other populations for pathogenic variants is conducted.

671 To narrow down this ethnic analysis, we stratified the data in our registry by caste. Castes
672  are anthropologically isonym groups that tell us the lineage of each individual and are used for
673 identification purposes even in modern-day South Asian societies. In some non-Punjabi ethnicities,
674  this lineage information is preserved with tribe names instead of castes. However, in this registry,
675  we used both terminologies, caste and tribe, synonymously. Among castes, more than 50% of the
676  RGD burden was found in five Punjabi castes (Arain (13.2%), Rajput (13.2%), Sheikh (8.4%),
677  Butt (5.4%), and Jutt (5.4%)) and one non-Punjabi group (Pathan (5.4%)). Other castes with lower
678 RGD incidence include Baloch, Bhatti, Malik and Syed. The castes with higher RGD incidence,
679 including Arain, Rajput, and Jutt, are large caste groups widely present in the Pakistani and Indian
680  Punjab regions, Sindh province of Pakistan, and Haryana region of India. Moreover, these castes
681  also include tens of subcastes that are representative of each group’s anthropology, region, trade,
682  or religion, while keeping the caste-wide history intact. Other castes, including Sheikh, Butt, and
683  Pathan, are also widely present in Pakistan, India, present-day Kashmir, and Afghanistan, but their
684  populations are smaller than the aforementioned castes. In our previous studies and other published
685 literature, we learned that the incidence of several genetic traits was higher in Arain, Rajput, Jutt,
686  and Sheikh castes (Akhtar et al., 2019, Bibi et al., 2022, Naqvi et al., 2024, Azmatullah et al., 2024,
687  Bhatti et al., 2019, Nawaz et al., 2025, Ahmad and Naeem, 2025, Aslamkhan et al., 2023). Thus,
688  our current registry is a valuable resource for caste-specific RGDs and could be useful for RGD
689  screening of specific castes. In the current registry, we found that 51 RGDs were caste-specific.

690  Rajput showed seven caste-specific RGDs, Arain six, Sheikh five, Jutt three, and Butt two caste-
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691  specific RGDs. Our results on ethnicity and caste-specificity suggest the need to build a
692  comprehensive registry of RGDs among South Asian ethnicities and castes. Such a registry could
693 provide not only comprehensive information on ethnic and caste-specificity but also generate
694  screening batteries for groups of RGDs. This is also a goal of the current registry to build a
695 comprehensive resource and screening battery for a group of RGDs, which could be a quick and
696  cost-efficient way to screen RGD-suspects before genetic testing and/or genomic profiling,
697  especially in South Asian countries, where access to modern genetic technologies is still limited.

698 Following castes, we led our registry to another aspect of the social structure, consanguinity.
699 Inasociety divided by castes, people prefer to interbreed within their caste as it is a matter of pride
700  for their families. In addition, consanguinity is a practice to maintain social, political, and
701  economic status within the family. Though a few religions in South Asia including Sikhism in
702  Punjabi population prohibit consanguineous marriages but people practicing Islam vastly practice
703 it not only in South Asian premises but also in Middle Eastern and Western and Central Asian
704  regions (Akhtar et al., 2019, Zar et al., 2020, Ghanim et al., 2023, Mofied et al., 2024, El Goundali
705  etal., 2022, Alshaban et al., 2025, Popescu et al., 2025, Mansouritorghabeh, 2021). In our registry,
706 69 out of 72 RGDs showed history of consanguinity practice (Figure 5). In our previous
707  population-based surveys, we found incidence of consanguinity is over 80% in Punjab (Akhtar et
708 al., 2019). In current registry, we observed 89.8% in RGD carrier families with 77.2% first cousin
709  marriages. This is so far the highest consanguinity burden reported in any population in the region.
710  As several previous studies has tested consanguinity as a risk factor for recessive genetic traits, so
711 we have tested consanguinity status in our registry against non-RGD data of Punjabi population
712 previously available from Shenk et al (Shenk et al., 2024). This analysis revealed a significant

713  association between RGDs and consanguinity and consanguinity remains the major contributor of
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714 RGDs in current RGD carrier families. Identification of RGD- and other lethal genetic trait-carriers
715  pre-marital can serve as control strategy of RGDs inheritance to next generation in this high
716  consanguinity practice. The major contributors to consanguinity as mentioned earlier are social,
717  economic and political reasons. So, we have investigated socioeconomic demographic factors
718  including annual income and education status among RGD carrier families in this registry. We
719  found 75 RGD carrier families to be among low-income group, 86 among low-middle income
720  groups, five among high-middle income and only one high income family (Figure 6). This suggests
721  a huge economic pressure and lack of financial resources for diagnosis and treatment of RGDs.
722 Such economic pressures and long-standing diagnostic odyssey previously have been reported in
723  Pakistani population, several developed nations and under-privileged populations (Akesson et al.,
724 2025, Glaubitz et al., 2025, Zaman et al., 2025). This is also worth noting that unlike global north
725  countries, no national health insurance or coverage system exists in Pakistan and all clinical costs
726  are out-of-pocket ultimately an economic burden for these families despite existing economic
727  pressure. These data suggest that in our current study population, the share of socioeconomic status
728  and wealth may not be the primary reason for consanguinity but rather the lack of options for
729  marriage partnerships due to economic stress. The Punjab Consanguinity Survey (Shenk et al.,
730  2024) also revealed similar outcomes, where the economic burden on families is among the major
731  contributor of consanguinity practice in the Punjabi population. Despite the high economic
732  pressure on RGD families, we found that the literacy rate among these RGD families was very
733 high, which also reflects the socioeconomic dilemma of low wages and unemployment in Pakistan
734  and other developing countries. However, in the current study, highly literate people are good

735  resources for understanding RGDs and seeking genetic counselling.
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736 Finally, we investigated the global allele frequencies of pathogenic variants in the current
737  registry. The allele frequencies of pathogenic variants suggest the prevalence and incidence of
738  particular genotypes and associated disease phenotypes. In our registry, we identified 131 variants
739 in 110 genes associated with RGDs. We searched for their incidence among all major population
740  groups and learned that 24 of these variants were of South Asian origin and were termed founding
741  pathogenic variants. These 24 variants were associated with 23 RGDs, and these variants should
742  be prioritized and incorporated into genetic tests and pan-genomic testing panels for RGDs for a
743  fast, cheaper, and accurate diagnosis, minimizing the present odyssey. In addition, structural
744  changes induced by these founder pathogenic variants should be addressed in ongoing novel drug
745  discovery efforts and companion diagnostics.

746 In addition to the direct results of our study, there are several indirect points of discussion,
747  including the need for rapid and cost-efficient genetic testing and the need for provincial, national,
748  and regional RGD support groups. The current registry is an effort by the PTGDPRI to understand
749  RGDs dynamics, but the following efforts are needed by the provincial government of Punjab, the
750  national ministry of health coordination, and the World Health Organization’s regional office of
751  the Eastern Mediterranean Region and Southeast Pacific region. Pakistan is representative of a
752  diverse, heterogeneous population with cultural roots shared between Southeast Asia and the
753  Eastern Mediterranean Region. Several aspects reported in this study, including lower fertility rates
754  among RGD carrier mothers, higher mortality rates among RGD carrier families, higher incidence
755  of consanguinity in RGD carrier families, and identification of founding variants, lay the
756  foundation for policy-making in both regions. To better manage RGDs, national-level

757  infrastructure, including newborn and prenatal screening of RGDs, is necessary and should be
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758 mandated as soon as possible by key players, including non-government and not-for-profit
759  organizations.

760 Another aspect that is primarily missing in our results, but is a translational aspect of our
761  results, is the need for rapid and cheap diagnostic assays for RGDs. The current diagnosis gold
762  standard for RGDs is either WGS or WES, but their cost is not bearable for patients in the South
763  Asian region and some regions of the Eastern Mediterranean Region. Thus, based on the shared
764  ancestry and genetic admixture in these regions, we suggest building a regional database of genetic
765  variants. This database could be useful for cheaper and rapid RGD diagnosis in the region. As the
766  region-specific information is much clearer by our discovery of tens of founding pathogenic
767  variants, other previous studies (Tournebize et al., 2022, Kerdoncuff et al., 2025) have also
768  reported it. Therefore, we suggest building a broader regional catalog of pathogenic and founder
769  pathogenic variants, and these efforts should be accelerated by financial and scientific incubations.
770  Moreover, a subsidy should be announced for organizations, companies, and startups that can take
771 up the challenge of building cheaper diagnostics. These could be genotype arrays, multiplexed
772 PCRs, cheaper and rapid sequencing methods, population-specific or pan-genomic gene panels. In
773  addition, following diagnosis, genetic counselling and efforts to ensure treatment availability are
774  needed. All these things together could be compiled in one RGD policy, which is immediately
775  needed in Punjab and Pakistan and also in the whole region.

776 This registry provides the first foundational dataset for RGDs in the Punjabi population
777  and represents a model for integrating molecular epidemiology with public health genetics. The
778  Punjabi population of Pakistan illustrates how genetic, socioeconomic, and cultural factors
779  converge to amplify the burden of RGDs in this population. High consanguinity, limited diagnostic

780  access, and the absence of policy infrastructure act synergistically to sustain this burden in Pakistan.
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781  There is an urgent need to develop cost-effective diagnostic assays that target RGD-associated
782  variants prevalent in South Asian and Middle Eastern populations to minimize inequity to access
783  healthcare. Translating advanced molecular technologies into affordable diagnostic platforms is
784  crucial for achieving this goal. Expansion of this registry into a national genomic surveillance
785  program could enable early detection, equitable data sharing, and transnational research
786  collaborations. Comparative allele frequency analyses using the gnomAD database further
787  demonstrated that several pathogenic variants are exclusive to South Asian ancestry, underscoring
788  regional founder effects and the critical need to include underrepresented populations in global
789  RGD genomics.
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1275 Tables:

1276  Table 1: Administrative definition of rare diseases and ultra-rare diseases

Country Definition | Definition of | References

of Rare Ultra Rare
Disease Disease
(Prevalence | (Prevalence
N/100K)) | N/100K)

Argentina 50 <2 (Yu et al., 2021, Richter et al., 2015)

Australia 5-10 <2 (Nguengang Wakap et al., 2020, Sharma et al.,
2010, Richter et al., 2015)

Albania <50 <2 (Perolla et al., 2024)

Austria <50 <2 (Moliner and Waligora, 2017)

Belgium <50 <2 (Harari, 2016)

Bengladesh | 50 <2 WHO

Bulgaria <50 <2 (Naumova et al., 2022)

Brazil <65 <20 (Sciascia et al., 2023, Venugopal et al., 2024)

Canada 50 <2 (Birkelund, 2019, Sharma et al., 2010)

Cyprus <50 <2 (Georgiou et al., 2024)

Czech <50 <2 (Richter et al., 2015)

Republic

Chile 50 <2 (Yu et al., 2021, Richter et al., 2015)

China 50 - (WHO)(Lu et al., 2022)

Colombia 20 <2 (Yu et al., 2021, Richter et al., 2015)

Congo <50 <2 (Lumaka et al., 2018)

Croatia <50 <2 (Dumic et al., 2023)

Denmark 20 <2 (Birkelund, 2019, Mabher et al., 2021, Richter et
al., 2015)

Ecuador 10 <2 (Zambrano-Mila et al., 2019)

Estonia <50 <2 (Tiivoja et al., 2022)

Egypt <20 <20 (Chekroun et al., 2025)

Ethiopia 50-100 <2 (Mogess and Mihretie, 2024)

Europe <50 <2 (Mariz et al., 2016, Sharma et al., 2010)

France <50 0.2 (Harari, 2016, Mabher et al., 2021, Richter et al.,
2015)

Finland <50 <2 (Mabher et al., 2021)

Germany <50 0.2 (Moliner and Waligora, 2017, Richter et al.,
2015)
https://www.narse.de/en/translate-to-englisch-
ueber-das-narse
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Georgia <50 <2 (Czech et al., 2020)
Ghana No official | <2 https:/frontlinegenomics.com/world-of-
definition genomics-ghana/
Greece <50 <2 (Maher et al., 2021)
Hong Kong | <5 <2 (Chung et al., 2022)
Hungry <50 <2 (Sciascia et al., 2023)
India 50 <2 (WHO)
Iceland <50 <2 (Jensson et al., 2023)
Indonesia No official | <2 (Sihombing et al., 2021)
definition
Ireland <50 <2 (Modell et al., 2016, Richter et al., 2015)
Iran 20 (Birkelund, 2019)
Italy 50 <2 (Mabher et al., 2021, Richter et al., 2015,
Sciascia et al., 2023)
Japan 40 <2 (Nguengang Wakap et al., 2020, Sharma et al.,
2010, Mabher et al., 2021)
(Mariz et al., 2016, Perolla et al., 2024)
Jordan <50 <2 (Obeidat et al., 2024)
Kenya No official | <2 https://rarediseasekenya.org/resources/
definition
Kazakhstan | 5 <2 (Aymé, 2012)
Latin <65 <2 (Baldovino et al., 2025)
America
Lithuania <50 <2 (Cerkauskaite-Kerpauskiene et al., 2025)
Luxembourg | <50 <2 https://www.iml.lu/sites/default/files/2021-
08/orphan-drugs.pdf
Mali No local <2 (Landoure et al., 2016)
definition
exists
Malaysia <25 (Shafie et al., 2020)
Mexico <50 <2 (Richter et al., 2015, Sciascia et al., 2023)
Morocco No official | <2 (Charoute et al., 2014)
definition
New No national | <2 (Theadom et al., 2019)
Zealand consensus
Nigeria No official | <2 (Adeyemo et al., 2018)
definition
Netherlands | <0.67 (Richter et al., 2015, Czech et al., 2020)
Norway 50 <2 (Lorentsen et al., 2025)
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Pakistan 50 <2 (WHO)

Panama 50 <2 (Sciascia et al., 2023)

Poland <50 <2 (Domaradzki and Walkowiak, 2023, Maher et
al., 2021, Richter et al., 2015)

Peru 1 <2 (Bazalar-Montoya et al., 2024)

Philippines | 5 <2 (Sciascia et al., 2023)

Portugal <50 <2 (Marta et al., 2024)

Qatar <50 <2 (Chekroun et al., 2025, Elfatih et al., 2024)

Romania <50 <2 (Drugan et al., 2002)

Russia 10 <2 (Yu et al., 2021, Richter et al., 2015)

Saudi <50 <2 (Algahtani et al., 2023)

Arabia

Singapore <5 <2 (Chung et al., 2022)

South Africa | <50 <1 (Richter et al., 2015)

South Korea | 40 <2 (Maher et al., 2021, Song et al., 2012)

Spain <50 <2 (Sciascia et al., 2023, Richter et al., 2015)

Sri Lanka <50 <2 (Sirisena and Dissanayake, 2019)

Sweden 10-50 <2 (Richter et al., 2015)

Switzerland | 50 <2 (Wehrli et al., 2024)

Thailand <5 <2 (Chung et al., 2022)

Taiwan 10-100 <2 (Sharma et al., 2010, Maher et al., 2021,
Richter et al., 2015, Nguengang Wakap et al.,
2020)

Turkey 50 <2 (Sciascia et al., 2023, Richter et al., 2015)

United <50 <2 (Gentilini et al., 2025, Mabher et al., 2021)

Kingdom

United Arab | <50 <2 (Bizzari et al., 2023)

Emirates

Ukraine <50 <2 (Boyarchuk et al., 2024)
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United <60 <2 (Sciascia et al., 2023, Sharma et al., 2010,

States of Mabher et al., 2021)

America

Uruguay 50 <2 (Passos-Bueno et al., 2014, Wainstock and
Katz, 2023)

Vietnam <50 (Nguyen et al., 2025)

Zimbabwe 50 <2 (WHO)
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1279  Table 2: The number of Diagnoses by different genomic techniques

Number of Diagnoses made by Short and Structural Variant Discovery

Methods
Short Variant Discovery Structural / Copy Number
Variation
Short Variant Discovery 91 35
Copy Number Variation 35 35

Sequencing Techniques Utilized for Diagnosis

Whole Genome Sequencing Whole Exome Sequencing Targeted Capture
Sequencing
8 56 27
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Table 3: Classification of variants identified in patients in current study

Primary Secondary Variants Of Unknown
Variant Class
Variants Variants Significance

Frameshift Likely Pathogenic 1 5 0
Frameshift Pathogenic 6 0 0
In Frame Pathogenic 1 0 0
In Frame Uncertain Significance 2 1 3
Large Inversion 1 0 0
Likely Pathogenic 5 11 0
Loss Like Pathogenic 2 0 0
Loss Pathogenic 1 0 0
Missense Pathogenic 18 18 0
Missense Likely Pathogenic 14 6 0
Missense Uncertain Significance 13 7 20
Nonsense Pathogenic 12 1 0
Nonsense Likely Pathogenic 5 2 0
Pathogenic 1 1 0
Silent Pathogenic 0 1 0
Silent Uncertain Significance 1 0 1
Splicing Likely Pathogenic 1 0 0
Splicing Pathogenic 3 2 0
Splicing Uncertain Significance 1 0 1
Vus 3 3 6
Total 91 58 31
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1287  Figure 1: Distribution of RGDs among studied families. Left panel shows the number of families
1288  affected by each RGD, highlighting the variable incidence across diseases. Middle panel presents
1289 the incidence of RGDs within the cohort, reflecting the overall disease burden in the population.
1290 Right panel displays the pathological allele frequency within, indicating compound burden of
1291  RGD-causing allele and providing insights into the genetically distribution across diseases.

1292

1293  Figure 2: GPA profile and abortion rate among RGDs families

1294  A:Family wise GPA profile among RGDs families is shown. This analysis highlights the variations
1295  in reproductive history and pregnancy outcomes within affected families

1296  B: Distribution of abortion rate by RGDs is shown indicating the association between specific
1297 RGDs and increased risk of abortion

1298  Figure 3: RGDs distribution among ethnic groups

1299  RGDs are distributed among different ethnic groups, highlighting differences in the frequency of
1300 RGD within each group

1301  Figure 4: RGDs distribution among castes

1302  Distribution of RGDs by castes is shown. It demonstrates how the occurrence of specific disease
1303  varies among castes reflecting underlying genetic patterns

1304  Figure 5: Consanguinity comparison among RGDs

1305  Consanguinity status among RGD carrier families is presented. Consanguinity is recorded as first
1306  cousin marriage, second cousin marriage, marriage with a relative and marriage with unrelated
1307  spouse.

1308  Figure 6: Highlights of demographics and founder variation in study cohort

1309  A: Allele frequency of South Asian Founding Pathogenic Variants identified in current study


https://doi.org/10.1101/2025.11.05.25339593
http://creativecommons.org/licenses/by/4.0/

medRxiv preprint doi: https://doi.org/10.1101/2025.11.05.25339593; this version posted November 6, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY 4.0 International license .

1310  B: Annual income of RGDs families in current study plotted in eight groups dividing low-, low-
1311 middle, high-middle and high income groups

1312  C: Educational status of RGD parents in current study exhibits major proportion of highly literate
1313  parents

1314
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List of Supplementary Figures:

Supplementary Figure 1: Geographical distribution of RGDs

A: The mapping of RGD families across the Punjab Province illustrates the spatial
distribution of families affected by RGDs, highlighting regional clustering and population-
specific concentration patterns

B: The geographical distribution of RGDs in various districts showing areas with higher and
lower disease occurrence

Supplementary Figure 2: Classification of rare and ultra-rare diseases

This figure illustrates classification of rare & ultra-rare diseases according to their occurrence
rates, distinguishing rare diseases from ultrarare diseases to better understand their
epidemiological and clinical distribution

Supplementary Figure 3: Consanguinity comparison among Ethnic Groups

This pattern shows a comparison of consanguinity and ethnicity among families affected by

RGDs showing variation in consanguineous marriage rates across ethnic groups
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