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Parentage and Sibship Relationships Among Captive 
Snakes at the Phoenix Zoo—2024 Data Summary

By Dustin A. Wood, Anna Mitelberg, and Amy G. Vandergast

Introduction
The narrow-headed gartersnake 

(Thamnophis rufipunctatus) is listed as threatened under the 
Endangered Species Act (U.S. Fish and Wildlife Service, 
2014). This species has a strong association with aquatic 
habitats, and these habitats have been highly altered by 
impoundments, land-use changes, and the introduction and 
spread of non-native aquatic species, which contributed to 
declines in Arizona and New Mexico for the last 30–40 years. 
Captive breeding programs can be used for genetic rescue and 
conservation of threatened and endangered species (Frankham, 
2010). Often based on pedigree analyses, captive management 
plans aim to retain genetic diversity, limit inbreeding, and 
avoid adaptation to captivity (Foose and Ballou, 1988; Hedrick 
and Miller, 1992; Ivy and others, 2009; Frankham, 2010). 
In 2011, the Arizona Center for Nature Conservation/Phoenix 
Zoo (hereafter Phoenix Zoo) developed an ex-situ captive 
breeding management plan for T. rufipunctatus, with the aim 
to propagate and release individual T. rufipunctatus back into 
their native range (Blais and others, 2022). We sequenced 
125 microsatellite loci to generate genetic toolsets to track 
pedigree and assess paternity and sibship relationships for this 
captive breeding program. Specifically, we used microsatellite 
loci to assign paternity and relatedness among eight litters 
composed of multiple female and male snakes born between 
2014 and 2023 at the Phoenix Zoo breeding facility. We also 
completed sibship analysis for six wild gartersnakes collected 
from Canyon Creek, Arizona, that were brought into the 
Phoenix Zoo breeding facility in 2017 and 2018.

Methods

Tissue Sample Preparation and Loci 
Development

Small quantities of blood were collected by venal 
puncture at the Phoenix Zoo and transferred onto Gensaver 
2.0 cards (GenTegra, Pleasanton, California). Blood cards 
were stored in envelopes at room temperature with silica beads 
until extraction at the Western Ecological Research Center 

San Diego Field Station genetics laboratory. All samples 
were extracted with the Gentra Puregene Kit (Qiagen, Hilden, 
Germany) according to the manufacturer’s protocol, with 
minor modifications, including cell lysis in the presence of 
Proteinase K and dithiothreitol, an overnight deoxyribonucleic 
acid (DNA) precipitation step, and 5–30 minutes 
centrifugation steps at 21,194 relative centrifugal force and 
4 degrees Celsius (°C). We quantified DNA concentration on a 
Qubit fluorometer (Life Technologies, Carlsbad, Calif.).

Microsatellites used for this study were developed by 
Wood and others (2022) and more information can be found 
in the U.S. Geological Survey (USGS) data release (Wood 
and others, 2022). We provide some details in the following 
sections. For initial marker discovery, a tetrameric enriched 
genomic library was created and sequenced on an Illumina 
MiSeq with paired 250 base-pair (bp) reads (Nali and others, 
2014). SeqMan NGen (version 11, DNASTAR, Inc., Madison, 
Wisconsin) was used to generate a de novo assembly from 
the paired fastq files (raw data). Next, the fasta files generated 
from the previous step were used to scan for microsatellite 
loci and primer pairs with the program msatcommander 
1.0.8_beta (Rozen and Skaletsky, 2000; Faircloth, 2008). 
To develop the microsatellite multiplex panels, we selected 
approximately 500 unique loci, appended the Nextera 
tags to the 5-prime end of the forward and reverse primers 
(5’-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG 
was appended to each forward primer, 
5’-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG 
to each reverse primer), and generated lists of primer pairs 
forming primer-dimers using a Multiple Primer Analyzer 
(MPA; https://w ww.thermofi sher.com/ us/ en/ home/ brands/ 
thermo- scientific/ molecular- biology/ molecular- biology- 
learning- center/ molecular- biology- resource- library/ thermo- 
scientific- web- tools/ multiple- primer- analyzer.html). We used 
the following process to ensure that the designed multiplexes 
would have minimal interference from primer-dimer 
formation. First, we ran a custom R script to cluster the 
loci into five groups that would minimize primer-dimer 
formation (using primer-dimer lists generated by MPA). Next, 
we selected 32 loci per group that had the lowest number 
of primer-dimers, and we tested each locus for successful 
amplification using 2 DNA samples. Finally, we selected 25 
successfully amplifying loci from each of the 5 groups (herein 
referred to as multiplex) for a total of 125 loci genotyped for 
T. rufipunctatus (app. 1; Wood and others, 2022).

https://www.thermofisher.com/us/en/home/brands/thermo-scientific/molecular-biology/molecular-biology-learning-center/molecular-biology-resource-library/thermo-scientific-web-tools/multiple-primer-analyzer.html
https://www.thermofisher.com/us/en/home/brands/thermo-scientific/molecular-biology/molecular-biology-learning-center/molecular-biology-resource-library/thermo-scientific-web-tools/multiple-primer-analyzer.html
https://www.thermofisher.com/us/en/home/brands/thermo-scientific/molecular-biology/molecular-biology-learning-center/molecular-biology-resource-library/thermo-scientific-web-tools/multiple-primer-analyzer.html
https://www.thermofisher.com/us/en/home/brands/thermo-scientific/molecular-biology/molecular-biology-learning-center/molecular-biology-resource-library/thermo-scientific-web-tools/multiple-primer-analyzer.html
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Microsatellite loci were genotyped using a multiplex 
polymerase chain reaction (PCR) protocol for targeted 
amplicon sequencing, which is briefly outlined in the next 
section (see D’Aloia and others [2017] and Wood and others 
[2022] for more details on the multiplex PCR and Nextera 
barcoding methods). We amplified the set of 125 loci in 
5 multiplex PCR reactions across all samples, 25 loci per mix, 
with QIAGEN Multiplex PCR kits. Multiplexes were pooled 
by sample, and the samples were barcoded using Illumina’s 
S5 and N7 Nextera primers (Illumina, Inc., San Diego, Calif.) 
for the barcoding PCR. Before sequencing, all barcoded 
individual libraries were pooled into a single library and 
cleaned with Ampure XP beads (Beckman Coulter, Brea, 
Calif.). Finally, each library was diluted to a 2-nanomolar 
(nM) concentration and sequenced on an Illumina MiSeq with 
paired 150 bp reads.

Loci Verification

To evaluate the microsatellite loci, we used a subset of 
genetic samples from a previous study (Wood and others, 
2018) that were representative of wild sites occupied by 
T. rufipunctatus throughout Arizona and New Mexico. 
We selected 142 individuals from 8 sites throughout the Verde 
River, Salt River, San Francisco River, and Gila River Basins.

We used a custom Python script called “amplicon” 
(ht tps://bitb ucket.org/ cornell_ bioinformatics/ amplicon) 
to extract reads from the Illumina runs, assign them to the 
appropriate locus and individual, and identify the top two 
haplotypes for individuals at all loci (in other words, their 
diploid genotypes). We used the default options except for 
the following parameters: -c 1 (minimum number of samples 
per haplotype), -a 0.001 (minimum minor allele frequency), 
-l 75 (minimum haplotype length), and -r 5 (maximum read 
count ratio between the two alleles in each sample). We also 
applied an additional missing data filter after running the script 
to remove loci with greater than 20-percent missing data and 
individuals with greater than 10-percent missing data. We used 
the R packages adegenet v.2.1.3 (Jombart and Ahmed, 2011) 
and poppr v.2.9.1 (Kamvar and others, 2014) to estimate the 
number of alleles, expected heterozygosity, and to determine 
if any loci were out of Hardy-Weinberg equilibrium (HWE). 
We used the method of Brookfield (1996) to estimate the 
frequency of null alleles for each locus with the R package 
popgenreport (Adamack and Gruber, 2014), and we removed 
any locus with an estimated null allele frequency greater 
than 0.3, following the recommendations of Dakin and Avise 
(2004). We also tested for linkage disequilibrium among loci 
using the R package genepop v.1.2.2 (Rousset, 2008) with 
5,000 iterations.

Paternity and Sibship Analysis

We assigned paternity and relatedness among eight litters 
composed of multiple female and male snakes born between 
2014 and 2023 at the Phoenix Zoo breeding facility. We also 
completed a sibship analysis for six wild-caught gartersnakes 
from Canyon Creek that were brought into the Phoenix Zoo 
breeding facility in 2017 and 2018. We describe all snakes by 
their identification numbers that were individually assigned by 
the Phoenix Zoo for tracking purposes.

We used the program “Colony” (Wang, 2004; Jones and 
Wang, 2010) to estimate paternity assignments and relatedness 
among snakes. This program estimates the likelihood that 
offspring are related to each other, whether full siblings or 
half siblings, and estimates the likelihood that any genotyped 
adult male included in the analysis is the father. A total of 
eight breeding groups were analyzed separately. Each analysis 
included genotypes of known mother-offspring relationships 
and genotypes for as many as four adult males that were 
strategically grouped with a female in the same enclosure to 
allow free engagement in courtship and breeding behavior. 
Using the allele frequencies and known mother-offspring 
relationships, “Colony” generates expected genotypes of 
the males contributing to each offspring in a litter with a 
95-percent confidence level. “Colony” settings were dioecious 
and diploid species, no inbreeding, polygamous mating system 
for males and females, full sibship size scaling, weak maternal 
and paternal likelihood priors that parents are included in the 
dataset, and five runs each with the full-likelihood analysis 
method with high precision. We also completed analyses using 
varying genotyping error rates (0–2 percent) to assess the 
accuracy of our results.

We estimated pairwise relatedness for all snakes (past 
and present) in the Phoenix Zoo using the package “related” 
v1.0 (Pew and others, 2015) accessed through R version 4.2.2 
(R Core Team, 2022). For pairwise estimates of relatedness, 
we used two estimators. The first was the pairwise estimate of 
relatedness (Rqg) from Queller and Goodnight (1989), which 
was devised to estimate the average degree of relatedness 
within groups. We also used the pairwise estimate of 
relatedness (Rw) from Wang (2002) because this estimator was 
reported to handle better the uncertainty in allele frequency 
estimates than the Rqg estimator. We computed 95-percent 
confidence intervals for each of these point estimates. We 
used the simdata function in “related” to compare estimates 
of relatedness for Rqg and Rw using 100 simulated individuals 
based on our data. Using the simulated individuals, we 
computed estimates for each relatedness type (fullsib [FS], 
halfsib [HS], parent-offspring, unrelated) and calculated the 
correlation coefficient between the observed and expected 
values for each estimator.

https://bitbucket.org/cornell_bioinformatics/amplicon
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Results and Discussion

Loci Verification and Relatedness Comparisons

Using the wild dataset for loci evaluation, we identified 
and removed 37 loci with greater than 20-percent missing 
data and 1 additional locus that was monomorphic. We 
also identified 4 loci that indicated significant deviation 
from Hardy-Weinberg equilibrium, 10 loci with null allele 
frequencies greater than 0.3, and 3 loci with significant 
linkage disequilibrium. These 55 loci were removed before 
further analysis with the captive dataset. Locus evaluation and 
filtering steps resulted in a total of 70 loci used for sibship, 
relatedness, and individual heterozygosity estimation (app. 1).

Comparisons between the relatedness estimators (Rqg and 
Rw) using 100 simulated individuals for each relatedness 
type (fullsib, halfsib, parent-offspring, unrelated) were 
similar (fig. 1), and the correlation coefficient between the 
expected and observed values for each estimator were high 
(Rqg=0.935 and Rw=0.938). For all comparisons of relatedness 
reported, we only report Rw (Wang, 2002). We provide 
pairwise relatedness for all breeders (past and present) in the 
Phoenix Zoo in appendix 2.

Relatedness of Wild Caught Snakes from 
Canyon Creek

“Colony” inferred fullsib and halfsib relationships 
among the snakes collected from Canyon Creek between 
2016 and 2018. One pair of snakes has an inferred full-sibling 
relationship with greater than 0.95 probability and pairwise 
estimates of relatedness greater than 0.5 (table 1). This 
full-sibling relationship consisted of a male (13547) and 
a female (13548) that were collected from Canyon Creek 
in 2017. One pair of snakes has an inferred half-sibling 
relationship with greater than 0.95 probability and pairwise 
estimates of relatedness greater than 0.28 (table 1). This 
half-sibling relationship consisted of two males (13943 and 
13946) collected from Canyon Creek in 2018. The remaining 
snakes collected from Canyon Creek indicated high 
relatedness estimates, and “Colony” results indicated 
half-sibling relationships, but the relationship could not be 
inferred with confidence (p<0.95; table 1).
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Figure 1. Comparisons between the relatedness estimators (Rqg and Rw) using 100 simulated individuals for each relatedness 
type (fullsib, halfsib, parent-offspring, unrelated). Boxplots represent the interquartile range with a horizontal line indicating the 
median, and the whiskers extend to the 90th and 10th percentiles, respectively. The colored circles indicate outlier samples 
more than 1.0 times the interquartile range from the top or bottom of the box.
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Paternity and Relatedness

We completed paternity analyses of known 
mother-offspring relationships that resulted from cohabitation, 
with as many as four males in 2014, 2019, 2022, and 2023. 
In 2014, female 11345 was paired with two males (12303 and 
10809). “Colony” inferred male 12303 as the sire of the six 
offspring genotyped, and pairwise Rw values between the dam 
and inferred sire were consistent with this inference (fig. 2). 
Pairwise Rw values between male 10809 and offspring were 
low, indicating that there was no relationship with the other 
male housed with dam 11345 and the offspring.

In 2019, the paternity of seven offspring born from a 
single female (12627) were inferred to be from two sires 
(13546 and 13547) with high probability (fig. 3). Because of 
higher-than-average relatedness (Rw=0.29) between the two 
sires, we ran additional paternity analyses where we removed 
one of the inferred sires from the dataset and reran “Colony” 
again, each with only one or the other sire present in the 
dataset to assess confidence in the number and probability 
of paternity inference. In both instances, two sires were still 

inferred: one sampled from the data and one inferred from the 
data but not sampled, and the probability of multiple paternity 
was still greater than 0.95. Two other males also were 
excluded from paternity (13943 and 10809).

In 2022, four females that were housed together with 
three males, each gave birth to eight or more offspring. For 
female 12641, “Colony” inferred eight of nine offspring to 
have arisen from two sires. One individual was not included 
in the analysis because of high missing data (14841), so the 
paternal contribution for this snake is unknown. The two 
inferred sires (13546 and 13943) indicated high relatedness 
(Rw=0.49) and were assigned as possible half siblings in the 
“Colony” analysis but with low confidence (table 1). To assess 
confidence in the multiple paternity inference, we removed 
one of the sires and reran “Colony,” each with only one or the 
other sire present in the dataset to assess if the number of sires 
and probability of paternity would change. In both instances, 
“Colony” inferred two sires, one sampled and one inferred 
from the data with high probability (>0.95). Figure 4 provides 
the inferred pedigree information and pairwise relatedness 
among the offspring and all adults in the breeding group.

For female 12627, all 12 of the offspring born had an 
inferred paternity to male 13546 (fig. 5). Although male 
13943 was not inferred as a sire, related estimates between 
this male and the offspring born to dam 12627 were relatively 
high (mean=0.210), which was likely because of the high 
relatedness that was estimated between male 13943 and the 
inferred sire 13546 (Rw=0.49; table 1). For female 14477, all 
eight of the offspring born in 2022 had an inferred paternity 
to male 13946 (fig. 6). Similarly, the 11 offspring born to 
female 14479 in 2022 had an inferred paternity to male 13946 
(fig. 7). Based on these analyses, a total of three sires were 
inferred across the four breeding groups from 2022, with 
one sire contributing to two breeding groups, and two sires 
contributing to multiple paternity of a single breeding group.

In 2023, two females (14477 and 14479) were paired 
with the same three males as in 2022. For female 14477, 
9 of the 12 offspring born in 2023 had an inferred paternity 
to male 13943 (fig. 8). The remaining three offspring failed 
to sequence, so no inference was made. Similarly, the seven 
offspring born to female 14479 in 2023 had an inferred 
paternity to male 13943 (fig. 9).

Table 1. Sib-ship and pairwise relatedness estimation among 
Canyon Creek snakes collected in 2016–17.

[Inferred relationship: FS, full-sib; HS, half-sib. 
Abbreviations: CI, confidence interval; Ind, individual snake identity of 
pairwise comparison; Prob, probability of the inferred relationship from 
“Colony” (Wang, 2004); Rw, pairwise estimate of relatedness (Wang, 2002); 
%, percent]

Inferred  
relationship

Ind 1 Ind 2
Colony  
(Prob)

Rw  
(95% CI)

FS 13547 13548 1.000 0.96 (0.91–1.0)
HS 13943 13946 0.966 0.28 (0.09–0.46)
Possible HS 13546 13946 0.769 0.22 (0.04–0.40)
Possible HS 13548 13944 0.705 0.48 (0.29–0.64)
Possible HS 13547 13944 0.689 0.44 (0.26–0.58)
Possible HS 13546 13943 0.447 0.49 (0.34–0.64)
Possible HS 13943 13944 0.375 0.25 (0.03–0.43)
Possible HS 13944 13946 0.184 0.29 (0.12–0.48)
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Figure 5. Pedigree inferred from a 2022 breeding group using the relationships from “Colony,” where A, a horizontal line 
connects inferred parents, and inferred offspring are indicated by arrows (circles indicate female, and rectangles indicate male); 
B, pairwise relatedness values (Rw; Wang, 2002) on the y-axis estimated for each relationship comparison on the x-axis between 
the offspring and dam 12627, the offspring (fullsibs [FS]), the offspring and unrelated males 13943 and 13946, and offspring and 
the inferred sire 13546. Boxplots represent the interquartile range with a horizontal line indicating the median, and the whiskers 
extend to the 90th and 10th percentiles, respectively. Colored dots indicate the sample comparisons with each offspring.
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Figure 6. Pedigree inferred from a 2022 breeding group using the relationships from “Colony,” where A, a horizontal line connects 
inferred parents, and inferred offspring are indicated by arrows (circles indicate female, and rectangles indicate male); B, pairwise 
relatedness values (Rw; Wang, 2002) on the y-axis estimated for each relationship comparison on the x-axis between the offspring 
(FS), the offspring and unrelated males 13546 and 13943, the offspring and the inferred sire 13946, and the offspring and dam 14477. 
Boxplots represent the interquartile range with a horizontal line indicating the median, and the whiskers extend to the 90th and 
10th percentiles, respectively. Colored dots indicate the sample comparisons with each offspring.
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Figure 7. Pedigree inferred from the 2022 breeding group using the relationships from “Colony,” where A, a horizontal line 
connects inferred parents, and inferred offspring are indicated by arrows (circles indicate female, and rectangles indicate male); 
B, pairwise relatedness values (Rw; Wang, 2002) on the y-axis estimated for each relationship comparison on the x-axis between 
the offspring (fullsibs [FS]), the offspring and unrelated males 13546 and 13943, the offspring and the inferred sire 13946, and the 
offspring and dam 14479. Boxplots represent the interquartile range with a horizontal line indicating the median, and the whiskers 
extend to the 90th and 10th percentiles, respectively. Colored dots indicate the sample comparisons with each offspring.
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Figure 8. Pedigree inferred from the 2023 breeding group using the relationships from “Colony,” where A, a horizontal line connects 
inferred parents, and inferred offspring are indicated by arrows (circles indicate female, rectangles indicate male, and hexagons 
indicate undetermined sex); B, pairwise relatedness values (Rw; Wang, 2002) on the y-axis estimated for each relationship comparison 
on the x-axis between the offspring and dam 14477, the offspring (fullsibs [FS]), the offspring and unrelated males 13546 and 13946, 
and the offspring and the inferred sire 13943. Boxplots represent the interquartile range with a horizontal line indicating the median, 
and upper and the whiskers extend to the 90th and 10th percentiles, respectively. Colored dots indicate the sample comparisons with 
each offspring.
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Figure 9. Pedigree inferred from the 2023 breeding group using the relationships from “Colony,” where A, a horizontal line 
connects inferred parents, and inferred offspring are indicated by arrows. (circles indicate female, and rectangles indicate 
male); B, pairwise relatedness values (Rw; Wang, 2002) on the y-axis estimated for each relationship comparison on the x-axis 
between the offspring and dam 14479, the offspring (fullsibs [FS]) and the unrelated males 13546 and 13946, and the offspring 
and inferred sire 13943. Boxplots represent the interquartile range with a horizontal line indicating the median, and the whiskers 
extend to the 90th and 10th percentiles, respectively. Colored dots indicate the sample comparisons with each offspring.
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Summary
Our results indicated that microsatellite genotyping 

is a reliable method for detecting paternity and sibship 
relationships in the captive breeding colony of narrow-headed 
gartersnakes (Thamnophis rufipunctatus) at the Phoenix 
Zoo. We were able to determine the paternity of offspring 
with high probability (>0.95) from litters that resulted from 
females housed with as many as four males. During the years, 
most of the offspring were sired by a single male (six out of 
eight litters), but in 2019 and 2022, we reported that more 
than one male contributed to a single reproductive bout of 
a single female—evidence of multiple paternity. Although 
previous studies have indicated that gartersnakes can use 
this reproductive strategy (Garner and others, 2002; Prosser 
and others, 2002; Friesen and others, 2014; Gangloff and 
others, 2021), this is the first evidence of multiple paternity 
in T. rufipunctatus. Interestingly, one study from Garner 
and others (2002) indicated a positive relationship between 
gartersnake litter size and the number of sires within a litter. 
Also, several studies across reptile species have shown fitness 
benefits for females with multiple sires (Blouin-Demers and 
others, 2005; Madsen and others, 2005; Uller and Olsson, 
2008), such as “bet-hedging” (mating with several males to 
increase the genetic diversity of her offspring) and “trading 
up” (mating with a new male deemed of higher quality than a 
male from a previous mating). As the captive breeding efforts 
continue at the Phoenix Zoo, future work may be directed 
toward evaluating female choice and tracking the reproductive 
success of females (in other words, total litter size) between 
single and multisired litters.
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Appendix 1. Microsatellite Locus, Multiplex Polymerase Chain Reaction 
Group Number, Percent Missing Data, Allelic Diversity, Observed and Expected 
Heterozygosity, and Frequency of Null Alleles of 125 Microsatellite Loci 
Genotyped Across Four Thamnophis rufipunctatus Populations

Table 1.1. Microsatellite loci (n=125) that were sequenced and evaluated to generate a 
genetic toolset to track pedigree and assess paternity and sibship relationships for captive 
breeding programs.

[>, greater than; %M, percent missing data; He, expected heterozygosity; Ho, observed heterozygosity; NA, no 
diversity statistics were calculated for that locus because the missing data exceeded the 20-percent threshold; 
Nfreq, frequency of null alleles; Num, number of alleles]

Locus Multiplex %M Num Ho He Nfreq

Truf_3970 5 4 7 0.798 0.75 Below 0.3
Truf_7356 2 2 3 0.304 0.309 Below 0.3
Truf_7080 1 >20 NA NA NA NA
Truf_7994 2 3 4 0.524 0.519 Below 0.3
Truf_9297 1 >20 NA NA NA NA
Truf_11103 4 2 2 0.146 0.139 Below 0.3
Truf_11116 1 11 4 0.605 0.565 Below 0.3
Truf_12243 1 >20 NA NA NA NA
Truf_12407 5 >20 NA NA NA NA
Truf_13024 4 14 4 0.634 0.565 Below 0.3
Truf_13414 1 >20 NA NA NA NA
Truf_13430 2 9 3 0.084 0.081 Below 0.3
Truf_15187 1 >20 NA NA NA NA
Truf_16026 2 4 3 0.682 0.645 Below 0.3
Truf_17460 1 >20 NA NA NA NA
Truf_17872 1 12 3 0.293 0.257 Below 0.3
Truf_18974 2 >20 NA NA NA NA
Truf_19035 2 20 4 0.427 0.526 Below 0.3
Truf_19896 4 >20 NA NA NA NA
Truf_22233 2 11 3 0.641 0.43 Below 0.3
Truf_22749 5 5 4 0.584 0.574 Below 0.3
Truf_22755 3 6 15 0.661 0.84 Below 0.3
Truf_23395 1 >20 NA NA NA NA
Truf_23562 5 6 12 0.765 0.765 0.44
Truf_23653 1 >20 NA NA NA NA
Truf_24272 3 1 3 0.501 0.493 Below 0.3
Truf_24341 3 >20 NA NA NA NA
Truf_24343 3 2 6 0.652 0.743 Below 0.3
Truf_25804 2 2 4 0.341 0.39 Below 0.3
Truf_25974 4 4 12 0.89 0.891 Below 0.3
Truf_27234 3 2 5 0.615 0.588 Below 0.3
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Table 1.1. Microsatellite loci (n=125) that were sequenced and evaluated to generate a 
genetic toolset to track pedigree and assess paternity and sibship relationships for captive 
breeding programs.—Continued

[>, greater than; %M, percent missing data; He, expected heterozygosity; Ho, observed heterozygosity; NA, no 
diversity statistics were calculated for that locus because the missing data exceeded the 20-percent threshold; 
Nfreq, frequency of null alleles; Num, number of alleles]

Locus Multiplex %M Num Ho He Nfreq

Truf_27235 4 7 3 0.215 0.219 Below 0.3
Truf_28387 5 2 4 0.431 0.411 Below 0.3
Truf_30265 2 16 3 0.505 0.449 Below 0.3
Truf_30573 4 8 4 0.509 0.522 Below 0.3
Truf_31169 4 3 4 0.497 0.583 Below 0.3
Truf_31240 2 19 7 0.715 0.716 0.31
1Truf_31758 4 2 11 0.808 0.809 Below 0.3
Truf_32077 3 2 5 0.64 0.621 Below 0.3
Truf_32769 1 >20 NA NA NA NA
Truf_33795 1 >20 NA NA NA NA
Truf_33953 5 2 1 0 0 Below 0.3
Truf_34170 5 16 5 0.52 0.515 Below 0.3
Truf_34611 3 2 4 0.51 0.636 Below 0.3
Truf_35277 5 2 11 1 0.826 Below 0.3
Truf_35744 3 2 4 0.604 0.617 Below 0.3
Truf_35791 1 >20 NA NA NA NA
Truf_36641 2 >20 NA NA NA NA
Truf_37048 1 8 3 0.414 0.435 Below 0.3
Truf_37457 3 >20 NA NA NA NA
Truf_37773 5 4 4 0.594 0.56 Below 0.3
Truf_38764 2 3 6 0.748 0.667 Below 0.3
Truf_38872 2 >20 NA NA NA NA
Truf_39813 3 4 2 0.282 0.258 Below 0.3
Truf_41228 1 >20 NA NA NA NA
Truf_41710 3 2 1 0 0 Below 0.3
Truf_43891 2 >20 NA NA NA NA
2Truf_44290 4 3 3 0.017 0.017 Below 0.3
Truf_47636 1 >20 NA NA NA NA
Truf_50231 3 4 1 0 0 Below 0.3
Truf_50622 4 1 5 0.598 0.529 Below 0.3
Truf_51050 2 >20 NA NA NA NA
Truf_51716 1 >20 NA NA NA NA
Truf_51809 5 3 5 0.723 0.752 Below 0.3
Truf_52815 1 >20 NA NA NA NA
Truf_53527 5 9 4 0.577 0.687 Below 0.3
Truf_54210 5 >20 NA NA NA NA
Truf_54639 3 5 4 0.577 0.551 Below 0.3
Truf_56323 5 6 6 0.288 0.448 Below 0.3
Truf_56587 3 2 3 0.547 0.48 Below 0.3
Truf_58220 3 2 2 0.059 0.057 Below 0.3
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Table 1.1. Microsatellite loci (n=125) that were sequenced and evaluated to generate a 
genetic toolset to track pedigree and assess paternity and sibship relationships for captive 
breeding programs.—Continued

[>, greater than; %M, percent missing data; He, expected heterozygosity; Ho, observed heterozygosity; NA, no 
diversity statistics were calculated for that locus because the missing data exceeded the 20-percent threshold; 
Nfreq, frequency of null alleles; Num, number of alleles]

Locus Multiplex %M Num Ho He Nfreq

Truf_58976 3 1 1 0 0 Below 0.3
Truf_59712 5 11 2 0.532 0.473 Below 0.3
Truf_59803 5 3 2 0.088 0.085 Below 0.3
Truf_62241 5 10 6 0.747 0.6 Below 0.3
Truf_62390 3 4 2 0.01 0.01 Below 0.3
3Truf_62414 5 7 20 0.821 0.822 Below 0.3
Truf_63606 1 >20 NA NA NA NA
Truf_65481 4 1 4 0.476 0.639 Below 0.3
1Truf_66068 2 15 21 0.875 0.876 Below 0.3
Truf_66077 5 3 6 0.713 0.713 0.37
Truf_66724 1 17 2 0.017 0.017 Below 0.3
Truf_68282 2 8 6 0.793 0.762 Below 0.3
Truf_69629 3 1 2 0.313 0.271 Below 0.3
Truf_70400 5 >20 NA NA NA NA
Truf_70744 5 2 2 0.428 0.438 Below 0.3
Truf_74689 2 >20 NA NA NA NA
Truf_75444 4 >20 NA NA NA NA
Truf_77947 2 >20 NA NA NA NA
3Truf_80368 2 19 55 0.641 0.642 Below 0.3
Truf_80804 3 2 2 0.064 0.062 Below 0.3
Truf_81333 4 2 4 0.07 0.068 Below 0.3
Truf_81925 4 9 4 0.423 0.441 Below 0.3
Truf_82439 2 7 3 0.263 0.329 Below 0.3
Truf_82580 1 >20 NA NA NA NA
Truf_84096 3 1 3 0.606 0.575 Below 0.3
Truf_84856 1 >20 NA NA NA NA
Truf_85932 5 >20 NA NA NA NA
Truf_86819 4 >20 NA NA NA NA
Truf_87274 3 6 1 0 0 Below 0.3
Truf_87579 4 1 6 0.662 0.609 Below 0.3
Truf_88022 3 1 4 0.624 0.651 Below 0.3
Truf_88026 2 9 5 0.744 0.692 Below 0.3
1Truf_96464 5 3 15 0.885 0.885 Below 0.3
3Truf_100998 4 7 38 0.932 0.933 0.34
Truf_105041 4 >20 NA NA NA NA
Truf_105299 3 3 8 0.589 0.589 0.35
Truf_109725 4 6 2 0.27 0.394 Below 0.3
3Truf_110444 5 1 9 0.661 0.662 Below 0.3
Truf_111829 5 3 9 0.83 0.706 Below 0.3
Truf_112347 2 3 3 0.543 0.508 Below 0.3



18  Parentage and Sibship Relationships Among Captive Snakes at the Phoenix Zoo—2024 Data Summary

Table 1.1. Microsatellite loci (n=125) that were sequenced and evaluated to generate a 
genetic toolset to track pedigree and assess paternity and sibship relationships for captive 
breeding programs.—Continued

[>, greater than; %M, percent missing data; He, expected heterozygosity; Ho, observed heterozygosity; NA, no 
diversity statistics were calculated for that locus because the missing data exceeded the 20-percent threshold; 
Nfreq, frequency of null alleles; Num, number of alleles]

Locus Multiplex %M Num Ho He Nfreq

Truf_117095 1 19 6 0.745 0.746 0.42
Truf_119182 4 >20 NA NA NA NA
Truf_129167 2 4 2 0.19 0.208 Below 0.3
Truf_130192 3 4 7 0.56 0.69 Below 0.3
Truf_131415 4 9 2 0.389 0.511 Below 0.3
Truf_134712 4 6 4 0.602 0.567 Below 0.3
Truf_138800 3 5 4 0.615 0.616 0.34
Truf_149207 4 3 4 0.466 0.466 0.37
Truf_150945 5 2 4 0.592 0.593 0.33
Truf_152919 4 5 5 0.304 0.311 0.32
Truf_162143 1 >20 NA NA NA NA
Truf_178893 2 7 3 0.42 0.589 Below 0.3
Truf_180565 1 >20 NA NA NA NA
Truf_186140 4 2 3 0.412 0.387 Below 0.3
Overall NA 6 3.886 0.439 0.44 NA

1Significant linkage disequilibrium.
2Minor allele frequency below 0.01.
3Locus was significantly out of Hardy-Weinberg equilibrium.
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Appendix 2. Breeding Adult Relatedness Estimates

Table 2.1. Pairwise estimate of relatedness for all adult 
snakes used for breeding (up to year 2023) in the Phoenix Zoo.

[CI, confidence interval; Ind, individual snake identity of pairwise 
comparison; Rw, pairwise estimate of relatedness (Wang, 2002); %, percent]

Ind1 Ind2 Rw
95%  

CI low
95%  

CI high

10809 11342 −0.14 −0.33 0.04
10809 11345 0.01 −0.18 0.18
10809 12303 −0.03 −0.26 0.16
10809 12627 −0.18 −0.36 0.02
10809 12633 −0.12 −0.33 0.08
10809 12641 −0.12 −0.33 0.10
10809 13546 −0.47 −0.70 −0.29
10809 13943 −0.54 −0.77 −0.35
10809 13946 −0.37 −0.57 −0.17
10809 14445 −0.46 −0.69 −0.23
10809 14477 −0.26 −0.45 −0.08
10809 14475 −0.16 −0.37 0.04
10809 14479 −0.13 −0.33 0.05
10809 15207 0.04 −0.16 0.24
11342 11345 0.46 0.30 0.62
11342 12303 −0.02 −0.19 0.19
11342 12627 0.31 0.13 0.48
11342 12633 0.25 0.09 0.42
11342 12641 0.13 −0.04 0.30
11342 13546 −0.41 −0.61 −0.22
11342 13943 −0.57 −0.73 −0.40
11342 13946 −0.45 −0.62 −0.28
11342 14445 −0.58 −0.75 −0.39
11342 14477 0.02 −0.12 0.16
11342 14475 −0.14 −0.33 0.04
11342 14479 0.02 −0.15 0.16
11342 15207 −0.12 −0.31 0.10
11345 12303 0.11 −0.07 0.27
11345 12627 0.60 0.49 0.70
11345 12633 0.45 0.36 0.53
11345 12641 0.57 0.47 0.67
11345 13546 −0.53 −0.70 −0.36
11345 13943 −0.51 −0.68 −0.33
11345 13946 −0.40 −0.57 −0.24
11345 14445 −0.51 −0.68 −0.34
11345 14477 0.16 0.02 0.30
11345 14475 0.09 −0.04 0.22
11345 14479 −0.01 −0.20 0.15

Table 2.1. Pairwise estimate of relatedness for all adult 
snakes used for breeding (up to year 2023) in the Phoenix 
Zoo.—Continued

[CI, confidence interval; Ind, individual snake identity of pairwise 
comparison; Rw, pairwise estimate of relatedness (Wang, 2002); %, percent]

Ind1 Ind2 Rw
95%  

CI low
95%  

CI high

11345 15207 −0.06 −0.24 0.14
12303 12627 0.43 0.30 0.56
12303 12633 0.49 0.33 0.63
12303 12641 0.47 0.39 0.56
12303 13546 −0.39 −0.60 −0.19
12303 13943 −0.39 −0.61 −0.20
12303 13946 −0.32 −0.50 −0.13
12303 14445 −0.62 −0.81 −0.44
12303 14477 0.12 −0.05 0.30
12303 14475 0.01 −0.18 0.17
12303 14479 0.24 0.07 0.39
12303 15207 0.02 −0.20 0.22
12627 12633 0.52 0.38 0.65
12627 12641 0.46 0.28 0.62
12627 13546 −0.56 −0.75 −0.37
12627 13943 −0.55 −0.74 −0.38
12627 13946 −0.51 −0.66 −0.36
12627 14445 −0.56 −0.74 −0.40
12627 14477 0.34 0.22 0.46
12627 14475 0.24 0.13 0.33
12627 14479 0.30 0.19 0.40
12627 15207 −0.17 −0.37 0.03
12633 12641 0.34 0.18 0.51
12633 13546 −0.49 −0.67 −0.30
12633 13943 −0.51 −0.68 −0.34
12633 13946 −0.45 −0.59 −0.29
12633 14445 −0.66 −0.84 −0.50
12633 14477 0.13 −0.02 0.29
12633 14475 −0.06 −0.23 0.10
12633 14479 0.27 0.15 0.36
12633 15207 −0.28 −0.52 −0.08
12641 13546 −0.55 −0.78 −0.36
12641 13943 −0.52 −0.69 −0.35
12641 13946 −0.42 −0.60 −0.26
12641 14445 −0.61 −0.80 −0.42
12641 14477 −0.03 −0.20 0.15
12641 14475 0.18 −0.01 0.34
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Table 2.1. Pairwise estimate of relatedness for all adult 
snakes used for breeding (up to year 2023) in the Phoenix 
Zoo.—Continued

[CI, confidence interval; Ind, individual snake identity of pairwise 
comparison; Rw, pairwise estimate of relatedness (Wang, 2002); %, percent]

Ind1 Ind2 Rw
95%  

CI low
95%  

CI high

12641 14479 0.10 −0.05 0.28
12641 15207 −0.16 −0.35 0.04
13546 13943 0.51 0.35 0.66
13546 13946 0.28 0.11 0.45
13546 14445 −0.66 −0.85 −0.46
13546 14477 0.39 0.26 0.51
13546 14475 −0.01 −0.23 0.20
13546 14479 0.06 −0.15 0.24
13546 15207 −0.63 −0.86 −0.42
13943 13946 0.32 0.13 0.52
13943 14445 −0.62 −0.81 −0.44
13943 14477 0.16 0.01 0.32
13943 14475 −0.15 −0.34 0.03
13943 14479 −0.12 −0.27 0.07
13943 15207 −0.57 −0.76 −0.38
13946 14445 −0.58 −0.74 −0.41
13946 14477 0.00 −0.19 0.18
13946 14475 0.05 −0.13 0.23
13946 14479 0.04 −0.13 0.20
13946 15207 −0.41 −0.63 −0.20
14445 14477 −0.50 −0.67 −0.31
14445 14475 −0.48 −0.70 −0.30
14445 14479 −0.47 −0.66 −0.29
14445 15207 −0.57 −0.80 −0.34
14477 14475 0.32 0.12 0.50
14477 14479 0.51 0.34 0.64
14477 15207 −0.26 −0.42 −0.11
14475 14479 0.57 0.40 0.70
14475 15207 −0.25 −0.44 −0.04
14479 15207 −0.27 −0.47 −0.08
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