Evolutionary Biology
https://doi.org/10.1007/511692-022-09559-z

RESEARCH ARTICLE q

Check for
updates

Comparative Quantitative Genetics of the Pelvis in Four-Species
of Rodents and the Conservation of Genetic Covariance
and Correlation Structure

2

Carl J. Saltzberg'© . Laura I. Walker? - Lee E. Chipps-Walton' - Barbara M. A. Costa'>® . Angel E. Spotorno

Scott J. Steppan’

Accepted: 19 May 2021
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2022

Abstract

Quantitative genetics is a powerful tool for predicting phenotypic evolution on a microevolutionary scale. This predictive
power primarily comes from the Lande equation (Az= Gf), a multivariate expansion of the breeder’s equation, where phe-
notypic change (Az) is predicted from the genetic covariances (G) and selection (p). Typically restricted to generational
change, evolutionary biologists have proposed that quantitative genetics could bridge micro- and macroevolutionary patterns
if predictions were expanded to longer timescales. While mathematically possible, making quantitative genetic predictions
across generations or species is contentiously debated, principally in assuming long-term stability of the G-matrix. Here we
tested stability at a macroevolutionary timescale by conducting full- and half-sib breeding programs in two species of sigmo-
dontine rodents from South America, the leaf-eared mice Phyllotis vaccarum and P. darwini and estimated the G-matrices
for eight pelvic traits. To expand our phylogenetic breadth, we incorporated two additional G-matrices measured for the same
traits from Kohn & Atchley’s 1988 study of the murine rodents Mus musculus and Rattus norvegicus. Using a phylogenetic
comparative framework and four separate metrics of matrix divergence or similarity, we found no significant association
between evolutionary divergence among species G-matrices and time, supporting the assumption of stability for at least
some structures. However, the phylogenetic sample size is necessarily small. We suggest that small fluctuations in covariance
structure can occur rapidly, but underlying developmental regulation prevents significant divergence at macroevolutionary
scales, analogous to an Ornstein—Uhlenbeck pattern. Expanded taxonomic sampling will be needed to test this suggestion.

Keywords Comparative biology - Covariance - Mammals - Phylogenetic constraint - Quantitative genetics - Rodents

Introduction will evolve at the microevolutionary level between gen-

erations (de Oliveira et al., 2009; Hansen & Houle, 2008;

Understanding the factors that bias the phenotypic differ-
ences among species is a long-standing question in evolu-
tionary biology. One promising area of research has come
from quantitative genetic predictions of how multiple traits
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Steppan et al., 2002). This predictive power largely comes
from the Lande equation (Az=Gf) which is a multivariate
expansion of the univariate breeder’s equation (Arnold et al.,
2008; Lande, 1979). In this, Az is the predicted evolutionary
response, a vector of change in each trait from the population
mean; P is the selection gradient, a vector of the selection
on each trait; and G is the additive genetic matrix which
describes the variances and covariances, or correlations
among traits, hereafter referred to as the G-matrix. While
the primary use of the G-matrix in the Lande equation is to
estimate selection or the change in a population across gen-
erations within a population, these components could also
be used to explore the causes of macroevolutionary differ-
ences among species (Arnold et al., 2008; Lande, 1979; Ros-
soni et al., 2017). Although mathematically straightforward,
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the application of the Lande equation at this scale has been
debated (Aguirre et al., 2014; Arnold et al., 2008; Hansen &
Houle, 2008; Mezey & Houle, 2003; Pigliucci, 2006; Revell,
2007; Steppan et al., 2002; Turelli, 1988). A critical compo-
nent to this debate rests on the assumption that the G-matrix
is stable, as predicting the selection or change across mul-
tigenerational time scales such as those separating species
would require a near-constant G-matrix (Porto et al., 2016).
Evidence for the stability of the G-matrix is limited, involv-
ing either empirical observations across generations, or
comparative analysis across species (Matta & Bitner-Mathé,
2004; Roff & Fairbairn, 2012; Steppan et al., 2002). It is
worth noting that the few empirical studies of the stability of
the G-matrix have often been unable to sufficiently address
the pattern at a comparative scale, either lacking sufficient
taxonomic sampling using two or three closely related spe-
cies (Arnold et al., 2008); restricting the taxonomic scale to
populations within a single species (Aguirre et al., 2014);
using an indirect approach to evaluate if the phenotypic
disparity across species match the macroevolutionary pre-
dictions of a single G-matrix (Baker & Wilkinson, 2003;
Porto et al., 2009), or through substitution of the G-matrix
entirely by the more accessible phenotypic covariances of
the P-matrix (Agrawal & Stinchcombe, 2009). These com-
promises arise from the difficulty in estimating even a single
G-matrix, often involving the maintenance of large breed-
ing populations in captivity, or intensive field sampling over
multiple generations (Aguirre et al., 2014; Matta & Bitner-
Mathé, 2004; Roff, 1995, 2012). This demand has resulted
in very few estimates of G-matrices among vertebrates and
especially mammals.

The long-term stability of the G-matrix remains a funda-
mentally unresolved question. In this paper we expand on a
classic study by including G-matrices for additional species
for comparison. Kohn and Atchley (1988) compared two spe-
cies of rodents within the subfamily Murinae for eight pelvic
traits recorded from lab-reared colonies of the house mouse,
Mus musculus (Linnaeus 1758), and the brown rat, Rattus
norvegicus (Berkenhout 1769). While Kohn and Atchley
(1988) concluded that the genetic covariances influencing the
pelvic morphology in both murines had remained reasonably
constant, they emphasized caution in assuming stability, not-
ing both conflicting results across metrics, and whether the
covariance or correlation G-matrix was compared. While not
explicitly phylogenetic in their approach, they did comment
on the evolutionary nature of their comparison and noted it
could be expanded with additional species. We saw in Kohn
and Atchley (1988) a foundation for incorporating additional
species into a larger comparative analysis, with the two-species
comparison representing but a single phylogenetic contrast
between murine taxa that diverged approximately 10 mya
(Steppan & Schenk, 2017). By combining two new species
with those from Kohn and Atchley (1988) we were able to
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triple the phylogenetic information provided by either data set
alone. The pelvis is an informative structure for this question
because it is functionally important and morphologically com-
plex enough to allow multiple divergent transformations while
also being developmentally simpler than the more commonly
studied skull (Cheverud, 1982, 1995). In this study however,
we do not predict strong divergence due to functional differ-
ences because all the species considered are ambulatory gen-
eralists (Jones et al., 2003; Turelli, 1988).

Here we test how evolutionarily stable the G-matrix is for
the pelvis across a broader region of Rodentia, increasing the
total number of phylogenetic contrasts from one to three. To
accomplish this, we conducted full- and half-sib breeding
programs for two species of South American rodents within
the subfamily Sigmodontinae: the Vacas leaf-eared mouse
Phyllotis vaccarum (Thomas 1912; recently elevated from P.
xanthopygus vaccarum, see Jayat et al., 2021), and Darwin's
leaf-eared mouse Phyllotis darwini (Waterhouse 1837).
The combination of both sigmodontines with the previous
murines creates two additional contrasts, one across the split
between subfamilies at 18.61 mya and a second between the
Phyllotis species at 2.91 mya (Steppan & Schenk, 2017).
Using both sigmodontine breeding colonies, we estimated
the G-matrix for the same eight pelvic traits that Kohn and
Atchley (1988) had. When combined with reconstructions of
the ancestral G-matrices in both subfamilies we performed
phylogenetically structured pairwise G-matrix compari-
sons among all four-species. This sample design represents
one of the largest phylogenetic comparative analyses of the
G-matrix in mammals.

Quantitative genetic research has seen a proliferation of
metrics proposed for comparing G-matrices, but no clear
consensus has emerged (Roff et al., 2012). Some metrics
describe a specific biologically meaningful aspect of the
G-matrix, others are more nuanced, and they also vary in
their null expectations (Lofsvold, 1986; Porto et al., 2016;
Steppan et al., 2002). No single metric can capture all the
ways and degrees by which G-matrices can differ from
each other (Cheverud & Marroig, 2007; Houle et al., 2002;
Steppan, 2004), but in combination a more complete under-
standing can be realized. Therefore, we elected to use five
metrics derived from the literature to evaluate the degree of
evolutionary divergence among G-matrices: (1) Correlation,
(2) Orientation, (3) Random Skewers, (4) Disparity, and (5)
Conditional Evolvability.

Materials and Methods
Study Species and Breeding Design

The murine animals measured by Kohn and Atchley (1988)
had been obtained from breeding colonies generated by
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previous investigators. The specimens of R. norvegicus
were reared by Park et al. (1966) using a cross-fostering
design from lab lines that had been random bred for > 40
generations, measured on 189-day-old individuals who had
been released from selection for weight gain as described in
Atchley and Rutledge (1980), Cheverud et al. (1983b), and
Rutledge and Chapman (1975). Specimens of M. musculus
were reared by Riska et al. (1984) from established random
bred ICR lines, also using a cross-fostering design, meas-
ured on 70-day-old individuals who had been examined for
variation in growth rates, and further described by Cheverud
et al. (1983a).

The sigmodontine species used in this study were
obtained from wild-caught specimens, or their direct lab-
oratory descendants. All captured animals were collected
within Chile; P. darwini from the Coquimbo Region approx-
imately 350 km north of Santiago, between 20 and 200 m
in elevation; P. vaccarum from the Metropolitana Region
approximately 50 km east of Santiago, between 1700 and
2400 m in elevation. The mice were transferred to the Labo-
ratorio de Citogenética Evolutiva in Santiago, Chile, where
they were paired and bred using a mixed full- and half sib
design. All laboratory pairs were raised in a standard hous-
ing consisting of a plastic cage and a bed of shavings. Food
pellets and water were provided ad libitum, and a natural
daylight regime was followed. Cages were checked twice
a week to record births, litter sizes, and deaths. Following
parturition, the male of the pair was kept in the cage for
another three to five days then removed from the family. All
offspring were raised for 180-days and then sacrificed along
with their wild-caught parents, after which they were fully
skeletonized. Complete voucher specimens of both species
will be housed in the Field Museum of Natural History in
Chicago, USA. The sigmodontine breeding colonies pro-
duced 305 P. vaccarum individuals in 54 families and 348
P. darwini in 62 families. Detailed pairings for these two
species, the number and sex of the resulting offspring are

provided in Online Resource 1. An overview of all four-
species used in this study, sample sizes, and breeding design
are shown in Table 1.

Measurement

For both M. musculus and R. norvegicus we used the spe-
cies data reported in Kohn and Atchley (1988) instead of
the individual specimens, because neither the individuals
nor the raw data were available (L. Kohn, pers. comm., June
5th 2014). For all Phyllotis, eight pelvic traits were meas-
ured following the anatomical descriptions and procedures
described by Kohn and Atchley (1988) shown in (Fig. 1),
and described in Table 2. All trait measurements on both
Phyllotis species were made on the right innominate bone of
the pelvis, substituting with the left side only when damaged
or absent. If a trait was damaged or absent on both sides, its
measurement was skipped, and its value left blank. The total
number of specimens within species recorded for each trait
are shown in Table 3. To reduce error, all measurements
were performed by a single researcher using digital calipers
with an accuracy of +0.01 mm (Mitutoyo Caliper: 573-221-
20, NTD12-6”CX) and transcribed directly to a computer
spreadsheet using a USB interface cable (Mitutoyo Input
Tool: 264-005, IT-005D).

Phylogeny

When performing any comparative analysis among species,
it is important to correct for non-independence in the data
that may have resulted from shared evolutionary history
(Felsenstein, 1985). Comparative studies of G-matrices
are no exception, because relationships among traits can
be influenced by phylogeny and inherited through common
ancestry (Steppan, 1997a). We pruned all but the branches
connecting the four-species of rodents used in this study
from a large dated molecular phylogeny of the superfamily

Table 1 Sample sizes and breeding design used to estimate the G-matrix in each of the four-species compared

References

Used in a growth rate variation study;
ICR starting strains

Used in a selection on weight gain
study; four inbreed starting strains

Full-and half-sib Designed for this study; Random-bred

Cheverud et al. (1983a), Riska et al.
(1984)

Atchley and Rutledge (1980), Baker et al.
(1975), Park et al. (1966)

This manuscript

offspring reared from wild-caught

Species Ind. Fam.? Reared age Design Notes
M. musculus 707 108  70-day Cross-foster
R. norvegicus 522 53 189-day Cross-foster
P.darwini 348 62 180-day®

parents
P.vaccarum 305 54 180-day®

Full- and half-sib Designed for this study; Random-bred

This manuscript

offspring reared from wild-caught

parents

*Total number of family pairings generated

®Sacrificed offspring age only, wild caught parents of unknown age

@ Springer
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Fig.1 Lateral view of the right innominate bone of the pelvis
and visualization of the eight pelvic trait measurements (1-8) as
described in Kohn and Atchley (1988). A detailed description of each
linear measurement is given in Table 2. Points represent the approx-
imate location to place the caliper jaws when taking measurements
for each linear distance. Point fill indicates the method of measure-
ment used: open=calipers expanded to the greatest interior distance;
filled =calipers retracted to the greatest exterior distance. Line style
indicates visibility of the measurement plane viewed in this projec-
tion: solid =no obstruction; dashed = obscured

Muroidea (Steppan & Schenk, 2017). The resulting time cal-
ibrated phylogeny after pruning (hereafter chronogram) had
a total of four operational taxonomic units and three dated

ancestral nodes (Fig. 2). We regressed matrix comparisons
on to these dates to correct for phylogenetic history. The age
of the basal contrast was calculated as the summed branch
lengths divided by two, to be comparable to the values of
the other two contrasts.

G-matrix Estimation and Reconstruction

For both murine species the G-matrices were previously
estimated using an ANOVA model in which the genetic and
environmental variance components are contained in mul-
tiple levels of the nested ANOVA based on the degree of
relationship shared between full-sibling individuals within,
and half-siblings among families (Kohn & Atchley, 1988).
In both sigmodontine species, the genetic covariances and
correlations were estimated using an animal model and
Restricted Maximum Likelihood (ReML) methods imple-
mented in the software WOMBAT (Meyer, 2007). All eight
pelvic traits were first natural log transformed and then
multiplied by 1000 prior to the estimating to aid in model

Table 2 Trait names, abbreviations, and descriptions for eight pelvic traits according to those recorded by Kohn and Atchley (1988)

# Trait Name Description
1 ILLE  Ilium length Maximum ilium length, from the most superior aspect of the iliac crest to the inferior interior margin of
the acetabulum
2 ILWD Ilium width Maximum width of the iliac crest
3 ILDI Tlium diameter Maximum diameter of the ilium at the inferior ventral spine
ISLE  Ischium length Maximum length of the ischium, from the inferior interior margin of the acetabulum to the inferior
aspect of the ischial tuberosity
5 PUBL Pubis length Maximum length of the superior pubic ramus, measured from the inferior interior margin of the
acetabulum to the superior point of the pubic symphysis
6 ISPU  Ischium-pubis length Maximum length between inferior aspect of the ischial tuberosity and the superior point of the pubic
symphysis
OBLE Obturator-foramen length Maximum length of the Obturator foramen
8 OBWD Obturator-foramen width Maximum width of the Obturator foramen

See (Fig. 1) for a visual representation of each trait measurement

Table 3 The means (in

o . . Trait P. darwini P. vaccarum M. musculus® R. norvegicus®

millimeters) of all eight pelvic

traits in the four-species of X +6 n X +6 n X +6 n X +6 n

rodents, including standard

deviation and sample size 1 ILLE 1564 0.06 345 1577 0.06 304 12.18 0.80 497 2739 085 522
2 ILWD 4.19 0.13 351 346 0.13 305 319 137 497 682 1.87 522
3 ILDI 286 0.09 351 273 0.09 305 197 122 685 462 154 522
4 ISLE 9.1 0.08 351 86  0.09 300 575 106 685 14.15 139 522
5 PUBL 953 0.11 329 9.85 0.09 283 655 1.07 685 13.74 1.07 522
6 ISPU 882 0.09 329 921 0.07 282 724 081 685 1644 1.06 522
7 OBLE 829 0.07 342 833 0.08 285 558 0.83 685 11.82 1.12 522
8 OBWD 36 009 350 354 0.08 296 225 1.60 685 553 132 522

Trait abbreviations and numbers are defined in Table 2

“Data from Kohn and Atchley (1988), with values shown in millimeters obtained by taking the antilog of
the original log units published

@ Springer
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Fig.2 The four-species chrono-
gram used in this study, pruned
from the dated molecular

Phyllotis darwini

phylogeny by Steppan and
Schenk (2017). Branch lengths
are scaled to millions of years
ago (MYA), and the age of each
ancestral node and basal con- 18.61
trast is displayed. Comparison MRCA
pairs between G-matrices are

shown as double ended arrow

lines, and its inclusion within a

Sigmodontine
Ancestor

set of comparisons is indicated
by the color: All-nodes=blue,
red, and white; Contrasts =blue
and white; Tip-species =red and

Ancestor

- 10.07
Murine

2.%
Phyllotis vaccarum
12.12 ><
\< Mus musculus

Rattus norvegicus

white (Color figure online) 20.0 15.0

10.0 5.0 0.0

Million Years Ago (MYA)

convergence. The animal model is a mixed linear model that
incorporates all the potential genetic variance contributions
of similarity between individuals across a pedigree (Kruuk
et al., 2000; Lynch & Walsh, 1998). As in Kohn and Atch-
ley (1988), sex was treated as a fixed effect. Matrices were
estimated for both full (eight dimensions) and reduced-rank
models (seven to two dimensions), and the best-fitting rank
model was selected on the basis of Akaike’s Information
Criterion (AICc).

When comparing G-matrices between species, Kohn and
Atchley (1988) noted that rejecting the null of matrix equal-
ity depended on whether the covariance or correlation matri-
ces were compared. To produce a comparable evaluation, we
used both the covariance and correlation G-matrices for all
comparisons among species. While we were able to directly
estimate the covariance and correlation G-matrices in the
sigmodontines, this was not possible for the murines because
the original measurements were not available. Therefore, in
each of the murines we “back calculated” the covariance
G-matrix from the genetic variances and correlations pre-
sented in Kohn and Atchley (1988) using Eq. 2 found in
Online Resource 2.

We estimated the ancestral covariances and correlations
for each node of our chronogram (Fig. 2; branch lengths pro-
portional to time) using a Brownian motion-based likelihood
estimator (Schluter et al., 1997), treating each cell within
the G-matrix as independent elements. This was accom-
plished by rearranging the upper triangle cells of each of
the four G-matrices into a single 1 x 36 vector. Each element
of the G-matrices was estimated independently throughout
the chronogram, using the function “fastAnc()” from the
“phytools” R package (Revell, 2012). After ancestral recon-
struction, these vectors were then reorganized into square
symmetric matrices, resulting in reconstructed ancestral
covariance and correlation G-matrices for each node of the
pruned tree. The eight pelvic traits means were reconstructed

with squared change parsimony in Mesquite ver. 3.1 (Mad-
dison & Maddison, 2017).

Matrix Similarity and Divergence

We identified seven pairwise comparisons among “all-
nodes” in the four-species chronogram that had independ-
ent branching histories, indicated by the arrows in (Fig. 2).
From the seven “all-nodes” comparisons two subsets were
made; among “tip-species” with six comparisons among all
four-species, and among the three phylogenetic independ-
ent “contrasts” (Felsenstein, 1985). Using these sets we
evaluated two hypotheses: (1) that the G-matrix is stable,
by testing for similarity among “all-nodes” using matrix
correlation; and (2) that the G-matrix divergence increases
with time, by regressing metrics of matrix divergence among
“tip-species” or phylogenetic “contrasts” (calculated as the
absolute value of the difference between matrices) on the
time since divergence (i.e. evolutionary distance). Time was
calculated as the average of the branch lengths separating the
tip-species or of the subtending branch lengths, respectively.
All metrics used in these comparisons are detailed in the
following methods and summarized in Table 4.

Metric 1 Correlation

Several methods of matrix correlation were used to test
hypotheses both of a stable G-matrix using pairwise compar-
isons, and how the G-matrix evolved by regressing the mag-
nitude of the matrix correlations against the time since diver-
gence. While matrix correlations have been commonly used
when testing the homogeneity between matrices, genetic or
otherwise (Kohn & Atchley, 1988; Lofsvold, 1986) the suit-
ability of comparing matrices this way has been criticized
(Legendre & Fortin, 2010). However, for comparability, we
elected to use the same three matrix correlation tests as those

@ Springer
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Table 4 The four metrics used to compare evolutionary divergence between G-matrices

Metric Description References

Correlation Matrix correlation between corresponding cell values using; Mantel (ryy), Dietz (1983), Kohn and Atchley (1988)
Spearman’s rank (r,), and Dietz statistic of association (K)

Orientation Deviation between evolutionary Lines of Least Resistance. Evaluated here Schluter (1996)

using the angle of corresponding ranked orthogonal vectors of greatest
genetic variation (i.e. the eigenvectors, of a singular value decomposition)

Random skewers

tion
Disparity
matrix

Conditional evolvability Euclidean distance between matrices, after conversion to conditional evolv-

Vector correlation between the response vectors produced from the same set
of random selection vectors applied to each matrix, using the Lande equa-

The mean of the absolute differences between the off-diagonal cells in each

Cheverud (1996), (Cheverud & Mar-
roig, 2007), Lande (1979)

Steppan (1997b)

Hansen and Houle (2008)

ability matrices that describe the ability to respond to directional selection
with stabilizing selection on all other trait combinations

For each metric, a description and relevant methodological references are provided

used in the original comparison between M. musculus and
R. norvegicus (Kohn & Atchley, 1988). These tests were the
Pearson product-moment correlation coefficient (ry,), Spear-
man’s rank (r,), and Dietz statistic of association (K.). Each
of the tests evaluate the degree to which the corresponding
elements of two matrices share an overall similar pattern of
magnitude. All matrix correlations between species were
performed with R (R Core Team, 2017), using either the
function “mantel()” in the package “vegan” (Oksanen et al.,
2013) by setting the method of comparison to “pearson”
and “spearman” respectively, or the function “rowwiseKrt-
est()” in the package “DyaDA” (Leiva et al., 2010). Statis-
tical significance in each test was evaluated using matrix
permutation set to the maximum number possible (ry; and
r,=>5040, K =40,319). In each test, the null hypothesis is
no similarity in structure.

Metric 2 Orientation

Second, we compared divergence in the magnitude and
orientation of genetic associations between G-matrix lines
of least resistance (LLR), capturing information regard-
ing the shape of matrices. The LLR are an important
evolutionary consideration as they describe the primary
direction of phenotypic change possible given the genetic
variation present in a population (Schluter, 1996). The
LLR were obtained for each G-matrix by determining the
greatest axis of genetic variation using an eigen decom-
position performed in the program R using the base func-
tion “eigen()”. Following the eigen decomposition the 1st
and 2nd eigenvectors were retained, which respectively
represent LLR of the two largest uncorrelated orthogo-
nal directions of genetic variation, hereafter referred to
as g-max and g-2nd. Then the difference in orientation
between G-matrices was quantified as the deviation in the
angle (8) for g-max and g-2nd calculated using the arc
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cosine between corresponding vectors. Finally, we tested
evolutionary divergence of G-matrices in the directions
of g-max and g-2nd by regressing 0 on the time since
divergence.

Metric 3 Random Skewers

Third, we tested for divergence in shape among G-matrices
by regressing the correlation of repeated Az vectors against
the time since divergence using random skewers (Cheverud,
1996). This method tests the correlation between Az when
solved for the same set of randomly generated f§ selection
vectors (i.e. “skewers”) for a pair of matrices. Lower correla-
tions result from different responses, which are only possible
if the structure of the matrices is divergent as well (Cheverud
& Marroig, 2007). For each matrix comparison, we calcu-
lated the response vectors to each G-matrix for the same set
of 10,000 randomly generated selection vectors, performed
in the program R using the function “RandomSkewers()” in
the package “evolqg” (Melo et al., 2015). The metric was
calculated as the average vector correlation among all matrix
response vectors (Porto et al., 2009).

Metric 4 Disparity

Fourth, we tested divergence among G-matrices by regress-
ing matrix (dis)similarity against time using the matrix
disparity method presented in Steppan (1997b). We calcu-
lated disparity as the sum of the absolute value differences
between the off-diagonal elements in both upper triangles.
The disparity calculation is shown in Eq. 3 found in Online
Resource 2, with minor modifications to the notation origi-
nally used by Steppan (1997b). Disparity captures both
shape and size differences.
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Metric 5 Conditional Evolvability

We also consider here one evolutionary statistic that could
assess the evolutionary consequences of the selection on the
G-matrices: the mean conditional evolvability. This metric
captures the ability of a population to respond to directional
selection in the presence of stabilizing selection on other
trait combinations (Hansen & Houle, 2008) and was calcu-
lated using the function “evolvabilityMeans()” implement
in the R package “evolvability” (Bolstad et al., 2014). We
applied a shrink method to the G-matrices to keep the matrix
positive-definite using the function “shrink()” available in
Haber (2016). The mean conditional evolvability accounts
with both total variance and also traits covariance and it
is proportional to matrix shape and size. We estimated the
Euclidean distance matrix between species mean condi-
tional evolvability values and use those values to evaluate
the matrix shape and size changes (divergence) by regressing
with time since divergence (Online Resource 5).

Results
G-matrix Estimation and Reconstruction

Convergence of the REML estimates was achieved in both
Phyllotis species. For P. vaccarum, a model with genetic
variance in two dimensions fits up to 17.76 AICc units bet-
ter than the full- and the other reduced-rank models. For
P darwini, the full-rank model was superior by up to 21.4
units to the lower-rank models. The estimated matrices for
both P. darwini and P. vaccarum from WOMBAT (Meyer,
2007), with each variance component sampling error, and
the reconstructed ancestral matrices for both sigmodontine

and murine ancestors are provided in Online Resource 3.
The ratio between the estimate of variance components and
sampling errors of are is mostly greater than two for P. vac-
carum and less than two for P. darwini.

G-matrix Similarity

The seven pairwise matrix comparisons showed mixed
results depending on which of the three methods were used,
and whether the comparison involved the covariance or cor-
relation G-matrix (Table 5, and detailed in Online Resource
4). The null hypothesis is of no similarity. Significant simi-
larity between covariance G-matrices was supported in
two of the seven comparisons; R. norvegicus—P. darwini
(P<£0.05 [ry, K.)], and Murine-Sigmodontine (P <0.05
[ty 1, KQI. In contrast, significant similarity between
correlation G-matrices was supported in five of the seven
all-nodes comparisons for at least one test with a modal
average of three. The two non-significant exceptions were
M. musculus—P. vaccarum and P. darwini—P. vaccarum.
Notably, Random Skewers exhibited significant similarity
among covariance G-matrices in five pairwise comparisons.
The two non-significant exceptions were between M. mus-
culus—P. vaccarum and R. norvegicus—P. vaccarum (Online
Resource 4).

G-matrix Divergence

Only five out of a total of 30 regressions using different
divergence metrics were found to have significant support.
A summary of the regression results for the five matrix com-
parison metrics against time since divergence are presented
in Table 6 and detailed in Online Resource 5.

Table 5 Results for the three
G-matrix similarity tests

G-matrix comparison pairwise set ry; (Pearson) r, (Spearman) K. (Dietz)

GCOI" GCOV GCUF GCOV GCOI GCOV
M. musculus—R. norvegicus 0.52% 0.08 0.60%* —-0.04 55% 8
M. musculus—P. darwini 0.48°%* 0.10 0.49%* 0.13 39
M. musculus—P. vaccarum 0.63 0.10 0.50 0.30 35 12
R. norvegicus—P. darwini 0.51% 0.37* 0.51% 0.27 56* 46%*
R. norvegicus—P. vaccarum 0.10 -0.14 0.55% -0.17 -10 -4
P. darwini-P. vaccarum 0.30 0.28 0.25 0.25 20 26
ANCpysrattus—ANCohyitoris 0.87%* 0.75% 0.86* 0.66%* 100* 94

The test statistic and significance are reported here for each set of G-matrices compared using either the

correlation (G,

cor

) or covariance (G,

) values. All three tests here evaluate against a null that corresponding

matrix cells are dissimilar in magnitude, therefore significance implies greater similarity observed between
the structure of the compared G-matrices then due to chance

r); = Pearson product-moment correlation coefficient, r,=Spearman’s rank, K =Dietz statistic of associa-
tion, G, =correlation G-matrix, G, =covariance G-matrix

*P<0.05
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None of the matrix correlation regressions among tip-
species or contrasts on the time since divergence using the
covariance or correlation G-matrix were significant. Two
g-max regressions were significant: among contrasts using
the correlation G-matrix (Fig. 3A) (F, ; =750, P=0.0232,
2 =0.999) suggesting increasing similarity (g-max 6) with
time since divergence, and among tips (Fig. 3B) (¥, ;=9.09,
P=0.0394, r*=0.694) using the covariance G-matrix, sug-
gesting decreasing similarity (g-max 0) with time. None
of the g-2nd regressions among tip-species or contrasts
were significant. Also, both random skewers regressions
among contrasts were significant, again suggesting increas-
ing similarity between the response to selection and time
in both the correlation G-matrix (Fig. 4A) (F|;=9949,
P=0.0063, r*= 0.999), and the covariance G-matrix
(Fig. 4B) (F, ;=1692, P=0.01547, »=0.999). A single dis-
parity regression among contrasts was significant, suggest-
ing decreasing disparity in the correlation G-matrices with
time since divergence (Fig. 5A) (F 1.1=20,427, P=0.0044,
»=0.999). Our analysis also reveals a non-significant asso-
ciation between the mean conditional evolvability and time
since divergence, although interestingly, trending in the
opposite direction to most of the other metrics (increasing
divergence with time; Fig. 5B).

Discussion
Understanding the nature of the G-matrix may have far

reaching implications beyond just quantitative genetics.
For example, an unstable or evolving G-matrix may allow

Table 6 Results for G-matrix divergence

Regression metric Contrasts Tip-species
Geor Geoy Geor Geov

Correlation

'y 0.0528 0.0309 0.0053 —0.0092

I, 0.0618 0.0232 0.0134  —0.0030

K. 7.6957 4.6416 0.0740 —-0.4939
Orientation

g-max —-1.9752% -0.5639 —0.1326 1.8278%*

g-2nd —3.1416 0.3772 —-1.2376 —0.4906
Random skewers 0.0408* 0.0250* 0.0050  —0.0041

—0.0387* —0.0297 -0.0048 —0.0027
0.5582 na 0.0075

Disparity

Conditional evolvability® na

Elements are the slopes of linear regressions for the four metrics
regressed on divergence time (in millions of years), either for the sets
of independent contrasts or tip-species matrix comparisons

*P<0.05

#Conditional evolvabilities can only be calculated on covariance
matrices
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covariance G-matrices against the time since divergence in millions
of years. Dashed regression lines indicate non-significant slopes.
Each regression set and the associated points (a comparison pair) are
indicated by line color and point fill: Contrasts =blue and white; Tip-
species =red and white (Color figure online)

greater independent phenotypic evolution, which could,
in turn, promote adaptive radiations (Schluter, 1996; Selz
et al., 2014). Alternatively, a stable G-matrix could be
used to improve neutral evolutionary models (Arnold et al.,
2008). Here we tested several hypotheses on the stability
of the G-matrix by expanding on the number of species in
Kohn and Atchley’s (1988) comparison between the murine
rodents M. musculus and R. norvegicus. To triple the number
of phylogenetic contrasts we generated new G-matrices for a
set of pelvic traits in two additional rodents P. vaccarum and
P. darwini in Sigmodontinae, spanning 36 million years of
divergence when analyzing all four-species together.
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Pairwise Matrix Comparisons

We tested the hypothesis that the G-matrix was stable across
species, in part by replicating the approach taken by Kohn
and Atchley (1988). The results of our comparisons were
inconsistent in rejection or support of the hypothesis; while
we were generally unable to reject the null of different struc-
ture in the covariance G-matrices, we overwhelmingly sup-
ported similarity in the correlation G-matrices. Our reanaly-
sis confirmed the results for all comparisons of the G-matrix
between M. musculus and R. norvegicus as those in Kohn
and Atchley (1988), finding no significant similarity among
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Fig.5 A Disparity between correlation G-matrices against the time
since divergence in millions of years. B Euclidean distances among
the conditional evolvabilities of each species regressed against time
since divergence. Dashed regression lines indicate non-significant
slopes. Each regression set and the associated points (a comparison
pair) are indicated by line color and point fill: Contrasts=blue and
white; Tip-species =red and white (Color figure online)

covariances while supporting similarity when using the
correlations. Such conflicting outcomes could result from
the greater range of magnitudes among covariances when
compared to the variance-scaled correlations, a common
factor to consider when working with any set of phenotypic
traits that may be measured in different units or scales. This
artifact is unlikely here because the raw pelvic trait meas-
urements were recorded in millimeters and differed at most
by a single order of magnitude before log transformation.
One notable contrast was between the reconstructed ances-
tors which were similar in all tests for both the covariance
and correlation G-matrix, this result however could be a
consequence of the reconstruction method used to estimate
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ancestral values, where, in the absence of an outgroup, any
optimization will tend to minimize change along the long
basal branch, making the two reconstructed ancestors more
similar.

Matrix Divergence Against Time

Whether selection or drift are dominant processes, a general
expectation is that among species, divergence in shared traits
results from accumulating independent changes, a function
of the time since their common ancestor (Felsenstein, 1985;
Revell et al., 2008). In fact, this pattern is a key argument to
test for phylogenetic signal, as it may explain a large degree
of the phenotypic disparity across species (Blomberg et al.,
2003; Miinkemiiller et al., 2012). Because the G-matrix is
the result of inherited phenotypic traits, an expectation that
the covariances and correlations themselves would exhibit
phylogenetic signal in a similar pattern is a logical conclu-
sion (Roff & Mousseau, 2005).

We tested the hypothesis that divergence in G-matrices
increased with time, in particular, following a Brownian
motion pattern. This null model would apply to the situa-
tion where either most evolution was due to genetic drift or
where the lineages have tracked adaptive peaks but where
those peaks have themselves shifted optima in inconsist-
ent directions. In contrast to the previous pairwise evalu-
ations of similarity, our focus here was on the degree to
which change in the G-matrix reflected phylogenetic history.
With only five of the 30 total regressions being significant
at P=0.05, we conclude that no general relationship exists
between G-matrix divergence and time for this data set. We
will however consider the results of the five metrics sepa-
rately, as each was chosen to capture different aspects of the
G-matrix. Caution should be taken in the interpretation of
any significant regressions here as the probability of recov-
ering false positives increases with multiple comparisons.

As most of the previous pairwise comparisons had
shown considerable support for similarity across correla-
tion G-matrices, it was not surprising that all regressions
of these values on divergence time were not significant.
Nonetheless, the same result was not expected consider-
ing the covariance G-matrices, as the majority of the same
pairwise comparisons had also failed to support equality.
We can conclude that while the pattern within the correla-
tion G-matrix has remained stable across these four-species,
there still exists considerable divergence in the covariance
G-matrix, independent of time, and low in phylogenetic
signal. One possible explanation for this pattern is that the
developmental processes guiding the formation of the rodent
pelvis is conserved and under stabilizing selection, but that
the magnitude of heritable covariation in pelvic traits can
fluctuate along lineages on much shorter time scales than
even the most recent of these contrasts. Orientation of the
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major axes of the G-matrix can be highly unstable because
they are defined by only the current genetic covariation
available in the population (Berner, 2012). Additionally, the
divergence in orientation of major axes may not sufficiently
capture the actual structural changes (Phillips & Arnold,
1999). Together these factors help erase phylogenetic signal.

The expectation for any of these phylogenetic compari-
sons is that at the initial divergence time of 0 years between
two species the G-matrices should be identical (assuming a
well estimated G-matrix). Thus, as independent evolution
proceeds, the lineages can only become more dissimilar,
resulting in a positive correlation between time and diver-
gence. Although studies of G-matrices among diverging
populations within a single species have often found simi-
lar covariance structures (Arnold et al., 2008; Lofsvold,
1986), this is clearly an overly simplified scenario, because
the factors that drove divergence may have also biased or
resulted from a partitioning of the genetic variance (Wal-
ter et al., 2018). However, the random skewers regression
among contrasts suggested an increase in similarity with
greater divergence time, the opposite expectation of change
in the G-matrix under drift or divergent selection (McGloth-
lin et al., 2018). Similarly, we found that disparity between
the correlation G-matrices decreased with time since diver-
gence increases, the opposite of the expectation of diverging
G-matrices. These results indicate that the intercept is not
at zero disparity, and suggests that variation among popu-
lations in a species, or variation in our estimates of those
matrices, is comparable to among species. We also suggest
that although three phylogenetically independent contrasts
is better than one, the reconstruction of ancestral matrices in
such a small sample might artifactually underestimate their
divergence, contributing to the trends we observed. These
results emphasize the need for even greater phylogenetic
sampling.

Notably, some of the phylogenetic patterns among the
analyses of independent contrasts are driven in part by the
greater variation contained in the P. vaccarum covariance
matrix, which with a trace of 10.4 is almost twice the size
of the next largest species matrix (P. darwini at 5.4). All
metrics that incorporate size will show a larger difference
between the two Phyllotis species than shape differences
(variation among covariances) alone would suggest. There-
fore, the Phyllotis contrast, which occurs over the shortest
branch, will tend to be large for most metrics, contributing to
the pattern of decreasing difference with time. The fact that
both Phyllotis had wild-caught parents while the murines
were the products of lab-reared animals over many genera-
tions could be a factor, but why P. vaccarum should have a
larger trace than P. darwini is unclear.

We expanded upon a previous analysis by Kohn and
Atchley (1988) to triple the number of phylogenetic com-
parisons of G-matrices. The primary result is that among
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the four-species separated by up to 18 million years of evo-
lutionary history, the pelvic G-matrix has remained essen-
tially stable, or if there was any divergence, that divergence
did not accumulate significantly over macroevolutionary
time scales, as would be expected if G-matrices evolved
like typical phenotypic traits under a Brownian motion
model (Arnold et al., 2008). Similar G-matrices were esti-
mated despite different breeding systems among species
and statistical models of estimation. Correlation structure
in particular was stable, while covariance structure showed
some divergence even among close relatives. These results
are suggestive of an Ornstein—Uhlenbeck pattern (Hansen,
1997; Uhlenbeck & Ornstein, 1930), where a broad adaptive
peak permits small but rapid deviation in structure (occur-
ring over thousands of years or among populations within
species), but that a constraint ultimately prevents any large
divergence from accumulating on scales of millions of years.
Such constraints could arise from conservation of the devel-
opmental and locomotory function of the innominate and
pelvis, and may not equivalate across other skeletal struc-
tures (Coutinho et al., 2013; Pomikal & Streicher, 2009).
For example, covariance structure in the skull appears to be
more variable (Atchley et al., 1981; Lofsvold, 1986). These
results support the assumption that the G-matrix remains
stable over macroevolutionary scales for at least some
structures, and that multiple structures need to be examined
before drawing generalizations about the entire organism
or genome.

While it may be interesting to utilize more advanced, or
biologically informative metrics on G-matrices (Aguirre
et al., 2014; Garcia, 2012), we argue that it is more valu-
able to increase the phylogenetic sample size in compara-
tive quantitative genetics (McGlothlin et al., 2018; Steppan,
1997b; Steppan et al., 2002). Particularly, we encourage
future work with taxa that have experienced stronger diver-
gent selection that may have been a greater factor in reshap-
ing the G-matrix than among the relatively non-specialized
rodents we have compared here (Jones et al., 2003; King-
solver et al., 2001; Roff & Fairbairn, 2012). All four-species
are generalist terrestrial quadrupeds, although R. norvegicus
spends more time both climbing and swimming than do the
other three species, especially relative to Phyllotis. Inclusion
of more specialized species would be illuminating.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11692-022-09559-z.
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