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ABSTRACT

.

Sp @ s mutations fuel evolutionary processes and differ in consequence, but the
conseqLﬁan on the environment. Biophysical considerations of protein thermostability
predict tha mperatures may systematically increase the deleteriousness of mutation. We
sought to tgst wheflier mutation reduced fitness more when measured in an environment that reflected
climate change projections for temperature. We investigated the effects of spontaneous mutations on
life historyXgige, fitness in 21 mutation accumulation lines and 12 control lines of Daphnia pulex
at standard and eldgated (+4°C) temperatures. Warmer temperature accelerated life history and

reduced bodE lenith and clutch sizes. Mutation led to reduced mean clutch sizes and fitness estimates

at both tem . We found no evidence of a systematic temperature-mutation interaction on trait
means, alt e lines showed evidence of beneficial mutation at one temperature and
deleterious mut: at the other. However, trait variances are also influenced by mutation, and we
observed 1 variances due to mutation for most traits. For variance of the intrinsic rate of
increas productive traits, we found significant temperature-mutation interactions, with a

larger increase due to mutation in the warmer environment. This suggests that selection on new
Key Word!Eutation accumulation, life history, fitness, temperature-size rule, Daphnia pulex,

beneﬁciM
2
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INTRODU';TIO =b

Q.

S SHAE0ts mutations fuel evolutionary processes by introducing new genetic variation to
populations. itness effects range from highly advantageous to neutral to highly deleterious,
altering th@al and evolutionary dynamics that determine the fate of populations. In general,
spontaneoWns tend to be neutral or deleterious, rather than beneficial (Drake, et al. 1998;
Lynch, et al. 1999; Halligan and Keightley 2009). However, in some cases, effects of mutations can
also be condition-dépendent, where fitness effects change with the environment (e.g., Chang and
Shaw 2003 al. 2006; Roles and Conner 2008; Rutter, et al. 2012; 2018; Latta, et al. 2015).
This may sg

fitness effnifest, but condition-dependent mutations can also switch from deleterious to

benefici

an that the magnitude of deleteriousness depends on the environment in which

rSa.

ers have used experimental mutation accumulation (MA) to study the phenotypic
and fitness effects of spontaneous mutations for several decades (reviewed in Lynch, et al. 1999;

Baer, et al.mmligan and Keightley 2009). In these experiments, replicate lineages are

established ommon ancestor and maintained through random single-pair or single-individual

descent to shit em from selection. Spontaneous mutations accumulate generation after generation,

and eventusi; phenotypes of the lineages are assayed in a common garden. Variation among lines is

due to gwences caused by the accumulated mutations. This approach has been applied to a

variety of eﬁs, including Drosophila (Houle, et al. 1992; Fry 2001; Houle and Fierst 2012;

Latimer, et al., ), Daphnia (Lynch 1985; Lynch, et al. 1998; Omilian, et al. 2006; Schaack, et al.

2013; Eierle, aeflal. 2018; Bull, et al. 2019), Arabidopsis (Chang and Shaw 2003; Ossowski, et al.
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2010; Rutter, et al. 2010; 2018; Roles, et al. 2016; Weng, et al. 2019), nematode worms (Baer, et al.
2005, 2006; Davies, et al. 2016), and others (Hall, et al. 2008; Pannebakker, et al. 2008; Schultz and
Scoﬁeldw, et al. 2012; Hall, et al. 2013; Zhu, et al. 2014; Krasovic, et al. 2016; Lovell, et al.
2017). Ph fitness are usually assayed in a single environment, and hence we have
comparati vehysligles cx perimental information on condition-dependence of the fitness effects of
spontaneohn. Given that real environments are not static, evaluating fitness effects in
multiple c@nvironments provides a more robust understanding of the consequences of
mutational ms. It also provides a bridge to studies where fitness is assayed in uncontrolled field

environmen s and Conner 2008; Rutter, et al 2012).

Th:ulished studies on spontaneous mutation that assayed phenotypes in multiple

environmeSs found evidence for condition-dependence of fitness. Rutter, et al. (2012) assayed five
found that
quantit environments for individual lines. Similar results were found in an analysis of a
greater nu A lines from the same experiment in two locations (Roles, et al. 2016). Latta, et

al. (2015) worked with Daphnia pulex, comparing MA lines assayed in a baseline environment to

MA lines of Arabidopsis thaliana in the field during different seasons and at different locations. They
ns between MA lines and ancestral controls differed qualitatively and

treatments Sith mild copper stress, low food, and slightly elevated temperature. For a variety of

fitness co and body size, they found that the effects of mutation shifted across environments.
Other MA"Q multiple environments include Baer, et al. (2006), which examined C. elegans
MA linMﬂnperatures, and Chang and Shaw (2003), which examined the effects of nutrient
availabilit*n Ar@idopsis MA lines. Although these studies have shown that condition-dependent
mutations ;, they were not organized around testing underlying mechanisms that may drive

widesprea

<
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Temperature could broadly influence the consequences of mutations through its effect on
protein stability and integrity (Dandage, et al. 2018; Agozzino and Dill 2018; Berger, et al 2020).
ElevatecWaure alone can disrupt protein folding (Varadarajan, et al. 1996; Agozzino and Dill
2018), leaished stability and a protein that is less able to tolerate the effects of an amino
acid substitutiemmmBerger, et al. (2020) used enzyme kinetics and biophysical modeling to argue that
global warh increase the effects of mutation on protein stability, intensifying selection

throughoutfthe gen@me. Spontaneous mutations, particularly within a sequence coding for a protein’s

¢

hydrophobiggre can destabilize the tertiary structure, making the protein more vulnerable to

S

thermal degr@dati®n of biochemical function. These effects are sensitive to the magnitude of

temperature chang@)(Varadarajan, et al. 1996). Dandage, et al. (2018) used a large number of single-

L

site mutant: erichia coli to show that mutations at central and typically protected locations are

It

often linke ater decrease in fitness than those mutations affecting peripheral protein parts.

The deletefiou cts of these mutations were particularly pronounced at high temperature due to

d

protein misfolding and binding problems. Taken together, there is clear reason to predict that elevated

temperature w cerbate the deleteriousness of spontaneous mutations.

We sought to test the predictability of condition-dependent effects of spontaneous mutations
at a scale oSemperature variation relevant to current climate change projections. Despite extensive
research o tability of populations to climate change, we are unaware of work aimed directly
at evaluatin could alter the mutation dynamics at the foundation of evolutionary change. In
particular, ‘e ask whether warmer temperatures amplify the deleteriousness of spontaneous mutations
on life histﬁ trai’and an aggregate estimate of fitness, the intrinsic rate of increase (). To
accomplis used a mutation accumulation experiment in Daphnia pulex, conducting common

garden life ssays for MA and ancestral control lines at two temperatures. We expected to see

<
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reduced fitness in MA lines compared to the ancestor, and to observe a more substantial reduction at

the higher temperature.

ript

EstablishmMMaintenance of the Mutation Accumulation Experiment

WJ mutation accumulation lines of Daphnia pulex on 15 May 2016 with a single

female of tlie LIS3 clone, which had been isolated several years prior from a pond near Listowel,

£

Ontario, Ca e LIS clone is “obligately asexual,” i.e., a clone that produces dormant eggs
(ephippia) (Hebert 1981), unlike the typical Daphnia life cycle in which dormant eggs are
produc

M

d 30 daughters from a single individual and placed them in separate beakers under

standard culture conditions (described below) to initiate the mutation accumulation lines (Fig. 1). To

I

propagate Wa@8ingle, haphazardly-chosen offspring of the current generation was transferred to a
new beake ately every two weeks to be the next generation. At the same time, two
additional o ing were kept separate to serve as back-ups in case the focal individual turned out to

be mal

n

iication as neonates can be challenging), reproduced only via ephippia, or died

I

without g. After establishing a new generation, we also kept the previous two generations

at 10°C to serve asfan additional reserve. Every 10 generations we collected dormant eggs, which can

Ul

be used to re-e sh a line following complete extinction, and stored them in microfuge tubes at -

80°C. dure maintains the effective population size for each line at nearly 1.0 and shields the

A
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population from most effects of selection. Occasional generations based on more individuals occur
when we use the back-ups; this raises effective population size only slightly because it is determined
by the ha*mc mean of the actual population size. Although this procedure precludes mutations that

have majo @ )n fitness in the heterozygous state (e.g., dominant lethals), it effectively

P

accumuiatassthesmmtations thought to be responsible for most standing genetic variation.

[

Ancestral Co:trﬁ

Be; LIS clone is obligately asexual, we were able to generate ephippia from the

ancestor atfghe start of the experiment to use as controls in subsequent phenotypic assays. We used

additional from the ancestral individual to grow a large population and produce > 1000
ephippia th red at -80°C. We estimate that the ephippia for the controls are 3-4 generations
from th al ancestor.

ntrols for our phenotypic assay, we incrementally increased temperature and light
exposure tg mimic environmental conditions that Daphnia experience in the wild after removing them

from storage at -8U°C. First, ~50 ancestral LIS ephippia were thawed and transferred to a tissue

culture plaing a small amount of filtered lakewater. The plate was moved to 4°C for two
weeks in t fore being transferred to a 20°C-incubator set for high light intensity on a 12:12
(light: griod. After approximately two weeks under these conditions, neonates hatched
and wer#erred to individual beakers and maintained under standard culture conditions

(described belowE:SNe collected 33 hatchlings this way, though we do not know whether ephippia that

did not gy had embryos in them and could have hatched if we had waited longer. All

This article is protected by copyright. All rights reserved.



hatchlings reached reproductive maturity, and twelve of them were randomly chosen to be the

replicate control lines for our phenotypic assay.

e

Q)

Standar‘ Wanditions

MATines are propagated in filtered (to 1 um) lakewater collected from a single location at the
hypolimne just below the Lake Murray Dam (Lexington County, SC, USA). Each
individual @§placedlin 100 ml lakewater in a 150-ml Pyrex beaker. Beakers are kept in controlled-
environme ers at 20°C with a 12:12 (light: dark) photoperiod. Animals are provided vitamin-
fortified Ankd mus falcatus (Goulden & Hornig 1980) daily at a quantity that effectively allows

ad libitum ﬁding. To prevent surface film entrapment, a small amount of cetyl alcohol was

dusted on the Takewater (Desmarais 1997).

d

Preparation fo notypic Assay

Mlhd descended an average of 37 generations from the ancestor (range: 27-42) at the

time we stz gparation for our assay, and some lines were extinct due to production of only

dormant eg e point (5 lines that had not been “resurrected” at the time of the assay) or failure

h

to repr iiles ), leaving 23 MA lines to potentially be used in the experiment. In an

[

acclimat efore the phenotypic assay, three generations of both control and MA lines were
reared under contriled conditions: 20°C, 12:12 L:D, and daily quantitative feeding at 20,000 cells/ml

A. falcatus. Indiag@uals were transferred to a new beaker and fresh lakewater on alternate days. This

ion attributed to maternal effects. To start, two females of approximately the same

This article is protected by copyright. All rights reserved.
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size were haphazardly taken from each line and placed in separate beakers, marking the beginning of
the great-grandmaternal generation. Twenty-one of our 23 MA lines and all 12 control lines of LIS
producewspring at this stage. Two MA lines produced only ephippia or male offspring.
Waiting fo @ es to generate female offspring was not possible given operational constraints, so
they weme exelmdedifrom the remainder of the experiment. We established each generation during the
acclimatiothrom offspring of the third clutch or later, expanding the number of individuals in

the grandmaternal @nd maternal generations to boost the likelihood that a sufficient number of

C

offspring waul born within the desired timeframe for the assay.

Us

Phenotypic Assa

an

ed a phenotypic assay of fitness-related traits at two temperatures (20°C and
24°C) emale individuals per line per temperature in each of two temporal blocks. We

followe eviously described protocol for daily quantitative feeding and transfers every other day

W

during the assay. We pipetted neonates out of beakers during daily counts of reproduction to prevent

double-co

[

spring. Survival was scored daily.

We ded individuals once they had produced their fourth clutch because reproduction

after that poi ittle influence on estimates of the intrinsic rate of increase. If a female did not

1

produc he was observed for 5-7 additional days, and if no eggs were deposited in her

|

brood chantber by the end of this period, she was discarded. Daily procedures were identical for the

20°C and 24°C tregiments.

2

A
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The assay was divided into two temporal blocks, with the second block initiated about three
weeks after the conclusion of the first. For each block, 20 females born within a twenty-four-hour
period werl col |ec!ed from each line and placed into individual beakers. Ten of these twenty

individuals anidomly assigned to the 24°C treatment and ten to the 20°C treatment. Two MA

P

lines (Limcsafmamen23) did not produce enough female offspring during the specified set-up period for
block 1, sohe excluded from the first block but included in the second. In block 2, one line

(MA Line @;roduced ten females to be used in the assay (five at each temperature).

Wmnted the clutch size of the first four clutches, survivorship, clutch frequency, and

day of mat r each individual. Each female in block 1 was photographed at maturation, and

body lengt ed from the crown of the head to the base of the tailspine) was recorded using a

stage micrdimeter for calibration. Photographs were analyzed with ImageJ.

(O

Life Hi tions

We tracked survival daily until production of the fourth clutch. We calculated age-specific

survivorship or each MA and control line after censoring data for the few individuals that were

lost during g§. While most individuals within a line reproduced synchronously, some produced

a fourth cl al days after all other individuals. This was the case for 15 individuals (12 at
20°C a , SO observations were terminated when they had not produced a clutch 4-7 days
after other talwauals of that line had. For the purpose of estimating r, survivorship was calculated

for each da; until Se majority of experimental individuals produced a fourth clutch.

This article is protected by copyright. All rights reserved.
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We calculated age-specific fecundity (m,) for each female as a three-day moving average until

she produced her fourth clutch. We then used Newton-Raphson approximation to combine the

{

schedules of age-specific fecundity and survivorship and estimate the intrinsic rate of increase (r)

from the E @ a equation. We pooled data from both blocks for these estimates.

rip

Statistical @nalysi

SC

O perimental design was an unbalanced two-way analysis of variance, with

U

mutational and temperature as main effects and lines as the primary unit of replication. We

tested for effects of mutational history, temperature, and their interaction. Statistical models for

N

reproductiv, cluded a block effect and block interactions to account for the two temporal

d

blocks. Wds e [II sums-of-squares for our ANOV As because we had an unbalanced

experi esign with different numbers of MA and control lines. Although analyses using

Levene’ owed deviations from homoscedasticity, we did not turn to non-parametric

M

alternatives because our main hypothesis focused on interactions that can be masked by the

[

transforma lved in non-parametric analyses. Additionally, ANOVA is robust to deviations of

this nature our statistical inferences should therefore be treated cautiously, none of our

conclusions deépend on comparisons that turned out to be marginally significant. We further used

h

Levene’s ta§ts to test directly whether mutation increased the variance of traits, and to test whether

trait vari fluenced by an interaction between mutation and temperature. We conducted all

1

statistical analyscSyn R v. 3.6.2 (R Core Team 2014) and figures were produced using the package

U

ggplot2 (Wickman,,2009).

A
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RESULTS
Wi ded life-history traits from a total of 1,274 D. pulex from 21 MA and 12 control

lines. Canw was an outlier with respect to most traits, so we excluded it from all analyses.
Effects on meonents were generally in line with expectations: elevated temperature
acceleratedffife histories, while mutation reduced fecundity. Body size at maturation was reduced by
both elevated temperature and mutation. Juvenile and adult survivorship was very high (>93%)
throughout exgeriment (Supplementary Figure S1), so we did not analyze it further. We did not
find eviden@dﬁcan‘[ interactions between spontaneous mutations and temperature influencing

trait means iTables 1, 2), but we did find evidence of interaction effects on some trait variances.

Intrinsic Rmrease

We es d the intrinsic rate of increase () using fecundity and survivorship data. MA
lines e i % decline in 7 at 20°C and a 5% decline in » at 24°C in comparison to controls
(Table 1). st 20°C, mutation reduced the mean estimated » from 0.3258 £+ 0.0097 SD in the controls

to 0.3055 +

0.3973 = 00484 SP (Fig. 2). There was a significant increase in mean r for both MA and control lines

in resporcrease in temperature (Fig. 2), driven by the accelerated reproductive schedule.

D in the MA lines; at 24°C the reduction was from 0.4196 +0.0152 SD to

C*trag ' our main hypothesis, there was no evidence for an interaction between

spontanem.jn and temperature with respect to mean r or relative fitness (Table 1).
The variamte of estimated » was 55.2% greater for MA lines than control lines at 20°C and
65.8% r MA lines than control lines at 24°C. A Levene’s test on the variance of estimated »

This article is protected by copyright. All rights reserved.
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revealed a significant interaction between mutational history and temperature (mutational history x
temperature: F'=3.7912; df =3, 60; p = 0.0148). Levene’s tests also showed significant increases of r

Variancewation at 20° (F = 4.9699; df = 1, 30; p = 0.0334) and 24° (F = 5.52521; df = 1, 30;

T:ogmsolute and relative fitness, per-generation rates of change were similar at the two
temperaturcgg(Tale 3). The intrinsic rate of increase declined by 0.00054 per generation at 20° and
by 0.00062@0r relative fitness the declines were 0.00169 and 0.00144 per generation,
respectivelwtimated per-generation change in the coefficient of variation (ACV) was the same
at both te , 0.0023, and did not differ between absolute and relative measures of fitness.
Estimates onal variance (V,,, the difference between V), and V) and mutational CV (CV,,,
the differel@en CVy and CV¢) were similar between the two temperatures (Table 3).

Mutational ities (the proportion of variance among MA lines attributable to mutation) on a

per-genera were ~0.025 at 20° and ~0.024 at 24° (Table 3). These estimates reflect

heritabiand sense because the Daphnia in our experiment are reproducing asexually.

Clutch Siz!

Ne m perature nor mutation, nor their interaction, affected mean size of the first clutch

(MA lines: 20°C: 6.82 + 0.25 SD; 24°C: 6.69 + 0.014 SD; Control lines: 20°C: 7.05 + 0.04 SD; 24°C:

7.03 0.0 Fig. 3; Table 2). There were no block effects or interactions with block
(Supplel“terial).

We obser;d significant decreases in mean clutch size due to mutation accumulation and
elevated te e at later clutches, with moderate differences in clutch 2, and greater differences in

clutches ig. 3). Mean size of clutch 2 was 14% smaller in MA lines (14.98 &+ 1.55 SD) than

This article is protected by copyright. All rights reserved.
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in controls (17.44 £ 0.56 SD) at 20°C and 5% smaller (MA: 13.82 + 0.86 SD; Control: 14.61 +2.24
SD) at 24°C, although the interaction was not significant (Table 2). There was a block effect with

clutches 1nl|ocl! | ~5% smaller than block 2 (Table 2) but no interaction between block and other
factors (Su @ ary Material).

Tn smclutch, females from MA lines had clutch sizes that were 19% and 16% lower
than controldineggat 20°C (MA: 21.82 + 0.11 SD; Control: 26.94 + 0.84 SD) and 24°C (MA: 19.95 +
1.95 SD; CU3.85 + 3.58 SD) respectively (Fig. 3; Table 2). Again, there was a small block
effect withfblogk 1j8-5% smaller than block 2 (Table 2). There was no interaction between main
factors (Ta block (Supplementary Material) for mean clutch size. However, the variance of

third clutc eased at 24°C for MA lines due to an interaction between temperature and

mutational @iistory (Fig. 4; mutational history x temperature: F'=4.2151; df =3, 120; p = 0.0071).

Fo h clutch, we observed a larger decline for MA lines in mean clutch size at 24°C
than at 20°CY{F1g®3), but the interaction between temperature and mutation was not statistically
significant. 4 in MA lines was 10% smaller than in control lines at 20°C (MA: 25.82 £ 1.38
SD; Co : 0.22 SD) and 20% smaller at 24°C (MA: 18.58 + 3.15 SD; Control: 23.41 + 3.41

SD) (Fig. 3; Table 2). One MA line (Line 23) died out before producing a fourth clutch at 20°C and

was treatethsing value. A few individuals from this line produced a fourth clutch at the

warmer terfip . We tested for interactions between block and other factors, and none were
significant f clutch size (Supplementary Material). The variance of the fourth clutch increased
at 24°C£ MA lines experienced a more substantial change than the control lines because

ofa sigrmaction between temperature and mutational history (mutational history x

temperature: F = gi 675; df =3, 119; p = 0.0269).

T roduction summed across the first four clutches was 14% lower in MA lines than in

controls at 2C (MA: 68.80 = 1.88 SD; C: 80.01 = 1.22 SD) and 24°C (MA: 59.03 = 5.94 SD;
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C: 68.90 £ 9.17 SD), with substantially lower fecundity at the warmer temperature (Table 2). There
were no significant interactions between factors for total number of offspring (Table 2,
Suppleme*ry Material). Variance of the summed reproduction did not differ due to temperature, but

it increased @ utation (F'=7.2209; df =1, 122; p = 0.0082). There was no interaction effect on

variancebctweemstemperature and mutation.

L

Reproductzwg

MA lines produced their first clutches slightly later (20°C: by 0.31 days; 24°C: by 0.15 days)
on average than individuals from control lines. However, the age of clutch production was not
significant t between MA lines and control lines for the second clutch, third clutch, or fourth

clutch (Fig. 43 2).

Remn was accelerated by the warmer temperature (Fig. 4). For both MA and control
lines, el temperature led to significantly earlier production of the first four clutches (Table 2).
We als ed significant block effects related to the timing of all four clutches with animals in
block 1 reproducing later than those in block 2 (Table 2). There were no significant interactions

between fa“the timing of any clutch (Table 2, Supplementary Material).

Weption of the first clutch, Levene’s tests showed no significant effect of mutation
or mutatio erature interaction on the variance of reproductive timing. For the first clutch,
there WSM interaction (F = 3.8648; df =3, 120; p = 0.0111) that may have been caused by
the smal ck etfect on the timing of clutch 1.

-

Body L@umtion

This article is protected by copyright. All rights reserved.
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Individuals from MA lines were significantly smaller than individuals from control lines
(Table 1). The mean body length of MA lines was 34 um less than controls at 20°C and 48 pum less at
24°C. Ilwere smaller at 24°C than at 20°C (Table 1), with a 51 um difference in MA lines
and a 37 p in controls. Although the size difference between MA and control lines
increased immthemwarmer temperature, the interaction was not significant (Table 1). There were no

significant Les of variance due to temperature, mutation, or their interaction.

DISCUSS

USC

Mutation provides the ultimate source of genetic variation, allowing for adaptation and other

[

forms of emy change. The effects of replication errors at the molecular scale may, however,

depend on onment in which they are manifest, and thus it is important to evaluate the
phenoty equences of mutation in multiple environments. We experimentally accumulated
sponta utations in Daphnia pulex for ~37 generations and then assayed life history, body size,

and the intrinsic rate of increase (7) at standard and elevated temperatures. As expected, within each

temperaturwn was on average deleterious, leading to reduced reproduction (Fig 3) and

consequent absolute fitness as indicated by » (Fig. 2). Mutation also produced substantially

higher varianceof 7 and fitness components (Figs 2, 3, 4). Similarly, effects of temperature matched

general expectations: life history schedules were accelerated at the warmer temperature (Fig. 4),

th

leading imates of 7, even though body size and reproduction were reduced in accordance

with the temperatie-size rule.

U

We rticularly interested in the potential for an interaction between accumulated

mutations erature. Protein structures are thought to function best at an optimal temperature.
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At a biochemical scale, the stability of proteins can be reduced at higher temperatures such that their
functional effectiveness is compromised at temperatures that exceed their thermotolerance (Dandage,
et al. 20#rger,et al. 2020). Mutations may limit the window of thermotolerance, causing protein
function to @ omised at temperatures that otherwise would have been tolerated. We therefore
predictaul thammmtation accumulation and temperature would interact, such that the fitness degradation
due to smemutation would increase at a warmer temperature. Our data did not support this
prediction.@nhe magnitude of trait differences between ancestral lines and mutation lines was
approximat ame at both temperatures for clutch size, reproductive timing, body size, and

fitness as estimatéd by r.

EV31 we did not see evidence for a widespread, directional influence of temperature

on the ﬁtn!s effects of mutation, we did find evidence suggesting condition-dependent effects in

particular mutation accumulation lines (illustrated as reaction norms in Fig. 5). In five MA lines, the
fitness effﬁma

tation were qualitatively different at the two temperatures. In MA Lines 8 and 13,
rwas h ntrols at 20°, but lower than controls at 24°. The reverse occurred in MA Line

17. MA Li ad similar  to controls at 20°, and higher r at 24°. And MA Line 2 had lower r at
20°, but similar » at 24°. We do not have replicate estimates of  for the MA lines, so these
observatims should be viewed cautiously. However, all of these involve differences that are more
than one, a imes more than two, standard deviations of the fitness mean for control lines,

indicating t ifferences are likely due to biological variation.

@cumulation experiments do not usually uncover evidence for beneficial mutations,

e do despite the rarity of beneficial mutation are varied (Lynch, et al. 1999;
Bataillon 2000; Shiw, et al. 2002; Eyre-Walker and Keightley 2007; Hall and Joseph 2010). One

likely possibilit hat any beneficial mutations get overwhelmed by the combined effects of larger

tly deleterious mutations (or any with large deleterious effects), and thus shorter
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periods of mutation accumulation may be more likely to detect beneficial mutation. Another is that
fitness effects of mutation depend on the environment in which phenotypes are assayed, so
experimm more likely to detect beneficial mutation if they include multiple environments.
A third pos @ § that beneficial mutation can be overestimated if only some components of fitness
are assayedmthisseen1d fail to account for tradeoffs arising from correlated deleterious effects in
unobserve(hents of fitness. Here, we used estimates of 7, one of the most complete

representations of @bsolute fitness available, after a moderate duration of mutation accumulation in

C

two environame In addition to the qualitatively condition-dependent mutations discussed above,
estimated m MA lines was higher than controls at both temperatures. Of these, three had
higher fitness by >i SD of the mean control fitness. Thus, although our fitness estimates for
individualtare not replicated, our data indicate that in up to ~14% of the lines the net effect

of mutatio ve been unconditionally beneficial. This suggests substantial scope for mutational

improvemmess in the medium-term.

es not simply influence the mean trait; mutation is also expected to lead to greater
variance a es, and our MA lines show this effect at both temperatures for body size,
reproductive output and timing, and . Temperature is not expected to have any inherent effect on
variance. SWever, for some traits, we observed an interaction between mutation history and

temperatuerect to variance. For reproduction in later clutches, total reproduction, and r, the

increase in due to mutation was greater at 24° than at 20°. This suggests that in natural

population! the efficiency of selection on new mutations would be greater at 24° than at 20°.

wo effects on life history, we observed significant changes of body size in response

to elevated tempersure and accumulated mutations. Body size links reproduction in Daphnia to the
temperature-siz e, and as predicted, our lines reached maturity earlier and at a smaller size in the
warm t re at a cost of smaller clutch sizes. Body size was reduced by mutation; this contrasts
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with prior MA studies in Daphnia that found no appreciable effect of mutation on mean adult body

size (Latta, et al. 2013; Bull, et al. 2019). As with  and reproductive characteristics, we did not see

an interacflln Detween mutation and temperature.

OLQIS were begun with an ancestor that is “obligately” asexual, meaning that

I . o .
females (b\! not males) are restricted to asexual reproduction in both subitaneous and dormant eggs.
One might expeatthat means our clone started with a higher genetic load of deleterious mutations
than an “ty; g@aphnia clone, and consequently may be unusually sensitive to additional

spontaneo@n triggering temperature-dependent performance degradation. If that were the

case, using clone would have biased the experiment against obtaining the results we found.

However, e that our experiment is actually representative of a “typical” Daphnia for several
reasons. th, the geographic origin of our clone suggests that it only recently acquired obligate

asexuality (Paland, et al 2005). Second, our estimate of absolute fitness of the ancestor, as measured

by r, is typigal iphnia pulex raised under the conditions we used. Estimates of » for Daphnia
pulex u d and temperatures near 20°C range from ~0.1 to ~0.45 (e.g., Scheiner and
Berrigan 1 ycha and Tessier 1999; Ferrao-Filho, et al 2000; Riessen 2012; Liu and Steiner

2017). Our ancestor appears to be on the high side of that. Third, because published data on » in D.
pulex rarel&re accompanied by definitive data on whether clones are sexual or obligately asexual,
we reanaly. istory data used in Dudycha & Hassel (2013), which reported full life histories for
two obligaglal and three confirmed sexual clones (Heier & Dudycha 2009) of D. pulex under
conditio£ilarto the current manuscript. Data therein yield » estimates of 0.167 and 0.182 for the
obligatelz iexual .lones LIN and OL3, respectively, and 0.221, 0.468, and 0.236 for the sexual
clones WE:and BW16. Those data show that the ancestral fitness of the MA experiment

reported h r=0.326 at 20°) was higher than at least some sexual D. pulex clones.
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Therefore, our clone of D. pulex has an intrinsic rate of increase well within those that are typically

expected and does not appear to have carried an unusually high genetic load into the experiment.

We re of three other reports comparing fitness assays of mutation accumulation lines
at two tem, orking with 10 MA lines of Daphnia pulex after ~93 generations of mutation,
H I . . . . .
Latta, et al g¢2015) measured a variety of life history and morphological traits at 20° and ~22-23°.
Their experumentydid not have controls, so they could not test for changes in mean traits. However,

averaged a ts, they reported that mutational heritability was greater at the elevated

temperaturg Béerfet al. (2006) compared ancestral controls and MA lines of four strains (two

S

species) of] ﬁ worms after >200 generations of mutation in 100 MA lines per strain.
Compariso en assays at 20° and 25° of the per-generation decline of fitness produced

inconsisterfifresults. For two strains, one each of Caenorhabditis briggsae and C. elegans, they found

N

a greater fitness decrement at 20°, while the reverse was true for the other two strains. However,

a

Baer, et al.\R0 id not run the assays at the two temperatures contemporaneously. Assays at 20°
were p r 100 generations and again after 200 generations; assays at 25° were performed

after 220 ns. This precluded them from directly testing for an interaction between

M

temperature and mutation. While they did not directly address the question, neither of these studies

support thefgontention that elevated temperature will systematically exacerbate the deleteriousness of

[

spontaneo n.

e,

Ina study, Matsuba, et al. (2013) also assayed fitness of C. briggsae and C. elegans

MA lin peratures, but this time with a greater temperature range of 18° and 26°,

{

describi stressful temperature for C. elegans (only), because it reduces fitness to one-third

of the fitness 18° iunmutated controls. Though not the focus of their study, their estimates of the

Ul

per-generation tion of fitness in C. elegans at 26° were roughly twice what they estimated at 18°.

Howev rovided no formal test comparing assay temperatures, and confidence intervals of

A
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parameter estimates overlapped substantially. In C. briggsae, differences were much smaller, though
in the same direction. Thus, the data from this report is at least trending in the direction predicted by
the biopyMproperties at the molecular scale (Dandage, et al. 2018; Agozzino and Dill 2018;
Berger, et @ Given that this study involved a temperature comparison well beyond most-
probablescstimmatessfor climate change and found the strongest hint of an effect in a species brought to
the thermah fitness collapse, it provides guidance as to how extreme temperature would need

to be to trigger a bi®ad interaction with spontaneous mutations.

¢

Alm\r data also did not support the interaction between mutation and temperature
predicted idering the thermostability of proteins at a molecular scale, it may still be premature
to dismiss thesis entirely. Either a warmer temperature or a longer period of mutation
accumulati@n may have revealed such an interaction, as the trend in Matsuba, et al (2013) suggests.

g

Earlier work has shown that genetically diverse experimental populations of Daphnia pulex suffer

a

substantial per nce degradation at 26° (Dudycha 2003), which would make it difficult to
ascertai unded effects of mutation. Furthermore, our interest in relating results to

projected cli ange argued against evaluating a temperature differential substantially greater

VA

than +4°. After an average of 37 generations of mutation, our MA lines had ~5% lower r than

controls. Tiis is a substantial selection differential in the context of evolutionary change, particularly

g

considerin differential is driven by mutations accumulating primarily in the heterozygous

O

state (but s¢ an, et al 2006; Keith, et al 2016; Ho, et al 2020). Further accumulation of

mutations flay indeed result in some degree of general temperature-dependent exacerbation of the »

h

reduction, though tlie effect would necessarily be small compared to the general effect of mutation. It

{

is unlikely a small-magnitude effect would be important in populations experiencing climate

U

change at t and scales that are currently projected.

A

This article is protected by copyright. All rights reserved.



23

Climate change raises important questions about the capacity for populations to adapt in
response to changes in their abiotic environment. Evolutionary responses to climate change depend
on man)Muesof populations, including the shape of environmental tolerance curves, variation
among loca @ ed populations, dispersal patterns, and standing genetic variation. Mutation may
contribute additiemal variation on which selection may act. Our data indicates that mutation is
unlikely toLvith rising temperatures in a manner that leads to broad thermal instability in

proteins. Ifistead, ghr data suggest that mutational variance may increase with rising temperatures,

C

increasing ency of selection and consequently raising the rate of adaptation. Coupled with

S

our observattons #iat mutations beneficial in warm temperatures occur at least occasionally,

spontaneous mutatipn may contribute to populations’ adaptation to climate change. Our experiment

G

was based of 777 reproductive events that could produce heritable mutation (21 lines x 37

M

generation sy to imagine that in a natural population of Daphnia pulex, where populations

size might e to 1,000,000 with several asexual generations per year, there is ample

d

opportunity for such mutations to occur.

[
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Table 1. Affests of factors influencing the intrinsic rate of increase () and body size. Tests

$

used Type of-squares and had df'= 1, 60 (r and relative fitness) or df =1, 56 (size). No block

U

effects we ecause data were pooled across block to estimate 7, and size was measured in

only Block@l . The identical values for Temperature and Mu x Temp effects on relative fitness are not

A

a typograp r.

ad

Trait fect F p

Y

r Mutation 5.2697 0.0252

Temperature 99.8702 2.191x10™

[

uxTemp 0.0116 0.9146

0

Relative fit utation 5.5605 0.0217

Temperature  0.0351 0.8521

h

uxTemp 0.0351 0.8521

{

Body Leng utation 4.4461 0.0395

U

emperature  5.1767 0.0267

Mu x Temp 0.1363 0.7134

A

This article is protected by copyright. All rights reserved.



31

.

Table 2. A @ ests of factors influencing reproductive traits. All tests used Type III sums-of-

squaresan% 1, 116 except Clutch 4, which had df = 1, 115. No interactions with Block were

significant Mplemental Material).
O
w Clutch Size Timin
Effect F p F p
Clutch #1 Eﬂon 1.425 0.2350  5.3105 0.0231
gerature 0.0935 0.7603 298.7014 2.0x107*
Temp 0.0487 0.8370  0.9775 0.3249
0.1767 0.6750  6.1668 0.0145
Clutch tion 5.9866 0.0159  1.2868 0.2590
Eerature 8.9728 0.0033 439.0989 20x107*
uxTemp 1.5805 0.2112  0.1053 0.7461
s Block 7.6678 0.0065  5.4894 0.0208
Clutch #3 tion 23.8904 3.3x10°  0.4429 0.5070
Qerature 7.2489 0.0081 610.6733 22x107%
ﬂTemp 0.4364 0.5102  0.0715 0.7890
Blo 6.1261 0.0147  8.1272 0.0052
Clutch #4 tion 13.1205 0.0004  0.0481 0.8269

erature 35.0501 3.4x10°°% 856.2458 2.2x107%®

U

uxTemp 0.9836 0.3234 0.5180 0.4730

A
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Block 6.7847 0.0104 9.9148 0.0021
Sum C1-C4  Mutation 17.5025 5.6x10°
Hmperature 17.1569 6.5X107°
@mp 0.0715 0.7896
[ " Block 6.5292 0.0119
.
O
Table 3. le variances of absolute and relative fitness assayed at 20°C and 24°C, based on 11
control lines and ZSmutation accumulation lines.
C
20°C 24°C
m Absolute Relative Absolute Relative Fitness
Fitness (r) Fitness (r)
Fitness
ControlE
Mean 0.3259 1 0.4197 1
Variances 9.3x10° 0.000876 0.000230 0.00131
cv g 0.0282 0.0282 0.0345 0.0345
MA Lines
Mean s 0.3055 0.9376 0.3973 0.9468
Varian“ 0.00123 0.0116 0.00234 0.0133
cv : 0.1122 0.1122 0.1189 0.1189
Per-Generation nge
Mean -0.00054 -0.00169 -0.00062 -0.00144

A
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Variance (AV) 3.07x10° 0.00029 5.70x 10° 0.00032
CV (ACV) 0.0023 0.0023 0.0023 0.0023
Vi =Vva 0.001137 0.0107 0.00211 0.0120
CvV,, =levj=gym 0.0839 0.0839 0.0844 0.0844
Mutationhoility

Vi /V 0.9244 0.9224 0.9017 0.9023

per—ge(rD 0.0250 0.0249 0.0244 0.0243

FIGURE CAPTIOS S

Figure 1. \!Etation accumulation experimental set-up, starting with a clonal ancestor. Maternal lines

are establis ith the female offspring of the ancestor and maintained separately for an indefinite
number of ns via asexual reproduction. Over time, spontaneous mutations occur and
accumu ine, causing lines to diverge from the ancestor and from one another. During the
initial set- xually produced dormant eggs (ephippia) were collected from the original ancestral

population and frozen for later hatching.
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Figure 2. Intrinsic rate of increase (») as a measure of absolute fitness (left panel) and scaled to the

control mean in each temperature as a measure of relative fitness (right panel). Boxplots show

distributloi o7 Tor control (black) and MA (green) lines. Relative fitness is illustrated as a function

of generatint illustrates a replicate line, with control lines plotted at Generation 0. Blue

points amd segmessien line show data for 20°C, red shows 24°C.
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Figure 4. Timing and variation of reproduction in MA (green) and control (black) lines. Each point

represents means of a replicate line. Top panel is 20°C, bottom panel is 24°C. Data are pooled across

blocks. H
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Figure 5. F' ness r’ction norms across the two temperatures. Solid black line shows the mean of the

control line rror bars indicating = 1 S.D. Colored lines indicate MA lines with qualitatively

P

different fi es at the two temperatures in comparison to controls. Blue lines represent MA

||
lines with estimated r at 20° and/or high estimated r at 24°; pink lines represent lines with high

[

estimated 7 ag 20fand/or low estimated 7 at 24°. Dashed lines represent MA lines with either higher

G

(dark grey (light grey) estimates of r at both temperatures in comparison to controls.
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