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Identifying the genetic basis of local adaptation and fitness trade-offs across envi-
ronments is a central goal of evolutionary biology. Cold acclimation is an adaptive
plastic response for surviving seasonal freezing, and costs of acclimation may be a
general mechanism for fitness trade-offs across environments in temperate zone spe-
cies. Starting with locally adapted ecotypes of Arabidopsis thaliana from Italy and
Sweden, we examined the fitness consequences of a naturally occurring functional
polymorphism in CBF2. This gene encodes a transcription factor that is a major
regulator of cold-acclimated freezing tolerance and resides within a locus responsible
for a genetic trade-off for long-term mean fitness. We estimated the consequences of
alternate genotypes of CBF2 on 5-y mean fitness and fitness components at the native
field sites by comparing near-isogenic lines with alternate genotypes of CBF2 to their
genetic background ecotypes. The effects of CBF2 were validated at the nucleotide
level using gene-edited lines in the native genetic backgrounds grown in simulated
parental environments. The foreign CBF2 genotype in the local genetic background
reduced long-term mean fitness in Sweden by more than 10%, primarily via effects
on survival. In Italy, fitness was reduced by more than 20%, primarily via effects on
fecundity. At both sites, the effects were temporally variable and much stronger in
some years. The gene-edited lines confirmed that CBE2 encodes the causal variant
underlying this genetic trade-off. Additionally, we demonstrated a substantial fitness
cost of cold acclimation, which has broad implications for potential maladaptive
responses to climate change.
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Adaptive differentiation among natural populations is driven by divergent selection. This
may lead to local adaptation, where the local ecotype outperforms foreign ecotypes (1, 2).
Reciprocal local adaptation in transplant experiments is direct evidence of fitness trade-offs
across environments, i.e., that adaptation to one environment reduces fitness relative to
local ecotypes in other environments (2). Such fitness trade-offs have long been thought
to be important drivers of biological diversification across scales (3—5). Despite numerous
studies demonstrating local adaptation (2, 6-8), the genetic and physiological mechanisms
underlying local adaptation and fitness trade-offs across environments remain poorly
understood (9-12), as does the mechanistic basis of adaptation more generally (13-15).
The identification of causal variants for adaptation bears on long-standing questions with
important consequences for the rate and predictability of adaptive differentiation, includ-
ing the role of large-effect alleles in adaptation (16-19) and the contribution of individual
loci to fitness trade-offs across environments (20, 21).

Despite a large literature on the genetic basis of adaptation, understanding of the full
causal chain connecting naturally occurring sequence polymorphism to traits (molecular
or organismal) and ultimately to fitness in the natural environments in which the organ-
isms have evolved remains an important and elusive goal. Studies have mapped genetic
loci for local adaptation (22-29) but rarely identify and functionally validate causal pol-
ymorphisms. The genetic basis of natural variation in traits that are ecologically important
under some contexts has been discovered and functionally validated (30-33). However,
pervasive genotype by environment interactions for both traits and fitness (21, 31, 34)
means that interpreting these results in the context of local adaptation and fitness trade-offs
requires testing the natural alleles in the genetic backgrounds in which they occur and in
the native environments in which the organism evolved. Indeed, recent papers on the
genetics of adaptation highlight the need to follow up mapping studies with functional
validation of candidate genes (15) and the need to explicitly test for fitness effects (19).
Answering these calls requires integration of field study of adaptation with experiments
in realistic conditions on natural ecotypes with experimentally manipulated alleles. This
is currently practical in only a few study systems.
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Significance

An important goal in evolutionary
biology is to understand the full
causal chain explaining how
naturally occurring sequence
polymorphisms affect traits and
fitness in the natural
environments in which the
organisms have evolved. A 5-y
reciprocal transplant experiment
demonstrated that a genomic
segment including a major
regulator of cold acclimation, the
CBF2 transcription factor, results
in a large-effect genetic trade-off
for long-term mean fitness. We
recapitulated the trade-off in
simulated parental environments
and functionally validated that
CBF2 is the causal locus using
replicated gene-edited lines in
the native genetic backgrounds.
Our results provide a unique
confirmation of a causal
polymorphism underlying local
adaptation and demonstrate a
substantial cost of cold
acclimation with implications for
climate change-induced
maladaptation.
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One potential mechanism for fitness trade-offs across environ-
ments in broadly distributed temperate zone species is cold-
acclimated freezing tolerance. Cold acclimation is a plastic response
to low temperatures and increases survival in climates with freezing
winter temperatures in both animals and plants (35-39). Cold
acclimation involves dramatic changes in transcription, protein
translation, and metabolism in response to cool temperatures in
animals (40—44) as well as plants (37, 38, 45). Cold acclimation
is thought to be energetically costly (46) and could lead to
broad-scale trade-offs when cool temperatures that induce this
response are more geographically widespread than the occurrence
of freezing temperatures. Producing the wrong phenotype for a
given environment is one possible cost of plasticity, though addi-
tional costs of plasticity such as maintaining the machinery to sense
and respond to variation have also been proposed (47). In animals,
a cost of cold acclimation has been demonstrated in Drosophila
(48-50). Cold acclimation may also lead to maladaptive responses
if cues earlier in the season become poorer predictors of the severity
of subsequent winter because of climate change and climate
variability.

In winter annuals and other plants, cold acclimation can
increase freezing tolerance through the accumulation of soluble
sugars such as raffinose (51-53) and other compounds that help
decrease the freezing point of the cell, resist desiccation, and sta-
bilize and protect cell membranes (37, 38, 45, 54). In Arabidopsis
thaliana, C-repeat/DRE binding factor 2 (CBF2) is a member of
the Apetala2 family of transcription factors and is a necessary
regulator of cold acclimation in laboratory studies (45, 55).
Natural variation in CBF2 contributes to differences in freezing
tolerance across A. thaliana ecotypes (56-59). Cold responsiveness
of CBF orthologs appears to be broadly conserved in plants (37,
38) and contributes to freezing tolerance in diverse species such
as canola (60), wheat (61), and poplar (62), so it seems likely that
this specific mechanism of regulating cold acclimation is of general
importance. Cold acclimation is common in temperate zone
plants, and more information on the costs of cold acclimation can
contribute to our understanding of genetic trade-offs across envi-
ronments and the potential negative fitness consequences of cli-
mate change.

Testing for costs of cold acclimation in plants is challenging
and results are inconclusive thus far. Experimental tests on tree
ecotypes from different geographic origins under different exper-
imental conditions found that it is difficult to tease apart acclima-
tion responses from phenological adaptations that are also cued
by temperature and photoperiod (63). Studies in A. thaliana have
shown that overexpression of CBF2 leads to a stunted phenotype
and reduced fitness (64, 65), providing indirect evidence of a cost
of CBF2-mediated cold acclimation. Clinal and correlational asso-
ciations also suggest a potential cost of cold acclimation (66-69).
While the main benefit of cold acclimation in freezing environ-
ments is increased survival, it is unknown whether the costs of
acclimation will be expressed as reductions in survival, fecundity,
or both. One direct test of the costs of cold acclimation in plants
reported no cost for short-term acclimation of A. thaliana in the
lab (65). However, the costs of cold acclimation may be expressed
only under ecologically relevant conditions (c.f., refs. 48 and 49).

In our study system of locally adapted ecotypes of A. thaliana
from Sweden and Irtaly, cold acclimation likely plays a major role
in fitness trade-offs across environments (29, 57, 59, 70). A
correlation between minimum winter temperature and relative
survival of the Italian ecotype in Sweden indicated that subfreez-
ing temperature is a primary selective agent in Sweden (57, 70).
At the field site in Italy, autumn and winter temperatures are
cool but typically nonfreezing (57, 71), so the cost of acclimation
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will be expressed without the benefit. Furthermore, major freez-
ing tolerance quantitative trait loci (QTL) colocalize with fitness
trade-off QTL detected over multiple years at the native field
sites (29, 57). This strongly suggests that cold acclimation medi-
ated by these freezing tolerance loci is a mechanistic basis of
genetic trade-offs. The causal variant for the largest effect freezing
tolerance QTL is a loss of function mutation in the Italian allele
of CBF2 (58), which can explain 1/3 of the difference in freezing
tolerance between the Swedish (SW) and Italian (IT) ecotypes
(59).

The final step in conclusively demonstrating a role of CBF2 in
a fitness trade-off is to link the effects of this naturally occurring
CBF2 polymorphism to lifetime fitness in both environments. We
predicted that the functional Swedish genotype of CBF2 will be
adaptive in Sweden, but that cold acclimation induced by a func-
tional CBF2 in Italy will incur a fitness cost. As EU regulations
prohibit planting GMO lines in the field, we took a two-step
approach. We used near-isogenic lines (NILs) in field experiments
and gene-edited lines with manipulated alleles of CBF2 in the
native genetic backgrounds in growth chambers programmed to
mimic temperature and photoperiod at the native sites. We
addressed the following questions: 1) What are the effects of intro-
gression segments containing alternate alleles of CBF2 on esti-
mates of long-term mean fitness when grown at the native sites?
2) What are the effects of this single gene on fitness and fitness
trade-offs across environments? 3) Are the benefits and costs of
CBF2 in alternate environments mediated by viability selection,
fecundity selection, or both?

Results

Reciprocal Transplant Experiments at the Swedish and Italian
Field Sites—Overall Fitness. There was a strong and statistically
significant fitness tradeoff across environments between the
ecotypes for estimates of mean lifetime fitness (total fruit
production including zeros for plants that died without having
produced any fruits) over 5 y (Fig. 1 and SI Appendix, Table S1).
This result is consistent with previous findings in this system
(29, 70) and is an important prerequisite for investigating the
contribution of any polymorphism to local adaptation and fitness
trade-offs across environments. In Sweden, 5-y mean fitness of the
Italian ecotype (IT) was 65% less than that of the local Swedish
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Fig. 1. Least squares mean estimates of fitness (number of fruits per
seedling planted) of the SW and IT ecotypes and NILs over five individual
1-y experiments at the Swedish (A) and Italian (B) field sites. Error bars are 1
SE. The predominant color indicates the genetic background (SW ecotype =
blue; IT ecotype = red). Hatching indicates the genotype of the introgression
segment containing CBF2 in the NILs. Asterisks represent statistically significant
contrasts between a NIL and its genetic background (***P <0.001; **P < 0.01;
ns, not significant).
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(SW) ecotype (Fig. 14), and in Italy, 5-y mean fitness of the SW
ecotype was 82% less than that of the local I'T ecotype (Fig. 1B5).
Thus, there is a pattern of strong overall selection against the
foreign ecotype at both sites, though the strength of selection was
somewhat stronger in Italy than in Sweden.

To quantify the effect of CBF2 at each site, we used NILs with
introgression segments containing alternate genotypes of CBF2 in
each genetic background (87 Appendix;, Fig. S1) and compared their
5-y mean fitness to that of their genetic background ecotype. There
was a strong and statistically significant signal of a genetic trade-off
across environments for the foreign genotypes of CBF2 in the
native genetic backgrounds (Fig. 1 and 87 Appendix, Table S2). At
the Swedish site, the NIL containing the I'T ¢4/2 loss-of-function
(LOF) genotype in the SW genetic background had 12% lower
fitness than the SW ecotype. At the Italian site, the NIL containing
the functional SW CBF2 genotype in the IT genetic background
had 21% lower fitness than the IT ecotype. NILs with the local
CBF2 genotype in the foreign genetic background had a 4 and
14% increase in fitness in Sweden and Italy, respectively, though
these effects were not statistically significant.

Within individual years there were consistent differences
between ecotypes reflecting local adaptation, but the effects of the
introgression segments containing CBF2 were temporally variable
at both sites (Fig. 2 and S Appendix, Tables S1 and S2). Focusing
on the foreign CBF2 genotype in the local genetic background,
we found a statistically significant effect in two out of 5 y in
Sweden, with reductions in fitness of up to 71%. In Italy, there

were significant effects in 3 y (with a suggestive effect in a fourth
year), with reductions in fitness of up to 40% (SI Appendix,
Table S2). Effect sizes in the remaining nonsignificant contrasts
were mostly, but not always, weak.

Single Gene Effects of CBF2 in Simulated Italian and Swedish
Conditions—Overall Fitness. To test the effects of CBF2 at the
single gene level required us to use growth chamber experiments
simulating key environmental features at the native sites
(SI Appendix, Fig. S2). The growth chamber programs (ST Appendix,
Fig. S3 and Supporting Text) were constructed based on long-term
climate data collected at the native sites. These programs were then
tested and refined to recapitulate differences in relative fitness
between ecotypes observed at these sites (S Appendix, Fig. S4).
The growth chamber experiments included the parental ecotypes,
two independent CRISPR-induced LOF ¢4f2 lines in the SW
genetic background, and two transgenic lines containing SW
CBF2 and native promoter in the I'T background. We omitted
the IT background lines from the Swedish chamber experiment
because the very low fitness of IT background lines in the field
experiment (Fig. 1) and results of freezing tolerance assays with
these lines (59) suggested that it would not be possible to detect
effects in this background in the Swedish environment.

There was a strong signature of a fitness trade-off across envi-
ronments between the ecotypes in the growth chambers, and single
gene estimates of the effects of CBF2 corroborate the causality of
this gene for the NIL effects estimated in the field. We found very
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Fig. 2. Least squares mean estimates of fitness (number of fruits per seedling planted) of the ecotypes and NILs in each individual year at the Swedish (A)
and Italian (B) field sites. Error bars are 1 SE. The predominant color indicates the genetic background (SW ecotype = blue; IT ecotype = red). Hatching indicates
the genotype of the introgression segment containing CBF2 in the NILs as shown in Fig. 1. Asterisks denote significant contrasts between a NIL and its genetic

background (***P < 0.001; **P < 0.01; f0.05 <P <0.1; ns, not significant).

PNAS 2024 Vol.121 No.6 e2317461121

https://doi.org/10.1073/pnas.2317461121

30f8


http://www.pnas.org/lookup/doi/10.1073/pnas.2317461121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2317461121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2317461121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2317461121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2317461121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2317461121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2317461121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2317461121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2317461121#supplementary-materials

Downloaded from https://www.pnas.org by "PURDUE UNIVERSITY LIBRARY, SERIALS UNIT" on May 9, 2024 from IP address 128.210.107.131.

40f 8

strong and statistically significant selection against the I'T ecotype
in the Swedish chamber (92%) and the SW ecotype in the Italian
chamber (62%; Fig. 3 and SI Appendix, Fig. S4 and Table S3).
Moreover, in the Swedish chamber, both independent LOF ¢4f2
lines in the SW background had significantly reduced fitness (23
and 22%) compared to the SW ecotype (Fig. 34 and SI Appendix,
Table S2). In the Italian chamber, both independent transgenic
SW CBF2 lines in the IT background had significantly reduced
fitness (12 and 21%) compared to the IT ecotype, and the lines
with IT ¢4f2 in the SW background had significantly greater fit-
ness (23 and 16%) than the SW ecotype (Fig. 3B and SI Appendix,
Table S2).

Reciprocal Transplants at the Swedish and Italian Field Sites—
Fitness Components. To determine whether the costs (Italy) and
benefits (Sweden) of functional CBF2 are mediated through viability
selection, fecundity selection, or both, we compared survival and
fecundity of the lines in the field experiment. The ecotypes were
significantly locally adapted for both fitness components in Italy
and for survival in Sweden (Fig. 4 and S7 Appendix, Table S1).
Note that because of very low survival of the Italian ecotype at the
Swedish site, it was only possible to compare the fecundities of the
two ecotypes in one of 5y (S Appendix, Fig. S5 and Table S2).
The IT ecotype had 67% lower survival than SW in Sweden, and
SW had 33% lower survival and 73% lower fecundity than IT
in Italy. The contribution of CBF2 to fitness trade-offs was most
pronounced for survival in Sweden and fecundity in Italy (Figs. 1
and 4 and ST Appendix, Table S2). For survival in Sweden, the NIL
with IT ¢4f2 in the SW background had 13% reduced survival
compared to SW, and SW CBF2in IT had 15% increased survival
compared to IT, though the latter difference was only suggestive
(Fig. 44 and SI Appendix, Table S2). Effects of I'T ¢4f2 in SW on
fecundity in Sweden were weak and nonsignificant. Functional
CBF2inIT decreased fecundity by 11% (Fig. 4C and ST Appendix,
Table S2), but both the sign and magnitude of this effect must be
interpreted cautiously because of extremely high mortality of IT
in all years except 2020. In Italy, effects of CBF2 on survival were
weak and not statistically significant in both backgrounds (Fig. 4B
and S7 Appendix, Table S2). For fecundity in Italy, functional
CBF2 in IT reduced fecundity by 17% compared to IT and
nonfunctional ¢4f2 in SW increased fecundity by 11%, though

A Swedish chamber B
6 12

2- "I
O.ﬁ

Italian chamber

s@s@ c,@f‘c,é‘s{wv

Fig. 3. Least squares mean fitness (number of fruits per seedling planted)
of the ecotypes and gene-edited lines in the “Swedish” (A) and “Italian” (B)
growth chambers. Error bars are 1 SE. The predominant color indicates the
genetic background (SW ecotype = blue; IT ecotype = red). Hatching indicates
the genotype of CBF2 (capitals = functional copy, lower case = loss of function)
in gene-edited lines. Asterisks represent statistically significant contrasts
between a gene-edited line and its genetic background (***P < 0.001; **P <
0.01). Note that the scale of the y axis of fitness for the Italian growth chamber
is double that of the Swedish growth chamber.
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Fig. 4. Fitness components of the SW and IT ecotypes and NILs over five
individual one-year experiments at the Swedish and Italian field sites. Mean
proportion survival (averaged over years) at the Swedish (A) and Italian (B)
field sites. Least squares mean fecundity at the same sites (C and D). Colors
and hatching as in other figures. Error bars for fecundity are 1 SE; no bars are
given for survival because it was analyzed with a binomial error distribution.
Asterisks represent statistically significant contrasts between a NIL and its
genetic background (***P < 0.001; **P < 0.01; *P < 0.05; 0.05 < P <0.1; ns,
not significant).

only the former contrast was statistically significant (Fig. 4D and
SI Appendix, Table S2).

Within individual years there were consistent differences
between ecotypes for fitness components reflecting local adapta-
tion except for fecundity in Sweden (SI Appendix, Fig. S5 and
Table S1), where in many years too few I'T individuals survived
to make comparisons of fruit production to other genotypes mean-
ingful. For survival in Sweden and both fitness components in
Italy, the effects of CBF2 varied across years. We focus on the
effects of the foreign CBFE2 genotype in the local genetic back-
ground compared to the local ecotype. For survival, there were
statistically significant reductions (up to 45%) in Sweden in 2 y
with a suggestive effect in a third year; in Italy, survival was signif-
icantly reduced in one year (S/ Appendix, Fig. S5 and Table S2).
For fecundity in Italy, there were significant decreases (up to 31%)

in 2 y (8] Appendix, Fig. S5 and Table S2).

Single Gene Effects of CBF2 in Simulated Conditions—Fitness
Components. Patterns of relative survival and fecundity of the
ecotypes, and the effects of CBF2 on those fitness components
in the growth chamber experiments were consistent with the
field results. In the Swedish environment, effects were recorded
primarily on survival, whereas in the Italian environment, effects
were recorded primarily on fecundity (Fig. 3 and SI Appendix,
Fig. S6 and Table S3). In the Swedish chamber, the survival of
the IT ecotype was 91% lower than that of the SW ecotype,
whereas in the Italian chamber, SW had 62% lower fecundity
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than IT. In the Swedish chamber, both independent LOF ¢4f2
lines in the SW background had strongly and significantly reduced
survival compared to the SW ecotype (8] Appendix, Fig. S6A and
Table S2). In the Italian chamber, both independent transgenic
SW CBF2 lines in the IT background had significantly reduced
fecundity compared to the IT ecotype, and the lines with I'T ¢4/2
in a SW background had significantly greater fecundity than the
SW ecotype (S Appendix, Fig. S6D and Table S2).

Discussion

Identifying the genetic basis of local adaptation and fitness trade-
offs across environments is a central, but often unrealized goal in
evolutionary biology. We demonstrated that reciprocal introgres-
sions of a genomic segment containing CBF2 strongly affected
the long-term mean fitness of two locally adapted ecotypes of
A. thaliana when grown in a 5-y reciprocal transplant experiment
conducted at the native sites. We then functionally validated that
CBF2 is the causal locus for this variation using replicated single
gene-edited lines in the native genetic backgrounds grown in sim-
ulated parental environments. Taken together, the results provide
a unique confirmation of a causal polymorphism underlying local
adaptation and demonstrate a substantial cost of cold acclimation
with broad implications for potential climate change-induced
maladaptation of temperate zone plants.

At both sites, we found strong effects of introgression segments
containing CBF2 on fitness, but these effects were temporally
variable and depended on genetic background. These results con-
firm the strong and temporally variable effect of the genomic
region around CBF2 previously reported from QTL mapping over
multiple years at the same sites (26, 29). Despite the effort of
replicating the present field experiment for 5 y, correlations
between effect sizes and climate variables with five data points per
site would be tenuous. However, the 2 y with significant effects
of CBF2 on fitness in Sweden had the coldest winter minimum
soil temperatures, consistent with a role of CBF2 in freezing tol-
erance (57, 59). In Italy, where freezing soil temperatures are
extremely rare, the 2 y without significant effects of CBF2 on
fitness had warmer mean soil temperatures during the coldest
period. This suggests greater costs of inducing cold acclimation
during cooler winters in Italy. There are at least two possible expla-
nations for the tendency for CBE2 effects to be statistically signif-
icant only in the local genetic background. It may simply be that
the very poor fitness of the foreign ecotype makes it more difficult
to detect a significant effect. Alternatively, there may be epistatic
effects between CBF2 and downstream target genes, but to test
this hypothesis requires additional data. Together, these results
indicate that the effects of a genetic trade-off can be context
dependent, and the magnitude and ability to detect an effect at a
locus will depend on the genetic background, as well as spatial
and temporal environmental variation.

Comparison of effect sizes between the current NIL experiment
and previous QTL experiments is difficult, both because the exper-
iments took place mostly in different years and because the effect
sizes represent different contrasts. Here, effect sizes represent the
effect of a single segment tested against an isogenic ecotypic back-
ground, but effect sizes in the QTL study represent the effect of
different alleles at a SNP averaged over heterogenous RIL back-
grounds and tested as a deviation from the mean fitness of all RILs.
That said, the effects of this genomic region in the NIL experiment
seem to be greater than those in the QTL experiment for long-term
mean fitness in Italy and for maximum annual effects at both sites.
This suggests that estimates of effect sizes previously reported for
this QTL are not inflated as might be expected by the “Beavis
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effect” (72), and our results are among a growing number of exam-
ples of large-effect loci involved in adaptation and adaptive traits
(18, 19, 73, 74). Transcription factors may be particularly likely
candidates for large-effect loci involved in broad-scale adaptation
because they have downstream effects on the expression level of
many other genes (75, 76). While the field experiments in the
native environments replicated over multiple years represent the
most natural test of the fitness consequences of alternate alleles of
CBF2, an important caveat about these results is that the intro-
gression segments in the NILs may well include polymorphisms
in additional genes affecting fitness.

Raising ecotypes and gene-edited lines in growth chamber pro-
grams that mimic temperature and photoperiod changes at the
two sites was therefore a critical next step in functional validation
of the CBF2 polymorphism. Estimates of the relative fitness of
the two ecotypes in the growth chamber experiments were qual-
itatively similar to those in the field experiments, demonstrating
that the growth chambers replicated some essential features of the
field environments (Figs. 1 and 3 and S/ Appendix, Fig. S4).
Moreover, the effects of single gene edits of CBF2 in the local
genetic background on both cumulative fitness and fitness com-
ponents (Fig. 3 and ST Appendix, Fig. S6) were qualitatively similar
to mean effects observed in the 5-year field experiment using NILs
(Figs. 1 and 4) and well within the range of effect sizes observed
in individual years in the field (Fig. 2 and S/ Appendix, Fig. S5).
The results conclusively demonstrate a causal role for CBF2 in the
fitness trade-off observed across the growth chamber environments
and are consistent with a similar role for the trade-off across the
two native sites.

Elucidating the genetic basis of local adaptation is challenging.
Few systems allow for direct functional validation of the fitness
consequences of naturally occurring sequence polymorphisms in
the native genetic backgrounds grown in their native environ-
ments. Studies mapping QTL for local adaptation in field recip-
rocal transplants (reviewed in ref. 21) (28, 29) identify naturally
occurring polymorphisms in regions of the genome associated
with fitness, but these QTL often contain many genes that differ
between the founder parents. Genome-wide association mapping
(GWAS) of the genetic basis of regional adaptation can provide
better, but often still incomplete, resolution of candidate poly-
morphisms (77-79). Both approaches test genetic hypotheses, but
the molecular identities of the causal genes need to be tested by
functional validation (11, 13, 15). Such validation is limited to
systems in which genetic manipulation is feasible, or where one
can indirectly test the effect of a gene from the focal species in a
model organism (80, 81). Functional genetic studies on putatively
adaptive traits provide a clear link between causal variant and
phenotype (30-33). Other work has evaluated the fitness effects
of mutations in field experiments (75, 82). We extended this
approach to a reciprocal transplant in which the alleles affecting
a fitness trade-off were evaluated in the native genetic backgrounds
and their environments. The relationships between genotype,
phenotype, and fitness depend on the context of the environment
and genetic background (19, 21, 31, 34). Our approach puts the
genetic effects in such context, though legal constraints necessi-
tated evaluating the single gene edits in simulated rather than
actual parental environments. The concordance between field and
growth chamber results demonstrates that we captured some essen-
tial differences observed in nature.

The mechanistic basis of the fitness effects of this functional
polymorphism in the Swedish environment stems from the major
role of the CBF2 transcription factor in the regulation of cold
acclimation. We hypothesize that investment in acclimation in
response to cool, but nonfreezing temperatures, results in the fitness
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cost in the Italian environment. This polymorphism in CBF2 has
previously been shown to explain about 1/3 of the difference
between the SW and IT ecotypes in cold-acclimated freezing tol-
erance in the lab (57, 59), and the effects of natural variation in
CBF2 on freezing tolerance have been demonstrated in other
ecotypes as well (56). In our system, a short list of candidate genes
that are partially regulated by CBF2 in response to short-term cold
acclimation have been identified using RNAseq (59). These genes
have likely roles in sugar biosynthesis, desiccation resistance, and
membrane stabilization. The strongest of these candidates was
Galactinol synthase 3 (GolS3), which is an important enzyme in the
synthesis of galactinol and raffinose. Accumulation of raffinose and
other soluble sugars has previously been correlated with increased
freezing tolerance (51, 52). In A. thaliana, accessions from higher
latitudes have greater cold-acclimated freezing tolerance (67, 83).
Accessions from colder climates also accumulate more raffinose in
response to cold, and this is negatively correlated with vegetative
growth rates (53). Additional work is needed to characterize the
role of the CBF2 polymorphism on transcriptional and metabolic
responses across the cold periods in both environments to better
characterize the contribution of raffinose and other compounds to
fitness trade-offs across environments.

Regardless of the specific mechanisms, our fitness results in the
Italian environment provide direct evidence for a cost of cold
acclimation, in agreement with several prior lines of indirect evi-
dence. We hypothesize that such a cost is borne even in the
Swedish environment, but that in most years the fitness benefits
of freezing tolerance outweigh the costs of cold acclimation. This
could have profound implications for maladaptive responses in
many temperate zone plants with climate change. A decoupling
between cold acclimation cues and the severity of subsequent win-
ter could lead to reductions in fitness if autumn temperatures are
insufficient to acclimate for an anomalously severe winter or if
cool autumn temperatures that induce cold acclimation are fol-
lowed by a milder winter. Direct evidence for a cost of cold accli-
mation in plants has until now proven difficult. This is likely both
because manipulating the acclimation environment (and/or using
a broad geographic sample of ecotypes) also affects phenological
patterns in species where cold serves to cue phenological transi-
tions (63) and because costs of acclimation are context dependent.
Accurate quantification of the potential costs of cold acclimation
will likely require manipulating major regulators of cold acclima-
tion as we have done here. Orthologs of CBF genes are cold
responsive in many plant lineages (37). Our approach could be
applied more broadly as transformation becomes feasible in more
species. In the meantime, we suggest that predictions about organ-
ismal resilience in the face of climate change should carefully
consider potential costs of cold acclimation.

Materials and Methods

study System. A. thaliana is an annual, predominantly selfing plant native
to habitats in Eurasia and Africa (84, 85). Our source ecotypes are from locally
adapted populations from Rodasen (hereafter "SW") in north-central Sweden
(62°48'N, 18°12'E) and Castelnuovo di Porto (hereafter “IT") in central Italy
(42°07'N, 12°29’E), near the northern and southern edge of the native Eurasian
range (70). At both sites, plants exhibit a winterannual life history and overwinter
as vegetative rosettes. At the Italian site (42°07'N, 12°29'E), seeds germinate
in autumn, and plants overwinter as rosettes under cool conditions followed
by flowering in March and April. At the Swedish site (62°48'N, 18°12'E), seeds
germinate in late summer, and plants overwinter as rosettes and flower in
May and June. These ecotypes have been used extensively to map the genetic
basis of local adaptation (26, 27, 29, 86, 87) and ecologically important traits
(27,57, 88, 89), as well as to study physiological responses that are infeasible
to map (90, 91).
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Development of Genetic Resources. To estimate lifetime fitness effects of CBF2
in both native environments, we used a combination of NiLs and gene-edited
lines. Details of NIL construction can be found in S/ Appendix, Fig. S1 and ref.
59. We used two NILs containing alternate introgression segments surrounding
CBF2 in each genetic background. The SW background NIL contains a segment
with the IT LOF cbf2 genotype. The IT background NIL contains a segment with
the functional SW CBF2 genotype (SI Appendix, Fig. S1). These segments contain
many genes in addition to CBF2 and cannot provide single gene resolution but
were used to quantify fitness effects of this genomic region in field experiments
at the native sites where European Union regulations prohibit the planting of
GMO organisms.

To obtain single gene resolution of the fitness effects of CBF2, we used
gene-edited lines and the parental ecotypes in growth chamber experiments.
To mimic the IT cbf2 LOF ecotype in the SW genetic background, we used two
independent cbf2 LOF lines (produced using CRISPR/Cas9). These lines, as well
as NILs, have previously been shown to explain over 1/3 of ecotypic differences in
cold-acclimated freezing tolerance (59). For IT background lines with a functional
copy of CBF2, we used two independent transgenic lines with SW CBF2 and native
promoter inserted into the IT background. These lines were previously used in
electrolyte leakage assays of freezing tolerance (58).

Reciprocal Transplant Experiments at the Swedish and Italian Field Sites.
To estimate the effects of introgression segments containing alternate genotypes
of CBF2 in both genetic backgrounds, we quantified fitness and fitness compo-
nents in field reciprocal transplant experiments. We transplanted seedlings of
the two ecotypes and two NiLs (R_38 and C_19; SI Appendix, Fig. S1) at both
the native Swedish and Italian field sites in each of 5 y. Seed germination, trans-
planting, and field planting protocols closely follow previous field studies of these
ecotypes (26, 29). In brief, in each individual year, surface-sterilized seeds were
sown on agar in petri dishes and cold stratified in the dark at 4 °C for 1 wk to
break seed dormancy and synchronize germination. The petri dishes were then
transferred to a growth room setto 22 °C, 16-h d (16L:8D) with photosynthetically
active radiation (PAR) of 150 umol photons m™2s™" for 8 to 10 d for germina-
tion. Seedlings were transplanted into a randomized design in plug trays with
individual cells of 20 x 20 x 40 mm filled with an equal mixture of local sand,
gravel, and unfertilized peat in Sweden and with local soil in Italy. In each of
5y, trays with seedlings were then set into the ground in early September at the
Swedish site and in early November at the Italian site. Sample sizes per geno-
type per year were variable across years but ranged from 400 to 600 seedlings
each for IT(mean = 438) and SW (mean = 440), 100 to 150 seedlings for C_19
(mean = 109),and 100 to 200 seedlings for R_38 (mean = 150). For each individ-
ual plant, we estimated cumulative fitness as the total number of fruits produced
per seedling planted, which incorporates both survival and fecundity (fruit num-
ber per surviving plant). Logistical constraints prevented us from quantifying seed
number per fruit to obtain a more complete estimate of cumulative fitness, but
previous work in this system has shown that estimating fitness as fruits per seed-
ling and seeds per seedling yield qualitatively similar patterns (87). Data from
the present experiment is distinct from a recent reciprocal transplant at the same
sites (29), though parts of both experiments were conducted in 2016 and 2017.
Within each site, we examined the effects of genotype, year and the gen-
otype x year interaction on cumulative fitness, survival, and fecundity using
ANOVA. Both genotype (two ecotypes and two NILs) and year were treated as
fixed effects. Survival was analyzed with a binomial error distribution. Inspection
of residuals for fecundity indicated that a normal error distribution was suitable.
For cumulative fitness, there were some departures from normality and equal var-
iances, however overall results using a normal error distribution were qualitatively
similar to nonparametric models and models with alternative error distributions
(including zero-inflated Poisson and zero-inflated negative binomial), so we pres-
entthe normal model results for simplicity. For any model with a significant effect
of genotype or genotype x year, we used a priori linear contrasts to compare the
[Tand SW ecotypes. We also tested for the effect of the CBF2 region on differential
adaptation by contrasting NILs to their genetic background ecotypes.

Single Gene Effects of CBF2 in Simulated Italian and Swedish Conditions.T0
quantify the fitness effects of the single CBF2 polymorphism, we developed growth
chamber programs to simulate seasonal changes in temperature and photoperiod
at the Swedish and Italian sites. For details of field climate data, see S Appendix,
Fig.S2 and ref. 71. Daily mean high- and low-temperature values across years were
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used to guide construction and optimization of the growth chamber programs
(SIAppendix, Fig. S3 and Supporting Text). Although itis impossible to completely
mimic field conditions in a growth chamber, the general concordance in ecotypic
differences in relative fitness between field and growth chamber experiments
(S1 Appendix, Fig. S4) gives us confidence that we were able to recreate some of
the essential features driving local adaptation in this system.

The optimized growth chamber programs were used to estimate fitness, survival,
and fecundity for the ITand SW ecotypes and gene-edited lines with manipulated
(CBF2allelesin the native genetic backgrounds. In both environments, we included
two independent cbf2 loss-of-function lines in a SW background. In the Italian
environment, we included two additional transgenic lines containing the SW CBF2
allele and native promoterin an ITbackground. The transgenic lines were omitted
from the Swedish growth chamber assay because preliminary trials indicated that
fitness of ITwas so low as to preclude detection of an effect in an IThackground line.

Methods for seed sterilization and germination closely follow those of previous
freezing tolerance assays in this system (57, 59). In brief, surface-sterilized seeds
were sown on agar in petri dishes. The seeds were cold-stratified in the dark at 4 °C
for 5 dto synchronize germination. The petri dishes were then transferred to a growth
chamber set to 22 °C, 16-h d (16L:8D) with PAR of 125 umol photons m™s™" for
germination for 12 d. Seedlings were then transplanted into a randomized design
in plug trays with individual cells of 20 x 20 x 40 mm filled with propagation mix
soil. The trays were then transferred to a growth chamber, LTCB-19 (BioChambers,
Winnipeg, MB, Canada) programmed as described above for either the "Italian" or
"Swedish" environment (S/ Appendix, Fig. S3). The entire experiment consisted of
eight trays, arranged side to side on two shelves within the growth chamber. On a
given shelf, two border rows around the perimeter of each shelf were planted with
"extra” plants (no data collected) to reduce edge effects within the experiment. In
the Swedish growth chamber, we added a thin layer of shaved ice onto the plants
as soon as chamber temperatures first dropped to freezing conditions (from 4 °Cto
—2°C)tofacilitate ice nucleation (58). In each chamber environment, we estimated
cumulative fitness for each individual plant as the total number of fruits produced,
including zeros for plants that did not survive to reproduce.
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Statistical analyses of the growth chamber experiments closely follow that of
the field experiments. In the models for the chamber analyses, we also included
the effect of tray to account for microspatial variation within the chamber. This
was treated as a fixed effect because of the small number of trays. Error distribu-
tions for fitness, survival, and fecundity were the same as for the analyses of the
field data. In models with a significant effect of genotype, we examined a priori
contrasts of the ITand SW ecotypes and contrasted all gene-edited lines to their
genetic background ecotypes. All statistical analyses for both field and growth
chamber experiments were conducted using JMP version 16.
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data, field temperature data, and summaries of growth chamber programs are
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