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PREMISE OF THE STUDY: The maintenance of adaptive polymorphisms within species

requires fitness trade-offs reflecting selection for each morph. Cyanogenesis, the ability
to produce hydrogen cyanide (HCN) after tissue damage, occurs in >3000 plant species
and exists as a discrete polymorphism in white clover. This polymorphism is spatially
distributed in recurrent clines, with higher frequencies of cyanogenic plants in warmer
climates. The HCN autotoxicity hypothesis proposes that cyanogenic plants are selected
against where frosts are common, as freezing liberates HCN and could impair cellular
respiration.
METHODS: We tested the HCN autotoxicity hypothesis using a freezing chamber to
examine survival, tissue damage, and physiological recovery as assessed via chlorophyll
fluorescence following mild and severe freezing treatments. We utilized 65 genotypes from
a single polymorphic population to eliminate effects of population structure.
KEY RESULTS: Cyanogenic plants did not differ from acyanogenic plants in survival, tissue
damage, or recovery following freezing. However, plants producing either of the two
required cyanogenic precursors had lower survival and tissue damage after freezing than
plants lacking both precursors.
CONCLUSIONS: These results suggest that freezing-induced HCN toxicity is unlikely to

be responsible for the maintenance of the cyanogenesis polymorphism in white clover.
However, energetic trade-offs associated with costs of producing the cyanogenic
precursors may confer a fitness benefit to acyanogenic plants under stressful climatic
conditions. The lack of evidence for HCN toxicity suggests that cyanogenic clover uses
physiological mechanisms mediated by β-cyanoalanine synthase and alternative oxidase
to maintain cellular function in the presence of HCN.
KEY WORDS adaptive clines; alternative oxidase (AOX); β-cyanoalanine synthase (β-CAS);
cyanogenic glucosides; Fabaceae; freezing tolerance; Trifolium repens; white clover.

Cyanogenesis, the ability to produce hydrogen cyanide (HCN)
upon tissue damage, is found in over 3000 species across 130 plant
families (Gleadow and Møller, 2014) and can function as an effective chemical defense against herbivores (Jones, 1988; Gleadow and

Møller, 2014). While the cyanogenic response varies quantitatively
in many species, it occurs as a discrete Mendelian polymorphism
in a limited number of species, including white clover (Trifolium
repens), where it is characterized by cyanogenic and acyanogenic
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morphs (Armstrong et al., 1913; Ware, 1925; Daday, 1954). Such
Mendelian polymorphisms have historically allowed researchers
to better test hypothesized ecological trade-offs that may maintain
adaptive variation within and across populations (Dobzhansky,
1948; Cain and Sheppard, 1950; Kettlewell, 1955; Reznick and
Travis, 1996), including plant chemical defense polymorphisms
(Linhart and Thompson, 1999; Ahern and Whitney, 2014). Indeed,
the cyanogenesis polymorphism in white clover has become a
textbook example of how adaptive variation is maintained in natural populations (Silvertown and Charlesworth, 2001; Briggs and
Walters, 2016; Futuyma and Kirkpatrick, 2017).
Cyanogenesis in white clover occurs through the interaction of
two cyanogenic precursors that are separated in intact tissue and
brought together following cell rupture: cyanogenic glucosides
(stored in cell vacuoles), and their hydrolyzing enzyme linamarase
(present in the apoplast) (reviewed by Hughes [1991]). The polymorphism arises through two independently segregating polymorphisms for each precursor, with the presence/absence of cyanogenic
glucosides and linamarase controlled by the genes Ac/ac and Li/li,
respectively (Coop, 1940; Melville and Doak, 1940; Corkill, 1942).
For both Ac/ac and Li/li, the dominant allele confers the presence of
the cyanogenic precursor, and recessive alleles correspond to gene
deletions (Olsen et al., 2007, 2008, 2013; Olsen and Small 2018).
Thus, four different cyanogenesis phenotypes (or “cyanotypes”) can
be found in nature: plants with at least one dominant allele at both
genes are cyanogenic (AcLi), whereas acyanogenic plants may lack
either cyanogenic glucosides (acLi), or linamarase (Acli) or both
components (acli).
While most populations across the circumglobal range of white
clover have been found to have both cyanogenic and acyanogenic
morphs, strong clines in the frequency of cyanogenic plants exist
across gradients in latitude (Daday, 1954, 1958; Kooyers and Olsen,
2012), elevation (Daday, 1954; Ganders, 1990; Kooyers and Olsen,
2013), and urban–rural transects (Thompson et al., 2016). The existence of these recurrently evolved clines suggests that spatial heterogeneity in abiotic or biotic factors across these gradients creates
strong selection for cyanogenic or acyanogenic morphs. Multiple
different ecological factors have been implicated in generating these
clines, including spatially varying herbivore pressure (reviews by
Hughes, 1991; Kooyers et al., 2014), fungal susceptibility (Dirzo and
Harper, 1982), water availability (Kooyers and Olsen, 2013; Kooyers
et al., 2014), resource allocation costs (Kakes, 1989), and freezing
tolerance (Daday, 1965; Foulds and Young, 1977).
In his classic studies documenting worldwide cyanogenesis clines, Daday (1954, 1958, 1965) proposed that the climate-
associated clines primarily reflect the physiological costs of
cyanogenesis in frost-prone environments. Specifically, he invoked
a potential mechanism that has subsequently been referred to as
HCN autotoxicity; since freezing ruptures cells, it could in principle release toxic levels of HCN into the tissue of cyanogenic plants.
HCN inhibits cytochrome c oxidase in the electron transport
chain, thereby shutting down cellular respiration and ATP synthesis (Antonini et al., 1971; Cooper and Brown, 2008), and it is also
a potent inhibitor of photosynthesis (Foulds and Young, 1977). In
support of the HCN autotoxicity hypothesis, Daday (1965) reported
that acyanogenic acli plants showed less evidence of frost injury
than cyanogenic (AcLi) plants when grown under natural alpine
conditions. Daday considered any role of cyanogenesis as an antiherbivore defense to be at most a secondary factor in cyanogenesis
cline evolution (Daday 1958, 1965).

The field of plant physiology has advanced considerably since the
HCN autotoxicity hypothesis was proposed a half century ago, and
plants are now known to have metabolic processes to detoxify cellular HCN and maintain respiration in its presence (Taiz et al., 2015).
The existence of these pathways calls into question the plausibility
of the HCN autotoxicity hypothesis. HCN is naturally produced at
low levels in all plant species as a byproduct of ethylene biosynthesis (Peiser et al., 1984; Abeles, 2012), and HCN detoxification pathways (mediated by β-cyanoalanine synthase, or β-CAS) have been
described in multiple plant species including white clover (Miller
and Conn, 1980; Yu, 2015; Machingura et al., 2016). Moreover, in
some cyanogenic species, the enzymes involved in cyanide detoxification have been found to show elevated activity in tissues with
greater cyanogenic glucoside concentrations (Mizutani et al., 1991),
suggesting that cyanogenic species possess the physiological mechanisms to effectively detoxify excess cellular HCN. In addition to
HCN detoxification pathways, there are also now well-described
mechanisms by which cellular respiration is maintained in the
presence of HCN through cyanide-resistant alternative oxidase
(AOX)-mediated respiration (Henry and Nyns, 1975; Piotrowski
et al., 2001; Vanlerberghe, 2013). Given these mechanisms of HCN
metabolism in plants, the extent to which freezing-induced cyanogenesis would be expected to result in any tissue injury in white
clover is unclear.
In the decades since Daday’s early studies of cyanogenesis clines,
a substantial body of evidence has been generated in support of the
hypothesis that cyanogenesis functions as a chemical defense and
that cyanogenic clover plants are selectively favored where generalist herbivores are abundant (reviewed by Hughes, 1991 and Olsen
et al., 2013). Fewer studies have examined Daday’s original hypothesis that cyanogenic plants suffer differential physiological damage
in frost-prone regions. Nonetheless, this explanation continues to
be invoked as a likely selective mechanism (e.g., Thompson et al.,
2016). While some observational studies and manipulative experiments have found correlations between cyanogenesis and freezing-
induced tissue damage (Caradus et al., 1989; Caradus and Eerens,
1992), others report no difference between morphs in cellular respiration (Foulds and Young, 1977) or tissue damage (Olsen and
Ungerer, 2008) following freezing. One explanation for these equivocal results is that most studies have relied on limited sampling
designs that either examine a small number of genotypes, which
restricts statistical power, or sample many genotypes from across a
range of climates, which potentially confounds cyanogenesis with
unrelated determinants of climatic adaptation. The latter sampling
design is problematic as it risks generating spurious correlations
between freeze tolerance and cyanogenesis—since most acyanogenic plants come from regions with colder climates and thus are
inherently more likely to be frost tolerant (discussed by Olsen and
Ungerer, 2008). In addition, the experimental designs of previous
freezing tolerance studies have not distinguished among acyanogenic cyanotypes (Acli, acLi, acli), which does not allow for the fitness costs of HCN production to be distinguished from potential
costs of producing the two required precursors.
In this study, we attempt to overcome the sampling limitations
of earlier studies and test the HCN autotoxicity hypothesis by conducting a manipulative experiment utilizing a large number of
accessions from a single locality in the center of a latitudinal cyanogenesis cline. We specifically tested whether cyanogenic plants
(1) exhibit greater levels of freezing-induced tissue damage than
acyanogenic plants after exposure to biologically relevant freezing
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temperatures and (2) show evidence of inhibited physiological recovery following exposure to freezing. Our results suggest that cyanogenic plants are not differentially susceptible to freezing damage
and that other factors, including those related to the energetic costs
of producing cyanogenic precursors, are more likely to maintain the
cyanogenesis polymorphism and climate-associated cyanogenesis
clines.
MATERIALS AND METHODS
Germplasm

The experiment utilized 65 genotypes originating from cuttings
taken from field populations in Grenada, Mississippi (33°46′30″N,
89°48′32″W), where all four cyanotypes are present at moderate frequencies: 42% AcLi, 13% Acli, 27% acLi, and 18% acli (Kooyers and
Olsen, 2012). Cyanotypes for the selected accessions were previously determined using Feigl-Anger phenotyping for the presence/
absence of each cyanogenic component and PCR-genotyping of the
underlying cyanogenesis genes (CYP79D15 underlying Ac/ac and
Li underlying Li/li) (Kooyers and Olsen, 2012). Among the selected
set of tested genotypes, the cyanotype proportions were approximately equal: 17 AcLi, 16 Acli, 16 acLi, and 16 acli plants. Stolon
cuttings were taken after plants had been growing in the greenhouse
at Washington University in St. Louis for at least 6 months. Three
replicate clones were established per genotype. Each clone was established from one cutting and allowed to grow under standard
greenhouse conditions for 60 days before experiments began.
Freezing tolerance experiments

Freezing experiments tested two minimum temperatures that were
selected based on results of preliminary trials. The milder treatment
(−6°C) was selected as the temperature where greatest variation in
freezing-induced tissue damage was observed among genotypes;
the more severe treatment (−10°C) was selected as the temperature
where aboveground biomass did not survive for ~50% of plants in
the preliminary trial. These temperatures also accurately reflect climatic conditions in the source population. The average low temperature during January in Grenada, MS is −1°C, and average extreme
minimum winter temperature −12.8°C. The historic low temperature for the collection location is −24.4°C (National Climatic Data
Center; www.ncdc.noaa.gov).
Freezing trials were conducted in a programmable environmental chamber (ESU-3CA; Espec) in the Division of Biology at Kansas
State University. The overall experimental regime was the same
for both freezing treatments. Photoperiod was constant at a 12-h
light:12-h dark cycle, and plants were kept well watered throughout
the experiment. Plants were cold-acclimated for 7 d at 4°C in a cold
room. On the night of the eighth day, plants were placed in the environmental chamber where they experienced a temperature decrease
of −2°C per hour down to the minimum temperature (either −6°C
or −10°C). Plants were held at the minimum temperature for 2.5 h
before the temperature began to increase at a rate of 2°C/h. The same
cycle was repeated on the ninth day. After the temperature rose to
4°C on the morning of the 10th day, plants were returned to the
cold room for 24 h, then transferred to a growth room (21°C) for 3
d before assessment of damage. The −6°C treatment was performed
first, and plants were given between 49–56 d to recover before the
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next cold acclimation treatment began. Some clones were excluded
from the −10°C treatment (32/195); however, each genotype was
still represented. Since the freezing chamber was not large enough
to accommodate all plants at once, plants were randomly assigned
to six different blocks that were assayed consecutively.
Freezing damage metrics and statistics

Freezing damage was assessed in three ways. First, survival was determined by visually assessing whether plants had any surviving
aboveground tissue. Plants with no surviving tissue were considered dead. None of these plants recovered after they were returned
to greenhouse conditions. Generalized linear mixed models implemented in the lme4 package version 1.1-10 (Bates et al., 2014)
were used to analyze the survival data in R 2.13.2 (R Foundation for
Statistical Computing, Vienna, Austria). Models included presence/
absence of cyanogenic glucosides and linamarase and their interaction as separate fixed factors, block as a random factor and genotype as a random factor. Survival was modeled using a binomial
distribution and logit link. Statistical significance of factors and interactions were tested using ANOVA with type III sum of squares
and a Wald chi-square test statistic implemented in the car package
version 2.1-6 (Fox et al., 2013). If the HCN autotoxicity hypothesis
were correct, one would expect that cyanogenic (AcLi) plants would
have lower survival than acyanogenic plants (Acli, acLi, or acli
cyanotypes) after freeze treatments, leading to a significant interaction between cyanogenic glucosides and linamarase with our
GLMM. Alternatively, if either cyanogenic glucosides or linamarase
alone impacts survival following a freeze treatment, then there may
be a fitness cost to producing a cyanogenic precursor.
Second, aboveground tissue damage was assessed visually using
a semi-quantitative measure that has previously been employed in
studies of plant cold tolerance (Olsen and Ungerer, 2008; Zhen and
Ungerer, 2008; Zhen et al., 2011). Plants were assigned a score between 0–4, indicating the level of tissue damage following freezing.
Plants with <25% damage were assigned a score of 4, those with
25–50% damage were assigned a 3, those with 50–75% damage were
assigned a 2, and those with 75–100% damage were assigned a 1.
Plants with no surviving aboveground tissue were assigned a score
of 0. To assess differences between cyanotypes, we created independent GLMM models for tissue damage for the −6°C and −10°C
experiments. Models and significance testing were identical to
GLMM models for survival except tissue damage was modeled using a Gaussian distribution with an identity link. If the HCN autotoxicity hypothesis were correct, one would expect that cyanogenic
(AcLi) plants would have greater tissue damage than acyanogenic
plants (Acli, acLi, or acli cyanotypes) following freeze treatments.
Again, this difference would result in a significant interaction between cyanogenic glucosides and linamarase terms in the GLMM.
As a third measure of tissue damage, we used chlorophyll fluorescence (specifically, Fv/Fm) as an indicator of photosynthetic efficiency and plant stress after tissue damage (Maxwell and Johnson,
2000; Zhen et al., 2011). Briefly, incoming light to a plant can be
used for photosynthesis, dissipated as heat, or re-emitted as fluorescence. Fv/Fm is a measure of the amount of light being used for
photosynthesis vs. that emitted as fluorescence and has an optimal
value of ~0.83 for most plants including white clover (Johnson et al.,
1993); lower values reflecting closures of reaction centers in photosystem II and general plant stress (Maxwell and Johnson, 2000).
We analyzed every plant by taking five independent measures of
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RESULTS

AcLi

The cyanogenic phenotype does not show differential
freezing damage

To determine whether acyanogenic plants had greater freezing tolerance than cyanogenic plants, we measured survival, tissue damage, and physiological recovery following freeze treatments with
minimum temperatures of −6°C and −10°C. Raw data are available
in the Supplemental Data with this article (Appendix S1).
Survival—All plants survived the −6°C treatment, but only 40% of
all clonal replicates survived the −10°C treatment, and only one of
the surviving clones had less than 75% tissue damage at this temperature. Counter to predictions of the HCN autotoxicity hypothesis,
cyanogenic genotypes did not show significantly lower survival than
acyanogenic genotypes in the −10°C treatment (Ac/ac:Li/li, χ2 =
0.84, p = 0.36; Table 1, Fig. 1). While survival averaged between genotypes within a cyanotype was slightly lower for cyanogenic plants
than for acyanogenic plants as a whole, the lowest survival of all was
for the acyanogenic Acli cyanotype (~27%; Fig. 1; Appendix S1, see
Supplemental Data), suggesting that production of hydrogen cyanide did not drive differences in survival. However, plants producing cyanogenic glucosides (AcLi and Acli phenotypes collectively)
had lower survival versus plants not producing cyanogenic glucosides (acLi and acli) (Ac/ac; χ2 = 4.6, p = 0.03; Fig. 1, Appendix S1).

FIGURE 1. Survival following freezing treatments at either −6°C (white
bars) or −10°C (striped bars) did not differ between cyanogenic and acyanogenic cyanotypes. Survival was calculated as the probability of survival averaged across all genotypes exhibiting a specific cyanotype. Error
bars represent standard error around the mean.

Tissue damage—Cyanogenic and acyanogenic plants differed lit-

tle in the levels of tissue damage after the −6°C treatment (Ac/
ac:Li/li, χ2 = 1.12, p = 0.36; Table 1, Fig. 2) or the −10°C treatment
(Ac/ac:Li/li, χ2 = 0.91, p = 0.34). After the −6°C treatment, cyanogenic plants (AcLi) had a mean tissue damage score of 3.04 ±
0.76, and acyanogenic plants (Acli, acLi, and acli combined) had
nearly identical mean scores (3.04 ± 0.67). While there was much
greater tissue damage after the −10°C treatment, the average tissue damage score for cyanogenic plants and acyanogenic plants
was still very similar (AcLi: 0.36 ± 0.42; Acli, acLi, acli: 0.43 ±
0.38). As with the survival metric results, Acli plants had the most
tissue damage, and producing cyanogenic glucoside resulted in
significantly more tissue damage in both treatments (−6°C: Ac/ac,
χ2 = 3.93, p = 0.047; −10°C: Ac/ac, χ2 = 4.28, p = 0.039). Although
tissue damage estimates included individuals that did not survive
(i.e., had no surviving tissue in the −10°C treatment), excluding these individuals from the analysis led to similar qualitative
conclusions.

TABLE 1. Generalized linear mixed modeling results for morphological and physiological measures following freeze experiments.
Model coefficients
Response variable
Survival (−10°C)
Tissue damage (−6°C)
Tissue damage (−10°C)
Fv/Fm (−6°C, control)
Fv/Fm (−6°C, acclimated)
Fv/Fm (−6°C, recovery)
Fv/Fm (−10°C, control)
Fv/Fm (−10°C, acclimated)
Fv/Fm (−10°C, recovery)

Ac/ac

Li/li

Ac/ac:Li/li

Int.

Ac

Li

Ac/ac:Li/li

χ

p

χ

p

χ

0.389
3.297
0.566
0.838
0.814
0.597
0.830
0.813
0.506

−1.812
−0.446
−0.287
−0.006
−0.001
−0.005
0.000
−0.006
−0.014

−0.610
−0.218
−0.107
−0.004
−0.002
−0.002
0.004
−0.003
0.024

1.003
0.331
0.181
0.010
0.005
0.002
0.003
0.008
−0.019

4.44
3.93
4.28
2.09
0.03
1.47
0.00
1.25
0.39

0.035
0.047
0.039
0.148
0.862
0.225
0.947
0.264
0.534

0.63
0.96
0.61
0.82
0.17
0.24
0.77
0.28
1.48

0.427
0.328
0.435
0.366
0.682
0.627
0.379
0.598
0.223

0.84
1.12
0.91
2.82
0.53
0.11
0.22
1.09
0.36

2

2

2

p
0.361
0.290
0.340
0.093
0.468
0.741
0.642
0.296
0.549

Notes: Generalized linear mixed models included presence or absence of cyanogenic glucosides and linamarase and the interaction as fixed factors. Genotype and block were included as
random factors. Significance of fixed factors and interaction were tested via ANOVA using a Wald χ2 test statistic with 1 degree of freedom.
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FIGURE 2. Levels of tissue damage following freezing at either −6°C
(white bars) or −10°C (striped bars) do not differ between cyanogenic
and acyanogenic cyanotypes. Error bars represent standard error around
the mean.

Photosynthetic rate—There was little difference between cyanotypes in chlorophyll fluorescence-based measures of tissue stress
either before or after the freeze treatments (Tables 1, 2). Before
freezing, cold acclimation reduced the number of potential photosynthetic reaction centers available from previous greenhouse conditions, but not to a level that is typically associated with plant stress
(Maxwell and Johnson, 2000).
After freezing, cyanotypes all recovered well from the −6°C
treatment, with Fv/Fm measures similar to before-treatment values
after 3 d of recovery; cyanogenic and acyanogenic plants did not
differ in this recovery (Ac/ac:Li/li, χ2 = 0.11, p = 0.74). The −10°C
treatment stressed all plants to a point where they were still exhibiting signatures of stress after the 3-d recovery period. However,
there were no significant differences between cyanotypes in Fv/Fm
(Ac/ac:Li/li, χ2 = 0.36, p = 0.55), and Acli plants rather than AcLi
plants recovered most poorly (Table 2).

DISCUSSION
Despite more than six decades of studies examining the environmental factors that maintain the white clover cyanogenesis
polymorphism, the major selective forces at play have remained
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unresolved. Here we have tested the earliest proposed hypothesis,
that freezing temperatures in colder climates select against cyanogenic plants due to HCN autotoxicity (Daday, 1958, 1965). Our
results indicate that cyanogenic white clover plants do not exhibit
greater mortality, tissue damage, or physiological stress following
freezing damage than acyanogenic plants. These findings indicate
that freezing-induced HCN toxicity is unlikely to be a key selective
factor in the evolution of cyanogenesis clines or the maintenance of
the cyanogenesis polymorphism.
While freezing tolerance is not correlated with cyanogenesis,
our results suggest that plants producing either cyanogenic glucosides or linamarase have lower survival following the severe freeze
treatment than plants lacking both cyanogenic precursors (acli cyanotypes). Notably, this finding is entirely consistent with Daday’s
(1965) original experimental results, which specifically compared
AcLi and acli genotypes in an alpine environment. With the benefit of comparisons among all four cyanotypes, it becomes apparent
that the reduced freezing tolerance of AcLi plants is not attributable
to HCN production per se, as the Acli and acLi cyanotypes—both
of which are acyanogenic—also show decreased freezing tolerance
(Figs. 1, 2; Table 2). Rather, our results suggest that energetic costs
associated with the production of the individual cyanogenic precursors may exact a fitness cost in survival or recovery from freezing stress. Below we discuss these results in the context of prior
experiments on HCN autotoxicity and cyanogenesis, the potential
physiological mechanisms preventing or mitigating intracellular
HCN toxicity, and the potential agents of selection that may maintain cyanogenesis clines.
While most evolutionary ecology research since Daday’s studies has focused on maintenance of the cyanogenesis polymorphism
through herbivore deterrence (a selective factor which Daday himself considered to be of secondary importance at best), a limited
number of studies have examined freezing tolerance as related to
cyanogenesis in white clover. Dirzo and Harper (1982) used experimental trials in a field setting to assess freezing tolerance as related
to cyanogenesis variation. As with Daday’s (1965) original freezing
tolerance experiment, their field study examined only AcLi and acli
cyanotypes and so would not distinguish between HCN toxicity and
fitness costs of producing cyanogenic precursors. In that experiment,
it is also difficult to disentangle selection due to fungal pathogens
and freeze damage. Both pressures selected for acyanogenic plants
during the spring and early winter, but later in the winter there was
greater freeze damage on acyanogenic plants. These simultaneously
acting agents of selection make it difficult to determine the strength
and direction of selection of any single agent (Kooyers et al., 2014).
In addition to field trials, some studies have used artificial freezing experiments to examine freezing tolerance as related to cyanogenesis (Brighton and Horne, 1977; Foulds and Young, 1977;

TABLE 2. Fv/Fm summary statistics for each cyanotype spanning freezing experiments.
−6°C

−10°C

Cyanotype

Control
Mean (SD)

Acclimated
Mean (SD)

Recovery
Mean (SD)

Control
Mean (SD)

Acclimated
Mean (SD)

Recovery
Mean (SD)

AcLi
Acli
acLi
acli

0.84 (0.01)
0.83 (0.02)
0.83 (0.01)
0.84 (0.01)

0.82 (0.02)
0.81 (0.02)
0.81 (0.01)
0.81 (0.01)

0.84 (0.02)
0.84 (0.01)
0.84 (0.01)
0.84 (0.01)

0.84 (0.02)
0.83 (0.01)
0.83 (0.01)
0.83 (0.01)

0.81 (0.02)
0.81 (0.01)
0.81 (0.01)
0.81 (0.02)

0.77 (0.06)
0.76 (0.04)
0.80 (0.02)
0.76 (0.06)

Notes: Fv/Fm values reflect the average of ~15 genotypes per cyanotype. The control category refers to Fv/Fm measurement before cold acclimation; the acclimated category refers to
measurements after plants have been cold acclimated for 8 d at 4°C. Recovery measurements were taken 4 days after each freeze treatment.
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Caradus et al., 1989; Caradus and Eerens, 1992; Olsen and Ungerer,
2008). Brighton and Horne (1977) found impaired cellular respiration in cyanogenic morphs relative to acyanogenic morphs of Lotus
corniculatus (another polymorphic legume species) after freezing. In
contrast, Foulds and Young (1977) did not find such effects in either
L. corniculatus or white clover in a comparable freezing experiment.
Caradus and colleagues (Caradus et al., 1989; Caradus and Eerens,
1992) detected weak but significant correlations between freezing
tolerance and cyanogenesis in freezing tolerance trials using collections of white clover breeding lines and cultivars. However, their
cold hardiness experiments were not designed to test for a causal
relationship between cyanogenesis and freezing tolerance, and because acyanogenic genotypes tend to occur predominantly in colder
climates, the effects of cold adaptation and cyanogenesis would have
been confounded in the tested lines. To control for such climate-
of-origin effects, Olsen and Ungerer (2008) compared freezing tolerance between cyanogenic and acyanogenic plants sampled from
three polymorphic populations; no significant effects of cyanotype
on freezing tolerance were detected once geographical origin was
taken into account. As with the field experiments described above,
none of these controlled freezing experiments examined variation
among acyanogenic cyanotypes (Acli, acLi, acli); thus, any fitness
effects of HCN toxicity would have been indistinguishable from the
fitness costs of producing the cyanogenic precursors.
Rejection of the HCN autotoxicity hypothesis makes sense in
light of the current understanding of plant physiology and HCN
metabolism. Most research on HCN toxicity in white clover came
before the knowledge that all plants produce HCN in small amounts
as a byproduct of ethylene biosynthesis (Peiser et al., 1984; Abeles,
2012) and that all surveyed plant species possess the ability to conduct cellular respiration in the presence of HCN as well as to detoxify HCN. Hydrogen cyanide is toxic to many organisms because it
inhibits cytochrome c oxidase, blocking the electron transport chain
and preventing cellular respiration. Plants, including white clover,
possess the mitochondrial enzyme alternative oxidase (AOX) that
provides a similar function to cytochrome c oxidase (catalyzing the
oxidation of quinol and the reduction of oxygen to water) (Henry
and Nyns, 1975; Vanlerberghe et al., 1997; McDonald, 2008). AOX
is sufficient to support respiratory carbon metabolism when the
cytochrome pathway is inhibited by cyanide (Vanlerberghe et al.,
1997) and is thought to maintain homeostasis during biotic and
abiotic stress (Vanlerberghe, 2013). However, unlike cytochrome c
oxidase, AOX does not pump protons or lead to the creation of ATP.
Plants also possess mechanisms of HCN detoxification so that
HCN does not accumulate in deleterious amounts (Blumenthal et al.,
1963; Yu, 2015; Machingura et al., 2016). Most HCN in cyanogenic
plants is detoxified through the β-cyanoalanine synthesis pathway
(Gleadow and Møller, 2014; Machingura et al., 2016). In this pathway, cyanoalanine synthase converts HCN and cysteine into the
less-reactive cyanoalanine (Blumenthal et al., 1968). Cyanoalanine
can then be converted into asparagine by cyanoalanine hydratase
(Piotrowski et al., 2001; Piotrowski and Volmer, 2006). Although
the amount of HCN released in highly cyanogenic plants following
tissue damage (up to 350 mg/g in white clover; Poulton, 1990) is
likely orders of magnitude higher than the HCN released during
maximum ethylene biosynthesis, it is likely detoxified via the same
pathway. In multiple cyanogenic species, including white clover,
activities of the enzymes involved in the β-cyanoalanine synthesis pathway have been shown to have higher activity either in tissues with higher levels of cyanogenic glucosides or in species with

higher HCN potential, suggesting that this pathway is active in the
continuous turnover of HCN (Miller and Conn, 1980; Mizutani
et al., 1991). Thus, due to the existence of AOX-based mechanisms
of tolerance of HCN and β-cyanoalanine-synthesis-based detoxification methods for HCN, the autotoxicity hypothesis seems increasingly implausible. Indeed, to our knowledge, no study has ever
documented physiological damage in a plant due to endogenous
HCN liberation.
While our study does not support the HCN autotoxicity hypothesis, the variation observed in freezing tolerance among cyanotypes
(most notably in survival and tissue damage after the −10° C treatment; Figs. 1, 2) is entirely consistent with climate-associated fitness
trade-offs related to the energetic costs of producing the cyanogenic
precursors. Plants producing cyanogenic glucosides (AcLi and Acli
cyanotypes) were significantly less likely to survive severe freezing than cyanotypes not producing cyanogenic glucosides (Fig. 1;
Appendix S1) and also had more tissue damage after both mild and
severe freezing (Fig. 2; Appendix S1). Likewise, plants producing
linamarase only (acLi cyanotypes) showed 13% higher mortality at
the −10°C treatment than plants producing neither precursor (acli
cyanotypes). These patterns suggest that producing and/or storing
either cyanogenic precursor can incur a cost for the plant in stressful environments. It is interesting that plants that produce both
cyanogenic glucosides and linamarase (AcLi plants) do not have
lower survival or more tissue damage than plants producing only
one of these compounds (Acli or acLi) as would be expected if both
compounds have energetic costs. One potential explanation is that
we could not detect whether each AcLi, Acli, or acLi genotype was
homozygous or heterozygous for the Ac or Li alleles, a distinction
that changes the quantitative level of cyanogenic glucosides or linamarase, and could modify our expectations for the energetic costs
of each cyanotype.
While fitness trade-offs associated with the production of these
compounds has not previously been documented in the context
of freezing tolerance, previous research has documented evidence
of energetic costs associated with their production in other contexts. Numerous studies have demonstrated that cyanogenic plants
are differentially protected from grazing generalist herbivores
(reviewed by Hughes, 1991 and Olsen et al., 2013). At the same
time, plants lacking one or both cyanogenic precursors have been
found to show greater vegetative growth and reproductive output
in common garden experiments (Kakes, 1989; but see Thompson
and Johnson, 2016; Wright et al., 2017). Similar resource allocation
costs to producing cyanogenic glucosides and linamarase have been
also been documented in growth chamber experiments under various combinations of low fertilizer and water availability (Kooyers
et al., 2014). Collectively, these results indicate that energetic costs
of producing the components required for cyanogenesis may be
higher under conditions of abiotic stress, but that the protective
benefits of cyanogenesis outweigh these costs in areas of high herbivore pressure.
In the context of cyanogenesis cline evolution, our results
suggest that geographical variation in freezing stress may be an
important selective factor in generating the climate-
associated
cyanogenesis clines that have evolved in white clover populations
worldwide. Freezing stress is particularly interesting in the formation of parallel cyanogenesis clines across urban–rural gradients,
i.e., higher frequency of cyanogenic plants in rural than urban areas, because other proposed agents of selection do not appear to
vary across these gradients (Thompson et al., 2016). We suggest that
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cyanogenesis clines may be driven by a resource allocation trade-
off where environments with colder temperatures select for plants
that allocate fewer resources to cyanogenesis. However, there is currently not sufficient evidence to indicate that any given proposed
agent of selection is adequate to create or maintain cyanogenesis
clines. Future studies must work to document the full range of environmental gradients that vary across clines and design manipulative experiments identify the selective mechanisms and ecological
interactions underlying cline formation.
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