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• Background and Aims Crassulacean acid metabolism (CAM) is often considered to be a complex trait, re-
quiring orchestration of leaf anatomy and physiology for optimal performance. However, the observation of trait 
correlations is based largely on comparisons between C3 and strong CAM species, resulting in a lack of under-
standing as to how such traits evolve and the level of intraspecific variability for CAM and associated traits.
• Methods To understand intraspecific variation for traits underlying CAM and how these traits might assemble 
over evolutionary time, we conducted detailed time course physiological screens and measured aspects of leaf 
anatomy in 24 genotypes of a C3+CAM hybrid species, Yucca gloriosa (Asparagaceae). Comparisons were made 
to Y. gloriosa’s progenitor species, Y. filamentosa (C3) and Y. aloifolia (CAM).
• Key Results Based on gas exchange and measurement of leaf acids, Y. gloriosa appears to use both C3 and 
CAM, and varies across genotypes in the degree to which CAM can be upregulated under drought stress. While 
correlations between leaf anatomy and physiology exist when testing across all three Yucca species, such correl-
ations break down at the species level in Y. gloriosa.
• Conclusions The variation in CAM upregulation in Y. gloriosa is a result of its relatively recent hybrid origin. 
The lack of trait correlations between anatomy and physiology within Y. gloriosa indicate that the evolution of 
CAM, at least initially, can proceed through a wide combination of anatomical traits, and more favourable com-
binations are eventually selected for in strong CAM plants.

Key words: Yucca gloriosa, Yucca aloifolia, Yucca filamentosa, Asparagaceae, Agavoideae, CAM photosynthesis, 
leaf anatomy, hybrid.

INTRODUCTION

A fundamental aim of comparative biology is to elucidate 
how, when, and why traits evolve, and the biological conse-
quences of trait evolution. Some traits have simple genetic 
architecture: changes may be induced by mutations to single 
genes or regulatory elements, as in the case of hair colour 
in mice (Hoekstra et al., 2006), flower colour and pollinator 
shifts in Erythranthe guttata (Bradshaw and Schemske, 2003; 
Yuan et  al., 2013), and herbicide resistance in barley (Lee 
et al., 2011). Other traits are more complex, in that they are 
actually a sum of phenotypic states orchestrated across an or-
ganism. For example, the evolution of C4 photosynthesis re-
quires both altered biochemical pathways as well as changes 
to leaf anatomy (Hatch, 1987; Christin et  al., 2013; Sage 
et  al., 2014), and burrowing behaviour in field mice relies 
on changes to separate genetic modules (Weber et al., 2013). 
Because complex traits are unlikely to evolve via a single 
mutation (Lenski et  al., 2003), one might expect various 
intermediate phenotypes to exist through the evolutionary 
progression from ancestral to derived character states. Species 
exhibiting intermediate phenotypes could be instrumental to 
ordering the sequence of events that led to the evolution of a 

complex trait. Intermediate phenotypes also lend insight into 
the genetic landscape of a complex trait: for example, genetic 
linkage can restrict which trait combinations are possible and 
can affect how quickly natural selection can act upon them 
(Gerrish et al., 2007; Barton, 2010).

Crassulacean acid metabolism (CAM) is an example of a 
complex plant trait involving biochemistry, anatomy and physi-
ology that works tandemly with the C3 Calvin Benson cycle 
to increase the water use efficiency of plants. The C3 pathway 
uses Rubisco, an enzyme that has both carboxylating and 
oxygenating functions. Under high temperatures or conditions 
that promote stomatal closure, such as drought stress, rates of 
Rubisco oxygenation increase and force C3 plants to undergo 
photorespiration, an energetically costly process. CAM con-
centrates CO2 in an effort to reduce oxygenation via Rubisco 
and consequently photorespiratory stress. CAM species open 
their stomata at night, when lower temperatures and higher 
relative humidity reduce evapotranspiration. Incoming CO2 is 
initially converted to malate and stored in the vacuole. During 
the day the stomata largely remain closed, and the stored CO2 
is decarboxylated from malate, surrounding Rubisco and the C3 
machinery with elevated CO2 concentrations. The CAM carbon-
concentrating mechanism reduces levels of photorespiration 
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while simultaneously increasing overall water use efficiency. 
As a result, CAM plants are often found in hot, arid or season-
ally dry habitats – often, but not always, where water is limiting.

Because all CAM plants retain and use the entire C3 ma-
chinery, many species can fix carbon through a mixture of both 
pathways (Winter, 2019). Strong CAM plants use CAM for the 
vast majority of their carbon uptake, while C3+CAM species 
use a mix of both pathways to fix CO2. For example, CAM 
cycling plants fix nocturnally respired CO2 through the CAM 
pathway but otherwise have C3 physiology. Moreover, plants 
can vary not only in their ability to use CAM, but also the de-
gree to which CAM can be modulated under abiotic stress. 
Both strong CAM and C3+CAM can alter the relative contribu-
tion of CAM to CO2 fixation as a response to abiotic stressors. 
C3+CAM species can upregulate the CAM pathway (‘faculta-
tive CAM’) or downregulate the contribution of the C3 pathway, 
whereas strong CAM species may increase the degree of C3 
carbon fixation when exceptionally well-watered (Hartsock 
and Nobel, 1976). It is unclear how intermediate phenotypes 
fit into the evolutionary trajectory of CAM, but the prevalence 
of intermediate CAM species (Winter, 2019) suggests that such 
a dynamic phenotype can be advantageous under certain situ-
ations (i.e. seasonal drought) (Winter et  al., 2008; Herrera, 
2009). CAM photosynthesis has evolved at least 60 times inde-
pendently (Edwards and Ogburn, 2012), although this is prob-
ably an inaccurate count due to the difficulties associated with 
surveying intermediate CAM, particularly facultative forms 
involving induction of CAM only under specific conditions. 
Additionally, attempts to delineate when CAM evolved within 
extant CAM lineages are made difficult by a lack of phylogen-
etic resolution, particularly in very diverse lineages.

Specific anatomical traits have long thought to be required 
for maximum CAM function (Nelson et  al., 2005; Nelson 
and Sage, 2008). To be able to store large amounts of CO2 as 
malate, CAM plants require larger vacuoles; indeed, CAM 
plants typically have larger mesophyll cells than their C3 coun-
terparts (Heyduk et al., 2016a; Males, 2018). Intercellular air-
space (IAS) is often reduced in CAM species (Nelson and Sage, 
2008; Barrera Zambrano et al., 2014). One theory is that tight 
packing of cells reduces the amount of CO2 leakage that can 
occur during the day, when malate is decarboxylated and results 
in high concentrations of CO2 in the cells (Nelson and Sage, 
2008). Alternatively, reduced IAS may just be a result of larger 
cells packed into a leaf whose size may be limited by other 
factors, including the need to maintain hydraulic connectivity 
(Maxwell et al., 1997). Finally, CAM plants are often described 
as having thick, succulent leaves (Gibson, 1982). The import-
ance and timing of these anatomical changes remains unclear: 
in some systems, species that are C3+CAM look anatomic-
ally like their C3 relatives (Silvera et al., 2005; Males, 2018), 
whereas other lineages evolved succulent leaf anatomy prior to 
CAM (Heyduk et al., 2016b) or coincident with the origin of 
CAM (Barrera Zambrano et al., 2014). As a result, our under-
standing of the importance of leaf anatomy on CAM function 
remains unclear.

One of the greatest challenges in understanding the con-
certed evolution between CAM biochemistry and anatomy 
is a lack of systems in which genetic segregation produces 
variation within and among these traits. While comparisons 
between C3 and strong CAM species have helped us define 

a suite of traits that seem to segregate with photosynthetic 
pathway (e.g. Luttge et al., 1986; Gravatt and Martin, 1992; 
Heyduk et al., 2016a), these comparisons conflate trait differ-
ences with evolutionary distance and yield little insight into 
how suites of CAM traits have been assembled repeatedly in 
plant evolutionary history. Are traits assembled sequentially, 
such that a certain phenotype must arise (e.g. large cells) be-
fore a secondary phenotype can evolve (e.g. accumulation of 
malate)? Or are there a number of trait combinations that can 
arise in any order and span phenotypic space, but selection 
repeatedly favours certain combinations to maximize the effi-
ciency of CAM?

To understand whether anatomy and physiology are cor-
related we measured anatomical and photosynthetic traits 
in a C3+CAM species, Yucca gloriosa, a naturally occurring 
homoploid hybrid species resulting from a wild cross be-
tween Y.  aloifolia (CAM) and Y.  filamentosa (C3) (Rentsch 
and Leebens-Mack, 2012; Heyduk et  al., 2016a). All three 
Yucca species overlap in the southeastern United States, with 
Y. filamentosa having the broadest range that extends into the 
northeast and midwest, Y.  aloifolia being more restricted to 
the southeast, and Y. gloriosa inhabiting the narrowest natural 
range, occurring only in the coastal regions of the Atlantic sea-
board between Florida and Virginia. Previous work has dem-
onstrated contrasting photosynthetic pathways in the parental 
species and intermediate physiology and anatomy in the hybrid 
(Heyduk et al., 2016a, b). Genetic screens based on microsat-
ellite data have suggested that while Y. gloriosa still retains a 
mixture of both parental genomes, genotypes are not identical 
and thus not likely to be F1 hybrids (Rentsch and Leebens-
Mack, 2012; Heyduk et al., 2016a). Here we examine the ex-
tent of intraspecific variation in photosynthetic and anatomical 
traits across 24 genotypes of the C3+CAM hybrid, Y. gloriosa. 
Specifically, we assess the relationship between anatomy and 
photosynthetic phenotype (Fig.  1) and the extent of envir-
onmentally driven genotypic variation. We show that geno-
types vary in the degree of CAM used, as well as the level of 
upregulation of CAM under drought stress; we further find that 
there is little correlation between anatomical traits and photo-
synthetic phenotypes.

MATERIAL AND METHODS

Genotypes of Y. gloriosa were collected from across its geo-
graphical range (Virginia to Florida) (Supplementary Data 
Table S1) as ramets, then transplanted to the University of 
Georgia Department of Plant Biology glasshouses. Plants were 
grown in 60 : 40 soil/sand mix with once-weekly watering and 
fertilizer as needed, and maintained until proper rooting was 
established and significant new growth was noticeable (min-
imum 6 months). All plants were grown in the same glasshouse, 
with no additional growth light beyond sunlight, and generally 
experiencing day/night temperatures of roughly 28 °C/21 °C, 
although temperatures varied throughout the year. Beginning in 
spring 2016, 24 genotypes were randomly assigned to growth 
chamber experimental runs in sets of four genotypes. For each 
experimental run, 34 clonal replicates for each of the four geno-
types were acclimated in the growth chamber for 4  d before 
manipulation. Growth chambers had 12-h days (beginning at 
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0700 h), with 30 °C/17 °C day/night temperatures and a rela-
tive humidity of 30–40  %. Light intensity at leaf level was 
~400 µmol m−2  s−2 and plants were kept well-watered during 
the acclimation phase. On the first experimental day (‘day 1’), 
gas exchange measurements were collected every 2 h for a 24-h 
period, beginning 1 h lights turned on, using a LiCor 6400XT 
(Lincoln, NB, USA). After day 1, plants were allowed to dry 
down, soil moisture information was collected with an ML2 
soil moisture probe (Delta-T Devices, London, UK) on experi-
mental days (Supplementary Data Table S2 and Fig. S1), and 
on day 7 plants were re-measured for gas exchange identically 
to day 1.  At the end of day 7, plants were re-watered, then 
measured a final time for gas exchange on day 9. Experimental 
runs were conducted in April, September and November 2016, 
and February, March, April and August 2017 on a total of 24 
genotypes. To compare net carbon gain between genotypes, 
the area beneath the curve formed from plotting time course 
LiCor data was calculated. Area under the curve (AUC) was es-
timated per genotype per treatment using the auc() function in 
the DescTools (Signorell, 2019) package in R v.3.5.1 (R Core 
Team, 2019).

Leaf samples for titratable acidity measurements were col-
lected on days 1, 7 and 9 2 h before lights off and 2 h before 
lights were turned back on. Fully expanded leaves that were 
un-shaded by others in the rosette were preferentially sampled; 
different leaves were sampled on days 1, 7 and 9, taking care 
to avoid sampling from old, dying or partially expanded leaves. 
Leaf punches were taken in triplicate at both time points from 
all individual plants, then were immediately flash frozen and 
stored at −80 °C. Leaves were quickly weighed once removed 
from the freezer and placed in 60 ml of 20 % EtOH. Samples 
were boiled until the volume was reduced by half, at which 
point the total volume was returned to 60 ml by adding water of 

pH 7.0. Samples were boiled to half volume once more, refilled 
to 60 ml with water, then allowed to cool to room temperature. 
The room temperature liquid was cleared of leaf debris and ti-
trated with 0.002 m NaOH to a final pH of 7.0. Total µmol of 
H+ was calculated as (ml of 0.002 m NaOH × 2 mm)/grams of 
frozen tissue.

Leaf cross-sections were collected in April 2018 and April 
2019 from clonal replicates of the same genotypes measured 
for gas exchange, with two samples collected per genotype 
from separate biological replicates when available. Cross-
sections were sampled from plants growing in the University 
of Georgia glasshouses under a once-weekly watering regime 
and fertilizer addition as needed. Leaves were cut, fixed in for-
malin, embedded in paraffin, then sectioned at the University 
of Georgia Veterinary Hospital Histology Lab. Sections were 
stained with Toluidine Blue and mounted on glass slides. For 
each of the separate plants sectioned per genotype, two im-
ages were taken on a Zeiss (Oberkochen, Germany) micro-
scope at 5× and 10× magnification, taking care to avoid 
imaging edges or damaged sections. Images were analysed 
in ImageJ (NIH, Bethesda, MD, USA) to collect measure-
ments of cell size and IAS, as well as leaf thickness. For cell 
size, the areas of five adaxial and abaxial mesophyll cells 
were measured per image. IAS was measured as a fraction 
of intercellular air per total cell area and is reported as a per 
cent of mesophyll. Leaf thickness was measured in triplicate 
across each image analysed for cell size and IAS. Stomatal 
density was measured by painting both adaxial and abaxial 
leaf surfaces with clear nail polish (collected March 2019), 
then removing with tape and imaging stomatal impressions 
with a Zeiss microscope. Stomatal measurements were taken 
from two biological replicates per genotype, when available. 
Previously collected data on adaxial and abaxial cell sizes 
from additional genotypes of Y. gloriosa was also included 
(Heyduk et al., 2016a); although IAS was measured on this 
previous dataset, due to image quality, we suspect IAS may 
have been overestimated in the data previously published. 
IAS was therefore re-analysed for all data published in 2016. 
ANOVAs or ANCOVAs were performed, as appropriate, to 
determine the effect of Y. gloriosa genotype on phenotypic 
traits; in the case of CO2 uptake and acid accumulation, 
treatment (watered and drought) was included as a factor 
(Supplementary Data Table S3).

To compare the hybrid to the parental species, previously 
published data on Yucca filamentosa and Yucca aloifolia 
were included as well (Heyduk et al., 2016a, b). The parental 
datasets are smaller, in that a total of five and seven geno-
types were measured for various traits in Y.  aloifolia and 
Y.  filamentosa, respectively, with two to four replicates per 
genotype of each species. The parental species were grown 
in the same conditions as Y. gloriosa: plants were collected 
as rhizome cuttings from the wild, grown in the University of 
Georgia glasshouses for at least 6 months (where they were 
sampled for leaf anatomical traits), then placed in the same 
growth chamber with identical conditions for gas exchange 
and titratable acidity measurements conducted using largely 
the same methods as described above for Y. gloriosa. Similarly, 
leaf anatomical traits were collected and measured in the 
parental species using the same methods as for Y.  gloriosa 
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(and are fully described in Heyduk et al., 2016a). All statis-
tical analyses were conducted in R v.3.5.1, and raw data and 
genotypic means can be found at www.github.com/kheyduk/
Yucca_physiology. ANOVAs were calculated across traits to 
determine differences between species (Supplementary Data 
Table S4). We correlated both raw data (i.e. individual plant 
traits) as well as genotypic means using cor.test() in R and 
adjusted the resulting P-values for multiple testing with the 
Benjamini–Hochberg correction. Correlations were con-
ducted pairwise on all traits, except in cases where one trait 
was a subset of another (e.g. nocturnal CO2 total assimila-
tion is a subset of total daily CO2 assimilation). Correlations 
were conducted on individual values and genotypic means of 
all three species together, then separately for just Y. gloriosa. 
No correlations were tested within the parental species, as the 
data pulled from earlier work did not have enough within-
genotype replication. For a trait combination to be reported 
as significant, it had to be significant when correlated across 
both individuals and genotypic means; for significant correl-
ations, only the across-individual statistics are reported, while 
genotypic mean statistics can be found in Supplementary Data 
Tables S5 and S6.

RESULTS

Gas exchange and titratable acidity

Genotypes of Yucca gloriosa varied in their gas exchange pat-
terns over a diel cycle (Fig. 2; Supplementary Data Fig. S2). The 
majority of genotypes had some level of C3 daytime CO2 fixation 
as well as slight nocturnal CO2 assimilation under well-watered 
conditions (Fig. 2). Under drought stress, overall responses varied. 
Some genotypes had a nearly total shutdown of gas exchange 
during the day under drought stress, whereas others maintained 
positive levels. Because plants dried down at slightly variable 
rates (Table S2 and Fig. S1), we examined the effect of genotype 
and soil moisture on CO2 uptake: well-watered plants had only 
a slightly significant effect of genotype (F19,51 = 2.16, P < 0.05) 
on CO2 uptake, while drought-stressed plants had a significant 
effect of soil moisture (F1,48 = 15.02, P < 0.001). However, noc-
turnal CO2 assimilation (and thus the level of CAM performed) 
was not significantly related to soil moisture under either well-
watered (F1,51 = 0.03, P = 0.87) or drought stress (F1,50 = 0.64, 
P = 0.43). Instead, a clear genotype × environment (G×E) signal 
was observed via an ANOVA (Type III) assessing the interaction 
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of genotype and treatment (well-watered vs. drought) on noc-
turnal CO2 uptake (interaction: F21,131 = 2.36, P < 0.01, excluding 
re-watered measurements) (Table S3). At night, certain genotypes 
(e.g. 16 and 1AB, Fig. 2) were able to increase CO2 assimilation 
under drought stress relative to well-watered conditions. No hy-
brid genotype fully replicated the levels of nocturnal CO2 assimi-
lated by Y. aloifolia, and many had the ability to use CAM even 
when well-watered, indicating Y. gloriosa does not have strictly 
facultative CAM but rather weak CAM with drought inducibility. 
Nocturnal acid accumulation in the hybrid Y. gloriosa, like gas 
exchange, had a significant interaction effect between genotype 
and treatment (F23,120 = 3.73, P  <  0.001, excluding re-watered 
measurements) (Table S3). In general, the majority of genotypes 
showed an increase in leaf acidity over the night period, indi-
cative of CAM; most genotypes displayed some level of acid 
accumulation on all days of the experiment, regardless of water 
status (Fig. 3). Four genotypes had gas exchange removed from 
the analysis (Y51, Y55, Y61, and Y70) because of a malfunction 
with the LiCor during the experimental run; however, titratable 
acidity and leaf anatomy were unaffected and are still reported.

Inter- and intraspecific response to drought

When compared to the parental genotypes for which gas 
exchange measurements are available, many Y. gloriosa geno-
types had some of the highest net CO2 assimilation values 
(as calculated by the area under the gas exchange curves) 
during both well-watered and drought conditions (Fig.  4A). 
However, night-time net CO2 assimilation was intermediate 
in Y. gloriosa compared to parental species and tended toward 
the C3 parent Y. filamentosa (Fig. 4B). When drought-stressed, 
Y.  filamentosa genotypes showed a decrease in overall CO2 
assimilation (Fig.  4B) under drought stress. Yucca aloifolia 
showed on average a decrease in night-time CO2 assimila-
tion under drought stress (Fig. 4A, B) (Heyduk et al., 2016a). 
Yucca gloriosa genotypes varied in their gas exchange drought 
response; certain genotypes increased the amount of CO2 ac-
quired at night, whereas others decreased net night-time CO2 
acquisition, similar to Y. aloifolia.

Drought-induced response in leaf acid accumulation varied 
across hybrid genotypes as well and spanned a larger range 
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of values than either parent. While Y. filamentosa never accu-
mulated significant levels of leaf acid (well-watered: t5 = 1.71, 
P = 0.07; drought-stressed: t5 = 1.40, P = 0.11), Y. aloifolia had 
appreciable levels of acid accumulation over the night period 
under well-watered conditions and increased the amount of 
acid accumulated under drought (Fig.  4B). Yucca gloriosa 
genotypes spanned the range from low levels of acid accumu-
lation to CAM-like levels under well-watered conditions, and 
genotypes varied in their ability to increase the amount of acid 
stored under drought. A  few genotypes responded to drought 
with significant and positive increases in leaf acidity on day 
7 relative to day 1 (e.g. Y13 and YG). Genotype Y18 was a 

notable exception in its lack of acid accumulation and lack of 
response to drought stress, corresponding to its negligible rates 
of CO2 assimilation during the dark period (Fig. 2). Genotypes 
that had high levels of acid accumulation under well-watered 
conditions tended to decrease acid under drought, while those 
that had lower levels of acid accumulation under well-watered 
conditions tended to increase the amount of acid stored in 
leaves under drought stress (Fig. 4B).

Because CAM can be defined by both acid accumulation 
and night-time CO2 assimilation, comparing the response of 
genotypes through both phenotypes can indicate the mode 
of CAM employed under drought stress. For example, 
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Fig. 4. Physiological effect of drought stress on genotypic means (and standard deviation) across all three species. (A) Estimated total CO2 assimilation, based 
on the area under the LiCOR curves across the entire diel cycle, for both hybrid and parental genotypes under well-watered and drought-stressed conditions. (B) 
Estimated total CO2 assimilation based on the area under the LiCOR curves at night only, for both hybrid and parental genotypes under well-watered and drought-
stressed conditions. (C) Leaf acid accumulation under well-watered conditions (W) vs. drought-stressed conditions (D), with genotypic mean and one standard 
deviation. Dashed line indicates equal values under both conditions; genotypes that fall above or below indicate that greater or lower amounts of acid, respectively, 
were accumulated under drought stress than under well-watered conditions. (D) Comparison of the change in night-time CO2 assimilation induced by drought 

stress (x-axis) to the change in leaf acid accumulation induced by drought (y-axis). Quadrants are labelled with the phenotype observed.
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Y. aloifolia reduced the amount of CO2 assimilated at night, 
but typically increased leaf acid accumulation (Fig.  4D), 
indicating more reliance on recycling CO2 when drought-
stressed. Some genotypes of Y.  gloriosa decreased reliance 
on atmospheric CO2 and increased acid accumulation with 
drought stress (upper left quadrant, Fig.  4D). Others re-
sponded to drought by increasing both night-time CO2 as-
similation and leaf acid accumulation (upper right quadrant, 
Fig.  4D). A  few genotypes were negatively impacted by 
drought in that they reduced both leaf acid accumulation and 
night-time CO2 uptake, such that stress appears to have di-
minished their CAM capacity (lower left quadrant, Fig. 4D). 
Finally, a few genotypes appeared to increase the amount of 
night-time CO2 assimilation but decrease the level of acid 
stored in the leaves (lower right quadrant, Fig. 4D); however 
in many of these latter cases the error bars overlap zero, and 
therefore we cannot reject the expectation that night-time 
CO2 uptake is coupled with acid accumulation in these geno-
types. Regardless, the general diversity of drought responses 
in the hybrid Y. gloriosa is clear.

Leaf anatomy

All anatomical traits were significantly different between spe-
cies, based on ANOVA (Benjamini–Hochberg corrected P-values) 
(Supplementary Data Table S4), with the exception of abaxial sto-
matal density. Within Y. gloriosa, the only anatomical traits sig-
nificantly different between genotypes were IAS (F25,21 = 3.36, 
P < 0.001) and mean stomatal density (averaged abaxial and ad-
axial values) (F4,13 = 3.73, P < 0.01) (Table S3). As with physio-
logical traits, anatomical differences between Y.  aloifolia and 

Y. filamentosa were stark, while the hybrid largely filled the pheno-
typic space between. Cell sizes on both adaxial and abaxial sides 
of the leaf were larger in Y. aloifolia than in either of the other 
two species (Fig. 4A). Stomatal density, conversely, was lowest 
on average in Y. aloifolia and greatest in Y. filamentosa (Fig. 5B). 
Both cell sizes and stomatal densities on adaxial and abaxial sides 
of the leaf were highly positively correlated (Fig. 5A, B) across all 
individuals (cell size: t67 = 25.19, R2 = 0.90, P < 0.001; stomata: 
t46 = 7.12, R2 = 0.52, P < 0.001).

Many anatomical traits were correlated to nocturnal CO2 as-
similation, but not total CO2 uptake or leaf acid accumulation 
(Fig. 6) (Supplementary Data Table S5 and Fig. S3). Total CO2 
assimilation across the whole day under both well-watered and 
drought stress was negatively correlated to IAS, albeit with a rela-
tively low R2 in both cases (Fig. 6A). Nocturnal CO2 uptake was 
negatively correlated to IAS, and positively correlated to levels of 
acid accumulation (under both watered and drought conditions), 
the maximum amount of acid held within a leaf at any time point, 
mean cell size and leaf thickness (Fig. 6B–G). The amount of 
leaf acid accumulated under drought stress was correlated to 
total nocturnal CO2 assimilation under drought stress (R2 = 0.14, 
P < 0.01). Within Y. gloriosa, nearly all the trait correlations were 
not significant (Table S6). The only significant correlations for 
traits in Y. gloriosa were between mean cell size and leaf thick-
ness (R2 = 0.57, P < 0.001) and between total CO2 assimilation 
under water and drought conditions (R2 = 0.24, P < 0.001).

DISCUSSION

Detailed physiological and anatomical measurements in 
Y. gloriosa have revealed among-genotype variation in CAM 

Mean adaxial cell area μm Mean adaxial stomatal density mm–2

Species: Y. aloifolia Y. filamentosaY. gloriosa

M
ea

n 
ab

ax
ia

l c
el

l a
re

a 
μm

1000

1000 2000 3000

2000

50 100 150 200

M
ea

n 
ab

ax
ia

l s
to

m
at

al
 d

en
si

ty
 m

m
–2

150

100

R2 = 0.90, P < 0.001 R2 = 0.52, P < 0.001
  

A B

Fig. 5. Mean cell sizes (A) and stomatal densities (B) on adaxial and abaxial sides of the leaf per individual plant. In both cases, the dashed line is the regression 
line from the lm() function in R. R2 and P-values are reported based on correlation tests in R.

http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcaa036#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcaa036#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcaa036#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcaa036#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcaa036#supplementary-data


Heyduk et al. — Intraspecific variation in leaf anatomy and physiology in a C3+CAM hybrid444

BA

DC

FE

G

400

300

200

100

0

400

300

200

100

0–100

10

20

30

IA
S

 (
%

 m
es

op
hy

ll)

10

20

30

IA
S

 (
%

 m
es

op
hy

ll)

10 20 30 40 10 20 30 0 5 10 0 5.02.5 7.5400

 

1000

2000

3000

M
ea

n 
ce

ll 
ar

ea
 μ

m
 

Le
af

 th
ic

kn
es

s 
μm

 

M
ax

im
um

 H
+

 μ
m

ol
 F

W
–1

 

400

800

1200

1600

0

250

500

750

Species:

Y. aloifolia Y. filamentosaY. gloriosa

R2 = 0.19, P < 0.01 R2 = 0.19, P < 0.05R2 = 0.29, P < 0.001 R2 = 0.20, P < 0.05

R2 = 0.08, P < 0.05 R2 = 0.15, P < 0.01

R2 = 0.15, P < 0.01 R2 = 0.20, P < 0.001

R2 = 0.20, P < 0.001 R2 = 0.28, P < 0.001

R2 = 0.55, P < 0.001 R2 = 0.39, P < 0.001R2 = 0.51, P < 0.001 R2 = 0.37, P < 0.001

CO2 μmol m–2 s–2 (W) CO2 μmol m–2 s–2 (D) CO2 μmol m–2 s–1 (night, W) CO2 μmol m–2 s–1 (night, D)

0 5 10 0 5.02.5 7.5

CO2 μmol m–2 s–1 (night, W) CO2 μmol m–2 s–1 (night, D)

0 5 10 0 5.02.5 7.5

CO2 μmol m–2 s–1 (night, W) CO2 μmol m–2 s–1 (night, D)

0 5 10 0 5.02.5 7.5

CO2 μmol m–2 s–1 (night, W) CO2 μmol m–2 s–1 (night, D)

0 5 10 0 5.02.5 7.5

CO2 μmol m–2 s–1 (night, W) CO2 μmol m–2 s–1 (night, D)

0 5 10 0 5.02.5 7.5

CO2 μmol m–2 s–1 (night, W) CO2 μmol m–2 s–1 (night, D)

Δ
H

+
 μ

m
ol

 F
W

–1
 (

W
)

Δ
H

+
 μ

m
ol

 F
W

–1
 (

D
)



Heyduk et al. — Intraspecific variation in leaf anatomy and physiology in a C3+CAM hybrid 445

phenotypes, and that anatomical and physiological traits show 
a lack of correlation within Y. gloriosa. Under drought stress, 
the levels of daytime CO2 assimilation were largely driven by 
environment (i.e. soil moisture content) whereas nocturnal CO2 
assimilation rates and acid accumulation were influenced by a 
combination of genotype and environmental effects. Our results 
reveal a continuum of photosynthetic traits across Y. gloriosa 
genotypes, including variation in drought response. Anatomical 
measurements were largely not predictive of physiological traits 
within Y. gloriosa. In contrast, cell size, IAS and leaf thickness 
were predictive of nocturnal CO2 uptake in cross species com-
parisons. These observations suggest that anatomical charac-
teristics can be decoupled from photosynthetic physiology of 
CAM within the homoploid hybrid species Y. gloriosa.

Interspecific correlations of anatomy and physiology

The few studies that have linked leaf anatomy to CAM 
photosynthetic capacity have provided often contrasting results 
on how important various anatomical traits are for CAM. In a 
study that compared phylogenetically unrelated strong CAM 
and C3+CAM species, cell size was found to be unrelated to 
CAM (Nelson and Sage, 2008). In contrast, a study of Clusia 
species that ranged from C3 to CAM with intermediates showed 
palisade mesophyll cell size was significantly correlated to the 
proportion of CO2 uptake at night (Barrera Zambrano et  al., 
2014). Across the three Yucca species examined here, cell size 
(area) was related to nocturnal CO2 uptake under both watered 
and drought conditions, although such a relationship did not 
exist at the intraspecific level within Y. gloriosa. All studies use 
cell size as a proxy for vacuolar size, which in theory would 
limit the storage capacity of malate. It is possible that vacu-
olar size is not linearly related to cell size (but see Chan and 
Marshall, 2014), and that inconsistent results on the import-
ance of cell size between studies is related to using anatom-
ical proxies for the true trait of interest. Alternatively, and more 
probably, studies that control for phylogenetic distance, such 
as the present one and those conducted across Clusia species, 
reduce noise introduced by sampling across evolutionarily dis-
tant lineages and may provide a more accurate assessment of 
anatomical importance.

In addition to cell size, IAS is often cited as a critical trait for 
CAM, although whether it evolves as a byproduct of tight cell 
packing (Maxwell et al., 1997) or as a way to reduce CO2 efflux 
remains unclear (Borland et al., 2018). IAS was strongly correl-
ated to strength of CAM when measured across unrelated CAM 
and C3+CAM species (Nelson and Sage, 2008), but had little 
role in determining the strength of CAM when assessed within 
the genus Clusia (Barrera Zambrano et al., 2014). IAS was cor-
related to nocturnal CO2 assimilation when tested across all 
three species of Yucca here, but was not correlated to leaf acid 
accumulation, and showed no relationship to any other traits 
within Y. gloriosa. That IAS is not predictive of physiology in 

Y.  gloriosa (neither nocturnal CO2 uptake nor the amount of 
leaf acids that accumulate) is surprising, given that contrasts 
between C3 and CAM species have repeatedly shown the latter 
have significantly reduced IAS (Heyduk et al., 2016a, b; Males, 
2018). Together, the IAS trends across and within Yucca species 
show that while IAS may be required for constitutive CAM, 
there exists a large intermediate space where IAS predicts very 
little about photosynthetic functionality.

For many anatomical and physiological traits, Y.  gloriosa 
has intermediate values compared to the two parental spe-
cies and often occupies a much broader range of trait values 
(Supplementary Data Fig.  S3). It is possible that our limited 
sampling of the parental species, drawn from previous work, 
reduces our ability to accurately assess trait space in Y. aloifolia 
and Y. filamentosa. However, multiple genotypes were sampled 
across the ranges of both parental species, and thus the greater 
variation found within the hybrid is likely to be due to gen-
omic mixing, rather than sampling bias. While trait values in 
Y. gloriosa were typically intermediate, one notable exception 
was the transgressive values of total CO2 assimilation under both 
watered and drought-stressed conditions. Due to Y. gloriosa’s 
nearly C3-level of daytime CO2 fixation coupled with the ability 
to use low-level CAM, total CO2 uptake rates far exceed that of 
either parent, at least in certain genotypes. Such a mixed photo-
synthetic strategy may be particularly valuable on the coastal 
dunes that Y. gloriosa is restricted to, because although rainfall 
in the southeastern USA is not particularly limiting, any water 
that does fall probably percolates through the sandy substrate 
quickly.

Despite the potentially novel phenotypes that Y. gloriosa ex-
hibits relative to its parental species, they are unlikely to underlie 
the speciation of the hybrid from its progenitors. All three Yucca 
species are found across the southeastern US coast, although 
only Y. aloifolia and Y. gloriosa grow with any frequency on 
the coastal dunes. Yucca filamentosa is typically further away 
from the ocean in the coastal scrub, although it can be found in 
exposed sand near brackish inlets (K. Heyduk, unpubl. res.). 
Homoploid hybrid species can be formed and maintained either 
through chromosomal structural rearrangements that form a re-
productive barrier between the new species and its progenitors, 
or via ecological differentiation, whereby the new combination 
of traits in the hybrid allows for habitation of a novel niche 
relative to the parental species (Gross and Rieseberg, 2005). As 
the habitats of the Yucca species studied here largely overlap, 
particularly Y. gloriosa and Y. aloifolia, the latter at first seems 
unlikely, despite Y. gloriosa being clearly distinct in total CO2 
assimilation rates. However, flowering time of the three species 
is markedly different: Y. filamentosa typically flowers earliest, 
in late May and June, followed by Y. aloifolia. Yucca gloriosa 
has been noted to flower at the end of the summer and into au-
tumn (Trelease, 1902); whether the later flowering time was 
selected for in order to reduce backcrossing, or was instead a 
byproduct of the initial hybridization events, remains unknown. 
Additionally, other biotic interactions (e.g. below-ground 

Fig. 6. Scatterplots and regression lines with R2 and P-values for a subset of traits (Supplementary Data Fig. S4). Individual data per plant are plotted, and cor-
relations are shown for individual plant data across all three species together, rather than genotypic means (Table S5). (A) Total CO2 assimilation under watered 
(W) and drought (D) plotted against intercellular airspace (IAS). (B–G) Nocturnal CO2 assimilation under watered and drought plotted against IAS (B), mean 
mesophyll cell area (C), leaf thickness (D), leaf acid accumulation under watered (E) and drought (F) treatments, and against the maximum amount of acid present 

at any time point (G). Leaf acidity measurements are per gram of frozen weight (f. wt).
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mutualisms or pollinators) or microhabitat variation are largely 
untested as potential drivers of Yucca speciation (but see 
Rentsch and Leebens-Mack, 2014). Chromosomal structural 
rearrangements may explain an apparent lack of backcrossed 
individuals, but we do not currently have the genomic data to 
test this hypothesis.

Intraspecific variation for CAM upregulation

Genotypes of Y. gloriosa used variable levels of CAM, and 
differentially upregulated CAM under drought stress. The dif-
ferential drought response was a result of two separate axes 
of the CAM phenotype: both leaf acid accumulation and noc-
turnal CO2 uptake varied by environment, and could do so in a 
de-coupled manner (Fig. 4). That is, certain genotypes increased 
the amount of leaf acids accumulated based not on increasing 
atmospheric CO2 uptake but instead by presumably re-fixing re-
spired CO2. Such a response indicates that many of the required 
enzymes are present and regulated correctly, but that stomatal 
aperture responded negatively to drought at night. Reducing net 
CO2 uptake but increasing leaf acid accumulation is the typical 
response of Y.  aloifolia to drought stress as well. In general, 
the response to drought stress in Y. gloriosa was transgressive 
relative to parental phenotypes, in that genotypes of Y. gloriosa 
were able to respond to drought stress in ways that neither parent 
could. For example, certain genotypes could increase both CO2 
uptake and leaf acid accumulation under drought stress; this re-
sponse was not seen in any of the parental genotypes measured 
here. Other genotypes occupied a part of trait space where noc-
turnal CO2 uptake increased under drought stress, but leaf acids 
decreased (Fig. 4D). How incoming CO2 is processed in these 
genotypes remains unclear and warrants additional exploration 
in these genotypes, especially through metabolomic and gen-
omic analyses to help pinpoint alternative pathways.

The segregation of CAM drought response in Y.  gloriosa 
also presents an ideal system with which to interrogate the mo-
lecular components of drought response in facultative CAM 
species. CAM has been touted as a potential trait for increasing 
food and biofuel crop drought tolerance through bioengin-
eering (Borland et al., 2014, 2015), and early efforts to trans-
form C3 species to CAM were instrumental in generating an 
abundance of genomics data for CAM species. Yet fully com-
mitting a C3 plant to CAM may result in costs that outweigh any 
gains in drought tolerance; larger leaves and cells will require 
more energy and time to produce, and constitutive CAM usage 
is not ideal when drought may be intermittent. Instead, drought 
tolerance engineering efforts should look to facultative CAM 
or C3+CAM, as in Y. gloriosa, which outperforms its parental 
species in terms of total CO2 uptake, and may result in faster 
biomass gains, although this remains to be tested. The natural 
variation for CAM induction and upregulation in Y. gloriosa, 
as well as the uncoupling of various CAM traits, including 
anatomy, acid accumulation and CO2 uptake, make Y. gloriosa 
ideal for investigating the molecular basis of particular CAM 
traits and their regulation via abiotic signalling.

Future work should continue to examine intraspecific vari-
ation in plant anatomical and photosynthetic traits, particularly 
in intermediate species, as well as variation under different en-
vironmental conditions. There is likely to be significant variation 

even in non-hybrid species. The grass Alloteropsis semialata has 
both C3, C4 and intermediate individuals, and is a model system 
for understanding how C4 evolved in this species (Ueno and 
Sentoku, 2006; Lundgren et al., 2016). Moreover, photosynthetic 
traits are likely to vary across the geographical range of a spe-
cies, especially if that range has variation in environmental cues. 
For example, photorespiration rates vary across populations of 
Flaveria linearis, an intermediate C3–C4 species (Teese, 1995). 
Finally, photosynthetically intermediate species are not the only 
ones capable of showing intraspecific variation in leaf anatom-
ical and photosynthetic traits. Accessions of the C4 Gynandropsis 
gynandra have high enough intraspecific variation for C4 traits 
that crosses between phenotypically distinct genotypes could 
allow for genetic mapping of traits of interest (Reeves et  al., 
2018). While it has not been examined extensively, strong CAM 
species have the potential to exhibit intraspecific variation, and 
understanding that variation can help us better understand the 
overall plasticity of complex traits such as CAM photosynthesis.

Implications for the evolution of CAM

While Y.  gloriosa is a hybrid and therefore represents a 
somewhat atypical avenue for trait evolution, it still allows us a 
glimpse into how a trait such as CAM might be assembled. The 
homoploid nature of Y. gloriosa means that the genomic con-
tent of the two parental species is not highly divergent, and that 
the mix of traits found in Y. gloriosa genotypes are not a result 
of a highly perturbed genome but more like what may be ex-
pected of an intraspecific cross between phenotypically diver-
gent parents. The mixture of traits within Y. gloriosa allows us 
to speculate on the genomic architecture underlying the CAM 
phenotype. It seems unlikely that many of the traits are genetic-
ally linked – that is, the few relationships between traits within 
Y. gloriosa mean the underlying genes are dispersed in physical 
genomic location and that they are not necessarily expressed in 
or regulated by similar pathways. For example, there is nothing 
in the genome of Y. gloriosa that requires large cells to develop 
low IAS (or vice versa), or that CAM activity is in any way 
linked genetically to leaf thickness. The variation in and lack of 
association between traits in Y. gloriosa also implies, unsurpris-
ingly, that the CAM phenotype is highly quantitative, and that 
recombination can break up many of the underlying traits. The 
genetic architecture of CAM does not fully explain why such 
a mix of traits has remained in Y. gloriosa. Perhaps not enough 
generations have passed for the traits to sort into parental types, 
or perhaps the environment in some way promotes the mainten-
ance of Y. gloriosa’s interemediate phenotypes. Alternatively, 
Y. gloriosa is not a particularly rare species in its native habitat, 
but its populations are small and relatively isolated. In such 
small populations, selection has a weaker effect than drift, 
which can lead to less advantageous combinations of traits per-
sisting in a population (Ohta, 1992). Additional research using 
reciprocal transplants could facilitate our understanding of 
whether intermediate traits like those found in Y. gloriosa can 
confer a fitness advantage in some circumstances.

The variation and lack of correlation between traits 
underlying the CAM phenotype in Y.  gloriosa also give in-
sight into how CAM is assembled over evolutionary time. 
While certain traits appear fixed when we examine strong 
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C3 and CAM species, intermediate species are important for 
understanding the processes that may have led to trait fix-
ation and correlation across traits. After all, selection acts 
not on the species level, but on individuals, and indeed there 
is a broad phenotypic space within Y. gloriosa for the traits 
examined here that selection could act upon. That selec-
tion seems to recurrently end up on a particular anatomical 
phenotype in CAM species (i.e. larger cells, thicker leaves) 
despite no genetic constraint for such a correlation suggests 
there is an optimal combination of traits for CAM efficiency. 
The pattern of convergent evolution of trait combinations, 
paired with intermediate species showing highly variable trait 
combinations, implies a funnel shape to the evolutionary tra-
jectory of CAM. Species can use a degree of CAM without 
committing to any particular leaf anatomy (Edwards, 2019), 
meaning that initial transitions to using C3+CAM can follow 
broad and varied routes. This is in contrast to the evolution of 
C4 photosynthesis, which, like CAM, requires specific ana-
tomical characteristics. In C4 lineages, anatomical changes 
occur prior to the evolution of C4 biochemistry (McKown and 
Dengler, 2007; Lundgren et al., 2019); in some cases, like the 
PACMAD clade of grasses, these anatomical changes happen 
early enough in evolutionary time that they are thought to 
have facilitated repeated origins of C4 (Christin et al., 2013). 
In contrast, ‘weak’ CAM or C3+CAM has no anatomical con-
straints in Yucca. There is, however, an upper bound where 
further investment in CO2 fixation by the CAM pathway re-
quires dedicated anatomy, although the exact threshold of 
that transition point remains unclear. The funnel shape to the 
evolution of CAM, whereby no anatomical constraints impact 
low levels of CAM function, means that ordering of events on 
the evolutionary trajectory from C3 to CAM will be exceed-
ingly difficult, as lineages can take various routes through the 
intermediate zone.

While the lack of correlated traits in an intermediate 
C3+CAM hybrid species has implications for broader questions 
on the evolution of CAM, future work can elaborate upon the 
patterns seen here and help to assess how generalizable these 
results are. Sampling of parental genotypes and overall range 
was limited, and thus there may exist greater variation among 
traits in the parental C3 and CAM species as well. Indeed, most 
studies that examine the correlation of anatomy to photosyn-
thetic physiology do not sample intraspecific variation, and 
therefore it remains a largely unexplored area of CAM. The 
growth conditions used in this study were based on previous 
work in the Yucca system, but modulating those conditions 
may reveal deeper levels of variation across environmental gra-
dients. Finally, the Yucca hybrid system is a single example of 
intermediacy between C3 and CAM, and other C3+CAM spe-
cies should continue to be examined via detailed physiology 
and anatomy to advance fundamental understanding of how 
CAM evolves. Investigations within and between species ex-
hibiting a mix of CAM, C3 and intermediate species will con-
tinue to provide insights into whether the decoupling of CAM 
traits we observe in a hybrid species holds more generally.

CONCLUSIONS

Comparisons between C3 and CAM species have suggested 
suites of traits are correlated to maximize the efficiency of 

each photosynthetic pathway. CAM species have large cells for 
storing malate, and the cells are often packed together densely 
in large, thick leaves to minimize CO2 leakage back into the 
atmosphere; C3 plants have large amounts of airspace between 
significantly smaller cells to facilitate the diffusion of CO2 to 
the sites of Rubisco carboxylation. These trends have been seen 
repeatedly in independent CAM lineages, but few studies have 
examined intermediate C3+CAM plants, and even fewer have 
assessed intraspecific variation for traits. The C3+CAM hybrid 
Y. gloriosa examined here not only has a greater range of traits 
than either of its parental species, but it also lacks many of the 
trait correlations commonly associated with the ability to use 
CAM. Indeed, no single leaf anatomical trait could predict the 
amount of CO2 acquired via CAM in the hybrid species. The 
lack of correlation within the intermediate Y. gloriosa suggests 
that the evolutionary trajectory to CAM from C3 passes through 
a stage where many combinations of anatomical and photo-
synthetic physiology traits are viable. Furthermore, in Yucca 
at least, anatomical and physiological traits are not genetically 
linked, supporting existing hypotheses that suites of leaf traits 
found repeatedly in CAM species have been selected for in 
order to maximize photosynthetic efficiency. Finally, we find 
that there is extensive intraspecific variation in the ability to 
upregulate CAM under drought stress in Y. gloriosa. Using the 
variation for CAM in this hybrid, we can begin to interrogate 
the genetic mechanisms that link environmental cues to CAM 
photosynthesis.
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