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Abstract. Nucleotypic effects are phenotypic changes related to the total nuclear DNA amount per cell. These ef-
fects are commonly observed among and within genera for certain cell types, and the generality of the positive cor-
relation between genome size and cell size has been well established. However, there are few studies of nucleotypic
effects which incorporate into the analysis both ploidy level and genome size (given as Mbp determined by 2C val-
ues). To test the hypothesis that cell size scales with genome size and ploidy, we measured the guard cell length, epi-
dermal pavement cell surface area, and pollen grain diameter using individuals of multiple species and accessions
of the cotton genus (Gossypium), in which different species exhibit three-fold variation in genome size. We measured
cell sizes using calibrated microscopic image analysis. Significant relationships were found between genome size
and cell size, with stronger correlations between guard cell length and genome size than with epidermal pavement
cell surface area. We also found a relationship between pollen grain diameter and genome size. These results indi-
cate that nucleotypic effects occur within Gossypium, scale with ploidy level, and are stronger in less variable cell
types.
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Introduction

Nucleotypic effects—changes in phenotype related to
the total amount of nuclear DNA within and among
taxa—are well-documented in plant biology, with re-
ports tracing to as early as the 1930s (Davis and
Heywood 1963). Correlative studies across taxa have
found that nuclear DNA amount may be positively corre-
lated with cell or seed size (Anderson et al. 1985;
Beaulieu et al. 2008; Hodgson et al. 2010; Knight 2005;
Knight and Beaulieu 2008; Otto 2007; Rees et al. 1966;
Vesely et al. 2012), and negatively correlated with

stomatal density (Beaulieu et al. 2008; Knight and
Beaulieu 2008). Studies within single genera or species
have found more variable results, including differences
between various cell types. In Arabidopsis, a positive cor-
relation between ploidy and size of guard cells, epider-
mal pavement cells, and trichomes has been reported,
with epidermal pavement cells being more variable than
other cell types (Melaragno et al. 1993). A different study
of Arabidopsis focusing on leaf mesophyll, petal epider-
mis, and pollen grains, however, did not find a correlation
between ploidy and cell size (Tsukaya 2013). Despite
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this, the positive correlation between genome size and

cell size is often observed (Cavallini et al. 1993; Coate et

al. 2012; Kenton et al. 1986; McCarthy et al. 2015; Mishra

1997; Mowforth and Grime 1989; Wong and Murray

2012).
Edwards and Endrizzi (1975) surveyed 17 species of

Gossypium and reported a positive correlation between

DNA content and cell volume for a single cell type, i.e.,

those from the meristematic (distal 0.5 mm) region of

root tips. It is unknown whether this pattern holds for

other cell types or for cells having different ploidy levels.

To address the questions of how nucleotypic effects

scale with polyploidy and nucleotypic differences be-

tween cell types, we explored the relationships among

genome size and several cellular features in Gossypium

diploids and allopolyploids, specifically guard cell size,

epidermal pavement cell (EPC) surface area, and pollen

grain diameter. We used Gossypium as a model because

of the three-fold genome size variation that exists

among the diploid species, and because of its well-

established evolutionary framework for the allopolyploid

formation (Wendel and Grover 2015). Notably, A- and

D-genome species differ two-fold in genome size, with

near-additivity in the allopolyploids. We hypothesized

that species with larger genomes will have larger cell

sizes (AD>A>D) and that accessions from the same

genome group will have similar cell sizes. Because ma-

ture cell shapes and volumes for some cell types may be

developmentally more plastic than other cell types, con-

tingent upon, for example, environmental conditions

during growth, we also hypothesized that nucleotypic ef-

fects will be stronger for cell types that are more canal-

ized or homogeneous in their size (guard cells, pollen

grains) than for more variable cell types (here, EPCs), as

in Melaragno et al. (1993).

Methods

Cell type choices

We chose to measure guard cells and EPCs because they

are readily accessible and uniformly present among

Gossypium species and accessions, unlike other cell

types, such as non-glandular trichromes. Guard cells and

EPCs also span a range of intraspecific variability in size

and shape. Pollen grains were included because they are

uniform in shape and are readily collected during flower-

ing times. Subsidiary cells were not sampled due to their

variability in number (Wullschleger and Oosterhuis 1989)

and patterning (Bondada and Oosterhuis 2000;

Gangadhara et al. 1977).

Plant material

The ‘A genome’ diploid ancestor of allopolyploid (‘AD gen-
ome’) cottons, from the Old World, and the ‘D genome’
diploid ancestor, from the New World, hybridized 1-2 mil-
lion years ago to form a new allopolyploid clade in the
New World (Wendel and Grover 2015). Two different allo-
polyploid and two different diploid species were inde-
pendently domesticated for their abundant seed
epidermal trichomes (cotton ‘fiber’), which can be har-
vested and spun into fabrics. All plant materials studied
came from the collection of Gossypium maintained by the
Wendel lab in the Pohl Conservatory at Iowa State
University. All plants were grown under identical green-
house conditions, in rooms that received natural light and
with temperatures held at 80

�
F during the day, and 72

�
F

at night. For leaf tissues, the following accessions were
sampled: MAXXA, Yucatanese (abbr. YUC), A1-73, WAGAD,
A2-101, and D5. MAXXA and YUC are allopolyploid acces-
sions of G. hirsutum, the former domesticated and the lat-
ter wild. A1-73 and WAGAD, respectively, are wild and
domesticated forms of the diploid species G. herbaceum.
A2-101 is a domesticated diploid accession of the species
G. arboreum. D5 is a wild diploid accession of the species
G. raimondii. Thus, three genome groups were included in
the study, the A (A1-73, WAGAD, and A2-101), AD
(MAXXA, Yucatanese), and D (D5) (Table 1).

Pollen grain samples were taken from flowering indi-
viduals of the same accessions with a few exceptions.
Individuals of WAGAD were not in flower and no individ-
uals of similar accessions were flowering; thus, pollen
grains from individuals of domesticated G. herbaceum
were not included. Similarly, A1-73 was not in flower, but
we did sample individuals of a genetically similar acces-
sion, A1-79.

Leaf feature measurements

We considered the following possible sources of vari-
ation in our design: sampling surface, leaf, and individ-
ual. While leaves in Gossypium are amphistomatal, the
abaxial surface exhibits greater stomatal density than
the adaxial surface (Wise et al. 2000; Wullschleger and
Oosterhuis 1989), as is commonly observed in plants. It
was also found that guard cells of the adaxial surface
were generally larger than those of the abaxial surface in
Gossypium (Bondada and Oosterhuis 2000) and in other
genera (Zarinkamar 2007). However, Wise et al. (2000)
found no difference between the guard cell measure-
ments of the abaxial and adaxial surfaces in G. hirsutum.
To account for variation among leaves within individuals,
we selected two leaves from each plant. Similarly, to ac-
count for variation among individuals within accessions,
we sampled three different individuals. Thus, for each
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accession studied (Table 1), two fully expanded, mature

leaves from each of three individuals were taken from

similar positions within the canopy.
Epidermal peels were taken from both the abaxial and

adaxial surfaces. The peels were created using the scrap-

ing procedure of Cutler et al. (2008). The peels were

stained with either Toluidine Blue or Safronin, depending

on availability, and mounted for temporary use on glass

slides (both stains are equally efficacious for the pur-

poses of this study). Images of peels were taken using a

phase contrast microscope (Nikon Eclipse SSi, Nikon

Metrology, Brighton, Michigan, USA) and imaging system

(Nikon Digital Sight, Nikon Metrology), using tissue from

the more basal quadrants of the leaves. All images were

taken at 200x magnification (Fig. 1A).
Image features were quantified using ImageJ soft-

ware (http://imagej.nih.gov/ij/index.html). Guard cell

length was measured along the long axis of the stomate

and epidermal cell surface area was measured using the

outline of the cell. All stomata that were clearly and fully

within the borders of each image were measured. Due to

the challenge of clearly differentiating subsidiary cells

from EPC, cells that were not touching stomata, that

were fully in view, and that did not touch a previously

measured cell were considered EPCs, and were meas-

ured (Fig. 1B). The count range for guard cells was 498

cells to 952 cells. The count range for EPCs was 614 cells

to 1107 cells. Leaves from some accessions produced

better epidermal peels than others, resulting in variation

in cell counts (Fig. 1).

Pollen measurements

Pollen was collected from similar or identical accessions

as for the leaf material (Table 1, Fig. 1C). Pollen grains

were stained with lactophenol-aniline blue and mounted

on slides. Twenty pollen grains were photographed from

an individual of each accession at 400x magnification on

a phase contrast microscope and imaging system. The

pollen grain diameter was measured using ImageJ soft-

ware. The diameter was considered from the tip of a

spine to the tip of an opposing spine. If a measurement

couldn’t be made vertically because part of the grain

was not imaged, horizontal diameter was measured.

Correlation between guard cell surface area and
guard cell length

Twenty abaxial guard cells per leaf were sampled for

length and surface area. Our definition of surface area

was the area encompassed by both guard cells around a

single stomate. Length was measured as described

above. Measures of the same guard cells were paired for

testing correlation of guard cell length and stomatal sur-

face area. The goal was to account for stomatal opening

as a source of variation.

Statistical methods

Because the experiment nested surface within leaf

within individual within accession, surface is the lowest

independent level of the model with individual cells act-

ing as repeated measurements within each nested cat-

egory. The average of each category was used for

analysis of variance of the 72 combinations of 6 acces-

sions, 3 individuals, 2 surfaces, and 2 leaves.
We used the genome sizes published in Hendrix and

Stewarts (2005) to group individual accessions for or-

thogonal contrasts to determine differences between ac-

cessions differing in genome size. The General Linear

Model function of the Minitab 17 software was used for

statistical analyses. R2
adjusted values are reported for

each of these models; this takes the number of predictor

......................................................................................................................................................................................................................

Table 1. Accessions sampled for leaf tissue and pollen grains. Genome size information is from Hendrix and Stewart (2005) rounded to the
nearest 100 mbp.

Genome Group Species Accession Ploidy Level Domestication Status Genome Size (Mbp) Material Collected

AD1 G. hirsutum MAXXA tetraploid domesticated 2400 leaf, pollen

AD1 G. hirsutum Yucatanese (abbr. YUC) tetraploid wild 2400 leaf

AD1 G. hirsutum TX2094 tetraploid wild 2400 pollen

A1 G. herbaceum WAGAD diploid domesticated 1700 leaf

A1 G. herbaceum A1-73 diploid wild 1700 leaf

A1 G. herbaceum A1-79 diploid wild 1700 pollen

A2 G. arboreum A2-101 diploid wild 1700 leaf, pollen

D5 G. raimondii D5 diploid wild 880 leaf, pollen
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Figure 1a. (A) Images of leaf epidermal peels (scale bars¼50 lm). Red and blue images are peels stained with Safronin and Toluidine, re-
spectively. (A) G. hirsutum race yucatanese adaxial surface (B) G. hirsutum race yucatanese abaxial surface (C) G. arboreum A2-101 adaxial
surface (D) G. arboreum A2-101 abaxial surface (E) G. raimondii adaxial surface (F) G. raimondii abaxial surface (G) G. herbaceum subsp. africa-
num A1-73 adaxial surface (H) G. herbaceum subsp. africanum A1-73 abaxial surface (I) G. hirsutum cv. MAXXA adaxial surface (J) G. hirsutum
cv. MAXXA abaxial surface (K) G. herbaceum cv. Wagad adaxial surface (L) G. herbaceum cv. Wagad abaxial surface. 1b: Image of G. hirsutum
MAXXA adaxial leaf epidermis. Numbers correspond to cell types. (1) stomate (2) subsidiary cell (3) epidermal pavement cell. 1c: Pollen grains
of five accessions (scale bars¼10 lm). (M) G. hirsutum cv. MAXXA (N) G. hirsutum cv. TX2094 (O) G. herbaceum subsp. africanum A1-79 (P)
G. arboreum A2-101 (Q) G. raimondii.
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variables into account when calculating the R2. Contrasts

were performed using the procedure for orthogonal con-

trasts in Oehlert (2000). P-values less than 0.05 are con-

sidered significant.

Results

Guard cell length

The model for guard cell length found all nested factors

to be significant (accession F¼23.21, P<0.001; individ-

ual F¼3.37, P¼0.010; leaf F¼4.32, P<0.001; Table 2)

and accounted for 96.4 % of the variation (R2
adjusted). The

orthogonal contrasts found a significant difference be-

tween plants from the AD genome group (MAXXA and

Yucatanese) and those from the diploid A and D

genomes (A1-73, Wagad, A2-101, D5) (P<0.001), with

the AD plants having longer guard cells than plants from

the A and D genomes (AD>A, D). Additionally, the con-

trasts indicated a significant difference between the

A and D genome groups (P¼0.0486), with A having a

longer guard cells than D (A>D, Fig. 2A). There was

no significant difference between Yucatanese and

MAXXA (P¼0.2187), nor between A1-73 and Wagad

(P¼0.2196).

Epidermal pavement cell surface area

The model for EPC surface area found all nested factors

to be significant (accession F¼13.87, P<0.001; individ-

ual F¼2.75, P¼0.026; leaf F¼3.15, P¼0.002; Table 2)

and accounted for 91.1 % of the variation (R2
adjusted).

Orthogonal contrasts were not significantly different be-

tween the polyploids and diploids (P¼0.2564), but were

for the A versus D genome groups (P¼0.0015) (A>D,

Fig. 2B). No significant difference was detected between

the two G. hirsutum accessions, Yucatanese and MAXXA

(P¼0.970) but there was a difference between the two

G. herbaceum accessions A1-73 and Wagad (A1-

73>Wagad) (P¼0.0067).

Pollen grain diameter

The model found accession to be a significant factor

(f¼1204.47, P<0.001; Table 2) and accounted for most

of the variation (R2
adjusted¼89.2 %). Orthogonal con-

trasts indicate a significant difference between the

polyploids and diploids (P<0.001) but not between the

two diploid genome groups (P¼0.1440) (AD>A, D;

Fig. 2C). The two G. hirsutum accessions had significantly

different pollen grain diameters (Tx2094>MAXXA)

(P<0.001).

......................................................................................................................................................................................................................

Table 2. ANOVA Models for each cell type using Minitab17. Accession is fixed, all other variables are random.

Cell type Guard Cell Length

Source Type III sum of squares df Mean square F P

Accession 470.46 5 94.0914 23.21 0.000

Individual (Accession) 48.65 12 4.0542 3.37 0.010

Leaf (Accession, Individual) 21.68 18 1.2043 4.32 0.000

Error 10.05 36 0.2791

Total 550.83 71

Cell type Epidermal Pavement Cell Surface Area

Source Type III sum of squares df Mean square F P

Accession 6021888 5 1204378 13.87 0.000

Individual (Accession) 1041979 12 86832 2.75 0.026

Leaf (Accession, Individual) 568042 18 31558 3.15 0.002

Error 360452 36 10013

Total 7992360 71

Cell type Pollen Grain Diameter

Source Type III sum of squares Df Mean square F P

Accession 17542 4 4385.59 204.47 0.000

Error 2038 95 21.45

Total 19580 99
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Discussion

Correlation between cell sizes and genome size

We predicted that accessions with larger genome sizes

would also have larger cells, following the pattern of
AD>A>D, with accessions of the same genome group

showing no differences. This pattern held for guard cell

length and pollen grain diameter, but not for EPC surface
area. These results parallel those of Katagiri et al. (2016),

indicating that cell type is a factor in the relationship be-
tween nuclear DNA amount and cell size.

Guard cell length and guard cell surface area were

highly correlated (R-sq¼0.88), indicating that stomate
aperture influences the guard cell length, as previously

reported (Meckel et al. 2007). We observed a small effect,
such that for every 1 lm2 increase in surface area, there
was a 0.026 lm increase in length.

The EPC surface area did not clearly demonstrate
nucleotypic effects. Cells from the A and D genome
group accessions were different from one another, but
were not different from those of the AD tetraploids. The
former of these two results likely reflects the inclusion of
the G. herbaceum accession, A1-73; these individuals
had larger EPC surface areas than individuals of the
tetraploid G. hirsutum accessions Maxxa or Yucatanese
(Fig. 2). This, in addition to similar surface areas of
Wagad, A2-101, and MAXXA, likely accounts for the ab-
sence of significant difference between the polyploids
and diploids in the orthogonal contrasts. The difference
between A1-73 and the other A genome accessions was
unexpected. However, interspecific and intraspecific gen-
etic variation within the A genome group is extensive
(Kebede et al. 2007; Wendel et al. 1989). Moreover, ac-
cession A1-73 is the only truly wild A-genome sample
studied, and it is both geographically and genetically dis-
tant from the others. Additional sampling within this
genome group will be necessary to assess levels and pat-
terns of variation in the features studied here.

Pollen grain diameters were consistent with our nucle-
otypic hypotheses, with some deviation. Pollen from
polyploid accessions did have larger diameters than did
pollen from diploid accessions, and pollen diameter was
significantly different between wild and domesticated
polyploid accessions. This latter difference may be a do-
mestication effect. However, pollen grains of diploid ac-
cessions did not follow nucleotypic trends, with the
smaller D5 genome having larger pollen than that of the
wild A genome accession, A1-79 (Fig. 2C). This indicates
that while nucleotypic effects may influence the pollen
grain diameter, other factors such as domestication
(possibly illustrated by the larger A2-101 pollen diam-
eter) are also important. It has also been shown by
Knight et al. (2010) that pollen grains do not always dis-
play nucleotypic effects.

Patterns of cell size between domesticated and
wild accessions

While there were no differences in guard cell length be-
tween domesticated and wild accessions of the same
species, there were differences in the EPC surface area
and in pollen grain diameter. With regards to the former,
A1-73 and Wagad were significantly different, with A1-
73 having larger cells than those of the domesticated ac-
cession Wagad (P¼0.0067). With respect to pollen grain
diameter, TX2094 individuals had larger pollen grains
than did MAXXA individuals (P<0.001). This indicates

Figure 2. All bars represent one standard error. (a) Mean guard
cell length by accession. (b) Mean epidermal pavement cell surface
area by accession. (c) Mean pollen grain diameter by accession.
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that for at least a couple of cell types, domesticated ac-
cessions have smaller cells compared to wild counter-
parts of the same species. Previous studies of
domestication effects on cell size have mostly focused
on fruit and seed enlargement, often reporting that the
number of cells as well as cell volume increase as a re-
sult of domestication (Colunga-GarciaMarin et al. 1996;
Guo and Simmons 2011; Malladi and Hirst 2010;
Schwanitz 1966). Evans (1976) suggests an increase in
leaf size relates to an increasing cell size, whereas
Reinhardt and Kuhlemeier (2002) suggest both cell div-
ision and cell enlargement are key to the final leaf size.
Also, there may be interdependence of cell division and
enlargement (del Pozo and Ramirez-Parra 2015;
Reinhardt and Kuhlemeier 2002), with both of these fea-
tures under complex regulatory control (Guo and
Simmons 2011). Distribution and size changes in sto-
mata of domesticated plants have been observed (Milla
et al. 2013), perhaps reflecting changing water availabil-
ity between cultivated fields and wild settings. We did
not, however, find a difference in guard cell length be-
tween the two domesticated-wild pairs studied here.
With the caveat that only a single accession was
sampled for each class (wild, domesticated) for each of
these two domesticated cotton species, our results are
only preliminary, and raise the possibility that domesti-
cation has led to smaller epidermal pavement cells and
pollen grains, without changes in guard cell length.

Possible mechanisms for nucleotypic effects

It is hypothesized that nucleotypic effects in plants occur
because cells with larger genomes require larger nuclei,
with cascading effects related to overall cell size (Price
1988). Nucleotypic effects may also have complex regu-
latory underpinnings (del Pozo and Ramirez-Parra 2015),
as evidenced by the specificity of cell identity as an im-
portant determinant for genome size-cell size relation-
ships in Arabidopsis thaliana (Katagiri et al. 2016). At
present, much remains to be learned regarding the
multitude of factors that determine cell sizes in plants,
and the cases in which a direct relationship to genome
size is important.

Conclusions

Nucleotypic effects appear to be acting upon guard cell
length, EPC surface area, and pollen grain diameter in
Gossypium. These effects are strongest on guard cell
length and pollen grain diameters. In addition to a gen-
eral increase in cell sizes with an increase in genome
size, there is evidence of differences between cells from
domesticated and wild accessions of the same species.

The individuals of domesticated accessions have smaller

cells than their wild counterparts, possibly indicating

some effect of the domestication process and water

availability. However, more domesticated and wild pairs

would have to be studied to confirm this relationship.

Sources of Funding

Our work was funded by the National Science

Foundation Plant Genome Research Program (United

States of America) and Cotton Incorporated (United

States of America).

Contributions by the Authors

Each author listed made a substantial contribution to

this manuscript and the research presented. Samantha

Snodgrass was responsible for data collection and statis-

tical analysis, as well as writing the manuscript. Josef

Jareczek contributed to the statistical work, polishing the

manuscript, and assisting with data collection. Jonathan

Wendel provided funding, guidance, and contributed sig-

nificantly to the quality of the manuscript.

Conflicts of Interest Statement

None declared.

Acknowledgements

We thank L. G. Clark at ISU for help with microscopy and

plant anatomy experiments, P. Fellers and S. Kuiper of

Grinnell College for statistical advice. Funding was pro-

vided by the NSF Plant Genome Research Program (to

J. Wendel) and by Cotton Inc. (to J. Wendel and

J. Jareczek).

Literature Cited
Anderson LK, Stack SM, Fox MH, Chuanshan Z. 1985. The relation-

ship between genome size and synaptonemal complex length

in higher plants. Experimental Cell Research 156:367–378.

Beaulieu JM, Leitch IJ, Patel S, Pendharkar A, Knight CA. 2008.

Genome size is a strong predictor of cell size and stomatal dens-

ity in angiosperms. New Phytologist 179:975–986.

Bondada BR, Oosterhuis DM. 2000. Comparative epidermal ultra-

structure of cotton (Gossypium hirsutum L.) leaf, bract and cap-

sule wall. Annals of Botany 86:1143–1152.

Cavallini A, Natali L, Cionini G, Gennai D. 1993. Nuclear DNA variabil-

ity within Pisum sativum (Leguminosae): Nucleotypic effects on

plant growth. Heredity 70:561–565.

Coate JE, Luciano AK, Seralathan V, Minchew KJ, Owens TG, Doyle

JJ. 2012. Anatomical, biochemical, and photosynthetic

Snodgrass et al. – Nucleotypic effects in cotton

AoB PLANTS www.aobplants.oxfordjournals.org VC The Authors 2016 700
Downloaded from https://academic.oup.com/aobpla/article-abstract/9/1/plw082/2737456
by Iowa State University user
on 05 December 2017

Deleted Text: CONCLUSIONS
Deleted Text: SOURCES OF FUNDING
Deleted Text: CONTRIBUTIONS BY AUTHORS
Deleted Text: CONFLICTS OF INTEREST
Deleted Text: The authors have no conflicts of interest to declare.


responses to recent allopolyploidy in Glycine dolichocarpa

(Fabaceae). American Journal Botany 99:55–67.

Colunga-GarciaMarin P, Estrada-Loera E, May-Pat F. 1996. Patterns

of morphological variation, diversity, and domestication of wild

and cultivated populations of Agave in Yacatan, Mexico.

American Journal Botany 83:1069.

Cutler DF, Botha T, Stevenson DW. (2008). Plant Anatomy: an

applied approach (Blackwell Publishing).

Davis PH, Heywood VH. (1963). Principles of Angiosperm Taxonomy

(Princeton, N. J.: Van Nostrand).

Edwards GA, Endrizzi JE. 1975. Cell size, nuclear size and DNA con-

tent relationships in Gossypium. Canadian Journal of Genetics

and Cytology 17:181–186.

Evans LT. 1976. Physiological adaptation to performace as crop

plants. Philosophical Transactions of Royal Society B Biological

Sciences 275:71–83.

Gangadhara M, Rao TB, INAMDAK J, Patel RM. (1977). Effect of

growth regulators on the structure of cotyledonary and hypoco-

tyledonary stomata of Gossypium herbaceum var. Digvijay. In

Phyton-Annales Rei Botanicae, (Ferdinand Berger Soehne

Wiener Strasse 21-23, A-3580 Horn, Austria), 9.

Guo M, Simmons CR. 2011. Cell Number Counts – The fw2.2 and CNR

genes and implications for controlling plant fruit and organ size.

Plant Science 181:1–7.

Hendrix B, Stewart JM. 2005. Estimation of the nuclear DNA content

of Gossypium species. Annals of Botany 95:789–797.

Hodgson JG, Sharafi M, Jalili A, Diaz S, Montserrat-Marti G, Palmer C,

Cerabolini B, Pierce S, Hamzehee B, Asri Y, et al. 2010. Stomatal

Vs. genome size in angiosperms: The somatic tail wagging the

genomic dog?. Annals of Botany 105:573–584.

Katagiri Y, Hasegawa J, Fujikura U, Hoshino R, Matsunaga S, Tsukaya

H. (2016). The Coordination Of Ploidy And Cell Size Differs

Between Cell Layers In Leaves. Development.

Kebede H, Burow G, Dani RG, Allen RD. 2007. A-genome cotton as a

source of genetic variability for upland cotton (Gossypium hirsu-

tum). Genetic Resources and Crop Evolution 54:885–895.

Kenton AY, Rudall PT, Johnson AR. 1986. Genome size variation in

Sisyrinchium L. (Iridaceae) and its relationship to phenotype and

habitat. Botanical Gazette 147:342–354.

Knight CA. 2005. The large genome constraint hypothesis: evolu-

tion, ecology and phenotype. Annals of Botany 95:177–190.

Knight CA, Beaulieu JM. 2008. Genome size scaling through pheno-

type space. Annals of Botany 101:759–766.

Knight CA, Clancy RB, Götzenberger L, Dann L, Beaulieu JM. 2010.

On the relationship between pollen size and genome size.

Journal of Botany 1–7.

Malladi A, Hirst PM. 2010. Increase in fruit size of a spontaneous

mutant Of “Gala” apple (Malusxdomestica Borkh.) is facilitated

by altered cell production and enhanced cell size. Journal of

Experimental Botany 61:3003–3013.

McCarthy EW, Arnold SEJ, Chittka L, Le Comber SC, Verity R,

Dodsworth S, Knapp S, Kelly LJ, Chase MW, Baldwin IT, et al.

2015. The effect of polyploidy and hybridization on the evolution

of floral colour in Nicotiana (Solanaceae). Annals of Botany 115:

1117–1131.

Meckel T, Gall L, Semrau S, Homann U, Thiel G. 2007. Guard cells

elongate: relationship of volume and surface area during sto-

matal movement. Biophysical Journal 92:1072–1080.

Melaragno JE, Mehrotra B, Coleman AW. 1993. Relationship be-

tween endopolyploidy and cell size in epidermal tissue of

Arabidopsis. Plant Cell Online 5:1661–1668.

Milla R, de Diego-Vico N, Martin-Robles N. 2013. Shifts in stomatal

traits following the domestication of plant species. Journal of

Experimental Botany 64:3137–3146.

Mishra MK. 1997. Stomatal characteristics at different ploidy levels

in Coffea L. Annals of Botany 80:689–692.

Mowforth MA, Grime JP. 1989. Intra-population variation in nuclear

DNA amount, cell size and growth rate in Poa annua L.

Functional Ecology 3:289.

Oehlert GW. (2000). A first course in design and analysis of experi-

ments (W. H. Freeman and Company).

Otto SP. 2007. The evolutionary consequences of polyploidy. Cell

131:452–462.

Del Pozo JC, Ramirez-Parra E. 2015. Whole genome duplications in

plants: an overview from Arabidopsis. J. Exp. Bot 66:6991–7003.

Price HJ. 1988. DNA content variation among higher plants. Annals

of the Missouri Botanical Garden 75:1248.

Rees H, Cameron FM, Hazarika MH, Jones GH. 1966. Nuclear

Variation between diploid angiosperms. Nature 211:828–830.

Reinhardt D, Kuhlemeier C. 2002. Plant architecture. EMBO Reports

3:846–851.

Schwanitz F. (1966). The origin of cultivated plants (Cambridge:

Harvard University Press).

Tsukaya H. 2013. Does ploidy level directly control cell size?

Counterevidence from Arabidopsis genetics. PLoS One 8:e83729.

Vesely P, Bures P, Smarda P, Pavlicek T. 2012. Genome size and DNA

base composition of geophytes: The mirror of phenology and

ecology?. Annals of Botany 109:65–75.

Wendel JF, Grover CE. (2015). Taxonomy and Evolution of the

Cotton Genus, Gossypium. In Agronomy Monograph, (American

Society of Agronomy, Inc., Crop Science Society of America, Inc.,

and Soil Science Society of America, Inc.).

Wendel JF, Olson PD, McD J. 1989. Genetic diversity, introgression,

and independent domestication of old world cultivated cottons.

American Journal Botany 76:1795–1806.

Wise R, Sassenrath-Cole GF, Percy RG. 2000. A comparison of leaf

anatomy in field-grown Gossypium hirsutum and G. barbadense.

Annals of Botany 86:731–738.

Wong C, Murray BG. 2012. Variable changes in genome size associ-

ated with different polyploid events in Plantago

(Plantaginaceae). Journal of Heredity 103:711–719.

Wullschleger SD, Oosterhuis DM. 1989. The occurrence of an in-

ternal cuticle in cotton (Gossypium hirsutum L.) Leaf Stomates.

Environmental and Experimental Botany 29:229–235.

Zarinkamar F. 2007. Stomatal observations in dicotyledons.

Pakistan Journal of Biological Sciences 10:199–219.

Snodgrass et al. – Nucleotypic effects in cotton

008 AoB PLANTS www.aobplants.oxfordjournals.org VC The Authors 2016
Downloaded from https://academic.oup.com/aobpla/article-abstract/9/1/plw082/2737456
by Iowa State University user
on 05 December 2017


