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ABSTRACT

Color variation among and within crustacean species is primarily due to morphological and physiological differences in specialized cells
called chromatophores. Within Atyidae, individuals of Halocaridina rubra Holthuis, 1963, which is endemic to anchialine habitats (coastal
ponds of mixohaline water under marine and terrestrial influences) of the Hawaiian Islands, range from bright red to nearly translucent in
color. While H. rubra encompasses (at least) eight genetically diverged lineages based on analyses of mitochondrial genes, whether this
phenotypic variation in coloration correlates to genetic background or if it statistically differs between lineages is unknown. Furthermore,
if such properties in H. rubra exhibit plasticity under the environmental extremes that can be encountered in anchialine habitats has not
been determined. Using previously published protocols for another atyid species, chromatosomal morphology and chromatic properties
were quantified and statistically analyzed from 240 individuals of H. rubra, representing seven of the eight genetic lineages as well
as one naturally mixed population (n = 30 per group), maintained under standardized laboratory conditions for >6 years. Analogous
analyses were also conducted on animals before and after exposure to environmental extremes, including anoxia, desiccation, decreased
salinity and high and low temperatures. Overall, the genetic lineages of H. rubra statistically differed from one another in varying numbers
of chromatosomal properties while exposure to environmental extremes also elicited significant changes. Furthermore, these properties
statistically differed among body parts of H. rubra in a manner inconsistent with previous studies. Notably, data on chromosomal properties

generated via a streamlined protocol were well correlated with those from the previously published approach utilized here, suggesting such
analyses for H. rubra (or other crustacean/atyid species) might be successfully conducted under field settings.
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INTRODUCTION

Variation in external color and appearance, as well as
the ability to change such properties, has evolved repeat-
edly among organisms (Thayer, 1909; Sumner, 1935; Cott,
1940; Rothschild, 1975) as mechanisms for eluding preda-
tors (Turner, 1961; Endler and Herrenkind, 1978), attracting
mates (Zahavi, 1975; Farr, 1976), and trapping prey (Craig
and Ebert, 1994; Hauber, 2002; Hoese et al., 2006). For
example, marine benthic invertebrates such as cephalopods
are especially adept at changing their color and patterning
(Hanlon and Messenger, 1998; Sotka, 2005; Bandaranayake,
2006). Another group having similar abilities are the crus-
taceans, where these dynamic changes are primarily utilized
for camouflage (Detto et al., 2008). In this context, both
physiological and morphological processes are involved,
with the former producing rapid (in minutes) transforma-
tions in coloration (Detto et al., 2008) by the movements
of pigments within stellate cells called chromatosomes and
the latter from longer-term (in days to years) and selec-
tive increases in particular types of chromatosome pigments
(Robinson and Charleton, 1973). Typically, crustacean chro-
matosomes span approx. 200 um and may exhibit one, or
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a variety of, pigments and color combinations (Boyle and
McNamara, 2006).

For the majority of crustaceans, chromatosomes are com-
prised of tightly bound groups of 2-12 uninucleate chro-
matophores located under the exoskeleton (Bauer, 1981)
and chromatosomal color changes are mediated via aggre-
gation and dispersion of these cells (Fingerman and Tinkle,
1956). Within a given chromatophore, color variation is due
to centripetal or centrifugal diffusion of pigment granules in
the cytoplasm (McNamara, 1981) and rapid changes occur
through an active motor response (Sutherland et al., 2008).
Although chromatosomes have been described across a wide
breadth of crustaceans (McNamara, 1981; Thurman, 1988;
Bauer, 2004), the specifics of their properties for a single
crustacean species in the context of encompassing multiple
genetic lineages and varying environmental conditions have
not been investigated.

Atyidae are important members of nearly all temperate
and tropical fresh, as well as some brackish, water ecosys-
tems (Bailey-Brock and Brock, 1993; Pringle et al., 1993;
Pringle and Blake, 1994). One such example is the anchia-
line ecosystem, defined as coastal land-locked ponds, pools,
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and caves with subterranean connections to both freshwater
aquifers and the ocean (Holthius, 1973; Sket, 1996). Thus,
anchialine habitats can experience frequent and large fluc-
tuations in environmental parameters such as salinity and
temperature due to tidal cycles (Maciolek, 1986), with some
considering them “extreme environments” (Jaume et al.,
2009; Bishop and Iliffe, 2012). In the Hawaiian anchialine
ecosystem, the small (approx. 10.0 mm as adults) endemic
atyid Halocaridina rubra Holthuis, 1963 is the most com-
mon, widespread macro-organism and is considered a key-
stone grazer (Bailey-Brock and Brock, 1993). As the species
name implies, the color of H. rubra is typically a bright red,
so vibrant in fact, that shrimp can transform the appearance
of water and benthic surfaces of an anchialine habitat when
large numbers of individuals aggregate together (Bailey-
Brock and Brock, 1993). Population analyses of H. rubra
using mitochondrial genes such as cytochrome oxidase sub-
unit I (COI) have identified (at least) eight genetically di-
verged (approx. 0.05 uncorrected p distance) lineages across
the Hawaiian Islands, with each having a highly restricted
and non-overlapping geographic distribution (Santos, 2006;
Craft et al., 2008; Santos and Weese, 2011). Notably, while
individuals from laboratory colonies of these lineages can
exhibit the bright red color typical of the species, phenotypes
within a lineage may also range from intermediates to nearly
translucent (Fig. 1A). Furthermore, observations made be-
tween the lineages identified some as potentially possessing
more coloration (Fig. 1B) relative to others (Fig. 1C), im-
plying a relationship between chromatosomal properties and
evolutionary genetic background. In this case, it remains un-
clear if this apparent variation is due to quantifiable differ-
ences in chromatosomal properties and whether such prop-
erties statistically differ between the genetic lineages of H.
rubra. Along with this, whether, and the level to which, in-
dividual shrimp belonging to the same lineage exhibit plas-
ticity in chromatosomal properties under the environmental
extremes that can be encountered in anchialine habitats has
yet to be determined.

In this study, the morphologic and chromatic properties
of chromatosomes were quantified across seven genetic lin-
eages, as well as one mixed population of two lineages, of
H. rubra from colonies maintained under standardized lab-
oratory conditions for >6 years. Along with this, chromato-
some properties were quantified under anoxia, desiccation,
decreased salinity, and high and low temperature, which rep-
resent situations that can be encountered in anchialine habi-
tats in Hawaii and elsewhere (Maciolek, 1986; Sket, 1996;
Seymour et al., 2007; Pohlman, 2011) and are conditions
that can alter coloration in crustaceans (Detto et al., 2008).
Here, chromatosomal properties were measured using es-
tablished protocols from another atyid species (Flores and
Chein, 2011) to test the hypotheses that: 1) morphologic
and chromatic properties of chromatosomes differ statisti-
cally between the genetic lineages, and 2) extremes in the in-
vestigated environmental conditions elicit plasticity among
properties in individual shrimp belonging to a single genetic
lineage.

MATERIALS AND METHODS
Laboratory Colonies of H. rubra

Halocaridina rubra were collected in Summer 2006 from eight different
localities in the Hawaiian Islands (Fig. 2; Craft et al., 2008). These
collections represent seven of the eight described genetic lineages within
the species, with one (KBP) comprising a natural mix of two different
lineages: the South (EWA) and West Oahu (OWAI) lineages (Craft et
al., 2008). Animals were shipped to Auburn University, AL within ~2
days of collection. In the laboratory, shrimp were housed in separate 38 1
aquaria under common conditions, including salinities maintained at 15%o,
no circulating water or feeding, and minimal light exposure, i.e., darkness
except for 12 hour light/dark cycles for one week every month. Shrimp
were provided with baskets of porous volcanic rock to provide shelter as
well as surface area for grazing on algae and microbes. This husbandry
technique has resulted in consistent reproduction over the past about 8
years, with population sizes maintained at about 200 individuals per aquaria
by periodical removal of larvae to additional aquaria.

Animal Acquisition and Acclimation

Data collection for this study began in June 2012, approx. 6 years following
establishment of the H. rubra laboratory colonies. To minimize handling
stress when collecting animals, plastic traps baited with Spirulina-tablets
were placed in the established aquaria. After 2-3 hours, traps were emptied
into individual 40 ml beakers and re-set until >30 shrimp per aquaria
were acquired. Prior to being photographed, the acclimation procedures
outlined in Flores and Chein (2011) were followed to allow for comparable
pigment dispersion due to illumination (Ribeiro et al., 2004). Specifically,
these acclimation procedures consisted of illumination by a fluorescent bulb
(Model CL-151 65 W/46K, General Electric) monitored with a digital light
meter (Model LI-189, Li-Cor) for 10 minutes before individual shrimp were
photographed.

Image Capture and Analysis

Each shrimp was viewed with a light microscope (Model MX4300, Meiji
Techno) at 4x magnification and images captured with an attached digital
camera (Canon Rebel T2i DS126271), with individual H. rubra being
placed laterally on glass slides, pereiopods facing out from the microscope
and the rostrum pointing right. Shrimp were positioned using a disposable
plastic transfer pipette and immobilized by wicking excess water away
with a Kimwipe. No cover slips were used, as preliminary trials utilizing
them resulted in mortality. Three images, on average, were acquired at
various foci, allowing selection for a single high quality (in focus) image
for analysis. Image acquisition duration was limited to 40 seconds to avoid
handling stress (after Flores and Chein, 2011) and illumination settings on
the microscope were kept at the same intensity for all photographs.

Photographs were analyzed with the NIS Elements package (AR 3.0, SP
7, Hotflix 8, Build 548, Laboratory Imaging-Nikon) using both Red, Green
and Blue (RGB), and Hue, Saturation and Intensity (HSI) color spaces.
For images of either the branchial region of the carapace or pleuron of
the second pleomere, a circular domain of 1.0 mm? was centrally defined
within the body part while a similarly positioned domain of 0.5 mm? was
used for the exon of the uropod, which is smaller in area. The manual
selection tool was first utilized to select all individual chromatosomes
within the circular domain to measure their density and average area (see
below). This was followed by detection of all chromatosomes within a
circular domain via automatic thresholding, i.e., where an intensity value
T for each pixel in an image is generated and either classifies a given pixel
to an object or background point (Ridler and Calvard, 1978) based on color
properties. Automatic thresholding was also utilized to measure the specific
chromatosomal properties detailed below.

Chromatosomal Properties

The nine chromatosomal properties measured in this study mirror those of
Flores and Chein (2011), including cell area and density, cell circularity,
area fraction, hue, chroma (three (3) values) and brightness. These are
defined as:

Cell density — number of chromatosomes in a 1.0 mm? area. Data from
the 0.5 mm? domain for the exon of the uropod were multiplied by two for
standardization to that of the other two measured regions.

Cell area — average area (in umz) of each chromatosome.

Cell circularity — average shape circle factor of each chromatosome,
which characterizes the proximity of the chromatosome to an ideal circle.
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Fig. 1. Phenotypic variation in coloration among individuals of the anchialine endemic atyid Halocaridina rubra Holthuis, 1963, from the Hawaiian
Islands. A, variation among individuals from the same (WC) genetic lineage; B, C, variation between individuals from different genetic lineages under
laboratory conditions: Panel B individuals are from the KONA lineage while Panel C individuals are from the EWA lineage. Individual shrimp in all pictures
are approx. 10 mm in total length. Photographs for Panels B and C contributed by Katie Webster.

An ideal circle has a value of 1.0; thus, the lower the circularity value, the
more irregular the borders of the chromatosome.

Area fraction — fraction of the total measured area occupied by
chromatosomes in a 1.0 mm? area.

Hue — “Hue typical” as measured in NIS Elements (NIS-Elements,
Advanced Research User’s Guide Ver. 3.00); the hue or color value

with maximum frequency that represents the most frequent color in a
chromatosome. A component of the Hue, Saturation and Intensity (HSI)
color space.

Chroma — Representation of the “Mean Red,” “Mean Blue” and “Mean
Green” values. These three values are the statistical mean of intensity
values for the color components present in a chromatosome as measured in
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Fig. 2. Geographic origins from the Hawaiian Islands (after Craft et al., 2008) for the laboratory colonies of H. rubra utilized in this study. Chromatosomal
properties were measured for 30 individuals at least once (indicated by filled circle) or twice (indicated by filled stars) from each genetic lineage/population.
Acronyms for genetic lineages are: Windward Oahu (EP), South Oahu (EWA), East Hawaii (HILO), South Maui (HM), West Hawaii (KONA), West Oahu
(OWAI) and East Maui (WC). Note that the population from KBP represents a natural mix of two different (EWA and OWAI) genetic lineages (Craft et al.,

2008).

NIS Elements (NIS-Elements, Advanced Research User’s Guide Ver. 3.00).
Components of the Red, Green and Blue (RGB) color spaces.

Brightness — attribute representing the ability of chromatosomes to
reflect a greater or lesser fraction of incident light.

Chromatosomal Properties Among H. rubra Genetic Lineages and
Body Parts

For 30 shrimp from each of the seven H. rubra genetic lineages and the
mixed population (referred to as KBP throughout), a single body part was
photographed per individual: either the branchial region of the carapace
(n = 10), the pleuron of the second pleomere (n = 10), or the exon of
the uropod (n = 10) (after Flores and Chein, 2011). Data from these three
body parts were used (n = 30 images per lineage) for comparisons among
lineages. On the other hand, data from all eight groups were utilized in
comparing chromatosomal properties between the three body parts (n = 80
images per body part). To determine the reproducibility of general trends
preliminarily identified in the data, 30 additional individuals each from the
South Oahu (EWA), West Hawaii (KONA) and West Oahu (OWAI) lineages
as well as KBP were photographed and analyzed as described above. These
were chosen since they spanned the diversity in chromatosomal properties
measured among the eight laboratory colonies (see Results).

Chromatosomal Properties of H. rubra and Environmental Extremes

To examine the impact of environmental extremes on the chromatosomal
properties of H. rubra, shrimp were exposed to anoxia and desiccation as
well as decreased salinity and high and low temperatures. In this case, only
the pleuron of the second pleomere was analyzed as previously described,
as it produced the most reliable images. To eliminate potential variation
in measurements due to differing evolutionary genetic background, only
individuals from the South Maui genetic lineage of H. rubra (HM) were
utilized for these experiments, with 10 shrimp per treatment, except in
the cases of anoxia and salinity transfer treatments (n = 9). For anoxia,
shrimp were photographed under normoxic (control) conditions prior to
being transferred to an anoxic environment (created by Ny bubbling) for
24 hours before being photographed again. Desiccation was simulated by
placing shrimp into individual weigh boats, wicking away all water with
a Kimwipe and leaving the animal exposed to air for 30 minutes. After
this time interval, shrimp were placed back into water to ensure survival

following the treatment and immediately photographed. To examine the
effect of decreased salinity, animals were initially photographed after being
chronically housed in 32%o water (i.e., control), transferred to 2%o for
24 hours and then photographed. Lastly, shrimp were photographed at
room temperature (22°C) as a control then transferred to either 14°C or
32°C incubators in individual 40 ml beakers for 24 hours before being
photographed again.

To determine whether animals exposed to elevated temperature under-
went physiological stress, lipid peroxide (LPO) levels were assayed for
control (22°C, n = 8) and treated (32°C for 24 hours, n = 7) shrimp. High
LPO levels are a common indicator of cellular stress in shrimp (Downs et
al., 2001; Boudet et al., 2013) as well as other marine invertebrates (Joyner-
Matos et al., 2006). Levels of LPO were assessed as ©M malondialdehyde
using a Bioxytech® LPO-586 kit (Percipio Biosciences, Cat. No. 21012)
and normalized to total mg protein, which was measured using a BCA Pro-
tein Assay Kit (Thermo Fisher Scientific, Cat. No. 23225), both following
the manufacturers’ protocols.

In addition to the image capture and analysis protocol described above,
a streamlined protocol was also implemented for the anoxia experiment
to test whether similar results could be generated under “simple” (field)
conditions. Briefly, dorsal views of whole shrimp (n = 10) were
photographed using a Canon PowerShot SD1200 IS digital camera against a
white background both before and after 24-hour exposure to anoxia. ImageJ
software (National Institutes of Health, Bethesda, MD, USA; Schneider et
al., 2012) was then utilized in quantifying the number of, as well as the area
fraction occupied by, chromatosomes on the dorsal portions of the posterior
three pleura from the photographs before and after anoxia exposure.

Statistical Analysis

Statistical comparisons were performed using R v2.15.0 (R Core Team,
2013; code available on request). Specifically, ANOVAs with Tukey post-
hoc analyses were performed to compare eight of nine chromatosomal prop-
erties among the H. rubra genetic lineages as well as among their body
parts. The exception was chromatosome cell density; since these data con-
sisted of counts, a Poisson regression was performed to identify signifi-
cant groupings. Principal components analyses (PCAs) utilizing the Pear-
son product-moment correlation coefficient were also conducted to deter-
mine which chromatosomal properties best explained variance between the



VAUGHT ET AL.: CHROMATOSOMAL PROPERTIES OF HALOCARIDINA RUBRA 651

A 50 A : BN"3 Bi Cog A A ;
> 40 i £ ABAR i . |A A AB; ABAB
3 ¢ = 3 : : 2 iB
2&30 B H \_/2 A,B H :06 :
S50Bm || B c 2 i ABAB S04 i
3o i, DC © 1 ; ' 0 ;
o ® ‘D 3 = A PA =
e[l 8% alll Sl
0+HL ﬂ - -ﬂ' Sl A A B 0.0+ LLLL "oi AL
2 0 QT L W 2L O F P& LD 2O L WL
<& & Qsioé QD @w\ J‘&O\$?~ < & Qsioé QD Q/@ @O@?“ 2 N4 Qx{_oé N (<7$ {S)O@
D05

Area fraction
O O O O O«
o= N wh

1 1 1
w
0O

Fig. 3. Chromatosomal properties from each genetic lineage/population of H. rubra examined in this study from laboratory colonies (see Materials and
Methods for additional details). A, cell density; B, cell area; C, circularity; D, area fraction; E, hue; F, chroma (comprised of three separate values, “Mean
Red,” “Mean Green,” and “Mean Blue”); G, brightness using both Red, Green, and Blue (RGB) and Hue, Saturation and Intensity (HSI) color spaces.
Acronyms for genetic lineages are: Windward Oahu (EP), South Oahu (EWA), East Hawaii (HILO), South Maui (HM), West Hawaii (KONA), West Oahu
(OWAI) and East Maui (WC). Notably, the KBP population represents a natural mixture of individuals from both the EWA and OWALI genetic lineages (Craft
et al., 2008). Given this, the KBP population as well as the EWA and OWALI genetic lineages are separated from the others by a dotted line and the KBP
bar is filled with grey. Error bars depict the =SEM. Uppercase letter(s) above individual bars designate statistically significant group(s) based on Poisson
regression (chromatosome cell density only) or ANOVA tests with Tukey post-hoc analyses (other eight chromatosomal properties) (n = 30 individuals per
lineage). For chroma, uppercase letters designate statistically significant groups for “Mean Red,” lowercase letters designate statistically significant groups

for “Mean Green,” and Greek symbols designate statistically significant groups for “Mean Blue.”

H. rubra genetic lineages as well as visualize relationships among the lin-
eages. All 240 individuals examined for the between lineage comparisons
(see above) were included, with the nine measured chromatosomal proper-
ties (Where chroma is composed of three values: “Mean Red,” “Mean Blue,”
and “Mean Green”) being utilized and H. rubra genetic lineage treated as a
qualitative variable. Based on the overall statistical results as well as the first
PCA, a second PCA was performed which analyzed only three chromato-
somal properties: cell density, area fraction, and brightness (see Results).
Finally, a third PCA was performed to elucidate differences between body
parts for all nine chromatosomal properties. These PCAs, along with the
95% confidence levels of categorical placements, were conducted with the
package FactoMineR v1.24 (L€ et al., 2008) in R. Lastly, Student’s paired
t-tests were performed to statistically compare controls and environmental
treatments as well as the quantification of chromatosomes and their area
fraction under the streamlined protocol.

RESULTS

Chromatosomal Properties among H. rubra
Genetic Lineages

Statistically significant differences in chromatosome cell
density were identified among the H. rubra genetic lin-
eages, with the EWA/HM/OWALI and KONA lineages hav-

ing the lowest and highest cell densities, respectively, and
the EP/HILO/WC lineages and KBP possessing interme-
diate densities (P < 0.001, Poisson regression, Fig. 3A).
Properties related to chromatosome morphology were also
found to be significantly different. For example, the WC
lineage had the largest chromatosomal cell area and the
KONA/EWA lineages had the smallest, with the other lin-
eages or KBP being intermediate (P < 0.001, ANOVA,
Fig. 3B). In regards to circularity, the EP/HILO/HM/KONA
lineages possessed the most circular chromatosomes, the
EWA lineage the least, and the OWAI/WC lineages and
KBP were intermediate (P < 0.001, ANOVA, Fig. 3C).
For area fraction, the EP/HM/KONA/OWAI/WC lineages
and the KBP population were intermediate, with the EWA
and HILO lineages having the lowest and highest areas
encompassing chromatosomes, respectively (P < 0.001,
ANOVA, Fig. 3D). Furthermore, the chromatic spectra of
chromatosomes differed significantly among genetic lin-
eages of H. rubra: with little variance, hue, chroma, and
brightness were significantly higher in the KONA and OWAI
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lineages relative to the EWA and other lineages/population
(P < 0.001, ANOVA, Fig. 3E-G). Overall and in gen-
eral, individuals of the EWA lineage had lower numbers of,
smaller and less bright chromatosomes while those of the
KONA lineage were brighter, larger and present in higher
numbers, with lineages like OWAI or KBP lying in be-
tween (Fig. 3A-G). To determine the reproducibility of these
trends, 30 additional individuals were photographed and an-
alyzed from each of these four groups. Notably, this re-
sampling of the EWA, KONA, and OWAI lineages and
KBP resulted in the same general patterns in chromatoso-
mal morphology and chromatic properties as originally mea-
sured (see supplementary data in the online edition of this
journal, which can be accessed via http://booksandjournals.
brillonline.com/content/journals/1937240x).

Principal components analysis (PCA) of the nine chro-
matosomal properties (Fig. 4A) segregated the H. rubra
genetic lineages in a manner largely corresponding to re-
sults based on the individual properties (Fig. 3A-G). Eight
of the nine chromatosomal properties (the exception being
cell density) were significantly correlated (P < 0.001) with
PCA Dimension 1, which explained 45.58% of the varia-
tion in chromatosomal properties while PCA Dimension 2
explained 18.81% of the variation and was primarily corre-
lated with cell density, cell area, cell circularity, area frac-
tion, and hue. On PCA Dimension 1, the OWAI and WC
lineages were significantly separated from the EP/EWA/HM
lineages and KBP (P < 0.041 for all comparisons) and on
PCA Dimension 2, KONA was significantly separated from
all other lineages and KBP (P < 0.001 for all comparisons,
Fig. 4A). Overall, these results demonstrate that some H.
rubra genetic lineages, such as KONA, OWAI and WC, can

Azg
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o
|

“| OkoNA
CIOWA| = ==

Dimension 1 (45.58%)

be clearly distinguished from others based on the nine chro-
matosomal properties examined here.

Both the individual analyses (Fig. 3A-G) and the first
PCA (Fig. 4A) suggested examination of a reduced set
of chromatosomal properties, i.e., cell density, area frac-
tion, and brightness, might resolve potential differences be-
tween the H. rubra genetic lineages of EP/EWA/HM as well
as KBP. Towards this end, a second PCA was performed
which utilized only these three chromatosomal properties
(Fig. 4B). In this case, PCA Dimension 1 explained 40.77%
of the variation, with all three properties significantly corre-
lated to it (P < 0.001), and KONA was significantly sepa-
rated from WC and OWAI (P < 0.03). PCA Dimension 2
explained 32.34% of the variation and cell density and area
fraction were significantly correlated to it (P < 0.001).
On PCA Dimension 2, KONA and HILO, as well as EP,
EWA and HM, were significantly separated from each other
(P < 0.005 for all comparisons), with KPB overlapping
both EWA and HM. Thus, separation between the lineages
of EP, EWA and HM was much greater using the reduced set
than in the initial analyses based on all nine (9) properties
(Fig. 4A, B).

Chromatosomal Properties among Body Parts of H. rubra

On the basis of body parts, the cell density of chromato-
somes was significantly different along the body of H. rubra,
being highest for the branchial region of the carapace, in-
termediate in the pleuron of the second pleomere, and low-
est in the exon of the uropod (P < 0.001, Poisson regres-
sion, Fig. 5A), although chromatosomes in the uropod had
a larger area than the other two body parts (P > 0.001,
ANOVA, Fig. 5B). Chromatosome circularity was also sig-
nificantly different by body part, with the highest and low-
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Fig. 4. Principal component analyses (PCAs) of the chromatosomal properties from each genetic lineage/population of H. rubra examined in this study
from laboratory colonies (see Materials and Methods for additional details). A, PCA based on all nine (9) properties measured and analyzed in this study;
B, PCA based on just three of the properties (cell density, area fraction, and brightness) measured and analyzed in this study. Square symbols represent
barycenters (means) for a genetic lineage/population, with 95% confidence levels given by the ellipses. Acronyms for genetic lineages are: Windward Oahu
(EP), South Oahu (EWA), East Hawaii (HILO), South Maui (HM), West Hawaii (KONA), West Oahu (OWAI) and East Maui (WC). Notably, the KBP
population represents a natural mixture of individuals from both the EWA and OWALI genetic lineages (Craft et al., 2008).
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Chromatosomal properties from each of the three body regions/parts (either the carapace, pleuron, or uropod) of H. rubra examined in this study

from laboratory colonies (see Materials and Methods for additional details). A, cell density; B, cell area; C, circularity; D, area fraction; E, hue; F, chroma
(comprised of three separate values); G, brightness using both Red, Green, and Blue (RGB) and Hue, Saturation and Intensity (HSI) color spaces. Error
bars depict the =SEM. Uppercase letter(s) above individual bars designate statistically significant group(s) based on Poisson regression (chromatosome cell
density only) or ANOVA tests with Tukey post-hoc analyses (other eight chromatosomal properties) (n = 80 individuals per body region/part). For chroma,
uppercase letters designate statistically significant groups for “Mean Red,” lowercase letters designate statistically significant groups for “Mean Green,” and

Greek symbols designate statistically significant groups for “Mean Blue.”

est circularity occurring in the carapace and uropod, respec-
tively (P < 0.001, ANOVA, Fig. 5C). Along with this, the
uropod had a greater area fraction of chromatosomes than
the other two body parts (P < 0.001, ANOVA, Fig. 5D).
Lastly, chromatic properties of hue and brightness were sta-
tistically higher in the uropod than the carapace and the pleu-
ron while chroma was higher in the uropod and pleuron than
the carapace (P < 0.001, ANOVA, Fig. 5SE-G). When ana-
lyzed via PCA (Fig. 6), the three body parts were clearly sep-
arated along PCA Dimension 1, which explained 45.12% of
the observed variation and included all properties except cell
density. In contrast, the three body parts occupied the same
relative position in PCA Dimension 2, which encompassed
20.53% of the variation and included cell density, cell area,
cell circularity, area fraction, and hue.

Chromatosomal Properties of H. rubra under
Environmental Extremes

Statistically significant differences were identified in chro-
matosomal properties under many of the tested environmen-
tal extremes, such as brightness and chroma for H. rubra un-
der anoxic conditions (Student’s paired z-test, Table 1). No-
tably, similar results were obtained when using the stream-
lined protocol: although the number of chromatosomes on
the dorsal portion of the posterior three pleurons did not
change, the overall “red” area fraction did statistically de-

crease after anoxia exposure (P = 0.013, Student’s paired
t-test, Fig. 7). Following desiccation, cell area (P = 0.036,
Student’s paired ¢-test, Table 1) and hue (P = 0.007, Stu-
dent’s paired ¢-test, Table 1) both significantly decreased and
chromatosome density significantly increased (P = 0.029,
Student’s paired ¢-test, Table 1). In contrast, chromatosomes
had statistically identical properties at 2% to those at the
control salinity of 32%o (P > 0.08 for all parameters, Stu-
dent’s paired z-test, Table 1). The area fraction also signif-
icantly increased at high temperature (32°C, P = 0.038,
Student’s paired 7-test, Table 1) and lipid peroxide (LPO)
levels confirmed that shrimp exposed to 32°C for 24 hours
did undergo cellular stress, as LPO concentration in treated
animals was approx. 20 fold higher than in those maintained
at 22°C (P < 0.001, Student’s paired z-test, Fig. 8). Fur-
thermore, under low temperature (i.e., 14°C), area fraction
significantly increased (P = 0.038, Student’s paired z-test,
Table 1) while chromatosome circularity significantly de-
creased (P = 0.004, Student’s paired z-test, Table 1).

Di1SCUSSION

Chromatosomal Properties among H. rubra
Genetic Lineages

Consistent with one of our initially proposed hypotheses,
statistically significant differences were identified in chro-
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Fig. 6. Principal component analysis (PCA) of the chromatosomal prop-
erties from three body regions/parts (either the carapace, pleuron or uropod)
of H. rubra examined in this study from laboratory colonies (see Materials
and Methods for additional details). Square symbols represent barycenters
(means) for a body region/part, with 95% confidence levels given by the
ellipses.

matosomal properties between genetically diverged lineages
of the Hawaiian anchialine endemic atyid H. rubra main-
tained under standardized laboratory conditions. Further-
more, this work demonstrates that the methodological ap-
proaches outlined in Flores and Chein (2011) can be ex-
tended to other species of atyid shrimp besides Neocaridina
denticulata (De Haan, 1844). Of the nine chromatosomal
properties examined here, those having the ability to best
differentiate between the genetic lineages of H. rubra were
the combination of cell density, area fraction, and bright-
ness (Figs. 3A, D, G; Fig. 4B), and these three properties
have been previously identified as being influential in col-
oration of either other crustaceans or aquatic species (Sugi-
moto, 2002; Tume et al., 2009). Overall, the most significant
difference between the H. rubra lineages was chromatoso-
mal cell density, where brighter or paler lineages possessed
greater or lesser cell densities, respectively (Fig. 3A). For
example, KONA had the highest cell densities (Fig. 3A) and
was the most vibrant (Fig. 1B) while EWA had the lowest
cell densities (Fig. 3A) and was nearly translucent (Fig. 1C).
Thus, while chromatic and other chromatosomal properties
do vary between them (Fig. 3B-G), cell density (Fig. 3A)
appears to be the most significant driver underlying pheno-
typic variation among the H. rubra genetic lineages exam-
ined here.

Notably, utilizing all nine chromatosomal properties
proved incapable of statistically distinguishing many of the
H. rubra genetic lineages from each other via PCA; for
example, the EP, EWA and HM lineages were statistically
similar (Fig. 3A-G) and indistinguishable in this context
(Fig. 4A). However, when taken together, a PCA conducted
solely on cell density, area fraction, and brightness provided
separation between all of the lineages, with the only over-
lap being between HM and KBP, with the latter represent-

Chromatosomal properties == SEM following exposure to environmental extremes for individual shrimp from the HM genetic lineage of H. rubra. Treatments of animals (n = 9-10) included anoxia,

Table 1.
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desiccation, decreased salinity, and high and low temperature. Chromatosomal properties before and after exposure are presented. * P = 0.05-0.10; ** P = 0.01-0.05.

Chroma (red) Chroma (green) Chroma (blue) Brightness

183.2+22.3

Hue
81.2 £ 18.9
103.4 £ 17.1
4391 +£7.14

Area fraction
0.08 & 0.02
0.06 £+ 0.01

Circularity
0.67 £ 0.08

Cell density (cells/mm?2) Cell area (1000 xm?2)

Treatment

454 +6.2
34.9 +4.3*

74.3 £ 10.5

56.5 +7.1*

90.2 £16.2
148.4 4+ 18.2*

0.13+£0.02
0.14 +£0.02
046 £0.14

24.0 £3.28

Control (normoxia)
One day anoxia

148.4 + 18.2*
102.1 £+ 31.33

0.78 £ 0.09*
0.73 £0.13
0.70 £ 0.09

26.1 +£3.30
22.0 +£2.86

2798 £7.16 22.10 £5.58

39.0 £9.13

0.6 = 0.05
0.10 £ 0.06

Control (Immersion)

Desiccation

37.88 £ 7.62* 97.99 +31.16 34.45+ 11.32 20.20 £ 5.56* 19.95 £+ 5.68

0.78 £ 0.58*

18.8 + 8.75*

(30 minute emmersion)

Control (32%o)

19.66 + 2.81
19.73 £ 1.54

23.83 £3.75
27.68 + 1.63

48.64 + 13.26 90.98 + 13.67 35.67 £5.28

79.67 £ 11.15 90.9 £ 8.39

0.04 £0.01
0.04 £ 0.01
0.06 £ 0.02

0.77 £ 0.04

0.41 +£0.06
043 +£0.73
0.49 £0.11
0.45 £0.07
0.52 +£0.07

28.6 +£2.39

32.37 £2.46

0.81 +£0.03*
0.74 £ 0.05
0.77 £ 0.04

279 £2.52
29.1 £2.61
28.9+£1.93
23.7+£2.85

Low salinity (2%o)
Control (22°C)

41.82 +13.02 101.4 £ 10.19 3593 £3.40 25.11 £5.115 21.23 £2.20

48.5 +9.43

30.0+4.73 23.20£1.92
29.0£3.70 22.04 +1.92

419+ 449
40.5+4.14

105.6 + 8.94

0.08 £ 0.01*
0.65 £ 0.03** 0.045 + 0.001* 47.81 +10.73 99.19 +7.74

High temp. (32°C)

Low temp. (14°C)
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Fig. 7. Chromatosome coverage vs. number of chromatosomes for H.
rubra in an anoxia exposure experiment where a streamlined protocol was
followed, with pre- and post-images captured using a Canon PowerShot
SD1200 IS digital camera and analyzed using Image J software. Chromato-
some coverage was significantly higher prior to exposure to anoxic con-
ditions and is represented by the bar graph (P = 0.013, Student’s paired
t-test). Squares indicate mean chromatosome numbers for the sampling
(n = 10), with error bars representing 95% confidence intervals. No sig-
nificant changes were observed in chromatosome number before or after
exposure to anoxia (P = 0.747, Student’s paired z-test).

ing a natural mix of shrimp from the EWA and OWAI lin-
eages (of note, KBP occupies an intermediate position be-
tween these two lineages in PCA Dimensions 1 and 2 of
Fig. 4B). Given this, particular chromatosomal properties
appear to either provide more resolving power then others
or the simultaneous analysis of multiple properties can mask
significant differences, as is apparently the case for H. rubra.
Thus, care should be taken when selecting which, and how
many, chromatosomal properties are analyzed across closely
related groups of crustaceans or other taxa.

Why might the different genetic lineages of H. rubra ex-
hibit significant variation in the chromatosomal properties
examined here? For other caridean species, such as the hip-
polytids Heptacarpus sitchensis (Brandt, 1851), H. palu-
dicola Holmes, 1900 and Hippolyte varians Leach, 1814,
highly distinctive color morphs are hypothesized to arise
from differential responses of intraspecific genetic variation
to environmental factors (Keeble and Gamble, 1900; Bauer,
1981, 1982). While this could be the case for H. rubra, such
a scenario is less likely as all laboratory colonies examined
here experienced similar, standardized environments for >6
years. Instead, the differing evolutionary histories between
the lineages might best explain these differences in chro-
matosomal properties. If this is the situation, one might ex-
pect those H. rubra lineages having higher levels of sim-

5 0025

220.020 *

83 I
5§ 50015 I
25 £ 0.010

]

E£0.005

2 0000+ ——=

Control (22 °C) Heated (32 °C)’

Fig. 8. Lipid peroxide (LPO) levels, quantified as ©M malondialdehyde
per total mg protein, for H. rubra (n = 7) following exposure to 32°C as a
potential elicitor of stress. LPO levels were assessed with a Bioxytech®
LPO-586 assay kit and measured using a BCA protein assay kit by
following manufacturer protocols. Statistically higher LPO levels post-
treatment imply shrimp are under stress at 32°C (P < 0.05, Student’s
paired ¢-test).

ilarity in their chromosomal properties to be more closely
related to each other in a phylogenetic context. Unfortu-
nately, attempts to infer a well-resolved phylogeny between
the eight currently recognized H. rubra lineages have proven
unsuccessful due to nearly all relationships being unresolved
when utilizing only mitochondrial loci (Craft et al., 2008) as
well as a lack of nuclear loci possessing appropriate phylo-
genetic signal (Santos and Weese, 2011). However, while it
will be interesting to determine at a future time whether such
correlations exist as well as their strengths, the appreciable
amounts of genetic differentiation, high levels of ecologi-
cal isolation, varying demographic histories (Santos, 2006;
Craft et al., 2008; Santos and Weese, 2011) and now the
significant differences in chromatosomal properties reported
here between the lineages supports the contention that the
genus Halocaridina encompasses a number of distinct and
“cryptic species” across the Hawaiian Islands (Craft et al.,
2008).

Chromatosomal Properties among Body Parts of H. rubra

Along with varying by genetic lineage, significant differ-
ences in the cell density, circularity and area fraction of
chromatosomes as well as chromatic properties of hue and
brightness were identified between the branchial region of
the carapace, pleuron of the second pleomere, and exon of
the uropod from H. rubra (Fig. SA, C-E, G). This is con-
sistent with previous reports that coloration along the body
of individual shrimp can vary (Perkins, 1928) due to chro-
matosome number and size as well as different pigments
being encompassed within them (Bauer, 1981; Flores and
Chien, 2011). Based on the PCA of all nine chromatosomal
properties (Fig. 6), while the three body parts occupied the
same relative position in Dimension 2, Dimension 1 showed
distinct separation between them (see Results). When taken
together and in combination with previous precedent, the
fact that chromatosomal properties can vary significantly be-
tween body parts in crustaceans like H. rubra implies such
distinctions should be kept in mind when making compar-
isons either between different species or studies, particularly
when methodological approaches may not be identical (see
below).

Of the three body regions/parts examined here for H.
rubra, one in particular was found to be the most easily
photographed and analyzed in regards to chromatosomal
properties, the pleuron of the second abdominal segment.
This lies in contrast to other studies identifying uropods
as the preferred body part for such analyses (Abrill and
Ceccaldi, 1984; Flores and Chien, 2011) and highlights that
methodological approaches might need to be optimized on
taxa-specific bases. In the case of H. rubra, while uropods
could be, and were, photographed and analyzed (see above),
their small size compared to the carapace and abdomen,
along with the need to physically manipulate them since
they often aggregated together when H. rubra individuals
were laid on their side (see Materials and Methods), made
consistent photography more difficult than the other two
body parts. Another advantage of utilizing the pleuron for H.
rubra was that the analyzed area of 1.0 mm? encompassed
this entire segment without overlap into adjacent body
regions. Thus, for shrimp species in the size range of H.
rubra (approx. 10.0 mm as adults), the pleuron, rather than
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uropods, might likely be the best body part to target for
effective analyses of chromatosomal properties.

Chromatosomal Properties of H. rubra under
Environmental Extremes

Environmental extremes have historically been known to im-
pact the chromatosome properties of crustaceans (Smith,
1930; Brown and Sandeen, 1948). Here, many of the ex-
tremes animals can potentially encounter in anchialine habi-
tats were also found to significantly influence the chromato-
somal properties of H. rubra, particularly those related to
morphology of the chromosome. These changes are likely
part of an overall response to stress (Detto et al., 2008), and
LPO analyses confirmed that high temperature is in fact a
stressor for H. rubra (Fig. 8). On the other hand, alterations
in salinity did not elicit changes in any of the measured
chromatosomal properties, suggesting such fluctuations do
not induce a stress response in this species. This is consis-
tent with reports of H. rubra occurring in, and tolerating, a
range of salinities in nature (2-36%) as well as under lab-
oratory experiments (approx. 0-50%0) (Holthuis, 1973; Ma-
ciolek, 1983; Havird et al., 2014). Thus, while a significant
component of variation in chromatosomal properties of H.
rubra results from their specific evolutionary genetic back-
ground, changes within these properties can be driven by an
animal’s response to environmental conditions as well.

Though the data generated via the streamlined protocol
for image capture were more rudimentary in nature, they
correlated well with those obtained using the more sophis-
ticated methodology for measuring chromosomal proper-
ties. In the future, this streamlined protocol could provide
a means to perform such analyses for H. rubra (or other
crustacean/atyid species) in the field. A first step in such
a scenario would be to compare chromosomal properties
among individuals from the same lineage found in “stressed”
vs. pristine habitats. Stressors that could be examined in-
clude high levels of phosphates or other aquatic pollutants,
the presence of invasive fishes, or other disturbances, all of
which have the potential to elicit changes in the chromoso-
mal properties of H. rubra. Ultimately, a large number of
populations could be assessed for possible stress by utiliz-
ing a similar protocol to the streamlined one presented here
and implemented by citizen scientists, enhancing conserva-
tion efforts of the species in the Hawaiian Islands.
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