
Supporting Information
Whitehead et al. 10.1073/pnas.1017542108
SI Materials and Methods
Population Genetics. Capture locations for all fish are included in
Table S1 (n = 27–62 fish per site). Mitochondrial haplotype was
determined by restriction digest of two PCR products using
primer pair 15-L7863-CO2 and 15-H8589-ATP (1) within gene
COII [digested with XbaI (New England Biolabs) according to
manufacturer’s protocol] and primer pair 5′-ttggttgatgatacggtc-3′
and 5′-atcctaatacggttacgag-3′ within gene ND5 (digested with
Taq1; New England Biolabs) using PCR protocols reported in
ref. 1. Two haplotypes were detected across all samples, and we
calculated the proportion of individuals within each putative
population with each haplotype.
Each fish was genotyped for each of eight microsatellite loci

(sameprimers and reactionconditions as reported in ref. 2).For the
Potomac River and James River samples, admixture proportion
was calculated based on the proportion of membership of each
putative population in each of K = 2 (maximum likelihood value)
clusters by using Structure version 2.1 (3). For fixed sampling sta-
tions along each river we calculated the 20-y (1986–2005) average
salinity and range (www.chesapeakebay.net/data_waterquality.aspx).
For the experimental populations (P1, P6, and VC) we estimated
pairwise genetic distance by using Cavalli-Sforza and Edwards’
chord distance (4), calculated statistical significance using a per-
mutation procedure (1,000 X), and visualized the distribution of
genetic variation by using principal components analysis using
Genetix 4.02 (5).

Osmotic Challenge Experiments. Fish used for osmotic challenge
experiments were collected from sites P1, P6, and VC in June
2008 and maintained in recirculating aquarium systems at 32 ppt
(full-strength seawater mixed from Instant Ocean artificial sea
salt) for at least 6 mo before exposures. Fish were held in an
Association for Assessment and Accreditation of Laboratory
Animal Care Experiment-accredited facility, and fish care pro-
cedures were approved by the Louisiana State University In-
stitutional Animal Care and Use Committee (protocol no. 07–
054). Fish (n= 6) were sampled before transfer, then transferred
to experimental salinities (5.0, 0.4, and 0.1 ppt), including a 32
ppt control, and sampled at 6 h, 24 h, 72 h (3 d), 168 h (7 d), and
336 h (14 d) after transfer. Blood was collected by caudal
puncture, and plasma immediately was isolated by centrifuga-
tion. Gill tissue was excised and preserved in 2% glutaraldehyde-
1% formaldehyde buffer in 0.2 M cacodylate buffer for 4 h,
awaiting dehydration in ethanol for electron microscopy and in
RNAlater (Ambion) for gene expression analysis.
Plasma osmolality was measured by freeze-point depression

(IOsmette; Precision Systems), plasma sodium by flame atomic
absorption spectroscopy, and plasma chloride by using a modifi-
cation of the mercuric thiocyanate method (6). Plasma data were
analyzed by two-way analysis of variance with “time” and
“population” as main effects, including an interaction term. The
significance threshold was set at P < 0.05, and post hoc com-
parisons were performed by using the Tukey–Kramer method.
Gill morphology was visualized by using scanning electron

microscopy (SEM) (Fig. S1). Fish gills were fixed in 2% glutar-
aldehyde-1% formaldehyde in 0.2 M cacodylate buffer for 4 h,
then rinsed five times in 0.1 M cacodylate buffer containing 0.02
M glycine over a 12-h period. Samples were postfixed in 2%
osmium tetroxide for 1 h, then rinsed in water, en bloc stained in
5% uranyl acetate in the dark for 1 h, rinsed in water twice, and
dehydrated in ethanol series. The samples were critical point
dried with liquid CO2 in a Denton CPD, mounted on aluminum

SEM stubs, coated with gold:palladium at a ratio of 60:40 in an
Edwards S150 sputter coater, and imaged with JSM-6610 high
vacuum mode SEM.
For transcriptomics, gill tissues were preserved in RNAlater

(Ambion) immediately after dissection and archived at −20 °C
before RNA extraction. Total RNA was extracted by using
TRIzol reagent (Invitrogen), antisense-RNA (aRNA) was pre-
pared by using the MessageAmp II aRNA amplification kit
(Ambion), and total RNA and aRNA quality was characterized
by using microfluidic electrophoresis (Experion instrument and
reagents; Bio-Rad Laboratories). Purified aRNA was coupled
with Alexa fluor dyes (Alexa Fluor 555 and 647; Molecular
Probes), then competitively hybridized to custom oligonucleotide
microarrays. For hybridization, slides were enclosed in a Sure-
Hyb microarray hybridization chamber (Agilent Technologies)
and incubated at 60 °C for 18 h. Custom microarrays were
manufactured by Agilent (eArray design ID 021434) and in-
cluded probes for 6,800 elements, each of which were printed in
duplicate, plus control elements in the 8-plex 15K element de-
sign. Data were collected for five individual replicate fish (that is,
five biological replicates) per treatment. These five biological
replicate samples per treatment were hybridized in a loop design,
where paired samples were balanced across treatments, in-
cluding a dye swap. After hybridization, slides were scanned
(Packard Bioscience Scanarray Express) and images were pro-
cessed by using Imagene (BioDiscovery).
Spots that were too bright (photomultiplier saturated) to too

faint (intensity below two SDs above background) were excluded
from analysis. Median spot intensities were lowess-normalized
then mixed-model normalized in JMPGenomics (SAS), then log2
transformed before statistical analysis. A mixed model specifying
“dye” as a fixed effect, “array” as a random effect, and time and
population as main effects including an interaction term (which
identifies genes with population-dependent time-course responses)
were used to identify genes differentially expressed (P < 0.01).
Replicate individuals (n = 5) within treatments were treated as
random effects. Because time-course responses may be nonlinear,
our mixed model may be insensitive for detecting some genes with
population-dependent time-course responses. Accordingly, we
included spline-fitting analysis by using the software Edge (7)
(using the natural cubic spline option with population specified
as the class covariate) to detect additional genes showing pop-
ulation-dependent acclimation responses. False discovery rates
were estimated by using QVALUE (8). Coexpressed genes were
hierarchically clustered and PCA was performed by using MeV
(9), and heat-maps were generated by using Java TreeView (10).
Genes with population-variable expression were assigned to a
putatively neutral “isolation-by-distance” model if expression
was significantly different between populations (P < 0.01) and
most divergent between populations P1 and VC but of in-
termediate divergence between neighboring populations. Pop-
ulation-variable genes were assigned to the putatively adaptive
“P1-outlier” model if expression was divergent between P1 and
the other two populations (P < 0.01), but not different between
P6 and VC (P > 0.01).
To further explore the relevance of ODC1 gene expression in

response to hypoosmotic challenge, ODC1 mRNA was measured
by quantitative real-time PCR (qPCR) in F. grandis (sister species
of F. heteroclitus) 6 h after transfer from 5 ppt (acclimation sa-
linity) to 5, 2, 1, 0.5, or 0.1 ppt. Total RNA from gills was isolated
by using TRIzol reagent (Invitrogen), and first-strand cDNA was
synthesized from 2 μg of total RNA by reverse transcription

Whitehead et al. www.pnas.org/cgi/content/short/1017542108 1 of 3

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1017542108/-/DCSupplemental/pnas.201017542SI.pdf?targetid=nameddest=ST1
http://www.chesapeakebay.net/data_waterquality.aspx
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1017542108/-/DCSupplemental/pnas.201017542SI.pdf?targetid=nameddest=SF1
www.pnas.org/cgi/content/short/1017542108


(Applied Biosystems). qPCR analysis was performed by using
SYBR green (SYBR Green Core Reagent; Applied Biosystems)
according to the manufacturer’s instructions, with the following
cycling conditions: 40 cycles of 95 °C for 15 s and 60 °C for 60 s.
Primers for qPCR were developed from the EST sequence

(CN977303.1) for ornithine decarboxylase: 5′-cagctgtggttactgcat-
tgcgtt-3′ and 5′-acaggaagcaacaaaccagcacag-3′. The δ-δ Ct method
was used to calculate relative mRNA changes in expression, using
18s rRNA as a reference gene. Primers for 18s rRNA were: 5′-
ttccgattaacgaacgagac-3′ and 5′-gacatctaagggcatcacag-3′.
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Fig. S1. Scanning electron micrograph images of the gill surface of three F. heteroclitus populations acclimated to four different salinities. Columns represent
populations P1 (Left), P6 (Center), and VC (Right). Rows represent salinities 32 ppt (Top Upper), 5 ppt (Top Lower), 0.4 ppt (Bottom Upper), and 0.1 ppt (Bottom
Lower) at 3 d after transfer from 32 ppt. One representative cell type per image is indicated by symbols. Pavement cells are indicated by blue asterisk. If
present, a representative seawater-type mitochondrion-rich (MR) cell is indicated by a red arrowhead, and a freshwater-type MR cell is indicated by a blue
arrowhead. Gills from fish exposed to 32 ppt (Top Upper) or 5 ppt (Top Lower) have only seawater-type MR cells. Gills from fish exposed to 0.4 ppt (Bottom
Upper) have a mixed population of FW-type and SW-type MR cells, whereas fish exposed to 0.1 ppt (Bottom Lower) are predominantly a FW-type MR cell
population. (Scale bar: 5 μm.)

Fig. S2. Venn diagram of the number of genes significant (P < 0.01) for time, population, and interaction effects in a general linear model.

Whitehead et al. www.pnas.org/cgi/content/short/1017542108 2 of 3

http://www.genetix.univ-montp2.fr/genetix/genetix.htm
http://www.genetix.univ-montp2.fr/genetix/genetix.htm
www.pnas.org/cgi/content/short/1017542108


Table S1. Capture locations for fish populations

Location Latitude Longitude

Potomac River
P1 38°41’42.18′′N 77° 3′10.38′′W
P2 38°23’22.98′′N 77°19’1.26′′W
P3 38°27’11.34′′N 77° 3′13.44′′W
P4 38°21’54.54′′N 76°58’52.02′′W
P5 38°13’31.08′′N 76°37’39.30′′W
P6 38° 3′29.70′′N 76°19’29.64′′W

James River
J1 37°19’41.10′′N 77°15’44.22′′W
J2 37°17’33.60′′N 77° 0’35.76′′W
J3 37°10’37.74′′N 76°48’21.18′′W
J4 37°11’3.84′′N 76°41’37.26′′W
J5 37° 0’23.46′′N 76°36’12.18′′W
J6 36°51’51.54′′N 76°28’39.42′′W

Virginia coast
VC 37°52’41.24′′N 75°21’9.69′′W
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