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Supplementary Figure 1

Trial structure of Chinese (A-D) and English (EF) speech materials.

(A) For 4-syllable sentences, in each trial, 10 sentences are presented sequentially without any acoustic gap between them. English
examples are given below the Chinese sentences/phrases to illustrate their syntactic structures (not direct translations). The same
trial structure applies for 4-syllable verb phrases, except that each 4-syllable sentence (bounded by the dashed red box) is replaced
by a 4-syllable type | verb phrase (B) or type Il verb phrase (C). (D) For 2-syllable phrases, 20 phrases are presented sequentially in
each trial. (E) Grammar for the constant predictability Markovian language. (F) The trial structure of Markovian language stimulus.
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Supplementary Figure 2
The spectrum of the temporal envelope for the Chinese (A) and English (B) 4-syllable sentence stimuli.

The power spectrum is averaged over all stimulus trials, and the SEM across trials is shown (shaded area). A spectral peak is seen
at the syllabic rate but not at the phrasal or sentential rates, confirming that the sentential and phrasal structure is not conveyed by

acoustic power cues. The stimulus envelope is the half-wave rectified sound waveform. The two conditions shown for each language
are not significantly different from each other (P > 0.15, FDR corrected).
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Supplementary Figure 3
Comparisons between the responses to stimuli of different linguistic structures.

The tree diagrams at the top illustrate the four linguistic structures tested. All of them are constructed using an isochronous syllable
sequence at 4 Hz. For Structure |, syllables or backward syllables are presented in a random order, not grouped into larger linguistic
structures. For Structure Il, every two syllables combine into a phrase, which activates a phrasal rhythm at 2Hz in addition to the 4-
Hz syllabic rhythm. For Structure 1ll, a 4-syllable verb phrase is constructed using a monosyllablic verb followed by a 3-syllable noun
phrase. The 4-syllable verb phrase is frequency-tagged at 1 Hz but no linguistic structure is uniquely tagged at 2 Hz. For Structure
IV, a 4-syllable structure evenly divides into two 2-syllable structures. The binary hierarchical embedding results in three levels of
linguistic structures tagged at 1 Hz, 2 Hz, and 4 Hz, respectively. (A) For Chinese listeners (dark red bars), the 1-Hz response is
significantly stronger for stimuli containing a 4-syllable constituent structure (yellow box). For English listeners who cannot parse the
linguistic structure (blue bars), however, the response is not significantly different between conditions. All significant differences
between conditions are shown and a thick gray bar indicates significant differences between two groups such that each condition in
one group is significantly different from any condition in the other group (P < 0.03, t-test, FDR corrected). (B) The response at 2 Hz is
stronger for stimuli containing 2-syllable phrasal structures (dashed green box) for Chinese listeners, but not so for English listeners.
(C) A 4 Hz response, at the syllabic rate is seen in all tested conditions and both listener groups, but weaker for backward syllables
than normal syllables.
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Supplementary Figure 4
Dissociating neural encoding of sentential structures and transitional probability using Artifical Markovian Sentences (AMS).

(A) Grammar of the AMS. Each AMS consisted of 3 components, and each syllable was independently chosen from 3 candidate
syllables with equal probability. In each trial, 33 sentences were played in a sequence without any gap in between them. (B)
Procedures of the AMS experiment. The experiment has two sessions. In the first session (upper row), stimuli from each set of the
AMS were played in separate blocks, before the listeners were instructed about the grammar of the AMS. In the second session, the
5 sets of AMS were learned in separate blocks. In the training phase of each block (labeled by T), the listeners listened to sentences
from the AMS set and these sentences were separated by a 300 ms gap. After the training phase, the listeners listened to the same
stimuli they heard in the first session. At the end of the block, the listeners had to report the grammar of the AMS set. (C) Neural
response spectrum before (left) and after training (right). Before the listeners learn the grammar of the AMS, cortical activity only
tracks the syllabic rhythm of speech. After learning, however, cortical activity concurrently follows the syllabic rhythm and the
sentential rhythm. Since each trial (excluding the first sentence) is 53.1 seconds in duration, the frequency resolution of the spectrum
is 0.019 Hz. Frequency bins showing power stronger than the mean power of a neighboring 1 Hz region (i.e., 0.5 Hz on each side)
are shown by stars (N =5, P < 0.001, paired t-test, FDR corrected).
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Supplementary Figure 5
Coverage of the ECoG electrodes.

Color differentiates the 5 participants.
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Table S1, Chinese sentence materials

Chinese 4-syllable sentences

HaEHH MxiEE  RMAR  RREFAL EERL
MAEK AEHT HMAER BEEK ERIE
KE@MA TEAE BEWR O TEREL FRHR
ANERE RRME WFkk  HETE AR
BHER FERF FHQLE RSN HAXTH
ZMPR RMEEL  gESAK AFAFK ELEFER
GE¥rLE OJTAHE AMakE  LEDR FLOH
FABF SR REER REFER AR
Wasc¥  REEE  HERK BYTE  TADH
EAKE  ERRH OWIAR O WIEE  EEHE

Chinese 4-syllable verb phrases comprised of 1-syllable verb followed by a 3-syllable
noun phrase.

REZE ARREE BELHE WEHR DELN
FERA BETH Q&g ABAHF EHEWE
WAEG  EREIN EERE WARE BV RK
SKEMR RBEE O LHER O TRER WtEz
wmEBRE  HIRE RAEF HARE BT
BefTE WLTEE  FEHE EKkal BOEE
REKE  FREN  BABE FASFR KRB
Xk HEEER WEHFEE MRUAE  EEEXK
TARE  VFEEE EWHER EMIE KA
ik EFEEFY #HETE FHlhEk M=xa

Chinese 4-syllable verb phrases comprised of 2-syllable verb followed by a 2-syllable
noun.

AATHE HMETE AREFRE HERAR  #ehd
FREE RExRFR  MENe EERE  EMAFE
gitdE B2 AUERK  RREHR FIEERX
BEEH KIHR HFHEEE EEXF ORI
ke IFRXF HRRR  REFK EKBHE
KAAT  RrgR &K EF B/ MAEFA
EEFR BEWNE  XEXE  FHHAL THEBT
et BAEF) O KERR RREE IEKER
MEEX  TEHXH KRE#R LA WERE
HErHy  wEkREs  EHKF SrES HRAE
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Chinese 4-syllable idioms

RARK ®ZHEHF ERXG
PrEoo ke BEAGTER AEES
EERT  WHEBE O WRIK
Frfatwr  Bafl  HEFERH
HIEE N MbidE  EEAE
AEEE  a¥R HE=E
AREE REREM BETHF
AR HELE BRER
FAER RBETN  LEEME
FEPIT ERME EKEX

EKER HEEE A K
Wit FH  EHERAM
AERE  ABHE
EMEAN AT
WEEA BAKA
BEWT  FREH
MWEME FR=%
KEERE K #
JERN ST A}
HHBRE FAEZR

Chinese sentences varying in length and syntactic structure

BN EL LR A
Sh T B BRI
AER -_F—HF
KEJASRFEE
LEENFEEK
NI I
RELENE LT
T4 Z Mt g4
BRI HEREK
FEADREES
KR —RE A
B o R 4 XA
EATIETEARIL
Xt 2 — B E
Hy A U AR T i
KREARSE & FH
KHFEFH LT
KE 1 RACEBUH
TRAR#EAMN = E/
— N NIRAT D
s —HiEH R
£ B 7 % 1 AR
G415 B kA
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Zr i — N
A o AT
BREF2EH
LR —WHARE
REARCE s
HEER EfFR
RN S N
EEALT W
AN BAETE
AR BARE
BRAARSE IR
KEAEKF TS
Vi S ST
2 [F AR T E
AREFRRE
—BEERET X
S RN
1 b B 2 B 5E K
T 86 A HF AR
RSN
AR E E MR
5oz AF M 3
HEHA A

=K
0 F b E
AFRKITL
W T ME
R 3T K
BART
FE ¢ R 2t B B
Ji 2 F A E
RERFILK
AEEAL L
HEABRS
%12
EXEZTE
RZITELHE
R JE 8 18 K
R fE A S S
X A R4 ] AR
BB &4

RAHFELE
RAAH B
ALK ER T
MHEHNY
ITHERHHF

ENE X
HAZEE
EIENS
Y B —HHE
FARAR BT
RUBHK
%5 %
V8 ¥ 7 A M
H A AR
RFEE N
B TR
TR & R
1] 7T 3 B
A
W 3% B AL AN
g — L
/N T 5 U K
LK 1] AR
TR K B
Fo 49 %= b 3E
JEl R E mE
uh B VAR B
5B

Mz L3
EAEaR- 21
AR
FERHF
REZIR
WLET
2K 4m 1l
GllECR=R0Y
VK
RIS S
B = %A
/LU
18 &
$hw Tk
KPR K
AR
T A R
PN &
M ST A
2B
IR 4
Vil K
B AR AL



VB 7 5T P B0
+E RN KRR
EERREERR
A K b 5 B A
WA EEDEE
BAE BT R 3
HRRRIFR AW
AR EET
TR KB R EF
M 3k JE A2 T 6] B
1 3 M8 N FR R
g R AR A
4 [ 6 3 £ 47 A
B EEHKITE
WX EN—RE A
B BT f v
KM RZANKATE

AT EH—&E
N EAT % B %
AN T8 FE 9
WAE T EE R
FREAETH
ANEEFRHH R
7] DL 3 /INT A K
29 R Ak A8 K
£ Z 0 E R
B — BB
NP
WP % 3% R B
FRANEAEH
Bl 1 7 TTAR &7
T F| K3 AT X
BT B AR B
wERMEES

Chinese sentences varying in the duration
of the noun phrase (3-syllable noun

phrase)

BN ERERK
BAVH A R & i
H 4R 2K 5 7 3K E
N RANRIRS
i B2 Ak &
EERAENEES
SBF 3R T Ut AR ST
KEWERCNT
W RARENZE
KFEZ MM
EHRKQF A
FEEKERERE

EMA—RELR
A HHER
ZHh e ikR—ALF
REEBHHRE
B o b B A
RETAFEAEIT
WaMESELEE
B AL T T B
PGSR X
BT B T
e KEE=X&
R R 42 HE g

&R A AR R
B A 34 2Bk
Rl R
T o e
AREWKS
FRBERT
iz e K
AR FEIE
I A ik
I AR AT
M 2 5E
ENDEHAE
URTHCHE
BN H o R R
B A
RO H B
iR

ST Z A
N B3k
REBEF
HRZEE
KRB B
BRELES
AT IE
F 3 #WE
JE N Bk
W R A
N R 2
BEBEATE
LEFREE
EHEIIT
BHETHE
W7 2R
e 77 % B R

ZlH K 8l
EEHKR
2 % Bk
EX (873
R K
F ]
RA AT
FEEK
I K 2 vk
R
Gk
B4 £
AT B A
e 52
L&A
Bk E R
BRI

I B Kb B 3
R KA ERK
INAK BEINE
N BB R Bk &
X WA ST T
T2 F IR R T
KAEAELET
MY EELALR
Wk A R o e
\ET B, 3 75 22 5] i
MEEAREE
JE IR K L

AR "2 45 F 4
Wi B <17
RN X 4]
W EE T %4
4 Tk B
i TR AZ 1E TR
& S AL I
3k & K I A
LEW+AER

Chinese sentences varying in the duration of the noun phrase (4-syllable noun phrase)

WEMRMEAR L
KEFNE B R IE
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N N OIS
BRR B2 IE X IT 46
J P SR TT LA A
Tt E 4w &
Gl e VR Y
NE R A R K
TR EA RN
meE Ak AT
FIIL R %L LA
ZR% R TS %

FAREEMNERYE — AT X PR R E
AL BT R BERTAHESR ERRLTE R
MR R FER LR KALK TS R EHERSN
REBER KGR KETAHTAE ELRANE
hFEERIE K EFAEHN R A £
BEAETATE —RAKXKLX Z XA B R
MARZ HEHIE 8y 8% R4 A 7 Sz iy 2 vk
HREFHNAZE RAFEED

AR BB RIGERAEE

BRRITWLHER amala

English 4-syllable sentences comprised of a 2-syllable noun phrase followed by a 2-

syllable verb phrase.

fat rat sensed fear
wood shelf holds cans
tan girls drove trucks
gold lamps shine light
dry fur rubs skin

sly fox stole eggs

top chefs cook steak
our boss wrote notes
two teams plant trees
all moms love kids
new plans give hope
large ants built nests
teen apes hunt bugs
rude cats claw dogs
rich cooks brewed tea
fun games waste time
pink toys hurt girls
huge waves hit ships
deaf ears hear you

his aunt tied shoes

kind words warm hearts
long fight caused hate
dead sharks leak blood
smart dogs dig holes
slim kids like jeans
sick boys fail tests
rear doors hide cups
pale hands make bread
bad smells fill town
mad foes smack chefs
quiet lamb ate grass
soft fork brings food
green frogs miss flies
black skies show stars
tall guys flee camp
gray goat climb hills
iced beer costs cents
old kings gave speech
blue eyes shed tears
white cars need gas

English predictable Markovian sentences

a girl found
the cake tastes
coffee keeps me
dad ordered
mom cooks

the key
great
awake
salad
dinner

young child closed doors
thin threads hang plates
their store sold cars

cute cubs drink milk

six farms lost cows

sharp knife cuts cheese
round soap killed germs
loud sound scared mom
weird clowns wear hats
her sons paint walls
giant bears cross streets
drunk dudes sang hums
little chick caught worms
brown bags take space
four maids cleaned rooms
big rocks block roads
fierce flood ruined farms
warm ground melts snow
keen blades slash tires
poor friends paid bills



they grow apples

fish lives in water
earning money is hard
homework needs to be done
progress has been made
my cat IS SO lovely
New York  never sleeps

I will buy a book
he will take the train
parents became worried
rumors are not true
boys play football
dogs can be smart
Nancy works at home
Keith went to college
Matt married carol
Amy owns a farm
Sarah looks happy
Emma hates Alice
Lauren came early

The grammar for AMS set. The 3 candidate syllables for each component are listed.

AMS Setl AMSSet2 AMSSet3 AMSSet4 AMS Set5

gia ha chéu gui liu

Cc1 da shuai juan IV ca
hua néng biao kou tian

zhang G zai tao Xiao

C2 ré péi xian qi U
yue ding hui jan nie

mian ri wen xing fou

Cc3 ju mang giang zU gé

v

dui zhut lué mou zhuang




Table S2. Behavioral performance for all experimental conditions (mean =SEM). The
miss rate and the false alarm rate are averaged to create an average error rate.

Expl 4-syllable 4-syllable random backward
sentences idioms syllables syllables
18.8+13.8% 9.4+9.8% 14.4 +£12.7% 20.6 +24.7%
Exp2 4-syllable 4-syllable 4-syllable 2-syllable 2-syllable
sentences VP (type I) VP (type Il) NP VP
12.8 £3.5% 4.1+2.0% 20.0£3.0% 22.5+5.6% 20+ 6.0%
Exp 3 Sentences with variable duration and syntactic structures
9.4+2.5%
Exp4 Sentences with variable NP durations
23.5+4.7%
Exp5 4-syllable 4-syllable random backward
sentences idioms syllables syllables
36.3+£6.4% 46.31+6.1% 40.0 £ 4.0% 45.6 +3.8%
Exp 6 4-syllable shuffled unpredictable predictable
sentences sentences Markovian Markovian
sentences sentences
37.9+4.3% 17.3+4.0% 22.3+6.0% 6.5+ 3.4%




