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Supplementary Methods

1. Projection of soil carbon dynamics in response to climate change

To test how metagenomics-informed functional diversity and environmental acclimation of microbial
communities affect soil carbon dynamics in response to projected climate change in Panama, we built upon
the modeled microbial dynamics and soil condition in 2014 and further performed simulations over the
period of 2015-2100 with COMENDL, CoOMENDwm, COMEND4H, and CoMENDuwp, respectively. Each model
was driven by simulated daily soil moisture and soil temperature, litter input and plant P rates from the
CESM large ensemble projection under the RCP8.5 scenarios. The CESM-projected climate forcing
indicated that the mean annual soil temperature increased to 2.6 °C by the year 2100, while soil moisture
has no significant trend over the 2015-2100 in Panama'. To test how this warming trend will affect the
projected soil carbon dynamics by different versions of COMEND, we performed two simulations by each
model. The Simulation I was driven by the detrended soil temperature and soil moisture projected by the
climate model. The Simulation II was driven by the projected soil temperature and detrended soil moisture
data. Then the difference in the simulated SOM between the Simulation II and the Simulation I was defined
as the effect of warming on projected soil carbon dynamics.

2. SOM analysis with Electrospray Ionization Fourier Transformed Ion Cyclotron Resonance Mass
Spectrometry (ESI-FTICR MS)

We performed ESI-FTICR MS analysis to analyze the relative abundance of SOM compounds
(lignin-like, carbohydrate-like, etc.) in the control and P-fertilized plots, as described previously?®. Briefly,
1g bulk soil samples were sequentially extracted using three solvents with decreasing polarity (water-
methanol-chloroform). The high-resolution mass spectra of the SOM in the extracts were collected in the
negative ion mode on a 12 Tesla Bruker SolariX FGICR spectrometer. ESI-FTICR MS data were acquired
for the mass to charge ratio (m/z) in the range of 112 to 1333 with an ion accumulation time of 0.1 s. One
hundred forty-four scans were averaged for each sample and internally calibrated using OM homologous
series separated by 14 Da (—CH: groups). Molecular formulae were assigned based on the following
criteria: S/N >7, and mass measurement error <l ppm, taking into consideration the presence of C, H, O, N,
S and P and excluding other elements. Peaks with large mass ratios (m/z values >500 Da) were assigned
formulae through propagation of CHz, O, and H> homologous series. The fractions of different biochemical
classes of compounds (lignin-like, carbohydrate-like, etc.) were calculated based on their hydrogen-to-
carbon and oxygen-to-carbon atomic ratios, as described previously*. This ESI-FTICR MS measurement
together with reported soil organic matter and inorganic N and P components at Panama site 37 were used
to inform enzyme available SOM compounds. Integrating this information with omics-informed soil
enzyme information allowed us to identify existing SOM decomposition pathways in Panamanian soils
(Fig. S1-S3).

3. A summary of the equations in the COMEND model

There are 15 microbial-activated SOM (ASOM), 15 mineral-protected SOM (MSOM), and 15
adsorbed SOM (QSOM) pools in the COMEND model (Supplementary Equations). The decomposition of
each ASOM pool is catalyzed by the corresponding enzyme functional class (EFC) described by the
Michaelis-Menten equation (Egs. S1-S3). The dynamic adsorption of each ASOM pool to the
corresponding QSOM pool is simulated as a function of the pool size of ASOM and mineral surface
coverage defined as the ratio of actual adsorbed ASOM content to the maximum adsorption capacity
(Qmax) of each QSOM pool (Egs. S4-S7). The desorption of each QSOM pool to the corresponding
ASOM pool is only controlled by the mineral surface coverage (Eqgs. S8-S11). The mutual conversion
between QSOM and MSOM pools follows the same equation as that used for simulating the mutual
conversion between ASOM and QSOM pools, but with a lower desorption rate and larger maximum
adsorption capacity (Eqs. S12-S19).

The original MEND model lacked a P cycle process. We incorporated inorganic P conversion
processes into the COMEND model following the Community Land Model (CLM)-CNP?°. There are five
inorganic P (IP) pools in the COMEND model: dissolved IP (DIP), labile IP (QIP), secondary mineral IP
(SIP), parent material P (PIP), and occluded IP (OIP). The rate of PIP weathering, SIP occlusion and
desorption and DIP adsorption are simulated through the first-order rate processes (Eqgs. S20-S23). Instead
of using the first order rate equation as in the MEND model and the CLM-CNP model, we applied the
Michaelis-Menten equation to simulate the enzyme-mediated DIP immobilization, monomer biochemical P

2



110

111
112
113

114
115
116
117
118
119

120

121

122

123

124
125

126
127
128
129
130
131
132

mineralization and biological P mineralization, biological N-mineralization, and other inorganic N
transformation processes (e.g., nitrification, denitrification and microbial N assimilation etc.) (Eqs. S24-
S31). The microbial growth and maintenance, dormancy and mortality and enzyme synthesis and
deactivation are simulated following the MEND model (Eqgs. S32-S40). The dynamics of each SOM pool
and inorganic N and inorganic P pool are listed in Supplementary Equations (Eqs. S41-S92).

4. Parameterization of the dynamic EFC allocation scheme for resource acquisition

A metagenomics-informed dynamic EFC allocation scheme was developed to parameterize adaptive
microbial responses to environmental perturbation. This scheme assumes that the allocation of microbially-
synthesized enzymes to each EFC varies with the availability of C, nutrients and soil water in order to
maximize the acquisition of limiting resources and minimize energy consumption and osmotic stress. The
limitation factors for C, N, P, and soil water (L¢, Ly, Lp, Ly, ) are calculated as follows

) CNyB—-CNymB . CPyB—CPMB
Lc = max {mm [1.0, max (O.,—a”g ,min 1.0, max (0., —%9
CNMB i, ~CNMBgyg CPMB, i, ~CPMBgyg
CNMB_CNMBm;g )]
NMBmax_CNMBavg
CPMB_CPMBavg )]
S -
CPMBmax_CPMBavg
I
W 1yplb+ypp P
where CN,p is the microbial C/N ratio at the current time step. CNy, Bavg’ CNMB i and CNyp, . are the

Ly = min [1.0, max (O.,
Eq. S112
Lp = min [1.0, max (0

averaged, minimum and maximum microbial C/N ratio, respectively. CPyp is the microbial C/P ratio at the
current time step. CPy, Bavg’ CPyg,,;, and CPyp, .. are the averaged, minimum, and maximum microbial

C/P ratio, respectively. The water limitation factor is the same as the soil water response function for
microbial mortality rate (Eq. S107). The exponent b describes the steepness of the water limitation factor
curve, and ¥, is the critical soil water potential parameter depending on the osmolyte synthesis strategy°.
Thus, Ly, reflects drying-induced matric stress and osmotic stress'!. The values of L., Ly, Lp and Ly, varied
from O to 1. The closer the values are to 1, the stronger the limitation of C, N, P, and soil water.

The CoOMEND model assigns microbially synthesized enzymes to 22 EFCs (f¢, , fN}. » fp,) and other non-

defined functional enzymes (f;;) as follows.
X fOc;+WN1LN+WpiLp+ww 1Ly

ac., [ =-endol, exo,oligo
_ ) 1Lo0+wceLc+wnLy+wpLp+wyy Ly t Eq.S113
fci - fOCi +weqiLlc q.

, i = endo2
1.0+wcLlct+wnLy+wpLp+wy Ly

% fONj+WN2Ln+wp2Lptwwalw

ay j = endol, exol, exo2
1.0+wcLlc+wyLy+wpLp+wy Ly J
ZfON]-+Wchc+WN3LN . i . . .
ay., j=oligol,oligo2,inN1,inN3
f _ ) 1.0+wcLctwnLy+wpLp+wy Ly J Eq. S114
Nj fON +wpslp . q-
, Jj = mono
1.0+wcLct+wyLny+wpLp+wyw Ly,
fONj , , ,
ay. Jj=IinN2,inN4
1.0+w¢Llc+wnLy+wpLp+wy Ly J
fo = Y fOp +wpalp+wwslw a k = exol,o0ligol,exo02,0ligo2, Eq.S115
Pk T 1.0+wcLetwyLy+wplptwyly Lk monol, mono2, mono3, inP 4
fy = max (0.0,(10 — % fo, = % fu, = £ fo,) Eq. S116

Here the values of w., wy wp and wy, represent the sensitivity of overall enzyme allocation to limitation of
C, N, P, and soil water, respectively. The w¢; (i = 1,2), wy; (j = 1,2,3) and wp (k = 1,2,3,4) , w,,; (I =
1,2, 3)and represent the sensitivity of specific EFC allocation to the limitation of C, N, P, and soil water,
where we = X we, Wy = X Wyj, Wp = X Wpy, and w,, = X wy,,;. Here we;, wyj, wpy and w,,; depend on
metagenomics-informed tradeoffs between enzyme allocation and energy investment, and osmolyte
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synthesis and can be validated by integrated effect size of each EFC in response to nutrient and water
stresses.

To maximize nutrient acquisition and minimize energy consumption, the microbial community prefers to
allocate more synthesized enzymes to EFCs for lignin decomposition under the C-limited condition (Eq.
S113), to EFCs for N-containing SOM decomposition and inorganic N transformation under the N-limited
condition (Eq. S114) and to EFCs for P-containing SOM decomposition under the P-limited condition (Eq.
S115). Also, the microbial community allocates enzymes to EFCs for decomposing complex carbohydrates
and N-containing SOM (e.g., large polymers of proteins) under P-limited conditions (Eqgs. S113-114) and
to EFCs for decomposing complex carbohydrates under N-limited condition (Eq. S114). When a resource
can be acquired from multiple substrates, the total enzyme allocation for acquiring this resource is weighted
by the corresponding EFC allocation weighting factors (a;, Ay, ap ) to calculate the EFC-specific

Vdgrc
£ (Kmppc/SEpct1)
VdgFc
(Kmgpc/SEFc+1D)

Kmgpc are the maximum specific decomposition rate and half-saturation constant for the EFC, Egg, while
Sk, is the pool size of SOM that the E,, catalyzes. The m denotes lignocellulose-containing SOM i, N-
containing SOM j, and P-containing SOM £, respectively. The larger the values of Vd,  and Sg, , the
more sensitive E,, is to resource limitation.
Our metagenomics analyses at the Panama site did not have sufficient information for an examination of
the response of enzyme allocation to soil water limitation. However, a metagenomic analysis in similar
tropical forest soils in Puerto Rico found that microbial communities increased extracellular enzyme
production for macromolecular SOM decomposition to satisfy increased C demand under water-limited
conditions!?!®, This tradeoff between enzyme allocation and water deficiency is represented by the Ly,
parameter-related part in Eqs. 1-3. The closer the L, is to 1 (stronger water limitation), the more the
enzyme allocation is to EFCs for macromolecular SOM decomposition.
This tradeoff between dynamic EFC allocation and water stress will in turn mitigate the microbial
dormancy and mortality. This feedback is parameterized by adjusting critical soil water potential
parameters (4, and ) in Eqs. S109 and S107. The values of 4, and ¥, indicate the soil water
potential at which the dormancy or mortality rate is half the maximum dormancy or mortality rate,
respectively. Therefore, the more EFCs for macromolecular SOM decomposition, the smaller the L, value
is, the larger the absolute value of 4, and 1, and the smaller the microbial dormancy and mortality rate
(Eq. S109 and Eq. S107 in Table S2).
5. Kinetic parameters in the CoMEND model

We collected the reported kinetics parameters and corresponding experimental conditions (e.g., origin,
substrate, product, temperature, and pH, enzyme strain etc.) for each enzyme classification (EC) number in
each EFC from the BRENDA biochemical database!®. The final dataset contained around 4900
observations for 118 EC numbers in all EFCs. The parameters in the response functions of temperature and
pH (Egs. S100-S101) are activation energy (Ea), the optimal pH (pHop:), and the sensitivity of the reaction
rate to deviation from pHopt (pHsen). They were estimated with curve fitting of temperature and pH response
data, if reported. We estimated the maximum specific reaction rate (Vd) and half-saturation constant (Ks)
for each EC number at 20°C and optimum pH using Eq. S97. We considered difference in kinetics of each
EC numbers among diverse isoenzymes by collecting data from diverse microbial source (e.g. enzymes
from bacteria, fungi or archaea), habitats (soils, water, or lab), and the type of enzyme (wildtype or mutant).
Here we only used kinetic parameters estimated for wildtype enzymes from bacteria with metagenomics-
based taxonomic distribution analyses, which indicated high abundances of bacteria in our research soils?.
We estimated the mean and standard deviation values of a kinetic parameter of each EC number based on
these collected data. Finally, we calculated the weighted mean and the weighted standard deviation of a
kinetic parameter of all EC numbers within each EFC to present the EFC-specific kinetic parameter and its
variability (SI Data S4). The weighted factor was the relative gene abundance of each EC number within an
EFC (SI Data S2). As enzyme composition is different within each EFC defined in COMENDmp,
CoMEND#=, CoOMENDw, and CoMENDL (SI Data S2), estimated kinetic parameters of the EFC varies with
represented functional diversity of microbial communities (SI Table S4).

allocation factor. The ag,, Ay, and ap, are expressed as the form o , where Vdgpcand

6. Site-specific parameter optimization in the COMEND model



We optimized the site-specific model parameters through the SCE (Shuffled Complex Evolution)
algorithm!>!6, This parameter optimization aims to minimize the total objective function (J), estimated as
the weighted average of multiple single-objectives.

J =Yg wi X ], Eq. S117
mow; = 1.0, withw; € (0,1), Eq. S118

Here w; is the weighting factor for J; and m is the number of objective functions. Each single
objective J; is defined as (1-R?), where R?is the Coefficient of Determination between the observed and
modeled data. The higher the R? value is, the better the model performance is. To avoid over-fitting and
make sure the tested differences among CoOMENDL, CoOMENDwm, COMENDH and CoOMEND#p result from
model structure differences rather than model parameters optimization, we only calibrated these site-
specific parameters for COMENDup and applied them in the other version of COMEND.

We optimized the COMENDup parameters in two steps. In the first step, we assumed that the
synthesized enzymes allocated to the 22 EFCs had no change in response to resource availability. We
calibrated the parameters related to microbial growth, dormancy and mortality, inorganic P conversion and
SOM adsorption/desorption (SI Data S5) with five single objectives (m=5): J; for microbial biomass carbon,
J» for microbial C/P ratio, J; for incubation COz fluxes, J, for soil organic carbon, /5 for the SOM C/P
ratios. In the second step, the values obtained in the first step were used to calibrate the parameters for the
optimal enzyme allocation strategy (SI Data S5) with five single-objectives as above (J3, ], J3,/4,/5) and an
extra single objective /4 for enzyme allocation to EFC in response to P-fertilization. Here the data for
optimizing dynamic enzyme allocation parameters were the combined effect size for all gene-coding
enzymes in each EFC. The combined effect size of each EFC was estimated based on metagenomics-
informed gene abundance data. The data for optimizing other parameters were microbial biomass carbon,
microbial C/P ratio, soil carbon stock, and the SOM C/P ratios over the year 2006-2007 and five days of
incubated COz emissions from 2014 year of soil samples in the P-fertilized plots'”.

7. Initialization of soil pools in the COMEND model

Soil measurements were not available at the beginning of the fertilization experiment in the year
1998. We used soil data collected from the control plot on November, 2006'7 to approximate the soil
physical and chemical properties before the fertilization experiments in both the control plots and the P-
fertilization plots. Collected soil data included soil texture, soil pH, soil total C, N and P content, microbial
C, C/N and C/P ratio, DOC content, DOM C/N and C/P ratio, and inorganic N and P content (SI Data S7).

The partitioning of total C and N between all ASOMs and MSOMs was based on reported ratio of
particulate organic C (or N) to mineral organic C (or N) at the Panama site’. The partitioning of total P
between total ASOM, total MSOM, QMOM, and five inorganic P pools was based on the Hedley
fractionation analysis at the Panama site®!8. The N and P content of each ASOM were estimated based on
the reported soil chemical composition of organic N (e.g. protein, N components in cell walls, etc.) and
organic P (e.g. phytate, nucleic acids, monomer P, etc.) with a chemolytic and hydrolysis approaches>!’.
We assumed that inositol P existed in the residue form (AROM?7), whereas nucleic acids, phospholipids and
60% of organic N existed in the oligopolymer form (AOOMs and AOOMgs) due to their rapid hydrolysis.
The C content of each N-containing and P-containing ASOM was calculated by multiplying N and P
content of ASOM with its C/N and C/P ratio (SI Table S3). The C content of each lignocellulose-
containing ASOM (carbohydrate-related pool and lignin-related pool) was estimated based on reported
lignin ratio of lignocellulose®. The fraction of each ASOM to total ASOMs was finally defined as the C
content of the corresponding ASOM to total C in all ASOMs. We assumed the chemical composition of
organic N and P in the mineral-protected SOM was similar to that in the microbial-activated SOM and then
estimated the fraction of each MSOM to total MSOM following the method described above.

8. Input data for the CoOMEND model

Hourly soil temperature at 10 cm depth over the 2000-2011 growing season and hourly air
temperature at 1m height over the year 1998-2014 were measured at the nearby Lutz monitoring station
(9.17°N, 79.73°W). This site is similar to our study site in forest covers and soil textures. We used the soil
and air temperature measurements from the overlapping period to develop a regression relationship. This
relationship was then used to generate a continuous time series of soil temperature from the observed air
temperature for input to COMEND. Hourly soil moisture was estimated by linearly interpolating weekly



soil moisture data at 10cm soil depth, which were collected at the study site for the 2006-2007 growing
season!” and the Lutz Watershed monitoring station for the rest of simulation period?!. Monthly leaf litter,
woody litter, product litter, and dust litter as well as litter nutrients ratios over the year 1998-2014 for the P-
fertilized plots and control plots were collected from litter trap experiments?>?*. The litter chemical
components, e.g., fraction of lignin, carbohydrates, protein, nucleic acids, phospholipids and phytate, were
attained from a previous study?*. Monthly plant P uptake was calculated by interpolating yearly plant P
uptake based on monthly net primary productivity (NPP). Here yearly plant P uptake was estimated by
producing a P uptake rate on a dry weight basis for two forest species at the Panama site?> with annual
NPP, which was calculated as the sum of wood and leaves litter production®®.
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Supplementary Equations: Components fluxes and dynamics of SOM pools in the COMEND model.
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13.

14.

Decomposition of AROM; (Daroc;)

VdEAROMiXCEAROMiXAROCi

+AROC;

DAROCi = Ksg
AROM;

Ejrom; denotes Cendot, Cendo2, Nendot, Nendo2, Pexot, Pexo2 and Pmonor for i=1,2,3,4,5,6,7, respectively,
AROC; and CEAROML_are C mass of AROM; and E o, respectively

Decomposition of ALOM; (Dyyoc;)

VAE 4y om, XCE gL o, X ALOC
+ALOC;

DALOCL- = Ksg
ALOM;

E410m; denotes Cexo and Nexor for i=1,3 respectively,

ALOC; and CEAROMi are C mass of ALOMiand E4; oy, respectively
Decomposition of AOOM; (Dypoc;)

VAE 4001, XCEa00m, XA00Ci

+400C;

DAOOCi = Ksg
A00M;

Ej00m; denotes Coligo, Noligo1, Noligo2, Poligo1, Poligo2 for i=2,3,4,5,6 respectively, AOOC; and Cg, oM

C mass of AOOM;and E 0y, respectively

Adsorption of AROM; to QROM; (Adyroc;)
ROC;
Adygoc; = kadsAROMl. X (1 - Qm?zx—QRomi
QROC; is C mass of QROM;
Adsorption of ALOM; to QLOM; (Ady0¢;)
LOC;
Adyroc; = kadsALOMi X (1 - Qm?lx—qwmi
QLOC; is C mass of QLOM;
Adsorption of AOOM; to QOOM; (Adyp0c;)
___Qooc;
Qmaxgoom;
QO0O0C(; is C mass of QOOM;
Adsorption of DOM to QMOM (Adpoc)

_ ___QMmoc
Adpoe = k X (1= g o

QMOC and DOC are C mass of QMOM and DOM, respectively
Desorption from QROM; to AROM; (Degroc;)

AdAOOCi = kadsAOOMi X (

adsQMOM

_ QROC;
Degroc; = kdesQROMi Q"‘meli Eq.
Desorption of QLOMi to ALOM;: (Deg,oc;)

_ QLo¢;
DeQLOCi - kdeSQli- QmaxgLom, Eq.
Desorption of QOOM; to AOOM; (Deypoc;)

_ ooc;
DeQOOCi - kdeSQoomi Qmaxgoom, Eq.
Desorption of QMOM to DOM (Degpoc)

_ QMOC
Degmoc = Kaesguon p— Eq.
Conversion from QROM; to MROM; (Adyroc;)

MROC;
Adgroc;, = kadsQRoMi X (1 - —Qmaxmom-) X QROC; Eq.
MROC; is C mass of MROM,;
Conversion from MROM; to OROM; (Deyroc,)
MROC;

Deyroc; = Raesygom, Qmaxsmon, Eq.

Conversion from QLOM; to MLOM; (Ady,0c;)

Eq.

Eq.

Eq.

)xARoq Eq.
)xALoq Eq.
) x A0OC; Eq.

) xDOC Eq.
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MLOC;
Qmaxmrom;

Adgroc; = Kadsgrom, (1 - ) X QLOC;

MLOC; is C mass of MLOM,;

Conversion from MLOMito QLOM; (Deyoc;)
MLOC;

Qmaxmrom;

The conversion from QOOM; to MOOM; (Adyooc;)

Mooc;
Adgooc; = Kadsgoom, X (1 - ) X Q0OC;

Qmaxyoom;
MOOC; is C mass of MOOM,;

The conversion from MOOM; to QOOM; (Deyoc;)
Moo,

Qmaxpoom;

The conversion from OMOM to MMOM (Adgpoc)
MMOC ) X QMOC

DeMLOCi = kdESMLgMi

DeMOOCi = kdesMOOMi

AdQMOC = kadSQMOM X (1 -
MMOC is C mass of MMOM

The conversion from MMOM to OMOM (Deyyoc)
MMOM

Qmaxymom

DeMMOC = kdESMMUM

PIP weathering (P,,.4)

Pwea = PIP X Ywea

SIP occlusion (P,;)

Pocl = SIP X Yol

SIP desorption (Py,.)

Piec = SIP X Vges

Adsorption of QIP (Py;p,,.)

PQIPads = QIP X yQIPads

DIP immobilization (P;,,,)
Vdp, ,XPinpXDIP

Pim = —im

Qmaxymom

Ksp, p+DIP

Extracellular dissolved organic P (DOP) mineralization (DOP,,,,)
Vdp XPmonoz XDOP

D O Pmn — mono2

Kspmonoz
Active microbial P (P,) mineralization (P,,,)
Vdp XPmono3XPMBA

+DOP

mono3
Kspmono3+PMBA
Active microbial N (Nyz,) mineralization (N,,,)
N _ VidNyono*NmonoXNMBA

mn —

Bpn =

KsponotNMBA
Nitrification (Np;zri)
N.. VdeleNianxlNl
nitri — K
SN +INq1

inN1
Denitrification (Ngenitri)
_ VdeNZXNinNZ XIN,

Nyonieri =
denitri
KSNmN2+IN2

N assimilation (Nygim)
VdN XNjnN3 XIN1

inN3
N assim =

KstNB
N fixation (Nf;y)
Nfix = VdNinN4_ X NinN4

DOM uptake by microbes (Apoc)

+IN4

1 DOCXCymBa
A =—(V C is active microbial C mass
boc —y, ( gt "‘) Kspoc+Dpoc® ~MBA
MBA growth respiration (Rg,)
_ (1 1) VgxDOCXCypa
T Yy, Kspoc+DOC
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MBA maintenance respiration (Rm,)

1 VimnXDOCXC
Rma — (_ _ 1) m MBA
Yg Kspoc+DOC

MBD maintenance respiration (Rmy)
Rmg = B X Vy X Cypp

Cypp 1s dormant microbial C mass
MBA mortality (Dc,,, ,)

Depipa = V¥u X Vi X Cypa

Dormancy of MBA (C45p)

Caap = (L =1 =m50) X Vimtazp X Cupa
Reactivation of MBD (Cp,4)

poc
Cpog =————=XVmp,yy XC
D24 = Yo boC p24 X LmBD

Synthesis of EFC (S¢,)

Scg = (1.0 —yy) XV X Cypa

Turnover of EFC (D)

D¢, = ¥ X Cg, Y is turnover rate of enzyme, yp = %

Cg is C mass of all EFCs

The dynamics of C (“4B0SL), N (ARONY) and p (“4BOEL) i 4ROM;

d .
AR = I, + (1 = fpom) X Dcyyps X Fupa;-Daroc;-Adaroc; + Degroc;

dt
daroni _ I 1 Dcypa Daroc; Adaroc; Deqroc;
2 = ——+ (1= fpom) X X fuBa; —

de CNy, CNMBA CNaroM; CNaroM;  CNgrom;
daropi __ i _ Dcypa _ Daroc; Adaroc; Deqroc;
== =——+ (1 - fpom) X X fmBa;

dat CPy; CPMBA ! CParoM; CParRoM; CPQrOM;

I; is litter C input into each AROC;

The dynamics of C (“4L0%) N (“ALONY) and p (SALOEY) in 47.0)M,

davoci _ {DAROCL- —Dproc, = Adaroc, + Degroc; =13

at 0 i#13
DRroc; Daroc; Adaroc; | Deqroc; 3
dALONi - - -
_AZ?Nl = {CNarom; CNarom; CNarom; CNqLom;
0 i#3
dALOPI _ 0
dt

The dynamics of C (dAgtOCi), N (dAngi), and P (%) in AOOM;

Daroc; = Davoc; — Adaooc; + Degooc,  1=13

daooci _ .
i Daroc; = Daooc; — AdAOOCi + Degooc;, =456
0 i=27
DaLoc; Daooc; Adaooc; n Deqgooc; i=13
d CNarom; CNaoom; CNaoom; CNgoom;’ ’
—A00NI — ' pagoc; Daooc; Adaooc; | Deqooc; .
dt - — , 1=4)5,6
CNarom; CNaoom; CNaoom; CNgoom; .
i=27
DaLoc; Daooc; Adaooc; n Deqooc; i=13
d CParom; CPaoom; CPaoom; CPqoom;’ ’
—A00Pi — 1 Dagoc; Daooc;  Adaooc; |, Deqooc; .
dt - — , 1=4,56
CParoM; CPaoom; CPaooMm; CPqoom; i=27
- &

0
The dynamics of C (50), N (22), and P (220) in DOM

dDOoC

— = Ipoc + foom X Dcypa  Daroc, + 2 Pacoc; + Apoc + Deg — Adpoc + Depoc

Eq.

Eq.

Eq.

Eq.

Eq.

Eq.

Eq.

Eq.
Eq.

Eq.

Eq.

Eq.

Eq.

Eq.

Eq.

Eq.

Eq.

S34

S35

S36

S37

S38

S39

S40

S41
S42

S43

S44

S45

S46

S47

S48

S49

S50



365

366

367
368

369
370

371

372
373
374

375

376
377
378

379

380
381
382
383

384
385

386
387

388
389

390
391

392
393

394
395

396
397

45.

46.

47.

48.

49.

50.

51.

52.

dDON _ _Ipoc + Fpom ¥ Dcypa Daoog; Apoc Dcg  Adpoc
dat CNIpoc DOM ™ cNppa CNaoom; CNpom CNg CNpom

dDOP __ Ipoc +f % Deypa Daooc; Apoc Dcg  Adpoc
dat CPIpoc DOM ™ chypa CPaoom; CPpom CPE  CPpom

Ipoc 1s litter C input into DOM
The dynamics of C (“20%) N ((RON) ang p (“LO) iy OROM;

dqroci
—ar AdAROCi — Degroc; — AdQROCi
dqroni __ AdARoc; Deqroc; AdgRroc;

dt CNarom; CNgroM; CNqroM;
dqropi __ Adaroc;  Deqroc;  Adqgroc;

dt CParoM; CPQroM; CPQRrOM;

. dqLoci dQLONi dqQLOPiy -

The dynamics of C (Qd—t), N (Qd—t), and P (Qd—t) in OLOM;
dqLoci

= AdALOCi — Degroc; — AdQLOCi

dt
dqLoni __ AdaLoc;  Deqgroc;  AdqLoc;
dt CNaLom; CNqLom; CNqLom;
dquopi __ 4daLoc; Deqroc;  AdqLoc;
dat CPaLom; CPqgLoM; CPqLom;
. dqooci dQooNi dqQoopiy -
The dynamics of C ( th ), N ( th ), and P (—th ) in QOOM;
dqooci
i AdAOOCi — Degooc; — Aonoci
dqooni __ Adaoog; Deqooc; Adqgooc;
at CNaoom; CNgoom; CNqoom;
dqoopi __ A4daooc; Deqgooc;  Adqooc;
dat CPaoom; CPgoom; CPqoom;
. dqQMoc dqoMmoc dqQMoc, -
The dynamics of C (—th ), N (—th ), and P (—th ) in OMOM
dqQMmoc

o Adpoc — Degmoc — AdQMOC

dqomoc __ Adpoc _ Degmoc _ Adgmoc
dt CNpom CNgmom  CNgmom
domoc __ Adpoc __ Deqmoc _ Adgmoc
dt CPpom CPgmom  CPgomom

The dynamics of C (“MEOC) N (FMBONG) and p (WHEOEY) in \ROM,

dMmRroCi _
~a AdQROCi — Deyroc;

dmroni _ AdQroc;  Demroc;
a CNgroMm;  CNMRoOM;
dmropi __ A4QRoC; _ Demroc;
a CPgroM; CPMROM;

The dynamics of C (“ML0%h), N (SLON) and p (O in )T, OM;

dmLoci

= AdQLOCi — Deyyoc;

thitONi _ Adgroc;  Demioc;
a CNqLom; CNmLoM;
dmropi _ Adoroc;  Demioc;
a CPqLoMm; CPMmLOM;

The dynamics of C (“00%L), N (MOON) and P (MO0 i MOOM;

dmooci _
- = AdQOOCi — Deyooc;

szétONl _ Adgooc;  Demooc;
a CNqgoom; CNmoowm;
dmoopi __ AdqQooc; _ Demoog;
a CPgooMm; CPMmooMm;

The dynamics of C (210%) N (MMON) and p (BMMOP) in \OM

dMMoc

T AdQMOC — Deymoc

Degmoc
CNomom

Degmoc

CPoMoM

DOP,,,

Eq.

S51

Eq. S52

Eq.
Eq.

Eq.

Eq.
Eq.

Eq.

Eq.
Eq.

Eq.

Eq.
Eq.
Eq.

Eq.
Eq.

Eq.

Eq.
Eq.

Eq.
Eq.
Eq.

Eq.

Eq.

S53
S54

S55

S56
S57

S58

S59
S60

Se61

S62
S63

S64

S65
S66

S67

S68
S69

S70

S71
S72

S73

S74
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399

400
401
402
403
404
405
406

407

408
409
410
411
412
413
414
415

416
417
418
419
420
421
422
423
424
425
426

427

428
429
430
431
432
433
434
435
436

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

dumon _ Adgmoc _ Demmoc

dt CNomom  CNMMoMm
dumor _ Adgmoc _ Demmoc
dt CPomomM  CPMMOM

The dynamics of C (2484), N (XM84) g p (Z024) ip )B4

Lmpa — p) -+ Cpon — Cazp — Rga — RMy — S, — D

ar | Apoc D24 A2D Ya — a CE for
ANpMBA — _Aboc Cp2a _ Cazp _ Scg _ DPcg N, . —N.

dt CNpom CNMBD CNMBA CNg CNpmBA As mn
4PyBa — _Apoc Cp2a _ Cazp _ Scg _ Dcgp +P. —P

dt CPpom CPZIBD CPyMBA CPE CPMBA tm mn

. c dn dp .

The dynamics of C (%), N (%), and P (%) in MBD
dc

MBD _

T Cazp — Cp2a — RMy
ANmBD — Cazp _ Cp2a

dt CNMmBA CNMBD
dPyBD — Caz2p _ Cp2a

dt CPyMBA CPMBD

dNg dPg

The dynamic of C ( ) N ( ) P ( ) in EFCs pool
dcg

“dt SCE DCE
dNg _ Scg _ Dcg

dt CNEg CNEg
dPg _ Scg  Dcg

dat CPE CPE

dDIP
Dynamics of DIP (—)
dpIp _ ((KsD1p+D1P)2
- 2 ><(Pwea—l'DAROP7—}'DOPmn—l'Pmn_

dt ((Kspyp+DIP)“+QmaxpipXKspip)

Ppiane 1s estimated P uptake by plant
Dynamics of QIP (dQIP

dQiP __ QmaxmprsDIp _

dt - ((KsD1p+DIP)2+QmaxD1p><KsD1p) X (Pwea + DAR0P7 + DOPmn + Pmn
Eq. S87

Dynamics of SIP (dsl)

dSIP

ar PQIPads = Pooc = Pou

Dynamics of OIP (dol)

doip __
ac  ocl

Dynamics of PIP (dPIP)

dPIP P
dt dN

Dynamlcs of IN| (d—t1

dN

d_tl = Ny + Nfix — Nossim = Nnieri — Nplant

Dynamics of IN> (M2

dN.

d_tz = Nyitri — Naenitri

Eq.
Eq.

Eq.
Eq.
Eq.

Eq.
Eq.
Eq.

Eq.
Eq.
Eq.

S75
S76

S77
S78

S79

S80
S81

S82

S83
S84

S85

Pim)

Eq.

S86

Pim)

Eq.

Eq.

Eq.

Eq.

Eq.

S88

S89

S90

S91

S92

Note: Bold terms in the equations above are input parameters, which are described and given in table S5-
S8. CN: and CP; in Egs. (S42-S85) denote the C/N and C/P ratio of the corresponding microbial, EFC or
SOM pool i, respectively.
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438
439

441
442

Supplementary Figures

Residues Large biopo]ymers Oligopolymers Monomers
(ROM) (LOM) (OOM) (MOM)
EC3.2.14 EC3.2.191 EC3.2.1.21 B
Pl: Cellulose — > Large polymers ————» Cellobiose EEE—— Glucose
P2: Hemicelluose EC3.2.1.99 Large polymers EC3.2.155  Oligosaccharides EC3.2.1.185 Arabinose
" (L-arabinan) — (alpha(1-5)- = S —
alpha-Larabinan) EC3.2.1.55
p3.  Hemicelluose EC3.2.18 Large polymers EC3.2.137 Beta-D-
(alpha(1-4)-beta- —————— (alpha(1-4)-beta- — xylopyranose
D-xylan) D-xylan)
P4: Hemicelluose EC3.2.1.73 Large polymers EC3.2.1.23 Oligosaccharides EC3.2.1.177 Alpha-D-
(Feruloyl- - - (Short —— > xylopyranose
polysaccharide) xyloglucan)
ps5.  Hemicelluose EC3.2.1.136 Large polymers  pc391.37 Beta-D-
(Glucuronoarabin ———— (Beta-D- — —  xylopyranose
oxylan) glucuronoarabinoxylan
Hemicelluose Oligosaccharides EC3.2.1.23
P6: EC3.2.1.89 g
(Type 1 (Galactotetraose) ——> Galactopyranose
arabinogalactans)
EC3.2.1.1 Large polymers  gc35 12
P7: Starch — » (large branch of - Maltose EC3.2.1.20
EC32.141 glucan) Glucopyranose
EC2.4.1.19 EC3.2.1.54 3.2.1.-
P8: Starch _— CyClOdCXtI‘il’l —_— Maltodextrin _— G]ucopyranose
EC3.2.1.57
P9: Starch (Pullulan) EC3.2.1.135 g Panose Glucopyranose
P10: Starch EC3.2.1.68 . EC32.1-
’ (1,6-D-glucan) >  Maltodextrin —— >  Glucopyranose
PlL: Starch EC3.2.1.39 R EC3.2.1.-
(1,3-D-glucan) Maltose — > Glucopyranose
EC4.2.2.22
EC4.2.2.10 : .
Pl2: Pectin Pectate EC4.222 Oligosaccharidese EC3.2.1.67 Alpha-D-
galacturonate
L3 Pectin EC3.1.1.11 Poctate EC3.2.1.82 D-digalacturonate EC4.2.2.- D-galacto-
(Homogalacturonan) EC3.2.115 pyranuronate
EC3.2.1.67 T
P14: Pectin M Pectate EC4.2.2.10 Oligosaccharidese M L-
(Khamnogalacturonan) (Rhamnogalacturonan) rhamnopyranose
L. ECLILI.- Small aromatic
Lignin d
P15: compounds
EC1.10.3.-

Fig. S1. Metagenomics-informed lignocellulose-containing soil organic matter (SOM) decomposition
pathways and corresponding enzymes identified in the Panama soil samples, where EC refers to the
Enzyme Classification number
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443
444

445

447

448
449

Residues Large biopolymers Oligopolymers
(ROM) (LOM) (OOM)
Proteins and Large polymers Oligopeptides

peptides

EC3.4.21.50; EC3.5.21.4
EC3.4.21.62; EC3.4.21.81
EC3.4.21.19; EC3.4.21.66
EC3.4.22.8; EC3.4.24.28
EC3.4.24.40; EC3.4.24.55
EC3.4.24.27, EC3.4.24.77
EC3.4.24.76; EC3.4.24.33
EC3.4.24.29; EC3.4.24.3
EC3.4.99.-

Chitosan

EC3.4.16.-; EC3.4.17.-
EC3.4.17.14; EC3.4.17.18
EC3.4.19.3; EC3.4.19.11
EC3.4.14.-; EC3.4.14.11
EC3.4.14.12; EC3.4.11.9
EC3.4.11.23; EC3.4.11.24
EC3.4.11.10; EC3.4.11.1
EC3.4.11.5; EC3.4.11.-

EC3.3.1.14

EC3.2.1.132

[

N,N’-diacetyl-
chitobiose

Oligo-
glucosaminide

—

Monomers Inorganic N
(MOM) (IN)
A |
[ \ [ \
EC3.2.1.21 Amino acid Nitrate
EC34.155° i
EC3.4.13.18 -
EC3.4.13.22 fi 3 : =
EC3.4.13.21 ~ oo
EC3.4.13.- 8 8 8 8
EC3.2.1.52 Nitrite %,
N-Acety-l- ) e
EC3.5.1.- glucosamine r >
EC3.2.1.165 _ ‘7
Ty D- < <+
glucosamine = Q
— =~ N,
Q —_
EC4.3.1.7 0 LLU)
EC4.3.1.1 ‘o\'
EC4.3.1.27 Qo
EC4.3.1.- Q()’\
EC4.3.1.18 .
Ammonium

Microbial N 4—'

EC6.3.1.2
EC1.4.1.2

Fig. S2. Metagenomics-informed nitrogen (N)-containing SOM decomposition and mineralization
pathways and corresponding enzymes identified in the Panama soil samples, where EC refers to the
Enzyme Classification numbers.
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450
451

453

454
455

Residues Large biopolymers Oligopolymers Monomers Inorganic P

(ROM) (LOM) (OOM) MOM) (IP)
Nucleic acids > Oligonucleotides ———> Mononucleotides —
EC3.1.27.- EC3.14.16
EC3.1.27.3 EC3.1.13.-
EC3.1.27.2
EC3.1.27.1
Phospholipids > Glycero-3- ———>  Sn-glycerol 3- __|
EC3.1.14 phosphocholine EC3.1.446  phosphate o
EC3.1.1.32 EC3.1.4.12 i e
EC3.1.1.5 jeiel g Phosphate
Q Q
1-2- M

Phosphatidylcholine —— Diacylglycero-3-
EC3.1.4.3 Phosphocholine
EC3.14.4

EC3.1.3.26

Inositol phosphate  —F=373%5—]

EC3.1.3.1
EC3.1.3.10

Microbial P
EC3.6.3.27
EC3.6.3.28
EC3.6.3.20

Fig S3. Metagenomics-informed P-containing SOM decomposition and mineralization pathways and
corresponding enzymes identified in the Panama soil samples, where EC refers to the Enzyme
Classification numbers.
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457

458
459
460
461
462
463
464

465
466

005 A
N = R
7]
-
° Perc -
% 0
o
2
Q
o
(=]
=05

=

-1 1

On'l-ioc'g-inform%d effec(%'gize
Fig. S4. Modeled and metagenomics-informed effect sizes of enzyme function groups (EFCs) between the
control and P-fertilized soils. Here the effect size is defined as the log> fold change of gene abundance of
the EFC in the control plots relative to that in the P-fertilized soils. The error bar represents the standard
deviation of metagenomics-informed effect size of each EFC. The filled symbols indicate that the
difference of the EFC between the control soils and the P-fertilized soils is statistically significant (q-value
<0.05). The Willmott index of agreement (WI) for all EFCs is 0.47 (P value <0.05), while the index (Wlsig)
for EFCs with statistically significant effect size is 0.67 (P value <0.05). Cerc, Nerc, Perc are EFCs for
decomposing lignocellulose-containing, N-containing, and P-containing SOM, respectively.
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Fig. S5. Effects of enzyme functional diversity of soil microbial communities on decomposition kinetics of
enzyme functional classes (EFCs): (a-b) Activation energy (kJ/mol); (c-d) Potential EFC activity (Vd *E);
and (e-f) Substrate affinity (Km). Three version of models were compared: CoMENDA# included all
metagenomics-informed 22 EFCs for SOM decomposition and thus represented high enzyme functional
diversity. COMENDw only included 15 EFCs for SOM decomposition and thus represented moderate
functional diversity of microbial community. COMENDL included 11 clusters of EFCs and represented low
functional diversity of microbial community.
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476

Supplementary Tables

477 Table S1. Classification of soil enzyme functional groups (EFCs) in Panamanian soils.
Biogeochemic | EFC classification rule 1 EFC classification rule 2 Nu | EFC function
al processes mb
EFC 1 The chemical EFC2 The location of ers
component of substrate EFC cleaved of
that the EFC acts on chemical enz
component/the ym
function of the es
EFC
Lignocellulose | Cecarbohydrates | Carbohydrates Cendol Internal C-O bonds | 16 | Decomposition of
-containing carbohydrate residue
soil organic Carbohydrates Cexol Terminal C-O 9 Decomposition of large
matter (SOM) bonds polymers of
decomposition carbohydrate
Carbohydrates Coigol C-O bonds 11 | Decomposition of
oilgosaccharides
Clignin Lignin Cendo2 Internal C-C or C- | 3 Decomposition of
O bonds lignin
N-containing Nbroteins Proteins Nendot Internal C-N bonds | 17 | Decomposition of
SOM protein or peptides
decomposition chains
and Proteins Nexol Terminal C-N 16 | Decomposition of
mineralization bonds polypeptides
Proteins Notigol C-N bonds 5 Decomposition of
oligopeptides
Neeltwall Cell wall N component | Nexo2 Terminal C-O 2 Decomposition of cell
bonds wall N residues
Cell wall N component | Noligo2 C-O bonds 2 Decomposition of
oligosaccharides
Nicrobialn | Microbial assimilated N | Nmono C-N bond 5 Microbial intracellular
N mineralization
NinorganicN Inorganic N Ninnt Nitrification 2 Nitrification
Inorganic N Ninnz Denitrification 3 Denitrification
Inorganic N Ninng N assimilation 6 N assimilation
Inorganic N Ninn4 N fixation 1 N fixation
P-containing Pructeicaciass | Nucleic acids Pexol Terminal 4 Decomposition of
SOM phosphoester bonds nucleic acids residues
decomposition Nucleic acids Potigot Phosphoester 2 Decomposition of
and bonds oligonucleotides
mineralization | Ppnosphotipids | Phospholipids Pexo2 C-O bond 3 Decomposition of
phospholipids
Phospholipids Poligo2 Phosphoester bond | 3 Decomposition of lyso-
phosphatidylcholine
Prmonomerp Inositol P Prmonol Phosphoester bond | 2 Inositol P biochemical
mineralization
Monomer P Prmono2 Phosphoester bond | 2 General
monophosphate
biochemical
mineralization
Piicrobialp Microbial assimilated P | Pmono3 Phosphoester bond | 2 Biological P
mineralization
Prmono3 Inorganic P Pinp P immobilization 3 P immobilization
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478
479

480
481
482
483

Table S2. The modification of environmental factors on reaction rate parameters in the COMEND model

The reaction rate Modification function Eq.ID
parameters modified by
environmental factors
Kinetic parameters (Vd; | Vd; = Vd; X f(p) X f(T) X f(pH), where j denotes Eq. S93
and Ks;) for SOM corresponding EFC in the equation.
decomposition in Egs. Ks; = Ks; X f(T), where j denotes corresponding EFC in the Eq. S94
(S1-S3) and Egs. (S24- equation
$31), Soil water potential (1) modification factor Eq. S95
l,l) < lpmin
v
In (¢FC) 1.2
f@) =110 = [0 Ymin <Y < Y,
In (52
FC
1.0 Y > PYec
Soil temperature (T) modificatory factor Eq. S96
B 5 S U
f(T) = e R Ty , Trer = 20°C
Soil pH modification factor Eq. S97
pH—pHapt]-
(= PHsen ; ’
f(pH) = ¢ J
SOM Kaas; = Kaas; % f (T), where j denotes corresponding SOM in the | Eq. S98
adsorption/desorption equation
rate in Egs. (S4-S19) Kaes; = Kaes; % f (T), where j denotes corresponding SOM in the Eq. S99
equation
Inorganic P Yoirgys = Yorp g X f(T) Eq. S100
adsorption/desorption Yaes = Vaes X f(T) Eq. S101
rate in Egs. (S22-S23)
Microbial growth rate Vg=VgXx f(T) Eq. S102
parameters in Egs. (S32- | Vm = Vm X f(T) Eq. S103
S35) Kspoc = Kspoc X f(T) Eq. S104
Yg=Ygy—kyg(T —Tyep) Eq. S105
Microbial mortality rate | y,, = Yy X L, Eq. S106
parameter in Eq. (S36) L [P Eq. S107
* lplP+ 1ppl
Microbial dormancy rate | Vmy,, = Vm X f(T) X f1op () Eq. S108
parameter in Eq. (S37) []€ Eq. S109
fazp (W) = e —
[Y1€ + [Yazpl
Microbial resuscitation Vmpo,a = Vmg X f(T) X fpoa(W) Eq. S110
rate parameter in Eq. Foua () = ¢ Eq. S111
(S38) PN 19l + [paal®

Note: Bold terms in the equations are input parameters, which are described and given in Supplementary

information (SI) Data S4.

Supplementary equations: Components fluxes and dynamics of SOM pools in the COMEND model.
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484

485
486

Table S3. Chemical components, representative molecular formula and C/N and C/P ratio of SOM pool.

SOM Chemical Representative C/N | C/P | Source
component molecular formula

AROM1, ALOM|,AOOM,, | Carbohydrates (CéH1005)n - - %

MROM;,MLOM|,MOOM; | related

AROM,, MROM; Lignin related (C10H1203)n - - %

AROM3, ALOM3, AOOM3, | Proteinaceous (C20H3005N5)n 3.5 - 2

MROM;3,MLOM3, MOOM3

AROM4, AOOMa4, Cell wall-N (CsH13NOs)n 6.9 - Brenda

MROM1,MOOM4 component database

AROMs, AOOMs, Nucleic acids (C10H14N4OsP)a 2.1 3.9 26

MROMs5,MOOMs related

AROM;s, AOOMe, Phospholipids C33Hs3024P6 - 12.8 | Brenda

MROMs,MOOMgs related database!*

AROM7 Inositol P (CeH18024P6)n - 1.4 | Brenda
database
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